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Abstract: 

This master thesis project aims at improving a train power system program which simulates 

the interaction between a predefined train power supply system structure and a train traffic schedule. 

The simulator, called TPSS (Train Power System Simulator), is used for training TPSA (Train Power 

System Approximator) which is included in a larger investment planning program where the welfare 

of the society is to be maximized.  The development of the railway power system implies wise 

investments that should last a long time. In order to make the good decisions, the consequences of 

different power system configurations related to the future train traffic demands have to be studied. 

Aiming at an investment planning in the long term, models and methods used by the simulator 

for the railway power system and the electric traction devices are of great importance. In this thesis 

electrical and mechanical models are presented and improvements are discussed thereafter. Moreover 

methods were modified to improve the accuracy and reduce the simulator running time. Indeed 

reduction of the computation time is really important when a great variety of cases are studied.  

In addition some further controls are implemented to obtain more workable and more realistic 

outcomes. Some bugs are fixed and the former models are changed aiming at a faster computation 

time and a better quality of the results. Comparisons between the different simulator versions are 

presented along the report to illustrate the benefits of the changes. Finally a global examination 

showing impacts of all improvements is performed. 

 As explained the program TPSS intends to participate in a long term investment planning 

suggestion. The program‟s outcomes of several simulations would be extracted to train a Neural 

Network. The latter will aim at approximating outcomes for other cases avoiding too many 

simulations and thus saving time.  
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1. Introduction 

1.1. Background 

The development of the railway shows nowadays a rebirth in many countries after a long 

period of recession. This revival of the railway is mainly due to the new trend of ecological and clean 

energy production and consumption. The advantages of the electric train traffic compared to the road 

and the air traffic are the use of electricity as a supply source, the lower energy consumption and the 

smaller area of land required for a given capacity of transportation, i.e. compared to the road. 

Moreover electricity supply is attractive because any primary energy can be converted to electricity. 

Sweden produces approximately half of its electricity from hydraulic power plants; it makes electric 

train transportation ecological. Furthermore an electric locomotive does not release any carbon dioxide 

in the air compared to the road traffic or the air transport, obviously if electricity is produced with 

hydraulic or nuclear power plants as it is done in Sweden (1). Also the electric traction has a much 

higher power to weight ratio than the diesel traction (2). As a consequence the development and 

research in this area is growing massively. This development involves an increase of railway lines or 

an upgrade of the existing lines. Besides rail traffic increases. The number of trains on tracks rises and 

faster trains are used for the transport of persons. 

The increase of railway transportation implies the expansion of the electrical railway power 

systems. In Sweden, the railway power system still uses the frequency 16.7 Hz with a voltage of       

15 kV despite all the power production is nowadays 50 Hz. Thus the railway network is fed by 

frequency converters from the 50 Hz grid at several feeding points. Today some railway lines are 

equipped with high voltage transmission line of 130 kV in parallel with the catenary line which allows 

a reduction of the power losses in the catenaries, a decrease of the number of frequency converters 

stations and permits a higher traffic density on the concerned track with a better voltage profile. In 

order to allow great investment in the expansion of the Swedish railway power system, simulation and 

analysis of future railways project must be performed before. These simulations permit to determine 

how strong the power system should be designed for a given demand. They avoid useless expenditure 

and unexpected consequences, such as unused devices, and under-dimensioned or over-dimensioned 

power system structure. 

Several softwares have been developed to simulate the train traffic operation and its influence 

on the power system. That was a part of the licentiate thesis of Lars Abrahamsson in 2008 (3). The 

TPSS (Train Power System Simulator) program elaborated in the latter licentiate project is a part of a 

bigger project which intends to suggest an investment planning program where the welfare 

maximization of the society is aimed. TPSS determines for any train traffic plan and any power system 

design the train running times and the power injected at each converter station. Moreover TPSS 

computes the energy consumption, the power consumed and several other parameters at any time 

during a simulation. It is a “home-made” simulator which utilization is less friendly to handle than a 

commercial one. However it allows the user to tune the simulator as he wants by changing the model 

of the system as desired. The possibility of modifying everything in the simulator allows the user 

either to get more accurate results with usually longer running time or to simplify the model to get 

faster computations. All these possibilities are usually not available in commercial softwares. 
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1.2. Aim and main assumptions 

The aim of this Master thesis project is to improve the existing TPSS (Train Power System 

Simulator) program developed by Lars Abrahamsson in his PhD project (3). TPSS is a computer 

program simulating the train trips on a railway power system network and the interaction between 

each other. TPSS considers numbers of parameters and the electric models used in it are statics, i.e. 

dynamic analysis is not considered. It regards the electric power consumption of the locomotives; the 

impedance of the lines (catenaries and high voltage lines) and the transformers; the nonlinear relations 

between voltages and power flows through the converters; the track topographies; the resistive force 

acting on the train excluding earth gravity; the speed limitations, and time needed for braking. The 50 

Hz grid used to supply the railway power system is assumed to be infinitively strong. This program 

has been developed by using the softwares Matlab and GAMS together.  

The accuracy and the speed of the software TPSS can be improved by further developing the 

models used, changing the solver of GAMS program and modifying the set of equations and 

constraints. In this thesis the improvements performed concern the electric power consumption 

characteristics of the locomotive; the driving model; the reactive power consumption model and its 

approximation; the solver used to perform the load flow calculations; bug fixation; the braking model 

and the control of the converters stations. 

However the model of the program is still not as accurate as in the reality, some assumptions 

have to be made to simplify the problem and to allow the computer solving the problem in a 

reasonable time. The limitations used in the simulator are 

 Overheating of equipment is not considered. 

 Purely static power system models are used. 

 The signaling system is disregarded. 

This project can be included in a big and essential modernizing work for the transport sector in 

Sweden. The upgrade of train power systems induces very expensive investment; that is why studies 

have to be performed to determine the demand, and choose the most suitable solution to avoid waste 

of money as well as under dimensioned systems. Obviously many parameters can change in the future: 

electricity‟s price, prices of electrical devices such as the kind of trains that will be used on the railway 

network. Hence results from simulations have to be correlated with further long term planning models 

(3). 

1.3. Report structure 

The first chapter is an introduction of the project, explaining and justifying the purpose of this 

master thesis project, and detailing the structure of the report. 

Then chapter 2 introduces the different models used in the TPSS program and the 

improvement performed on these models. Part 2 starts by the description of the “Grid models” which 

in illustrated by block F in Figure 1-1, then the trains models are presented, blocks D and E in Figure 

1-1. It finishes by the driving models, see block C in Figure 1-1.  

Finally chapter 3 deals with the development of the program itself and simulations are 

performed to explain the impacts of all improvements and new models, i.e. modification made on 
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blocks C, D, E and F in the previous part. First, a global presentation of the simulator is done, i.e. 

block A. Then TPSS, i.e. block B, is modified and the outcomes of the simulator are observed and 

analyzed, i.e. block H. 

 To conclude an overview of the results achieved during this thesis work is presented and the 

future possible works are discussed. The structure of simulator TPSS is illustrated in Figure 1-1. All 

parts have been partially modified except the topography, block G. 

  

 

  

Figure 1-1 Structure of the simulator TPSS. 
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2. Models used for the railway power system 
 

In this chapter the electrical and mechanical models of the railway are presented, i.e. all 

models used inside TPSS (Train Power System Simulator) are described. Most of these models and 

rules can be found in (3). However some parts have changed within the framework of an improvement 

of the former model aimed by this thesis work. 

Concerning the electrical part, only static models are used all over the program to evaluate the 

voltage levels, voltage angles, and power flows between all nodes.  The dynamic phenomena which 

occur in reality are supposed to be of minor importance regarding the purpose of the program, 

explicitly a railway power system expansion planning. Models have been chosen regarding the 

existing and the future railway technology used all over the Swedish train‟s network. Moreover only 

one specific model of the locomotive and train has been used until now. Obviously another type of 

train can be used in the future, but regarding the purpose of this thesis it was easier to keep one unique 

model. 

In the following paragraphs the model of the power supply system will be introduced. It 

contains the catenaries, the transmission lines, the transformers and the converter stations. As 

explained before the railway power system is assumed to be fed by an infinitely strong grid. 

Afterwards train‟s models will be introduced; it includes mechanical as well as electrical models.  

2.1.  Models of the power supply system 

The power system of the Swedish railway network is supplied with 16.7 Hz frequency. This 

network is fed from the 50 Hz national grid, which implies the need of frequency converters stations. 

Frequency converters can be static or rotary. The transport of electricity from the frequency converters 

stations to the train is done through the “catenaries”, which are the electrical wires directly in contact 

with the train along the railway tracks. There are different types of catenary, see Section 2.1.1. The 

power system modernization aims at decreasing the energy consumption per train and the power losses 

and at improving the voltage profile. In order to reach these goals extra high voltage lines can be built 

or catenary type can be changed. 

Models used in the thesis are inspired from the techniques and materials of the existing 

Swedish railway system. Most of the models originates from the original program TPSS developed by 

L. Abrahamsson. The models should allow the user of TPSS to determine whether the power supply 

will be “strong enough” or not for a given traffic plan with a given power supply system structure. 

2.1.1. Catenary  

In the TPSS, two types of catenary technologies are used, namely Auto Transformer (AT) and 

Booster Transformer (BT). The BT technology was introduced early in Sweden. A brief description of 

both technologies is presented afterwards, further details are found in (1). 

The BT technology operation can be seen on Figure 2-1. The usual distance between BT 

transformers is about 5 km and in between there is a connection between the rail and the return 

conductor (3). The dash-dotted line represents the current flows from the converter station behind the 

train while the dotted line represents the current from the station in front of the train (invisible here). 
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Figure 2-1 BT catenary system originates from (3). 

Auto Transformer (AT) technology is more recent in Sweden. Using AT catenary doubles the 

voltage between the catenary and the feeder line. The functioning of the AT system can be seen on 

Figure 2-2. The distribution of AT transformers is sparser; it is about one every 10 km. The solid 

arrows show the current flow through the first BT catenary. In some AT systems there are no BT 

transformers at all (3).  

 

Figure 2-2 AT catenary system possible use originates from (3). 

The advantage of the AT type of catenary compared to the BT type of catenary presented 

above is a lower impedance, which implies lower power losses. However, as can be observed above it 

produces leakage current through the rails which can disturb telecommunications and other sensitive 

equipment; it is illustrated with the dotted curves above.  

The BT catenaries are modeled with a -model depending linearly on the distance of the line. 

The connection with the High Voltage (HV) line is discussed in the Section 2.1.2. The AT catenaries 

are modeled in the same way with some more parameters. Along the railway track, it is a length-

dependant -model, and at each connection to a feeding station there is an extra impedance. Feeding 
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stations mentioned before include frequency converter stations and HV transformers. The latter extra 

impedances Zinit are illustrated in Figure 2-4. Further details about the values of the impedances can be 

found in Appendix G. The modeling of the entire railway grid is illustrated in Figure 2-4. 

2.1.2. High voltage line 

In the Swedish railway power systems there are many lines equipped with complementary 

High Voltage (HV) transmission lines. These extra lines have several advantages:  

 Improve the voltage profile of the catenary 

 Decrease the power losses thanks to the use of a higher voltage 

 Decrease the number of converters stations needed 

 Decrease the loading of the catenary 

In Sweden there are three different levels of voltage used on the railway two-phase high voltage lines 

which are 132 kV, 32 kV and 15kV (3). In TPSS only 132 kV is used because it is the most common. 

The model used for the HV lines is a -model depending linearly of the distance. When using a HV 

line, transformers are needed between the catenary and the HV lines due to the different levels of the 

voltages. Transformers can be 25 MVA or 16 MVA. The 25 MVA are used at the frequency 

converters station while the 16 MVA are used between stations. It is illustrated in Figure 2-3 below. 

 

Figure 2-3 Transformers usage with HV lines originates from (3). 

The abbreviation FC used in Figure 2-3 defines the frequency converters. The transformers are 

modeled by impedances ZT1 and ZT2 which describe the transformers between the catenary and the HV 

line and the ones between the feeding stations and the catenary respectively, see Figure 2-4.  
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The type of transformers and HV lines chosen are common used equipments on the Swedish railway 

power system (2). The details about the values of the impedance and the computation are further 

explained in Appendix G.  

 

2.1.3. The frequency converter station 

In Sweden the railway network is fed by the public power grid which frequency is 50 Hz. 

Since the railway system is using a 16.7 Hz frequency and no power is nowadays produced at that 

frequency in Sweden, frequency converters stations are needed to supply the 16.7 Hz power system 

with electric energy.  

Mainly there are two different kinds of frequency converters, namely static and rotary. The 

rotary one is made of one generator and one motor that are connected through the same shaft. The 

winding are then arranged to get the desired frequency. Static converters use power electronics 

components. Rotary converters are able to send power in both sides from 50 Hz grid to 16.7 Hz and 

vice versa. Some static converters manage to do it but they need to be controlled and they must be able 

to switch this ability off when desired because of the Swedish regulation. Mainly the power flows 

from the public grid to the railway grid, but it is possible that it flows in the other direction when 

regenerative locomotives are used on the track. The latter locomotives are able to produce power while 

braking. 

The common distances between two converters station are from 40 km to 160 km depending 

on the railway power system structure. Obviously when HV transmission lines are used in parallel 

with catenaries, the distance can be higher between a pair of converters. In a converter station, the 

number of frequency converters normally varies between two and five. It depends on the train traffic 

density on the considered track.  

Converters are assumed to be lossless. A control of the converter stations is implemented to 

determine how many converters in each converter station needs to operate at each moment. This kind 

of control is used today (3). It avoids useless losses since inactive converters do not cause any power 

losses, and they could also be maintained. Furthermore the efficiency of a converter is higher when it 

is loaded close to its rated value between 60% and 95% (4). The control of the converter station will 

be further developed in Section 3.5. 

The active power flows through the frequency converter stations can be determined knowing 

the machines parameters and the voltage phase angle difference between the 50 Hz side and the 16.7 

Hz side of the converter stations. The computation of the voltage phase angle difference is expressed 

in the thesis (2). As explained in (3) and (2) all the models are the same for the rotary and the static 

converters because static converters are set to mimic rotary converters. It allows using the same model 

for both types of converters (2). In TPSS all frequency converters in a station are of the same kind for 

this thesis work. Thus the amount of active and reactive power injected is the same for each active 

converter in the same station.  

The relation between the 16.7 Hz side and the 50 Hz side of the converter station is 

summarized in the following four equations originated from (3)  
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where U
g
 denotes the generator side voltage of the frequency converter in kV, PG and QG are the total 

amount of active and reactive power injected on the 16.7 Hz side respectively in MW and MVAr, Q50 

is the total amount of reactive power absorbed on the 50 Hz side in MVAr. The amount of power is 

divided by the number of converters, #conv, in order to give the correct catenary voltage, U, as well as 

the correct phase angle difference, ψ. Then X50 is the short circuit reactance of the 50 Hz system. θ
50

 is 

the no-load phase angle on the 50 Hz side, Xq
m
 and Xq

g
 are quadrature reactances of motor and 

generator respectively, U
m
 and U

g
 are the motor and generator side voltages. The voltage phase angle 

on the 50 Hz side, θ
0
, is described by equation (2.2).  

These models are purely static as explained before. Now the whole railway power supply 

system has been described. The impedance scheme for the entire system is illustrated in Figure 2-4. It 

might be worth noticing that the impedance model of Figure 2-4 does include the presence of only one 

train on the tracks. 
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Figure 2-4 Impedance model of the railway power supply system originates from (3) 
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2.2. Model of the trains 

After modeling the power system structure of the railway, the train model needs to be 

introduced. The type of locomotives chosen for the simulator TPSS (Train Power System Simulator) 

in this thesis project is the Rc-locomotive. This train has been chosen because it is very common on 

the Swedish railway network. Furthermore its reactive power consumption has special properties that 

are not always beneficial.  

There exists a great diversity of Rc-locomotive types. The series of machines were produced 

from 1967 to 1988. The version modeled in the TPSS has properties close to the “Rc4” model. Its 

maximum speed is 135 km/h and data represents a train designed for freight transport. However the 

different types of Rc-locomotive were developed for different purposes, some of them for transport of 

passengers for long trip or short trip and other for transport of goods. The locomotive model described 

thereafter and used in TPSS is equipped with a DC motor fed through a double bridge. Auxiliary 

powers and efficiency of the train are now considered. 

Obviously this model can be changed in the program if the data of another one is implemented 

inside the code. The main goal of the project is to improve the program using this model of the train, 

thus the Rc-locomotive used in the original version of the program is kept. 

2.2.1. Modeling of the maximal tractive force 

The maximal tractive force of a Rc-locomotive is a function of the catenary voltage, U, the 

velocity of the train, v, and the current which flows through the motor, ID. This force multiplied by the 

train velocity gives the maximum power that a locomotive consumed and allows to determine the 

available acceleration for the train. The actual motor tractive force has a value inferior to this limit and 

is controlled by the driver. The maximal tractive force estimated is the physical limitation; however 

there are other limitations which are related to the stability of the grid but not considered for now.   

Since the program GAMS, used to solve the equation system of the simulator, prefers 

equations with variables which are continuous to discrete and equations which have continuous 

derivatives, one needs to estimate the maximal tractive force curves with such functions. As explained 

in (3) one uses nonlinear backpropagation Neural Networks (NN) to model the tractive force curves. 

The used tractive force curves come from an old technical report (5). On the Figure 2-5, only two out 

of the five original curves are displayed. The three other curves describe catenary voltages of 12 kV, 

13.5 kV and 15 kV. The NNs are function estimators which give a relation between inputs and 

outputs. More details about the NNs can be found in Appendix B. 
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In the previous program there were only two input parameters for the NNs which were the 

velocity of the train and the voltage at the catenary side. The improvement made in this part consists in 

adding a third input parameter which is the current ID at the DC side of the model, c.f. Figure 2-8. The 

output is the maximal tractive force. All training inputs and outputs are normalized to be set in the 

span [-1; 1] before training.  The NN modeling choices of the Licentiate thesis (3) concerning the 

structure and the functions used in the NNs have been kept. The number of hidden layers has been 

limited to one and the function tanh (or tansig if using NN terminology) remains the NN‟s function, 

more explanations in Appendix B.  

When approximating the Rc-locomotives curves of Figure 2-5, the best approximation is 

obtained by using 15 neurons in the hidden neuron layer. The numerical values of the NN coefficients 

can be found in Appendix C.  

 The approximation curves for the catenary voltage of 16.5 kV and 10.5 kV (arbitrarily 

chosen) are plotted on Figure 2-7, whereas the approximation curves for the current of 2080 A and  

500 A (arbitrarily chosen) are plotted on Figure 2-6. As done in (3) the approximations are expressed 

in kN, instead of the old units Mp (mega pond) used in (5). The stars in Figure 2-6 and Figure 2-7 

show the measurement values from the original curves Figure 2-5 (5) and some additional points 

forcing the curves down to zero for high velocities and for a zero current. These additional points for a 

current equal to zero are used to avoid the maximal tractive force approximation to reach negative 

values for low currents, and the high velocity ones are used to force the curves down for high speeds 

and thus get a more accurate and realistic approximation.  

Figure 2-5: Original diagram of the maximal tractive force as a function of velocity for different motor 

currents (5) 

(a)  Catenary voltage 16.5 kV (b)  Catenary voltage 10.5 kV 
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In order to check the validity of the approximation curves for unmeasured voltages 9 kV and 

18 kV are also plotted in Figure 2-6 and for unmeasured currents 1900 A and 350 A in Figure 2-7 

which have reasonable manners. 

 

 

Figure 2-6 Curves of the maximal tractive force for a fixed current. The continuous curves represents the NN 

approximation and the *s represents the training set for the NN. 

This new approximation of maximal tractive force permits to set a current limitation for the 

tractive force. The maximal current allowed is 2080 A but it should not last more than 6 minutes (5). 

The current allowed for a continuous utilization is 1250 A. This can be used to avoid overheating of 

the motors. Before the current was only set equal to 1250 A for the maximal continuous tractive force 

called “CONT” in (3) or equal to 2080 A for the maximal short time tractive force.  

 

 

Figure 2-7 Curves of the maximal tractive force for a fixed voltage. The continuous curves represent the NN 

approximation and the *s represent the training set for the NN. 

Thanks to these approximation functions, the maximal tractive force Fmotor,max can be computed 

for each train with any value of ID, Ucatenary and v at any time. In the former program the motor force 

Fmotor obeyed to the inequality 0 ≤ Fmotor = Fmotor,max
 
due to the assumption of an aggressive driver but 

now the model implemented uses 0 ≤ Fmotor ≤ Fmotor,max  where Fmotor 
can take any value between 0 and 

Fmotor,max depending on the conditions. 
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2.2.2. Mechanical model  

This part introduces the different forces used in the model of the simulator. The mechanical 

model of equations presented afterwards comes from (6). The maximal tractive force of the motors, 

introduced above, is transmitted to the locomotive‟s wheels with small losses due to rotational inertia 

and slippage. This force is modeled by the equation 

 4 1  if driving  1

 if driving  00

motor J

wheels

F K a
F

      
 

    

(2.5) 

where 
 
is the slippage ratio, KJ is a constant related to rotational inertia and a is the acceleration (6). 

The variable driving is equal to 1 when the motors of the locomotive are used and 0 when the train is 

braking or coasting. The force transmitted to the wheels should not exceed the adhesion tractive force 

between the wheels of the train and the rail, Ftract,adh, given in equation (2.6). Otherwise the wheels will 

start slipping on the rail and thus some energy is wasted, the wheels can overheat and be destroyed if it 

slips too much. 

,

,

,

7.5
for dry rail0.161   

44 3.6

3.78
                   for wet rail

23.6

adh drive

tract adh

adh drive

m g
v

F

m g
v

  
   

  
 

          

(2.6) 

where g
 
is the earth‟s gravity in m/s², v is the velocity of the train in km/h and madh,drive is the mass in 

kg resting on the driving axles of the train. Then the effective tractive force is derived according to 

 ,min ,tract wheels tract adhF F F
    

(2.7) 

Moreover the train is subjected to resistive forces which are the mechanical and air resistances, 

2

,air mechF A B v C v    
    

(2.8) 

where A, B and C are train dependent constants and the force due to grades,  

gradesF m g     
    

(2.9) 

where m is the total train mass,  is the inclination of the track due to the topography as explained in 

(3). Thus the total resistive force is derived, 

,res grades air mechF F F  .
    

(2.10) 

Once all forces are considered, the acceleration of the train can be derived using Newton‟s second law 

   

 

, ,

if driving
1

if braking

if coasting
1

tract res

adh drive adh drive

brake

res

F F

m m m H

a a

F

m H


    



 
 


 

   
(2.11) 
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where H is the relative factor accounting for rotational inertia of the unbraked wheel sets. When 

braking, the train is supposed to have enough resources to brake with the retardation abrake. 

The mechanical tractive power of the motors is then computed  

 1motor motorP F v    
.    

(2.12) 

Further description and explanations about the forces model can be found in (6). The tractive 

force Fmotor 
produced by the motors is no longer equal to 0 or Fmotor,max as explained previously. Indeed 

the tractive force is computed in order to keep the speed of the train equal to the speed limit as long as 

possible. The model of computation of Fmotor is explained afterwards in Figure 2-11. 

2.2.3. Electrical model 

In this section the electric part of the train is considered. The locomotive circuit model is the 

same as used in (3), it can be found in Figure 2-8. Firstly the 15 kV/487 V transformer is assumed to 

be ideal and the filter is neglected. Therefore the Rc-train can be modeled as only one node in the grid 

model. Then a modeling of the filter is performed to see its impacts on the reactive power 

consumptions of the locomotive. The latter model will be studied in Section 3.3. 

   

  

Figure 2-8 Electrical schemes for the Rc-type locomotive. The figures originate from (2). 

The electrical power demand has been modified. The motor was previously considered 

lossless. In order to obtain more realistic results some losses and auxiliary power consumptions are 

now taken into account. Indeed, there are mechanical and electrical losses inside the locomotive 

between the wheel and the pantograph. These losses are now modeled with the new parameter, ηloco, 

which is the locomotive‟s efficiency. It is not equal to one anymore. In reality the efficiency depends 

of the train‟s velocity (6). Nevertheless an average value equal to 0.8 will be considered in this thesis 

work. This value is inspired from the measurements made in (2) and in (6) and it gives a good 

approximation. This efficiency includes neither air condition nor auxiliary power consumption. 

Aiming a more realistic model, the auxiliary power consumption, Paux, will be considered as 

well. Auxiliary power includes the cooling systems, train heating and the power available for travelers. 

A power factor of this auxiliary power is also taken into account, PFaux. The value of the power comes 

from (5). The electrical active power demand was previously 

D motorP P
     

(2.13) 

(a) Main electrical scheme for the drive 

system for the Rc-type locomotive. 

(b) Modeling of the Rc4-locomotive as a circuit. 
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and the new model is 

motor
D aux

loco

P
P P


 

     
(2.14)

 

It might be worth mentioning that equation (2.14) will not be considered in the simulation 

before Section 3.6. Prior to this section, all simulations in Chapter 3 are performed with the 

assumption of equation (2.13).  

Next the DC motor voltage has been changed back to the original model from (2) that was 

modified in (3) is used in the program. Thus, the voltage of the motor is  

max min 1,di

base

v
U E

v


 
   

      
(2.15) 

and not anymore 

max

14

min 1, min 1,di

base kV

v U
U E

v U


   
     

       
(2.16) 

where Emax denotes the maximal DC motor voltage, v is the velocity of the train and vbase is the base 

velocity. The second scaling factor of the equation has been removed in reference to (7). 

Another change concerns the DC motor current, ID, which was derived from the electric power 

consumption of the locomotive and the DC voltage, Udiα, of the motor. The current
 
ID is the current 

feeding one motor of the locomotive as shown in Figure 2-8 and not the four motors as computed in 

(3).  Thus one obtains a new equation for the DC current 

4

motor
D

di

P
I

U 


      

(2.17) 

instead of the former equation  

motor
D

di

P
I

U 


     

(2.18) 

where Pmotor is the electrical power consumption of the four locomotive‟s motors and not only one 

motor power consumption. Equation (2.17) comes from the fact that the Rc4-locomotive has four 

motors, as shown in Figure 2-8. Then the reactive power demand of the locomotive‟s motors becomes 

2
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where UlocoRc denotes the in-locomotive voltage expressed in V, and Udiα is also expressed in V. The 

reader can observe the sinusoidal part of the equation (2.19) plotted in Section 3.3 in Figure 3-4. The 

calculation of the reactive power consumption comes from (2). It is the double bridges reactive power 

consumption and it considers only the fundamental component of each parameter, i.e. for the 

frequency 16.7 Hz. Further details are found in (2).  This model does not consider the impact of 

harmonics on the power system. Harmonics are neglected because it would considerably increase the 

complexity of the model and the calculations if they were introduced. 

 As mentioned before the filter was not included in the latter model of the reactive power 

consumption. One of the objectives of the filter is to compensate the reactive power demand of the 

bridges (7) and the transformer. This filter produces around 600 kVAr at nominal voltage (16 kV). The 

impedance of the filter was computed and then the reactive power compensation is  

2

locoRc
f

f

U
Q

X
 

      
(2.20) 

where Xf is the reactance of the filter. The influence of this filter will be discussed in Section 3.3. 

Another model of the locomotive‟s reactive power consumption is now considered. The 

explanation for this other modeling is explained thereafter. First the so called “TracFeed Simulation” 

software has to be introduced. It is commercial software connecting a train traffic schedule to a power 

system, as TPSS. This software is widely used by the Norwegian railway administration, 

Jernbaneverket, and recently by the Swedish one, Banverket. By comparing results from TPSS and 

TracFeed Simulation, quite high differences were noticed about the reactive power consumption of the 

locomotives. TracFeed input data includes the number of converter bridges in series with one motor 

and the base cos  value.  

It might be worth mentioning the difference between the power factor and cos . The power 

factor and cos  differ in the fact that cos  takes into account only the fundamental frequency of each 

parameter while the power factor, , considers all harmonics. In the following study it will be assumed 

that there is no distortion and then the power factor will be used as cos .  Thus the power factor curve 

is considered in this other model.  

 

Figure 2-9 Power factor, active and apparent power originates from (5) 
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The power factor curve of the Rc-locomotive can be found on the old manual document (5) 

mentioned before, see on Figure 2-9. This curve has been modeled using the NN tools. The input 

parameter is the velocity of the train, v, while the output is the power factor, . The value of the NNs 

coefficient can be found in the Appendix E. On Figure 2-10 the approximation error is plotted such as 

the measurement points and the modeling curve.  

 

Figure 2-10 Modeling of the power factor curve. 

In order to get an accurate estimation of the real curve, lots of measurement points are 

considered close to the speed 40 km/h. The functions used to model this curve are continuous with 

continuous derivative. That is why a lot of points are needed when the value of the power factor 

changes abruptly. The reader can notice that the model is accurate, cf. Figure 2-10. 

The locomotive‟s reactive power consumption is determined with the power factor curve. Assuming 

no distortion in the signals, it is computed with the equation (2.21) 

21
motor motorQ P






 

    
(2.21) 

 This model assumes that all the reactive power consumption comes from the fundamental 

frequency which in reality is not true but it remains a good approximation. Thus the reactive power 

consumption is directly related to the active power consumption according to equation (2.21). This 

model of reactive power consumption will be used in the program only in Section 3.3 and then from 

Section 3.6. The Section 3.3 consists of a comparison of the different reactive power consumption 

models. In the other parts the equation (2.19) is used to model the reactive power consumption of the 

locomotive‟s motors.  

 The auxiliary power and the efficiency of the locomotive are now considered. Therefore the 

reactive power demand is modified. Previously the reactive power demand was equal to the motor 

demand  

 D motorQ Q    
   

(2.22) 

In the new model the reactive power demand for the locomotive is 

D motor auxQ Q Q   
     

(2.23) 
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where 
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1 aux

aux aux
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(2.24) 

This model of reactive power consumption described by equations (2.23) and (2.24) is 

implemented in the program from Section 3.6, similarly to the equation (2.14). Thus before this 

section the former model of equation (2.22) is used. These new models of reactive and active power 

consumptions are closer to the TracFeed simulation ones. Their impact on the simulation will be 

studied in Section 3.6. The electrical model seems more realistic in the new program under the 

assumption that TracFeed is the “reality”.   

2.3. Driving Models 

2.3.1. Train velocity regulation model 

The driver‟s behavior has been modified to correct the problem of the speed-control which 

gave unsmooth curves. As can be seen in Figure 3-6 (a), PD varied between zero and a quite high value 

when using the old speed limit regulation. The former behavior was aggressive, i.e. the driver 

accelerated the most he could when the speed was inferior to the speed limit. Moreover when the 

speed was below 5 km/h over the speed limit the driver coasted. When it was more than 5 km/h the 

driver braked to reach the speed limit at the next time step. The new plan, which is more realistic, aims 

at reaching the speed limit as fast as possible while avoiding the speed to be higher than this speed 

limitation. Also it keeps the velocity equal to this speed limit as long as feasible. In order to make it 

possible, the tractive force of the motor has to be regulated.  

Thus, Fmotor is no longer equal to zero or Fmotor,max. From now on, an ideal and adapted force is 

computed, Fideal, taking into account the speed of the train, the inclination of the track, the catenary 

voltage, the maximal tractive force available and the adhesive tractive force between the rail and the 

train. A graph chart describing the driver behavior is shown on Figure 2-11. 

This new speed regulation can be explained more accurately with words:  

1. First, the maximal tractive force available is computed knowing the speed of the train, the 

maximal current allowed, the voltage at the catenary and the adhesive tractive force limit. It is 

equal to the minimum of the maximum tractive force available at the wheel, Fwheels,max, and the 

adhesion force, Fadh. Fadh is computed according to equation (2.6) and Fwheels,max according to 

equation (2.25). 

2. If the speed is below the speed limit minus 15 km/h, the tractive force is set equal to the 

maximal tractive force and goes to step 6 otherwise one goes to step 3. 

3. The ideal force is computed, i.e. the force needed to reach or maintain the speed limit at the 

next time step. 

4. If the ideal force is inferior to zero, it means that the train will go faster than the speed limit at 

the next time step without using the locomotive force. Then the train needs to brake and 

involves a zero tractive force (motors are switched off) and goes to step 6. If the ideal force is 

superior to zero one goes to step 5. 
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5. If the ideal force is superior to the maximal tractive force available then the maximal tractive 

force is used otherwise the tractive force is set equal to the ideal force. 

6. The motor force is computed knowing the tractive force used and the acceleration derived 

from the load flow calculation. This step is included in the load flow calculation with GAMS. 

 

 

Here is the equation used in step 1, 

 ,max ,max 4 1wheels motor J idealF F K a      
   

(2.25) 

where aideal is defined in Figure 2-11 and Fmotor,max is calculated with the NNs approximation of the 

maximal tractive force defined in Section 2.2.1. 

Thanks to this new driving model the train reaches the speed limit as fast as possible. Moreover it 

keeps the speed equal to the speed limit as long as possible and avoids the speed to exceed the speed 

limit. The advantages of this new driving plan will be further explained in the Section 3.4.1, see  

Figure 3-6.  

2.3.2. Train braking model 

The braking model has been redesigned because the trains did not stop properly at the stations 

as expected with the traffic plan. Previously a pre-calculated braking plan was used by TPSS in order 

Figure 2-11 Computation of motor force needed for the current time step. 
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to stop the trains. This plan aimed at stopping the train at the station with the shortest braking distance, 

in discrete-time, for a given initial velocity and a given initial position. It was set as a small linear 

optimization problem which does not work anymore with the new velocity control. 

The objective is still the same with some further optimizations. The braking is performed 

regarding the track‟s topography, the initial position and velocity, the maximum deceleration allowed 

and the position of the next station. The maximum deceleration allowed was a fixed value previously 

equaled to -0.85 m/s
2
 but it can now be chosen at the beginning of the simulation. In reality this value 

depends on the weight of the train, the train‟s type and the loading. Hence it is interesting to have the 

possibility to tune it in such a program. 

The braking model has been designed to stop the train as fast as possible. The energy saving is 

not considered in this model. For example the driver does not reduce its consumption when he is far 

from a feeding station, he does not reduce the consumption when he crosses a colleague, and he does 

not coast before a steep descent or accelerate before a huge ascent as it is done today. 

In a time-continuous world, it is trivial to determine the shortest braking distance and the 

optimal fastest braking plan. On the contrary in discrete-time, it is much more difficult because the 

deceleration cannot be the maximal allowed deceleration in all time steps otherwise the train will stop 

before or after the station. Furthermore the velocity cannot become negative.  

In order to determine the braking plan for each train arriving at each station, an optimization 

problem was set up. The braking plan is define in TPSS and is running when a train is close to its next 

station. The Braking Optimization (BO) problem is stated in the following equations 

min
ta

z
      

(2.26)
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  0ta 
         

(2.33) 

where z is the objective of the BO problem, t[1; tmax] is the time step index, dist is the distance 

between the train and the next station for each time step, posinit and posfin
 

are respectively the position 

of the train and the position of the next station from the departure station. Obviously the value of 

(posfin - posinit) has to be high enough to allow the train to brake properly before reaching the station. 

This condition is checked before the braking model is run; it will be further explained in the Section 

3.4.3. Moreover, vi is the velocity of the train for each time step, vinit is the velocity before the braking 

plan begins, Δt is the length of the time step, and finally tmax is a predefined number of time steps 

available for the braking plan which is determined before depending on the velocity, the time step 

length and the distance of the train from the station. It will be further explained in the next Section 

3.4.3 that deals with the simulator. 
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Inputs: 
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3. Simulator Improvements 
 

The development of the Train Power System Simulator (TPSS) aims at determining how the 

railway traffic interacts with the railway power supply system.  This program as explained previously 

is included within a wider project of investment analysis for railway expansion.  Thus the long term 

purpose is to gain knowledge in order to better determine operation costs for any traffic schedule, 

including delay costs. The structure of the program is explained in Figure 1-1 and improvements 

concerning the code and the tools used to run the simulator are discussed. 

The objectives are to determine more accurately the power consumption for a given traffic 

schedule and to decrease the running time of the simulations. For a given traffic plan the simulator will 

determine whether the trains can go as fast as desired or not. The set of the equation system such as 

the choice of the variables, the parameters, the different limitations and the models are discussed along 

the chapter. Some bugs have been fixed. Moreover comparison between the old program and the new 

one are presented to better understand the purpose of the modifications. 

The first part of the chapter aims at explaining the general method of the program. Then the 

different steps of the program improvements will be explained in the following parts. 

3.1. The general method of TPSS 

3.1.1. Flowchart 

The flowchart, displayed on Figure 3-1 below, explains the general method used by the 

simulator, this figure originates from (3). The red frames are the ones which have been improved in 

this master thesis work and will be discussed thereafter. 

  

Figure 3-1 Flowchart explaining the general method of TPSS algorithm. 
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A short written description including a brief explanation of each improvement performed in 

this project follow: 

1. The user chooses the TPSS input data such as the timetables, the braking plans, the railway 

power system structure and the train specifications. As explained in Chapter 2 the user can 

now choose the maximal current allowed to supply the train which was not possible before. 

He can also choose to display some train‟s data at each time step if desired. The latter data 

contains the acceleration, the voltage, the forces, the motor´s current and the speed of the 

trains. 

2. Initialization. The trains are placed and the time is set to zero. When several stations are 

included, the next station for each train is defined as the next station on the track. 

3. Update the time step. Add a train on the departure according to the timetable, if needed. 

4. Train traffic control; regulation of the speed with the new driving model, further explained in 

the Section 3.4, braking control, converter station control, etc. 

5. Load flow computations are achieved by GAMS. The system of equations has been changed, 

some approximations are improved, the solver is different, the accuracy and the computation‟s 

speed are now better. 

6. Results from the load flow calculation are stored. More variables are available now, e.g. the 

current and the forces. 

7. Updates of the velocity and the position of each train using the acceleration computed during 

the load flow calculations. 

8. Removal of the trains that have reached their final destination. Modified within the new 

braking control model. 

9. Check if the studied train has reached its goal. If not the simulation continues and goes to step 

3, if “yes” goes to the next step. 

10. Stop simulation, store data and plot the results. 

3.1.2.  A general description 

The Train Power System Simulator (TPSS) simulates the interaction between the moving 

trains and the railway power supply system. Simulation takes into account the characteristics of the 

traffic intensity, the power system structure, the topography of the tracks and the trains situated on 

these tracks. Simulations are performed in discrete-time. A constant time step length must be chosen 

before the simulation between five values (1 min, 0.5 min, 0.2 min, 0.1 min and 0.05 min). However 

the program does not consider the signaling system, the safety distances and the traffic control except 

the speed regulation, explained in Sections 2.3 and 3.4.1, and the braking when trains reach the 

stations. It means that trains do not see each other and then do not control their speed and energy 

consumption depending of the other trains. Moreover they can drive through each other if some trains 

go faster than others, which is obviously not true in reality. The power system structure is constituted 

by only one catenary for the track, in reality there can be several catenaries, for example in the station 

and when there is a double track. 
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In TPSS the user can state the traffic density by choosing the headway of the departure, i.e. the 

number of minutes between each train departure, the speed limit of the train, the maximum current 

allowed for the locomotives‟ motors, the maximum retardation, assuming the train has always 

sufficient capacity to keep it, and finally by specifying the initial conditions of the trains. The initial 

conditions are set in Step 2 in Figure 3-1. These initial conditions aim at placing out the train between 

the departure and the arrival before starting the simulation in order to avoid the railway system to be 

empty. Moreover the initial speed of the trains placed out on the track is set, and their acceleration is 

equal to zero. All trains are travelling in the same direction. The train stops and the train types must be 

specified before the simulation. 

The train driver is now following the velocity control presented in Section 2.3.1, i.e. the 

locomotive reaches the speed limit as fast as possible and hold this speed if possible until a brake is 

needed. The train traffic control performed in Step 4 in Figure 3-1 is studied thereafter in Section 3.4.1 

for the velocity control and in Section 3.4.3 for the braking plan. 

The power supply system structure in TPSS can be modified by the user by stating the 

different following parameters: 

 The distance between the frequency converter stations, 

 The type of catenary, i.e. BT or AT, 

 Whether an HV line is connected or not, 

 The number of feeding points installed between the HV line and the catenary, and 

between two converter stations, in case of an HV line use, 

 And the number of frequency converters in each converter station, 

The user has also the possibility to choose the maximum current allowed for the locomotive‟s motors 

and the maximum retardation. These latter parameters are related to the overheating of the locomotive, 

i.e. too high allowed current can cause a motor‟s overheat while too high retardation can cause an 

overheating of the brakes. Before the simulation the time step length, t, has to be specified by the 

user, i.e. the resolution of the time discretization.  

According to (3) neither the Newton Raphson method nor the nonlinear optimization problem 

solver fmincon of Matlab functioned perfectly for the load flow calculation. Thus the external 

optimization software GAMS was selected. Therefore two different programs are working together in 

TPSS. 

 Matlab is the background program from which the program (TPSS) is executed. It 

does the easiest tasks and handles the storage of the data and the graphic results.  

 GAMS is the powerful optimization and solver of equations program that performs the 

load flow calculation at each time step by solving the nonlinear system of equation, cf. 

Appendix F, and computes the accelerations needed for the braking plan presented in 

Section 2.3.2. The solving of the system of equations occurs in Step 5 in Figure 3-1, 

this corresponds to the load flow calculations. The latter problem is now solved by the 

GAMS solver CONOPT with the solution procedure CNS (constrained nonlinear 

system). The braking optimization (BO) problem is solved using the same solver with 
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the solution procedure DNLP (nonlinear constraints with discontinuous derivatives 

allowed) as an LP problem. 

Thus GAMS is used to determine the accelerations of the trains and is called upon from Matlab for 

each time step. Matlab gives all details about the electrical power system and the driver behavior to 

GAMS for each time step. Moreover some data from the last time step are used by GAMS to 

accelerate the computation time, i.e. these data give suitable initial values for some variables. Indeed 

the values of some parameters from one step to another are really close to each other. 

3.2. Bug with the AT catenaries type model 

In (3) the studied cases have been made for both BT and AT catenary types but only BT 

curves were plotted. When testing the original simulator two bugs, concerning the AT catenary type, 

were noticed. In every following simulation, the trains start at one converter station and goes to the 

next one where they stop. For the testing simulations with AT catenaries the inter-converter-station 

distance is set equal to 160 km. There are 6 converters in each station. The train departure periodicity 

is one train every three minutes, i.e. the headway is 3 minutes.   

For the first simulation a high voltage line (HV) is present in parallel with the catenary with 

one 25 MVA transformer at each converter station and one 16 MVA transformer every 40 km between 

them, i.e. three transformers equally distributed. Indeed one got unexpected result as can be seen on 

Figure 3-2 (a) below. The reader can observe a decrease of the voltage level after the first transformer, 

and the voltage never increases again after. 

 

 

 

 
The problem came from the definition of the Y-matrix. The numbering of the different fixed 

nodes and the computation of the coefficients of the Y-matrix did not match, more details can be 

found in Appendix A. After the correction of this error, one can observe on Figure 3-2 (b) that the 

voltage curves looks much more realistic. The voltage is high at both converter station and if one looks 

more carefully, one can also see that the voltage increases at the transformer nodes (at 40 km, 80 km 

Figure 3-2 Bug for AT and HV simulation 

 

(a)  Bug not fixed (b)  Bug fixed 
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and 120 km). These latter increases of the voltage level are due to the connection to the high voltage 

line which allows a better voltage profile. 

For the second simulation the traffic is the same but there is no HV line installed. On Figure 

3-3 (a) one can observe the original result. The reader observes that the catenaries‟ voltage does not 

correspond to its expected profile. First the voltage curve gives the impression that an HV line is used 

with three transformers between the converter stations as before. Secondly one can observe the same 

bug as in the first case, i.e. a drop of the voltage at the second station. 

 

 

 

The first problem came from the fact that the number of transformers was not set to zero when 

no HV line was used and then this number of transformers is wrongly used inside the program. To 

solve this small problem the number of transformers is now set equal to zero at the initialization of the 

program when there are no HV lines. The second problem was the same as the previous problem with 

an HV line.  

Once these modifications made, the new result can be seen on Figure 3-3 (b). The catenaries‟ 

voltage is lower at the middle of the trip when the train is the furthest from the converter stations. It is 

the highest when the train is close to the converter stations, which seems to be a realistic conclusion. 

3.3. Impact of the different reactive power consumption models of the train 

In this section, the different models of the reactive power consumption of the locomotive are 

compared. First, the reactive power consumption models of the locomotives are approximated and 

then simulations are performed to see their different impacts on the power consumption.  

3.3.1. Approximation of the models 

First the reactive power consumption is computed thanks to the equation (2.19) as explained in 

Sections 2.2.2 and 2.2.3. Thereafter only the sinusoidal part of the reactive power consumption will be 

considered  

Figure 3-3 Bug for AT and no HV simulation 

(a)  Bug not fixed (b)  Bug fixed 
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(3.1) 

This part of the reactive power consumption must be approximated because the latter 

sinusoidal part has non-continuous derivative which is not satisfactory for the solver. The non-

continuous derivative property occurs when the sinusoidal part reaches zero, see Figure 3-4. In the 

former equation the condition  

4 2

di
locoRc

U
U  


      

(3.2) 

was not considered, because the DC voltage, Udiα, was related to the catenary voltage according to 

equation (2.16) and never reached this condition. This is not true anymore because equation (2.15) is 

now considered. This previous modeling function was scaling to never go in this area. In the new 

approximation the value is zero as it must be according to (2). The new estimator has been designed 

using the NNs functions as it has been done for the tractive force because it is a well known and 

accurate tool. The inputs for this new NNs approximation are Udiα and UlocoRc, while the output is ω 

defined above in equation (3.1).  

 

Figure 3-4 the sin (...) part of the equation, the NN approximation of it, its error and the DCT (former) approximation 

error. 

The approximation has been performed for values of Ucatenary varying between 0.4 and 1.2 p.u. 

while the velocity varies between 0 and 160 km/h. The best result kept for the program was obtained 

for a number of hidden neurons equal to 16 with one hidden layer and by using “logsig” function 

instead of “tansig”. All values and further details can be found in Appendix D. 

Area not considered before 
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In the Figure 3-4 above, the original sinusoidal part of the equation (2.19), the new NN 

approximation, its error and the old approximation error are plotted. The approximation error has 

decreased with the new approximation (for the known values of the old DCT approximation) and the 

approximation considers now a wider area of definition than before. This new area of definition is 

needed because in some case of simulation the value of diU   and locoRcU  reached this area. 

In order to see the impact of the filter represented in Figure 2-8 (b) it was introduced in the 

model of the reactive power consumption. This filter should reduce the reactive power consumption as 

explained in Section 2.2.3 given that the reactance of the filter, Xf, is negative. The latter reduction of 

reactive power consumption is computed by equation (2.20). In (2), it is shown that a simplified model 

of the train gives more realistic results than a very complex model considering the filters, the 

transformer and the impact of the harmonics. Therefore results from the simulation with the filter 

model are not detailed in the report. 

Then the reactive power model using the power factor of the locomotive will be studied. This 

power factor was introduced in Section 2.2.3 and has been approximated using the NN tools, cf. 

Figure 2-10. The reactive power consumption for this model is computed using equation (2.21). This 

model assumes a perfect sinusoidal signal, i.e. without distortion and where harmonics are not 

regarded, which is not true but a good approximation. It is an empirical model built using 

measurements from (5). The power factor of the locomotive was measured for all velocities at nominal 

catenary voltage. Therefore the new reactive power model is depending on U through the active power 

only but not directly. 

3.3.2. Comparison using different models of the reactive power consumption 

To compare the two different models of reactive power consumption of the train, simulations 

were performed with the same traffic schedule and the same power system structure. The power 

supply system and the traffic schedule are set as following 

 BT type of catenary is used 

 HV line is installed with 3 transformers between a pair of converter stations 

 The distance between two converter station is 160 km 

 The headway of departure is 10 min 

 Each converter station has 6 frequency converters 

 The speed limit is 100 km/h and the time step length is 1 min 

The results of this simulation can be seen in Figure 3-5 and Table 3-1. In Figure 3-5 the solid curves 

represent the simulation of the first model, i.e. the modeling of the double bridge with equation (3.1), 

while the dash-dotted curves correspond to the second model, i.e. the power factor model. 

 

t = 1 min Ttrip (min) E1 (MWh) E2 (MWh) 

Double bridge model 100 17,85 17,65 

Power factor model 100 18,24 17,81 

Table 3-1 Comparison of the different reactive power consumption models. 
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The reader can observe that the total energy consumption is higher with the power factor 

model, see Table 3-1. This is implied by the higher reactive power consumption of this model, see 

Figure 3-5, but the active power consumption does not change. Indeed Figure 3-5 shows that the 

power demand of the locomotive with the power factor model is bigger. It implies a lower voltage 

level at the catenary and higher reactive power consumption.  

 

Figure 3-5 Comparison of the different models of reactive power consumption. 

The latter model using the power factor of the locomotive gives results more similar to the 

TracFeed‟s results. However it would be really interesting to compare the results with the real 

measurements to know which model is the most realistic. According to (2), it seems that the model 

using the power factor gets better outcomes when comparing some real measurements even when the 

harmonics and the filters are taking into account. Thus the model using the power factor will be kept 

for the simulator after this thesis work. However this model will be implemented in the program only 

from Section 3.6 in this report. 

3.4. New formulation of the problem in GAMS and Matlab 

GAMS has been chosen to solve the system of equation in the original version of the TPSS 

because neither the Newton-Raphson method, nor the internal nonlinear equation solver of Matlab‟s 

did perform well enough. The system of equations that can be found in Appendix F was reformulated. 

In the first version of TPSS, it was an optimization problem where the objective was to minimize the 

function 

    2 2

n n

n

z P Q


   
     

(3.3) 

where denotes the set of all the electric nodes in the railway power system model. The objective 

consists in minimizing the summed square of the calculated error of the active and reactive net power 

flows in each node.  
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In this part of the chapter, it will be explained how all improvements have been implemented 

inside the programs GAMS and Matlab. The impact of the new models, the better accuracy, the 

simulator speed improvements and the new approximations will be shown and explained thereafter. 

Comparisons between the old and the new versions of the program will make the user aware of 

changes‟ perfection. 

3.4.1. Velocity control and driver behavior 

The velocity control in the former version of TPSS was made by using an aggressive driving 

behavior as explained previously, i.e. the driver was supposed to accelerate the most he could until he 

reached the speed limit. Then if he was over this limit he braked or coasted until the velocity decreased 

under the speed limit, and accelerated again the most he could and so on. For low speed limit, the 

power consumption oscillated between zero and a positive value, see on Figure 3-6 (a). It gives results 

not workable and less reliable. In order to avoid this problem the velocity control is performed through 

the control of the tractive force used for each time step as explained in Figure 2-11. 

The new driving plan has been implemented in the program in Step 4 of the flowchart Figure 

3-1. For each time step, before the load flow calculation the ideal tractive force needed is computed, 

see Figure 2-11, and the ideal tractive force will be used in Step 5 during the GAMS calculation if 

necessary. The use of this new method makes the results of the simulation smoother and allows a good 

regulation of the train‟s velocity. 

In order to better see the effect of the new velocity control, simulations have been performed 

with the same traffic schedule, power supply structure and speed limit for both cases, i.e. with and 

without the new velocity control. For the studied simulations, the distance between the two converter 

stations is 160 km and there are 6 frequency converters in each station. Moreover the headway of 

departure is 10 minutes, BT catenary type is used and a transmission HV line with three transformers 

is installed between the stations. In Figure 3-6, the results from these simulations can be observed for a 

speed limit of 60 km/h and a time step length of 1 minute. The figure (b) has very smooth curves for 

the velocity, the power and the voltage level while curves from the figure (a) oscillate as explained 

before. Moreover the speed does not exceed the speed limit, and the shape of the power consumption 

curve and the track‟s inclination curve are the same in Figure 3-6 (b). It seems really correct because 

the higher the inclination of the track, the higher the force needed to keep the speed, and conversely 

for negative inclinations. 

 

 

(a)  Before the regulation (b)  After the regulation 

Figure 3-6 Optimization of the speed regulation 
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Obviously the new control of the speed increases the running time of the simulation given that 

more calculations are needed. At the same time the system of equations has been modified to make it 

easier and thereby faster for the program to solve the problem; further details can be found in 

Appendix F. This improvement gives more accurate results than before when the longest time step 

length and a low speed limit are chosen. On Table 3-2 (a) and Table 3-2 (b), the 1
st
 column is the time 

step length, the 2
nd

 is the time of the trip for a train from the departure to the next converter station, 

and the 3
rd

 and 4
th
 columns of the table show the energy consumption at each converter station. The 

reader can observe that the value of the energy consumption is almost the same whatever is the time 

step length for the new velocity control while it is changing for the former version. If the shortest time 

step length is assumed to be the reference, one can see quite a big calculation error in the previous 

version. 

Δt(min) R(min) E1(MWh) E2(MWh)  Δt(min) R(min) E1(MWh) E2(MWh) 

1 157.0 26.15 26.50 1 162.0 19.50 19.50 

0.5 158.5 29.86 30.00 0.5 161.5 19.50 19.47 

0.2 160.0 23.78 23.90 0.2 161.6 19.54 19.48 

0.05 160.9 22.96 22.89 0.1 161.6 19.56 19.50 

Table 3-2  (a) Original version 60 km/h   (b) New version 60 km/h 

This new speed control manages to run simulations with longer time step lengths keeping a 

good accuracy of the results. This advantage allows time saving by decreasing the running time. The 

user can now perform simulations with a long time step length and get smaller errors. However the 

time step length should not be increased too much because it can decrease the accuracy of the 

simulation. With a time step length too long the details of the inclination of the track will not be 

considered correctly. A better control of the speed involves also a decrease of the losses. In Table 3-2, 

the reader can easily observe that the energy consumption has significantly decreased with the new 

velocity control. The energy saved is 6.79 MWh with the new control. It represents about 17.4% of 

energy saved which can really not be neglected.  

3.4.2. Solver choice 

The original program is an optimization program which aims at minimizing the calculated 

errors of the active and reactive net power flows in each node as explained in the introduction of the 

Chapter 3. As suggested in (3) and explained in the manuals of GAMS (8), the problem has been 

changed to a CNS (Constrained Nonlinear System) problem to reduce the running time and find a 

local unique solution sought for.  

In order to use this new solver, the system of equations needs to be changed to a system with 

as many variables as equations. The former system of equations did not have the same number of 

equations and free variables. Furthermore the problem was set as an optimization problem and not a 

system of equations, i.e. there was an inequality in the system and not only equalities. The system of 

equations has been modified and the main change is shown by equations (3.4) and (3.5). The previous 

set of equations was    

    2 2
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and the new one is:  
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0
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(3.5) 

where PG,n
 
and QG,n

 
represent the generated powers, active and reactive respectively, at node n, PD,n

 
and QD,n

 
denote the consumed powers at node n and the powers transmitted away from node n 

correspond to Pn and Qn.  

Thus the optimization problem becomes an equation system and the result is expected to be 

more accurate since it is not an approximation problem anymore. Thanks to this new solver and new 

formulation the program is running much faster but the accuracy was not improved as expected, see 

Table 3-3. Besides, due to this new formulation, the bounds used before for the angles, the power 

consumed and the voltage to make the simulation possible and faster can be now removed 

successfully. However in order to help the program GAMS to solve the problem faster the values of 

the variables from the time step prior to the present are used. It allows the program find the solution of 

the load flow calculations faster. Nevertheless the running time is a bit longer when these limitations 

are removed. That is why they will be kept in the future.  

To compare the performance between the new program and the former, simulations have been 

performed. The power supply system used a BT-type of catenary with a HV line. The distance 

between a pair of converter stations is 100 km; each converter station is equipped with six converters. 

The connection with the HV line is made with two transformers of 25 MVA at both converter stations 

and one transformer of 16 MVA placed at each third of the track (33.33 km and 66.67 km). The 

headway of departure is ten minutes and the speed has been limited to 60 km/h.  

 

S(min) R(min) T(s) E1(MWh) E2(MWh)  S(min) R(min) T(s) E1(MWh) E2(MWh) 

1 102 56 7,5065 7,7374 1 102 46 7,5065 7,7374 

0.5 101,5 108 7,5333 7,7502 0.5 101,5 92 7,5333 7,7502 

0.2 101,6 274 7,5247 7,7213 0.2 101,6 230 7,5247 7,7213 

0.1 101,6 541 7,5494 7,7479 0.1 101,6 459 7,5494 7,7479 

0.05 101,55 1084 7,5516 7,7486 0.05 101,55 925 7,5516 7,7486 

Table 3-3  (a) DNLP Optimization    (b) CNS equation system 

In the above Table 3-3 (a) and Table 3-3 (b) the parameters, performances and results are 

stored. The 1
st
 column is the time step length, the 2

nd
 one is the time of the trip for one train from the 

departure to its arrival, the 3
rd

 is the running time of the simulation, and the 4
th
 & the 5

th
 are the energy 

consumptions at each converter station. The reader can observe that the program„s speed has been 

increased for all step lengths, i.e. the new solver needs around 16% less time than the previous one. 

However the energy consumption computed by the new solver is exactly the same for both versions. It 

means that the optimization problem was already accurate before. Therefore the accuracy has not 

really been improved in the results as expected in theory. 

3.4.3. Braking plan 

The braking plan was changed as introduced in part 2.3.2 because trains did not stop properly 

at the stations in the old version. Moreover trains that were placed on the track at the initialization of 

the simulation did not stop at all. When changing the braking the latter bug was discovered. These 
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problems are now fixed thanks to the new braking plan. In this part all bugs concerning the braking 

will be explained and then the solutions applied to solve them.  

The braking plan can be found on the flowchart in Figure 3-7 and a written explanation 

follows. Inside the program the braking plan operates right after the velocity control which is 

described in Section 3.4.1. This arrangement is due to the fact that the braking has the priority on the 

regulation of the speed, i.e. if a braking is needed it overwrites the decision of the velocity control. In 

order to better understand how the new braking plan works the flowchart in Figure 3-7 is explained 

step by step by words thereafter:  

1) Check if the train has already braked during the previous time step.  

If “TRAIN.Braking < 1” it means that the train was not involved and it goes to step 2 

otherwise it goes directly to step 3. 

2) The function “final_brake” is run. It determines whether the train has to start braking or 

not and it determines the number of time steps needed to stop the train. 

3) Check if the train starts its braking plan or not. If “TRAIN.Braking(Timestep) = 1”, it 

means that the train has to start the braking plan and then it goes to step 4 otherwise it 

goes to step 7. 

4) The BO problem described in the Section 2.3.2 is run in GAMS in the so called 

“ACC_Brake” function to determine the accelerations necessary for the next time steps to 

stop the train with the shortest braking distance. These accelerations are stored and will be 

used during the next time steps. 

5) If the first acceleration computed by the “ACC_Brake” function is not zero then the train 

start braking with this deceleration and “TRAIN.Braking(Timestep +1)” is increased by 

1.Then go the load flow calculation can be run. 

6) If the first acceleration computed by the “ACC_Brake” function is equal to zero then the 

train does not brake and keeps the plan assigned by the control of the speed. It may 

sometimes occur that the number of time steps computed for the braking plan is somewhat 

too high. Then go the load flow calculation can be run. 

7) The train has already started the braking plan in the previous time step. Check if it has not 

stopped yet at the station. Then it goes to step 8, otherwise it goes to step 9. 

8) Apply the deceleration computed by the BO problem solution solved in a previous time 

step and increase the value of “TRAIN.Braking” for the next time step to finish the 

braking. Then go the load flow calculation can be run. 

9) Check if the train has stopped at the station, if “yes” it goes to step 10 otherwise it means 

that the train should not be involved in any part of the braking plan now, and then the load 

flow calculation can be run. 

10) Check if the train stayed and waited long enough in the station or not, if not it goes to step 

11; otherwise it goes to step 12. 



  
Page 34 

 
  

11) The train has to stay at the station for this time step, the acceleration is set equal to zero 

and the waiting time at the station is increased. Then go the load flow calculation can be 

run. 

12) The train stayed and waited long enough at the station. 

13) The next station is implemented as the new station for the train, the braking plan is 

stopped and the train will start its departure from the station. Then go the load flow 

calculation can be run. 
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The improvement of this new braking plan has been highlighted by some simulations 

comparing the results of the former program and the new one. The simulation of both versions had the 

same power system structure and the same traffic schedule. In order to see how the braking plan is 

working, a station has been positioned in the middle of the two converter station. The distance 

between the two converter stations was 160 km and a station stop was set at 80 km from the departure. 

Simulations were run for different time step lengths and the results were about the same, thus only 1 

min time step length results are displayed in this report to summarize it.  

 On the following pictures the dash-dotted curves represent the results of the old version and the solid 

one are the curves of the new version.  To better see the impact of the braking plan, curves are 

displayed at the stations. On the Figure 3-8 and Figure 3-9 the reader can observe that the train studied 

does not stop properly at the station for the former version,but it stops after. Thanks to the new one the 

train has a good behavior. 

Let us now focus on some other trains during the same simulation. On Figure 3-10 and Figure 

3-11 one will be interested by trains placed on the track at the initialization of the simulation, i.e. 

before the first time step. On those figures the reader can observe that the train does not stop at all at 

the stations. In order to fix this bug the initialization of the train has been modified. The train stops 

were not implemented in the previous version. Now depending on the train‟s initial position, the next 

station is set as the nearest upstream station. 

The good running of the new program can be observed on the solid curves Figure 3-10 and 

Figure 3-11. It has been checked that the program is working well for any number of stations at any 

position and for any speed of the trains. The differences in accuracy and the differences in running 

times are displayed in Table 3-4. 

 

Figure 3-9 Station at 80 km for a train that starts 

at the departure station. 

Figure 3-8 Last station (160 km) for a train that 

starts at the departure station 



  
Page 37 

 
  

It is logical that the running time has increased because more calculations are needed for this 

new model. Using GAMS for the BO problem at each time step that a train needs to start braking 

makes the program slower. However the accuracy of the results has been improved in the same time. 

All trains now stop accurately at their stations and the maximum retardation allowed can be chosen 

easily by the user. The values stored in the table below come from a simulation with the following 

parameters: 

 Train departure every 10 minutes 

 High Voltage line used with 3 transformers between the two converter stations 

 BT type of catenary 

 2 train stops at 80 km and 160 km respectively 

 A time step length of 0.5 minute 

 A distance of 160 km between the converter stations 

 6 converters at each converter station 

t = 0,5 min   Time Simu (s) Time trip (min) E1 (MWh) E2 (MWh) 

Before 163 106.5 18.9299 18.6677 

After 176 104.5 18.6745 18.4148 

Table 3-4 Braking plan impact on the program. 

The braking works now as desired despite that the plan chosen is not the most realistic 

possible. Indeed it does not take into account the energy saving, for instance coasting before braking to 

reduce the power consumption, and the distance from the feeding station, trains do not reduce their 

consumption when they are far from the feeding points. But it would be much more difficult to build a 

braking plan that considers all these parameters.  

 

Figure 3-11 Last station at 160 km for a train 

placed on the track at the initialization. 

Figure 3-10 Station at 80 km for a train placed on the 

track at the initialization.  
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3.5. Control of the frequency converter stations 

The frequency converter stations are equipped with several converters as explained in Section 

2.1.3. The former program did not control the number of converters active or inactive at the moment 

and assumed that all converters were active all the time. In this part the control of the number of 

converters active is explained. Before each simulation the user can choose the number converters 

installed in each station. In the present program there are two frequency converter stations with NoC1 

converters at the first station and NoC2 converters at the last station. The number of converters active is 

determined by a control considering the loading of the converters during the last three minutes. The 

term loading is used for degree of loading in the report. This value was arbitrary chosen and can be 

changed in the program. The loading of all active converters is computed according to  

48 49
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for converter type Q48Q49 at the station i. NoCi,used is the number of converters active at the moment, Sb 

is the base power, PG and QG are the total amount of active and reactive power injected on the 16.7 Hz 

side at the converter station i respectively and SnomQ48Q49,g is the nominal power of the generator part of 

a rotary frequency converter. The loading of each converter is computed at the end of every time step 

for all active converters. Obviously the loading of inactive converters is zero. The control occurs every 

three minutes. For this control the average loading of the converters during the previous three minutes 

is computed according to 
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where t is the time step length in minutes. Thanks to ciLd , the number of converter needed for the 

current time step is determined by  
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where x   means “ceiling of x”, i.e. 

min , ,
y Z

x y y x x


          
(3.9) 

This control aims at having the active converters‟ loading rated around 85% of their nominal power.  

The control of the number of converters active in the stations affects especially the phase 

angles of the trains, see Figure 3-12. The active and reactive power consumption are not really 

affected by this control. In reality the number of converters used has an impact on the power losses 

since there are losses inside frequency converters. However given that the losses of the converters are 

not considered in the program, the variation of the number of converters active does not have influence 

on the power. 
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In order to see the influence of this new control, simulations were performed. Converters 

stations are equipped with six rotary frequency converters in each. In Figure 3-12 and Figure 3-14 the 

dashed curves are related to the new control of the converters stations while the solid curves are 

related to the old version. On Figure 3-12 the train‟s data are plotted. One can observe that only the 

angle curve is really affected by this control. The train phase angle decreases due to the reduction of 

the number of converter used, noticed that it is - that is plotted in Figure 3-12.  

 

Figure 3-12 Comparison of the train's data whether the control of the converters stations is used or not. The solid 

curves correspond to the simulation without the control, while the dashed curves correspond to the simulation with 

the control. 

The loading of the converters with the new control is plotted in Figure 3-13. The dash-dotted 

curves represent the number of active converters divided by ten in both stations. One can deduce the 

loading of the converters without control by observing the loading at the beginning of the simulation 

when the six converters are active in each station; see in Figure 3-13. They are loaded at 30% of their 

nominal capacity.   

 

Figure 3-13 Loading of the converters in each station and number of converters used in each station (divided by 10) 

with the control of the number of converters active. 
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It is worth noticing that when a converters station uses a fewer number of converters, it takes a 

smaller portion of the load. However, the converters units in operation in the station with fewer 

converters have a higher individual loading, c.f. Figure 3-13. The same result was observed in several 

simulations in a variety of systems (2).  

 

Figure 3-14 Total amount of active and reactive power injected on the 16.7 Hz side by both frequency converters 

stations separately. Dashed curves are related to the new control, solid lines are without the control. 

The total amount of power injected to the 16.7 Hz for both stations is about the same with or 

without control. Figure 3-14 shows that, when PG1 increases, due to a reduction of active converters in 

station 2, PG2 decreases and reciprocally. A difference would happen if the losses in the converters 

were taken into account. 

3.6. Addition of the auxiliary power and the efficiency of the locomotive 

In this part the power consumption of the locomotive is studied considering the auxiliary 

power and the efficiency of the locomotive. The auxiliary power consumption is implemented in the 

program. This auxiliary power consumption takes into account train heating, air condition and the 

cooling systems of the locomotive motors.  It is identified by two parameters, Paux, which is the active 

power consumption and PFaux, which is the power factor of the auxiliary power consumption. 

Moreover the electrical and mechanical losses between the pantograph and the motor are considered in 

the same time. The latter losses are modeled by the efficiency coefficient, loco, introduced in Section 

2.2.3. The new models for the active and reactive power consumptions are described in Section 2.2.3 

by equations (2.14) and (2.23). 

In order to observe the impact of this new model, simulations are performed for both the new 

and the previous programs. The power supply system structure and the traffic schedule are the same 

for both simulations to allow proper comparisons. They are identical to the ones presented in Section 

3.3.2 when comparing the different reactive power consumption models. From this part, as mentioned 

before, the model of reactive power consumption uses the power factor, , i.e. equation (2.21). The 

outcomes of the simulations can be observed in Table 3-5. The curves are not displayed but they have 

all the same shape with different level of value summarized in Table 3-5. 

Time 

P (MW) 

Q (MVAr) 
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Different cases 
Duration of the trip 

(min) 
E1 (MWh) E2 (MWh) 

Energy consumption 

difference (%) 

Without auxiliary power and 

efficiency 
100 18.2386 17.8149 0 

With efficiency only 100 22.9040 22.3180 + 26.16 

With auxiliary power only 100 19.8268 18.9093 + 7.44 

With both efficiency and 

auxiliary power 
100 24.1149 23.9788 + 33.40 

Table 3-5 Comparison of different models of active and reactive power demand at the pantograph. 

In Table 3-5, the train travelling time and the total energy consumed per converter station is given for 

each case. Moreover the difference of total energy consumed between the previous model and the new 

models is computed in the last column of the Table 3-5. As expected the power consumption has 

significantly increased with the use of the efficiency coefficient and the auxiliary power. The 

travelling time is not affected by the new models, for low speed limit at least. In order to choose the 

most accurate model, outcomes should be compared with some real measurements. For Section 3.7, 

auxiliary power and efficiency are considered because this model is closer to the TracFeed simulation 

program‟s outcomes introduced before. 

3.7. Impact of all improvements 

In this last section a general summary of the entire work performed on the TPSS program is 

developed. Outcomes from original version‟s simulations and last version‟s simulations are compared 

to see the impacts of the improvement made during this master thesis job. 

3.7.1. Outcomes of the simulator 

First the speed and the accuracy of the program are studied for a speed limited simulation. The 

parameters of the simulations are the following: 

 the distance between a pair of converter stations is 160 km  

 6 converters in each station 

 a speed limit of 60 km/h 

 BT catenary, HV line installed with three transformers 

 a departure headway of 10 minutes 

 no train stops are set between a pair of converter stations 

Moreover for the original version, the maximal continuous tractive force curves are used, while for the 

new program the maximum current allowed is chosen equal to 1250 A. The maximal retardation is set 

to -0.85 m/s
2
 for the new version. These values permit a suitable comparison. In order to see the 

accuracy of the results simulations were performed with two different time step lengths, 0.1 minute 

and 1 minute. The smallest time step length simulation used as reference for the energy consumption. 

The outcomes of the simulations are stored in Table 3-6.  
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Version t (min) Ttrip (min) Tsimu (s) E1 (MWh) E2 (MWh) Time reduction E1 error E2 error 

Original 1 157 125 26.1458 26.5013 // 13.7 % 15.5 % 

New 1 162 87 28.3818 28.3661 -30 % 0.44 % 0.25 % 

Original 0.1 160.5 1249 22.988 22.9447 // // // 

New 0.1 161.7 820 28.5066 28.4377 -35 % // // 

Table 3-6 Data obtained from the simulations of the original and the last versions of TPSS. 

Comparing the results in Table 3-6, the reader can observe that the new version of TPSS is 

really faster than the original one. The running time has decreased by at least 30 %. Moreover one can 

notice that the energy consumption errors for a long time step length, i.e. 1 min, are now almost zero. 

One can wonder if it is worth increasing the time step length to 2 minutes or more. The problem is, if 

the time step length is too high the inclination of the track would not be accurate anymore. For 

example, if there is an uphill gradient between two downhill gradients and this uphill gradient is 

situated between two successive position computations, then it will never be considered by the 

program. Thus the accuracy can be reduced with a too long time step length.  

The values of the energy consumption of the original and the new version of TPSS cannot 

really be compared since the models of the power consumption were changed. However travelling 

time and energy consumption errors comparing simulations with different time step lengths can be 

studied. As mentioned above the energy consumption errors have been significantly reduced, almost 

erased. In the same time the travelling time error was decreased from 3.5 minutes to 0.3 minute, e.g. it 

was almost erased as well. The latter small error is due to the length of the time step, i.e. with 1 minute 

time step length the travelling time error can always get values up to one minute. 

3.7.2. Quality of the curves and influence of the controls 

In this section the quality of the curves and the impacts of the different controls designed 

during the thesis are studied. Two simulations are performed for this analysis. The parameters of the 

simulations are the same as before except that  

 the speed limit is now 100 km/h 

 there is one additional station at 80 km from the converter stations 

 time step length is set equal to 1 minute 

The results of these two simulations are displayed in Figure 3-15 and Figure 3-16. First, 

observing Figure 3-15 (a) and (b), the reader can notice that the curves are much more workable with 

the new version. Moreover the new model of the trains consumes more energy than the former model; 

it implies a lower level of the catenary voltage along the track. The speed profile is now smooth. 

Besides the voltage angle, , is much lower with the new version due to the higher power usage and 

the control of the converter stations, see equations (2.3) and (2.4). Notice that it is - that is plotted. 

The difference in the value of the voltage angle can be understood when observing Figure 3-16. Indeed 

the control of the converter stations reduces the number of active frequency converters in each station. 

If one considers equations (2.3) and (2.4), it is obvious that the voltage angle, , will decrease 

significantly when the number of converters active is divided by two or three.  
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Figure 3-15 Electrical and mechanical states of a train travelling, together with other trains. 

In the original version of TPSS the loading of the frequency converters was very low. Figure 

3-16 shows that converters were rated at 20% of their nominal capacity. However they are now loaded 

above 60% of their capacity all the time. Moreover the number of active converters is reduced which 

would reduce the losses in reality.  

 

 

Figure 3-16 Degree of loading of the converters and number of active converters at each converter station. The 

number of active converters is divided by 10 on the curves. 

 

  

(a)  Last version of TPSS (b)  Original version of TPSS 

(a)  Last version of TPSS (b)  Original version of TPSS 
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4. Closure 

4.1. Conclusions 

The main purpose of this thesis work was to improve the so called TPSS program. During the 

thesis the electrical and mechanical models of the trains have been modified. The controls of the train 

speed, the converter stations and the train braking were implemented in the program. GAMS solver 

used for the load flow calculation was changed and the system of equations modified. All these 

ameliorations have increased the speed of the simulator and enhanced the quality of the outcomes. 

Results are therefore more accurate and curves are workable for all cases. All new models aim at 

better suit their application‟s purpose. 

This new version suits better with the suggesting investment planning program developed by 

L. Abrahamsson. Indeed this faster version will allow studying more cases for a given time. Thus the 

approximator TPSA, further explained in (3), can be fed with a higher number of cases for a given 

time length. The latter approximator TPSA is fed by several simulations from TPSS, and therefore 

approximates the outcomes of non-simulated cases faster by using the Neural Network tool. It is now 

fed faster with better results as aimed at the beginning of the thesis. 

4.2. Future Works 

As suggested in Section 3.5 it would be worthwhile adding the frequency converter losses to 

see the real benefit of the converter station control and to obtain a better approximation of the energy 

consumption. Another improvement would be to use other locomotives with a regenerative braking to 

see the impacts of those machines on the power flows and the energy consumption. It could reduce the 

power flowing through the converter stations. When a train brakes, it could supply other trains 

accelerating at the same moment and thus decrease the total amount of energy at the converter stations.  

TPSS simulates, at the moment, all train movement in the same direction. It could be useful to 

implement the possibility of the train to travel in both directions. Moreover only a single-track 

catenary is installed. Therefore the possibility to use a double track with one catenary per track 

interconnected or not could be implemented. 

One of the most important future works would be to compare the outcomes of the TPSS with 

real measurements. At the moment the TPSS results were compared with the results from the software 

TracFeed introduced in Section 2.2.3. The shape of the curves seems to be correct but the values of the 

energy and power consumptions were not verified with the reality. 

 

  



  
Page 45 

 
  

Appendix A AT bug correction 
 

 
  

A.1. Before 

if HV==1 
    % 16 MVA between catenary and HV line 
    % 25 MVA between converter and HV line 
    Z(CatenaryNodes(1),HVnodes(1)) =  Z_132_tran25; 
    for index = 2:NumberOfTransformers + 1 
        if AT == 1 
            Z(CatenaryNodes(index),HVnodes(index)) =  Z_132_tran16 + AT_Zinitpu; 
        else 
            Z(CatenaryNodes(index),HVnodes(index)) =  Z_132_tran16; 
        end 
        Z(HVnodes(index - 1),HVnodes(index)) = Z_132_line; 
    end 
    Z(CatenaryNodes(NumberOfTransformers + 2),HVnodes(NumberOfTransformers + 2)) =  Z_132_tran25; 
    Z(HVnodes(NumberOfTransformers + 1),HVnodes(NumberOfTransformers + 2)) = Z_132_line; 
end 
 
if AT==1 
    Z(CatenaryNodes(1),ATnodes(1)) = AT_Zinitpu; 
    Z(CatenaryNodes(2),ATnodes(2)) = AT_Zinitpu; 
end 
 

A.2. After 

if HV==1 
    % 16 MVA between catenary and HV line 
    % 25 MVA between converter and HV line 
    if AT == 1 
         Z(ATnodes(1),HVnodes(1)) = Z_132_tran25;    
    else Z(CatenaryNodes(1),HVnodes(1)) =  Z_132_tran25; 
    end 
%     Z(CatenaryNodes(1),HVnodes(1)) =  Z_132_tran25; 
    for index = 2:NumberOfTransformers + 1 
        if AT == 1 
            Z(CatenaryNodes(index),HVnodes(index)) =  Z_132_tran16 + AT_Zinitpu; 
        else 
            Z(CatenaryNodes(index),HVnodes(index)) =  Z_132_tran16; 
        end 
        Z(HVnodes(index - 1),HVnodes(index)) = Z_132_line; 
    end 
    if AT == 1 
         Z(ATnodes(2),HVnodes(NumberOfTransformers + 2)) =  Z_132_tran25;   
    else Z(CatenaryNodes(NumberOfTransformers + 2),HVnodes(NumberOfTransformers + 2)) =  Z_132_tran25; 
    end 
    Z(HVnodes(NumberOfTransformers + 1),HVnodes(NumberOfTransformers + 2)) = Z_132_line; 
end 
   
if AT==1 
    Z(CatenaryNodes(1),ATnodes(1)) = AT_Zinitpu; 
    Z(CatenaryNodes(NumberOfTransformers + 2),ATnodes(2)) = AT_Zinitpu; 
end 
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Appendix B Neural Networks 
 

 

Figure B-1 Example of a feed forward neural network 

A Neural Network (NN) is in engineering terms a model of calculation built on the theory of 

the functioning of the biological neural network. It is made from statistical data, with non linear and is 

a modeling tool.  

Mathematically, a NN is generally a set of layers linked to each other by transfer functions. 

Each layer takes its inputs from the outputs of the previous layer for a feed forward network (3). 

However NN is not necessarily feed forwards. Figure B-1 above explains the global operation of this 

tool. The first layer is derived from the input data of the model and the output layer gives the output 

data of the NN. All layers except the last one are called the “hidden layers”.  These layers cannot be 

seen from a spectator on the outside of the network. 

Feed-forward network consists of inputs, connections from inputs to the first neuron layer, 

connections from the n-th neutral layer to the n+1-st layer and outputs as can be seen on Figure B-1. 

Each neuron can be represented by a transfer function like 

 ,l k k l l

k

f x w b
 

  
 
 ,

    
 (B.1) 

where xl denotes the input vector, and wk,l and bl are a coefficient vector and scalar respectively. 

Standard transfer functions, f, are:  

 f y y ,
  

   (B.2) 

i.e. the linear one, 
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the so-called tansig transfer function, and, 

   

1

1
y

f y
e





,
     

(B.4) 

the logsig transfer function. The NN gets the desired properties by tuning the coefficients wi and bi. 

These coefficients are tuned by a specified training algorithm, that tries to reduce some mean squared 

error, and the sum of squared errors of the output. The training procedure demands a so called training 

set, a set of paired input and output vectors. That training set can come from simulation results or 

measurements for example. The last layer has normally as many neurons as the number of outputs. 

Besides in a given layer, all neurons use to have the same kind of transfer function. For further details 

about NNs, the reader may consult enclosure A of (3). 
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Appendix C Model for the tractive force curves 
 

The tractive force curves were modeled using the Neural Networks (NN) tool. These models can be 

found in Figure 2-6 and Figure 2-7. In this appendix, the numerical values of the parameters of the 

NNs are presented. It might be worth reminding that the input parameters of the NN for the maximal 

tractive force curves are the catenary voltage level, the current of the motor and the velocity of the 

train. 

C.1. 1st
 Layer, hidden, tansig transfer function 

The input, F,k, k{1,2,3} are scaled to the range F[-1, 1] by the equation 

  , ,min,

, ,max ,min ,min

,max, ,min,

F k F k

F k F F F

F k F k

 
   

 


  


    (C.1) 

where 

,min 1F            (C.2) 

,max 1F           (C.3) 

,min,1 0F           (C.4) 

,max,1 250F           (C.5) 

,min,2 10.5F           (C.6) 

,max,2 16.5F           (C.7) 

,min,3 0F           (C.8) 

,max,3 2080F           (C.9) 

and where the first input is the velocity expressed in km/h, i.e. equations (C.4) and (C.5), the second 

one is the catenary voltage expressed in kV, i.e. equations (C.6) and (C.7), and the third one is the 

motor current expressed in A, i.e. equations (C.8) and (C.9). 

 Next the outputs of the neural network are also scaled in the same range before the training of 

the network. The scaling 

  ,min

,max ,min ,min

,max ,min

F F

F F F F

F F

 
   

 


  


    

(C.10)
 

similarly to equation (C.1). However there is only one output with the parameter values 

  ,min 1F            (C.11) 

  ,max 1F           (C.12) 
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  ,min 0F           (C.13) 

  5

,max 2.918708571428572 10F
        (C.14) 

where the output is the maximal tractive force expressed in N, i.e. equations (C.13) and (C.14). 

After scaling, the inputs are, following the idea of equation (B.1) multiplied with the weights. 

The weights related to the inputs are stored in Table C-1. The wQ subscript k stands for different 

inputs, where the first one is the motor voltage and the second one the in-locomotive voltage. 

Subscript l{1,2,3,…,15} denotes neuron number. Superscript 1 means that the weights belong to the 

first neural layer. For each neuron, l, the scaled and weighted inputs are summed together for all k, 

after which a bias bF is also added according to equation (B.1). The numerical values of these biases, 

bF,l
1
 can be found in Table C-2.  

l 1

,1,F lw  1

,2,F lw  1

,3,F lw  

1 02.596193275127023 10  
2-3.414908537518768 10  

11.917748494972698 10  

2 02.983518143421991 10  
2-1.202172825218325 10  

14.128384576741473 10  

3 1-8.254782239237160 10  
1-2.342682519299116 10  

0-1.078800168161063 10  

4 0-2.954568844021323 10  
23.955397262694191 10  

25.741256569806429 10  

5 08.838426135142584 10  
0-1.290947500345978 10  

16.961434161196934 10  

6 0-1.619619769631794 10  
12.585387106977522 10  

33.578012567692916 10  

7 0-1.656403141812002 10  
12.646316553881574 10  

11.800955150095573 10  

8 05.765497545187417 10  
2-4.943785197497713 10  

03.978692406480193 10  

9 21.925141893406575 10  
37.113533624637102 10  

19.754039089457819 10  

10 08.867921179921611 10  
0-1.318731330130513 10  

17.694903521002574 10  

11 02.201810355348690 10  
1-1.333951585197535 10  

01.536651459484797 10  

12 17.019141634955649 10  
2-4.759998392662075 10  

18.242744267495001 10  

13 1-6.340922203533884 10  
1-2.091540782909278 10  

0-1.153540123812031 10  

14 01.188581006455433 10  
1-1.478627232744641 10  

1-5.570603932093209 10  

15 0-2.419692449209923 10  
11.402331514382846 10  

0-1.529229997267177 10  

Table C-1 Values of the input weights for the tractive force. 

C.2. 2nd
 Layer, output, linear transfer function 

Here, the bias 

2 -1-1.870668703453718 10Fb       (C.15) 

and it is added to the inner product 

 1 2

, , ,F l F k F l

l

f w       (C.16) 

created from the outputs of each neuron l in layer one, i.e. 
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 1 1 1

, , , , ,tanhF l F F k F k l F l

k

f w b 
 

   
 
    (C.17) 

and the numerical values of the weights, w
2

F,l, are listed in Table C-3. 

 

l 
1

,F lb   l 
2

,F lw  

1 -8.087785007977034·10
-1

  1 4.021268841561194·10
+0

 

2 -1.037170559085433·10
+0

  2 -1.938051299822538·10
+0

 

3 1.138741143582133·10
+0

  3 7.451130247800376·10
-1

 

4 7.846430740537116·10
-1

  4 1.647400382604000·10
+0

 

5 3.978322760353898·10
+0

  5 -1.373845405652036·10
+0

 

6 -1.137826918989474·10
+0

  6 -2.640780825516293·10
+0

 

7 -9.543142580045638·10
-1

  7 2.447271533627810·10
+0

 

8 2.829524718843133·10
-1

  8 1.095228482083176·10
-1

 

9 3.155231667221599·10
-1

  9 5.404229221084779·10
-1

 

10 4.065816728764978·10
+0

  10 1.355225983311193·10
+0

 

11 9.036277281281252·10
-2

  11 1.543503770249844·10
+0

 

12 -3.532601452571720·10
-1

  12 -7.186657325470749·10
-1

 

13 9.855108833810546·10
-1

  13 -7.070359282631209·10
-1

 

14 1.857169777746146·10
+0

  14 -1.112117854377859·10
+0

 

15 -5.224413708769807·10
-2

  15 1.798616156576489·10
+0

 

  Table C-2 Values of the input biases for 

the tractive force. 

Table C-3 Values of the output weights 

for the tractive force. 
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Appendix D Models of the sin(…) part of the Reactive power 
 

The reactive power curve was modeled using the Neural Networks (NN) tool. These models can be 

found in Figure 3-4. In this appendix, the numerical values of the parameters of the NNs are presented. 

It might be worth reminding that the input parameters of the NN for the sin(…)  part of the reactive 

power curves are the motor voltage, Udiα, and the in-locomotive voltage, UlocoRc. 

D.1. 1st
 Layer, hidden, logsig transfer function 

The input, Q,k, k{1,2,3} are scaled to the range Q[-1, 1] by the equation 

  , ,min,

, ,max ,min ,min

,max, ,min,

Q k Q k

Q k Q Q Q

Q k Q k

 
   

 


  


      (D.1) 

where 

,min 1Q            (D.2) 

,max 1Q           (D.3) 

,min,1 0Q           (D.4) 

,max,1 770Q           (D.5) 

,min,2 214.28Q          (D.6) 

,max,2 642.84Q          (D.7) 

and where the first input is the DC motor voltage, Udiα, in V, i.e. equations (D.4) and (D.5), and the 

second one is the in-locomotive voltage expressed in V, i.e. equations (D.6) and (D.7). 

 Next the outputs of the neural network are also scaled in the same range before the training of 

the network. The scaling 

  ,min

,max ,min ,min

,max ,min

Q Q

Q Q Q Q

Q Q

 
   

 


  


    (D.8) 

similarly to equation (D.1). However there is only one output with the parameter values 

,min 1Q              (D.9) 

,max 1Q           (D.10) 

,min 0Q           (D.11) 

-1

,max 9.999987958002428 10Q         (D.12) 

where the output is the sin(…) part of QD, i.e. equations (D.11) and (D.12). 
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After scaling, the inputs are, following the idea of equation (B.1) multiplied with the weights. 

The weights related to the inputs are stored in Table D-1. The wQ subscript k stands for different 

inputs, where the first one is the motor voltage and the second one the in-locomotive voltage. 

Subscript l{1,2,3,…,16} denotes neuron number. Superscript 1 means that the weights belong to the 

first neural layer. For each neuron, l, the scaled and weighted inputs are summed together for all k, 

after which a bias bQ is also added according to equation (B.1). The numerical values of these biases, 

bQ,l
1
 can be found in Table D-2.  

l 1

,1,Q lw  1

,2,Q lw  

1 5.868797172124399·10
+1

    -5.876639857457720·10
+1

    

2 5.815502872345832·10
+1

       - 5.832118757811158·10
+1

    

3 -2.454683013924215·10
+1

    - 1.624420809241514·10
+1

    

4 -3.813275244118596·10
+0

 5.768338341399519·10
-1

 

5 -2.590360203106935·10
+1

    - 1.699860297551694·10
+1

    

6 -1.639768680799460·10
+1

    8.218315513419046·10
+0

 

7 -1.006115795075087·10
+2

 5.037714456804050·10
+1

    

8 -1.152073685885253·10
+1

    1.066814084890521·10
+1

    

9 -1.012115771025040·10
+2

 5.073867506618623e·10
+1

    

10 -1.149894776185001·10
+1

    1.069216280556717·10
+1

    

11 - 1.572337152317070·10
+1

    -3.432247944285818·10
-1

 

12 3.633407089672279·10
+0

 -1.081310311013157·10
+0

 

13 - 9.842743448290952·10
+0

 5.721337749017803·10
+0

 

14 1.773142255807892·10
+1

    -8.939597147180143·10
+0

 

15 5.275146354097307·10
+0

 -6.781705480796264·10
-1

 

16 5.046178592562892·10
+0

 2.099944822511672·10
+0

 

Table D-1 Values of the input weights of the approximation of sin(…). 

D.2. 2nd
 Layer, output, linear transfer function 

Here, the bias 

2 11.438805706213460 10Qb       (D.13) 

and it is added to the inner product 

 1 2

, , ,Q l Q k Q l

l

f w      (D.14) 

created from the outputs of each neuron l in layer one, i.e. 

 1 1 1

, , , , ,logsigQ l Q Q k Q k l Q l

k

f w b 
 

   
 
    (D.15) 

and the numerical values of the weights, w
2

Q,l, are listed in Table D-3. 
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l 
1

,Q lb   l 
2

,Q lw  

1 -5.950939825771581·10
+1

  1 1.253353160048533·10
+1

 

2 -5.885720397715028·10
+1

  2 -1.319787627306613·10
+1

 

3 2.864806526380688·10
+1

  3 -2.732019573301836·10
+0

 

4 9.767280140397695·10
-2

  4 -2.816378563779403·10
+0

 

5 3.013881729749491·10
+1

  5 2.676384882807452·10
+0

 

6 5.007536136419500·10
-2

  6 -1.045583805680600·10
+1

 

7 2.671516256332293·10
-1

  7 -1.359984835192122·10
+1

 

8 1.130093815352585·10
+1

  8 -1.029329440856081·10
+1

 

9 1.135762464479816·10
-1

  9 1.353327373163586·10
+1

 

10 1.112668689698734·10
+1

  10 1.147382917668735·10
+1

 

11 -1.876582021375140·10
+1

  11 -2.603758998600492·10
+1

 

12 3.997674329888921·10
-1

  12 -7.294533962227459·10
+0

 

13 2.800960219082270·10
+0

  13 -1.117460592580144·10
+0

 

14 3.017732643615964·10
-1

  14 -9.580222887010269·10
+0

 

15 5.354744760710255·10
+0

  15 2.191143721496031·10
+0

 

16 -2.387160344878140·10
+0

  16 -1.923678668831199·10
+0

 

  
Table D-2 Values of the input biases of sin(…). Table D-3 Values of the output weights of sin(…). 
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Appendix E Models for the power factor 
 

The power factor curve of the locomotive was modeled using the Neural Networks (NN) tool. This 

model can be found in Figure 2-10. In this appendix, the numerical values of the parameters of the 

NNs for this model are presented. It might be worth reminding that the input parameter of the NN for 

the power factor of the locomotives is the velocity of the train, v. 

E.1. 1st
 Layer, hidden, tansig transfer function 

The input, , is scaled to the range [-1, 1] by the equation 

  ,min

,max ,min ,min

,max ,min

 

   

 

 
   

 


  


    (E.1) 

where 

,min 1            (E.2) 

,max 1           (E.3) 

,min 0           (E.4) 

,max 160           (E.5) 

and where the input is the velocity in km/h, i.e. equations (E.4) and (E.5). 

Next the outputs of the neural network are also scaled in the same range before the training of the 

network. The scaling 

  ,min

,max ,min ,min

,max ,min

 

   

 

 
   

 


  


    (E.6) 

similarly to equation (E.1). There is only one output with the parameter values 

,min 1            (E.7) 

,max 1           (E.8) 

1

min 2 267759562841530 10-

λ,ς .        (E.9) 

  
1

max 9 146174863387978 10-

λ,ς .        (E.10) 

where the output is the power factor, , i.e. equations (E.9) and (E.10). 

After scaling, the input is, following the idea of equation (B.1), multiplied with the weights. 

The weights related to the inputs are stored in Table E-1. The column of w
1
,l

 
 stands for the velocity 

of the train. Subscript l{1,2,3,…,10} denotes neuron number. Superscript 1 means that the weights 

belong to the first neural layer. For each neuron, l, the scaled and weighted inputs are summed 
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together, after which a bias b is also added according to equation (B.1). The numerical values of these 

biases, b
1
,l can be found in Table E-1.  

l 1

,lw
  l 1

,lb  
 l 2

,lw  
1 5.631021190423386·10

+0
  1 3.103442824926251·10

+0
  1 -4.414084735964768·10

+0
 

2 4.608394887994948·10
+0

  2 2.700869360796681·10
+0

  2 8.001075772071802·10
+0

 

3 -3.583908392679138·10
+0

  3 -2.515833402710622·10
+0

  3 4.041399980170112·10
+0

 

4 -1.039395292200263·10
+1

  4 -1.674700084651042·10
+0

  4 -1.652701142441148·10
-1

 

5 -2.596321605722921·10
+1

  5 -1.020579707447184·10
+0

  5 6.760858983173208·10
-2

 

6 3.885388136290348·10
+1

  6 2.578041578685021·10
+1

  6 6.549051859911925·10
-2

 

7 5.885234653665668·10
+1

  7 2.843074853905604·10
+1

  7 -3.011498639354587·10
+0

 

8 8.024813439513707·10
+1

  8 3.882025369372460·10
+1

  8 -5.025424155602069·10
+0

 

9 6.885893558015120·10
+1

  9 3.329546064654889·10
+1

  9 7.630020903035681·10
+0

 

10 4.739718957389952·10
+0

  10 4.684052980235566·10
+0

  10 2.390020966580863·10
+0

 

 

E.2. 2nd
 Layer, output, linear transfer function 

Here, the bias 

2 01 000465072178317 10λb - .       (E.11) 

and it is added to the inner product 

 1 2

, ,l l

l

f w        (E.12) 

created from the outputs of each neuron l in layer one, i.e. 

   1 1 1

, , ,tanhl l lf w b            (E.13) 

and the numerical values of the weights, w
2
,l, are listed in Table E-1. 

 

 

  

Table E-1 Values of the input weights, the input biases and the output weights of the approximation of power factor. 



  
Page 56 

 
  

Appendix F System of equations of the railway power system 
 

In this appendix the system of equations solved by the program GAMS is presented. The 

explanation about the equations is developed in (3) if the reader wants further details. Some equations 

have been changed during the thesis work and the explanations of these changes are developed in the 

report. Values and definition of all parameters not introduced in this part can be found either in the 

report or in the appendixes. Along this system of equations, index i denotes the number of the node. 

 

F.1. Constant  equations 

 Velocity of the trains in m/s 

3.6

kmh
mps i
i

v
v           (F.1) 

 The resistive force due to the air and mechanical resistances 

 
2

, ,

mps mps

air mech i i i i i iF A B v C v           (F.2) 

 The resistive force due to grades 

 ,grades i i i iF m g p           (F.3) 

where i(pi) is the inclination in per-mille at the position pi  

 All the resistive forces summed together  

, , , ,res i air mech i grades iF F F         (F.4) 

 The adhesive force equation 

 , , , , , ,

3.78 7.5
1 0.161

23.6 44 3.6
tract adh i adh drive i adh drive ikmh kmh

i i

F m g m g
v v

 
   

            
     

 (F.5) 

 The motor voltage equation 

, max min 1,
kmh

i
di i

base

v
U E

v


 
   

 
       (F.6) 
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F.2. System of equations solved by GAMS 

F.2.1. Neural Network Equations 

 Neuron computation for the maximal tractive force 

  , , ,min,

, , ,max ,min ,min

,max, ,min,

F k i F k

F k i F F F

F k F k

 
   

 


  


    (F.7) 

where 
,1,

kmh

F i iv  , 
,2,

train

F i i bU U    and 
,3, ,max, ,F i D allowed iI  . 

  1
, , , , ,

1

, ,
2

2
1

1
i

F k l F k i F lk

F l i
w b

f

e
   

 




      (F.8) 

 2 1 2

, , , ,F i F l F l i F

l

w f b           (F.9)

   ,max ,min , ,min ,max ,min ,max

,max,

,max ,min

F F F i F F F F

motor i i

F F

F
      


 

     
 


  (F.10) 

 Neuron computation for the power factor (last version) 

  , ,min

, ,max ,min ,min

,max ,min

i

i

 

   

 

 
   

 


  


     (F.11) 

where 
,

kmh

i iv  . 

 1
, , ,

1

, , 2

2
1

1
i

l i l
l i w b

f

e
  

    
 



       (F.12) 

 2 1 2

, , , ,i l l i

l

w f b              (F.13) 

 ,max ,min , ,min ,max min ,max

,max ,min

i

i

     

 

      


 

     



   (F.14) 

 Neuron computation for the sin(…) part of equation (2.19) (previous version): 

  , , ,min,

, , ,max ,min ,min

,max, ,min,

Q k i Q k

Q k i Q Q Q

Q k Q k

 
   

 


  


    (F.15) 

where ,1, ,Q i di iU    and ,2, ,Q i locoRc iU  . 

  1
, , , , ,

1

, ,

1

1
i

Q k l Q k i Q lk

Q l i
w b

f

e
  






       (F.16) 
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 2 1 2

, , , ,Q i Q l Q l i Q

l

w f b           (F.17) 

 ,max ,min , ,min ,max min ,max

,max ,min

Q Q Q i Q Q Q

i

Q Q

      


 

     



   (F.18) 

 

F.2.2. Speed and Forces Equations 

 Speed equation, calculation of the acceleration of the trains 

   

 

, ,

, , , ,

,

1

1

2 1

used i res i

i i

adh drive i i adh drive i i

res ii

i i

ideal

i

F F
a

m m m H

F

m H

a





 
  

     

 
     



    (F.19) 

where i  is equal to 1 when driving and 0 if not, i is equal to -1 if coasting and 1 if not. 

 Tractive forces used  

 
 , ,

, , lim, , , lim, ,

1 1
1

2 2

tract i tract i

motor used i i i ideal i traction i i traction iF F F F
 

  
  

         
 
 

 (F.20)

 

where lim,,i is equal to 1 when vkmh  vlim -15, otherwise 0 and tract,,i is equal to 1 when    

Ftraction > Fideal, otherwise -1. 

 The maximal tractive force  

 , , , ,min ,traction i i wheels i tract adh iF F F 
      

(F.21)
 

 Maximal force at the wheels 

 , ,max 4 1wheels i motor J iF F K a      
     

(F.22) 

where  is the slippage ratio defined by the user. 

 

 

 

F.2.3. Active and Reactive Power Equations 

 Active power consumed by the trains‟ motors 

    , , , 4 1 1mps

motor i i motor used i J i iP F K a v           
   

(F.23) 
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 Reactive power consumed by the trains‟ motors (last version) 

2

, ,

1 i

motor i motor i

i

Q P





 

       
(F.23) 

 Reactive power consumed by the trains‟ motors (previous version) 

, ,

,

4 2locoRc i D i

motor i i

U I
Q 



  
 

 
      

(F.24) 

where ϖi is defined in equation (F.18) 

 Active power consumption equations 

,

, ,6 6

1

10 10

motor i aux
D r i r i

i b loco b

P P
P

S S
 



 
     

  
  

     
(F.25) 

where r denotes the train nodes  

, 0D sP 
         

(F.26)
 

where s denotes the nodes without train 

 Reactive power consumption equations 

2

,

, ,6 6

11

10 10

motor i aux aux

D r i r i

i b i b aux

Q P PF
Q

S S PF
 



  
     

   
     

(F.27)

 

where r denotes the train nodes  

, 0D sQ 
         

(F.28)
 

where s denotes the nodes without train
 

 Active and reactive power generated equations 

, 0G hP    
         

(F.29) 

, 0G hQ   
         

(F.30) 

where h denotes electrical nodes where there are no converter stations 

F.2.4. Load Flow Equations 

 Voltage equations 

,

train

i r r i

r

U U           
(F.31) 
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3
, ,

2

r b b
locoRc i r i

r b

U U U
U

U


  
  

 


      
(F.32) 

The voltages and the reactive power generation at the converter station nodes are related by 

,

,

1
# 20

G g b

g

conv g b

Q S
U

U


 

         
(F.33) 

where index g denotes the converter station nodes  

 Current equation of the train‟s motors 

  
 , ,

, inf, , inf, ,

max

4 1
1

4 3.6

motor used i J mpsbase
D i i base i base i i

F K v
I v

E


  

     
       

    
(F.34) 

where αinf,base,i is equal to 1 if train i drives slower than vbase, 0 otherwise. Here Fmotor,used stands 

actually for the tractive force used at the wheels. 

 Power equations 

     , ,cos sinn n m n m n m n m n m

m

P U U G B              
(F.35) 

     , ,sin cosn n m n m n m n m n m

m

Q U U G B              
(F.36) 

where Gn,m represents the real part of the admittance matrix, and Bn,m represents the imaginary 

part of the admittance matrix. 

, ,0 G n D n nP P P  
        

(F.37) 

, ,0 G n D n nQ Q Q  
        

(F.38) 

 Angle equations for the converter stations 

According to (2), the P's and Q's below denote the total powers of the converter station 

 
50, ,0 50

2

50, 50,

1
arctan

3

g G g

g g
m

g g g

X P

U X Q
 

 
   
  
 

     
(F.39) 

   

, ,

, ,

, ,

2 250, ,

, ,

, ,

# #1
arctan arctan

3

# #

G g G gm g

q g q g

conv g conv g

g
g G gm m g g

g q g g q g

conv g conv g

P P
X X

Q Q
U X U X



   
    

      
   

      
   

 
(F.40) 

0

g g g   
         

(F.41)  
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Appendix G Numerical data used in TPSS 
 

In this following appendix all the numerical values not mentioned yet and used in TPSS are 

stored. Most of these parameters come from (3). For more explanation about parameters the reader 

should consult the Appendix E of document (3). 

First the parameters concerning the train and the locomotives can be found in the following table: 

Name of the parameters Symbols used Values Units 

Train mass m 1470000 kg 

Adhesive driving mass madh,drive 79000 kg 

Rails are assumed to be dry ν 0 // 

Slippage ratio ζ 0 // 

Inertia constant 4∙KJ 10750 N 

Additional term taking rotational inertia into account H 0 // 

Coefficients for the train resistive force equation 

A 

B 

C 

15400 

279 

49.2 

N 

Ns/m 

Ns²/m² 

Earth‟s gravity g 9.81 m/s² 

Maximal value of Udiα Emax 770 V 

Base velocity (related to Udiα) vbase 78 km/h 

Auxiliary power consumption Paux 151.5 kW 

Power factor of the auxiliary power consumption PFaux 0.8 // 

Efficiency between the pantograph and the motor loco 0.8 // 

Table 4-1 Values of the train parameters 
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Then the parameters related to the power supply system are register in the next table: 

Name of the parameters Symbols used Values Units 

Base values used in AC power flow calculations 

Sb 

Ub 

Ub2 

Ub3 

Ub132 

5 

16.5 

15 

487 

132 

MVA 

kV 

kV 

V 

kV 

BT catenary impedance, type “109 2Å” 
zBT 

cBT 

0.21 + 0.20∙i 

0 

Ω/km 

nF/km 

AT catenary impedance, type “120 2AT Fö” 

zAT 

zinit,FC 

zinit,T 

cAT 

0.0335+0.031∙i 

0.189+0.293∙i 

0.189+0.293∙i 

13.5 

Ω/km 

Ω/km 

Ω/km 

nF/km 

HV line impedance 

zHV 

ZT2,16 

ZT2,25 

0.051+0.062∙i 

0.065+0.85∙i 

0.037+0.54∙i 

Ω/km 

Ω 

Ω 

Table 4-2 Values of the power system parameters 
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