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Abstract 

Optimum train driving is the key aspect of railway transportation development and 

depends on energy consumed, passenger comfort and punctuality. In this thesis three 

mathematical models have been developed considering nearly all traction mechanics and 

track information to generate appropriate speed profile. The first problem solved is 

minimization of energy consumed whereby the given journey must be completed on the 

allocated time. The second problem is minimization of journey time to complete the given 

journey; here the maximum energy consumed (the drive rating not to be exceeded) for 

fastest train drive is taken as one of the constraints.  The third problem is designed to have 

different speed profile for different traffic condition ranging from high to low exempting 

the two extremes. In order to generate appropriate speed of the train at each discrete 

point, we used genetic algorithm with Deb’s constraint handling technique. Finally, we 

implemented the problems for North to South line of Addis Ababa light railway transit. 

The result obtained from simulation helps the driver to attain the required driving 

performance by driving the train with the respective speed profile. 

Key terms: speed profile, genetic algorithm, optimization, journey (travel) time, energy 

saving, traction system, train movement resistance, optimum train driving.  
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1. Introduction 

1.1. Background 

Energy consumption is an essential element of economic development and this 

development is resulted from expansion of industrialization with huge amount of energy 

consumption for productivity. Industrialization is not only the advantage for development 

but has negative effect on environment and cost of energy consumed.  With these and 

other core reasons, scientists tried to develop new technologies or enhance the 

performance of already existed technologies for better energy consumption with 

noticeable economic development in a given sector. For example, railway transportation 

system evolved from steam engine drive through diesel engine to purely electrical train. 

Due to this continuous improvement; noise and environmental pollution from train 

operation greatly reduces. Practically, greater energy consumption efficiency has an 

advantage in reduction of environmental pollution and operating cost with increase of 

profit [1]. 

Energy efficiency is clearly defined as: Energy efficiency is understood to mean the 

utilization of energy in the most cost effective manner to carry out a manufacturing 

process or provide any service, whereby energy waste is minimized and the overall 

consumption of primary energy resources is reduced [1]. In general, energy consumption 

scheme of any energy consuming sector must be efficient enough so that wastage of 

power is greatly reduced.  

Transportation system is one of the services on which most of the world populations are 

forced to use. Huge amount of electrical power is consumed and has ultimate effect on the 

environment. These effects can be classified as: [2], [3] 

 Air pollutant gases like Carbon Monoxide (CO), Nitrogen Oxides (NOx), 

Hydrocarbons and Volatile Organic Compounds (HC/VOC), Carbon Dioxide 

(CO2),  Sulfur Dioxide (SO2) and other greenhouse gases , and  

 Water pollutants which are resulted from air pollutant fallout, Construction and 

Maintenance of Infrastructure waste. 
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 Noise pollution: road accounts for approximately 70% of total noise emissions by 

transportation, rail accounts for 10% of total noise emissions by transportation, and air 

transportation accounts for 20% of total noise emissions by transportation for 

Belgium, France, Germany, Sweden, United Kingdom, Unites States and Japan till 

1990. 

Due to the above reasons, it is mandatory to design a better means of transportation 

system with minimum energy consumption and environmental friendly behavior.  

Development strategy of railway industry is in the direction of minimizing energy 

consumed and total travel time to complete the given journey. Energy consumed by train 

operation comprises of mechanical energy used for overcoming driving resistance and 

losses caused by transmission and transformation of energy in traction and power supply 

chain [4]. 

Energy consumed by train operation can be reduced using mass reduction, aerodynamic 

and friction reduction by appropriate design of train and space utilization [4]. It is also 

possible to use optimal construction parameters of railway lines, modern design of 

railway stations, optimal traffic management and energy efficient dynamic train 

movement in order to achieve optimum train driving [5]. The other method is using 

regenerative braking where braking power is feedback to the catenary and other train 

running on the same track consumes it. We can also use efficient convertors, to mean, use 

semiconductor device for voltage conversion which results in quality power and low 

power loss [6]. 

Controlling speed trajectory of the train is an efficient energy saving strategy and this can 

be achieved by generating efficient speed profile based on wayside signals, capacity of 

the train and track information (curve, gradient, speed restriction of the track)[7]. Train 

running between two stations has four running steps. The initial step of train driving is 

acceleration. In this step, the startup resistors are cutout one by one. When all the starting 

resistors are cutout the train cruises (zero acceleration). When the train approaches the 

next station, it is possible to disconnect power from motors which results in what is called 

Coasting. During coasting the train decelerates. Further, the driver can apply break to stop 

the train faster. Depending on the topology of the track between stations, controlling stage 

change can result energy efficient train operation [8]. 

http://www.people.hofstra.edu/geotrans/eng/ch8en/appl8en/table_noiseroadrail.html
http://www.people.hofstra.edu/geotrans/eng/ch8en/appl8en/table_noiseroadrail.html
http://www.people.hofstra.edu/geotrans/eng/ch8en/appl8en/table_noiseroadrail.html
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 Explaining each step [8, 9]:-  

 Acceleration 

 During this stage speed of the train is increasing and traction force 

required is usually significantly larger than the aerodynamic, rolling and 

possibly gradient resistance. Acceleration can also be obtained from highly 

negative gradient track without the requirement of tractive effort. 

 Constant speed operation (cruising) 

Since the speed is considered constant, the required traction force is equal 

to the sum of the driving resistances (aerodynamic, rolling and gradient). 

Energy may or may not be consumed depending on the sign of total 

resistance. 

 Rolling(coasting) 

Both rolling and braking are portions of the operation where the speed 

decreases. In the case of rolling, the braking force and the traction force 

are both equal to zero. During such driving, speed of the train is obtained 

from driving resistance and momentum. 

 Braking 

Traction force is zero and speed of the train is obtained from the 

combination of braking force and driving resistance. 

Travel time is also the core section of railway transportation system to attract 

considerable number of passengers [10]. Station to station speed trajectory determines not 

only energy consumed but also the total travel time. So, generating appropriate speed 

trajectory of the train can result optimum journey time driving and/or energy consumption 

driving based on the interest of optimality. Train running along the track is based on the 

timetable which defines journey time to complete the given journey. Timetable always 

adds slack time to counter balance unexpected time loss [11].  

In general, having better journey time is in the expense of energy to overcome all driving 

resistance along the track. Practically, speed of the train can’t increase without bound 

because of so many constraints considered such as passenger comfort, speed limit of the 

track, mechanical design of the vehicle, maximum energy consumption level and speed 

limit of the vehicle itself. So, energy consumption and journey time should be studied 

together in order to achieve optimum solution on both terms. 
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Generation of speed profile for optimum train driving is a complex problem subjected to 

linear and nonlinear constraints.  To solve such kind of problems, we need to have good 

knowledge of solving techniques [12, 13]. 

1.2. Statement of the problem 

Ethiopian Electric Power Corporation (EEPCO) has two power supply system namely 

interconnected system (ICS) and self-contained system (SCS).  The ICS consists of 11 

hydro plants, one geothermal plant and 15 diesel power plants with a total capacity of 

2022.2 MW, of which 91% is generated from hydropower plants. The SCS comprises of 

small hydropower and diesel plant, which can produce a total power of 36.21MW [14]. 

EEPCO has new hydropower project as part of government’s growth and transformation 

plan. According to the plan, Ethiopia will generate a total of over 10GW in 2014/15 [15]. 

According to [16], Ethiopia is one of the seven fastest growing countries in African and 

development comes in the cost of energy. From the total power generated and country’s 

development point of view we can argue that energy consumption scheme of each sector 

must be efficient. To mean, unnecessary energy wastage must be eliminated by ensuring 

energy efficient operation for productivity. 

Ethiopian Railway Corporation (ERC) is in position of controlling Ethiopian railway 

transport sector and energy utilization of train operation must be efficient. Not only 

energy consumption of train operation but also travel time must be in optimality condition 

in order to attract considerable number of passengers. 

Driving performance which is amount of energy consumed and time required to complete 

the given journey is dependent on speed trajectory used by the train. Speed profile 

signifies time spent to complete the given journey and energy consumed for that period 

[8]. Generally, train driving requires shortest possible time and minimum energy 

consumption. For this, best means of generating appropriate speed profile must be 

developed. Train run between two stations has four stages: Acceleration (below 

maximum allowable acceleration), Constant speed (below maximum allowable speed), 

Coasting and Braking (below maximum deceleration). By controlling the speed transition 

dynamically we can achieve optimum train driving performance. 
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Figure 1-1 Train speed profile 

1.3. Objective of the thesis 

1.3.1. General objective 

 To develop model which considers mechanics of the train and track profile 

information for generating appropriate speed profile which results optimum train 

drive. Optimum train drive is driving of train with minimum energy consumption 

and/or travel time depending on different operational scenario.  

1.3.2. Specific objective 

 Understand and analyze the designed speed profile  

 Study and select desired operation scenarios depending on traffic 

 Develop MATLAB program for  the analysis of the model  

 Derive optimal speed profiles for different running scenarios 

1.4. Research method 

Initially, literature review is conducted. It is the study of different research works on 

related topics, traction system and optimization methods used for solving optimization 

problems. Having brief understanding of the problem, collection of necessary information 

which is essential to achieve the objective of this thesis is done. The primary information 

required for the development of mathematical model is track and train information. Even 
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though information collection is not completed due to unavailability of the required 

documents; assumptions and information from international railway manufacturing 

companies is used. 

 

` 

 

 

 

 

Figure 1-2 Research method 

 After selection of optimization technique, which is genetic algorithm, how to apply the 

method for the problem at hand follows. Practically, the very problem of genetic 

algorithm for constrained optimization problem is the way how to handle constraints.  For 

this matter, after intensive review of constraint handling technique, Deb’s constraint 

handling technique is selected.  Having the method of handling the constraints, the 

principle used in genetic algorithms is applied. Selection, crossover, mutation and 

replacement strategies are selected from the available technique of real coded genetic 

algorithm. After the development of pseudo algorithm for each operation, MATLAB code 

is developed which can return the actual running time, fitness value, energy consumed in 

Joule and the MATLAB plot which shows the stage between each distance point, speed 

transition, fitness of the generation and number of feasible population in each generation. 
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Figure 1-3 Genetic algorithm initial step 
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Figure 1-5 Genetic algorithm constraint handling 

1.5. Scope of the thesis 

This thesis develops means of generating speed profile for different traffic condition 

considering nearly all traction mechanics and track information for north to south line of 

Addis Ababa LRT. However, wind resistance and tunnel resistance is not considered. 

Tunnel resistance has an immense effect on train running resistance and wind resistance 

prevails for high speed train. Signaling and curve speed limit are not also considered.  

The maximum time required to complete each sections of the track is taken to be the 

maximum headway between trains. This is because of information deficiency from ERC. 

1.6. Thesis organization 

This thesis is organized in five chapters. The first chapter includes introduction which 

provides clear information about the background of the thesis work, statement of the 

problem, research method and limitation of the thesis. 

Chapter two is about theoretical background and literature review. This section provides 

clear understanding of traction system which is about types of traction system, tractive 

effort, tractive resistance and energy consumption. Some information about railway 

development in Ethiopia and also detail information about the newly constructing Addis 

Ababa light railway project is discussed. Finally, other researchers work on the area of 

optimum train driving is presented. 
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Chapter three is about the development of mathematical modelling, how to solve the 

mathematical model, solving algorithm and selection of optimization technique for 

solving the model. 

Chapter four is about MATLAB simulation. After the development of MATLAB code 

depending on the solving algorithms developed in chapter three, speed profile is 

generated for different traffic conditions. After having the simulation result, we discussed 

what the simulation result is to mean. 

The final chapter is recommendation and conclusion. Here, we conclude our work based 

on the result obtained and discussed in chapter four. Further recommendation for the 

development of new model or improvement of the result in this thesis is suggested.  
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2. Theoretical background and literature review 

2.1. Theoretical background 

2.1.1. Traction system 

2.1.1.1. Types of traction system 

Traction means pulling or gripping of power. Traction system in general can be a system 

which doesn’t use any electrical energy at any stage such as steam engine drive, internal 

combustion engine drive and a system which can use electrical energy at some stage such 

as diesel electric drive, battery electric drive and straight electric drive. Each of the drive 

system has its own advantage and disadvantage. 

 The three kind of traction system used in railway transportation system are steam power, 

diesel power and electric power. These traction systems can be compared by looking at 

their efficiency and relationship between weight and output power. This time, electric 

traction system is the one widely applied in the railway industry. This is because of 

environmental friendliness, high starting torque, easy speed controllability and many 

other reasons [9] and [17]. 

2.1.1.2. Tractive effort 

To accelerate or decelerate the train, tractive effort must be transferred between wheels 

and running surface of the rail through a friction force, called adhesion. Adhesion which 

determines tractive effort that can be applied before the wheels begin to slip is dependent 

on the weight per wheel.  At startup, tractive effort is nearly constant but as speed 

increases further current in traction motor falls and hence so does the tractive effort. In 

general, [18] defines tractive effort as follows: 

 It is the tractive force at the locomotive driving wheels (drivers) at the rail that 

starts and moves tonnage up various grades. The maximum tractive force that can 

be developed at the rail is equal to the weight on drivers multiplied by the 

adhesion (coefficient of friction) of the wheels on the rail. 
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Figure 2-1 force interaction between wheel and rail 

At constant velocity,         (   is torque and r is radius of the wheel) and tractive 

force is equivalent to frictional force      . The maximum tractive effort produced by 

traction motor is limited by the friction (adhesion). 

                                           

Where: 

   adhesive coefficient 

      mass of the vehicle  

 g gravitational acceleration 

Low value of   results undesired wheel slip and wastage of energy.  This situation also 

prevents increase of vehicle speed. Wheel rail adhesion analysis was conducted by some 

researchers and the following result were noticed: [19] 

1.  For a dry and clean wheel surface, the adhesion coefficient    does not vary with 

vehicle speed; 

2. For a track surface covered by oil, the adhesion coefficient    can drop down to a 

very low level and this level is approximately maintained with increase in vehicle 

speed; 

3.  For water covering the wheel/rail contact surface, the adhesion coefficient 

  reduces with increase in vehicle speed. 

The desired acceleration can be obtained by providing sufficient tractive effort. On the 

other hand, the braking effort in addition to running resistance is the source of desired 

deceleration. Most of the time tractive effort is dependent on the available power of 

Direction of movement 
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propelling installation, the desired speed on the section and the available adhesive force 

of the driven wheel [20]. 

 In the assumption of constant power tractive effort is simply [9]: 

   
 

 
                                                   

In general, tractive effort versus speed curve of the given locomotive will take the 

following format: 

 

Figure 2-2 tractive effort vs speed curve 

Magnitude of acceleration for maximum pull up force is around 02-1.2 m/s
2
 and 

maximum deceleration can be substantially higher than starting acceleration because all 

axels are brake; but to protect passenger and loadings the maximum value is in the range 

of 0.5-1.3 m/s
2
 [20]. For calculation of acceleration, deceleration and energy 

consumption; it is better to approximate tractive effort curve using piecewise polynomial 

function.  
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2.1.1.3. Train movement (tractive) resistance 

Train movement along the rail suffers from various resistance forces which opposes 

longitudinal traverse of the train. Those resistances are complex in nature and can be 

grouped in to four: [18], [19], [20], [21], [22], [23] and [24] 

a. Running (driving ) resistance 

b. Curve resistance  

c. Gradient resistance 

d. Tunnel resistance 

Running resistance:  is due to friction between wheel and rail, wave action which is 

rotation of axels, shafts, mechanical transmission and aerodynamics. This resistance can 

be broadly classified as rolling and aerodynamic resistance [25] and [26] 

    
 

 
      

 Atr                               

    is aerodynamic resistance in newton,      relative velocity to wind in m/s,   air 

density in kg/cubic-meter, Atr is train frontal area usually 10 meter-square,     is air drag 

coefficient. 

                                                  

         is rolling resistance in newton,      total mass of the train in kg, g is gravitational 

acceleration and          rolling resistance coefficient. The rolling resistance coefficient is 

dependent on type of train, as well as the number of axles, speed and weight of the train. 

                (
 

  
)    (

 

  
)
 

                      

   is the reference speed usually 100km/hr, which is 27.78 m/s. 

Then, combining the rolling and aerodynamic resistance we can have the running 

resistance 

          (      (
 

  
)    (

 

  
)
 

)  
 

 
      

 Atr                

               ) )                             
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At higher speed values (over 100 Km/hr) aerodynamic resistance has a great effect on the 

running resistance and is dependent on frontal area of the train, its shape and speed. 

Predominant contributors for running resistance can be explained as follows:-[25] 

A= from journal resistance, track resistance and rolling resistance 

B= from flange friction, flange impact, rolling resistance of wheel/rail and wave action of 

the rail 

C= from Head-end wind pressure, turbulence between cars, yaw angle of wind tunnels 

and rear drag 

For passenger trains: [27] 

                                                        

Where:       mass of the locomotive in tone,      number of axel and   is speed of the 

train in mps. 

Mass of the fully loaded ERC locomotive is 59.24 tones with six-axel and substituting 

this in the above equation; 

                              

    is resistance in N, V is speed in m/s 

Curve resistance: Vehicle running at a speed V with a radius of R experience centrifugal 

acceleration of   
  

 
 and this acceleration is the reason for undesired effect like 

passenger discomfort, displacement of wagon load, risk of overturning and high lateral 

force on the track which increases curve resistance, risk of rail tilting and risk of lateral 

displacement of whole track [19]. 

Empirical formula for curve resistance can be expressed by Rockl’s formula [28]: 

    
   

    
         )                              

    
 

    
         )                              
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It can also be expressed as the percentage of gradient resistance and depends on the type 

of gauge used, where D is degree of curvature [29]. 

 Broad Gauge track 0.04% per degree: 0.0004    Dg 

 Medium gauge track 0.03% per degree: 0.0003    Dg 

 Narrow Gauge track 0.02 % per degree: 0.0002    Dg 

This method allows to measure curve resistance at each point of the given curve. If L is 

length of the given curve and we want to know the degree of curvature at the track length 

S with in the long curve [30]: 

 

 
 

 

 
                                 

 

Figure 2-3 Curve resistance 

Gradient resistance: is not dependent on speed of the train but weight. Location of 

gradient has important effect on overloading that can be permitted on the traction motor. 

If the ruling grade happens to be after a down gradient, it doesn’t create any problem as 

momentum of the train takes it down the steep gradient. Other wises, temperature of the 

traction motor will rise. Location of the stop signal in relation to the gradient may also 

cause overloading of the traction motor [20]. Mathematically it can be represented as: 

                  )                         
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Figure 2-4 Gradient resistance 

Tunnel resistance: is due to the presence of tunnels and sometimes it is called throat of 

railway transportation system. Especially with steam driven railway system, long tunnels 

cause a serious damage as the driver may fail to read the way side signal  due to smoke 

and gases. Eventually such problems are solved by the existence of electric traction 

system [30]. Train length, tunnel length, ratio of cross-sectional area of the train to cross-

sectional area of the tunnel and tunnel roughness are the major factors that affect tunnel 

resistance. Running resistance formula used for open air can be used for this situation 

with the introduction of a factor called tunnel factor  f [24] and [35]. 

 

           f                              

Where  f    is the ratio of tunnel drag to open air drag and highly dependent of the 

blocking factor which   
Atr

Atu
 where Atr is cross-sectional area of the train and Atu is 

cross-sectional area of the tunnel.  

Tunnel length(feet) Train type  =0.4  =0.65 

2000 Passenger 4 6 

5000 Passenger 6.3 12 

Table 2-1 Canadian AREMA, C constant for different blocking factor 
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2.1.1.4. Energy consumption in traction system 

There are two kind of energy consumption calculation, one is based on the total driving 

resistance and distance traveled by the train, and the other is based on total power 

consumed and time of run [10], [23] and [33]. 

 Based on resistance and distance 

Energy is calculated by integrating the total resistance (which is tractive effort) over 

the total distance that the train traveled.  

  ∫     )    
  

  

                     

Where:    is the tractive effort which balances the total resistance for a distance 

between x1 and x2, and is dependent on speed of the train. 

 Based on power and time 

Total power required for the given journey at a given speed can be calculated as  

                              

Energy consumption of the train to complete the given journey is obtained by 

integrating the power required over the total time elapsed. 

  ∫                              
 

 

 

Where: V is speed of the train,    is tractive effort and P is the power. 

The distance based approach is used for this thesis; this is due to the consideration of 

continuously varying gradient and curve. 

2.1.2. Train mechanics 

Mechanical equation which governs movement of the train is the foundation for energy 

and journey time calculation. Railway traction is one dimensional problem located on the 

longitudinal direction of the track and is governed by Newton second law of motion [34]. 

∑                                   
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{
 
 

 
   

  

  
       ∑  

  
  

  
                                 

∑              

                         

2.1.3. Over view of Ethiopian railway (thesis area) 

Railway transportation system had been used as a major freight and passenger transport to 

the eastern part of Ethiopia from 1917 to 2010. The system comes to existence during the 

reign of Emperor Menelik II and covers a total of 781km powered by diesel engine and 

jointly owned by Ethiopia and Djibouti. Great improvement of road network is prevailing 

in Ethiopia, but with limited connectivity, high cost of transportation and poor quality of 

service. The mobility need of the country population and the development of 

transportation system are far from compatibility. Therefore; the country is in need of 

modern, economic, time saving and long lasting transportation which will ease import-

export system and result fast development.  To this end, the government of Ethiopia has 

embarked on railway system. The main reasons for the renewed interest in the railway are 

environmental, economical, and safety related issues [35]. 

This time, new railway line is under construction and Addis Ababa light railway is one of 

the newly constructing railway transport sector. It has two routes, which are the East-

West and North-South. The main line of N-S line is 16.689km in full length, with the 

starting point mileage of YCK1+745 and terminal point mileage of YCK18+418. It has 

the subgrade section about 10.057km in length, the elevated section about 5.977km in 

length (including a common rail section 2.662km in length), and the underground section 

about 0.655km in length [36].There are 22 LRT stations and five of them are shared with 

East-West corridor. The minimum separation distance between stations is 435 meter; the 

maximum separation is 1972 meter and the average interval is 775 meter [37]. 

 

 



Speed Profile for Optimum Train Drive 2014 

 

M.Sc. Thesis, Addis Ababa University (Railway Engineering) Page 19 

2.1.4. Tramcar used in Addis Ababa Light Railway Transit 

6-axel double-articulated 70% low floor light tramcar is intended to be applied for Addis 

Ababa light railway transit (LRT) project.  It allows bidirectional drive and it has the 

capacity of 286 passengers (64 seats and 6 passengers per m
2
) with the life time of about 

30 years. The design speed of the tramcar is 70km/hr [36].  The dead weight (which is the 

crucial component for generating speed profile) of the tramcar is 59.24 tone with length 

of 28.4 meter and width of 2.65 meter. At start up, tramcar has the chance to accelerate at 

maximum acceleration which is greater than or equal to 1.0m/s
2
, on the other hand, 

average braking deceleration is dependent on the type of braking applied. It has to be 

greater than or equal to 1.1m/s
2
 for normal braking and greater than or equal to 2.0m/s

2
 

for emergency braking.  he other characteristic of the tramcar, which can’t be left unsaid, 

is jerk characteristic. Jerk is nothing but the rate of change of acceleration which has 

greater effect on passenger comfort. Generally, rate of change of acceleration or 

deceleration must not exceed 1.0m/s
3 

[38]. 

2.2. Literature review 

The best strategy of optimizing energy and journey time for train operation is generation 

of appropriate speed profile and forcing the system to follow it. Dynamic programming, 

mixed integer programming, genetic programming, and analytical methods can be applied 

to generate appropriate speed profile depending on different operational scenarios. When 

we say operational scenario, it is to mean, operation of the train in either saving energy, 

minimizing delay, minimizing energy or jointly minimizing journey time and energy or 

others modes. So many researches were conducted to achieve optimum train driving, but 

as far as my knowledge is concerned none of them can provide appropriate speed profile 

for different operational scenarios considering nearly all operational constraints. Here, six 

paper works on the issue of generating appropriate speed profile for optimum train 

operation are presented. 

 [39] The first paper work is minimization of fuel consumption on continuously varying 

gradient track. The journey must be completed within the allocated time. Therefore, the 

problem to be solved is minimization of fuel consumption which has direct relationship 

with the power developed by the locomotive subjected to time and distance constraints. 

Single level of braking acceleration is applied and speed decrease is always obtained from 
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braking stage. If the locomotive consumes fuel, then the locomotive is in acceleration 

stage not in deceleration stage. One can argue that to consume less energy, it is possible 

to decrease speed of the train for positive resistance by applying relatively low tractive 

effort or braking effort and completing the journey on the allocated time. Generally, 

negative acceleration can be obtained from positive tractive effort, braking or coasting 

stage; and not mandatory only from braking.  For the given discrete points, the paper tried 

to find appropriate speed with different acceleration.  he model doesn’t consider tractive 

effort limit and jerk constraint. Only energy minimization is performed and can work for 

one operational scenario. The developed mathematical model is solved by analytical 

method. 

Jyh-Chering Jong et al conducted a research to develop train simulator for generating 

speed profile. Object oriented programming in C
++

 is the programming language used to 

write a code for train simulator. In the train simulator there are two kinds of models, 

namely, Shortest operational time and proper operational time.  Shortest operational time 

is to mean minimizing the journey time among all speed profile. For this to happen, full 

traction is used to power acceleration, keep speed as close as speed limit and used full 

braking deceleration. And the other model which is proper operational time model gives a 

weight for energy and journey time. Depending on the operational scenario and interest of 

the company, appropriate weight value is given for time and energy. Speed, distance and 

tractive effort are the constraints considered for solving. The problem is solved for flat 

gradient not for continuously varying gradient, but can work for two operational scenarios 

[40]. 

[41] The other research work aims at minimizing trip time under a certain energy 

constraint; the problem defined in this paper can be named as energy constraint 

operational problem. Since the paper is concerned about high speed train, only aero 

dynamic resistance is applied to calculate appropriate speed profile. Trip time objective 

function is not subjected to jerk (comfort) and tractive effort constraints which can 

influence passenger attraction and capacity of traction motor.  Solving algorithm applied 

by this paper is analytical method. Energy, distance and speed are the constraints for this 

paper and works for one operational scenario. 

[42] Propose a mechanism for optimization of speed profile in railway integrating energy 

saving. The paper developed an optimization model with three objective functions: 
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reduction of travel time, reduction of delay and minimization of energy consumption. It 

tried to compare energy consumption, travel time and delay by solving the developed 

model considering one objective, two objectives and three objective functions. 

Evolutionary algorithm is the method used to solve the developed model. It is applied for 

continuously varying gradient. Comfort and jerk constraint, tractive effort constraint are 

not considered. It works for three operational scenarios. 

A Master thesis entitled “Optimization Techniques Applied to Railway Systems” was 

done by Maialen Larranaga. This thesis work focuses on energy minimization of railway 

system but not travel time. The paper used allocated travel time as one of the constraints 

for calculating the speed profile to obtain energy saving strategy. The mathematical 

model used by this paper is excellent, but for simulation reason only rolling resistance is 

considered. The final outcome of the simulation result allows saving about 24 % of 

energy compared to the applied speed profile during the time and works for one 

operational scenario [43]. 

The other paper work on the same issue is “Study on optimal train movement for 

minimum energy consumption” by Panagiotis Gkortzas. The thesis is primarily designed 

for energy consumption calculation and optimal train driving strategies for minimum 

energy consumption. Dynamic programming and Hamilton-Jacobi-Bellman equation 

(Bellman’s backward approach) was used as a means of solving the optimization 

problem. As it is clearly defined on the paper, the thesis work has many drawbacks. 

Trains are expected to run at constant acceleration and from energy point of view such 

assumption will result high amount of energy consumption. The only resistance 

considered for the model is rolling resistance and other resistances are left for other 

researchers to consider. Comfort constraint is not also considered [23].
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paper Solving method  Operational 

scenario 

Objective 

function  

Applied Resistance  (for 

solving) 

Constraints Acceleration 

and 

deceleration  

[39] Analytical 

method 

One 

operational 

Minimizing fuel 

consumption 

Gradient resistance 

Rolling resistance 

Time of run and speed Constant 

deceleration  

Variable 

acceleration 

[40] Object oriented 

programing 

concept 

Two 

operational 

Minimize energy 

and Proper 

operational time 

Rolling resistance Speed, time and tractive 

effort 

Constant 

acceleration and 

deceleration 

[41] Analytical 

method 

One 

operational 

Minimizing trip 

time 

Aero dynamic resistance Energy consumption  

Speed 

Variable 

deceleration and 

acceleration 

[42] Evolutionary 

genetic algorithm  

Three 

operational 

Minimize energy, 

Time and delay 

Gradient resistance Time and energy  

depending on objective,  

Speed  

>> 

[43] Dynamic 

programming  

One 

operational 

Minimizing 

energy 

Rolling resistance Comfort, jerk, 

acceleration, speed, 

energy, time, tractive 

effort  

>> 

[23] Dynamic 

programming  

One 

operational 

Minimize energy Rolling resistance Speed, tractive effort and 

time  

>> 

Ours  Genetic algorithm 

with Debs’ 

constraint 

handling 

technique 

Three 

operational  

Minimize energy, 

Minimize time 

and Proper 

operational  

Rolling resistance, 

Gradient resistance, 

Curve resistance 

Comfort, jerk, 

acceleration, speed, 

energy, time, tractive 

effort  

>> 

Proper operational is when the train operates in proper portion of time and energy optimization than in extreme cases. 

Table 2-2 Comparison of thesis work
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3. Mathematical modeling and solving algorithm 

3.1. Mathematical modeling 

The problem to be solved is minimization of energy consumption and/or journey time, 

and these problems can be solved either in a separate way, multi-objective or proper 

operational mechanisms. It is better to develop the model in distance approach rather than 

time approach as it allows adding continuously varying gradient resistance, tunnel 

resistance and curve resistance which are clearly distance dependent.  

Constraints which affect train operation are the key aspect of mathematical modelling and 

each of those constraints is explained briefly as follows:- 

 Train dynamic equation: 

 his is the longitudinal equation of motion for the train and can’t be violated in any 

operational time [33]. 

{
     

  

  
    (    )             

  
  

  
                                                        

               

 Speed constraint 

It is due to train formation, curvature, downgrade, and switch, track strength, blocking 

signal, weather and temporary construction. A train travels along a rail line must obey all 

the speed limits at every location of the line. Consequently, the maximal allowable speed 

at a particular location is the minimum of all speed limits: [40] 

     (                  )                    

Where:-  

  =speed limit due to train makeup/formation (km/hr) 

  =curvature speed limit (km/hr) 

  =downgrade speed limit (km/hr) 

  =switch/turnout speed limit (km/hr) 

  =speed limit due to track strength (km/hr) 

  = speed limit due to blocking signal (km/hr) 

 Initial and final condition 
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Initial and final speed of the locomotive must be zero and can’t be violated. At initial time 

the locomotive must reach to the initial running point and at final time it must reach to the 

destination point. 

V(0,0)=V(S,T)=0;  X(T)=S, X(0)=0 

 Jerk and acceleration (comfort) constraint 

Vehicle acceleration, either positive or negative (braking), and jerk can have a significant 

impact on the safety and comfort of passengers. The rate of change of acceleration is a 

jerk. This is also the third derivative of displacement and thus has units of m/s
3
.  The 

components that create discomfort and instability for vehicle passengers are excessive 

acceleration, which results in excessive external forces, and excessive jerk which, 

together with reaction time, results in excessive or deficient human reaction forces [44]. 

For example, when designing a train and elevators, engineers will typically be required to 

keep the jerk less than 2 m/s
3
 for passenger comfort. Then, an accepted criterion is that 

bounded longitudinal accelerations and jerks can guarantee a certain degree of comfort in 

longitudinal control, especially in Stop-and-go scenarios [45]. 

     
  

  
 

   

   
                  

According to [38], to satisfy passenger comfort jerk of the train used in Ethiopia should 

obey the following rule. 

          

 Allowable tractive and braking effort 

This is related to vehicle characteristics and is mostly obtained from manufacturer data 

sheet.   For example Ingetem Bilbao tramway, 70% low floor with maximum speed of 

80km/hr with rated power of 98KW and maximum power of 167KW has the following 

allowable tractive and braking effort curve [46]. 
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Figure 3-1 tractive and braking effort vs speed curve for Ingetem Bilbao tramway 

Our locomotive has rated power of 130KW with rated speed of 1800rpm and maximum 

speed of 4377rpm [38]. To find maximum power, first we have to find the maximum 

torque assuming that maximum torque is obtained during maximum power. Speed of the 

motor for maximum torque must be lower than synchronous speed [47]. 

       
      
      

      
    

 
            

The margin of stability is expressed as the ratio of maximum torque to rated torque. This 

ratio is in the range of 2 to 3 [47], but hard to obtain the ratio greater than 2.3 and it is 

good to have ratio of greater than or equal to 1.6 [48]. 

    

      
     

     
⇒                                

Substituting the expression  

   
      
      

 
    

      
⇒        

    

 
               

Both values are unknown and from [47] the maximum torque happens relatively at the 

range of 20-30% slip. 
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The motor used by ERC train is six poles with rated operation frequency of 71Hz [38] 

and calculating operating speed of the train for maximum torque; 

      )     
       
⇒            

  

        
⇒                      

Synchronous speed is lower than rated speed, to mean the motor always works in 

generator mode and which is not right, so the rolling stock spec given at [38 has a 

problem and the pole is converted to 4 (        ). Taking the maximum torque 

happened at 25%: 

                              

Substituting this to the original equation: 

                         

Now, based on the manufacturer data sheet and the calculation performed above, we 

formulated the tractive effort limit of the motor used by ERC. At base speed, tractive 

force times by base speed must be greater than or equal to maximum power delivered by 

the four motors. 

                   

Knowing the base speed which is 41 km/hr: 

           

Therefore: 

{
    )                                                             

    )                                                 

By the same fashion, braking curve must be updated to the specification given in our 

locomotive. Braking resistance of the system is about 1.55 ohm at 20
o
and can range 

between +7/-5%. The data sheet that we have, braking resistance is 1.25 at low 

temperature and 1.5 at high temperature with rated power of 67KW. Since the expression 

is nearly the same, braking curve is used without any change. 
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    )                                                               

    )                                              
           

 

Figure 3-2 tractive and braking effort vs speed curve updated to Ethiopian tramcar 

There are four train driving steps which are acceleration (high tractive effort and zero 

breaking effort), cruising (certain tractive power with zero acceleration and zero braking 

effort), coasting (energy saved due to this mode, both tractive and braking effort is zero) 

and finally braking (tractive effort is zero and braking effort probably with maximum 

braking effort). From this we can say that, tractive and braking effort product is equated 

to zero [8]. 

    )      )                            

 Journey time 

The total time required to complete the given journey can’t be violated because it results 

delay or timetable and scheduling disruption.  It is composed of stopping time due to 

signal indication, station stoppage time and some extra time for correction. 
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 Minimum distance between two trains 

The distance between two consecutive trains in the given section must be in the range 

specified. 

After having the limiting factor, the general model for energy and journey time 

minimization (Based on [43], we formulated our model to meet our requirement which is, 

the original model is developed for energy optimization but we also formulated for 

journey time and proper operational model. As a result of this, based on the objective 

function applied, the number of constraints considered varies.) 
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3.1.1. How to solve the model 

Solving the mathematical model require a means of incorporating continuously varying 

track information. For this to happen, the total section must be divided in to number of 

discrete distance point based on the track profile information distribution.  There is no 

need of dividing the station distance equally; we can divide in such a way that all the 

track profile information can be incorporated for modelling, analysis and simulation. 

Generally, the total distance between two stations is divided in to N steps with different 

step size. 

 

Figure 3-3 discretized distance point 

 Differential equation approximation 

Based on the information presented on [49], [50], [51], [52] and [53] we can 

approximate differential equations accordingly. 

o Acceleration  approximation 

Using forward Euler formula: 

  

  
 

  

  
 

        )

  
                    

Using classical derivative formula: 

  
  

  
 

  

  
     

       

  
      

       

       
       

Substituting    in equation 3.22, we have: 

  

  
 

      
    

 )

         )
                      

 

 



Speed Profile for Optimum Train Drive 2014 

 

M.Sc. Thesis, Addis Ababa University (Railway Engineering) Page 30 

o Rate of change of acceleration approximation 

The rate of change of acceleration can be approximated by different 

approximation formula like Tylor series expansion, Euler formula and other 

approximation method. 

Tylor series approximation method:  

{
  
 

  
    )      )   ̇   )       )   ̈   )  

     )
 

 
             

 ̈   )    
   )  (     )   ̇   )       ))

     ) 

 ̈   )    
   )      )

     ) 
 

   ̇   )

    

      

Now substituting the necessary information in the above equation: 

{
  
 

  
 

   

   
   ̈    

       

        ) 
 

    
̇

        )

  ̈    
       

        ) 
 

     
    

 )

        )
 

 

        )

     
            )

         

        

Euler approximation method: 

   

   
 

    )

   ) 
 

               )

        ) 
   

              

Though Taylor approximation gives more accurate result, due to simplicity 

and easy applicability for solving, Euler approximation method is used. 

 Objective function approximation 

o Energy consumption approximation 

Now coming to energy consumption approximation, previously we said that 

energy consumption of the train is dependent on the distance traveled and 

tractive effort. The integration can be evaluated numerically using different 

methods like rectangular rule, trapezoidal rule, Simpson rule and others [52].  
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Taking trapezoidal rule we can approximate energy consumed by the train 

over the given distance range: 

 

 

 

 

 

 

 

 

Figure 3-4 Trapezoidal approximation of integral 

  ∫      
   

   

 
        )  (      )        ))

 
              

For N discrete level between the start and the end point, total energy 

consumed is the sum of energy consumed at each interval and tractive effort is 

dependent on speed of the train at the given interval.  

{  ∑
(        )              ))       

 

   

   
                  

o Journey time approximation: 

Suppose    is the time required to complete a distance between    and     ;   is the 

average velocity of speed at   and    , then  

 

 

 

Figure 3-5 Time calculation between discrete points 
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The total time taken to complete the entire journey is the summation of𝑡 ’s. 

     ∑   

   

   

  ∑   
       

        

   

   

                     

Having the above approximation, we can formulate the optimization problems. This 

thesis interested in developing and solving three models namely minimum  energy model, 

minimum journey time model and proper operational model subjected to complex 

constraints. 

1. Minimizing energy for a fixed journey time T 

This is for the best energy consumption without violating the specified journey time.  

   ∑
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2. Minimizing journey time for the given energy consumption 

It is better to modify the objective function for total journey time because we don’t need 

to create any disruption on the schedule. For this matter, we converted the objective 

function which is total time minimization to percentage time minimization. 
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3. Proper operational model 

In such kind of model, all of the components to be optimized need to have a percentage 

by how much to be optimized. Normally, the objective function takes the following form 

[40]: 

        )       )                              

Where    and    are percentage of the respective function to be optimized and summed 

to one. One fundamental concept in such kind of system is that each of the functions to be 

optimized must be in the same range. 

For our system, energy and journey time must be in the same range and we already 

converted the journey time to unit less percentage value and energy will be converted to 

the same range by:  
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3.2. Selecting optimization technique 

Optimization techniques applied in railway system ranges from analytical solution 

through numerical method to dynamic programming and evolutionary algorithm. For this 

thesis, optimization technique used is one of evolutionary algorithm which is genetic 

algorithm (GA). Even though genetic algorithm is slow in finding optimum solution for 

constrained optimization problem; the search space used by this method allow to search 

efficiently large space and genetic operators adds additional value in protecting premature 

convergence in addition to ending up at the local optimum value . Generally genetic 

algorithm is an optimization and search technique using the principle of genetics and 

natural selection [54]. The number of initial population and how the population can be 

generated is the big challenge of this method.  Too large initial population size will result 

unnecessary computational effort and too small initial population will narrow the search 
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space. In general, initial population size of 30 is known to be quite good for different kind 

of optimization problems [55].  

Advantages of a GA includes: [56] 

 Work with continuous or discrete variables, 

 Doesn’t require derivative information, 

 Simultaneously searches from a wide sampling of the cost surface, 

  Deals with a large number of variables, 

   Provides a list of optimum variables, not just a single solution,  

  May encode the variables so that the optimization is done with the encoded 

variables, 

  Works with numerically generated data, experimental data, or analytical functions 

 GA is conceptually simple and relatively easy to implement. 

GA is applicable for any kind of optimization problems, but the difficulty comes when we 

apply it for constrained optimization problems. There are many parameters and settings 

that can be implemented differently in various problems: 

 How to create chromosomes and what type of encoding chooses? 

 How to select parents for crossover in the hope that the better parents will 

produce better offspring? 

 How to define crossover and mutation?, the two basic operators of GA 

 How to convert constrained optimization problem in to unconstrained 

optimization problem? 

To answer the above questions, different researches were conducted and different kinds 

of constraint handling techniques were developed. One can have a look at [57], [58], [59], 

[60] references to have detail knowhow about constraint handling techniques. For this 

thesis, Debs’ constraint handling technique with tournament selection is used.  The 

method uses information from the current population to tune the penalty parameter.  In 

reality the system doesn’t use any penalty parameter rather it takes violation of the current 

population and maximum of feasible fitness in current population. If the population is 

feasible, then the fitness function can be the original objective functional value and for 

infeasible population the fitness will be the sum worst feasible fitness and violation of the 

given population [61], [62], [63].  
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There are for principal operations in a genetic algorithm; selection, crossover, mutation 

and replacement operation [64]. 

 Selection operator: - is the means of selecting best chromosome from the current 

population to generate new offspring. There are different methods in selecting the best 

chromosomes:[65] and [66] 

o Roulette wheel selection, 

o Rank selection 

o Tournament selection 

Elitism plays an important role in not losing the best chromosome from the already 

existed population due to crossover and mutation, on which, there is a great 

probability of losing the best chromosome. The one with best fitness value will evolve 

to the next generation without any change.  

 Crossover operator: - generates offspring from two chosen individuals in the 

population by exchanging some bits from parents. Offspring thus inherit some 

characteristics from each parent. Arithmetic crossover is used for this thesis [67].  

 Mutation operator: - generates offspring by randomly changing one or several bits 

in an individual. Mutation prevents local searches of the search space and increases 

the probability of finding global optima. Non uniform mutation is used for this thesis.  

This mutation is dependent on each generation and maximum generation which 

allows creating diversity on the population.  Mathematically it is represented as:[68] 
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This functional value approaches to zero as generation advances and takes the value   

between 0 and y. 

The other operator of genetic algorithm is replacement which is creation of the next 

generation based on crossover children, elite children and old population. 

3.3. Solving algorithms 

In the presence of continuous gradient, there is a possibility of having negative or positive 

driving resistance. Depending on the sign of total resistance and sign of acceleration in 

addition to sign of tractive effort we can declare the following operations.  

i. Positive gradient  

For positive gradient, total resistance of the train is positive and we have the 

following driving scheme. 

I. Positive acceleration: - this is definitely acceleration stage and consumes 

energy. 

II. Zero acceleration: since resistance is positive, train consumes energy to 

preserve initial speed and it is called cruising stage. 

III. Negative acceleration: for this case, we can have different situations 

A. Positive tractive effort: train consumes energy to decrease speed 

when target speed is lower than initial speed. 

B. Zero tractive effort: it is clearly coasting stage. 

C. Tractive is less than zero: braking stage 

ii. Negative gradient 

For negative gradient, train movement resistance can be either negative or 

positive. The positive resistance case is similar to positive gradient resistance case 

discussed above. So, let’s deal with negative total resistance, due to the negativity 
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of total resistance normally train will accelerate without the application of tractive 

effort. 

I. Negative acceleration: it is clearly brake stage 

II. Zero acceleration: it is clearly cruising stage and tractive effort is 

negative, so no energy is consumed. 

III. Positive acceleration: Here, we have the following driving scheme: 

A. Positive tractive effort: this is definitely acceleration stage and 

consumes power. 

B.  Negative tractive effort:  velocity increase due to the total 

resistance but braking applied to control speed increase of the 

train.  

C. Zero tractive effort: it is coasting stage 

Steps of driving are classified based on the sign of acceleration and tractive force. 

Generally, our step determination is as follows: 

Steps Acceleration  Tractive effort  Braking effort 

1 Positive   Exist  Zero  

1.5 Negative  Exist  Zero  

2 Zero  Depends on total resistance Depends on total 

resistance 

3 Negative or positive Zero  Zero  

3.5 Positive  Zero  Exist  

4 Negative  Zero  Exist  

Table 3-1 Stage of driving 

After having the above steps handling technique, based on the principle we defined in the 

previous section which is genetic algorithm with Debs’ penalty constraint handling 

method pseudo code for MATLAB application is developed. It has the following core 

parts: 

 Initial population generation 

 Creating new children for next generation 

 Fitness evaluation   
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 Initialization population generation 

This is the first step of the algorithm and all initial population must not violate initial, 

final and boundary condition constraint. At zero distance, speed of the train must be zero 

and at the final destination too. Speed of the train must be in the range of 0 -70km/hr for 

main line, for level crossing speed range must be in the range of 0-50km/hr and 0-

25km/hr for train passing through the lateral switch position [70].  In the middle of the 

track section, speed of the train can’t be zero. Since we are using real coded genetic 

algorithm, each of the chromosomes in the population is converted to the real value by the 

formula: 
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Figure 3-6Pseudo code for generating initial population with speed limit of 70km/hr 
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 Next population generation  

This part includes selection, crossover, mutation and replacement strategy. Appropriate 

algorithm must be developed to perform these all activities. 

a. Selection operator 

Selection return elite children evolved to the next generation without any change and the 

two parrents prepared for mating.  Elite childrens are allowed to be selected to feel the 

mating pool and two populations selected from the old population are compared to fill the 

mating pool. Selection principle followes the following rule as depicted in Debs’ method 

[61]: 

 Two chromosoms are feasible, one with lower fitness is selected 

 One feasible and the other infeasible, feasible chromosome selected 

 Both chromosomes are infeasible, select the one wth lower violation 

Here, ‘feasible_population’ is member of feasible population,’numelite’ is number of elite 

children and ‘num_feasible’ is number of feasible population from the current population. 
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Figure 3-7 Pseudo code for selection operator 
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b. Crossover operator:  

This returns already selected elite children and child generated by crossover. Crossover 

for particular location is performed if the randomly generated number is less than or equal 

to the predefined crossover probability. Here, ‘pc’ is crossover probability,’ numelite’ is 

number of elite children, ‘numpop’ is number of current population and ‘numparent’ is 

number of parent prepared for crossover. 

 

Figure 3-8 Pseudo code for crossover operator 
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c. Mutation operator 

Non uniform mutation, which is dependent on each generation, is used. Here, ‘gen’ is to 

mean each generation number, ‘pm’ is mutation probability and ‘maxgeneration’, is 

maximum generation. If randomly generated number is lower than the predefined 

mutation probability, for particular point mutation is performed. 

 

Figure 3-9 pseudo code for mutation operator 

d. Replacement strategy  

Replacement strategy used for this thesis is the simple replacement method which is 

replacing old population other than the elated ones by the newly generated children. So, 

children generated by crossover followed by mutation will replace old populations which 

are not the member of children evolved to the next generation without modification. 
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 Fitness evaluation   

It is evaluated based on the system explained at the means of constraint handling 

technique. We decided to return the feasible fitness value and feasible population from 

the current population. This information has a great effect on selection of parent to fill the 

mating pool. 

 

Figure 3-10 Pseudo code for fitness evaluation 
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4. MATLAB simulation and discussion of simulation 

result 

4.1 MATLAB simulation result 

Each of the optimization problems developed is equipped with MATLAB ‘.m’   

functions. The fastest time with maximum energy consumption driving scheme is 

obtained by accelerating the train at the maximum acceleration from startup to the 

maximum allowed speed and if the distance can be covered by braking, then braking 

follows; otherwise speed keep (cruising) follows till braking point [71] and [72]. The 

fastest driving scheme is helpful to bound energy consumption of the train for time 

related optimization problem. 

All the models developed are applied for 21 sections of the track in north-south line of 

Addis Ababa LRT and simulation result obtained is analyzed.  

Gradient variation with in small range is approximated by average of the consecutive 

gradients. The simulation is conducted for 100 population generated randomly with in the 

boundary limit of speed 25km/hr for track that uses the lateral switch, 50km/hr for level 

crossing and 70km/hr for mainline. 

The MATLAB code has 11 functions. Two of them are searching functions. One of the 

searching functions performs searching of zero speed in the middle of the track (which is 

not allowed) and the other searching function is used for controlling the boundary 

condition (which is protection of negative and greater than upper boundary speed).  The 

other two functions are responsible for handling objective function. The first objective 

function handles the original fitness and the other handles the new fitness developed by 

the principle of Debs’ constraint handling technique.  Three of the MATLAB functions 

are genetic algorithm operator functions which are selection, crossover and mutation. 

Constraint handling function is used for handling the constraints and tractive effort 

function is the function used for determining tractive effort, braking effort and stage at 

each discrete point with in the given section. Maximum driving function allows 

determining the fastest driving scheme. The final function is the function which calls all 

the other functions for the number of generation. Stopping criteria used for this thesis is 

maximum number of generation. 
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In order to obtain a better solution we apply the principle of using the final population 

obtained from the respective model for next round simulation. This way one can have 

better solution than starting from randomly generated population every time. 
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1. Between station 27-26 

 

Figure 4-1 Fast drive, gradient and constraint violation for st26-27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2 Five speed profile for st26-27 
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2. Between station 26-25 

 

Figure 4-3 Fast drive, gradient and constraint violation for st25-26 

 

 

 

 

 

 

 

 

 

 

Figure 4-4 Five speed profile for st25-26 
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3. Between  station 25-24 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-5Fast drive, gradient and constraint violation for st24-25 

 

 

 

  

 

  

 

 

 

 

 

 

Figure 4-6 Five speed profile for st24-25 
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4. Between station 24-23 

 

Figure 4-7 Fast drive, gradient and constraint violation for st23-24 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8 Five speed profile for st24-23 
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5. Between station 23-22

 

Figure 4-9 Fast drive, gradient and constraint violation for st22-23 

 

 

 

 

 

 

 

 

 

Figure 4-10 Five speed profile for st22-23 

4800 4900 5000 5100 5200 5300 5400 5500 5600 5700 5800
0

10

20
 speed,stage

 S
p
e
e
d
 i
n
 m

p
s
&

 s
ta

g
e

 

 

speed

stage

curves

0 20 40 60 80 100 120
-5

0

5

10
x 10

4 Constraint

 V
io

la
ti
o
n

4800 4900 5000 5100 5200 5300 5400 5500 5600 5700
-0.08

-0.06

-0.04

-0.02

0
GRADIENT

g
ra

d
e
 i
n
 r

a
d
ia

n



Speed Profile for Optimum Train Drive 2014 

 

M.Sc. Thesis, Addis Ababa University (Railway Engineering) Page 54 

6. Between station 21 and 22 

 

Figure 4-11 Fast drive, gradient and constraint violation for st21-22 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-12 Five speed profile for st22-21 
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7. Between station 20 and 21 

 

Figure 4-13 Fast drive, gradient and constraint violation for st20-21 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 4-14 Five speed profile for st21-20 
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8. Between station 19 and 20 

 

Figure 4-15 Fast drive, gradient and constraint violation for st20-19 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-16 Five speed profile for st20-19 
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9. Between station 18 and 19 

 

Figure 4-17 Fast drive, gradient and constraint violation for st18-19 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-18  Five speed profile for st19-18 
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10. Between station 17 and 18 

 

Figure 4-19 Fast drive, gradient and constraint violation for st17-18 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-20 Five speed profile for st17-18 
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11. Between  station 16 and 17 

 

Figure 4-21 Fast drive, gradient and constraint violation for st16-17 

 

 

 

 

 

 

 

 

 

 

Figure 4-22 Five speed profile for st16-17 
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12. Between station 15 and 16 

 

Figure 4-23 Fast drive, gradient and constraint violation for st15-16 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-24 Five speed profile for st16-15 
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13. Between station 14 and 15 

 

Figure 4-25 Fast drive, gradient and constraint violation for st14-15 

  

 

 

 

 

 

 

 

 

 

Figure 4-26 Five speed profile for st15-14 
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14. Between station 13 and 14 

 

Figure 4-27 Fast drive, gradient and constraint violation for st13-14 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-28 Five speed profile for st14-13 
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15. Between  station 12 and 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-29 Fast drive, gradient and constraint violation for st12-13 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-30 Five speed profile for st12-13 
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16. Between station 11 and 12 

 

Figure 4-31 Fast drive, gradient and constraint violation for st11-12 

 

 

 

 

 

 

 

 

 

 

Figure 4-32 Five speed profile for st11-12 
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17. Between station 10 and 11 

 

Figure 4-33 Fast drive, gradient and constraint violation for st10.11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-34 Five speed profile for st10-11 
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18. Between station 9 and 10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-35 Fast drive, gradient and constraint violation for st9-10 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-36 Five speed profile for st9-10 
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19. Between station 8 and 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-37 Fast drive, gradient and constraint violation for st8-9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-38 Five speed profile for st8-9 
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20. Between station 7 and 8 

 

Figure 4-39 Fast drive, gradient and constraint violation for st7-8 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-40 Five speed profiles for st7-8 
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21. Between station 6 and 7 

 

Figure 4-41 Fast drive, gradient and constraint violation for st6-7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-42 Five speed profiles for st6-7 
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Table 4-1 MATLAB simulation result for the entire section ( fast drive, minimum energy drive, minimum time drive) 

Time(sec) power(W) Energy (J) Violation Time(sec) power(W) Energy (J) Time(sec) power(W) Energy (J)

7-06 951 49 67.48 1.39E+05 9.40E+06 1.29E+05 129.25 3.05E+03 3.94E+05 68.63 1.34E+05 9.18E+06

7-08 845 43 62.40 2.30E+05 1.43E+07 2.68E+05 126.86 3.14E+03 3.98E+05 65.40 1.96E+05 1.28E+07

9-08 540 28 46.34 1.86E+05 8.61E+06 1.46E+05 81.39 3.34E+03 2.72E+05 48.45 1.73E+05 8.36E+06

10-09 995 51 84.92 5.34E+04 4.53E+06 1.11E+05 342.76 0.00E+00 0.00E+00 88.51 5.12E+04 4.53E+06

10-11 861 45 62.85 2.02E+05 1.27E+07 2.99E+05 146.27 1.02E+04 1.50E+06 65.71 1.91E+05 1.26E+07

12-11 1969 100 119.84 1.79E+05 2.14E+07 2.82E+05 236.08 2.97E+04 7.00E+06 138.18 1.54E+05 2.13E+07

13-12 555 29 47.12 1.95E+05 9.20E+06 1.18E+05 106.59 0.00E+00 0.00E+00 48.13 1.85E+05 8.90E+06

14-13 610 31 49.94 1.52E+05 7.57E+06 1.45E+05 94.60 0.00E+00 0.00E+00 52.41 1.42E+05 7.44E+06

15-14 463 24 42.38 2.01E+05 8.53E+06 2.40E+05 71.12 8.48E+03 6.03E+05 46.40 1.76E+05 8.17E+06

16-15 908 45 119.34 1.36E+05 1.62E+07 3.30E+05 359.96 1.37E+04 4.93E+06 121.16 1.08E+05 1.31E+07

17-16 425 22 40.43 1.98E+05 8.02E+06 7.36E+04 116.30 9.11E+02 1.06E+05 41.32 1.94E+05 8.02E+06

18-17 561 28 47.89 2.93E+05 1.40E+07 3.42E+05 360.00 4.59E+03 1.65E+06 49.82 2.62E+05 1.31E+07

19-18 688 33 53.95 3.25E+05 1.75E+07 3.29E+05 106.77 3.79E+04 4.04E+06 57.43 2.75E+05 1.58E+07

20-19 735 37 56.37 1.44E+05 8.11E+06 7.59E+04 86.29 1.19E+03 1.02E+05 58.13 1.39E+05 8.08E+06

21-20 591 23 48.98 1.62E+05 7.96E+06 2.11E+05 100.13 0.00E+00 0.00E+00 54.67 1.40E+05 7.63E+06

21-22 739 29 56.58 2.60E+05 1.47E+07 4.35E+05 160.07 7.63E+03 1.22E+06 68.39 1.90E+05 1.30E+07

22-23 871 37 63.37 1.30E+05 8.26E+06 3.40E+05 157.21 0.00E+00 0.00E+00 77.12 1.07E+05 8.26E+06

24-23 610 25 49.96 1.61E+05 8.06E+06 1.18E+05 208.47 4.49E+02 9.36E+04 52.65 1.53E+05 8.06E+06

25-24 608 25 49.84 3.27E+05 1.63E+07 2.21E+05 360.00 1.19E+04 4.28E+06 54.34 3.00E+05 1.63E+07

26-25 945 46 67.17 2.79E+05 1.88E+07 1.42E+05 359.96 1.73E+04 6.22E+06 67.81 2.64E+05 1.79E+07

27-26 741 40 56.67 1.71E+05 9.68E+06 2.21E+05 117.00 2.89E+03 3.38E+05 62.11 1.56E+05 9.68E+06

Total sum 16211 790 1293.82 4.12E+06 2.44E+08 4.58E+06 3827.08 1.56E+05 3.31E+07 1386.77 3.69E+06 2.32E+08

Total time in 

minute

BETWEEN 

STATIONS
Distance (m) Discrete pt

FASTEST DRIVE MINIMUM ENERGY MINIMUM TIME

21.56 63.78 23.11
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Table 4-2MATLAB simulation result for the entire section (70% minimum time drive and 30% minimum time drive)

Time(sec) power(W) Energy (J) Time(sec) power(W) Energy (J)

7-06 951.00 49.00 93.10 8.32E+03 7.75E+05 98.55 4467.47 440260.00

7-08 845.00 43.00 80.42 2.15E+04 1.73E+06 85.04 15044.06 1279300.00

9-08 540.00 28.00 57.76 1.68E+04 9.71E+05 62.84 4589.54 288400.00

10-09 995.00 51.00 98.11 6.84E+03 6.71E+05 103.90 4050.11 420810.00

10-11 861.00 45.00 87.66 4.41E+04 3.87E+06 88.37 42492.93 3755300.00

12-11 1969.00 100.00 200.79 4.17E+04 8.37E+06 216.38 33879.93 7330800.00

13-12 555.00 29.00 63.96 7.84E+03 5.01E+05 65.35 5859.76 382910.00

14-13 610.00 31.00 60.89 8.38E+03 5.10E+05 65.65 3431.29 225260.00

15-14 463.00 24.00 53.95 1.89E+04 1.02E+06 54.82 14082.93 772050.00

16-15 908.00 45.00 137.31 4.41E+04 6.05E+06 149.31 35910.28 5361700.00

17-16 425.00 22.00 47.40 3.26E+04 1.55E+06 51.19 12992.93 665160.00

18-17 561.00 28.00 67.69 5.11E+04 3.46E+06 69.91 47889.13 3347800.00

19-18 688.00 33.00 76.65 8.42E+04 6.45E+06 80.02 75043.36 6005300.00

20-19 735.00 37.00 65.80 6.54E+03 4.30E+05 70.43 2181.04 153620.00

21-20 591.00 23.00 66.24 7.11E+03 4.71E+05 68.81 4685.62 322430.00

21-22 739.00 29.00 91.53 3.07E+04 2.81E+06 101.83 20064.99 2043200.00

22-23 871.00 37.00 91.49 3.98E+03 3.64E+05 97.88 1794.80 175670.00

24-23 610.00 25.00 61.94 1.94E+04 1.20E+06 63.56 13608.57 864920.00

25-24 608.00 25.00 67.73 1.15E+05 7.79E+06 77.25 79479.32 6140000.00

26-25 945.00 46.00 95.02 7.35E+04 6.99E+06 98.52 63126.92 6314696.68

27-26 741.00 40.00 74.22 1.66E+04 1.23E+06 75.84 15406.52 1168400.00

Total sum 16211.00 790.00 1739.66 6.59E+05 5.72E+07 1845.44 500081.52 47457986.68

Total time in minute

BETWEEN STATIONS Distance (m) Discrete pt 30 % MINIMUM TIME70% MINIMUM TIME

28.99 30.76
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4.2. Discussion of simulation result 

For discussion purpose we applied percentage energy and time sacrifices which can be 

calculated based on the following principle: 

                         )  
               

       
              

                             )  
                   

         
              

%time sacrifice signifies the percentage of extra time needed to complete the given 

journey by one driving mode compared to the other while saving energy consumed. It can 

also be defined as time saved by one driving mode to the other driving mode while 

scarifying energy consumed. %energy sacrifice on the other hand signifies the percentage 

of extra energy consumed by one driving mode compared to the other while saving 

journey time.  

4.2.1. Discussion of result for selected section 

We have 21 sections in North to South line of Addis Ababa light railway project and 

discussion principle used for one section can be applied for other sections of the track. As 

a result of this, we selected three sections from the entire sections depending on special 

result obtained and track situation; for example existence of level crossing. 

I. Between station 22 and 23 ( about 871 meter): 

This section is discretized in to 37 points with continuously varying gradient and curve 

between [4776.372 4881.827], [4898.839 5079.745], [5100.624 5208.707] and [5275.891 

5583.072]. Minimum journey time is obtained from the fastest train driving mode 

(63.3679sec) and maximum travel time is obtained whenever train is driven to save 

energy (157.2088 sec).  The maximum running time allowed to complete each section of 

the track is taken to be 360 sec which is the maximum headway between two trains. Due 

to this, the time difference between minimum energy and minimum time driving mode 

seems very high. In real phenomena, maximum time required to complete the given 

journey may not be equal to the maximum headway and we don’t find such amount of 

time variation.  



Speed Profile for Optimum Train Drive 2014 

 

M.Sc. Thesis, Addis Ababa University (Railway Engineering) Page 73 

Energy consumed during minimum energy drive is null, such kind of driving is also 

noticed for other sections of the line (Table 4-1, Table 4-2). The fastest driving mode is 

equipped with constraint violation and is not applicable in real traffic condition. It 

provides the best travel time with the worst energy consumption and this energy level is 

applied to limit the maximum energy consumption in time related minimization model. 

Driving type Between station 22-23 %Energy 

sacrifice 

per min 

energy 

Extra 

energy in 

Joule 

Extra 

time 

in 

sec 

%Time 

sacrifice 

per min 

time 

Fastest time   63.3679 1.30E+05 8.26E+06 1.00E+02 8.26E+06     

Min time 77.1208 1.07E+05 8.26E+06 1.00E+02 8.26E+06     

70% time 91.4857 3.98E+03 3.64E+05 1.00E+02 3.64E+05 14.36 15.70 

30% time 97.8774 1.79E+03 1.76E+05 1.00E+02 1.76E+05 20.76 21.21 

Min energy 157.2088 0.00E+00 0.00E+00     80.09 50.94 

  Time(sec) Power 

(watt) 

Energy 

(joule) 

        

Table 4-3 Energy and time comparison of train driving modes between station 22 and 23 

Time sacrifice of minimum energy driving mode compared to minimum time driving 

mode is 50.94% (80.1 sec) with energy saving of 100% (8.26E+06J). Why the energy 

scarification becomes extremely high? From the gradient, we can clearly notice that all 

portion of the track is negative and this gradient force can act as a tractive effort while 

driving.  During energy minimization, gradient allows the train to accelerate and reach 

destination without the requirement of high tractive effort.  Speed profile obtained from 

energy minimum driving mode signifies that speed of the train is below 10 mps on the 

entire track and due to the presence of negative gradient tractive effort required for such 

speed level is null. Even at the curved section, gradient resistance can counter balance 

curve resistance or speed of the train reduces not to consume power. For example; 

between 5400 meter and 5500 meter we have curve with increase of gradient. Speed of 

the train can’t increase or keep because gradient resistance can’t counter balance other 

movement resistance. That is why speed of the train is forced to decrease by the 

application of braking force. On the other hand, train speed during time minimization 

driving mode reaches to 19.444 mps and extremely high amount of energy is consumed. 

The third model is applied with 70% and 30% time minimization. These two modes 

imply optimization of 70% of time and 70% of energy respectively. 70% time 

minimization driving mode sacrifices 100% ( 3.64e+05J) energy to save 65.7231 sec and 
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30% time minimization driving mode on the other hand sacrifices 100% (1.76e+05J) in 

saving of  59.334 sec compared to minimum energy driving mode. Based on the interest 

of driving strategy one of the three driving model can be applied to obtain optimum train 

operation. (Figure 4-9, Figure 4-10, Table 4-1, Table 4-2) 

II. Between station 26 and 25 (945 meter) 

 The section is discretized into 46 discrete points with curves at [2598.425 2722.256], 

[2851.263 2984.33] and [3320.091 3544.619]. The first half section of the track is 

negative gradient and the next half section is positive gradient. Such kind of gradient 

distribution is also noticed between station 19 and 20 (Figure 4-15). MATLAB 

simulation is conducted for more than 15000 generation for each type of driving 

modes.The number of generation required for this section in minimum energy driving 

mode is considerably higher than the other sections. In energy minimizing driving mode, 

the primary target is to minimize energy consumed and speed combination which results 

low energy consumption is selected.To reduce number of generation required we can 

consider the braking power minimization too. This is applied when we assume 

regenerative braking. Unnecessary braking can be replaced by coasting mode or braking 

with small braking effort which can save more time and braking power. For example in 

our case, if the first section of the track has a chance to increase speed of the train as 

noticed in 70% or 30% minimum time driving mode (which reduces braking power and 

journey time, actually not due to the consideration of regenerative braking!), higher speed 

for the start of positive section is provided. To reduce energy consumed for positive 

gradient section; either we apply a brake or speed decrease with small tractive effort 

application which results highly negative accelerative resistance to counter balance 

gradient force, such situation is noticed after more than 15000 generations. Generally 

initial population plays an important role on the number of generation required for genetic 

algorithm. 
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Between 

station 

25-26 %Energy 

sacrifice 

per min 

energy 

Extra 

energy in 

Joule 

Extra 

time 

in sec 

%Time 

sacrifice 

per min 

time 

Fastest time   49.8372 3.27E+05 1.63E+07 7.38E+01 1.20E+07     

Min time 54.339 3.00E+05 1.63E+07 7.38E+01 1.20E+07     

70% time 67.7284 1.15E+05 7.79E+06 4.51E+01 3.51E+06 13.39 19.77 

30% time 77.2528 7.95E+04 6.14E+06 3.04E+01 1.86E+06 22.91 29.66 

Min energy 359.999 1.19E+04 4.28E+06     305.66 84.91 

  Time(sec) Power 

(watt) 

Energy 

(joule) 

        

Table 4-4 Energy and time comparison of train driving modes between station 25 and 26 

The final simulation result shows that 84.91% (305.66 sec) time can be saved in 

minimum time driving mode compared to minimum energy driving mode, but this is in 

the expense of  huge amount of energy (around 73.8% (1.2E+07J)). 70% minimum time 

driving mode sacrifice 45.1% (3.51e+06J) energy in saving 292.2706 sec and 30% 

minimum time driving mode sacrificed 30.4% (1.86e+06J) energy in saving 282.7462 sec 

compared to minimum energy driving mode.(Figure 4-3, Figure 4-4, Table 4-1, Table 

4-2) 

III.  Between station 15 and 16 (about 908 meter) 

This section has level crossing between [10069 10170] and train is forced to use lateral 

switch while reaching the common section of north-south and east-west line ([9464 

10069]). There is also curve at [9599.367    9696.561], [9714.106    9735.384], [9751.706    

9772.983], [9783.886    9950.583], [9966.824    10015.627], [10061.165   10170.218] and 

[10185.729 10260.469] with continuously varying gradient.  

The section is discretized in to 45 points and speed limit for level crossing is 50km/hr, for 

lateral switch position is 25 km/hr and for main line is 70km/hr. Train driven in such 

speed restriction track must obey the restriction and simulation result shows that this rule 

is obeyed. 
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Driving type Between station 15-16 %Energy 

sacrifice 

per min 

energy 

Extra 

energy in 

Joule 

Extra 

time 

in sec 

%Time 

sacrifice 

per min 

time 

Fastest time   119.342 1.36E+05 1.62E+07 6.95E+01 1.13E+07     

Min time 121.1602 1.08E+05 1.31E+07 6.24E+01 8.19E+06     

70% time 137.3104 4.41E+04 6.05E+06 1.85E+01 1.12E+06 16.15 11.76 

30% time 149.3082 3.59E+04 5.36E+06 8.02E+00 4.30E+05 28.15 18.85 

Min energy 359.9608 1.37E+04 4.93E+06     238.80 66.34 
  Time(sec) Power       

(watt) 

Energy 

(joule) 

        

Table 4-5 Energy and time comparison of train driving modes between station 15 and 16 

Though fastest train drive can provide the best driving strategy in time, minimum time 

driving strategy is the one with the best train operation in time (number of passenger 

transportation). This is because of constraint violation in fastest train driving mode. Time 

saving by minimum time driving mode compared to minimum energy driving mode is 

around 66.34% (238.80 sec) with energy sacrifice of 62.4%  (8.19E+06J). 

The other model is applied to minimize percentage of time and energy both together. For 

example, in our case, the model is used to minimize 70% of time (30% of energy) on one 

occasion and 30% of time (70% energy) on another occasion. Simulation result shows 

that 18.5% (1.12e+06J) energy sacrificed in saving 222.6504 sec for 70% minimum time 

driving mode and 30% minimum time driving mode sacrificed 8.02% (4.30e+05J) energy 

in saving 210.6526 sec compared to minimum energy driving mode.(Figure 4-23, Figure 

4-24, Table 4-1, Table 4-2) 

4.2.2. Discussion of the total result 

Total time taken to complete the journey from Menelik square to Kality and Energy 

consumed for each of the driving scheme is compared. Based on time of run; the best 

driving mode is the fastest driving mode, but this mode is an ideal mode and is not 

practically applicable in real traffic condition. The other driving modes are obtained from 

optimization principle and are applicable in real traffic condition. The worst driving mode 

is obtained from energy minimization model. Here, time of driving is not the primary 

target and time required to complete the given journey is more. Time sacrifices of 

minimum energy driving mode against fast driving mode is 66.193% (2533.268 sec), 

against minimum time driving mode is 63.764% (2440.32 sec), against 70% minimum 
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time driving mode is about 54.54% (2087.42 sec) and 51.78% (1981.64 sec) against 30% 

minimum time driving mode. 

Generally, total time taken to complete the journey from Menelik square to Kality under 

minimum energy driving mode is 63.78 minute, 21.564 minute under fast driving mode, 

23.11 minute under minimum time driving mode, 28.99 minute under 70% minimum 

time driving mode and 30.76 minute under 30% minimum time driving mode.  Total time 

required in minimum energy driving mode is more than two fold of the other driving 

modes and it is advisable to use minimum time or proper operational driving modes for 

more number of passenger transportation.  

Generally, maximum time of run between stations is too much (360 sec) for all section of 

the track and by applying appropriate maximum time of run for each section of the track 

based on the maximum speed allowed, number of trains and distance to be covered; we 

can reduce time variation between minimum energy driving mode and other driving 

modes. 

 

Figure 4-43 Journey time saved against minimum energy drive (journey time sacrifice of 

minimum energy drive against the other drive) 

Based on energy, the best train driving in saving energy is minimum energy driving mode 

and the worst driving strategy is from the ideal driving (fast train driving). Train driven in 

1981.64062 

2087.4211 

2440.3188 

2533.2676 

51.77938796 

54.54338485 

63.76444478 

66.19315558 

30% min tme

70% min time

min time

fast drive

Comparison of train based on time 

Time saved in sec against min energy drive

% Time saved against min energy drive
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fast train driving mode shows constraint violation and is not applicable in real traffic 

condition. Thus, we can say that the worst driving strategy is obtained from minimum 

time driving mode. Comparison of energy scarification between different driving modes 

explains more about each driving strategy related to energy saving. Energy sacrifice of 

fast train driving against 30% minimum time driving is 80.544% (1.96E+08J), 76.54% 

(1.87E+08J) against 70% minimum time, 4.788% (1.17E+07J) against minimum time and 

86.407% (2.11E+08J) against minimum energy driving mode. 

Generally, total energy required for 30% minimum time driving is 4.75E+07J, 5.72E+07J 

for 70% minimum time driving, 2.32E+08J for minimum time driving, 3.31E+07J for 

minimum energy driving and 2.44E+08J for fast train driving mode. If the primary target 

of driving is to save energy, then minimum time and fast train driving strategy is out of 

the ring.   

 

Figure 4-44 Energy saving against fast drive (energy sacrifice of fast drive against the 

other drive) 

Optimum operation of the train can be achieved based on the interest at which optimality 

is required. As we can see from the total result, if we want to optimize energy by 100%, 

then we have to sacrifice journey time (extended time is required) to complete the given 

journey. This in return results low number of passenger transportation. If we want to 

optimize journey time by 100%, then we have to sacrifice huge amount of energy which 

1.96E+08 

1.87E+08 

1.17E+07 

2.11E+08 

80.53923025 

76.54247085 

4.788101937 

86.40686503 

30% min tme

70% min time

min time
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Comparison of train operation based on energy 
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results high bill. This driving scheme allows transporting more number of passengers in 

short period of time.  

The other optimization problem applied is to optimize certain percentage in energy and 

certain percentage in time. The objective function for this mode of driving is formulated 

to optimize energy and time at the same time which results optimum operation of the train 

in energy and time rather than time only or energy only (see 34). This kind of 

optimization provides a chance of win-win opportunity. We can select percentage of 

energy and time to optimize both of them in such a way that the sum of percentage of 

time and energy must be equal to 100%.   his optimization problem didn’t allow 

selecting percentage value of 100, because the system doesn’t provide appropriate 

constraints for this percent value. For 100% either in time or energy the first two extreme 

optimization problems discussed in the above paragraph must be applied. Generally, this 

optimization problem helps to transport the required number of passengers with 

acceptable energy consumption (acceptable bill).  
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5. Conclusion and recommendation  

5.1. Conclusion 

Even though we don’t find the actual driving speed profile used by ERC, appropriate 

models with three objective functions subjected to complex constraints have been 

developed. The problems are designed and solved to find optimum speed profile in terms 

of energy and/or journey time to complete the given journey and compared among each 

other. We can call the models developed are speed tuning models in which at each 

discrete points speed value satisfying all constraints with minimum of the respective 

objective function is obtained using genetic algorithm. 

MATLAB program is developed and implemented for Addis Ababa LRT from Menelik 

Square to Kality. From simulation result, we noticed that huge amount of energy can be 

saved in minimum energy driving mode and minimum journey time is obtained from 

minimum time mode with no constraint violations compared to the other modes. 

Comparison of the two modes shows that energy saving in minimum energy driving 

mode is sufficiently large (1.99E+08J) in losing 2440.3188 sec (40.67 minute). We loss 

2.41E+07J of energy in saving of 2087.421 sec (34.79 minute) for 70% minimum time 

driving mode and 1.43E+07J of energy in saving 1981.64 sec (33.027 minute) for 30% 

minimum time driving mode compared to minimum energy driving mode. 

In minimum energy driving mode, we find some of the sections can be driven with zero 

energy, which seems very ideal, is resulted from the rolling resistance considered and 

extended travel time constraint.  

After all, different speed profile for different operational scenario is suggested. By 

increasing the number of generation we can have more accurate result. Generally, the 

models can be applicable for any traffic condition ranging from low to high traffics. 

1. During high traffic condition, where the number of passengers to be transported 

has higher priority than energy consumed, we can apply minimum time driving 

model. This model allows completing a give journey with in short period of time 

and more number of passengers can be transported, but energy consumed is 

somewhat as high as fast train driving mode (ideal driving). 
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2. During low traffic condition (energy consumption has higher priority than journey 

time), we can apply minimum energy driving model. This model is extremely 

slower than any of the models developed and number of passengers to be 

transported is low. 

3. The other model which is very flexible and can be applied for traffic condition 

other than the two extreme traffics is proper operational model. This model allows 

railway companies to generate different speed profile depending on the percentage 

of energy or time minimization required. For example, we apply the model 

developed for 70% minimum time and 30% minimum time operational scenarios; 

the result obtained shows the performance expected from the model and can be 

applicable in real traffic condition. 

5.2. Recommendation 

 Due to lack of real information, the models developed takes approximation and some 

datasheet from international railway standards and railway manufacturing companies. 

Thus, by considering the actual information we can improve the result obtained in this 

thesis. 

 Energy consumption can be modeled based on the catenary voltage and current.  

 The number of train and regenerative braking can be considered. Regenerated energy 

is consumed by the other train in the same section; no damping resistor required. 

 Energy saving using Uninterrupted Power Supply system is the other section of 

energy saving strategy by storing considerable amount of energy. 

 MATLAB code developed to solve the model can be modified to overcome 

computational time. 
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Appendix  

MATLAB CODE (between station 7 and 8). 

This is for section having level crossing and minimum energy drive; all the functions for 

other train driving are the same with slight modification. 

A. Searching section – searches zero speed in the middle of the track and boundary 

condition violation 

function [ logic]= searching(data,info) 

  logic=false; 

 if ~isempty(info) 

     [row, ~]=size(info); 

     for i=1:row 

          if data==info(i,:) 

                 logic=true; 

                 break; 

          end 

     end      

 end 

end 

 

function logic=searchings(info) 

logic=false; 

[row, column]=size(info); 

distance=[16360,16380,16400,16420,16440,16460,16480,16500,16520,16540, 

    16560, 16580,16600,16620,16640,16660,16680,16700,16720,16740, ... 

          16760, 16780,16800,16820,16840,16854,16874,16900,16920,16940, ... 

          16960, 16980,17000,17020,17040,17060,17080,17100,17120,17140,... 

          17160,17180,17205]; 

    for i=1:row 

         for j=1:column 

             if distance(i)<16854 

                 if info(i,j)<0 ||info(i,j)>700/36 

                     logic=true; 

                     break; 

                 end 

             elseif distance(i)<16874&&distance(i)>=16854 

                  if info(i,j)<0 ||info(i,j)>500/36 

                     logic=true; 

                     break; 

                  end 

             else 

                  if info(i,j)<0 ||info(i,j)>700/36 

                     logic=true; 

                     break; 

                  end 

             end                  

         end 

     end 
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end 

 

B. Speed generation function  

function [generation_mps, generation_binary]= correct_generate(nbit, numpopulation, 

numparameter) 

generation_binary= round(rand(numpopulation, nbit)); 

generation_mps=zeros(numpopulation,numparameter); 

distance=[16360,16380,16400,16420,16440,16460,16480,16500,16520,16540, ... 

                 16560 6580,16600,16620,16640,16660,16680,16700,16720,16740, ...            

16760,16780,16800,16820,16840,16860,16880,16900,16920,16940, ,... 

          16960, 6980,17000,17020,17040,17060,17080,17100,17120,17140,... 

          17160,17180,17205]; 

for i=1:numpopulation 

    for j=0:numparameter-1         

        for k=1:nbit/numparameter           

generation_mps(i,j+1)=generation_mps(i,j+1)+2^(nbit/numparameter-

k)*generation_binary(i,j*nbit/numparameter+k); 

        end 

        if j==0||j==numparameter-1 

           if generation_mps(i,j+1)~=0 

                generation_binary(i, 

j*nbit/numparameter+1:j*nbit/numparameter+nbit/numparameter)= 

zeros(1,nbit/numparameter); 

                generation_mps(i,j+1)=0; 

           end             

        else 

            while generation_mps(i,j+1)==0 

                generation_binary(i,:)= round(rand(1, nbit)); 

                for k=1:nbit/numparameter 

                    generation_mps(i,j+1)=generation_mps(i,j+1)+2^(nbit/numparameter-

k)*generation_binary(i,j*nbit/numparameter+k); 

                end 

            end 

        end 

        if distance(j+1)>=16854&&distance(j)<=16874 

            generation_mps(i,j+1)=generation_mps(i,j+1)/(2^(nbit/numparameter)-1)*500/36; 

        else 

            generation_mps(i,j+1)=generation_mps(i,j+1)/(2^(nbit/numparameter)-1)*700/36; 

        end          

    end 

end 

 

 

C. Tractive effort handling function  

function[tract,tractive,braking,distance,stage]=correct_tractives(velocity) 

distance=[16365,16380,16400,16420,16440,16460,16480,16500,16520,16540,... 

          16560,16580,16600,16620,16640,16660,16680,16700,16720,16740,... 

          16760,16780,16800,16820,16840,16860,16880,16900,16920,16940,... 

          16960,16980,17000,17020,17040,17060,17080,17100,17120,17140,... 

          17160,17180, 17205]; 
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gradient_radian=[-0.024009222,-0.027013132,-0.027513876,-0.027513876,... 

                 -0.027513876,-0.029016274,-0.032021869,-0.033023985,... 

                 -0.032522911,-0.032021869,-0.029016274,-0.031019881,... 

                 -0.031019881,-0.031019881,-0.030018017,-0.031019881,... 

                 -0.031520859,-0.028515446,-0.029517131,-0.030018017,... 

                 -0.030518934,-0.030518934,-0.031019881,-0.031019881,... 

                 -0.028014647,-0.026512416,-0.022007102,-0.017503574,... 

                 -0.013501641,-0.013001465,-0.011501014,-0.012501302,... 

                 -0.013001465,-0.010000667,-0.010000667,-0.013001465,... 

                 -0.012501302,-0.009500572,-0.012001152,-0.012001152,... 

                 -0.012501302,-0.01400183]; 

% size is 43 

% curve 16333.318   16533.748 

curve=30.00038889; 

Mass=59240; 

a=1153.136; 

b=1.95492; 

c=0.91; 

[numpop, numpara]=size(velocity); 

tract=zeros(numpop,numpara); 

gradient_resistance=zeros(1,numpara-1); 

other_resistance=zeros(numpop,numpara-1); 

accelarative_resistance=zeros(1,numpara-1); 

curve_resistance=zeros(1,numpara); 

stage=zeros(numpop,numpara); 

tractive=zeros(numpop,numpara); 

braking=zeros(numpop,numpara); 

 for j=1:numpop 

    for i=1:numpara-1   

        if distance(i)>=16333.318&& distance(i)<=16533.748 

            if i==1 

             curve_resistance(i)=0.0004*Mass*9.8*(distance(i)-16333.318)... 

                    *curve(1)/200.429;             

            else 

             curve_resistance(i)=0.0004*Mass*9.8*(distance(i)-... 

                    distance(i-1))*curve(1)/200.429; 

            end 

            other_resistance(j,i)=(a+b*(velocity(j,i))+... 

                c*(velocity(j,i))^2)+curve_resistance(i); 

        else 

           other_resistance(j,i)=(a+b*(velocity(j,i))+c*(velocity(j,i))^2); 

        end          gradient_resistance(i)=Mass*9.8*sin(gradient_radian(i)); 

accelarative_resistance(i)=1.08*Mass*(velocity(j,i+1)^2- velocity(j,i)^2)/... 

     (2*(distance(i+1)-distance(i))); 

 tract(j,i)= accelarative_resistance(i)+  gradient_resistance(i)+... 

     other_resistance(j,i); 

 

% STAGE DETERMINATION FOR POSITIVE GRADIENT 

 

       if gradient_radian(i)>=0 
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            if abs(velocity(j,i+1)-velocity(j,i))<=1e-4 

                stage(j,i)=2; 

                tractive(j,i)= tract(j,i); 

            elseif velocity(j,i+1)>velocity(j,i) 

                stage(j,i)=1; 

                tractive(j,i)= tract(j,i);                

            else 

                if  tract(j,i)<-1e-4 

                     braking(j,i)=tract(j,i); 

                     stage(j,i)=4; 

                elseif abs(tract(j,i))<=1e-4 

                     stage(j,i)=3; 

                else 

                    stage(j,i)=1.5; 

                    tractive(j,i)= tract(j,i); 

               end 

            end 

        else 

            if abs(gradient_resistance(i))>other_resistance(j,i) 

                 if abs(velocity(j,i+1)-velocity(j,i))<=1e-4              

                        stage(j,i)=2; 

                        braking(j,i)= tract(j,i); 

                 elseif velocity(j,i+1)<velocity(j,i) 

                        stage(j,i)=4; 

                        braking(j,i)=tract(j,i); 

                  else 

                        if tract(j,i)<-1e-4 

                             braking(j,i)=tract(j,i); 

                             stage(j,i)=3.5; 

                        elseif abs(tract(j,i))<=1e-4 

                             stage(j,i)=3; 

                        else 

                            stage(j,i)=1; 

                            tractive(j,i)= tract(j,i); 

                        end 

                 end 

            elseif abs(gradient_resistance(i))<other_resistance(j,i) 

                if velocity(j,i+1)>velocity(j,i) 

                    stage(j,i)=1; 

                    tractive(j,i)= tract(j,i); 

                elseif velocity(j,i+1)==velocity(j,i)              

                        stage(j,i)=2; 

                        tractive(j,i)= tract(j,i); 

                else 

                        if tract(j,i)<-1e-4 

                             braking(j,i)=tract(j,i); 

                             stage(j,i)=4; 

                        elseif abs(tract(j,i))<=1e-4 

                            stage(j,i)=3;                             

                        else 
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                            stage(j,i)=1.5; 

                            tractive(j,i)= tract(j,i); 

                        end 

                 end 

            else 

                if velocity(j,i+1)>velocity(j,i) 

                            tractive(j,i)=tract(j,i); 

                            stage(j,i)=1; 

                elseif velocity(j,i+1)==velocity(j,i)               

                        stage(j,i)=2; 

                        tractive(j,i)= tract(j,i); 

                else 

                        stage(j,i)=4; 

                        braking(j,i)=tract(j,i); 

                end 

            end 

      end 

    end 

 end 

  

D. Constraint handling function  

 

function [constraint, cequal]=correct_constraints(velocity) 

[ tract, ~, ~,distance, ~]= correct_tractives(velocity); 

[numpop, numpara]=size(velocity); 

const1=zeros(numpara,numpop);% tractive effort constraint 

const2=zeros(numpara-1,numpop);%acceleration and braking constraint 

const3=zeros(numpara-2,numpop);%jerk constraint 

const4=zeros(1,numpop); 

for i=1: numpop 

  for j=1:numpara-1 

      %Tractive constraint 

         if tract(i,j)>=0 

            if velocity(i,j)<=11.39 

                const1(j,i)=tract(i,j)-64830; 

            else 

                const1(j,i)=tract(i,j)-109777+3949.2*velocity(i,j); 

            end 

         else 

            if velocity(i,j)<=15.697 

                const1(j,i)=abs(tract(i,j))-68470; 

            else 

                const1(j,i)=abs(tract(i,j))-158408+5731.2*velocity(i,j); 

            end 

         end 

        %Acceleration constraint 

            if (velocity(i,j+1)>=velocity(i,j)) 

                const2(j,i)=(velocity(i,j+1)^2-velocity(i,j)^2)... 

                    /(2*(distance(j+1)-distance(j)))-1; 

            else 
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                const2(j,i)=abs((velocity(i,j+1)^2-velocity(i,j)^2)... 

                    /(2*(distance(j+1)-distance(j))))-1.1;            

            end 

            %Time constraint 

            const4(i)=const4(i)+2*(distance(j+1)-distance(j))/... 

                (velocity(i,j+1)+velocity(i,j)); 

            % Jerk constraint 

            if j>1&&j<numpara-1 

                 const3(j-1,i)=abs((velocity(i,j+1)-2*velocity(i,j)+velocity(i,j-1))*velocity(i,j-

1)^2/(distance(j)-distance(j-1))^2)-1; 

            end 

  end 

  const4(i)=const4(i)-360; 

end       

        constraint=[const1;const2;const3; const4]; 

        cequal=[]; 

 

E. Actual objective function  

 

function [fitness]=correct_objective(velocity) 

[numpop, numpara]=size(velocity); 

tractive_power=zeros(numpop,1); 

 [~,tractive, ~,distance]= correct_tractives(velocity); 

for i=1:numpop 

    for j=1:numpara-1   

     tractive_power(i)=tractive_power(i)+((tractive(i,j)+tractive(i,j+1))/2)...  

         *(distance(j+1)-distance(j)); 

    end 

end 

fitness=tractive_power; 

 

F. Updated objective function by Debs’ method 

 

function [feasible_fitness,fitness_new,penalty,feasible_population]= 

new_objective(population) 

constraint=correct_constraints(population); 

fitness=correct_objective(population); 

[numpop,~]=size(population); 

[cons,~]=size(constraint); 

penalty=zeros(numpop,1); 

feasible_pop=0; 

 for i=1:numpop 

     for j=1:cons    

        if constraint(j,i)>1e-4               

            penalty(i)=penalty(i)+(constraint(j,i));  

        end 

     end  

    if penalty(i)==0 

      feasible_pop=feasible_pop+1; 

      feasible_fitness(feasible_pop)=fitness(i); 
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      feasible_population(feasible_pop,:)=population(i,:); 

    end 

 end 

if feasible_pop==0 

    feasible_fitness=[]; 

    feasible_population=[]; 

    fitness_new=penalty; 

else 

     max_feasible_fitness=max(feasible_fitness); 

    for i=1:numpop 

        if penalty(i)==0 

            fitness_new(i)=fitness(i); 

        else 

            fitness_new(i)=max_feasible_fitness+penalty(i);   

        end 

    end 

end 

 

G. Selection function  

  

 function [elite,parent1,parent2, 

fitness_new,feasible_fitness,feasible_population]=correct_select(population, numelite)    

[feasible_fitness,fitness_new,penalty,feasible_population]= new_objective(population); 

[numpop,numpara]=size(population); 

elite=zeros(numelite,numpara); 

if ~isempty(feasible_population) 

    [~, index_feasible]=sort(feasible_fitness); 

    num_feasible=length(feasible_fitness); 

    if numelite<=num_feasible 

        for i=1:numelite 

            elite(i,:)=feasible_population(index_feasible(i),:); 

        end 

    else 

        for i=1:num_feasible 

            elite(i,:)=feasible_population(i,:); 

        end 

        [~,index]=sort(fitness_new); 

        for i=num_feasible+1:numelite 

            for k=1:numpop 

                if ~searching(population(index(k),:),elite) 

                    break; 

                end 

            end 

            elite(i,:)=population(index(k),:); 

        end         

    end 

else     

    [~,index]=sort(fitness_new); 

    for i=1:numelite 

        elite(i,:)=population(index(i),:); 
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    end 

end 

numchild=ceil((numpop-numelite)/2); 

for i=1:numchild 

    select1=ceil(rand*numpop);  

    select2=ceil(rand*numpop); 

    feasi1=searching(population(select1,:),feasible_population); 

    feasi2=searching(population(select2,:),feasible_population); 

    if feasi1==true&& feasi2==true 

        if fitness_new(select1)>=fitness_new(select2) 

            parent1(i,:)=population(select2,:); 

        else 

           parent1(i,:)=population(select1,:); 

        end 

    elseif feasi1==false&& feasi2==true 

         parent1(i,:)=population(select2,:); 

    elseif feasi1==true&& feasi2==false 

         parent1(i,:)=population(select1,:); 

    else 

        if penalty(select1,:)>=penalty(select2,:) 

           parent1(i,:)=population(select2,:); 

        else 

            parent1(i,:)=population(select1,:); 

        end 

    end 

% PARENT TWO SELECTION 

    select1=ceil(rand*numpop);  

    select2=ceil(rand*numpop); 

    feasi1=searching(population(select1,:),feasible_population); 

    feasi2=searching(population(select2,:),feasible_population); 

    if feasi1==true&& feasi2==true 

        if fitness_new(select1)>=fitness_new(select2) 

            parent2(i,:)=population(select2,:); 

        else 

           parent2(i,:)=population(select1,:); 

        end 

    elseif feasi1==false&& feasi2==true 

         parent2(i,:)=population(select2,:); 

    elseif feasi1==true&& feasi2==false 

         parent2(i,:)=population(select1,:); 

    else 

        if penalty(select1,:)>=penalty(select2,:) 

           parent2(i,:)=population(select2,:); 

        else 

            parent2(i,:)=population(select1,:); 

        end 

    end       

end 
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H. Crossover function  

  

function [elite, child,fitness_new,feasible_fitness,feasible_population ]= 

correct_crossover(population,pc,numelite) 

[elite,parent1,parent2, 

fitness_new,feasible_fitness,feasible_population]=correct_select(population, numelite); 

[numparent, ~]=size(parent1); 

[numpop,  numpara]=size(population); 

child1=zeros(numparent,numpara); 

child2=zeros(numparent,numpara); 

if ~isempty(parent1) 

    for i=1:numparent       

        if rand<pc 

           mask1=rand(1,numpara); 

            mask2=ones(1,numpara)-mask1; 

            child1(i,:)=mask1.*parent1(i,:)+mask2.*parent2(i,:); 

            child2(i,:)=mask2.*parent1(i,:)+mask1.*parent2(i,:); 

            while searching(0,child1(i,2:numpara-1))||searching(0,child2(i,2:numpara-

1))||searchings(child1(i,:))||searchings(child2(i,:)) 

                mask1=rand(1,numpara); 

                mask2=ones(1,numpara)-mask1; 

                child1(i,:)=mask1.*parent1(i,:)+mask2.*parent2(i,:); 

                child2(i,:)=mask2.*parent1(i,:)+mask1.*parent2(i,:);               

           end 

        else 

             child1(i,:)=parent1(i,:); 

             child2(i,:)=parent2(i,:); 

        end    

    end 

        child=[child1; child2]; 

        [numchild,~]=size(child);  

        if numchild+numelite>numpop 

           [ fit]= correct_objective(child); 

            [~, index]=max(fit); 

            child(index,:)=[]; 

        end 

else 

    child=[]; 

end 

  

I. Mutation function  

             

function mutate= correct_mutation(population, mp,gen, maxgeneration) 

%generation dependant mutation 

% mp must be very small which is less that 1/numpara 

% we use non uniform mutation schem  

% b is choosen to be 4, to make the dependency of mutation on generation 

% high 

distance=[16360,16380,16400,16420,16440,16460,16480,16500,16520,16540,16560,... 

          16580,16600,16620,16640,16660,16680,16700,16720,16740,16760,... 
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          16780,16800,16820,16840,16860,16880,16900,16920,16940,16960,... 

          16980,17000,17020,17040,17060,17080,17100,17120,17140,17160,... 

          17180,17205]; 

[numpop, numpara]=size(population); 

logic=false; 

for i=1:numpop 

    for j=2:numpara-1 

         if rand<mp 

            multiplier=rand*(1-gen/maxgeneration)^4; 

                if rand<0.5   

                    if distance(j)<16854 

                       population(i,j)=population(i,j)+ (700/36-population(i,j))*multiplier; 

                       if population(i,j)<0||population(i,j)>700/36 

                           logic=true; 

                       end 

                    elseif distance(j)>=16854&&distance(j)<=16874 

                        population(i,j)=population(i,j)+ (500/36-population(i,j))*multiplier; 

                        if population(i,j)<0||population(i,j)>500/36 

                           logic=true; 

                       end 

                    else 

                        population(i,j)=population(i,j)+ (700/36-population(i,j))*multiplier; 

                        if population(i,j)<0||population(i,j)>700/36 

                           logic=true; 

                       end 

                    end 

                else 

                    population(i,j)=population(i,j)- ( population(i,j))*multiplier; 

                    if distance(j)<16854 

                       if population(i,j)<0||population(i,j)>700/36 

                           logic=true; 

                       end 

                    elseif distance(j)>=16854&&distance(j)<=16874 

                       if population(i,j)<0||population(i,j)>500/36 

                           logic=true; 

                       end 

                    else 

                       if population(i,j)<0||population(i,j)>700/36 

                           logic=true; 

                       end 

                    end 

                end 

                while population(i,j)==0||logic 

                      if rand<mp 

                        multiplier=rand*(1-gen/maxgeneration)^4; 

                        if rand<0.5   

                            if distance(j)<16854 

                               population(i,j)=population(i,j)+ (700/36-population(i,j))*multiplier; 

                               if population(i,j)<0||population(i,j)>700/36 

                                   logic=true; 
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                               end 

                            elseif distance(j)>=16854&&distance(j)<=16874 

                                population(i,j)=population(i,j)+ (500/36-population(i,j))*multiplier; 

                                if population(i,j)<0||population(i,j)>500/36 

                                   logic=true; 

                               end 

                            else 

                                population(i,j)=population(i,j)+ (700/36-population(i,j))*multiplier; 

                                if population(i,j)<0||population(i,j)>700/36 

                                   logic=true; 

                               end 

                            end 

                        else 

                            population(i,j)=population(i,j)- ( population(i,j))*multiplier; 

                            if distance(j)<16854 

                               if population(i,j)<0||population(i,j)>700/36 

                                   logic=true; 

                               end 

                            elseif distance(j)>=16854&&distance(j)<=16874 

                               if population(i,j)<0||population(i,j)>500/36 

                                   logic=true; 

                               end 

                            else 

                               if population(i,j)<0||population(i,j)>700/36 

                                   logic=true; 

                               end 

                            end 

                        end 

                      end 

                end 

         end 

    end 

end 

mutate=population; 

 

J. Genetics function  

             

function  [speed, fitnesss,actual_energy, populations,feasible_generation,total_time]= 

correct_geneticss( generation, populations) 

[~, numpara]=size(populations); 

speed=zeros(generation,numpara); 

fitnesss=zeros(generation,1); 

feasible_generation=zeros(generation,1); 

for i=1:generation       

    [elite, child,fitness,feasible_fitness,feasible_populations]= 

correct_crossover(populations,0.9,10) ; 

    if ~isempty(feasible_fitness) 

        feasible_generation(i)=length(feasible_fitness); 

        [fitnesss(i), index]=min(feasible_fitness); 

        speed(i,:)=feasible_populations(index,:); 
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    else 

        [fitnesss(i), index]=min(fitness); 

        speed(i,:)=populations(index,:); 

    end      

     

    mutate=correct_mutation(child,0.02,i,generation); 

    populations=[elite;mutate];   

end 

[~, tractive,~,distance, stage]= correct_tractives(speed(generation,:)); 

constraint=correct_constraints(speed(generation,:)); 

total_time=360+constraint(length(constraint)); 

actual_energy=0; 

for i=1:length(distance)-1 

actual_energy=actual_energy+(distance(i+1)-distance(i))*(tractive(i)+tractive(i+1))/2; 

end 

subplot(3,1,1) 

hold off 

plot(distance,speed(generation,:), 'r'); 

title('speed') 

ylabel('speed in mps&& stage') 

grid on 

hold on 

stairs(distance,stage) 

grid on 

legend('speed', 'stage') 

subplot(3,1,2) 

hold off 

plot(fitnesss) 

ylabel('fitness') 

legend('fitness') 

grid on 

subplot(3,1,3) 

hold off 

stem(feasible_generation) 

legend('feasible pop') 

grid on 

ylabel('feasible generation') 

 

K. Maximum drive function  

 

function [total_time,fitness, energy, constraint,total_violation,velocity, speed_limit]= 

maximum() 

distance=[16365,16380,16400,16420,16440,16460,16480,16500,16520,16540,... 

          16560,16580,16600,16620,16640,16660,16680,16700,16720,16740,... 

          16760,16780,16800,16820,16840,16860,16880,16900,16920,16940,... 

          16960,16980,17000,17020,17040,17060,17080,17100,17120,17140,... 

          17160,17180,17205]; 

gradient_radian=[-0.024009222,-0.027013132,-0.027513876,-0.027513876,... 

                 -0.027513876,-0.029016274,-0.032021869,-0.033023985,... 

                 -0.032522911,-0.032021869,-0.029016274,-0.031019881,... 
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                 -0.031019881,-0.031019881,-0.030018017,-0.031019881,... 

                 -0.031520859,-0.028515446,-0.029517131,-0.030018017,... 

                 -0.030518934,-0.030518934,-0.031019881,-0.031019881,... 

                 -0.028014647,-0.026512416,-0.022007102,-0.017503574,... 

                 -0.013501641,-0.013001465,-0.011501014,-0.012501302,... 

                 -0.013001465,-0.010000667,-0.010000667,-0.013001465,... 

                 -0.012501302,-0.009500572,-0.012001152,-0.012001152,... 

                 -0.012501302,-0.01400183]; 

velocity=zeros(1,length(distance)); 

 for j=length(distance):-1:2 

     speed=sqrt(velocity(j)^2+2.2*(distance(j)-distance(j-1)));   

     if distance(j)<=16874 

        break; 

     else 

         if speed>700/36 

           if velocity(j-2)<700/36 

              velocity(j-1)=700/36; 

              speed_limit(j-1)=700/36; 

           end 

           break; 

         else 

           velocity(j-1)=speed; 

         end 

     end 

 end         

for i=2:length(distance) 

   speed=sqrt(velocity(i-1)^2+2*(distance(i)-distance(i-1)));   

   if distance(i)<16854 

       if speed>700/36 

         if velocity(i-1)<=700/36 

            velocity(i)=700/36; 

         end  

       else 

         velocity(i)=speed; 

       end 

   elseif distance(i)==16854 

       velocity(i)=500/36; 

       for j=i:-1:2 

           speed=sqrt(velocity(j)^2+2.2*(distance(j)-distance(j-1)));   

          if speed>700/36 

              if velocity(j-2)<700/36 

                  velocity(j-1)=700/36; 

              end 

              break; 

          else 

              velocity(j-1)=speed; 

          end 

       end 

   else 

       if distance(i)<=16874&&distance(i)>16854 
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           velocity(i)=500/36; 

       else 

           speed=sqrt(velocity(i-1)^2+2*(distance(i)-distance(i-1))); 

           if velocity(i+1)~=0 

               velocity(i)=velocity(i+1); 

               break; 

           else 

               if speed>700/36 

                 if velocity(i-1)<=700/36 

                    velocity(i)=700/36; 

                 end  

               else 

                 velocity(i)=speed; 

               end 

           end 

       end 

   end 

end  

% SPEED LIMIT 

for i=1:length(distance) 

    if distance(i)<16854 

        speed_limit(i)=700/36; 

    elseif distance(i)>=16854&&distance(i)<16874 

        speed_limit(i)=500/36; 

    else 

        speed_limit(i)=700/36; 

    end 

 end  

[~, tractive,~,~, stage]=correct_tractives(velocity); 

constraint=correct_constraints(velocity); 

total_violation=0; 

for i=1:length(constraint) 

    if constraint(i)>1e-4 

        total_violation=total_violation+constraint(i); 

    end 

end 

% normalized fitness 

total_time=360+constraint(length(constraint)); 

[~,fitness]= new_objective(velocity); 

energy=0; 

for i=1:length(velocity)-1 

    energy=energy+(tractive(i+1)+tractive(i))*(distance(i+1)-distance(i))/2; 

end    

subplot(3,1,1) 

hold off 

plot(distance,velocity) 

grid on 

hold on 

stairs(distance,stage,'r') 

stairs(distance,speed_limit,'g') 
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legend('speed','stage', 'speed limit') 

ylabel(' speed_mps stage from 1 to 4') 

grid on 

hold on 

subplot(3,1,2) 

stem(constraint) 

title( 'Constraint') 

ylabel(' Violation') 

grid on 

subplot(3,1,3) 

gradient_radian(length(distance))=0; 

stairs(distance, gradient_radian) 

title('GRADIENT') 

legend('gradient') 

ylabel('grade in radian') 

grid on 

 

L. Function call 

 

% for maximum drive  

 

[total_time,fitness, energy, constraint,total_violation,velocity, speed_limit]= maximum(); 

 

              

% For genetics   

 

[Populations]= correct_generate(430,100,43); 

[speed, fitnesss,actual_energy,  

disp(‘ input generation number’) 

generation=input(‘ ‘); 

populations,feasible_generation,total_time]= correct_geneticss( generation, populations); 

 

          

     

  

  

     

  

  

  

           

     

  

  

 

 

 

 

 

 


