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Abstract

The accuracy in determined energy consumption and running time of trains, by means of com-
puter simulation, is dependent upon the various modelsused. Thisthesisaims at developing val-
idated models of running resistance, train and of ageneral driver, al based on full scale testing.

A partly new simple methodol ogy for determining running resistance, called by energy coasting
method is developed and demonstrated. An error analysis for this method is performed. Run-
ning resistance of high speed train SJ X2000, conventional loco hauled passenger trains and
freight trains is systematically parameterised. Influence of speed, number of axles, axle load,
track type, train length, and train configuration is studied. A model taking into account the
ground boundary layer for determining the influence of measured head and tail wind is devel-
oped.

Different factors and parameters of atrain, that are vital for the accuracy in computed energy
consumption and running time are identified, analysed and finally synthesized into atrain mod-
el. Empirical models of the braking and the traction system, including the energy efficiency, are
developed for the electrical locomotive of type SJ Rc4, without energy regeneration.

Driver behaviour is studied for freight trains and a couple of driving describing parameters are
proposed. An empirical model of freight train driver behaviour isdeveloped from full scaletest-
ing and observations.

A computer program, a simulator, is developed in Matlab code, making use of the determined
running resistance and the developed models of train and driver. The simulator calculates the
energy consumption and running time of a single train. Comparisons between simulations and
corresponding measurements are made. Finally, the influence of driving on energy consumption
and running time is studied and demonstrated in some examples.

The main conclusions are that:

- The method developed for determining running resistance is quite smple and accurate. It
can be used on any train and on any track.

- Therunning resistance of tested trains includes some interesting knowledge which is partly
believed to be new. Mechanical running resistance is less than proportional to the actual
axle load. Air drag increases approximately linearly with train length and the effect of
measured head and tail wind on the air drag can be calculated if the ground boundary layer
is considered.

- The developed train model, including running resistance, traction, braking etc. is quite
accurate, as verified for the investigated trains.

- The driver model together with the train model in simulations, is verified against measure-
ments and shows good agreement for energy consumption and running time.

- Itisrecommended to use adriver model, when cal culating energy consumption and running
timesfor trains. Otherwise, the energy consumption will most likely be over-estimated. This
has been demonstrated for Swedish ordinary freight trains.

Key words. Aerodynamic drag, Braking ratio, Driver model, Driver behaviour, Degree of coasting, Energy con-
sumption, Energy Coasting Method, Energy saving, Freight trains, Full scale testing, Ore trains, Passenger trains,
Powering ratio Mechanical resistance Running time, Running resistance, Slippage, Traction, Train model, Train

resistance, Wind.
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Energy Consumption and Running Time for Trains

1 Introduction

1.1 Background and scope of thiswork

Energy demand and running times of trains in railway networks are of a growing concern for
operators, railway administrators, time table designers and train suppliers. Thisisdue to present
and future energy cost and demands of the infrastructure, and also due to the aspect of use of
limited resources and pollution, which is associated with the production of the energy needed
for train operation.

Energy utilised in Sweden for railway electric propulsion, including lossesin catenary and feed-
ing system was approximately 1570 GWh in 1993, or about 80% of the total energy utilised,
which was 1953 GWh for the same year [1]. In Figure 1-1 it is shown how energy was utilised
in 1993. From an international point of view, energy demand constitutes 5 - 10% of the total
operational costs of arailway company [2] .

Sale

40 GWh (2%) | (sses 198 GWh

(10,1%)

Infrastructure
285 GWh (14,6%)

Stationary heating
of vehicles 50 GWh
26%)

Propulsion 1380 GWh
(70,7%)

Figure1l-1  Percentage of electric energy utilised for different purposesin the Swedish
main linerail network in 1993 [1].

The only efficient way to perform studies on future energy demand and running time of trains
isby means of simulations. It istherefore of great importance to have adequate tools for calcu-
lating energy demand and running time. To calculate the energy utilised and consumed in train
operation and to perform time scheduling, it is necessary to use a computer based simulator due
to the complexity of train model and railway network. The accuracy of the smulator depends
heavily upon the accuracy of the train model and of the input data, such astrack and signalling
data, and train data, in particular running resistance data. It is a'so most important to be able to
describe driver behaviour and driving strategy in a systematic and realistic way.

This study addresses the issue of modelling train and driver for ssmulation purposes. Physical
factors which are important for the accuracy in simulations, such as running resistance, charac-
teristics of traction and braking, mechanical and electrical efficiency of thelocomotive and driv-
er behaviour are examined. Driver behaviour isin this study investigated only for freight train
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operation, where the trains are hauled by the locomotive of type SJ Rc4 which is not equipped
with regenerative brakes.

A method for determining running resistance is proposed. Validated models for prediction of
energy consumption and running time simulations are devel oped, and used to study some basic
driver behaviour by means of simulations.

1.2 Earlier work and related fields

1.2.1 Runningresistance

For determining power requirements, energy consumption and running times of trains, it isim-
portant to know the forces acting on trains against their direction of travel. These forces are
known as running resistance and al so affectsthe trainstop speed and ability to accelerate. Inthe
following, throughout this work, total running resistance, Frt, means the sum of mechanical
rolling resistance including curve resistance, aerodynamic drag and resistance due to grades. In
many cases running resistance is defined in a more limited sense, Fr, hamely the sum of me-

chanical resistance and aerodynamic drag on straight track.

As described in Muhlenberg [3], Schmidt published already in 1910 a series of formulas for
train resistance, based on empirical data. Similar formulas were also developed by Strahl in
1913 and by Davisin 1926 [4]. The formulas for determining running resistance are second de-
gree polynomials with respect to speed, v, and are generally written as:

Fr= A+ Bv+CV (1-1)

According to Davis[4], term A contains resistances which are considered independent of speed,
but variable with axle load. Coefficient B comprises resistances which are proportional to the
first power of the speed. Coefficient C contains resistances which are proportional to the square
of the speed and originates from losses caused by air resistance.

However, original coefficients of these early formulas are not reliable when applied to faster and
other types of trains than tested at that time. For instance, Davi’s formula was modified [3] by
Canadian National Railroads and Eire-Lackawanna Railroad. The development of rolling stock,
in particular high speed trains, has made it necessary to modify the coefficients in the formula.
This is done mainly by full-scale testing on track, sometimes complemented by testing down-
scaled models in wind tunnels, in order to determine principal components of the aerodynamic
resistance. Examples are given below.

Aerodynamic drag of Shinkansen trainswas reported in 1967 by Haraet al. [5]. Running resist-
ance of TGV-PSE train sets was reported by Guiheau [6] in 1978. Aerodynamic drag reduction
due to design changes was reported in 1982 by Peters[7] and in 1983 by Gawthorpe [8]. Aero-
dynamics of high speed trainsis reported by Petersin [9]. A brief summary of research on run-
ning resistance performed by SNCF is reported by Chambadal in [10]. In 1991, Peters [11]
reported results from full scale tests with the German experimental |CE/V high speed train in
tunnels of different lengths and in the open air.
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Running resistance of freight trainsisfor example reported by ERRI in[14]. The running resist-
ance is determined for one trainset having six motorrail wagons of the open type, and for one
trainset having six modified wagons with smooth and flat side walls. The purpose of thisinves-
tigation was to verify results from wind tunnel testing, which shows that significant reduction
in aerodynamic drag can be achieved by appropriate modifications to the aerodynamics of cer-
tain vehicles.

Influence of the number of passenger coaches on aerodynamic drag for conventional
loco-hauled trainsis reported by ORE [19]. Full scale tests were run with three test trains, hav-
ing different number of passenger coaches: 6, 10 and 14 respectively. Different test methods
were used for determining running resistance. The results show a considerable scatter in the re-
sistance coefficients A, B and C.

1.2.2 Methodsused for determining running resistance

In order to investigate running resistance, an appropriate experimental method must be chosen.
The method should contain as few error sources as possible and the cost of the tests should be
held at a minimum. There are a number of methods which purpose is to determine mechanical
rolling resistance and aerodynamic drag. They can be divided into three main groups:

1. Tractive effort methods.
2. Dynamometer or drawbar methods.
3. Coasting methods.

In the first method the measurements are taken with the train under traction. The running resi st-
ance can be estimated by measuring the power or tractive forces produced by the traction sys-
tem. With this method it is necessary to know the resistance of the train due to acceleration or
deceleration which can be measured or calculated. It is also important to have high accuracy in
the track atitude data, grades. The measurements should preferably be undertaken at almost
constant speed, as any speed changes |ead to accel erations which would have to be corrected for
[18]. The energy efficiency of the tractive vehicle(s) must be known for various conditions. It
isalso possible to measure the force applied on the wheel rims by means of strain gauges mount-
ed on the wheels, or with approximation, on wheel axles or in the mechanical transmission.

The second method makes use of adynamometer or drawbar. For measuring mechanical rolling
resistance due to rotation of wheels, transmission and motors a dynamometer can be used,
which is placed between awinch and a cable connected to the train or vehicle, thisisfor exam-
ple reported in [18]. The winch must pull the train smoothly and the track must be straight and
of constant gradient. Another method is covered by [14] which makes use of a drawbar for
measuring the resistance. The drawbar itself may contribute to precision and biaserrors, and the
running resistance is determined only for the vehicles following the drawbar, so that running
resistance cannot be obtained for a whole train. Also in this case, acceleration and retardation
must be measured and compensated for.

In the third method, coasting, the normal procedure isfirstly to bring the train to a certain speed
on atrack with aknown gradient. Beforethetest train’s point of reference arrives at ameasuring
section, the powering and braking are reduced to zero. From that moment on speed, time and
position along the measuring section are determined and recorded. A coasting train on a level
track experiences a decrease in speed and kinetic energy due to running resistance, thus making
it possible to estimate the running resistance indirectly by calculating the deceleration or direct-
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ly by measuring the deceleration [19]. Some methods use inertia pendulum accelerometers to
measure decel eration, thus avoiding the effects of track vertical profile. The pendulum system
is sensitive to track irregularities and inclination of the test vehicle.

Coasting methods include the idling resistance originating from losses in transmission and mo-
tors. However, they don’'t have the drawbacks of the other methods which have more error
sources in the different measuring systems. Coasting methods just require the measurement of
speed changes and knowledge of the gradients.

Independent of which method is used, precise track data of track atitude and grades, aswell as
accurate determination of speed and position of the train along the track are essential.

1.2.3 Simulatorsand train models

There are numerous computer programs around the world for determining energy consumption
and running time of trains by means of simulation, for example [20],[21],[22],[23],
[24],[25],[26] and [32]. Thislist is by ho means complete. Most of the programs are devel oped
by traffic operators and train suppliers. In general, it is difficult to obtain a detailed description
of the train models used and of the programs themselves.

Four major programs that are developed and used in Sweden are SIMON [20], SIMTRAC [21]
and RailPlan [23]. SIMON is owned by the Swedish National Rail Administration and used for
capacity and running time studies. SIMTRAC is developed by former ABB and Adtranz, today
Bombardier, and is used for analysis and design of electric traction power supply systems. Rail-
Plan is developed by Comreco and used by SJ [23].

Some programs are also developed by universities, such as for example DY NAMI'S devel oped
at the University of Hannover.

1.2.4 Influenceof driver behaviour

A few published reports describe the influence of driver behaviour. They are dealing with a spe-
cific train type.

Yasukawaet a. [30] have studied energy saving train operation methods for Shinkansen electric
motor coach trains. Simulation tests have been carried out to compare the energy consumption
between actual driver’strain handling and a proposed method for energy saving. Four driving
strategies are studied in [30], namely

1. After constant speed running at vg the train is decelerated by repetition of ATC braking and
constant speed running and finally train stopping brake is applied. Coasting is not used.

2. The train is decelerated by coasting from a certain point, and after the first application of
ATC braking the method becomes the same as method 1.

3. After constant speed running at v and the first ATC braking, coasting and another braking
are used for train deceleration.

4. After coasting at acertain point before the first ATC braking, the train is decelerated accord-
ing to method 3.

The four driving modes are simulated on a particular section (Ohmiya - Oyama on the Tohoku
Shinkansen line) and the value of the running time is taken between 1090 and 1200 s with about
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4 to 15% of margin to the minimum running time. By finding an optimal speed, vo™\(t), it isre-
ported that method 4 is the most favourable from the point of energy consumption [30]. Method

4 reduces the energy consumption by about 10 % more than method 1 or 3. The difference be-
tween method 2 and 4 is small [30].

The authors of [30] proposes the following driving method for energy saving:

1. Anoptimal running speed in method 4 is chosen, according to aresidua running timeto the
next train stop.

2. After the acceleration to vg™(t) by maximum powering, the constant speed control is applied
at this speed.

3. The coasting mode is started at a point where it is possible to make the train arrive at the
next station on-schedule by iteration of the coasting and ATC braking.

4. Finally, the train is stopped by the train stopping brake.

Running tests were performed for comparing energy consumption between actual driver’strain
operation and the suggested driving method. A specia on-board system for assisting the driver
was constructed and implemented in the test. The system indicated to the driver the optimum
running speed, vo™(t) and when to enter the coasting mode. The driver was asked to operate in
the following way:

- To accelerate the train to the indicated optimum running speed, vo™\(t), by maximum power-
ing.

- Not to use the brake when, due to slopes, the train speed exceeds the indicated optimum
speed, vo"\(t), even in coasting mode, unless the speed was approaching the ATC signal
Speed.

- To enter the coasting mode when the on-board assisting system told the driver to do so and
not to use the powering.

Theresults from the tests indicates firstly that on-schedule accuracy isimproved because of the
on-board system that assists the driver. Secondly, energy consumption is lowered by 13% in-
cluding the energy consumed by the auxiliary system. In Figure 1-2, percentage of thetrain run-
ning time in each driving mode is compared between the actual average driver’s manual train
operation and when the driver is assisted by the on-board assisting system. It is seen that pow-
ering and braking are reduced while coasting time is increased.
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braking 11% braking 7.7%

‘ ] powering
powering
0,
coasting 44 4%

_ 47.9%
coasting

Figure1-2  Percentage of train running timein each driving mode.

Another example is reported by Schuler-Hainsch [31] who investigated by means of a simula-
tion programme how different driving methods affects energy consumption in comparison to a
driving method where the running time is as short as possible for a specific track section:

Method 1, reduction of top speed, resulted in energy savings of about 15% for an additional run-
ning time of 5%.

Method 2, coasting down before braking, resulted in energy savings of 23% for an increase in
running time of 5%.

Method 3, coasting down before a down gradient followed by gravity acceleration, resulted in
energy savings of up to 26% for an extended running time of 5%.

Method 4, coasting down before a down gradient followed by engine and gravity acceleration,
allows an energy save of about 12%. The running time is extended by 5%.

The investigation showed that methods 2 and 3 are superior to the other two.

Development of an enhanced train-handling (driving technique) module for the AAR (Associ-
ation of American Railroads) Train Energy Model [25] isreported by Young et al. in [32]. The
report outlines a method of integrating a realistic train-handling simulation module into an ex-
Isting computer program. The train-handling modul e provides locomotive control settings and
is designed to obey speed restrictions with respect to type of train and type of terrain.

1.25 Conclusions

It is difficult to find reliable train data and train models which are validated through full scale
tests, in particular train driving data. At present, there are only a few published reports which
deals with driver behaviour.

Since driver behaviour has a significant impact on energy consumption [1], [31], [33], it isde-
sirable to make simulations with different driving modes. To be able to do this, atrain model
which resembles areal train as much as possible must be used in the smulations. Even arela-
tively small discrepancy between amodel and areal train may cause misleading results. There-
fore, realistic models of running resistance, characteristics of the brake and traction system as
well asadhesion utilisation, including wheel slippage, must beincluded. Thisisin particular be-
lieved to be true in freight train operations, where adhesion is often limiting the tractive force
and where considerabl e brake system time lags are present.
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It is also important that the theoretical models of trains and drivers are validated against meas-
urements during real train operations.

1.3 Thisthess

1.3.1 Objective and approach

The aim with thiswork isto develop a verified empirical model of a freight train and a verified
empirical driver model which, combined in smulations, results in a high accuracy for the pre-
dicted energy consumption and running time.

Thetrain- and driver models are synthesised from empirical data. Relations and conclusions are
made from results achieved by means of full-scale observations and testing. Although the ap-
proach in thiswork is mainly empirical, some theoretical modelling is made to support and ex-
plain some of the empirical findings.

Thiswork focuses on five areas and has the following approach:

1. Development of a methodology for experimental determination of running resistance, with
an error estimation, still applying the form as defined in Eqg. (1-1).

2. Empirical investigation, by means of full-scale testing, and parameterisation of running
resistance for different types of passenger and freight trains.

3. Investigation of, by means of full-scale testing, parameters needed for modelling alocomo-
tive and different types of freight trains as well as development of averified model for sim-
ulation purposes in Matlab code.

4. Analysis of driver behaviour from observations made during real freight train operations
and development of parameters which describe the behaviour.

5. Development of averified driver model in Matlab code for simulation purposes using afew
parameters which describe the driver behaviour.

In[34] Andersson & Lukaszewicz, it is suggested to define the purpose of energy consumption
and where in the energy conversion and transmission chain the energy is measured. Otherwise
comparison of energy consumption for railways, different train types and driving strategies may
be useless. In this study, the following approach is used:

- Theenergy measured at the pantograph is considered astotal intake energy. This meansthat
losses in electric power plants, transmission lines aswell astherailway’s catenary and feed-
ing systems are not considered.

- Theenergy fed into the train is divided into three areas of usage:

1. Propulsion, including internal losses of the locomotive.

2. Auxiliary systems, such as pumps, compressors, motor ventilation, external illumination
etc.

3. Comfort systems, such asair conditioning, heating, internal illumination etc. For an ordi-
nary freight train this can be neglected and is therefore not studied in this thesis.
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1.3.2 Thesiscontribution

Thiswork is believed to contribute to the understanding of the different parameters which are
important for determining energy consumption and running time of trains, especially freight
trains.

Thisthesisis believed to make significant contributions to the following areas:

- A new alternative method is described and suggested for determining running resistance,
aiming at minimising measuring complexity and measuring errors.

- Running resistance is systematically determined due to parameters such as speed, number
of cars, number of axles, train length, configuration, type of vehicles, axle load and type of
track. Thisis making the running resistance formulas up to date, especially for the Swedish
case.

- The small influence of axle load upon the linear resistance term, with respect to speed is a
new finding and contradicting previous studies.

- The influence of measured head and tail wind on air drag is investigated. It is al'so shown
that the conventional method for calculating the contribution of measured head- and tail
wind on air drag is not adequate.

- The uncertainties and possible errors in determined running resistance are shown.

- Parameters, variables and train data, which are believed to have an important influence on
energy consumption calculations are investigated empirically, thus giving reliable train data
for the development of atrain model and for future usage. Relative dippage of the locomo-
tives axles is measured and included in energy consumption determinations.

- A verified empirical model of an ordinary freight train is devel oped, having a high accuracy
for determining energy consumption and running time, giving the possibility to achievereli-
ableresults.

- Driver behaviour isinvestigated empirically.

- Parameters describing driver behaviour and driving strategy are introduced and suggested.

- Modelling of averified average driver.

- A study on the influence of driver behaviour and driving strategy on running time and
energy consumption for afreight train is shown, by some examples.

1.3.3 Outlineof doctoral thesis
Chapter 2 describes the used methodology used for determining running resistance.

Chapter 3 presents results from full-scale testing of running resistance for high speed trains,
conventional passenger trains and different types of freight trains.
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Chapter 4 deals with the analysis of the results from Chapter 3. An error analysisis performed.
The resistance is investigated due to train type, speed, axle load, number of axles, train length
and track type.

Chapter 5 describes a method for calculating the influence of measured head and tail wind on
air drag.

Chapter 2 - 5isasummary of the Licentiate thesis[15].

Chapter 6 gives an introduction and describes the freight train testing with aimsto provide test
data for the development of train model and driver model.

Chapter 7 deadls with the analysis of the locomotive SJ Rc4 and the train modelling.

Chapter 8 gives a general description if the simulation model used.

Chapter 9 shows results from tests and observations of driver behaviour, made during normal
driving and normal operation. An analysis is performed and parameters, which are describing
the driver behaviour, are defined and introduced.

Chapter 10 describes the driver model, as used in the ssimulation program.

Chapter 11 dealswith the validation of the simulation program. A comparison is shown between
measurements and simulations with the train and driver model devel oped

Chapter 12 performs a parametric study on influence of driver behaviour.

Chapter 13 concludes and outlines further research.



Methodology used for experimental determination of running resistance

2 Methodology used for experimental deter mination of
running resistance

2.1 General description of running resistance

Thetotal forces acting on atrain against itsdirection of travel are known astotal running resist-
ance, Frt. They can be divided into four main categories:

- Mechanical resistance, Fy,, due to mechanical energy dissipation in vehicle, track and the

contact areas between wheels and track. In addition there is an increment in mechanical
resistance as atrain is negotiating a curve, curve resistance Fc.

- Aerodynamic resistance or aerodynamic drag, Fp.

- Graderesistance, Fg; as ascending agrade atrain will experience aresistive force due to
gravity.

Additional tractive force which isrequired for acceleration due to inertia[35], [54], can be ex-
pressed as:

- Inertiaresistance, F.

Energy is dissipated due only to mechanical resistance and aerodynamic drag. Energy for over-
coming grades and inertia can be recovered while descending grades or coasting.

Experimental findings show that the sum of mechanical resistance (on straight track) and aero-
dynamic drag can be quantified, [4], [14], [15], [19], [37], [38], [54], with adequate accuracy by:

Fr= Fy+Fp = A+ Bv+ CV (2-1)

The coefficients A, B and C are however not constants; they vary with type of train, track, wheel-
rail friction etc.

Mechanical resistance is generally accepted [4], [38], as covered by the terms A and Bv in Eq.
(2-1). However, there is little theoretical justification in limiting this part of running resistance
to aconstant and linear term, [35], [43]. Term Bvincludes also air momentum drag, [8], but may
also include other aerodynamic phenomena not covered by the next term.

Term Cv2 is considered to cover aerodynamic drag, [8], [35],[37], [42], [64], except air momen-
tum drag, believed to depend linearly upon speed, [8]. Also in this case, there is no theoretical
justification that aerodynamic drag is described only by this term.

10
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Theterms A, Bv and Cv2 cover various complex and interrel ated physical phenomena. The mag-
nitudes of the coefficients determined from experiments, are affected by resistive forces that
may vary with other powers of speed than those in Eq. (2-1), [43], [37], [66].

Eq. (2-1) is generally accepted and wide spread and is therefore applied here as the devel op-
ment of a new algebraic model for running resistance is not the aim of this work.

2.2 Methodology

Only mechanical, curve resistance not included, and aerodynamic resistance is experimentally
determined in this thesis. Curve resistance and grade resistance are however included in the
model developed for computational purposesin Section 7.6.

The method chosen for determining running resistance should be as simple as possible and have
asfew error sources as possible. Also, the possible error sources should be possible to estimate.

With this objective in mind, the Energy Coasting Method is developed in this chapter.

2.2.1 TheEnergy Coasting M ethod
Running resistance, Fg, is associated with energy dissipation. This dissipation equals the work,
WR, done by Fg. For atrack section of length AX; thisrelation can be written as

WR = IFRdX = lER LAX = (lEM + lED)AX (2-2)

If a coasting train’s total energy, kinetic, Eyjn and potential, Epqt, is determined at successive
measuring positions separated by adistance AX = Xg+1 - X5 from each other along the track, the

difference in the train’s total energy between these positions can be calculated. The difference
intotal energy between the measuring positionsisdue to energy dissipation. Thetrain’sposition
at each measuring position must be determined with respect to some point of reference on the
train.

11
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M easuring

Locomotive

‘\ atk+1
AX = X117 % Point of

reference

- >
AX = AX =kAx

(atk) a

- >
AX = AX(a+k+1)(a+r1) =KAX

Figure2-1  Track with equidistantly spaced measuring positions.

The energy dissipation, thus the mean running resistance, between two arbitrary measuring po-
sitions, X5 and Xa+ k, Separated by the evaluation distance AX(a+k)a = k Ax can be estimated from
the balance equation:

Ein, + E

a

= Bn,, *E

a a+k POot, 4 * I:R(a+ k)a Ax(a +k)a (2-3)

Thisis provided that no energy is supplied from any external source and all vehicles of thetrain
have the same speed.

In order to estimate a train's potential energy at the measuring positions, with respect to the
train’s point of reference, the train mass, Ny, has to be distributed as individual vehicle masses

over the length of the train. The total mean running resistance, F, for a coasting train and the
corresponding mean speed, v, are calculated by:

nv
_ 1 D D%
FR(a+k)a ) Ax(Eil+ k)aaZ mll:t(l-'- H )(V a+k) ¥ g(hi&l_hia+ k)EB (2-4)
1

AX X —X
- _ (a+kla _ “(a+k) a
v = = (2-5)
(@2 " Marga  Yarkta
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H; isafactor taking rotational inertiainto account, i isthe vehicle number, n, is the number of
vehiclesinthetrain set, h; isthe altitude of avehicle and g isthe gravitational acceleration and
tistime.

The evaluation distance AX, can be several measuring intervals, k Ax, long, k= 1. Thisis ad-
vantageous for reducing output data scatter, which reduces as AX increases, see Section 4.1.

By shifting AX(a+k)a forward, a = 1....j, along the measuring section by Ax the mean running
resistance with its corresponding mean speed can be estimated successively for each AX until
the end of the measuring section is reached, or the train stops by itself. In thisway j number of

datapairsof (v, Fr) areformed. The data pairs can now be used for fitting apolynomial having
the form:

Fr = A+ Bv+CvV (2-6)

for each test run by means of the method of least squares.

A step-by-step description of the Energy Coasting Method can be found in APPENDIX C.

2.3 Minimising ambient wind influence

While measuring the wind direction and wind speed in the ambience of the test section, testsare
run in both directions al ong the measuring section, thusforming pairs of fitted polynomials. Test
runsin such apair shall have about the same wind conditions with respect to the measuring sec-
tion.

From each pair of fitted polynomials, a mean polynomial, thus mean running resistance, is de-
termined for the two wind conditions.

The mean polynomials determined from each test run pair of the same train consist are then av-
eraged. Thisresultsin wind averaged values of the coefficients A, B and C; thus the wind min-
imised running resistance is estimated. However, this is not exactly the same as running
resistance for no wind conditions, mainly due to the following reasons:

- The magnitude of the increase in aerodynamic drag of a train due to ambient wind, when
running in one direction, is not necessarily the same as the decrease in aerodynamic drag
when running in the opposite direction, even though the wind conditions are exactly the
same, [35].

- The average of aerodynamic drag in side wind is not the same as at zero wind conditions, as
the aerodynamic drag may increase considerably at large side wind angles.

13
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It should be pointed out that only coefficient C, and to some extent B, are expected to show sig-
nificant influence from ambient wind. Coefficient A is considered to originate from mechanical
resistance.

2.4 Errorsin estimated running resistance

A result based on experiments, such asfield tests, is always associated with errors due to faulty
data. These errors can be divided [36] into two main groups:

1. Precision errors which are random and can have different signs and values for each succes-
sive measurement. They can be treated using statistical techniques.

2. Biaserrors which are systematical and occur in the same way each time, often resulting in
an offset from the true value.

241 Precisionerrors
Precision errors, Ep, A€ due to the determination of:

- Speed, v, from which also the evaluation distance can be calculated.

- Each vehicles altitude, h;, given by track data.

An estimation of the maximal error dueto precision errors can be made by analytical means. By
differentiating successively Eq. (2-4) as shown in Eq. (2-7), with respect to v, h and AX, it is

possible to approximately estimate the maximal error AIERp, dueto precision errorsinv, h and
AX for the determined mean running resistance:

+6ﬁRVAh +‘6|ERAAX‘ 2-7
an > AN G(AX)( ) (7)
i=1

oFR
WAV

AIERp =

where |Av] « |v| and |A(AX)| « |AX].

The relative maximal error, €y, due to precision errors can be calculated by:

g, = —F (2-8)

The precision error in speed, Ay, is estimated from:

- Error in measuring precision.

14
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- Variation in wheel radii due to wheel conciliate and variation in track gauge
- Longitudinal oscillatory motions of the measuring car.

A numerical estimation of precision errors, with examples from actual test runsis presented in
Section 4.1.

242 Biaserrors

According to equations Eqg. (2-4) and Eqg. (2-5), the bias errors in the evaluated running resist-
ance are due to determination of:

- Running resistance as a function of mean speed.
- Train mass.
- Rotating inertia.

The determination of running resistance as afunction of mean speed for agiven evaluation dis-
tance AX, givesabias error. Thisis exemplified in the following. For simplicity, we assume no
grades.

The work done by IER(a . I()aas afunction of speed, along AX must equal the decrease

(a+ ka’
in total energy of a coasting train, which speed isin the range of v - Vot k-

Hence, the calculated mean speed V is:

X —X
y= 2tk (2-9)

ta+k_ta

However, assume the running resistance of the coasting train is given exactly by:
Fr(v) = A+Bv+CV° (2-10)

then, for the calculated constant mean speed, the work done by Fr(v=v) does not generaly
equal the dissipation according to the decrease in energy.

Instead by assuming aconstant train speed, v = v which satisfies (2-11) along AX

corr’ (at+k)a’

the work done by Fp(v = v, ) can bewritten as:

corr

) M(1+H)

- _ — 2_\2
(A+BVeq, + CVc:orr)Ax(a+ k)a™ T(Va ~Va+k) (2-11)
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From (2-11) we resolve the constant speed v corresponding to the running resistance:

corr’

. =B

2 M+(1+H)
v oBo” A, T

— iedl - (y2_y2 -
corr™ 2014/@01 C* 20AX Gy gal Ytk (212)

The error in determined running resistance due to the difference between the determined mean
speed and the corresponding speed, varies with evaluation distance AX and speed interval.

Maximal error in determined running resistance due to estimated train mass, my, and the term,
my H, due to rotating masses, can be calculated in the same way as the precision errors:

n, _n
A = | TR A+ | 2R A(M.H,) (2-13)
RO™ gn 2 M T g 2 A
i=1 i=1

\

I
where: MT = Z Mi
i=1

The relative maximal error, €, dueto bias errorsis calculated by:

Fro
Fr

€ = (2-14)

A numerical evaluation of bias errors, with examples from actual test runsis presented in Sec-
tion4.1.
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2.5 Conclusions

The Energy Coasting Method is a useful tool for estimating train running resistance. Running
resistance of any train can be determined on any track regardless of grades. Precision and bias
errors can be estimated. In comparison with other methods, tractive forces, drawbar forces or
similar are not measured, thus simplifying the testing procedures. Also, it is not necessary to
compensate in real time for acceleration due to grades, thus eliminating error sources due to ac-
celerometers and their possible inclinations. On the other hand as with drawbar and tractive
force methods, track altitude data must be correct and available.

Influence of ambient wind upon the determined running resistance can be minimised by aver-

aging polynomials from test runs which are run in each direction along the same measuring sec-
tion during similar wind conditions.

17
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3 Resultsfrom running resistance tests

This Chapter deals only with mechanical resistance and aerodynamic drag. Throughout the fol-
lowing, running resistance, FR, means the sum of mechanical resistance and aerodynamic drag

at non zero speed:

Resistance due to curves, curve resistance, which is apart of the mechanical resistance, and ad-
ditional resistance encountered at starting, starting resistance [9], which decreasesrapidly asthe
speed increases, is not studied separately.

3.1 General conditions

Tests are run with four train types:

1. Conventional loco hauled passenger trains.

2. High speed trains.

3. Ordinary freight trains, (from now on just called freight trains).

4. Oretrain.

Train data and corresponding running resistance coefficients for the train types are summarised
in Table 3-3 - Table 3-6.

Ambient temperature, wind speed and direction, plus atmospheric pressure are recorded locally
at the measuring section during the tests; see Table 3-1. The anemometer is calibrated inawind
tunnel.

Table 3-1 Atmospheric conditions during tests

Trai Temp. (°C) Wind speed (m/s) Atm. pressure (hPa)
ran . . :
mean, (min./max.) mean, (min./max.) mean, (min./max.)
Conv. passenger 25, (-7/'7) 3.4, (1.2/10.0) 994, (983/1025)
High speed 15.0 19 1007
Freight 2.4, (-8/8) 3.3, (0.0/13.3) 1021, (1008 /1033)
Oretrain 15.0 --, (0.0/5.0)

Different measuring sections having different track types are used for tests with different types
of trains. The track types are summarised in Table 3-2 for comparison.

Track altitude data for each test section was measured before the tests started [48].
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Table 3-2 Track type properties

Track 1 Track 2 Track 3 Track 4
Mass of rail (kg/m 50 43 50 60
Rail type welded, CWR jointed welded, CWR  welded, CWR
Rail pad hard rubber steel hard rubber soft rubber
Sleeper concrete, SJ101 wood wood concrete
spacing 65cm  spacing 55 cm

Ballast macadam gravel macadam macadam
Curves Straight straight straight R> 7000 m

CWR = Continuous Welded Rail

3.1.1 Conventional loco hauled passenger trains

Four conventional passenger trains, P1 - P4, of different lengths are used as shown in Table 3-
3. Each train consists of 1 locomotive + trailing cars (empty. An ordinary passenger car, SJ
AB3RT, isused asameasuring car. Theinfluence of the measuring car, SJ AB3RT, upon therun-
ning resistance is assumed to be of about the same magnitude as an SJ B7 car. The measuring
car isthustreated as an SJ B7 car in the evaluation.

The speed profile is recorded and measured by means of tacheometer. Bogies of the passenger
cars are of type Minden Deutz with relatively stiff wheelset guidance.

The total projected frontal area for each passenger train is approx. 12.5 m2. The ventilation of

the passenger cars is shut down during tests. The locomotive uses about 15.2 m3/s of cooling
and ventilation air in all tests [47].

Tests for P3 are run on Track type 1 and 2. No rail lubrication is present. The wind averaged
result of the test runs on each track, could thus be compared for the same train.

No curves occurs for the measuring section on Track 1 and 2.

An evaluation distance of AX = 1000 m and AX = 100 m is used for speeds above 10 m/s and
below 10 m/s, respectively.

3.1.2 High Speed trains

Three configurations are used, as shown in Table 3-4. Two of the trains consists of 1 power unit
(pu.) + cars+ 1 power unit (pu. Train X2, usually known as SJ X2000, consists of 1 pu + 4 cars
+ 1 driving trailer (dt). No special measuring car isused. The speed profileis measured on board
the train by means of tacheometer. None of the trains is carrying passengers during tests. The
weight of the train is determined by means of a scale. Bogies of the cars are of the radial self-
steering type.
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The ventilation of the passenger cars is shut down during tests. The power unit uses about 14
md/s of cooling and ventilation air in all tests, [13]. The total frontal areafor each train is ap-
proximately 10.5 m?,

Tests with X2-5 and X2-7 are performed on a CWR Track type 4 where the measuring section
contains grades and curves having large radii of 7000 m. These curves are judged to have no
significant influence on running resistance, in particular asthe bogiesare of theradial self-steer-
ing type. Tests with X2 are performed on track type 1 on a measuring section with no curves.
An evauation distance of AX = 2000 - 7000 m and AX = 10 - 100 mis used for speeds above
10 m/s and below 10 m/s, respectively.

3.1.3 Freight trains

A total of seven freight trains, F1 - F7, are tested, as described in Table 3-5. Two different
freight wagons, the covered type Hbis and the open type Oms are used to form homogeneous
and mixed train configurations, consisting of alternated Hbis and Oms wagons. In the tests
where the influence of axle load upon running resistance is determined, only Hbis wagons are
used. The weight of each wagon is estimated by means of a scale. The same Hbis wagons are
used in the axle load tests.

Themeasuring car isan SJ Qib 022 equipped with one axle with non-conical measuring wheels.

The locomotive used for these tests is an SJ Re4, which uses about 15.4 m3/s of cooling and
ventilation air in all tests.

All tests are run on the same measuring section on Track type 1, asthe passenger trains P1 - P4.
No rail lubrication is present. An evaluation distance of AX = 2000 m and AX = 100 mis used
for speeds above 10 m/s and below 10 m/s, respectively.

3.1.4 Oretrains

Separate tests are run with one four axle ore wagon, OreW, having 3 different axle loads. Tests
are also run with a short ore train, Ore-T. Consisting of one SJ Rm locomotive + 10 Uad ore
wagons. OreW differsfrom Uad in length and bogie type, where its axles are guided more softly
than in Uad, which is equipped with so-called “three-piece bogies’. The weight of each wagon
is determined by means of a scale. The locomotive is of type SJ Rm which resembles SJ Rc4
aerodynamically.

For OreW and Ore-T, speed is recorded aboard an ore wagon and measured by means of tache-
ometer. The measurements are triggered by reflexes as the wagon enters a measuring section.

Tests are run on Track type 3 on atangent measuring section. No rail lubrication is present. The
sleeper spacing on Track 3 is55 cm.

An evaluation distance of AX = 2000 m and AX = 10 m is used for speeds above 10 m/s and
below 10 m/s, respectively.
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3.2 Test results

The results of the full scale tests for passenger, high speed, freight and ore trains are shown in
Table 3-3 - Table 3-6, respectively.

The results are wind averaged in accordance with Section 2.3, and are considered to be an ap-
proximate mean value of running resistance during the prevailing wind conditions. Comparison
of results achieved at no wind conditions with wind averaged, for the same freight train set,
shows a difference of 1.0 - 2.5% in running resistance at 25 m/s.

Table 3-3 Loco hauled passenger trains. Train data and resistance coefficients.

. . Traling *Tot. mass Tot. Track A B C
Train  Config axl%g (tonnes) length(m) type  (N) (Ns/m) (Ns¥m?)
P1 loco+1 4 124 40 1 2150 8 6.9
P2 loco+5 20 300 145 1 3300 28 10.8
P3 loco+9 36 476 251 1 4400 48 14.7
P3 loco+9 36 476 251 2 5050 113 14.9
P4  loco+ 13 52 562 356 1 5500 68 18.6

* Mass of loco SJ Rc6 included 74 tonnes.

Table 3-4 High speed trains. Train data and resistance coefficients.

Tot.mass Length Track A B C
(tonnes) (M) type  (N) (Ns'm) (Ns?m?)
X2-5 pu+3cas+pu 20 300 109 4 1600 51.6 6.22
X2-7 pu+S5cas+pu 28 398 159 4 2300 57.8 71.74
X2 pu+dcas+dt 24 318 139 1 2000 400 6.90

Train Config Axles
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Table 3-5 Freight trains. Train data and resistance coefficients

Total Axle® Tottran A B c

Train Config  Wagons Axles  mass load length
% (tonnes) (kN) (m) (N)  (Nsm) (st/mz)

F1- ey 36 72 1470 183 514 15400 279 49.2
mixed
F2- w3 24 48 1041 187 355 11500 258 37.0
mixed
F3- = 12 24 579 185 195 7000 92 21.6
mixed
F4-  mEm 18 36 797 183 294 8000 148 20.9
Hbis
F5- B=Ee 18 36 581 124 294 6750 142 20.2
Hbis
F6- 3t 18 36 395 73 294 5600 160 20.7
Hbis
F7- gy 18 36 798 183 256 8050 73 30.2
Oms

* Loco SJ R4 and measuring car not included.

Table3-6 Orewagon and oretrain. Train data and resistance coefficients.

Train Confi Axles Tot. mass Axleload Length A B C

g (tonnes)  (kN)  (m)  (N) (NIm) (N&2/m?)
OreW-1 1 Uad 4 21.2 52 9.8 450 -2 4.7
OreW-2 1 Uad 4 100.0 245 9.8 1100 -2 4.7

OreW-3 1 Uad 4 118.8 291 9.8 1300 -3 4.4

Ore-T SIRm+ 40 1090.0 245 100 12000 20 16.75
10 Uad
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4 Analysisand discussion of evaluated running resistance

In this chapter, the error in the evaluated running resistance is estimated. The resistance coeffi-
cients A, B and C are analysed as well.

4.1 Discussion and comparison of errorswith test runs

In this section, anumerical estimation of errors according to Section 2.4 is made and compared
to errors of actual test runs.

According to the precision error in speed, Ay, is estimated from:

- Error in measuring precision of about £0.002 m/s[39].

- Variation in wheel radii due to wheel conicity and variation in track gauge, if an ordinary
passenger car with conical wheelsis used as measuring car.

- Longitudinal oscillatory motions of the measuring car.

If a measuring wheelset, of an ordinary passenger car, with an equivalent conicity of 0.2 - 0.4,
[54] isused; avariation in track gauge of £5 mm gives avariation in wheel radius of +0.5- 1.0
mm. This resultsin an additional error in speed of approx. 0.1 - 0.2%.

Longitudinal oscillatory motions of the measuring car, with respect to the train’s mean speed
superimpose an error in determined running resistance. By assuming for a short speed interval,
alinear decreasein thetrain’s mean speed, the magnitude of the speed variations can be approx-
imately determined. An average speed variation of the measuring car of approx. £0.05 m/swith
respect to the train’s mean speed is observed in some test results [13].

The estimated precision error, Ah;, in the altitude of each vehicle with respect to track datais
approximately +10 mm and -80 mm [45]. However, for an evaluation distance of AX =100 m,
an error of -80 mm with respect to track data is judged to be unusual [46]. Therefore it is as-
sumed that for AX = 100 m, the error in the atitude of each vehicle's centre of gravity is +10
mm and -40 mm.

The precision error, A(AX), in determined evaluation distance, is estimated from:
- Error in measuring precision, as measured by the measuring car, which is about £0.1%,

[39], for acylindrical measuring wheel.

- Variation in whed radii. For awheelset, with an equivalent conicity of 0.2 - 0.4, the dif-
ference in wheel radius is due to variation in track gauge, superimposing an error in
determined evaluation distance AX of about +0.2%.

Since AX is measured by the measuring car and taken as a mean value for the whole train, the
rest of the vehicles have an additional error in their individual AX due to their oscillatory mo-
tions. Thiserror is however comparatively small.

The estimated values of maximal precision errors are:
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[+ 10 mm, for al AX

O
Ah; = 40 mm, AX = 100 m

80 mm, AX = 1000 m

_ [#0.052 m/sfor cylindrical measuring wheel.

Av=
E;t0.0S + 0.002v m/sfor conical worn type measuring wheel.

A(AX) _ (+0.001 for cylindrical measuring wheel.
AX E;t0.00B for conical worn type mesuring wheel.

According to Section 2.4.2, bias errors are due to determination of:

- Running resistance as a function of mean speed.
- Train mass.
- Rotating inertia.

The error in determined running resistance due to the difference between the determined mean
speed and the corresponding speed, varies with evaluation distance AX and speed interval. For
train F1, the evaluation distance AX = 100 m is used for lower speeds, v < 10 m/s, and AX =
2000 mis used for higher speeds, v > 10 m/s. This effect of the discrepancy in speed upon the
results of running resistance is small. For train F1, at v = 10 m/s and AX= 2000 m, the relative
difference in running resistance is about 0.8 % [15] at a calculated speed difference of

Veorr — v = 0.16 m/s.

The error in determined train mass, M, is approximately +500 kg/vehicle. The estimated error
in the term, MTH, accounting for the rotating inertia is approximately £120 kg/wheelset [12],
caused by different wheel radii due to wear.

Inthefollowing, the error analysisfrom Section 2.4 is applied and exemplified on afreight train
consisting of a SJ Rc4 electric locomotive + 36 wagons. The wagons are of the closed SJ Hbis
and open type SJ Oms, alternated to form a mixed consist. This mixed freight train is referred
to asF1. Testswith thistrain configuration represent arelatively difficult case, due to scatter in
output data caused mainly by ambient wind, in comparison with a smooth high speed train.

The estimated relative maximal precision, €p, and bias errors, &, according to section 2.4.1 and
2.4.2, are shown for comparison in Figure 4-1 and Figure 4-2. The total relative maximal, €,
error is

€1 = €,1 €y (4-1)
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Figure4-2 Edtimated relative maximal errorsfor train F1 at AX = 2000 for different
Speed.

An important effect of the evaluation distance AX, is that precision errors, and thus the scatter,
around the fitted polynomial, decrease considerably for increasing values of AX, as shown in
Figure 4-1.

These estimated maximal errorsare shownin Figure4-3, aserror barsaround fitted polynomials
from asingletest run. The coefficient of determination, denoted by R2, isameasure of how well
the data is explained by the fitted polynomial. The higher value of R?, the better the fit.
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Figure4-3  Example of scatter and maximal error barsfor estimated mean running resist-

ance. Singletest run with train F1, for a) AX = 100 m and b) AX = 2000 m.
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A source of error difficult to control, are the longitudinal motions of the vehiclesin atrain. This
affects the estimation of the train speed, since the measured speed is in fact the speed of the
measuring car; thus the determined running resistance is also affected. The big scatter in Figure
4-3 3, in the speed interval of 30 - 34 m/s at the beginning of the test run, is most likely origi-
nating from the measuring car’slongitudinal oscillatory motions asthelocomotive' sdriveiscut
off somewhat too late at the beginning of the test run.

The value of AX has an another important influence upon the result of curve fitting with the
method of least squares. Asthe value of AX increases, the number of data pairs, and the speed
interval over which the running resistance polynomial is fitted, decreases. Thisis exemplified
by atest run in Figure 4-4 evaluated with three different AX, AX = 5000 m, AX = 2000 m and
AX =100 m. A large value for parameter k, thus a large AX, may cause problemsin attaining a
correct curve fit for the running resistance, with respect to low and high speeds. The effect of
the bias error due to determination of running resistance as a function of mean speed, is also
clearly shown in Figure 4-4.

Influence of AX

12010° I ' '
11-. - .aX:5000m
100107 AX = 2000 m
: ......... Ax: 100m
80103 ] 5

. /'.'
6010° 2

E i
m- ] /
4010° /f’
7 |~ Train F1
2010°% J— o™ Track 1
] Test No. F1:4
0 | T LI ) T T T LI ) T T T T T T T T T T T T T T T T I LI ) T T T LI ) T
0 5 10 15 20 25 30 35 40
Speed, v [m/g]

Figure4-4  Comparison between polynomials of estimated running resistance for the
same test run with different AX.

From full-scal e tests with conventional oco-hauled passenger trains and various freight trains
it isdetermined [15] by means of Student’s t-distribution that for a confidence interval of 95 %
the uncertainty in wind-averaged running resistance is about + 8 %, taken as an average for all
speeds. However, from tests performed with passenger trains a standard deviation of less than
+ 3 % isachieved from individua test run pairs at 25 m/s (90 km/h).
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4.2 Speed independent resistance - term A

421 Influenceof axleload

Influence of axle load can be investigated by taking the difference in term A between train F4,
F5, and F6 and expressing it as afunction of corresponding differencein axleload per axle, see
Figure 4-5. In this way the influence of the loco + measuring car is approximately subtracted
from the results for the freight trains

70
60
50
40

30

AA (N)

20

10

0 2010° 4010° 6010° 8010° 10010° 12010°
AQ (N)

Figure4-5 Changeinterm A per axle dueto changein axle load.

By means of linear regression, the change in A per axle due to changein axleload is

Freight: AA= 0.60 (10 °AQ (N) (4-2)

The variation of term A per axle for asingle ore wagon due to axle load is shown in Figure 4-6.
It isclearly seen that running resistance increases approximately linearly and just slightly with

increasing axle load. An increase of about 150% in axle load, for the freight trains tested, rises
the running resistance by about 2.5 kN.
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Figure4-6 Variation of term A per axle dueto axleload for an ore wagon.

Ore: A= 66+ 0.9 (10 °Q (N) (4-3)

4.2.2 Influence of number of trailing axles

Results for term A, as afunction of number of trailing axles for freight wagons, passenger cars
and high speed trains, are shown in Figure 4-7. Term A is approximately linear with respect to
the number of axles, at constant axle load for each train. The locomotive and propulsion units
are included in order to distinguish their contribution.
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Figure4-7 Term A asafunction of number of trailing axles.
The axle load of the freight wagons is adjusted to 183 kN by using Eq. (4-2).
Loco or power units are included.

Term A for the test trains run on track 1, is described by the equations:

loco + four axle passenger cars: A= 1880 + 70n,, (N) (4-4)

loco + two axle freight wagons: A= 2540+ 175n,_, (N),  for Q=183 kN (4-5)

Thefirsttermin Eq. (4-4) - (4-5) isbelieved to originate from the mechanical resistance caused
by the locomotive SJ Rc6 and SJ Rc4, respectively. The estimated contribution of the measuring
car SJ Qib 022, of approx. 300 N, is subtracted in (4-5). The contribution in (4-5) to the A term
from the locomotive SJ Rc4, isin this case about 2540 N. This can be compared with the 1880
N for the loco SJ Rc6, in (4-4). However, it is not possible to estimate the constantsin (4-4) and
(4-5) with such accuracy. Instead, for practical reasons, the contribution from the locomotives
to the constant terms is assumed to be the same; approx. 2000 N. The second term in (4-4) and
(4-5) isthe speed independent part of the mechanical resistance for the passenger cars and the
freight wagons, respectively. For the high speed train, the term A is calculated by:

pu+4 axlecars+ pu: A=550+ 88n_, (N) (4-6)

Thefirst termin (4-6) which represents the resistance of two propulsion unitsisremarkably low
and thus probably unreliable. Fitting a straight line through only two data pointsisrisky for the
analysis, since asmall error in one of them can cause alarge error in (4-6).
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Combining EqQ. (4-2) with (4-5), the total A term for trailing two axle freight wagon axles can
be written as a function of axles and axle load:

”ax

A=y (65+061Q) (N) (4-7)

i=1

valid for at least 73 KN < Q< 183 kN.

Term A for the ore wagons as a function of number of axles and axle load is determined from
(4-3) which results in:

”ax

A=y (66+090) (N) (4-8)

i=1

valid for at least 52 kN < Q <291 kN.

Thefirst termin Eq. (4-7) and (4-8) is believed to originate mainly from the part of roller bear-
ing resistance which isindependent of axleload, [51], [52]. The second term isbelieved to orig-
inate mainly from the portion of mechanical resistance, dueto the deflectioninthe Track andin
thewhed - rail contact area, aswell asfrictional forcesinthewheel - rail interface. Dissipations
due to these phenomena are dependent upon the axle load. Eq. (4-7) isonly valid on Track 1 for
freight wagons with two axles and conical roller bearings, while Eq. (4-8) isonly valid on Track
3 for ore wagons.

4.2.3 Influenceof track type

Itisclearly seenin Table 3-3, that running resistance on Track 2, jointed tails on wooden sl eep-
ersin gravel, is higher than on Track 1, for the same train P3. The estimated wind averaged C
coefficients resulting from test runson Track 1 and Track 2, are ailmost the same. The difference
between the two C coefficients is about 2%. This consistency in the C coefficient, which origi-
nates mainly from the aerodynamic drag, shows that the increase in running resistance on Track
2 isprobably due to increased mechanical resistance. This conclusion is also plausible because
it is hard to find reasons that aerodynamic drag should be dependent upon track construction
and maintenance standards.
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4.3 Resistancelinearly dependent upon speed - term Bv

4.3.1 Influence of axleload, train massand train length

Coefficient B is normally expressed as function of train mass, [8]. However, from tests with
freight trainson Track 1 and orewagonson Track 3, see Figure 4-8, wherethe axleload isvaried
for the same train configuration, F4, F5 and F6, and the ore wagon OreW, no systematic varia-
tion of coefficient B, due to axle load, can be distinguished.

200 [ T T T 7T T T 17T T 17T T T 7T T T T 7T T Fre| ght tra| n ]
[ J ontrack 1
150 | | v
- F6
F5 F4
=73 kN
~ 100 N —Q=124kN ——Q=183kN
2 ‘ ]
i ]
2 50 | ]
fan| ]
Ore\_N—l 9eW—3 ‘ ]
0 = F Single ore wagon ]
i on track 3 i
[ OreW- 2 | | ]
_50 L i i1 1

0 100 200 300 400 500 600 700 800
Train mass (tonnes)

Figure4-8 Variation of coefficient B asa function of train mass, due to change in mean
axleload Q. Train length is constant for each type of train. Locomotive and
measuring car are not included in the mean axle load of F4 - F6.

Although there are statistical uncertainties in the determined B-coefficients it may indicate that
the main part of this coefficient is not due to mechanical resistance but rather originates from
portions of air drag not covered by Cv2. Therefore, coefficient B may be expressed as afunction
of total train length rather than train mass. Thisis shown in Figure 4-9. It clearly indicates that
the B-term isalmost linearly dependent on the train length, although train F2 is outside thisten-
dency.

During the evaluation of the test runs, a positive correlation was observed between ambient
wind and the scatter of the magnitude of coefficient B. This supportsthe hypothesisthat the ma-
jor part of the B-term originates from the air drag.
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Figure4-9 Coefficient B asafunction of train length. The dotted line for the freight trains
coincideswith P1, if F2 is omitted.

From Figure 4-9 it isobserved that in the freight train case test resultsfor coefficient B, F1 - F3,
are not linear with respect to train length as for the passenger trains. However, if the results for
coefficient B for passenger aswell asfreight trains are depicted together, it is seen that by omit-
ting the B coefficient for train F2, amost a straight line, dashed, can be drawn through the re-
sulting B terms of trains F1, F3 and P1. Train P1 consists of a measuring car and alocomoative.
It should therefore be possible to extrapolate the B coefficient for train P1 from the B coeffi-
cients of the freight trains, since the locomotive and the measuring car in the freight trains are
much aiketrain P1. Thiscan bedoneonly if the B coefficient for train F2 isomitted. Therefore,
it ismost likely that the result of the B coefficient for train F2 is somewhat erroneous.

Coefficient B for a passenger and freight train of mixed consist on Track 1 is described by:

Passenger train: B= 1+ 0.19L; (Ns'm) (4-9)
High speed train:B = 38 + 0.12L (Ns/m) (4-10)
Freight train: B=—22+ 0.58L (Ns/m) (4-11)

where Lt istrain length.

The negative constant in (4-11), cannot be explained by simple means. It isimportant to remem-
ber that (2-6) is only an algebraic approximation of the running resistance. The parts of the run-
ning resistance that depend upon powers of speed other than those in (2-6), affect the values of
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the fitted A, B and C coefficients. The statistical uncertainty in the B coefficient is significant,
therefore a thorough explanation of coefficient B is not meaningful. Also, the negative constant
does not produce any significant contribution to the total running resistance.

4.3.2 Influenceof Track type

Tests with train P3 result in higher values for the B coefficient on Track type 2 than on Track
type 1. Dueto statistical uncertainty it is not possible to conclude if this originates from the dif-
ference in Track types or not. However according to [4] dynamic motions of the vehicles con-
tributes to the B coefficient. Track type 2 has more track irregularities which cause the vehicles
to sway more on Track type 2 than on Track type 1.

4.3.3 Influence of air momentum drag

A trainset ingests air for cooling and ventilation. This causes additional air momentum drag
[53].

Tests are run with the ventilation of the locomotive, on at its maximum aswell as shut off. The
ventilation of the passenger carsin P1 - P4 during the tests is shut off. No effect from the air
momentum drag due to ventilation is distinguished in the test results. However, this result does
not prove that such an influence does not exist.

A locomotive, SJ Rc4, as used in the freight train tests, ingests at most about 15.2 mS of air for
cooling and ventilation. According to [8] the contribution to the resistance from the air momen-
tum drag of the locomotive is calculated by

Fo = WVint ~ 20 4-12
Dint"'p dt V= v ( )

where Vi is the air intake volume per second and the air density, p, is 1.3 kg/mS3 at 0° C and
1013 hPa.

For P3, the drag due to ventilation at 30 m/s (108 km/h) is about 600 N. Thisis about 3% of the
total running resistance, thus making it difficult to distinguish in the test results.

Air momentum drag was not investigated for the high speed, freight or oretrains.

4.4 Resistance dependent upon speed squared - term Cv2

Aerodynamic drag, the part which is dependent upon speed squared, is usually written for no
wind conditions as

1 2 2
Fp = épAfCDv = Cv (4-13)
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where A is the projected cross section area.

Coefficient Cisconsidered to originate mainly from the part of aerodynamic drag, that depends
upon the speed squared. It is convenient [35] to express coefficient C as air drag area CpAs:

CoA = %C (4-14)

In Figure 4-10, the wind averaged CpAy is shown as a function of total train length.

The resultsreveal that aerodynamic drag for passenger, P1 - P4, and freight trains, F1 - F3, in-
creases approximately linearly with train length. Thisis also supported by [35].

According to the test results the aerodynamic drag can be written:

2

_1 _1 2 _ ~2
Fp = QPATCDV = 5pAf(cp+ CLpVv™ = Cv (4-15)
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Figure4-10 Comparison of linearised drag areas, Cp Ag.
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By means of the method of least squares, alineisfitted to the wind averaged results of
Cp Ay, giving:

Conventional passenger trains: CpA;= 8.3 + 0.057L+ (m?) (4-16)
High speed train X2 with 2 pu: CyA; = 4.7 + 0.050L (m?) (4-17)
Freight trains of mixed consist: CpA;= 8.2 + 0.133L1 (m?) (4-18)

The first term in CpAs expresses the contribution to the pressure and suction drag acting on the

front and rear of atrain, [35]. In these terms the drag contribution from pantograph and roof
equipment of the loco is also included. The second term, linearly dependent on train length, is
assumed to originate from skin friction and pressure effects along the train.

The pressure and suction drag area constant of 8.3 m? in (4-16) for the passenger trainsis con-
sidered to be a more accurate value than that of the freight trains, because of less scatter in the
input data used for the evaluation of running resistance.

Setting the value of the pressure drag to 8.3 m? for trains F4 and F7, and assuming alinear de-
pendency upon train length, it is possible to expresstheir wind averaged air drag areaasalinear
function of train length as well. This can be done since locomotive SJ Rc6 and SJ Rc4 are aer-
odynamically almost identical, hence should the air drags of the locomotives be the same.

Freight trains consisting of

covered Hbis wagons: CpA¢ = 8.3 + 0.079L (m?) (4-19)
open type Oms wagons: CA; = 8.3+ 0.149L (m?) (4-20)
Oretrains: CpA;= 8.3 +0.175L1 (m?) (4-21)

In Figure 4-10, the wind averaged Cp Ay is expressed as a linear function of total train length.
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45 Conclusions

Running resistance can now be reliably determined for Swedish conventional passenger trains,
high speed trains, ordinary freight trains and ore trains for different axle loads, train lengths and
Speed.

Theoretically, the total maximal relative error in running resistance is approximately + 8% for
the freight trains. From full scale tests a standard error of less than 3% is achieved for the test
run pairs. The Energy Coasting Method is sensitive, like al other methods, to precision errors
in speed and in determined Track altitude. This can be coped with by choosing an appropriate
evaluation distance, since scatter of the data from which a running resistance polynomial isfit-
ted, decreases with increasing evaluation distance. However, for obtaining enough output data
for low speeds, a short evaluation distance is necessary.

Term A increases linearly with number of axles and can be divided into two parts. One part is
constant for a given type of running gear, while the other part increases approximately linearly
with the axle load. Thisterm is also affected by track standard; for a passenger train it is higher
on ajointed track having wooden sleepers and gravel ballast, Track type 2, than on a CWR hav-
ing concrete deepers on macadam, Track type 1.

Term Bv can be divided into two parts and increases approximately linearly with number of ax-
les or train length but does not show any systematic variation with axle load. Thisimplies that
term Bv is probably affected by the part of aerodynamic drag not covered by the quadratic term.
Air momentum drag due to ventilation can not be distinguished from the test results, likely due
to its small contribution to total running resistance. Term Bv is also probably affected by track
standard and is higher on Track type 2 than on Track type 1 for a passenger train. Small negative
test results for coefficient B are not uncommon.

Term Cv2 can be divided into two parts. The first part is constant and depends mainly upon the
front and rear of the train. The second part increases approximately linearly with train length.
Thedrag areaasafunction of trainlength for train F7, which consists of open type Omswagons,
is higher than that of atrain where the Oms and covered Hbis cars are alternated, trains F1, F2,
F3, despite their quite small cross section area. Thisis most likely due to the poles along each
side of the wagons. Moreover, both of the configurations with open type wagons or alternated
covered/open type wagons shows considerably higher drag area than train configurations with
covered type wagons only.
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5 Influence of measured ambient wind on air drag during
full scaletests

It is outside the scope of this study to explain in detail the influence of various wind conditions
upon aerodynamic drag. However, the influence of head and tail wind in the test resultsis not
consistent with conventional theory based on relative speed between train and wind. Therefore,
thisissuewill be further analysed and discussed. A model for the influence of head and tail wind
Is suggested in Section 5.2.

5.1 Test resultsversus conventional theory based on relative speed

In this Chapter the discussion will be focused mainly on the effects on amost pure head and tail
wind. Investigations and discussions will, in this context, be limited to the C term, i.e. the term
depending upon speed squared. Thisisin most cases the term contributing to at least 80 % of
theair drag at the train”s maximum speed (cf. Sections 3.2, 4.3 and 4.4). Thisis not to state that
the B term (linearly dependent on speed) isnegligiblefrom an air drag point of view (cf. Section
4.3.1), especialy not in strong side winds. However, the latter effects will not be studied in de-
tail or discussed here.

Aerodynamic drag, not including the B-term, against the direction of travel, is normally pro-
posed, [64], to be determined by:

Fo = 3PACH(BIVEy (1)

where Cp(B) is the drag coefficient corresponding to air drag forces in the longitudinal direc-
tion, as function of yaw angle 3. Yaw angle ,, and relative wind speed, v¢, are defined in Eq.

(5-2) and (5-3), respectively. The relations can be identified from the vector representation in
Figure 5-1.

0 stincx 0

B = aanF———— (5-2
[V + v, Cosog
_ «/ 2 2
\Vre|| = J(ve+ v, + 2v Dy, cosa) (5-3)
v = train speed
Vv = wind speed

o =wind direction relative to measuring section
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Figure5-1  Definition of yaw angle 3 and relative wind speed v

From Figure 5-1 it is seen that the yaw angleis 3 = 0° for pure head wind, a = 0°, and for pure
taill wind, a = 180°. The aerodynamic drag for pure head and tail wind, calculated as normally
proposed, isthus

Pure head wind: F, = %pATCD(O) v +v,,)?2 (5-4)

Pure tail wind:F = %pAfCD(O) Qv -v,)? (5-5)

Let us take one example by considering the aerodynamic drag for train P2, loco + 5 cars, for
almost pure head and tail wind conditions, as shown in Figure 5-2. The influence of wind cal-
culated by Eq. (5-4) and Eg. (5-5), upon aerodynamic drag for head and tail wind does not agree
with test results, as determined in this study.
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Figure5-2 Example of influence of wind upon running resistance for train P2,
loco + 5 cars.

From Figure 5-2 it is seen that the change in aerodynamic drag for train P2, loco + 5 cars, at a
train speed of v =35 m/s, isabout 2 - 3 kN for ahead wind of v, = 6.6 m/s.

Calculating the influence of head wind by using Eq. (5-4) and (5-5) for the same train P2, by
setting 3 = 0°, gives for the same conditions as in Figure 5-2:

1 2 2 2 2, _ agv = 35 m/SD
AFy = EpAfCD(O) AV, g =V ) =C(Vg—V) = %/ — 66 m/%:S.S KN (5-6)

w

This calculated increase in air drag of 5.5 kN is not in agreement with the increase of approx.
2 - 3 kN as found from the test results, shown in Figure 5-2. The evaluated increase in air drag
due to wind is about 50 % of the calculated by Eq. (5-1).

This phenomenon appeared for all the test runs performed with passenger trains. Similar results

for the increase in air drag due to wind, were obtained by [62]; however, no thorough explana-
tion for this phenomenon is given.
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5.2 Model for influence of head and tail wind

A possible explanation to this phenomenon may be the actual variation of wind speed with
height above ground, [64], [65], as schematically shown in Figure 5-3.

Height above ground , =[]
\

o

i

Figure5-3  Schematic wind speed profile.

The wind speed as a function of height above ground can be calculated from, [65]:

~|

Vi = InEt—ZOE; 2>z, (5-7)
where:

z = height above ground (m)

Zp = roughness length (m)

Uy = shear speed (m/s)

k =0.4, von Karman's constant

The roughness length, zy, which is a measure of the roughness of the terrain, surrounding the
track, is purely empirical, [65]. Zg istypically about 0.01 - 0.04 m for low grassand 0.9- 1.0 m
for pine forest.
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If the wind speed is measured at a specific height, zy, > zy then the local wind speed profile,
according to [65], is:

040
lnEtOD

In%ﬁg

o

v (2 = v, y Zm> 2y (5-8)

Vm = measured mean wind speed (m/s)
Zm = measuring station’s height above ground (m)
Influence of head wind, cos = 1, upon aerodynamic drag, can now be approximately cal cul at-

ed, from the basic Equation (5-4), if the aerodynamic drag is, for smplicity, divided into front
and rear pressure drag, car body drag and undercarriage drag.

Figure5-4  Schematic variation of wind speed as a function of height above ground.
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Front and rear pressuredrag:

hy
1 0

0

1 2 >

Fop= EpCpA@/ + —hT—ZO.[ (2v v, (2) + VW(Z))d)é
24y

where:

Cp = mean front pressure and rear suction drag coefficient
ht = height of vehicle (m)
Vyy = wind speed (m/s)

Car body friction drag is divided into drag from side walls and roof:

I:Db = I:Dwall + |:Droof

where:

drag from sidewalls:
1 . 2 1 i 2 .
I:Dwall = épCwaall %’ + MI (2v D/W(Z) + VW(Z))d%
N h O

u

C; = mean skin friction coefficient of the side walls or roof

hy = height of undercarriage, see Figure 5-4.

Apall = 2 L1 (hT - hy), total sidewall area of the train

(5-9)

(5-10)

(5-11)
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drag from roof:

2
0 [h
0 Inﬂ—%
==-pC \Y -
Droof ~ oF™f roofD m z
0 In
0 [Foll
Aroof = by Ly, total roof area (m?)
bt =tranwidth (m)
Undercarriage drag:
1 . 2 1 , 2 .
Fou= épCuLTAB/ + moj' (2v 04, (2) + Vi (2))dz (5-13)
O u Z O

Undercarriage drag coefficient, C, is calculated from:
1 2 _1 2 . 1 1.2
SPCULTAN T = SPACILLY — 5PCAgof + SPCANaIRY (5-14)

2(h++h)+b
C, = C & (hr*hy) * by (5-15)
A

where C; isthe total mean pressure and friction coefficient along the train from Eq. (4-15).

The running resistance including the influence of head or tail wind, can now be calcul ated from:
Fr = A+Bv+Fp +Fpy+Fp, (5-16)

In Figure 5-5 and Figure 5-6, the aerodynamic drag due to wind is added to the wind minimised
running resistance polynomials according to Eg. (5-16). The agreement is good with the results
received for windy conditionsif the empirical roughness length is assumed to be in the range of
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0.2 - 0.4 m. Thefollowing values for the constantsin Eq. (5-9) - (5-15) are used for calculating
the aerodynamic drag, including head or tail wind:

CpAf =83 m? ht = 4.1m, approx height of train
C/A¢ =0.057 hy =1.0 m, (measured)
Af =125 m? zg = 0.2m, roughness length (empirical)
HCp = 0.66
O & Zm = 2.3 m, (measured)
| = 45601073
¢ =0.0015, (approx.) bt =3.0 m, approx. width of train
according to [66]. p =127 kg/m3, (T =5° C, p =1013 hPa)
9010° .

80103
7010°
601073
FR(N) 50103
40103
3010°
20103

10103

Test run: train Pé, head wind 2°, 5.2'm/s

Test run: train P3, tail wind 4°, 4.7 m/s

Calculated polynomials by Eq. (5-16) \
»
N \
\ b [
- ~ \\ ;/
\ N de T e
— = (‘,4'/ d
‘ 7-4,.)/ Train P3 ]
» Track 1

5 10 15 20 25 30 35 40 45 50
Speed (M/s)

Figure5-5 Comparison between determined running resistance for windy conditions and
wind minimised polynomials where the calculated aerodynamic drag due to
wind, Fyy, isadded. Train P3, loco + 9 cars.
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Figure5-6  Comparison between determined running resistance for windy conditionsand
wind minimised polynomials where the calculated aerodynamic drag due to
wind, Fyy, isadded. Train P4, loco + 13 cars

5.3 Conclusions

The resulting influence of head and tail wind is considerably lower for the tests, than estimated
from the conventional method by considering relative speed between train and wind.

The effect of head and tail wind upon aerodynamic drag for passenger trains can be approxi-

mately calculated, if the vertical distribution of the air flow above ground is considered, thus
giving good agreement with test results.
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6 Freight train testing - energy, running time and driver
behaviour

Ordinary Swedish freight train operations were studied in special tests during 1996-97. An elec-
tric locomotive was instrumented for measuring and recording variables such as speed, power-
ing and braking levels, power intake, line voltage, motor currents, auxiliary power, ATC
signalling data, etc. Also GPS information on positions was recorded. From these dataiit is pos-
sible to estimate tractive forces, accelerations and retardations, wheel slippage, geographical
position etc., aswell as driver’s actions.

A great number of variousfreight trainswere run with thislocomotive all over the Swedish long
haul freight rail network.

This Chapter describes the tested locomotive and freight trains, test sections and the automatic
train control system (ATC) aswell asthe experimental setup. Samples of datafrom the testsare
shown in Chapters 7-11.

6.1 Objectivesand general information

The objective of the full-scaletestsisto provide the necessary datafor making a model of trains
and their drivers, with respect to running time, energy consumption and driver behaviour. At
this stage only freight trains are tested and modelled.

Tests were performed during the time period June 1996 - August 1997. Testing equipment was
installed by former SJ Rolling Stock Division’s Laboratory, partly for SJ:s own purposes. KTH
was allowed to participate in the tests. The test data used in thisthesisis recorded and provided
by former SJ Rolling Stock Division’s Laboratory (S¥ MTL).

An ordinary freight train locomotive was selected: SJ Re4, No 1197. The locomotive was oper-
ated by agreat variety of ordinary driversin ordinary freight trains, who had no special instruc-
tions with regard to the tests. Thus it is assumed that the driver’s way of driving is essentially
unaffected by the measurements and the recordings. Thisis in particular important for the de-
velopment of adriver model.

6.2 General description of locomotive SJ Rc4

The Rc type of locomotive is shown in Figure 6-1. The locomotive is connected to the catenary
by the pantograph, which is connected to the main transformer aboard thelocomotive. The nom-

inal voltage at the catenary is 15 kV at 16 2/3 Hz.

There are seven separate secondary transformer windings. Onewinding is used for the auxiliary
3-phase power which is needed for ventilation, cooling and compressors. A second winding is
used for train heat power and athird is used for magnetising the separately excited D.C. motors.
Each of the four remaining windings is feeding the four D.C. traction motors with power
through two half-controlled bridges connected in series [57].

47



Freight train testing - energy, running time and driver behaviour

Each of the locomotive's four traction motorsis connected by atransmission gear to its respec-
tive wheelset. The locomotive, SJ Rc4 1197, used in the tests has a modified electrical control
of traction, [58] which compared to the original traction control unit reduces the tractive effort
available. The purpose with this modification is to reduce the motor temperature. This modifi-
cation isimplemented on most of the SJ Rc4 used for hauling freight trains. The modified trac-
tive effort characteristic is shown in Figure 7-1.

—
=
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Figure6-1 Locomotive of type SJ Rc. Length 15.5 m. Mass 79 tonnes.

The driver can control the power needed for traction by means of a powering lever. The lever
has non-discrete notch levels. By means of automatic speed control, it is possible to overrule the
lever setting [39].

Braking is applied by the driver by means of abrake lever which is connected to avalve. Asthe
air pressure is reduced in the main air pipe, the pressure in the brake cylindersincreases. In the
nominal braking mode the pressure in the pipe is reduced by 100 kPa and the braking force is
about 2/3 of maximal [55], [68]. To enter the full braking mode the pressure is reduced by 150
kPa. To enter the non-braking mode the main air pipe pressure is restored to and maintained at
500 kPa.

The locomotive is not equipped with a regenerative braking system.

6.3 Automatic Train Control (in Sweden)

Automatic Train Control, ATC, dataand signalling data are stored in beacons which are set out
strategically along almost the entire track in Sweden. The data is recorded by means of ATC
antennas aboard the locomotive as the antenna passes over a beacon. The recorded dataiis brief-

ly [61]:

- Present speed restriction, Vatc(n)
- Next speed restriction, VATC(n+1)

- Distance to next speed restriction.
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- Grade, G

Also, the driver must enter necessary data manually into the system:

- Thebraking ability of the train.

- The permissible speed of the train.

- Train length.

If the speed exceeds the speed restriction by 5 km/h (1.4 m/s), the driver is alerted by short sig-
nals and awarning lamp. If the speed restriction is exceeded by 10 km/h (2.8 m/s), the train au-
tomatically enters full braking mode. The train enters emergency braking mode if the speed
exceeds the speed restriction by 15 km/h (4.2 m/s).

The system isalso supervising the driver so that he starts braking from afeasible distance before

a speed restriction or stop occur. If the driver starts braking too late, the system starts braking
the train automatically.

6.4 Tested trains

The present locomotive operatesin ordinary freight traffic throughout the whole of Swveden, thus
hauling different freight train configurations, driven by different drivers. Data of the train con-
figurationsis provided by SJ, through atrain data base. The train data base contains useful in-
formation about the hauled trains during the measurements. More specifically, the data base
contains:

- Train identification number.

- Departure station, date and time.

- Arrival station, date and time.

- Total hauled mass (Ioco not included).

- Length (loco not included)

- Number of axles

- Type of wagons and their positionsin the train.

- Number of locomotives hauling the trains.

Datafrom atotal of 54 different train sets, driven by different drivers, is evaluated. Most train
sets are running on long hauls. Therefore each longhaul with a specified train set has been di-

vided into a number of shorter test sections, here called tests. Each test has normally a duration
of 3000 - 3600 s (50 - 60 min). Figure 6-2 shows the mass of the trains and the number of tests.
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Figure6-2 Mass of tested train sets and number of tests.

6.5 Experimental setup and recorded variables

In Table 6-1, the recorded test data used for evaluation is shown. The dataisrecorded every sin-
gle second except for the data provided by the GPS, geographical positioning system, which is
recorded every ten seconds.

It is important to bear in mind that the relative maximal error as shown in Table 6-1 contains

both bias and precision errors and represents the worst case. Since precision errors are random,
itismost likely that the error in fact is substantially |ess than the maximal error.
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Table 6-1 Recorded test data used for evaluation.

Approx. max rel. error

Variable Description Unit (= %) [39], [40], [41]

Piot Total active power intake at panto- kW 1
graph

UL Rectified mean value of catenary Vv 1
voltage

IA Rotor current of each motor A

= Field current of each motor A

t Time S -

Nrot Number of rotor revolutions/sof each Hz -
motor

Vv Train speed measured at whedl rim - m/s 1m/s

Vy Train speed measured by radar m/s 1

VATC Signalled speed collected by ATC m/s -
antenna

y Powering level D 0-10 -

Pcv Braking pilot pressure 0-360 -

kPa
GPS coordi-  Geographical positions according to +100 m
nates. WGS-84 (1996)

1) The actual powering level of the locomotive has 9 notch levels, plus zero. However, powering level is scaled
from 0 to 10, where 0 corresponds to zero powering, notch 0, and 10 corresponds to maximal powering, notch 9.

Active power intake at the pantograph was measured by means of a special measuring transduc-
er, Tillquist P200R-14, having an accuracy class of 0.5%. The maximal relative error in
measured active power is approximately 1.0 %.

By making use of the rotor current, |5, and the field current, |, the tractive force, Fyotg, 1S de-

termined from the measurements by means of a computer program [60] provided by SJ. The
maximal relative error in Foro IS estimated to be approximately + 2 %.

The recorded powering level isin the range of 0 - 10. However, the real locomotive has 9 non-
discrete notch levels for the powering.

If uisthe gear ratio and nyq; is the number of rotor revolutions/'s, the angular velocity, w, of
wheel set number | is calculated by
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Tt
Wy (i) = 25Mrot(j) (6-1)

In this context it isimportant to make some clarifications regarding to tractive force and how it
isrelated to rotating accel erating masses.

The nominal tractive force from motor j is calculated for steady state conditions, zero accelera-
tion, by the provided program [60] from:

1
Fmoto(i) = Ngear 7~ [ BKimHa) Bl (62)

Ngear isthe efficiency of the gear, and is for simplicity used as a constant in this context, ryy is

the wheel radius, Ky, isamotor constant and ¢ isthe air-gap flux as afunction of Ig. The total
power, Pmoto, Of one locomoative having four motorsis:

4
Pmoto = 3 "'w(i)®w(i)F motog) (6-3)
i=1
Taking rotational inertia into account, Fot 1S calculated at the wheel periphery by
Iy do,
_ w(j) " w(j)
Frot(i)™ Fmoto) =Ko g (6-4)
1,2
Ky = 2_(u Jrot * ‘]gear +Jy) (6-5)

Fw(j)

where Jrot, Jgear and Jyy is the rotational inertia of rotor, gear and wheelset, respectively.

The total tractive force, Fqt, Of the locomotive at the wheel rims determined from the meas-
urementsis

4

I:mot = z Fmot(j) (6-6)
i=1
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and the tractive power P, a the wheel periphery is

4

Pmot = 3 "w()“w(i) Fmot()) (6-7)
=1

During the tests, the wheel radii of the locomotive's four wheel sets were measured once every
two weeks.

Geographical position of the locomotive is determined by means of GPS and by correlating the
ATC antenna recordings with the corresponding positions of the ATC beacons in the track data
base which is provided by Banverket (Swedish National Rail Administration), see Section 6.6.

The drivers way of driving the trainsis assumed to be essentially unaffected by the recordings.
Thisisin particular important for the development of the driver model in Chapter 9 - 10.

6.6 Test sections

Thetrack data base for the evaluation is provided by Banverket (Swedish National Rail Admin-
istration) and contains:

- The distance along the track from a starting position.

- Position of stations.

- Curves, radii, starting and ending positions.

- Grades; inclination, starting and ending position.

- Signalled speed restrictions; position on the track and speed.

Since the locomotive runs over the whole of Sweden during the recordings, no particular test
sectionis used. Most of the recordings, however, are made on the approximately 1500 km long
track section between Sévenas - Borlange - Boden, in both directions. The atitudes are calcu-
lated by using information on grades with strating/ending positions from the track data base.
This method is quite simple and is expected to produce approximative information on relative
amplitudes. The calculated vertical profile of thistrack section isshown in Figure 6-3. The pro-
fileis calculated from the provided track data.

It is observed from the calculated vertical profile that the altitude of Boden is 47 m lower than
Savenas. The differencein altitude isin reality about 1 m. However, this has a negligible prac-
tical influence on the further analysis, since this error is comparatively small in relation to the
distance of almost 1500 km between Savenas and Boden.
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7 Train modelling

In this chapter the locomotive and the freight trains are modelled with respect to traction and
braking systems, mechanical and electrical efficiency, running resistance, etc.

7.1 Traction model

The tractive effort characteristics of locomotive SJ Rc4 is shown in Figure 7-1. The nominal
tractive effort, Fyg, is determined at the wheel periphery and isvalid at steady state, i.e. at zero

acceleration, and is not restricted by adhesion.

v (kmvh)

300—

250 - [ .

2007 1380A ; \

cont / 1250 A

1500 e —
5/ 960 A

4/785A

1003 65 e

2/510 A
50—LL380A

FO (kN)

Figure7-1  Tractiveeffort, Fi, for SJ Rc4 versus speed, nominal at wheel rims, at zero ac-
celeration. At different notch levels, powering levels, y, and rotor current [59].
Wheel radiusis 0.635 m (semi-worn wheels) and line voltage is 15 kV.

The computer program for calculating tractive effort, Fyg, at the wheel rims, as delivered by the
motors of the locomotive SJ Rc4, is provided by SJ[59].

Calculated influence of line voltage on tractive effort, Fyg, for SJ Rc4, is shown in Figure 7-2.

It is clearly seen that aline voltage drop significantly reduces the available tractive effort at
higher speeds. It istherefore of great importance to implement line voltage variation in the mod-
el.
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Figure7-2  Calculated influence of line voltage on nominal tractive effort, F;g, at full pow-
ering and at a line voltage of 12 kV and 15 kV respectively [59].

Measured line voltage drop due to increasing total power intake at pantograph level, Pyqt, IS

shown in Figure 7-3. The voltage is evaluated for a power intake in steps of 0.25 MW, i.e. O -
0.25,0.25- 0.5, etc. Thereare considerablevariationsin line voltage for different reasons. There
is as on average a significant influence from the power intake of the actual tested locomotive.
Other trains, on the same electrical power feeding section, may also affect the line voltage.

The line voltage, U|, as afunction of total power intake, P;o;, Can as on average be expressed
empirically as

U, = 1411-0.19P,, (kV) (7-1)

where Pyqt is givenin MW.
In Figure 7-4, atypical response of the measured tractive force, Fiqt, 1S shown due to a change

in powering level. A typical delay in responseis approx. 7-10 sdueto atime lag in the locomo-
tives control system and due to the delay in magnetisation of the traction motors.
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Figure 7-4
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It isimportant to implement this lag in the propulsion model. For atrain travelling at 30 m/sa
lag of 10 sresultsin an offset of 300 m on the track, from the point where the driver starts pow-
ering.

From the moment when the powering is increased by the driver, the increase in tractive force
Fto, in the model is divided into two parts:

1. Delay mode.
2. Increasing mode.

In the delay mode, Fig isempirically delayed by 7 s. Thereafter in the increasing mode, Fyg in-
creaseslinearly until it reachesitsfinal level corresponding to that given by the powering level,
y. It takes about 10 seconds for Fyq to reach its maximal level if y = max.

The flowchart of the powering model is shown in Figure 7-5.
Datafor calculation of the tractive force, is precalculated and is for thiswork stored in a three-
dimensiona matrix, ®[y, v(1+{), U], and depends on powering level y, actual wheel speed

v(1+) which includes slippage ratio, ¢, and line voltage U . The slippage ratio is discussed in
Section 7.4.1. Thus at time step i:

Foy = @IV vi(1+2).U] IN] (7-2)

for zero acceleration.

The power is calculated for steady state conditions by:
Pio = Fio¥(1+0) (7-3)

During acceleration, a > 0, the tractive force at the wheel rims of the locomotive isin reality
somewhat lower than Fig as calculated in EQ. (7-2), due to influence of total rotational inertia,

Jiot, Inrotor, gear, wheels, axles and disc brakes of the locomotive. Taking rotational inertiainto
account, F; is calculated for wheelset number, j, by:

Fi = Fo—4K; a(1+Q) (7-4)
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0 O
0 -8
0 26 O
5 r = 0.63m E
o, _ 20 _
F, = EJmt = 58 kgm E ~F,,—10750 (a(1+2)  (N) (7-5)
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Fio is calculated and stored in @ for

- yinstepsof 1, fromO - 10.
- vinstepsof 0.14 m/s (0.5 km/h), from 0 to 37.5 m/s (135 km/h).
- Up instepsof 100V, from 10.0to 17.0 kV.

Fio for intermediate, non-integer, values of v, is achieved by means of linear interpolation. The

calculated train speed and line voltage is rounded off to their closest corresponding val ue stored
in®.

Theforcethat can be applied at the wheel rimsisalso limited by adhesion, a, [55]. The expres-
sion for the adhesion is empirical [55], [56] and can be approximately estimated by Curtius
Kniffler's formulafor “’dry rail”” conditions. This tractive force, Fyy limited by adhesion can

be calculated for dry rail conditions as afunction of speed by:

- _ 75 [
Fia = Mg 00 = My [TH161+ g (kN) (7-6)
M;q is the adhesive mass of the locomoative in traction.
For “’wet rail’” conditions:
— _ 3.78
ta ~ Mtor gto = Mta s %3.6+\,D(kN) (7-7)

Thefinal resulting tractive force, Fy, a the wheel rimsis obtained by taking the minimum of F;

F,= min(F,,F,) (7-8)

w
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The delay in tractive force, as shown in Figure 7-4, is modelled by a Powering Delay module
according to Figure 7-5.

y.
FWi =0 @ ' Driver
Powering No
in increasing
mode ?
lYes
Y Y
F increases F. isdelayed: Calc. of Fy,
linearly FWi = FWI- 1 according to yi
I:W > FWi-l .
vy l

FWi

\

Figure7-5 Flow chart of Powering Delay Module
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A comparison between F,,, and Fyot isshown in Figure 7-6. It is seen that F,y follows Fyqt When
the driver changesthe powering level. F,, is cal culated according to the Powering Delay module
and Eq. (7-8).
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Figure7-6  Comparison between measured, F i, and ssmulated, F,,, tractive force.

7.2 Braking model

The braking force, Fyr, @ thewheel rimsin the model isan empirical expression deduced from
the full scale tests and expressed as an approximate function of braking pilot pressure level, ap-
plied by the driver, brake gain time, duration and brake release time. An example of how the
relative braking pilot pressure of the locomotive varies with timeis shown in Figure 7-7.

However, since the braking pilot pressure is a measure of the driver’s desired braking level, it

isfrom now on simply called asthe braking level, 3. The actual braking level in relation to max-
imum is called the braking ratio, Opyk:

_ B
Sork = 360 (7-9)
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Figure7-7  Example of how the braking ratio of the locomotive varies with time.

The braking ratio requires about 5 sto increase to 30 % of maximum and approx. 15 sto return
to zero. In the simulation, the increasing and decreasing braking force is modelled, for smplic-
ity as alinear function of desired braking level and time for the whole train. This model is ap-
proximative and is not complete with respect to the real braking system of atrain. However, the
model is taking into account important aspects such as braking gain time and braking release
time and is verified versus full scale measurements.

If the braking force is starting to increase at time tj = tyg and reachesitsfinal level at time
tgain = tho + Again and starts decreasing at time ¢, the approximative empirical equation for the
mean braking force of the tested freight trainsis:

- B ity |

Fbri) = Mba 18 H3g5 Hbrk [’W o g <1 < tgaip (7-10)
- B .

Fork(i) = Mpa 18 Bgg KRprk: TON tgain <t <trq (7-11)

62



Energy Consumption and Running Time for Trains

~ reI D
Fork(iy = Mpa EQ%EKbrkEDL m fort g <tist g +Ag (7-12)

where My is the total adhesive massin braking

0<PB <360,
Kork = 0.092, empirical value achieved from tuning in the braking retardation of simulat-
ed trains compared with measured retardation from full scale measurements, see Section

8.4.

The braking gain and release times are empirical mean values for awhole freight train

A gain = 10 sfor increasing braking force. .

A, = 30 sfor decreasing braking force. ’

A braking module is designed according to the flow chart shown in Figure 7-8.
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Figure7-8  Flow chart of braking module.
Fp= Fprk, fromEq. (7-10) - (7-12).
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7.3 Auxiliary power and electrical losses

A quite important factor for determining the total energy efficiency is the need for auciliary
power as well as the electrical losses at idling or coasting. An investigation performed by SJ
[58] showsthat an SJ Rc4 locomotive uses on average about 56 kW for auxiliary power. An ex-
ample of measured total power intake and auxiliary power, needed for cooling, ventilation and
the loco’s illumination during coasting, is shown in Figure 7-9.

Thetotal power intake during idling or coasting is on average approximately 10 kW higher than
the auxiliary power, due to electrical losses.

For determining energy consumption, the auxiliary power and electrical losses are included in
the efficiency of thelocomotivefor y>0andv > 0. Fory = 0, during coasting for instance, the
average value of Py =66 kW isused in the developed simulation program. The auxiliary power

isfor simplicity not varying in time.

kW, m/s
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130 x
120 -~ f
190F x
100 f x
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Figure7-9  Example of recorded total power and auxiliary power when coasting.
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7.4 Mechanical efficiency

7.4.1 Slippage

In the model, a special attention is given to wheel slippage. Slippage affects the energy con-
sumption, tractive force and the real speed, in relation to the speed measured from the locos ax-
les.

To be able to make a correct prediction of energy consumption and running time and to compare
simulations with full-scale tests it may be important to include the slippage in the model. The
dlippageratio, ¢, for each axlej and sample |, is determined from

_ Owiip wij)

Cij (Frmotcif)) = V) 1 (7-13)

where wy is the angular velocity of the whedl, r, is the wheel radius and v; is speed measured

by means of a radar mounted on the locomotive, and is assumed to be close to the rea speed.
The corresponding wheel speed v, is

V(i) = Dwi) wii) (7-14)

The data is scatterous due to precision errors in speed measurements of approx. £ 1% [39] and
the stochastic nature of adhesion. Axle No. 1, which isleading, shows clearly arelatively larger
slippage than axles 2, 3 and 4 due to impact of axle load distribution and possibly different ad-
hesion levels. Thisisin agreement with present knowledge.

The determined mean slippage ratio, for the different axles, with its corresponding standard de-
viation for atractive force of F, > 15.0 kN are:

Axlel: ¢ =0.046+0.041
Axle2: ¢ =0.026 = 0.039
Axle3: ¢ =0.023+0.033
Axle4: (=0.017 +0.047

However, amore detailed analysis of the test results show that the slippageratio varieswith trac-
tive force above approx. 15 kN. Thisis taken into account in the model.

The slippageratio in the model is purely empirical and expressed as a function of tractive force
per axle. Empirically, the slippage ratio is very low at tractive forces of up to 15 kN per axle.

Thisisclearly exemplified in Figure 7-10. For F, > 15 kN, it is shown that slippage increases
approximately linearly with the tractive force. Therefore, the following model is used:
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Figure7-10 Evaluated relative slippageratio, ¢, of loco axles 1 - 4 during propulsion.

The determined mean value and standard deviations of the slippageratio in the interval of 0.1 -
2.0 kN are 0.00 £ 0.54 %, -0.09 + 0.55 %, -0.17 + 0.56 % and 0.09 + 0.55 % for each axle re-
spectively. This shows that the bias- and precision errors are small at low tractive forces.

No obvious slippage can be detected during braking, see Figure 7-11, probably because the
braking forces are about or lessthan 15 kN per axle, for the locomotive. An adhesi on coefficient
of 0.08 israrely exceeded during normal braking operation for freight trains. All or most axles
in the train are braked which limits the need for a high adhesion utilisation during braking.
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Figure 7-11 Evaluated slippage ratio of loco axle No. 2 during braking.

7.4.2 Transmission losses

L osses originating from mechanical transmissions are normally 1-2% for parallel gears with
two gear wheels [55]. They are included in the total efficiency of the locomotive which is de-
scribed in Section 7.5.

7.5 Energy efficiency

The efficiency of the locomotive is evaluated from the measurements and is used to calculate
the energy consumption as described in Section 8.3.

Each measured efficiency sample nj, is during powering and at non-zero speed calculated as:

P
n, = _mot0(i) (7-16)
Prot(i)

0 < Fppor0 < 260 kN

or: 0.0<v<34mls
(0<v <122 km/h)
y<O0

f

Piot isthetotal input power of the locomotive measured at the pantograph. The auxiliary power,
electrical and mechanical losses aswell asall other losses, are included in Pyg;.
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Pmoto IS calculated by Eq. (6-7).

An example of how the evaluated efficiency varies due to speed and tractive forceis shown in
Figure 7-4.
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Figure 7-12 Example of determined variation of efficiency due to speed and tractive effort.

By averaging all samples of n; for each consecutive speed interval, Av, of 1.0 m/sand atractive

force, AFmoto, interval of 10 kN respectively, the mean efficiency, n isstored in a2-dimension-
a matrix No:

Av (m/s)
AFmot (KN)  Avp=0-1.0 Avy, - 33.0-34.0
Np = 0-10 r_|11

250 - 260 No634

For simulation purposes, the mean efficiency for each time step, i, is retrieved from the matrix
NO.
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The locomotive alone can run at speeds of up to 37.5 m/s (135 km/h). A freight train does nor-
mally not exceed the speed of 31 m/s (110 km/h) during normal operation.

It is not possible to evaluate from the measurements the efficiency when Pqt0 and v are close
to zero. Therefore, when Pyoio and v are close to zero, the efficiency in this region gives, ason

average, asmall relative error of approx. 1 - 3 %o, in total determined energy consumption for
one hour of running time.

7.6 Running resistance model

The results of running resistance tests are presented and discussed in Chapters 3 - 5. For simu-
lation purposes, the model of the running resistance must include resistance due to grades and
curves. Moreover, it should be applicable to more freight train types of different configurations,
than tested. For clarity, curveresistance, Fc, is here separated from the ordinary mechanical re-

sistance.

The total running resistance is expressed by:
2
Frr = FMa® Fu(W) +Fo(V) +Fp(V) +Fc+ Fg (7-17)

The speed independent part of the mechanical resistance, Fyy, of the locomotive and the tested
freight wagons are determined by:

-3
Fra= Njoco (2000 + (65 + 0.6 10°Q)n,, (N) (7-18)

where Q is the average axle load of the freight wagon. Resistance due to curves and gradesis
dependent upon curve radius, R, and track inclination G, respectively, which is necessarily not
constant along atrain. Therefore, curve and grade resistance is calculated individually for each
vehicle, j, inthe train set, by

MNoco + nwag Noco + nWag

~ 0.65 ]

j=1 j=1

where M; istheindividual vehicle mass and K¢ = 0.7. The curve resistance is basically accord-

ing to Rockl’sformula[63] and isvalid for R=> 350 m, however a correction factor K¢ isintro-

duced. Curve resistance tests performed by Lukaszewicz [49] for ore trains shows that the
original RAckl formula overestimates the resistance. By reducing the original formulaby 30 %,
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a better agreement between simulations and measurements is achieved on parts of the track
where curves are present, see Section 8.4.

The linearly speed dependent mechanical and aerodynamic resistance is determined by
Fuy(V) +Fp(v) =(=22+0.6L1)v (N) (7-20)

where Lt is the total length of the train. The part of aerodynamic resistance which depends on
the speed sgquared, is calculated by

2
O V,
Fp=(54+KgLy) g/z v, + % (N) (7-21)

Sincethe evaluated influence of measured head or tail wind from full scaletest isapproximately
half of the calculated in Section 5.1, only half of the contribution should be added to the drag.

Thevalue of Kp depends upon thefreight train configuration. In order to make the aerodynamic
resistance applicable to more configurations than tested, the value of Kp is calculated for dif-

ferent percentages of covered and uncovered open type wagons in atrain set according to Table
7-1. These values are used in Chapter 11, where calculated results of energy consumption and
running time of different freight trains, by means of simulations, are compared with full scale
measurements.

Table 7-1 Values of Kp for different percentages of covered and
open type wagonsin a freight train consist.

Kp Covered (%)  Open type (%) Comment
5_2x10—2 87.5-100 0.0-125 Kp from measured SJ Hbis.
6.9x1072 62.5-87.5 125-375  Cac. mean vauefrom SJ

’ (75+£12.5) (25+12.5) Hbis and mixed config.
8.6x10°2 37.5-625 375-625  Kp from measured mixed

) (50 £12.5) (50 £12.5) config.
9.2x10~2 125-375 62.5-87.5  Cac mean value from mixed

’ (25+12.5) (75+£125)  config. and SJOms.
9_7x10—2 0.0-125 87.5-100 Kp from measured SJOms.
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8 A general description of the smulation model used

8.1 General

The simulation model used in thiswork consists basically of four parts as shown in Figure 8-1.

Train model

Track data
Signalling data

Simulation

- Energy consumptiori:
- Running time.

- Running distance.

Figure81 Base elementsof the simulation model.

The train model which is used in the simulation program is a distributed mass model and con-
sists basically of modules or functions which calcul ates:

Tractive forces at wheel rims, Fyy

Braking forces at wheel rims, Fri

Total running resistance, Fgr

Mechanica and electrical efficiency, incl. auxiliary power,

Running time, running distance and energy consumption, Eqgt.

The driver moddl decides

When to brake, coast or power.

Duration and level of braking or powering.

The driver model will be further defined in Chapter 10.

A train data base and atrack data base are used, containing:

- Different freight trains, including train lengths, number of axles, axle loads, wagon
types.
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- Track data and fixed signalling data.
Output data from the train and driver model is used in the simulation program to cal cul ate:

- Energy consumption.
- Running time.

- Running distance.

8.2 Equationsof motion

The acceleration during propulsion (powering) for each time step At; is calculated by

s = Fu(iy = Frr(i) ©1)
Mta + (MT - Mta)(l +H)

where My = Mo if al axles are driven. During coasting by

—F .
- RT(i) )
4 M1+ h) (8-2)
and during braking
Fooiy ¥ Fory:
a = brk(i) RT(i) (8-3)

! Mbrka+(MT_Mbrka)(1+ H)

where Mp,kq = M if al axles are braked. Mt isthe total train mass and H is the relative factor
accounting for rotational inertia of the unbraked wheel sets. Speed is calculated for each time
step, i, by

Viy1 = Vit AL (8-9)

and the travelled distanceis
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a:
- X

8.3 Energy consumption and running time.

Total energy consumption, E;qt, at the locomotive's pantograph is divided into two cases. One
caseisvadid for v> 0 and F,, > 0, and the other case for F,,, = 0 or v = 0, during coasting or
idling, according to Eg. (8-6).

0" (F,.+Kav(l+ At
O o wi) ™YY 3
Etot=E; (8-6)
35 Po@Ati Fy = 0,0rv=0
0=

Po =66 kW, and is an empirical mean value originating from idling electrical losses and auxil-
lary power of the locomotive.

Total running time, T, is calculated by EQ. (8-7).

n
=y A 87

i=1
and total running distance, Sqt, by EQ. (8-8).

Sot = Y A% (8-9)

i=1

8.4 Verification and calibration of thetrain model in ssmulations

It is possible to verify the model, by synchronising in a simulation the virtual train, with area
train, with respect to thereal trains data, geographical starting position, powering level, braking
level and initial speed for time step number 1. After the synchronisation, only the measured line
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voltage, braking and powering levels of the real train are used as input signals into the simula-
tion.

The train model should be calibrated with respect to running resistance of the real train and
available adhesion. Otherwise, it is not possible to make any correct comparisons between the
model and the real train regarding the tractive and braking force, as applied by the driver.

The assumed running resistance of the train in the model can be compared to the resistance of
the real train during coasting. If the train accelerates more in the simulation than the real train
does, for the same track section and same initial speed, then the assumed running resistance is
most likely too low, provided the track datais correct. This can be approximately corrected for
by rising the air drag for the model. Different train configurations, wagon types and influence
of ambient wind makes this approach sometimes necessary.

Oncetherunning resistanceisapproximately calibrated, it is possibleto approximately calibrate
the adhesion level. This can be done by comparing simulated accelerations with accelerations
of thereal train at full powering whiletravelling uphill inagrade. If the simulated tractive forces
and accelerations are too low, then it is most likely that the assumed adhesion level is also to
low. Simulations done in this manner are called calibrated simulations.

After the calibration is made, it is possible to compare and tune in the braking gain and release
time. It is aso possible to approximately determine the curve resistance when running through
curves. This has resulted in the empirical constants, Again, Arel, and Kprk in the braking model

in Egs. (7-10) - (7-12) and the empirical curve resistance constant, K¢, in Eq. (7-19).

A comparison between simulation and measurement is shown as an example in Figure 8-2. The
simulated speed and running distance is corrected for slippage.
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Freight train: Mass=1197 tonnes, Length=403 m, No.axles=52
Time diff. = 0.7%, Energy diff. =0.6%

Meee:;ured speed (|:rn/s)

Figure8-2 Example of comparison between simulation and measurement.
Measured line voltage, powering and braking levelsare used asinput to the sim-
ulation

The model, calibrated with respect to running resistance and adhesion, has been tested for sev-
eral cases. It is concluded that the average difference, with standard deviation, is0.3+ 1.0%in
energy consumption and 0.1 = 0.6%, in running time compared to measurements. Thisis well
within the range of the measurement error of 1 - 2 % for the energy consumption.

Figure 8-3 showsthe results of alarge number of simulationswith different freight trains on dif-
ferent tracks.
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9 Thedriver

Driver behaviour may have a significant influence on energy consumption and running time of
trains. Thisis why it is necessary to make use of a driver model in simulations. Before such a
model can be constructed, some driver describing parameters must be determined and defined.
Thisis done in the following chapters.

The definitions and analysis of driver describing parameters in this work are mainly based on
the full scale recordings and observations which are described in Chapter 6.

It is pointed out here again, that the drivers are driving the trains as they are used to do and are
not instructed to make any precautions due to the recordings. Also, the trains are run throughout
the whole Sweden on tracks having relatively large grades in the northern part of Sweden and
on tracks having relatively small gradesin the southern part.

9.1 Driver behaviour and driving modes

9.1.1 Observationson real driving
From the full scale tests, the following main observations, A - C, are made and defined:

A. Thetrain can be handled in three different ways or driving actions
1. Powering. Tractive force is applied by the driver or a power control unit.

2. Braking. Braking force is applied by means of mechanical brake by the driver or the
ATC.

3. Coasting. Thetrain is moving forward without any powering or braking.

B. There are basically three driving modes which are making use of the driving actions:
1. Acceleration up to the nominal speed which isvarc.
2. Speed holding.
3. Retardation of train down to nominal speed or stop.

For heavy freight trains, acceleration up to nominal speed is achieved mostly by means of full
available powering which islimited by adhesion and line voltage. Retardation of thetrainisnor-
mally achieved by means of braking. Coasting may also be used for retardation, if the trainis
running uphill or on a horizontal track, and for deliberate energy saving or prolonging the run-
ning time.
C. Thedrivingisrestricted by:

1. Speed restrictions or stops, indicated by signalling and ATC.

2. Timetable.

Two examples of typical driving are shown in Figure 9-1 and Figure 9-2. The driver observa-
tions are discussed in more detail in the following Sections 9.1 - 9.6.
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Figure 9-1 shows atypical example of how areal speed pattern of atrain differs from the nom-
inal speed which isdenoted by ATC. The powering is conducted manually by the driver. During
thefirst 500 s, thetrain isloosing speed despite of full powering. Thisisdue to insufficient trac-
tive force when negotiating the severe grade of approx. 17 %.. The actual train has a mass of
1197 tonnes, including locomotive.

The powering level set by the driver, can be overruled by the traction and automatic speed con-
trol system. Thus, thetractive forceisnot always corresponding to the manual powering setting.

A very interesting effect of braking can be noticed in Figure 9-1. Despite the driver has stoped
braking, it takes some time to release the brakes completely. According to the empirical model
in Section 7.2, the release time for the braking is in the order of approximately 30 s.

Test run with freight train. M = 1197.4 tonnes
100 Speed restrictio ‘ ! ! !

next speed restriction (x)
Measured train speed

Grade (%o) Grade
30 Powering/

Speed (km/h)
LN
o

Braking Poweringsrade

level
_I.Il-'_‘l'l. =

0 I

R
o
T

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure9-1  Example of typical measured speed profile together with grades, present speed
restriction and forward signalling. Driver’ smanual powering and braking are
scaled for clarity.

Figure 9-2 shows an another typical example of driving where the powering is conducted by the
automatic speed control. The speed is almost constant and set by the driver to be maintained
above the nominal speed, which is denoted by the ATC. It is possible to exceed the speed re-
striction by approx. 2.8 m/s (10 km/h) without automatically entering the full braking mode.
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9.1.2 Idealised driving - minimum timedriving

In estimation and simulation of energy consumption and running time it is frequently assumed
that the train is driven on minimum running time, defined as driving with maximum accelera-
tion, followed by speed holding close to the nominal speed, vatc, until full or nominal braking

is necessary. For example, coasting is normally not applied except in downhill gradeswhere the
running resistance is compensated by the negative grade resistance.

Inthefollowing Sections 9.2 - 9.4, itisshown that real driver behaviour differ from theidealised
driving, based on the above mentioned idealised assumptions.

Test run with freight train. M = 659.1 tonnes
120 —reasured speed ' ‘ ‘ ‘

tog et Ao da AT Mt
90—( \ \ i

Speed restriction q

Forward signalling (x)

40 - X X X b

Speed (km/h)
a1
o
-—

20 Powering level Grade (%o)
10 ot , |

0 \/ |
10 - i

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure9-2 Example of typical driving with automatic speed control where the speed re-
striction is being constantly exceeded.

9.2 Acceleration

Acceleration can only be done by means of powering or if the train travels downhill by means
of coasting.

In this section, tests are evaluated in order to determine and quantify how much power, during
acceleration, is applied by the driver of the total maximum available.
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The powering ratio during acceleration up to nominal speed, vatc, isintroduced here for speed,
v > 0 and accelerationa > O as:

5. = power utilised _ Pmoto(t)
pwr Maximal avaliable tractive power Pio(y=max, U, )

(9-1)

Pmoto IS estimated by Eq. (6-3) and P;g by Eq. (7-3). The catenary voltage drop is accounted for
in Eq. (9-1) and Pgisnot limited by adhesion. However, Pyoio may belimited by adhesion. The
driving should not be in the speed holding mode which is described in Section 9.3.

It should be noted that although the powering ratio is determined through measured power, it
also shows the tractive effort ratio, i.e. tractive effort in relation to maximum tractive effort.

Figure 9-3 showsthe powering ratio in relation to maximum for atotal of 193 test runs of atotal
running time of 175 h, with different drivers and train configurations and on different track sec-
tions. For each test run, of approx. 1 h, the powering ratio is measured during the acceleration
mode and then averaged.

50
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30 Lo RS

Count

20 R o o sssssssasosuussslosesiooss [NNNNNNNNNNN

10 —ooo R S B IIBISIIEEII .

0.0 0.2 04 0.6 0.8 1.0
Powering ratio

Figure9-3  Distribution of poweringratioin relation to maximumfor 193 test runsof total
175 h running time.

In Figure 9-4 and Figure 9-5, the measured powering ratio is shown together with train mass
and mean grade of the evaluated running distance, respectively. Each data sample represents a
mean value evaluated during approx. 1 h of running with various train configurations and driv-
ers. The powering ratio, as shown in Figure 9-4, is increasing with respect to train mass. This
shows that the driver or the power control unit is not using full powering as on average.
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Powering ratio

0 500 1000 1500

0.0

2000
Train mass (tonnes)

Figure9-4  Measured powering ratio with respect to train mass.

The mean grade, G, is calculated from the difference in track altitude between the positions of
the locomotive where the measurements start and end. This differenceisthen divided by the to-
tal measured running distance, Sqt.

— hend - hstart

= — = (%o 9-2
5o (%o) (9-2)

In Figure 9-5, the powering ratio is shown with respect to mean grade of different track sections
having lenghts in the range of 40 - 100 km. No significant variation of powering due to mean
grade is detected.
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Figure9-5 Measured powering ratio with respect to mean grade.

The nominal speed restricted by the ATC for afreight train is normally 22 - 28 m/s, (80 - 100
km/h). If the mean speed islessthan 20 m/s, (70 km/h), then it isprobablethat thetrain is subject
to speed restrictions or stops, thus reducing the speed from nominal. This could lead to more
powering from the driver who wants to catch up time. However, no significant variation of the
powering ratio due to mean speed can be detected in Figure 9-6.
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Figure9-6  Measured powering ratio with respect to mean speed.
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Taking all the samples in Figure 9-4 into consideration, measurements show that the average

powering ratio is approximately 0.6. F ., thus Pmq, is limited not only by the power contral,

handled by the driver, but also by the speed control unit, catenary voltage drop and available
adhesion which israndom in behaviour and cannot be measured by simple means. However tak-
ing only the drivers power control into consideration, it is observed that the power control dur-
ing acceleration, up to the speed restricted by ATC, is set by the driver frequently at the
maximum powering notch (notch = max).

One contributing factor for the quite low powering ratio is the available adhesion. At low speed
the maximum tractive effort is 250 kN, see Figure 7-1, corresponding to an adhesion utilisation
of morethan 0.3. Therefore, during starting or at low speeds, the tractiveforceisfrequently lim-
ited by the adhesion. By assuming an adhesion of 0.20, a quite low but common level, the max-
imum tractive force available is approximately

F,= min(F, F.) (9-3)

W
Fiy =9 M, [ = 9.81[79[D.20 = 155 kN (9-9)

Note that 155 kN of tractive force is about 60% of maximum 250 kN. See Figure 7-1in Section
7.1

9.3 Speed holding

Speed holding can be attained either manually by the driver or by means of automatic speed
control. However, if the train is driven manually, the train’s speed profile is not following the

nominal speed, V1, exactly asgiven by the ATC. Thisisclearly shownin Figure 9-1. In many

simulation programs the train’s speed profile is assumed to be identical to that of V,1¢-

It isnormally possibleto drive atrain up to 2.8 m/s (10 km/h) above the nominal speed restric-
tion before the train enters automatically into the full braking mode. If the speed excessis more
than 4.2 m/s (15 km/h) the train enters into the emergency braking mode [61]. This gives the

possibility to drive faster than v, and gain time, if for example the train is behind its time
schedule. An example of such driving has been shown in Figure 9-2.

Hence it isimportant to find how much the driver allowsthe train speed to exceed or drop below
Vatc» beforeadriver action isexecuted. Thetrain speed above the nominal speed where adriv-

er action is executed is in thiswork defined as the upper speed action limit, va+ .

Upper speed action limit: va+(t) = V(t) = Va1c(t) 5 V2Vare (9-5)
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For instance, if thetrain speed exceeds va+ , thenthe driver starts decel erating by means of brak-
ing, or if applicable, by means of coasting.

Itisexemplified in Figure 9-2 that upper speed action limit isabout 1.4 m/s (5 km/h) for normal
operation. If the train is behind time schedul e then the train speed is quite often 1.4 - 2.8 m/s (5

9.4 Coasting

9.4.1 Degreeof coasting

To quantify the coasting in relation to the total measured running distance, the degree of coast-
ing isintroduced here as:

_ Total coasting distance _ Zscst
Total running distance St

Degree of total coasting: 0 (9-6)

Figure 9-7 shows the degree of coasting for atotal of 204 test runs with different train configu-
rations and different drivers and on different track sections. Each test run is about 1 h.
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Figure9-7  Distribution of degree of coasting.

It isshown from evaluated test datain Figure 9-8 and Figure 9-9 that the degree of total coasting
does not show any significant variation due to the mean grade or total train mass. Hence, it is
therefore probable that the degree of coasting is, on average, normally not much affected by
train mass or grades, at least within the range of grade and train mass encountered in the ob-
served train operation.

Theresults are somewhat surprising regarding grades since the negative mean grades (downhill)

do not cause higher degree of coasting. However, it may be that larger and longer grades, not
experienced in the present tests, would have caused a more significant influence.
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Figure9-8 Measured degree of coasting with respect to mean grade.
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Figure9-9 Measured degree of coasting with respect to train mass.

Taking all the samplesinto consideration, measurements show that the mean degree of coasting
with standard deviation is 0.25+0.10.

To examine at which speed coasting is interrupted, the lower speed action limit isintroduced in
thiswork as:
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Lower speed action limit: V;I(t) = V(t) =Va7c(t); V<Vare (9-7)

For instance, if the train speed islower than v + va' , then the driver starts powering so that

the train speed reaches V1

For coasting, itisshownin Figure 9-10 and in Figure 9-11 that the train speed may ason average
drop by 1-7 m/sfrom v, before any action istaken. In this case is the average value with the

standard deviation of the lower speed action limit va' =32+15 m/s.
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Figure 9-10 Mean lower speed action limit.

Figure 9-11 show that mean grade and train mass has no detectabl e influence on the driversten-
dency to coast.
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Figure9-11 Lower speed action limit, with respect to mean grade.
Each sample represents a mean value evaluated during 1 hour of running time
with different trains and different drivers.
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Figure9-12 Lower speed action limit with respect to total train mass.

9.4.2 Deliberateenergy saving or prolonging the running time

The degree of coasting has an impact on the energy utilised for propulsion. Figure 9-13 shows
the specific energy consumption, energy per gross-ton-km, with respect to the degree of coast-

ing.
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Figure 9-13 Specific energy consumption with respect to degree of coasting.

Even though the data is scatterous, it is possible to distinguish a clear tendency in how the de-
gree of coasting affects the specific energy consumption for freight trains.

9.5 Braking

Braking is applied either by the driver or the ATC which applies the brakes at their maximum
level, if the speed restriction is exceeded by 2.8 m/s (10 km/h). The braking level compared to
maximum, is the braking ratio:

_ B
Sork = 360 (9-8)

Maximum braking ratio, op,rk = 1.0, correspondsto a pressure reduction in the main air-pipe by
150 kPa. This correspondsto a braking pilot pressure of 360 kPa. The applied braking ratio for
183 test runs of approx. 160 h of running time is shown in Figure 9-14. Taking all the samples
into consideration, measurements show that therelative brake ratio, with standard deviation, has
amean value of 0.35 +0.07.
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i

Braking ratio

Figure 9-14 Distribution of braking ratio for 183 test runswith different trains, driversand
track sections.

In Figure 9-15 and Figure 9-16 it is shown that the braking ratio does not vary significantly with
train mass or mean speed-
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Figure 9-15 Measured braking ratio with respect to train mass.
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Figure9-16 Measured braking ratio with respect to mean speed.

9.6 Conclusions

Five driving describing parameters are defined and analysed from full-scale observations.
These parameters are useful for simulation purposes. These parameters can be used for design-
ing a driver model which predicts freight train driving approximately as an average driver, or
in any other way, thus comparing different ways of driving in further studies.

The big scatter in observed datais due to different conditions regarding trains, track, etc., but is
also due to variation in individual driver behaviour.

The driving describing parameters, in freight train operation, are found to have the following
characteristics:

- Powering ratio, has amean value of 0.6 and istypically in the range of 0.5 - 0.8 of maxi-
mum. It is also increasing with respect to increasing total train mass, as on average.

- Braking ratio, showsamean value of 0.35 of maximum. Thisindicatesthat the drivers pref-
erably brakes gently and avoid long braking recovery times.

- Degree of coasting has a mean value of 0.25. Thisrelatively high value indicates that coast-

ing is used frequently and also leading to energy savings. The degree of total coasting has a
big influence on energy consumption.
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- Upper speed action limit isassumed to bein therange of 1.4 - 2.8 m/s, since the driver must
not exceed the speed restriction by 2.8 m/s (10 km/h).

- Lower speed action limit has a mean value of 3.2 m/sand istypically in the range of 1.0 -
6.0 m/s.

The driving analysis of measured data from train operation shows no significant variance due
to mean grade or mean speed. Also, driving parameters are not influenced by the train mass ex-
cept the powering ratio.

Itisalso shown that the average driver applies aconsiderable amount of coasting, in addition to
that the braking distance islonger than nominal due to alow braking ratio.
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10 Driver model

By making use of the driving describing parameters as summarised in Section 9.6, a general
driver model is developed in this chapter which simulates normal manual driving. Another
model which simulates the minimal time driving is also developed. The two models are thus:

1. Normal Manual Driving, NMD.

2. Minimal Time Driving, MTD, by means of automatic speed holding. This model is more
simple than the model for NMD and is not further described in this section. This model is
developed only for thiswork as a special case, and the automatic speed control is not the
same asthe one on areal train. The description and flow charts of thismodel can be seenin
APPENDIX D.

As a consequence of the driving describing parameters, NMD allows the speed to fluctuate
about the nominal speed so that the ssmulated speed pattern resembles the speed pattern of a

manually driven rea train. The train speed fluctuates normally around v+~ and islimited by
upper and lower speed action limits.

MTD is achieved by means of suitable mixing of powering, braking and coasting so that the
speed fluctuates as little as possible around the nominal speed, v, Whichis normally given

by the ATC. Thisissimply achieved for the train model in this work, by balancing the required
tractive force at the wheel rims of the locomotive with the calculated instantaneous running re-
sistance. Acceleration is done at maximum powering, and the braking is done at nominal brak-
ing, i.e. 2/3 of full braking.

10.1 Normal Manual Driving model, NMD

Because of long braking and acceleration distances and relatively long response times of the
train to powering and braking, the driver must plan in advance how to drive. When approaching
aspeed restriction, astrategic decision must be made how the driving should proceed. It isthere-
fore natural to include alead distance, or alook ahead distance, for the driver in the NMD mod-
el. The main benefit of thisis that coasting can be utilised as a means for deceleration if the
conditions are favourable. A “blind model” follows the speed restriction strictly and the decel-
eration is made frequently by means of mechanical braking.

Itisobserved in Section 9.4 that coasting is frequently utilised. The mean degree of coasting is
0.25. It istherefore important to include criteriain the model for when to start or stop coasting.
Also, amodel for how powering and braking are handled by the driver must be included.

Hence, the model for NMD consists of 3 main blocks or modules;

1. Lead module. This module determines how to drive when approaching next speed restric-
tion.
2. Coasting decision module. Decision is made whether to start or stop (interrupt) coasting.

3. Manual Speed Control module, MSC. The level for powering and braking is determined in
this module.
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Figure 10-1 shows the flow chart for the NMD model. The different modules and variables are
explained in the following sections.

L ead module ATCeq, ATChrk Coasting Decision module

Determine how to drive Pl Determineif al conditions
when approaching next __| for coasting are fullfilled.
speed restriction. Set flags: cstgart , CStstop
Flagest(i-1) No
Flagcstgi-l) =0 L > cstgop= 0
(Is not coasting) l Yes Yes
No CSigtart
Castop
A 4 A 4
Flagest(j) =0 Flagest(i) = 1 Flagest(j) = 0
Y@ =0
B(i) =0
(Powering/braking) | Yes
VL VEmT Vi Va Yay » B
Vi Vlim - Vim  Va > Manual Speed Control I 0 (>)
ATC, v+ Y, Flages()

Figure10-1 Main flow chart of the Normal Manual Driving model, NMD.
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10.2 Lead module

In the Lead Module, it is suggested how to drive with respect to how the situation looks ahead
by letting the driving model “see forward” a distance, Segg. Depending on the decision, two

flags, ATCcq and ATCpyk, are each set to avalue of 0 or 1, see the flow chart in Figure 10-3.
ATC.qisaflagwhichisset to 1if coasting is suggested. ATCy,kisaflagwhichissetto 1if the
train must brake. They are otherwise set to 0. If for example ATCcgt = 1 and ATCpyrk = Oit means
that it issuggested to coast. Thefinal decision, however, is made in the Coasting Decision mod-
ule.

The total lead distance, Seqqg, for the driving, is the sum of the look forward distance, S, and
the operational braking distance, Sk, see Figure 10-2.

Vp2 isthe speed limit where the train automatically enters full braking mode, according to Sec-
tion 6.3.

Vb2
ATC(n) —»
VATC(n+2)
Train v @
— Xn ! VATC(n+1)

| e s — i

- >:< ———————— > Track

Srw I Sork
-
Sead

Figure10-2 Train approaching a speed restriction.

Srw is aforward distance to the position on the track where the train must enter the braking
mode. Aslong asthetrain’s position, X, isin the &y section, it is possible to utilise powering,
enter the coasting mode or brake at a further lower braking level than the normal operational
level. The flow chart of the lead moduleisin Figure 10-3.

If thetrain isdecelerating in the S, section, the starting point for S, is moving forward, since
the braking distance becomes smaller, see Eq. (10-9).
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Sork IS determined from Eq. (10-7) and depends on the mean grade between the trains actual po-
sition and the position of next signal and onthe actual speed differencev; - Varc(n+1)- Thetrains

deceleration due to braking force and gradient isdetermined in Eq. (10-2). The effect of running
resistance is not included because of safety reasons. Inreal operation and for rare conditions, air
drag can be compensated for by a strong tail wind. Fy, is calculated from Eq. (7-10).

Thetotal retarding force, due to mechanical braking in normal operation, and mean gradient is:

—t
b0
Fork ¥ Fg =M Egm: K D— ﬁfort <t <t (10-2)
brk brk = “brk gam 100 b0 gain
and
_ GO
Fork* Fg =-M1 10 [ijrk Kprk D]Edj for tgain <tistg (10-3)

The utilised acceleration during operational braking is thus:

Pk = 035

Fpo +F
brk G_ _ 0 G
abrk T—l—- H<bl’k - 009252 —g%)032+ m% (10-4)
EIgain < ti s treID

The valuesin Eq. (10-4) are empirical according to Section 7.2.
The braking distance can be divided into two parts:

1. The brakes are applied linearly until the braking force, thus a, reaches its final value after

—-a
time At = Again. During this part, the total decreasein speedis Av = ; "KAt and the trav-
elled distanceis:

“ okt F
S = vAt+Ia(t)tdt = vAt+J’TT-dt
0 0 (10-5)

g 3G

_ [Jae2
= viAt—6 ElOOO+ Oprk KbrkDAt
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2. Thereafter, the braking force, thus ayy, is at its final value according to Eq. (10-4) and the
initial speed is v, —Av. The travelled distance during this second part is:

VATC(n+1)
S= Y v (10-6)
Aprk
(v, —Av)

Using the same empirical values in Eg. (10-5) and Eg. (10-6) as in Eq. (10-4) gives the total
braking distance:

S ot~ 392 +oog?+ 12 ety a7
grp.0s2 + 10001
where
Av = azb”‘m = 9%) 032 + 1(%0%& (m/s) (10-8)
The lead distance is then:
Sead = Strw* Sork (M) (10-9)

Asmentioned before two flags, ATC.s and ATCy,k, are each set to avalue of 0 or 1, depending

on whether certain conditions arefulfilled. The flow chart in Figure 10-3 explains how the flags
are set.
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(Do nothing,
proceed as before)

ATC =0
ATCprk=0
A

A 4
ATC g =1
ATCprk=0

Vi > VATC(n+1)+2.8 Vi < VATC(n+1)*2:8
or or

(Coasting is suggested)

ATCcg=1
ATCprk=0

(Braking!)

(Coasting is suggested)

Figure10-3 Flow chart of the Lead module.

10.3 Coasting Decision module

The flags ATCcg and AT Cyyrk are used as input data into the Coasting Decision module which
finally decideswhether thetrain should start coasting by setting flag cstg 4t = 1 or stop coasting,
if the train already isin the coasting mode, by setting flag cstgop = 1. The flow chart in Figure
10-4 describes how the flags are set. vip1 and v are explained in Section 10.4

Depending on how ATC.g and ATCy,i are set, it isdecided if the train should be in the coasting
mode or powering/braking mode by setting the flag Flagcg to 1 or O, respectively.
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V b12 Vi 2 VATC(n)
or

V; < Vcg) and ( ATC g = 0)
or
{(V;>Vp1) and (ATC st = 0)
and (G< 0)}

or
ATCprk=1

No No

{(vaTc(n) 2 Vi = Veg)
and

(G< -5)and (g >0)}

or
ATC g =1

Yes
(Start coasting) ‘ (Do nothing) (Stop coasting) ‘
CSStartzl CStSta.rt:O CStStop:l ngopzo

Figure10-4 Flow chart of the Coasting Decision module

10.4 Manual Speed Control module

The driving enters the Manual Speed Control module if Flage¢ = 0. Figure 10-5 shows a gen-
eral situation when atrain approachesasignal which isrestricting the speed vaTc. Vp1 iSaspeed
limit where the driver takes precautions not to exceed the speed limit of vpo. If the train speed
exceeds Vi, the train enters automatically the full braking mode.

It is assumed that the speed limit v is at the upper speed action limit

Vpy = VATC+V; m/s (10-10)
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A typical valuefor v* 5is 1.4 m/s (5 km/h) according to Section 6.3, inthe Swedish ATC system.

Vip = Varc+ 28 Mis (10-11)

Viim'» Viim™ and vjjmp are speed limits used only for speed control, internally in the Manual Speed
Control module which is further described in APPENDIX D by the flow charts in Figure D-1
and Figure D-2. When the speed is in the range of vjiy to iim*, the change in powering and

braking level is made subtle in small steps, so that the speed is approximately maintained at
vatc- When the speed isbelow vjjg theincrease in powering ismadein bigger stepsso thetrain

speed reaches vatc more quickly. If thetrainisin coasting mode, it is not affected by Vjim*, Vi
or Vjimo. Thetrain coasts until the speed reaches v which isthe limit given by the lower speed

action limit vy -

Vet = Varc—Vyq M/S (10-12)

The empirical mean value for v5 ™ is 3.2 m/s. See Section 9.4.

Vb2
Vb1
_______________________________________ Viim
ATC(n) —» Vi
Viimo --. .- . C LT L I T T T - - *_'.K.R.'_ coom
Vest Rtk \
N\ VATC(n+2)
. v 3\
fran Xn ! o) VATC(n+1)
e s s — i
- >:< ———————— > Track
Srw I Sork
¢ L
Sead

Figure 10-5 Speed limits and variables used in the NMD model.
Input datainto the NMD model is:

- Flagegyj-1): Thisflag tells the model whether the train was in coasting mode or not at
former time step i-1.

- v;: Present train speed at time step i.
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= Viim"» Viim™: Speed limits used internally in the Manual Speed Control module for speed
control purposes. The values are empirical and found by means of trial-and-error from sim-

ulations.

- a1, &, ag: Acceleration limits used internally in the Manual Speed Control module for
speed control purposes. They have empirical values, estimated by trial-and-error from sim-
ulations.

- VATC(n+1), SaTc(n+1)- Signalled speed and position on the track of next signal n+1.

- §: Present train position.

- Sy Thisisaconstant distance used in the Lead Module where the total lead distance is
calculated.

- Gj: Mean grade.

- Y(i-1)» B(i-1): Former level settings of powering and braking at time step i-1.
- V', Vgt Upper and lower speed action limits.

Output datais:

- Vi, Bi: powering and braking level used for calculating the tractive force or the braking force
in the train model.

- Flageg(j): Flag which decides whether the train isin coasting mode or manual speed hold-

ing mode. Theflag also tellsthe NMD module at next time step, i+1, whether thetrainisin
coasting mode or not.
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11 Verification of thedriver model

The train model combined with the driver model is compared with full-scale measurements
made with different trains run on different tracks with different drivers.

11.1 Conditions

Thesimulated train’sinitia value of starting position on the track, speed, powering and braking
levels must be the same asfor thereal train. Table 11-1 showsthe number of comparisons made,
with corresponding train masses and the mean grades of the track sections.

Table 11-1 Number of comparisons, train masses and mean grade of track sections.

Mean grade ( %o) 600-800 t 1100 - 1400t
0.0-15 4 3
-2.6-0.0 3 2

11.2 Non-calibrated train model

The train model for each case is not calibrated with respect to running resistance and adhesion.
Running resistance is calculated according to Section 7.6, and line voltage according to
Eq. (7-1).

The relative difference, with standard deviation, between measured and simulated energy con-
sumption is 1.7 + 3.5 %, and the difference for the running timeis 1.1 + 2.6 %.
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Figure11l-1 Comparison between measurementsand non-calibrated simulations of energy
consumption and running time.

103



Verification of the driver model

The virtual driver isdriving afreight train approximately as areal average driver. An example
of thisis shown in Figure 11-2 where the real train is running on a track section containing
grades up to £ 17 %o. The train mass is 670 tonnes. Effects of wind, slippery tracks dueto rain,
faulty track datagiving errorsin grades and curveradii are factorswhich are not alwayspossible
to account for.

Simulation with driver and calibrated train model. Train mass = 1200 t.

30 ‘ ‘ \ 110y
' Measured !
| R | 00|
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20 -p N
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8 Powering |
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Figure11-2 Example of smulation with a non-calibrated train model. The powering and
braking levels are scaled for clarity.

11.3 Calibrated train model

If the model is calibrated as described in Section 8.4 with respect to running resistance and ad-
hesion, therelative difference, with standard deviation, in energy consumptionis0.1+ 1.2% and
in running time 0.1 £ 1.1%. Thisiswithin the accuracy in the measurements of + 1 - 2 %.
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Figure11-3 Comparison between calibrated simulations and measurements of energy con-
sumption and running times.
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12 Parametric study on influence of driver behaviour

The study presented is this Chapter is performed by means of simulation, using the models and
simulation package as devel oped according to Chapter 7, 8 and 10. Investigations on the prin-
cipal influence from different driving describing parameters on energy consumption and run-
ning time are performed in Sections 12.2 - 12.6. In Section 12.1 simulated trains, track sections
and ambient conditions are introduced.

12.1 Trainstrack sections and ambient conditions

All investigationsin this Chapter will be made with atypical example of a Swedish freight train
having characteristics according to Table 12-1

Table 12-1 Train used in simulation

. Trailing Max train
Type Config. Length Mass axles Kp Loco speed
: . _2 27.8 m/s
Freight  Mixed 413m 1197t 52 8.6x10 ©~ 1SIRc4 100 km/h

The trains are run over three different track section, two of them being idealised track and one
being real track sections with various changing gradients and speed restrictions and real signal-
ling.

Table 12-2 Track sections

T1 Idealised track section with aconstant nominal allowed speed of 27.8 m/s (100 km/h) and
aconstant positive or negative grade (or zero grade)

T2 ldealised track section (Ilength 75 km) with a maximum nominal allowed speed of
100 km/h except two speed restrictionsto 72 km/h (20 m/s) and another two speed restric-
tionsto 36 km/h) 10 m/s. Constant positive or negative grades. See Figure 12-2 for details.

T3 Rea "hilly" track (length 40 km) with real signalling. Grades up to approx. £ 18 %o. See

Figure 12-1 for details. maximum nominal speed of 25 m/s (90 km/h) with six speed re-
strictions ranging from 20 m/s (70 km/h) to 23.6 m/s (85 km/h).
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Mass = 1197.4 t, Look frw = 1000m, LSAL = 3m/s

800 1000 1200 1400 1600
Time (S)

Figure12-1 Track T3. Speed restrictions and grades, with an example of simulated train
Speed.

Table 12-3 Ambient conditions.

Adhesion wind Temp Patm
dry ralil no 20C 1013 hPa

12.2 Influence of look ahead and coasting before braking

As reported in Chapter 9, coasting is a quite usual driving action, constituting some 25 % of
total running distance as an average, as reported from thereal freight train operationsin Chapter
9. Coasting can sometimes be made as part of the "speed holding" mode as a means of keeping
speed around the nominal allowed speed. Such driving behaviour will be investigated further on
in Section 12.3.
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Very frequently coasting is part of the retardation mode before a speed restriction or stop, where
coasting starts at a certain look forward distance S\, beforethedriver appliesthe brakes. This

Isdescribed in Sections 9.3 - 9.4 and in 10.2 - 10.4. Theinfluence of such driving will beinves-
tigated in this section. By choosing a coasting distance long enoughit is possible to avoid some
braking and to avoid powering the whole time before braking.

Theinvestigation of coasting before braking isfirstly made on idealised track T2 with speed re-
strictions, to demonstrate the principal influences. Thisis shown in case 1 as described below.

Casel Effect of look forward distance Sy, onidealised track T2.

The gradeis set to 2 %o in order to reduce the coasting distances.
- Upper and lower speed action limits are zero.

- Powering ratio is 0.85 throughout the simulations.

- Brakingratio is 0.35.

- The coasting distance before a speed limit or braking due to speed reduction is varied
from O to 4000 m in steps of 400 m.

By choosing a coasting distance long enough it is possible to avoid some braking. Thisisshown
in Figure 12-2 and Figure 12-3. The effect of brake recovery timeisencircled in Figure 12-2.
Despitethe driver has stopped braking, it takes some time to rel ease the brakes completely. This
leads to a speed drop below the nominal speed resulting in increased energy consumption and
running time. Some examples of this speed drop is shown in Figure 9-1 and Figure 12-20.

The analysisin Figure 12-4 shows that arelatively big reduction in energy consumption can be
achieved if braking is avoided, which in this case occursfor &, = 2400 m. The sudden reduc-

tion in energy consumption, marked with a circle in Figure 12-4, is due to the absence of the
speed drop caused by the braking recovery time. In this example, the reduction in energy con-
sumption is 18 % and the increase in running timeis 5 %.
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Figure12-2 S = 2000 m, is not long enough for avoiding braking at t = 1350 s and
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Figure12-3 S = 2400 m, islong enough for avoiding braking at t = 1350s and t = 1850s.
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Figure 12-4 Influenceof Look forward distance, Sy, ON energy consumption and running
time. The gap in energy consumption shows the influence of braking

Case2 Effect of look forward distance Sy, onreal " hilly” track T3.

- Upper and lower speed action limits are 1.4 m/s and 3.0 m/s, respectively.
- Powering ratio is 0.85 throughout the simulations.
- Brakingratio is 0.35.

An example of asimulation for this caseis shown in Figure 12-1.
Figure 12-5 shows that areduction in energy consumption of 17 % can be achieved by increas-

ing the look forward distance, compared to the reference case with alook forward distance of O
m.
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Figure 12-5 Influence of Look forward distance, Sy, On track T3.

The effect of the look forward distance on coasting before speed limit or stop can be expressed
by Eq. (12-1).

The degree of coasting before speed limit or stop isin thiswork defined as:

Coasting distance before speed lim.

Ocst—brk = Coasting distance before speed lim. + Braking dist.

(12-1)

Example of theinfluence of d.g.prk ON energy consumption and running timeis shownin Figure
12-6. It isthe same train and track as used in Figure 12-4.
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Figure12-6 Influence of coasting before speed limit, dc«-prk, ON €nergy consumption and
running timefor track T2.

Conclusion

The energy consumption is sensitive to the choice of the look forward distance. By making an
appropriate choice, it is possible to reduce the energy consumption by 10 -15 % while the run-
ning timeincreaseisrelatively small, 1 -5 %, compared with areference case having alook for-
ward distance of 0 m.

If unnecessary braking can be avoided, an energy saving of 5 - 7 % can be achieved, without
increasing the running time.

12.3 Influence of lower and upper speed action limits

As pointed out earlier, coasting can be part of the “speed holding” driving mode as a means of
keeping speed around the nominal allowed speed. In this case the (average) driver tolerates a
certain drop in speed below the nominal allowed speed, before he starts powering again. As de-

scribed earlier it is assumed that the speed is allowed to drop with an amount of v; defined as

the lower speed action limit. Also, the drivers quite frequently exceed the nominal allowed
speed limit with acertain amount, still allowed within the ATC margin before the brakes are ap-
plied automatically. It is assumed that the (average) driver tolerates the speed to rise above the

nominal allowed speed with an amount of v; defined as the upper speed action limit. The in-
fluence of these driving parameters will be principally investigated in this section.
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By altering the lower speed action limit, v; , inrelation to v, 1¢, itis possible to investigate

the influence of v; on train energy consumption and running times.

The investigation of the lower and upper speed action limits is firstly performed on idealised
track T1, just to make ademonstration of different ways of manual speed holding. Thisisshown
in cases 3 and 4, as described below. Secondly, the influence of lower and upper speed action
limits on athe real track T3 is demonstrated as an example in cases 5 and 6.

Case3 Effect of lower speed action limit v; , onidealised track T1.

- Upper speed action limit is 0 m/s.
- Powering ratio is 0.85 throughout the simulations.
- Brakingratio is 0.35.

Figure 12-7 shows an example of simulated speed pattern for a straight and level track. The
powering is reduced to zero when the speed reaches vatc thus making the train start coasting.

When the train speed dropsto V¢4 , dueto running resistance, the powering isincreased to max-

imum. Thisiscommonly called Bang-Bang driving since the powering level iseither at its max-
imum or zero. No restrictions due to signalling are present for this case.

Variation in running time and energy as a function of the lower speed action limit is shown in
Figure 12-9, on level track.
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Figure12-7 Example of Bang-Bang speed pattern from simulation on level track where
lower speed action limitis 10 m/s.
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Variations in running time and energy for other mean grades are shown in Figure 12-10.

v (kmih)

0.0 5.0 10.0 150 20.0 25.0
1.20 T ! T ‘ T ! T ‘ :\ T ! ‘ T ! T ‘ T T

110~ S S — o A

100 e DN -

090 o ~ e . T y=099+0027x R’=098
~—y=100-0.092x R*=098

0.80

Variation

0.70

0.50

040 \\\i\\\\i\\\\i\\\\i\\\\i\\\\i\\\\
0.0 1.0 2.0 3.0 4.0 5.0 6.0

) v (mis)

Dis=100km N

00 . NL

_\‘\H\‘\H\‘\\H‘\H
o

v (kmvh)

1250.0 50 100 150 20.0 25.0 30.0 350 400
. \\\\‘\\:\\‘\\\\:‘\\\\‘\3\\\‘\\\:\‘\\\\‘;\\\‘\\\

120 0 S S

s

1.10 j i T y=1.00+0019x R*=100
105 " A y=099-0.008x R=0.95

Variation

Dist =100 km

00 20 40 60 80 100 120
b) v (mis)

Figure12-9 Variation of total running time and energy consumption dueto changein low-
er speed action limit for Bang-Bang driving on track T1 with a grade of
a) -3 %o.
b) 3 %o.

115



Parametric study on influence of driver behaviour

Figure 12-8 and Figure 12-9 shows the results from simul ations made for different mean grades
of astraight track T1. Figure 12-9 shows that the reduction in energy consumption compared to
the increase in total running time is most favourable when the mean grade is less than 0, i.e.
when travelling downhill. If thetrain travelson alevel track, Figure 12-8, the rate of the change
of running timeis of the same order as for the change in energy consumption

Case4 Effect of lower speed action limit v; combined with a positive upper speed action
limit v, , on idealised track T1.
- Upper speed action limit is 1.4 m/s.

- Powering ratio has a mean value of 0.85.
- Brakingratiois 0.35.

This case shows, see Figure 12-10, that energy consumption for the same running time and
mean speed, is almost the same.
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Figure 12-10 Comparison of energy consumption and running timefor different upper and
lower speed action limitsfor an idealised track T1.

Case5 Effect of lower speed action limit v; ,onreal” hilly” track T3.

- Upper speed action limit isO m/s.

- Powering ratio has a mean value of 0.85.
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- Brakingratio is 0.35.
- Look forward is 1000 m.

- Theresults are presented compared to minimum time driving and v; =0m/s.

It isshown in Figure 12-11 how the simulated change of running time and energy consumption
on areal track section, having real signalling, isinfluenced by the lower speed action limit. The

energy consumption decreases and the running time increases as the v; increases. Thisreduc-

tion in energy consumption, isdue to a decrease in the mean speed, which decreases the running
resistance, asthe lower speed action limit increases. It is also shown that compared to minimum
time driving, the energy consumptionisreduced by 11 % if alower speed action limit of 1.0 m/
sisintroduced. Thetotal running time remains almost unaffected.
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Figure 12-11 Influence of lower speed action limit on real track T3.

Case 6 Effect of lower speed action limit v; combined with a positive upper speed action

limit v, , on real” hilly” track T3.

- Upper speed action limitis 1.4 m/s.

- Powering ratio has a mean value of 0.85.
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- Brakingratio is 0.35.
- Look forward is 1000 m.

- Theresults are presented compared to normal manual driving and v; =0m/s
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Figure 12-12 Comparison of energy consumption and running timefor different upper and
lower speed action limitsfor areal track T3.

Conclusions

A train running at low values of v; has about the same energy consumption as atrain running
at higher values of v; , provided the mean speed isthe same for the two trains. The mean speed
can be increased for the train having higher values of v; by increasing the upper speed action

limi +
Imit Va-

12.4 Influence of poweringratio

Asdetermined in Chapter 9 the average powering ratio is approximately 0.6, i.e. some 40 % less
than the used locomotive Rc4 is able to produce. This may be due to the driver only, but also in
many cases to the amount of available adhesion.
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The investigation of the influence of powering ratio, Opwr is firstly performed on idealised

track T1 without speed restrictions, in manual speed holding. The driver is alternating between
maximum available powering and coasting, so called “ Bang-Bang driving” . Thisis shownin
case 7, as described below. Secondly, the influence of powering ratio is also demonstrated on
the idealised track T2 with speed restrictions and on athe real “hilly” track T3 in cases 8 and 9
respectively. The principal effect of lower adhesion, which limits the tractive force at low
speeds, is demonstrated in Case 10.

Case 7 Effect of powering ratio Opwr > ON idealised track T1.

Lower speed action limit is maintained at 3 m/s throughout the simulations

Upper speed action limit is zero.

Thetractive forceisvaried from 1.0 F, down to 0.7 F,, in steps of 0.1.
- Bang-Bang driving.

The results in Figure 12-13 shows that the powering ratio has negligible influence on energy
consumption and running time for Bang-Bang driving.
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Figure 12-13 Influence of the powering ratio on energy consumption and running time
when alternating between powering and coasting (Bang-Bang driving) on
track T1. The lower speed action limit is 3 m/s and the mean gradeis 2 %o.
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Case 8 Effect of powering ratio Opwr » ON idealised track T2.

Lower and upper speed action limits are zero, causing the driving to be speed holding.

- Look forward distance is 800 m.
- Brakingratio is 0.35.

- Thetractive forceisvaried from 1.0 F, down to 0.5 F, in steps of 0.1.

Figure 12-14 and Figure 12-15 shows the simulated speed pattern for Opwr = 1.0and Opwr =
0.6, respectively. For Opwr = 0.6 it isimpossible for the train to reach the nominal speed vatc.

The influence of the powering ratio on relative energy consumption and running time is shown
in Figure 12-16. The powering ratio has a bigger influence on the energy consumption and run-

ning timethan in case 7. Thisis explained by alower mean speed in this case because of insuf-
ficient tractive force leading to slow acceleration.
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Figure 12-14 Example of speed pattern for a powering ratio of 1.0.
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Figure 12-15 Example of speed pattern for a powering ratio of 0.6.
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Case9 Effect of powering ratio Opwr > ON real” hilly” track T3.

- Lower and upper speed action limits are 3.0 m/s and 1.4 m/s, respectively.
- Look forward distance is 800 m
- Brakingratiois 0.35.

- Normal manual driving.
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Figure 12-17 Influence of the powering ratio on energy consumption and running time for
real track T3.

Case 10 Effect of adhesion level onreal track T3.

- Lower and upper speed action limitsare 3.0 and 1.4 m/s.
- Look forward distance is 1000 m.
- Brakingratio is 0.35.

Influence of adhesion, a, on energy consumption and running time is shown in Figure 12-18.
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Figure 12-18 Influence of adhesion on energy consumption and running time for track T3.

L owering the available adhesion in the model reduces the energy consumption and increasesthe
running time. Below 60% of nominal adhesion, the slippage is severe and the available tractive
forceis not big enough for overcoming grades.

The influence of adhesion on energy consumption and running time is basically the same as the
influence of the powering ratio.

12.5 Influence of brakingratio

Asdetermined in Chapter 9 the average driver apply an average braking ratio of approximately
0.35, i.e. some 65 % less than the maximum braking effort of the train.

Casell  Influence of braking ratio opy performed on real track T3.

- Lower and upper speed action limits are 3.0 and 1.4 m/s.
- Look forward distance is 1000 m.
- Normal manual driving.

The influence of the braking ratio on energy consumption and running time is shown in Figure
12-19.
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Figure 12-19 Influence of braking ratio on energy consumption and running time for real
track T3.

A decrease in braking ratio, reduces the energy consumption more than it increases the running
time.

12.6 Influence of some combinations of driving parameters

By combining the driving parameters according to the resultsin Section 12.2 - 12.5, it iS possi-
ble to reduce the energy consumption of atrain for adlight increase in running time.

Case 12 Effect of a combination of driving parameters for energy consumption and running
timeon areal track T3

- Lower and upper speed action limits are 6.0 and 2.0 m/s. To compensate the large v; ,

the v; isincreased by 0.6 m/s from the nominal 1.4 m/s.

- Look forward distance is increased from nominal 1000 to 2000 m. This allows longer
coasting distances before a speed restriction.

- Brakingratio is0.21 (60 % of nominal). Braking ratio has a bigger influence on energy
consumption than on running time.

- The powering ratio is 0.85.
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Figure 12-20 shows a comparison between measured train speed and asimulation made, for this
case, with optimised driving parameters. The energy consumption is reduced by 9.4 % and the
running timeisincreased by 3.0 %.

Simulation with driver model.
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Figure 12-20 Comparison between measured train speed and a simulation made with opti-
mised driving parameters.

Conclusions

This case shows that it is possible to reduce the energy consumption significantly by means of
combining the driving describing parameters. Also, the running time is maintained at almost the
same as for the measured train.

The running timeisless affected than the energy consumption by the driving describing param-
eters.
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13 Concluding remarks

13.1 Conclusions and discussion

M ethodology for determining running resistance

In thiswork, a methodology for determining running resistance is devel oped and described. The
methodology is introduced as the Energy Coasting Method. Due to its simplicity, and absence
of complex measuring equipment, relatively few error sources can affect the results. This
method needs only the accurate information on total train mass, track altitude data and deter-
mined train speed, as input data.

The method is sensitive, like all other methods, to precision errors in speed and in determined
track altitude. This can be coped with by choosing an appropriate eval uation distance. The scat-
ter of the data from which a running resistance polynomial is fitted, decreases with increasing
evaluation distance. However, for obtaining (enough) output data for low speeds, v < 10 m/s, a
short evaluation distance is necessary, at low speeds.

The method for determining the influence of measured ambient wind shows good agreement
with test results.

Results from running resistance tests

The Energy Coasting Method, is used for determining running resistance of high speed trains,
ordinary passenger trains and different freight trains. The running resistance for each train type
is parameterised and expressed as a function of speed, train length, number of axles, axle load,
curve radius and grade.

Running resistance isjust slightly affected by the axle load on modern tracks. For freight trains
with 36 trailing axles and covered Hbis wagons, an increase of about 150% in axle load, from
73 to 183 kN, raises the running resistance by about 2.5 kN, which is about 10% of running re-
sistance at 25 m/s (90 km/h).

The full scale tests with freight trains on Track 1 and Ore wagons on Track 4, indicate that no
systematic variation of coefficient B, due to variation of axle load occurs, at least not on Track
1 and 4. The linear term, By, which isfound to be affected by ambient wind, may contain a part

of the aerodynamic drag not covered by the quadratic term, o2 Negative values of coefficient
B from test results are not unusual .

Running resistance of passenger train P3, loco + 9 cars, is higher on ajointed track on gravel
than on modern continuous welded track. The increase affects in particular the B coefficient,
which risesfrom B =48 Ngmontrack 1to B = 113 Ngmon Track 2, i.e. an increase of 135%.
The A coefficient increases by 15%.

Coefficient B increases approximately linearly with train length for passenger and freight trains.
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Coefficient C (aerodynamic drag) increases approximately linearly with train length for passen-
ger and freight trains.

With respect to total frontal area, the aerodynamic drag of open type Oms wagonswith vertical
poles is much higher than the aerodynamic drag of covered type Hbiswagons.

The effect of head and tail wind upon aerodynamic drag for passenger trains can be approxi-
mately calculated, if the vertical distribution of the airflow above ground isconsidered, thus giv-
ing good agreement with test results. The resulting influence of head and tail wind is
considerably lover than estimated from the conventional method by considering relative speed
between train and wind.

Train modd

Thetrain model contains many different factors and variablesthat will significantly degradethe
accuracy and performance of the model if these factors are not modelled correctly.

It is most important to include catenary voltage drop in the traction model of the locomotive of
type Rc4. A voltage drop from 15 kV to 12 kV reduces the tractive force by about 25 % at a
speed of 20 m/s (70 km/h). The empirical linear model used for determining the voltage drop as
afunction of total power intake for the simulations, needs to be improved.

The change in tractive force islagging in time compared to the change in powering level, set by
the driver. The timelag isabout 10 s. This lag should be implemented in the model, otherwise
an offset will be introduced from the point aong the track where the driver stars powering.

Thetractive forceisfrequently limited by the adhesion. The conventional adhesion formula ac-
cording to Curtius- Kniffler shows good agreement with measurements.

The braking model isempirical and is not describing the real braking system of atrain in detail.
However, the model contains verified brake gain time, brake release time and braking levels.
The braking model shows satisfactory results in simulations when compared to measurements.

Sippage of the loco's four axlesis determined. If the dippage is not introduced in amodel, an
error of 2 - 4% may occur in determined speed or running time, compared with measurements.

By verifying the train model with measurements, it is concluded that the accuracy in the train
model iswithin the accuracy of the measurements, i.e. afew percent, with respect to energy con-
sumption and running time.

Driver model and driver behaviour

Five driving describing parameters are introduced and defined in this work:

- Powering ratio, has a mean value of 0.6 and is typically in the range of 0.5 - 0.8 of maxi-
mum. It is also increasing with respect to increasing total train mass, as on average.

- Braking ratio, showsamean value of 0.35 of maximum. Thisindicatesthat the drivers pref-
erably brakes gently and avoid long braking recovery times.
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- Degree of coasting has a mean value of 0.25. Thisrelatively high value indicates that coast-
ing is used frequently. It is shown that coasting is aso leading to energy savings. The
degree of coasting has a significant influence on energy consumption.

- Upper speed action limit isassumed to be in the range of 1.4 - 2.8 m/s, since the driver must
not exceed the speed restriction by 2.8 m/s (10 km/h).

- Lower speed action limit has a mean value of 3.2 m/s and is typicaly in the range of 1.0 -
6.0 m/s.

The analysis of measured data from train operations shows no significant variance due to mean
grade or mean speed. Also, driving parameters are not influenced by the train mass except the
powering ratio.

The driver model developed, is making use of the driving describing parameters and decides
when to enter into the powering mode, coasting mode or the braking mode.

Comparison with measurements shows that the energy consumption and running time can be
determined with good accuracy if the train model is combined with the driver model. It isthere-
fore concluded that the simulation model can be used to successfully study driver behaviour.

Some examples are shown in this work how different driving describing parameters influence
energy consumption and running time. In principal, coasting and low braking ratio isfavourable
to reduce energy consumption. To gain time, the upper speed action limit should be quite high.
Itisshown that it is possible to reduce energy consumption by 10 - 15 % with just afew percent
in time penalty.

13.2 Further research

It is believed that further studies and optimisation would make it possible to improve the bal-
ance between energy consumption and running time.

Driver behaviour is studied only for ordinary freight trains. It is desirable to include into this
research other type of trains, in particular those equipped with regenerative braking systems.

A more detailed model of the braking system and the variation of line voltage, is an issue for
futher development.
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APPENDIX A

Terminology, definitions and abbreviations

ABB

AC.

D.C.

Adhesion

Former Swedish-Swiss-German railway supplier; formed Adtranz (see below) in
ajoint venture with Daimler Benz, later Daimler Chrysler.

Alternating current.
Used for traction motors, catenary voltage etc.

Direct current.
Used for traction motors, catenary voltage etc.

Part of friction between wheel and rail which is used to transfer tractive or brak-
ing forces (i.e. forcesin longitudinal direction).

Adhesion coefficient

Utilized adhesion: Ratio between utilised total tractive force of atractive unit and
the adhesive |oad; see below. Sometimes adhesion coefficient is defined for brak-
ing instead of traction.

Available adhesion: Ratio according to above, between the maximum attainable
tractive force and the adhesive load without excessive dlippage (at the actual
wheel and rail conditions).

Adhesive mass (or weight, or load)

Adtranz

Air brake

Axle

Part of vehicle's or train’s mass (or weight) supported by driven (or braked)
axles. In accordance the adhesive mass in traction and the adhesive massin trac-
tion are defined.

Railway supplier, mainly trains and signalling systems, located in Vasteras,
Stockholm and many other places worldwide.

Until 2001-04-30 the legal name was Daimler Chrysler Rail Systems (Sweden).
From 2001-05-01: see Bombardier.

Normally a braking system with compressed air as medium, for applying the nec-
essary brake force to the wheels or to brake disc, and using pressure variations in
amain air pipe along the train as signal for applying the brakes (reduced air pres-
sure) or releasing the brakes (increasing pressure after a reduction).

In this context usually the same as wheel axle; part of wheelset; often used in the
same meaning as wheel set. See also wheel set.
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ATP
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Automatic Train Control, safety system which supervise train motion on railway
lines, and automatically brakes the train if necessary.

Automatic Train Protection: internationally used word for ATC, essentially the
same.

Automatic train control

See ATC.

Automatic speed control

Banverket
Biaserror

Bogie

Bombardier

Also sometimes called: Speed cruising.control.
Control system within the tractive unit, keeping the speed close to the predeter-
mined speed.

The Swedish National Rail Administration.
A fault in measured data that gives a constant off set from the true value.

Running gear able to turn in the horisontal plane, when negotiating curves or
large track irregularities. The wheel sets are mounted, guided and suspended in the
bogie frame. The bogie mostly also contains brake actuators (air brake cylinders,
appropriate linkage etc.). In many traction vehicles (for example the locomotives
in this report) also the traction motors and transmission gear are mounted in the
bogie frame.

In this context: Bombardier Transportation, rail vehicle supplier who has made a
take-over of Adtranz (see above), effective from 2001-05-01.
The company’s origin is Canada.

Braking control lever

Lever in driver’s cab, used for maneuvering the brakes of the train.

Braking distance

In this report: the distance the train is running from the moment where braking is
applied until the moment where the train has the desired reduced speed (or stop at
zero speed). As an approximation in this report, braking distance is measured
from the moment where the pilot pressure starts to change.

Braking level

Level of applied braking; in this context measured by the pilot pressure Pcyv, with
acertain delay nearly proportional to the position of the braking lever.

In the standardised European air braking system the following levels are distin-
guished:
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- Full braking; the maximum attainable at full braking capacity.
Main air pipe pressure is reduced from 500 kPato 350 kPa. Pilot pressure Pcv
IS 360 kPa.

- Nominal braking, sometimes called service braking, hasabraking level of 2/3
of full braking.

In this report also operational braking is defined. It means the average of
observed braking levels during normal operation.

Braking ratio
Braking level inrelation to the level at full braking.

Brake gain time
Time from the moment where the brakes are applied until the desired braking
level isreached.

Brakerelease time
Time from the moment where the brake level start to be reduced, until the
moment where the brakes are fully released, i.e. the total brakeforceinthetrainis
Z€ero.

Continuous welded rails (CWR)
Railsin the track are welded into long rail sections, sometimes up to about 2000
m. Cf: Jointed rails.

Catenary  Overhead wire mounted 5 - 7 m above the track, from which electrical current
and voltage is taken to an electric train.

Coasting  Neither tractive nor braking forces affects the train; "purerolling".
CWR See continuous welded rails.

Degree of coasting
Total coasting distance divided by total running distance.

Driving control lever
Lever in driver’s cab, used for maneuvering the traction of the train; i.e. the trac-
tiveforces.

Driving describing parameters
Also ssimplified to Driving parameters. In this report five driver parameters are

introduced, describing drivers behavior, driving style or driving strategy.

Driving parameters
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See driving disrobing parameters

Energy consumption
The intake of energy (in this report: electrical energy) to atractive vehicle (loco-
motive etc.) for propulsion and other purposes. Sometimes energy consumptionis
measured "behind" the pantograph, at the intake to the rail system, or the equiva-
lent energy input to atransmission line or even to a electric power station.

Energy consumption can be measured as the consumption for acertain run; atrain
with a given mass running a certain distance. It can also be measured as a specific
consumption, per train-km or per ton-km. In the latter case the energy consump-
tion can also be measured per gross-ton or per net-ton; see these words.

Equivalent conicity
Ordinary railway wheels have more or less conical wheel treads or running sur-
faces. Thus the actual wheel rolling radius at the wheel-rail point of contact is
dependent on the lateral positions between wheels and rails.
In this context equivalent conicity expresses the ratio between lateral position of
the wheelsin relation to the rails and the actual rolling radius of the wheels.

Equivalent mass
The ratio between a force and the corresponding acceleration in longitudinal
direction of arail vehicle. The rotating masses of the vehicle makes the equiva-
lent mass higher than the static (nominal) mass.

Grade Track inclination in longitudinal direction, defined positive upphills and negative
downhills.

Grosston  Total weight of atrain, including the tare (empty) mass of atrain and the mass of
transported payload.

Jointed rails
Also: jointed track. Rail sections having a length of 10 - 60 m are bolted together
into longer sections. The bolted locations are called rail joints.

KFB In Swedish: Kommunikationsforskningsberedningen
In English: The Swedish Transport and Communications Research Board

Line current
Electrica current taken from the "overhead line", i.e. from the catenary to the

pantograph.

Line voltage
Electrical voltage on the "overhead line", i.e. on the catenary and the pantograph.
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Lower speed action limit
Average speed difference between nominal speed, vatc, and the speed where the

driver interrupts coasting.

Main air pipe
A pressurised air pipe connected to the braking systems of the wagons. Braking is
applied by lowering the air pressure in the pipe.

Measuring car
Special railway car used for instrumentation, data recording and as the working
place for measuring staff.

Motor current
1. Normally rotor current: current in the rotor windings in an electrical traction
motor
2. Field current: In a separately excited D.C. motor, the current taken to the sta-
tor, in order to excite the magnetic field.

Net ton The mass of transported payload.

Nominal speed
Speed according to the ATC system.

Operational braking
Determined mean braking level, or mean ratio, from measurements.

Pantograph Device collecting electrical current from the catenary during speed.
The pantograph is usually located on the roof.

Pilot pressure
Pressure corresponding to the braking level.

Powering level
The driver's order to the traction system to provide tractive forces up to the
desired level. Scaled in notches, which can be discrete or continuous. The real
tractive force may be less than the desired tractive force, for example due to adhe-
sion limitations.

Powering ratio is the power utilised divided by the maximal avaliable tractive power at the
maximum powering level.

Precision error
Random error. Error that is stochastic.
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Radial self-steering bogie or wheel set
Through the conical wheels connected by a "stiff" axle, the normal railway
wheelset has a self-steering ability, aligning the wheelset approximately radially
in the track, provided that the wheelset(s) are allowed to take up such an attitude
due to its guidance stiffnesses in the bogie or the vehicle.

Relative error
Ratio between a measured value and the true value.

Rotating intertia
Rotating masses, such as wheelsets, transmission gear, traction motors, brake
discs etc., which through rotation contribute to the total inertia and kinetic energy
of arail vehicle.

Running resistance
The (longitudinal) forces acting on atrain against their direction of travel.

SJ Former Swedish Sate Railways, until 2000-12-31. Contained the Passenger Traf-
fic Division, the Freight Transport Division, The rolling Stock Division and oth-
ers.

Now divided into a number of stately owned companies:

- SJ AB for passenger traffic

- Green Cargo AB for freight traffic

- TrainTech and Euromaint for technical support and consulting, as well as for
vehicle maintenance.

Soecific energy consumption
See energy consumption.

Soeed In this context and report there are different speeds:
-\ehicle speed, a purely longitudinal speed measured as the vehicle' s redl
speed forward along the track. Can not be measured, just calculated.
- Wheel speed: axle rotational speed divided by the rolling radius of the wheels.
- Radar speed, vehicle speed measured by radar equipment in aboard the train.

Swedish Sate Railways
See SJ

Test car See measuring car.
Three-piece bogie

Two-axled (freight) bogie where the two wheelsets are connected and fixed via
bearings into two side frames, connected by a transverse bolster. This arrange-
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ment has some particular properties; for example these bogies are known to have
aquite large running resistance in curves.

Total running resistance
The sum of mechanical resistance (on straight track), additional curve resistance,
air resistance (air drag) and grade resistance.

Track gauge
Approximately: Lateral distance between the inner edges of therailsin atrack.

Traction Propulsion of atrain; providing sufficiently large tractive forces in order to bring
the rail vehicle or the train into speed, or to haul the train, more or less overcom-
ing the resistance against train motion.

Tractive force

(Sum of) propelling forces (on al driven axles), produced in a self-propelling rail
vehicle.

Tractive effort
The maximum attainable tractive force for each traction system, at each condition
of powering level, speed, line voltage, etc. The tractive force is not necessarily the
same as the tractive effort, because it may be reduced by the available adhesion.

Upper speed action limit
The speed difference between nominal speed and the train speed above the nomi-
nal speed where adriver action is executed.

Whedlset  Two wheels connected by awheel axle. Sometimes also other items stiffly coupled

to the wheel set are included, such as bearings with housing, traction transmission
gear and brake discs.
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APPENDIX B
Notations
General rules
Bold indicates a vector or amatrix
A indicates a difference or a change
- above aletter indicates a mean value
Latin letters
a Acceleration (m/s?)
A Speed independent resistance (N)
As Frontal area (m?)
B Coefficient in resistance term which islinearly dependent
upon speed (Ns/m)
C Coefficient in resistance term which is dependent upon
speed squared (Ns2/m?)
Cb Air drag coefficient
CpAr Drag area (m?)
C Total mean pressure and friction drag coefficient along
thetrain
Cp Total mean front pressure and rear suction dragcoefficient
Cu Undercarriage drag coefficient
o Mean skin friction coefficient
E Energy, energy consumption (KWh)
e Specific energy consumption
e Maximal error dueto error in evaluation
A(AX) distance (N)
exn Maximal error dueto error in atitude (N)
Am Maximal error dueto error in mass (N)
A(mH) Maximal error due to error in rotating inertia (N)
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Maximal error due to error in speed (N)
Maximal error due to error in calculated mean speed (N)

Force, resistance (N)

Curve resistance (N)

Air drag, air resistance (N)

Car body friction drag (N)

Air momentum drag (N)

Roof drag (N)

Undercarriage drag (N)

Increment in air drag due to wind (N)

Wall drag (N)

Mechanical resistance at wheel periphery (N)
Final calculated tractive force (N)

Grade (%o)

Acceleration of gravity (m/s?)

Additional term taking rotational inertiainto account
Altitude (m)

Rotor current of traction motor (A)

Field current of traction motor (A)

Inertia (kgm?)

Index

Constant

Empirical constant in braking equation
Empirical constant in curve resistance equation
Empirical constant in air drag equation
Motor constant

Length (m)

Mass (kg)

Number of, step number

Efficiency matrix

Power (kW)

Power drawn by loco during coasting or idling (kW)
Axleload (N)

Radius (m)

Curve radius (m)
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Coefficient of determination

Distance (m)

Position (m)

Time(9)

Time when startsincreasing

Time when braking hasincreased to itsfinal level
Time when braking starts decreasing

Voltage (kV)

Gear ratio

Speed (m/s)

Speed restriction, according to ATC system (m/s)
Nomina speed (m/s) or (km/h)

Upper speed action limit (m/s) or (km/h)

L ower speed action limit (m/s) or (km/h)

Speed limit for driver action due to v; (m/s) or (km/h)

Speed limit when full ATC braking is automatically
activated (m/s) or (km/h)

Upper speed holding limit (m/s) or (km/h)

Running time (s)
Position along the track (m)
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Greek letters

Ocst-brk
AX

Abrk
Obrk

Opwr

I ndices

ATC

ba
brk

cat

corr

Wind direction in relation to track(®).
Adhesion coefficient

Yaw angle of wind (°). Braking level (0-360)
Distance to next speed restriction (m)
Degree of coasting

Degree of coasting before braking or stop

Evaluation distance for running resistance
Tractive calculated force matrix

Powering level

Efficiency

Empirical braking or releasing time constant ()
Braking ratio

Powering ratio

Angular velocity (rad/s)

Air-gap flux

Slippage ratio

Position index, action limit
Automatic train control system
Axles

Braking (adhesive)

Braking

Curve

Passenger cars or freight wagons
Catenary

Corresponding

Coasting

Drag
Force
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Frontal

Look forward until braking
Grade

Time step number

Inertia

Axle or motor number
Increment

Kinetic

Line, catenary

Total ook ahead, total lead
Locomotive

Mechanical

Determined from measurements in motor. Account is
taken to the effect of rotating masse at acceleration

Determined from measurements in motor. Nominal,
without account to the rotating massses

Number

Propulsive

Pantograph

Potential

Running

Radar

Relative

Rotor

Total of atrain

Calculated tractive, including rot. inertia

Calculated in motor, not including effect of rotating
Masses.

Tractive (adhesive)

Total

Vehicles

Whesdl, at wheels

Forward direction along the track.
Adhesion, limited by adhesion.
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APPENDIX C

A step by step description of the energy method:

1. Choose a measuring section which has accurate track data with respect to grades and
curves. The first measuring position, x4, in the coasting direction, is the start of the measur-

ing section.
2. Choose a point of reference on the test train.

3. Choose a measuring interval, Ax, which determines the distance between the consecutive
measuring positions, at which the train’stotal energy will be determined, with respect to the
measuring position on the train. For the tests as described in this work, Ax is 50 m.

4. For each measuring position along the measuring section and with respect to the train’s
point of reference, determine the altitude of each vehicle's centre according to track data.
Thus the potential energy of the train is calculated by distributing its mass along the sec-
tion.

5. Accelerate the train to the desired speed.

6. Start coasting before the train’s point of reference arrives at the start of the measuring sec-
tion, in order to avoid oscillatory motions from sudden changesin tractive effort.

7. With the train’s point of reference arriving at measuring position x4, from that moment on
the train’s position along the track is determined, so the speed can be calculated at consecu-
tive measuring positions, Xo, X3,...

Note: it isimportant to check if the determined position and speed of the test train agree with
the actual position and speed along the track. This check should be done before and after each
test run.

8. By calculating the speed of the train asits point of reference is at each measuring position,
the train’s kinetic energy is determined.
9. Calculate thetrain’stotal energy at each measuring position.

10. Choose an evaluation distance AX = k Ax. For the tests, as described in this work, AX of
2000 misagood choice with respect to errorsin track data and speed.

11. Starting from measuring position x4, calculate the mean speed and difference in total
energy of the train, between measuring position, x; and x;+k, Xo and xo+k,..., etc., until the
end of the measuring section isreached or the train stops by itself. Thus pairsof areformed
for each AX, which propagates forward by Ax along the measuring section.

12. Usethe pairsof to determine a second degree running resistance polynomial as function
of speed.

13. Determine the mean wind speed and wind direction during the test.
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14. Coast in the reverse direction on the same track section, and repeat the procedure, from
step 5 to 13. Ax is the same but the measuring position x4 isnow at the start of the measur-

Ing section in the reverse direction.

15. Determine pairs of fitted polynomials with similar wind conditions with respect to the
track, and calculate a mean polynomial.

16. Average all mean polynomials for each train consist.
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APPENDIX D

Flow chartsof driver model
The numerical values used in the flow charts, are empirical.
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= /8 i =
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No
yI:O yi:0 yi:O V|:V(|-1)
Bi = Bmax / 4 Bi=0 Bi = Bmax/2 Bi = B(i-1)

Figure D-1 Flow chart of the Manual Speed Control module.
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Figure D-2 Flow chart of Manual Powering Control submodule.
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Figure D-3 Flow chart of driver of type MTD.
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Figure D-4 Flow chart of Strict Speed Control Module
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APPENDIX E

Description of trains tested
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Fig. E -1 Locomotive: SJ Rc. Length 15.5 m. Mass 79 tonnes.

l'{.\‘\ 5=

\>J =1

Fig. E - 3 Passenger car: SJ B7. Length 26.4 m. Mass 44 tonnes.
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Fig. E - 5 Freight wagon: Oms. Length 12.24 m. Mass 11.5 tonnes, (tare).
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