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Summary

In this study a closed-loop cruise controller to minimise the running costs of
the heavy-haul train is proposed. The running costs of a heavy-haul train
are dependent on its travelling time, maintenance costs and energy consump-
tion during the trip. The Coallink train with the new train technologies,
Distributed Power (DP) traction and Electronically Controlled Pneumatic
(ECP) brake system, is the centre of the study.

A literature study on existing train control, both passenger and heavy-haul
trains, is carried out to build up a knowledge base. Many different techniques
for train handling were observed, their features in relation to heavy-haul ECP
trains are discussed.

From these backgrounds, a comprehensive longitudinal train model is pro-
posed and successfully validated with real-life data from Spoornet. In the
model, both static and dynamic in-train forces are studied, as well as energy
consumption. This is possible by modelling each locomotive and wagon as
an individual unit. The equations of motion for the train with coupled units
and additional non-linearities, such as traction power limits, are considered.
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An open-loop controller for maintaining equilibrium velocity is designed.
During transient velocity changes, a transient controller for calculating the
required additional acceleration and deceleration is designed and validated.

Because locomotive traction settings are only available in discrete notches,
quantisation conversion from force into notches results in input chattering.
In addition, during brake to traction transitions, the locomotives receive a
sudden traction demand which results in spikes in in-train forces. To avoid
these problems, input filtering is performed for these inputs.

Closed-loop controllers based on LQR method, optimised for in-train forces,
energy consumption and velocity regulation respectively, are designed and
compared. To overcome the communication constraints, a fencing concept is
introduced whereby the controller is reconfigured adaptively to the current
track topology. Different train configurations in terms of availability of addi-
tional control channels for both traction and braking are compared, as well
as their effects on dynamic and static in-train force. These configurations
are unified, distributed and individual traction and brake controls.

The results from these different configurations are compared to recorded train
data and given in this study. From the results, it is found that the closed-
loop controller optimised for in-train force is able to provide the best overall
improvement out of the three controllers.
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Opsomming

In hierdie studie word n geslote-lus spoed beheerstelsel wat die bedryfkostes
van n swaar-vrag trein minimeer voorgestel. Die bedryfskoste van n hoe
las trein is afhanklik van die trein se reistyd and energieverbruik vir die reis
sowel as van die onderhoudskoste. Die Coallink trein met sy DP (Distributed
Power) trek-krag en ECP (Electronically Controlled Pneumatic) briek stelsels
was die fokus van hierdie studie.

n Literatuur-studie oor bestaande passasiers en swaar-vrag trein beheer-
stelsels is gedoen. Daar is opgemerk dat daar, ten spyte van die groot
verskeidenheid metodes vir treinbeheer, geen bestaande beheerstelsels vir
lang swaar-vrag ECP treine is nie.

Met hierdie agtergrond is n realistiese trein-model afgelei en suksesvol met
Spoornet data bevestig. Die model is gebruik om statiese en dinamiese binne-
treinse kragte en energie verbruik te ondersoek. Dit is moontlik gemaak deur
elke lokomotief en wa as n individuele eenheid te modeleer. Die vergelykings
vir die trein met gekoppelde eenhede is afgelei.Additionele nie-lineariteite
bv.trek-krag limiete is ook in ag geneem.
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n Ope-lus beheer-stelsel om die trein teen n ekwilibrium spoed laat beweeg is
ontwerp .n Beheerstesel om die nodige versnellings tydens spoed-veranderings
uit te werk is ook ontwerp en gevalideer.

Die feit dat die lokomotief se trek-krag instellings net sekere diskrete waardes
aanneem lei tot inset kwettering. Gedurende die briek tot trek-krag transisie
benodig die lokomotief skielik trek-krag wat tot pieke in die binne-treinse
kragte lei. Die insette word gefilter om hierdie probleme te voorkom.

Verskillende geslote-lus beheerstelsels,wat op die LQR metode gebaseer is,
is ontwerp en met mekaar vergelyk. Die beheer-lusse is vir binne-treinse
kragte, energie-verbruik en spoed beheer geoptimeer. Om kommunikasie be-
grensinginge te oorkom word n omheinings-konsep gebruik waarin die beheer-
stelsel vir elke spoor topologie aangepas word. Verskillende konfigurasies ten
opsigte van additionele kanale vir trek-krag en briek beheer is vergelyk en
hulle invloed op statiese en dinamiese binne-treinse kragte is ondersoek.

Die resultate van hierdie verskillende konfigurasies is met bestaande trein
data vergelyk.Daar is gevind dat n geslote-lus beheerstelsel wat binne-treinse
kragte optimeer die beste algehele verbetering toon.
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Abbreviations

AAR Association of American Railroad

ATP Automatic Train Protection

DP Distributed Power traction system

ECP Electronically Controller Pneumatic Brake system

GIS Geographical Information System

GPS Global Positional System

HST High-Speed Train

DD Distributive Drive

PPD Pull-Push Drive
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Chapter 1

Introduction

1.1 Background

Heavy-haul trains are an important means of long distance transportation.
They provide a more economical option than air transport and are more
reliable than their road transport counterparts.

The railway provider Spoornet, utilises heavy-haul trains on its Coallink line
to transport coal to Richard’s Bay for export.

Since late 1990’s, Coallink trains have already reached the maximum train
length and wagon size permitted by the narrow-gauge railway system. To
improve throughput on the line, Spoornet plans to roll out brake and traction
systems upgrade on all Coallink trains.

An Electronically Controlled Pneumatic (ECP) brake and a Distributed
Power (DP) system are the two new train technologies that are geared to
improve performance and reduce travelling time.

The three running costs specified by the railway industry are: travelling
time, energy consumption and maintenance costs. The shorter the travelling
time, the more traffic can be allowed on the line, thus increasing the carrying
capacity. Hence, it is economical for the railway company if the train travels
to its destination as fast as possible.

2
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Chapter 1 Introduction

Another reason why travelling time is important is that shipping companies
charge heavy fines for late deliveries. Late railway deliveries delay cargo ship
departures, resulting in fines from the ports for additional time spent in the
dock.

The largest basic running cost of a train is its energy consumption. In diesel
lines, the cost is directly proportional to the amount of fuel used. In the
Coallink line, electrical locomotives are employed. Since both traction and
braking use energy, it is desirable to minimise the control effort as far as
possible in order to reduce the running costs of the train.

Safety is very important for railway company. Excessive wear on train parts
such as brake blocks and couplers result in need for frequent maintenance.
This requires more downtime and leads to extra costs for replaced and re-
paired parts. It would be more economical if the train was driven as carefully
as possible so that the wear could be minimised, thus reducing maintenance
costs.

1.2 Motivation

Spoornet wishes to deploy ECP and DP technologies in order to improve
throughput on the Coallink line and to reduce overall running costs.

The ultimate goal of Spoornet is to operate a train consisting of 800 wagons.
Current Coallink trains consist of 200 wagons.

No cruise controller exists for ECP-equipped heavy-haul trains. Due to its
long length and large mass, Coallink trains pose many challenges for train
modelling and controller design. This research examines many of these chal-
lenges and proposes solutions to both the modelling and the cruise control
problems.

Electrical, Electronic and Computer Engineering 3
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Chapter 1 Introduction

1.3 Objectives

The main objective of this project is to design a cruise controller for a Coallink
train. The cruise controller should be able to reduce the running costs of the
train.

Travelling time of the train can be reduced by following the speed limits
very closely. Thus, improving velocity regulation of the cruise controller will
results in decreasing the train’s travelling time.

An optimal controller that utilises fewer and smaller control actions will
reduce energy consumption of the train.

Lastly, since the highest maintenance costs are due to coupler system damage
resulting from large in-train forces, a controller that is able to minimise these
forces will reduce wear and damage on the aforementioned system. This
would translate to a reduction in the maintenance costs of the train.

Thus, the optimal cruise controller should have the following characteristics:
good velocity regulation, efficient utilisation of control actions and in-train
forces minimisation.

1.4 Outlines

This study is divided into three main topics, discussed in six chapters. The
knowledge base of the study consists of background information and a review
of existing train controllers. These themes are covered in Chapters 2 and 3
respectively.

Both passenger and heavy-haul train controls, ranging from low-level adhe-
sive controls to high-level cruise-controls, are studied in Chapter 3.

Coallink trains are described in chapter 2 and Chapter 4 in detail to allow
better understanding of the train dynamics.

Model design and verification, in conjunction with the corresponding con-
troller designs are discussed extensively in Chapters 4, 5 and 6. Results from

Electrical, Electronic and Computer Engineering 4
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Chapter 1 Introduction

the verified simulation are shown and discussed in Chapter 7.

1.5 Contributions

On the research side, the study of existing methods provides an overview of
train control methodologies. The two main contributions of this study are
the verified model and closed-loop controller design.

The train model is validated with actual train data. This allows the modelling
methods to be verified and provides a solid foundation for the train controller
design.

The closed-loop controller brings online optimal control to heavy-haul train
for the first time. The tunability of the controller allows adaptive control
via human selection. By selecting a more appropriate set of weights for the
current track condition, the driver can improve the controller performance.

The tunability can be further investigated into possible online learning adap-
tive control whereby parameters are tuned automatically. In practise, this
would be done by the driver, in conjunction with the computer assisted op-
timised control.

The results shown in this study represent a unique study of different train
configurations and their impact on running costs such as in-train forces and
energy consumption. Since performance indices are given, railroad operators
would only have to add its own logistic costs to these results to complete the
feasibility study for train configurations.

Electrical, Electronic and Computer Engineering 5
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Chapter 2

Background

2.1 Coallink Line

The main strength of South African export lies in its mineral exports, rare
metals such as platinum and gold as well as energy sources such as coal. As
most mines are situated far inland, heavy-load capable transportation system
is required to move the minerals to the coast where it will be exported via
the sea. Economical and fast, the railway system has been proven to be the
most efficient way of transportation for these heavy loads.

Of all the minerals, coal plays an important role in export. In 2000/2001,
coal export brought in R11 billion (US$1.7 billion) in foreign exchange earn-
ing. Coallink, the Spoornet coal export rail from Ermelo to Richard’s Bay,
contributes greatly in bringing this impressive income for the country.

With the initial construction completed in 1976, the Coallink railway has
gone through numerous upgrades, with the last construction completed in
1989. The original capacity of 21 million tons a year, carried by diesel loco-
motives and 76 wagons, was soon upgraded to carry over 60 million tons with
the current configuration of 200 wagons by 1989. The 580 km railway carries
the coal, also known as black gold, from 44 coal-rich mines in Mpumalanga
to the harbours in Richard’s Bay in the province of KwaZulu-Natal. During
the journey, the railway passes through some 37 concrete-lined tunnels that
run 44 km in total and 137 bridges before reaching its destination.

6
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Chapter 2 Background

Since late 1990’s the Coallink system has reached the maximum capacity
due to the increase in demands. Both the train length as well as wagon size
have reached the maximum allowed by the specification of the narrow-gauge
railway system. Various upgrades on the railway system, i.e., the depots and
the trains, are now being considered to increase the capacity to 69 million
tons a year.

2.2 Train Structure

2.2.1 Locomotive

54 Class 10E direct current (DC) locomotives and 112 alternating current
(AC) locomotives, such as the 7E1 locomotives, are used to haul the 200
jumbo wagons across the Coallink line. At the marshalling yard in Ermelo,
the train control current is switched from DC to AC for the remaining journey
to the port. Due to the combinational use of DC and AC lines, both AC and
DC locomotives are employed. A 10E AC locomotive is shown in Fig. 2.1.
Each locomotive has three bogies. A bogie is a set of wheels and suspension
system.

Figure 2.1: Class 10E locomotives (Spoornet, 2003).

Traction efforts of a locomotive are controlled via notch settings. Regen-
erative braking, or dynamic brake, is also available as one of the possible
notches. Each notch setting represents a certain traction force value, de-
pending on the current speed. The traction effort versus velocity graph of

Electrical, Electronic and Computer Engineering 7
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Chapter 2 Background

Figure 2.2: Traction effort versus velocity graph for the 7E1 AC locomotive
(Spoornet, 2003).

the 7E1 locomotive, currently employed on the Coallink line, is shown in
Fig. 2.2.

Pneumatic brake is available in the locomotives. Due to the limit on the
amount of energy each wheel can dissipate, regenerative braking is preferred
over pneumatic brake to prevent wheel lock up. The energy from regenerated
brake is converted into heat energy by the resistor bank on the locomotive
whereas pneumatic brake uses the wheel for this energy conversion. For
example, the maximum energy each wheel can dissipate is 60 kW, while
the maximum rating for regenerative braking in the 7E1 locomotive is 3000
kW, nearly ten times the 360 kW the six wheels can dissipate. The only
exception is when the train needs to come to a complete stop at low speeds
where regenerative braking has no braking efforts, shown in Fig. 2.3.

2.2.2 Wagons

The type of wagon used in Coallink trains is the jumbo type. Each wagon
has an axle load of 24 tons and is capable of 84 ton of payload, making the
overall mass of the wagon 104 250 kg. The wagons are known as rotary
dump wagon. The wagons consist of two bogies. Fig. 2.4 shows a picture of
a CCL-8 wagon that is currently upgraded with ECP brake system.

Each wagon is equipped with one or two equalising reservoirs. These reser-
voirs are charged to a specific pressure at the beginning of the trip. A brake

Electrical, Electronic and Computer Engineering 8
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Figure 2.3: Dynamic brake effort versus velocity graph for the 7E1 AC loco-
motive (Spoornet, 2003).

Figure 2.4: CCL-8 wagon (Spoornet, 2003).

Electrical, Electronic and Computer Engineering 9
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Chapter 2 Background

pipe runs throughout the whole train and is kept at the same pressure as the
reservoir. The brake control valve in the brake system compares the pres-
sure from both the brake pipe and the equalising reservoir. If the decrease
in brake pipe pressure and its rate exceeds a certain threshold, the brake
control valve tries to equalise the two pressures by letting the excess pres-
sure from the equalising reservoir into the brake cylinder, hence applying the
brake. This will stop when the equalising reservoirs pressure has dropped to
the same level as the brake pipe. This mechanism allows a fail-safe braking
system whereby any sudden loss of pressure in the brake pipe will cause an
immediate application of the emergency brake.

The brake application signal travels down the brake pipe around the speed
of sound, in practice around 280 ms−1. This equals to a delay around 10 s
for the signal to travel from the front locomotive to the very last wagon for
a 200 wagon train.

Once brake is applied, any subsequent brake application of the same magni-
tude or smaller could trigger kick-off. Kick-off is the undesired brake applica-
tion at the rear end of train due to the uneven brake pipe pressure. To avoid
this, the brake system needs to be fully charge before the next brake appli-
cation. Typical time required to fully charge a 200 wagon train is around 15
minutes after a full-service brake.

Each Coallink train consists of two hundred wagons, stretching over 2.5 km.
The train is pulled by a maximum of four or six locomotives, depending on
the type of locomotive used. The 11E locomotives have a continuous rating
3800kW in powering mode compared to 3000kW rating for the 7E1, thus
only four 11E locomotives are required. These locomotives are connected as
a group at the front of the train in the current configuration.

Four wagons are connected with rigid bars to form a group, called a rake.
Each group of wagons is connected with each other and with the locomotives
via elastic-like connectors, or couplers. This type of grouping reduces the
free-slack introduced by couplers.
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2.3 Running Costs

The three major running costs of a train are: travelling time, energy con-
sumption and maintenance cost due to in-train force. Travelling time and
energy consumption are directly proportional to the travelling speed and the
traction efforts applied. In-train forces are the forces experienced by the
couplers joining adjacent cars. Excessive pulling and pushing forces, or draft
and buff forces, can damage these couplers. Given the fact that there could
be a coupler between every single car in a 206 car train, maintenance cost
could run high. The term car refers to any wheeled unit in the train that
can be either a locomotive or a wagon.

The biggest problem experienced during the operation of the heavy-haul
trains is the in-train forces in the couplers that link the wagons and loco-
motives and between wagons. Due to the extra long train length (in excess
of 2.5 km) and the heavy load (the full load in excess of 104 tons) in each
wagon, the in-train forces can be enormous during acceleration and decel-
eration of the train. The current pneumatic braking system uses pressure
waves to transmit braking control signals to all the wagons. The process is
slow and is not spontaneous among the wagons. This attributes to additional
in-train forces during braking. Excessive in-train forces result in excessive
strains in the couplers, which then require frequent maintenance check and
replacement.

While ideally all three costs should be minimised, in practice improving one
area often means sacrificing the other two costs. For example, it is impossible
to achieve higher travelling speed with reduced traction efforts to obtain both
optimal travelling time and optimal energy consumption. Different situation
might also place much greater importance on one factor while overlook the
rest. For example, a train late for shipment needs to get to the harbour as
soon as possible since the fine for late delivery is enormous. In this case,
considerations of in-train forces and fuel consumption are less important in
comparison.

The developed closed-loop controller takes this into consideration by allowing
parameter tuning for the optimal targets. Thus the driver could dynamically
change the weights of importance on the three factors as the situation deems.
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2.4 Electronically Controlled Pneumatic brake

system and Distributed Power

In the current pneumatic controlled brake system (Garg and Dukkipati,
1984), signal propagation of the pressure wave used is limited to the speed of
sound. This results in long delay as the length of the train typically exceeds
2.5km. Due to this brake signal delay, the train experiences uneven braking
whereby the front part of the train will brake before the end of the train.
The reverse applies when the brake is released. Another limitation is that
the cars could not brake individually due to the way the brake pipe pressure
is used for both brake signal transmission and brake force supply.

These factors hinder the performance of the brake system, resulting in in-
crease in braking time and very large in-train forces in some cases.

The new electronic controlled pneumatic (ECP) brake system, defined by the
Association of American Railroads (AAR) (AAR, 2002) and discussed in Kull
(2001), is designed to provide control flexibility that was not possible with the
existing brake system. The new ECP system replaces the pneumatic brake
control with electronic signals, allowing almost simultaneous brake control
by wire and ultimately individual brake setting for each car. The actual
brake force will still be applied pneumatically, only the control signal will be
electronically transmitted.

The advantages of ECP are clear: faster response time and spontaneous brak-
ing across the whole train. The latter is a major advantage as it distributes
the energy dissipated during braking evenly across all the wheels in the train.
With the old system, the front end of the train often has to dissipate most of
the energy since they brake earlier. This results in uneven wear of the brake
system and a limitation on the maximum brake level. Another advantage is
that because brake pipe is no longer used to send brake signals, successive
brake applications are no longer limited by the charging time.

In theory, individual brake control would be the most efficient. In practice,
ECP system needs to overcome two problems before efficiency can be im-
proved. First, true individual control is not possible due to computation and
bandwidth constraints. In AAR specification, ECP communication line can
have up to 32 channels, clearly insufficient for 200 individual wagon brakes.
Secondly, the current manual control does not take advantage of the addi-
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tional control inputs.

Distributed power system is another promising technology. The AAR stip-
ulates that with human driver, only two consists are allowed. Consists are
group of locomotive that received the same control settings. However, with
computer assisted control, AAR removed this restriction.

This opens up numerous opportunities to locomotive placements. It could
be found that it is more efficient to spread the locomotives across the whole
train. While impossible with human control, an automated controller could
be used to improve running efficiency of the train.

However, this also opens up to numerous new optimisation problems. The
previously mentioned locomotive placement is the most important one. To
utilise such options, logistic side of train traffic will also be affected. The
benefits will need to be weighed against the new costs. For example, does
the improvement from spreading locomotive placements justify the additional
time required to shuffle the wagons around? Such questions require consider-
able knowledge into the logistic side of the Coallink system and much further
research to determine the actual benefits.

In this study, the DP system will mostly work with the two group setup,
whereby the two sets of locomotives are found in the front and rear of the
train, the wagons in between them.

2.5 Current Controller

Although the response time of the braking system has been improved through
the introduction of the ECP braking system, one problem still remains: the
cruise control system. To achieve a certain velocity, various factors such as
current velocity, acceleration, wheel slip and current railway gradient need to
be taken into account before the required action, i.e., acceleration, braking
and partial braking, can be decided upon. Currently, the available control
systems for the traction and braking are open loop controllers that do not
take the aforementioned factors into consideration. It is up to the driver
to make these decisions based on his experience and knowledge. Although
humans are more versatile than any modern control system, the performance
of the driver is not guaranteed to be consistent every time. Neither are the
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decisions made by driver necessarily the most efficient and these could differ
from person to person. The training of the driver takes a substantial period
of time, while most drivers can only be trained for a section of the track.

In the current operation, the driver sits in the front locomotives and operates
the rest of the train via notch settings and brake levels. Traffic controls are
read visually by robot-like indicators along the track. Track conditions such
as large incline section are memorised by drivers. Often one driver would
only be responsible for a section of the track that he is familiar with.

2.6 Project Objectives

This project is focused on the closed-loop controller of the heavy-haul train.
Research on existing methods will be fundamental to the development of the
controller. Passenger trains in comparison to heavy-haul trains, consist of
many advance control systems. Thus research in both fields will have to be
considered.

Controller design is impossible without knowledge of the model itself, whether
it may be only sets of input and output data or the actual mechanism. To do
this, train parameters needs to be determined, many of which are not steadily
available. Some of the parameters change as train configuration changes. A
model structure will have to be picked and subsequently the identification of
the required parameters.

To be able to design closed-loop controller, the train first will have to reach
some kind of equilibrium state. To achieve a steady speed, an open-loop
controller is used. This controller will be responsible for maintaining the
train at the desired speed or even determine the required acceleration or
deceleration.

With the DP system, more than one locomotive control groups, or consists,
are possible. ECP also allows wagon to be controlled individually. The
controller will have to be generic to allow changes in train configurations.

Lastly, the closed-loop controller must be designed with tuning flexibility
to allow weights for the three running costs to be changed online. This
is a necessary feature that allows the driver to better assess the current
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condition and make the necessary modification to the controller performance
accordingly.
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Existing Methods

Train design can be classified into two classes: passenger train and heavy-
haul train. The main difference lies in the mass and the length of the train.
Passenger trains consist of fewer cars and are considerably lighter than heavy-
haul trains. The different objectives of the two thus result in different re-
search directions.

Research in passenger trains tends to focus on the comfort, various methods
to reduce the vibrations and oscillations felt by the passenger. Advanced
controllers are common since passenger train locomotives and wagons are
updated with the latest technology more frequently.

In comparison heavy-haul train design is more conservative. Adoption to
new advancements is slow, due to the stronger focus on safety and proven re-
liable technology. The demand for improvement is also less since competition
from other transportation medium are limited, as railroad transportation still
remains more economical means of heavy-haul transport. Passenger trans-
portation faces a tougher competition from air and road transportation.

In this study, literatures on the control system on both fields were considered,
ranging from high speed train controller (Yang and Sun, 2001) to safety brake
control for heavy-haul trains (Watanabe and Takashige, 1994).

The main approaches to the general train control in the literature are: opti-
mal control and robust control. Each approach has its weakness and strength.
While most of these approaches were extensive, none of them was designed
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with the ECP braking system in mind. Rather than trying to come up with
a controller that meets all the requirements, each approach tackled one spe-
cific feature of the problem. These features included, but are not limited
to, fuel consumption, in-train forces, adhesive force, speed restriction and
non-consistent slopes.
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3.1 Optimal Control Method

3.1.1 Introduction

Howlett (1996) proposed an optimal control strategy for the scenario where
a train has to travel between two stations within a certain time limit via a
non-constant slope path while minimising energy usage. The method places
strong emphasis on the fuel consumption. The method was discussed further
by Khmelnitsky (2000).

3.1.2 Methodology

Howlett’s design was based on the performance characteristics of a particular
GM diesel-electric locomotive. The general traction force of a diesel-electric
locomotive is shown in Fig. 3.1. The locomotive has eight traction control
settings; each determines a constant rate of fuel supply to the diesel motors.
It can be seen that the traction force is inversely proportional to the speed,
i.e., acceleration is less at higher speed. Although the particular graph only
applies to the specific locomotive, similar graphs can be found for most AC
and DC locomotives.

Speed

Traction effort

1

2

3

4

5

6

7

8

Figure 3.1: Traction force versus speed of a typical diesel-electric locomotive.

The locomotive model proposed by Howlett uses a finite sequence of traction
and one brake setting. For simplification, a negative traction force is used
to represent braking force. The whole train was modelled as a point mass,
shown in Fig. 3.2.
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Traction force fi

Friction force r(x)

Gravitational force g(x)

Figure 3.2: Force diagram for the optimal strategy.

The equations of motion for the train are given as follow

dx

dt
= v,

dv

dt
=

Hfi

v
+ Kj − ρ(x) + g(x),

where x is the distance along the track, v is the velocity of the train, fi is the
traction force, Kj is the constant braking force if brake was applied, ρ(x) is
the frictional force, H is a constant from the traction graph and g(x) is the
resistance force due to the track gradient. Mass of the train was eliminated
from both side of the equation.

Note the equations of motion is only valid for non standstill case.

The optimal control strategy applies control at various discrete points. The
total distance is then divided up into segments as follows,

0 = x0 ≤ x1 ≤ x2 ≤ x3 ≤ · · · ≤ xn+1 = X,

where x0 is the initial point and xn+1 is the end point X. Thus one could
define a subset

j(k + 1)k=0,1,...,n,

where j(k + 1) is the control setting on the interval (xk, xk+1).
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The cost function for the optimal strategy is then given as

J =
n∑

k=0

fj(k+1)τk+1,

where fj(k+1) is the traction force for that specific interval and τk+1 is the
time taken for the train to move across the interval (xk, xk+1).

The true gradient can be represented as a piecewise-constant gradient. This
was done for computational and theoretical reasons as optimal control method
was used. Thus the interval (0, X) can be divided into

0 = h0 ≤ h1 ≤ h2 ≤ · · · ≤ hp+1 = X,

where the resistance force due to track grade g(x) is constant on each subin-
terval (hr, hr+1). This subintervals of gradient is not directly related to the
control signal subintervals (xk, xk+1), although one would choose the control
signal subintervals based on the gradient information of the track.

3.1.3 Results

The results obtained by Howlett (Howlett, 1996) are given below from a pro-
prietary algorithm, Metromiser, where the optimal points were determined.
The results are shown in Fig. 3.3 and Fig. 3.4 for a level track and a small
valley, respectively.

It can be seen that the result from the level track coasts longer at the end
than the small valley results. For the small valley, the train requires less
traction action initially. More frequent traction actions were required after
it completed the uphill climb of the valley.

It was shown that the most fuel-efficient strategy is the speed-holding strat-
egy. Another result is that the power-efficient traction setting is the max-
imum traction setting. The Metromiser result showed an improvement in
travelling time and a 14% fuel efficiency.
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Figure 3.3: Speed profile of the optimal type on level track.
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Figure 3.4: Speed profile of the optimal type over a small valley.
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3.1.4 Discussion

A problem with the optimal control is the selection of the switching points.
In Howlett’s paper, the optimal switching points were found via a proprietary
program, Metromiser. Such selection is dependent on the existing knowledge
of the track topology.

It was seen that optimal control is able to provide an optimal control strategy
which minimises fuel consumption for the specific switching points. Further
development would be required for such implementation on the long-haul
train. In-train forces, for example were not included in the model. As the
trains are over 2.5km long, the assumption of a single-point mass train cannot
hold.

Guidance systems based on optimal control are currently available for long-
haul trains. The LEADER system (NYAB, 2003), developed by New York
Air Brake, provides a near-optimal suggestion of speed along per-programmed
track based on current position. The system does not calculate the optimal
strategy based on current status; instead, it calculates the optimal strategy
for that particular track using pre-programmed database and the initial con-
ditions of the train. At the end of the trip, one can compare the performance
of the driver with the optimal run calculated by the system.

For Coallink it is advisable to employ these techniques to find an optimal
speed profile. This profile could then be used as a yardstick for performance
evaluation for human drivers as well as autonomous speed controllers.
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3.2 Braking Profile

3.2.1 Introduction

The basic idea of the braking profile method is to calculate the required
velocity curve of the train for it to reach the designated speed at the end
of the distance. The braking profile methods are implemented mostly as
a safety backup in the automatic train protection (ATP) system. Certain
scenarios, such as the case that the driver has failed to keep the speed within
the safety limit, will result in the activation of the ATP system.

The basic ATP system design will apply the emergency brake until the train
has come to a complete stop when activated. The problem with this system
is that it will often cause large impact forces and possible wheel damages
due to slip. This is because the emergency brake setting exerts the highest
pressure on the pneumatic braking system, resulting in tremendous impact
forces and energy transfer via the wheels.

A more advanced ATP system used currently by the Japanese trains was
described by Watanabe and Takashige (1994). It operates by transmitting
the current speed limit on the current track to the train. The controller
onboard the train then compares this signal to its current speed. If the
later exceeds the limit, brake is applied until the current speed is below the
received limit.

In cases where the trains are required to come to a complete stop, many
regions of decreased speed limit are specified before the point of complete
stop. The speed profile before the point, mostly stations, is step-like.

The disadvantages of such system are:

1. For the train to reach complete stop, the driver is required to repeatedly
apply and release the brakes every time the train crosses a region. This
occurs as the train will always travel at less than the specified speed
limit, and the system will not allow the train to reach complete stop.

2. The block lengths are predetermined by the margin distance and idle
running distance of brakes. Once calculated it is fixed. Therefore it is
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impossible to increase the traffic density on these sections of the railway
later on.

3. Since the braking performances of the trains differ from one to another,
the block length is determined by using the worst case to ensure safety.
This means some trains will have to stop much earlier than necessary,
which result in reduction in traffic density.

Improvement on the ATP system is currently in progress. One example is
the automatic speed enforcement system (ASES) used by Amtrak’s North-
east Corridor railway (Thelen and Tse, 1990). A similar system is also under
development for the Chinese coal railway (Tang and Gao, 1996), as the cur-
rent ATP system only works for the light freight and passenger trains. These
systems, based on the existing ATP system, apply a gradual service brake
instead of the emergency brake to reduce the impact experienced by the train.

Another advanced ATP system suggested by Watanabe and Takashige (1994)
resolves the above mentioned disadvantages by calculating the speed profile
of the train on an individual basis according to the train’s current condition
and the current environment, e.g., distance to previous train.

The inputs the advanced ATP system requires from the system are:

1. the distance to the preceding train, i.e., the distance between two trains
on the same track,

2. the starting point of a speed restriction, e.g., tunnel or a turn, and

3. the block identification number of the current track section.

The information the advanced ATP system stores on the train are:

1. the braking performance of the train,

2. the information about the track,

3. the absolute locations measure from beginning of the railway,
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4. the absolute location of curves and gradients, and

5. sizes and locations of every car.

3.2.2 Methodology

The system calculates the brake profile via the current speed and the distance
to the target area with its designated speed limit. As the brake system of
each train differs from each other, some of the parameters vary.

The proposed methods try to improve the algorithm that calculates the speed
profile by making it more smoothly and reduce the force required. The
following equations and parameters were given for the Chinese coal train by
Tang and Gao (1996).

Due to the extra long train length, the pneumatic control signal requires a
few seconds to setup and equalise across the whole train. Thus, the braking
processing can be divided into two parts: the virtual braking period for the
braking signal to reach all the wagons and the effective braking period where
the brake starts to reduce the speed of the train to the desired value. Thus,
the braking distance can be given as follows,

S = Sk + Se,

where S is the total braking distance, Sk is the equivalent virtual braking
distance and Se is the effective braking distance.

During the virtual braking period the speed of the train will not be uniform
as the front wagons will start to brake before the end wagons. For simplifi-
cation, the assumption here is that the speed of the train remains constant
throughout this period.

The virtual braking distance can thus be given as

S =
1000V0tk
60× 60

=
V0tk
3.6

,
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where V0 is the initial speed and the tk is the equivalent virtual braking time,
i.e., the time taken for the brake signal to travel through the whole train.
For the Chinese coal train, it is given

Emergency braking tk = (1.5 + 0.18n)(1− 0.05ik),

Service braking tk = (2.8 + 0.0014rn)(1− 0.1ik),

where ik is the equivalent gradient in the braking distance, r is the service
brake reduction factor and n is the number of wagons in the train. The
equivalent gradient is the average gradient for the specific distance.

The effective braking distance is given as

Se =
V0

3.6
tn +

4.17α(V 2
n − V 2

n+1)

103βθhψhs + ω0s + ij
,

where β is the coefficient for the equivalent train brake rate, θh is the equiva-
lent distance friction coefficient, ψhs is the equivalent friction coefficient and
ω0s is the train equivalent resistive force. The equivalent parameters are the
average values for the specific distance.

s

V

Figure 3.5: The braking profile, i.e., the speed-distance curve.

From these equations, the braking profile curve can be determined, depending
on the parameter values. Fig. 3.5 shows the general trend of these curves,
with a smooth deceleration as the train approaches its stop.
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3.2.3 Discussion

In Fig. 3.6 the suppression method refers to the ATP system that utilises
emergency brakes while the braking profile is the method that utilises gradual
braking settings.

Figure 3.6: Comparison of speed reduction and train force between suppres-
sion method and braking profile method (Thelen and Tse, 1990).

It can be seen that the gradual braking method smoothes out the speed
curve over the whole distance, as well as the in-train forces experienced by
the train. The suppression method, on the other hand, was able to reduce
speed at a faster rate. This, however, resulted in two peaks in the in-train
forces, one caused by the high braking force and the other by the traction
force to compensate for the over-braking.

The brake profile method has the clear advantage of reducing the in-train
forces while reducing the speed to the safety limit. This will reduce the wear
on the couplers that connect the wagons. When taking into account the large
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number of wagons per train and the number of fleets, this method would be
able to substantially reduce the running cost of the railway.

For cruise control, this method will be able to reduce the in-train force during
large changes in reference speeds. However, since reference speed seldom
changes during normal operation, the application situations for brake profile
are limited.
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3.3 Maximum Adhesive Control

3.3.1 Introduction

Slip is a phenomenon that occurs when the actual radial velocity of the
wheel exceeds the theoretical radial velocity of the given linear velocity of
the wagon, i.e., the wheel is spinning faster than it should. Slip or slip
velocity is defined as

slip = ωr − v,

where ω is the actual radial velocity, r is the radius of the wheel and v is the
linear velocity of the wagon.

Through experiments, it was found that the coefficient of friction is dependent
on the slip velocity. An interesting phenomenon is that the coefficient of
friction actually increases as slip increases initially, only to decrease after
reaching the maximum at some small slip value, as shown in Fig. 3.7.

0 2 4 6 8 10
0

0.05

0.1

0.15

0.2

0.25

C
oe

ff
ic

ie
nt

 o
f 

fr
ic

tio
n

Slip velocity (km/h)

Wet Condition
Dry Condition

Figure 3.7: Coefficient of friction versus the slip velocity graph.

The challenge is then to keep the slip of the wheel around the point which
produces the maximum coefficient of friction, thus results in the maximum
adhesive force.
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A new method of control was proposed by Ishikawa and Kawamura (1997)
to improve the performance such that the slip velocity is kept as closely to
the maximum point as possible.

To achieve any type of slip control, accurate reading of the actual wheel radial
velocity is required. Normally a speed sensor is installed for this purpose.
Watanabe and Yamashita (2001) proposed a novel way of calculating the
slip velocity via the inverter currents that feed the traction motors of the
locomotive. Although very specific to the particular setup of motors, it
provides an alternative to the speed sensor.

3.3.2 Methodology

The following model is taken from Ishikawa and Kawamura (1997). First
consider a simple one axis train model, shown in Fig. 3.8.

r

f

f

v

w

Figure 3.8: One axis train model.

The equations of motion for the model are

dw

dt
= Te− fr − bω,

W
dv

dt
= f − cv2,

f = µWg,

where the parameters are given in Table 3.1.
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Symbol Parameter Units
J Wheel moment kg ·m
Te Input torque N ·m
r Wheel radius m
b viscosity resistance km ·m/sec
W Train weight Kg
c Aerodynamic coefficient m3/sec2

g Gravity m/sec2

ω Motor speed rad/sec2

f Adhesive force N
v Train speed m/sec

Table 3.1: List of parameters for the differential equations of the wheel in
Fig. 3.8.

a b c d
Wet condition 0.54 1.2 0.29 0.29
Dry condition 0.54 1.2 1.0 1.0

Table 3.2: Example values for the parameters for the coefficient of friction.

The input torque Te is the input to the system in this case. The measured
outputs are the motor speed and the train speed.

The coefficient of friction is assumed to be

µ = c · exp(−a · slip)− d · exp(−b · slip), (3.1)

where the parameters a, b, c, d depend on the rail condition. An example
was provided in Ishikawa and Kawamura (1997). The values are given in
Table 3.2. Using these values, the resulted coefficient of friction versus slip
velocity graph is plotted in Fig. 3.7.

A straight forward, conventional maximum adhesive force controller is shown
Fig. 3.9.

Ishikawa and Kawamura (1997) proposed a PI-based controller. The dynamic
equation is given below.
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Input torque Te

Slip < 5 km/h

Non-slip

Input torque (Te)

increases a little

Slip > 5 km/h

Gross slipping

Te=0.8*Te

200 ms wait

No

Yes

No

Yes

Figure 3.9: Flow chart of a conventional maximum adhesive force control.
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d

dt




ω̂

f̂

f̂ ′


 =




1
j

r
j

0

0 0 1
0 0 0







ω̂

f̂

f̂ ′


 +




1
j

0
0


 Te + K(ω − ω̂) (3.2)

where the gain K is chosen via classic feedback methods such that (3.2) is
stable.
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Figure 3.10: PI controller with feedback observer.

The observer calculates the adhesive force and its derivative with the input
torque Te and the wheel radial velocity ω. The reference wheel velocity is
given as

ωref =
slipref

r
+

v

r
.

The slip velocity generator generates the suitable slip reference for the max-
imum adhesive force under the current conditions. The algorithm is given as
follows.

1. if dfk

dSlipk
= 0, the slip reference slipref is kept the same as the previous

sampling period.

2. if dfk

dSlipk
6= 0, then slipk+1

ref = slipk
ref + α dfk

dslipk

3. return to 1

While Ishikawa and Kawamura (1997) focused on the slip velocity control,
Watanabe and Yamashita (2001) proposed an alternative slip velocity detec-
tor without speed sensor. As the method is based on careful analysis of the
inverter current of the motors, the method will not be discussed in detail
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as the resulting controller is very specific to the particular motor behaviour.
The general concept is presented below.

Fig. 3.11 is a test result obtained from the configuration whereby a single
inverter feeds four motors. The test system has an anti-slip control installed.
The rail was sprayed with water so that all four axles would experience slip.
It can be seen that the inverter current increases as slip occurred at point A.
The slip was then detected and the anti-slip controller initiated at point B.
The inverter current reference value drops subsequently.

Figure 3.11: The test results from the multiple motor drive (Watanabe and
Yamashita, 2001).

The scheme proposed by Watanabe and Yamashita (2001) is a slip detector
based on the inverter currents to the individual motors. When slip occurs,
a difference will occur between the currents to the motors. The difference
could be as a result to the difference of wheel diameter, but this offset would
be measured and stored initially. This slip controller would accept other
inputs such as the motor torque and rotational acceleration, and will be able
to derive the adhesive force at that point.
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3.3.3 Result

The results from the maximum adhesive control (Ishikawa and Kawamura,
1997) using the PI controller and the conventional criteria-based controller
is given in Fig. 3.12 and Fig. 3.13 . It can be clearly seen that the new
controller is able to stay much closer to the maximum point, providing the
highest adhesive force possible. The conventional controller exhibits oscil-
latory outputs around the peak slip point, shown in Fig. 3.12. The dashed
line in the graph shows the theoretical adhesive force obtained by the model
given in (3.1).

Figure 3.12: Adhesive force versus slip as obtained by the conventional anti-
slip control shown in Fig. 3.9 (Ishikawa and Kawamura, 1997).

The slip velocity was then plotted against time, shown in Fig. 3.14. It is clear
that the conventional method produced higher peaks with the average slip
velocity centred around 1.5km/h, while the new controller centred around
1km/h with subdued oscillations.
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Figure 3.13: Adhesive force versus slip as obtained by the PI controller in
Fig. 3.10 (Ishikawa and Kawamura, 1997).

Figure 3.14: Slip velocity versus time (Ishikawa and Kawamura, 1997).
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3.3.4 Discussion

Adhesive control is an interesting problem at low-level control. For open-
loop control, this would affect the efficiency of the traction forces, which
will have an effect on energy consumption. Specific parameters of the train
are essential for the control method, many of which are not available or
uneconomical to obtain. However, in the closed-loop control proposed, such
parameter ambiguity will be compensated via the feedback mechanism.

The slip control results shown are purely theoretical. Since numerous external
factors affect slip, such as track wetness, performance of such slip control
under external disturbances and changing environment remains to be seen.
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3.4 Mixed H2/H∞ Control

3.4.1 Introduction

Although originally designed with the new high-speed train (HST) in Taiwan
in mind, the close loop controller proposed by Yang and Sun (2001) could
be modified to be implemented for the heavy-haul train. The controller,
based on the feedback of the states and H2 and H∞ control, is optimised by
linear matrix inequalities (LMI) method (Halder and Kailath, 1999; Scherer
et al., 1997). In this paper, the train model used provides more insights
into train dynamics and is of more interest than its controller. Thus, in the
following section, the model is closely examined.

The model proposed by Yang and Sun (2001) approximates the real train
dynamics more closely than the model proposed by Howlett (1996). The
few aspects that were ignored by previous studies are incorporated in this
model. Firstly, each wagon is considered as an individual entity. The relative
displacement and velocities of each wagon forms an important part of the
model as it is used to calculate the in-train forces. Secondly, because each
wagon is a separate entity, the model is then able to incorporate the coupler
forces. As the train length and mass increase, the large coupler forces become
inevitable in the design as one of the constraints. It is important that the in-
train forces be maintained within the maximum the coupler could withstand
to reduce maintenance cost.

The performance of two types of train configuration was also investigated:
distributed driving (DD) and pull-push driving (PPD). DD design assumes
that all wagons are motorised while in PPD design only the front and the
last wagons are powered.

3.4.2 Methodology

The couplers in the train are essentially elastic-like connectors. Thus, it can
be described by a spring model. Each coupler has free plates that can move
one or two centimetres before it starts to pull or push the linkage.
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For a spring model, the restoring force is a function of the relative displace-
ment ξ, as given below

f(ξ) = kξ,

where k is the stiffness coefficient. In Yang and Sun (Yang and Sun, 2001),
three types of the spring model are given.

k = k0(1 + εξ2) =





ε = 0 linear spring,
ε < 0 softening spring,
ε > 0 hardening spring,

where ε is the non-linearity factor. As relative displacement ξ increases,
a softening spring would results in a smaller stiffness coefficient than the
hardening or linear spring. This means that the softening spring is more
flexible than the other two and is thus more difficult to control.

The restoring force versus displacement is given in Fig. 3.15. From the graph,
it can be seen that the stiffness coefficient is bounded by

k− ≤ k ≤ k+,

where k− is the softening spring and k+ is the hardening spring. Since
k− is the most flexible coupler which gives the most severe oscillation, it
is reasonable to use k− in the design for worst case analysis in the case of
passenger train, whereby ride quality is highly emphasised.

The resistance experienced by the train is caused by two sources: the rolling
resistance and the aerodynamic resistance. The total resistance, or running
resistance, is given as

R = c0 + cvv︸ ︷︷ ︸
Rr

+ cav
2

︸︷︷︸
Ra

,
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Figure 3.15: Restoring force versus displacement for the different types of
spring.
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where v is the wagon velocity, the coefficients are determined by wind tun-
nel tests. Rr and Ra are the rolling resistance and aerodynamic resistance
respectively.

Aerodynamic drag is most dominant at high-speed region, mostly experi-
enced by high-speed trains. The rolling resistance, caused by the friction
between wheel and rail, is dominant at the low speed range, thus the pre-
dominant resistance experienced by freight trains.

Figure 3.16: Force diagram of the train in longitudinal motion (Yang and
Sun, 2001).

Fig. 3.16 is the force diagram of the train model. xi and ẋi represent the
position and velocity of the ith wagon with respect to a static frame on the
ground. ui is the traction of the motorised cars. For DD design all the
wagons would have its own traction force, but for PPD ui = 0, i = 2 . . . n− 1
as only the first and the last wagons are powered. The lower bound k− is
used for the stiffness coefficient for worst case analysis.

It is assumed that the aerodynamic drag acts on the first car only. All the
wagons experience the rolling resistance. The equations of motion for the
wagons are

m1ẍ1 = u1 − k−(x1 − x2)− (c0 + cvẋ1)︸ ︷︷ ︸
Rr

m1 − caẋ
2
1︸︷︷︸

Ra

(
n∑

i=1

m1),

miẍi = ui − k−(xi − xi−1)− k−(xi − xi+1)− (c0 + cvẋi)︸ ︷︷ ︸
Rr

mi,

i = 2, . . . , n− 1
mnẍn = un − k−(xn − xn−1)− (c0 + cvẋn)︸ ︷︷ ︸

Rr

mn.





(3.3)

To be able to use linear control theory, the model needs to be linearised
first. For the DD design, it is assumed that at the equilibrium state all the
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wagons are at a cruising speed ẋe
1 = ẋe

2 = · · · = ẋe
n = v0 and zero acceleration

ẍe
1 = ẍe

2 = · · · = ẍe
n = 0. By substituting the previous values into (3.3), the

control force and the position can be found as

ue
1 = c0m1 + cvm1v0 + ca(

n∑
i=1

mi)v
2
0

ue
i = c0mi + cvmiv0, i = 2, . . . , n





(3.4)

xe
1 = xe

2 = . . . = xe
n

which means that the relative displacements between the wagons are zero at
equilibrium.

Using (3.4) and ignoring higher order terms and substituting xi = xe
i + δxi

and ui = ue
i + δui, the following linearised equations of motion are obtained

m1δẍ1 = δu1 − k−(δx1 − δx2)− (c0 + cvδẋ1)m1

−2cav0δẋ1

n∑
i=1

m1,

miδẍi = ui − k−(δxi − δxi−1)− k−(δxi − δxi+1)− (c0

+cvδẋi)mi, i = 2, . . . , n− 1
mnδẍn = un − k−(δxn − δxn−1)− cvmnδẋn.





(3.5)

For the PPD design, (3.4) does not hold due to the lack of enough control
inputs to cancel out the rolling resistance in each wagon. However, the
approximation is still good enough from the practical point of view since
similar control forces are exerted by the locomotives and distributed via
couplers. For relatively flat track, it is possible for PPD design to achieve
equilibrium operation.

Equation (3.5) can be rewritten in the standard state space form as

ẋ = Fx + Gu =

[
0n×n In×n

F21 F22

]
x +

[
0n×l

G21

]
u

where n is the number of cars, l is the number of motorised wagons and the
state valuables are x = [δx1 . . . xn δẍ1 . . . δẍn]T and u = [δu1 . . . δul]

T ,
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G21 =








1 0
0n−2 0n−2

0 1


 , for the PPD type

In×n, for the DD type

F21 =




−k−

m1

k−

m1

0 . . . . . . . . . 0

k−

m2

−2k−

m2

k−

m2

0 . . . . . . 0

0
k−

m3

−2k−

m3

k−

m3

0 . . . 0

. . . . . . . . . . . . . . . . . . . . .
0 . . . . . . . . . . . . . . . 0

0 . . . . . . 0
k−

mn−1

−2k−

mn−1

k−

mn−1

0 . . . . . . . . . 0
k−

mn

−k−

mn




n×n

F22 =




−cv −
2cav0

(
n∑

i=1

mi

)

m1

0 . . . . . . 0

0 −cv 0 . . . 0
. . . . . . . . . . . . . . .
0 . . . 0 −cv 0
0 . . . . . . . . . −cv




Assume that all the states can measured, the measured output y is given as

y = Cx

where C = I2n×2n. The performance output z is defined as

z = Hx

where z is required to track the speed command r(t). For PPD design,
z = [ẋ1 ẋn]T and for DD design, z = [ẋ1 ẋ2 . . . ẋn]T , therefore

H =





[
01×n 1 0 . . . 0
01×n 0 . . . 0 1

]

2×2n

, for the PPD design

[0n×n In×n]n×2n , for the DD design.
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3.4.3 Results

Two performance comparisons were done by Yang and Sun (2001): between
DD and PPD and between mixed H2/H∞ and pure H2 and H∞ control. Their
results are shown in Fig. 3.17 and Fig. 3.18. The velocities are assumed to
belong to the front locomotive since it is not indicated by Yang and Sun
(2001).

Figure 3.17: The tracking performance of DD and PPD design (Yang and
Sun, 2001).

From Fig. 3.17, it is clear that DD design has a smaller overshoot, shorter
rise time and faster settling time. Thus for mixed H2/H∞ control, DD design
has better command tracking performance than PPD design.

The gust attenuation performance of DD and PPD design is given in Fig. 3.18.
The trains were subjected to a wind gust of −20m/s at t = 600s, an equiv-
alent head-on collision force of around −20kN . Again, DD design exhibits
smaller velocity fluctuation and faster recovery. This shows that, for mixed
H2/H∞ control, DD design performs better than PPD design at attenuating
wind gust. The one advantage of PPD design, seen from Fig. 3.19, is that
it requires less control efforts than DD design, thus reducing energy usage.
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Figure 3.18: The gust attenuation of the DD and PPD design (Yang and
Sun, 2001).

It can also be seen that the summed absolute energy usage does not depend
on the spring coefficients. Two values of spring coefficients variation ε are
used in this simulation. From the practical side, PPD requires much less
maintenance as there are only two motorised cars per train, as opposed to
DD design where every car is powered.

The tracking and gust attenuation performance of the different controller is
given below. It can be seen that the mixed H2/H∞ control perform better
than pure H2 control in both aspects, while its settling time is faster than
those of H∞.

From Fig. 3.20, it can be seen that H2 control has the best command track-
ing performance and H∞ control has the best gust attenuation. Mixed
H2/H∞ control shows a good compromise between the two controllers. From
Fig. 3.21, it is clear that pure H2 control exhibits excessive oscillation while
mixed H2/H∞ control was able to perform reasonably well.

It is important to notes that although DD design gave better performance
than PPD design in the previous result, the same assumption may not hold
for different controller.
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Figure 3.19: Summation of absolute control efforts of DD and PPD design
with different spring coefficients (Yang and Sun, 2001).
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Figure 3.20: The tracking and gust attenuation performance of the H2/H∞,
pure H2 and H∞ controllers (Yang and Sun, 2001).

Figure 3.21: Gust attenuation performance of H2/H∞ versus pure H2 control
(Yang and Sun, 2001).
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3.4.4 Discussion

The model proposed by Yang and Sun (2001) is a pure theoretical one: the
simplifications and modelling methods have not been validated as whether
it can sufficiently represent the high-speed train accurately. Further more,
such methods are not necessary applicable to ECP/DP trains since the train
characteristics such as train length and wagon mass differ substantially.

In this study, the lower value is assumed for worst-case analysis. Although
the resultant in-train force are smaller, it produces excessive oscillation which
affect the ride quality greatly. This is different from the heavy-haul train,
whereby the larger spring coefficient would be considered as the worst-case
choice due to the higher in-train force it produces.

The modelling of the external disturbances seems insufficient. Track condi-
tions such as gradient and curvature were not considered. Modelling wind
gust as an impulse-like disturbance seems unnatural, as wind gust resistance
increases gradually.

In-train force, although modelled, was not a control objective in the controller
design. Cruise control results show that it is possible for PPD configuration,
similar to certain Coallink train configuration, to be velocity regulated.
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3.5 Input/Output Decoupling

3.5.1 Introduction

In the study by Astolfi and Menini (2002), input/output decoupling of high-
speed train is investigated. In a complex multiple inputs multiple outputs
(MIMO) system such as the high-speed train, it is highly desirable to be
able to control certain particular output without affecting the other outputs.
That is, each reference only affects its corresponding output, e.g., changes in
reference velocity should have no effects on the in-train force.

3.5.2 Methodology

The train model is based on the high-speed train model from Yang and Sun
(2001), shown in Fig. 3.16. Rolling resistance coefficients are defined as c0

and cv. Coupler force, called the elastic restoring force fe here, is defined as
a function of the relative displacement δ between adjacent cars,

fe(δ) = k0(1 + εδ2)δ, (3.6)

where k0 is the spring constant, ε is the non-linearity factor.

The model shown in Astolfi and Menini (2002) is as follows

m1ẍ1 = u1 + fe(x2 − x1)
− (c0 + cvẋ1)m1 − Ca(ẋ1 − ω)2,

miẍi = ui − fe(xi − xi−1) + fe(xi+1 − xi)
− (c0 + cvẋi)mi, i = 2, . . . , n− 1,

mnẍn = un − fe(xi−1 − xi)− (c0 + cvẋn)mn.

(3.7)

Again, operation around an equilibrium point is considered. In this study,
it is assumed that the train is travelling around the desired speed v0, i.e.,
xe

i (t) = v0, i = 1, . . . , n. It is also assumed that the driving forces are con-
stant. ω is the wind speed.

PPD as well DD operations are considered. Thus, with more than one driving
force, the freedom of choice for the constant driving forces will result in
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different constant equilibrium distance

δe
i+1 = xe

i+1(t)− xe
i (t), i = 1, . . . , n− 1.

Since the actual position of the train along the railroad is not used in the
model, a more logical choice of the state vector would be the equilibrium
distance and the train velocity error, i.e.,

x(t) = [δ2,1 . . . δn,n−1 δẋi . . . δẋn],

δi+1,i = xi+1(t)− xi(t)− δe
i+1,

δẋi = ẋi − v0,

where v0 is the desired velocity and δi+1,i is the relative displacement, which
is the distance offset from the equilibrium distance.

Let cτ = c0 + cvv0 and assume equilibrium state, from (3.7), the following n
non-linear equations can be found:

0 = ue
1 + fe(δ

e
2,1)− cτm1 − Cav

2
0,

0 = −fe(δ
e
i,i−1) + fe(δ

e
i+1,i)− cτmi, i = 2, . . . , n− 1,

0 = ue
n − fe(δ

e
n,n−1)− cτmn,

(3.8)

with n + 1 unknowns δe
i,i−1, ue

1 and ue
n. To determine the operating point,

another equation has to be added to (3.8). The choices suggested by Astolfi
and Menini (2002) are

• δe
k+1,k = 0 for a given k ∈ {1, . . . , n − 1}, i.e., one of the equilibrium

distance equals to zero, or

• ue
1 = ue

n, both constant driving forces equal.

In that paper, the first option with k = 2 was chosen, i.e., δe
3,2 = 0, for

solving the operating point. The PPD case n = 5 was considered. The
resulting state space model with input

u(t) =

[
δu1

δu5

]
:=

[
u1 − ue

1

u5 − ue
5

]
(3.9)
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and disturbance (wind disturbance) ω can be written as:

δ̇i+1,i = δẋi+1 − δẋi, i = 1, . . . , 4, (3.10)

m1δẍ1 = ∆fe(δ
e
2,1 + δ2,1, δ

e
2,1)− Caδẋ

2
1 − (cvm1 + 2Cav0)δẋ1

+δu1 + Ca(2v0ω − Caω
2) + 2Caδẋ1ω, (3.11)

m2δẍ2 = fe(δ3,2)−∆fe(δ
e
2,1 + δ2,1, δ

e
2,1)−m2cvδẋ2 (3.12)

m3δẍ3 = ∆fe(δ
e
4,3 + δ4,3, δ

e
4,3)− fe(δ3,2)−m3cvδẋ3 (3.13)

m4δẍ4 = ∆fe(δ
e
5,4 + δ5,4, δ

e
5,4)−∆fe(δ

e
4,3 + δ4,3, δ

e
4,3)−m4cvδẋ4(3.14)

m5δẍ5 = −∆fe(δ
e
5,4 + δ5,4, δ

e
5,4)−m5cvδẋ5 + δu5, (3.15)

where δẍi = d
dt

(δẋi), fe(.) is given by (3.6) and ∆fe(δ1, δ2) := fe(δ1)− fe(δ2).

3.5.3 Results

In that paper, it made the following observations for stability: when rolling
resistance is considered in the high-speed train model, despite its slow decay
rate, the oscillation of the open-loop system is asymptotically stable. Thus
for the closed-loop system, the rate of the exponential decay of the modes of
the linearised model can be fixed by the designer, as long as it is faster than
the one of the open-loop systems.

In the scenarios proposed by Astolfi and Menini (2002), the following prob-
lems need to be satisfied for the closed-loop system with input r(t) ∈ R2 and
output y = h(x):

• It is (locally) non-interactive between the input r and the output y,

• It is asymptotically stable in the first approximation, with all the eigen-
values of its approximate linearised model having real part smaller than
−cv/2, and

• It is such that, for initial conditions sufficiently close to this equilibrium,
for small constant reference signals r and for small constant disturbance
ω, one has

lim
t→+∞

(r − y(t)) = 0.
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With the problem defined, various choices of the output y were explored
whereby the second output would be the relative displacement of various
section of the train.

The case y2 = δ2,1

It is assumed that the output is

y =

[
h1(x)
h2(x)

]
=

[
δẋ1

δ2,1

]
, (3.16)

i.e., the first output is the velocity of the first car and the second output
is the relative distance between the first and the second car, i.e., the first
coupler.

It is found that with (3.9), (3.10) to (3.15) and (3.16) the input-output
decoupling problem can be solved with standard steps.

The case y2 = δ5,4

It is assumed that the output is

y =

[
h1(x)
h2(x)

]
=

[
δẋ1

δ5,4

]
, (3.17)

i.e., the first output is the velocity of the first car and the second output
is the relative distance between the fourth and the fifth car, i.e., the last
coupler.

It is found that in this case the problem is not solvable by using (3.9), (3.10)
to (3.15) and (3.17).

However, the paper found that with an additional input the problem can be
solved. The driving force is then

u(t) =




δu1

δu4

δu5


 :=




u1 − ue
1

u4 − ue
4

u5 − ue
5


 . (3.18)
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The operating point so that δ2
3,2 = 0 and δ2

5,4 = 0 is determined. Conse-
quently, the state space equations of the system become (3.10) to (3.13) and

m4δẍ4 = fe(δ
e
5,4)−∆fe(δ

e
4,3 + δ4,3, δ

e
4,3)−m4cvδẋ4 + δu4

m5δẍ5 = −∆fe(δ
e
5,4 −m5cvδẋ5 + δu5,

which replace (3.14) and (3.15).

The case y2 = δ4,3

It is assumed that the output is

y =

[
h1(x)
h2(x)

]
=

[
δẋ1

δ4,3

]
, (3.19)

i.e., the first output is the velocity of the first car and the second output is
the relative distance between the third and the fourth car, i.e., the second
coupler from the rear.

In this case, the additional third driving force is again required to satisfy the
problem statement. Thus the input is now

u(t) =




δu1

δu3

δu5


 :=




u1 − ue
1

u3 − ue
3

u5 − ue
5


 . (3.20)

The operating point so that δ2
3,2 = 0 and δ2

4,3 = 0 is determined. Conse-
quently, the state space equations of the system become (3.10) to (3.12),
(3.15) and

m3δẍ3 = (fe(δ
e
4,3)− fe(δ

e
3,2))−m3cvδẋ3 + δu3

m4δẍ4 = ∆fe(δ
e
5,4 + δ5,4, δ

e
5,4)− fe(δ4,3)−m4cvδẋ4,

which replace (3.13) and (3.14).

In this paper, simulated results showed that input/output decoupling can
be achieved along with strengthened stability. The second property meant
the system converges quickly, since the eigenvalues of the linearisation of the
closed-loop system were placed well to the left of the axis Re(λ) = −cv/2.
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An interesting second simulation was also performed with the parameter
perturbed. The masses of the cars were changed without the controller being
modified. This is to simulate the real-life situation where the passenger from
one car would move to the other cars. In this case, the strengthened stability
remains, however, the decoupling property is lost.

When the reference velocity is changed, in the perturbed case, the second
output, in this case the relative displacement, is also affected. Although
the first output, the velocity of the first car, still follows the reference, the
decoupling property no longer holds.

However, if the second reference, the relative displacement changes, the first
output is not affect and the decoupling property partially holds in this case.
In the paper, it is stated that this holds for all parameter variations except for
k0 and ε1. The explanation is that the elastic force is properly compensated
by the inner state feedback used in the design.

The perturbed simulation also showed more oscillations than the original
model, although asymptotic stability and asymptotic regulation are preserved
even under these conditions.

3.5.4 Discussion

This paper gives interesting insight to the behaviour of the model proposed by
Yang and Sun (2001) as well as train behaviour for different control situation.

This paper shows that for a PPD configuration, like those found in Coallink
trains, the problem of input/output decoupling with strengthened stability
is not solvable unless a third input is added. The only exception is that if the
second output is the relative displacement between the first two cars, which
is solvable in PPD.

Relating this finding to Coallink trains, this would mean that it is impossible
to control the coupler forces within the wagons without affecting the speed
regulation performance. The force will be controllable, but will affect other
train performances during the process.

If the decoupling property criteria can be met, then the paper also shows
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that asymptotic set point regulation could be obtained even under a constant
disturbance.

However, the study proposed in the paper remains theoretical. Both the
model and the controller have not been validated.

In the case of Coallink trains, in-train force optimisation is not possible with
this method. First, in extra long trains, the output number exceeds the input
number tremendously. With too few inputs, input-output decoupling is not
possible, as stated in the paper. Secondly, the decoupling property is very
sensitive toward parameter changes. In practice, wagon mass differs within
a train, as well as differs from train to train. From the above reasons, it
can be concluded that application of this type of control will need further
investigation.
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3.6 Suboptimal Control Strategies for Multi-

locomotive Powered Trains

3.6.1 Introduction

The paper by Gruber and Bayoumi (1982) is unique in the sense that it was
written long before the ECP/DP system was even studied by AAR in 1992,
whom finally defined the first draft of the standard in 2002. The vision of the
authors deserves respect, for they proposed a control system on a brake sys-
tem that was not even named yet. In the paper, the term “electropneumatic
brakes” was used to define an electronically controlled pneumatic brake sys-
tem that had no signal delays, essentially what the modern day ECP system
represents.

A list of train control problems were discussed in the paper. Some of the
methods were simple linear interpolations. The paper proposed a global
controller as well as a lower-level cruise controller.

3.6.2 Methodology

The paper was divided into two different sections: one part deals with off-
line schedules, achieving trajectory optimisation, while the second part deals
with the regulation control. The two use different models during the design
process.

Figure 3.22: The train model (Gruber and Bayoumi, 1982).

In the model used by the regulation controller, the train configuration was
chosen symmetric with a locomotive at each end as well as one in the middle
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of the train. The couplers were modelled as spring force with spring constant
k and damping coefficients cc and cl, for wagon and locomotive respectively.

The actual velocity vector v and input vector u that consist of traction and
brake force were used together with the nominal values vn and un to define
the deviation values

δv = v − vn,

δu = u− un.

The nominal velocity vn is maintained by the nominal input un that equals
the resistance and gravitational force.

The linearised model is given as

miδv̇i(t) = k{∆i(t)−∆i+1(t)}
+ci{δvi−1(t)− 2δvi(t) + δvi+1(t)}
+δui(t) + δdi(t), i = 1, . . . , n, (3.21)

∆̇i(t) = δvi−1(t)− δvi(t), i = 2, . . . , n, (3.22)

where ∆i is the displacement from the nominal force position of the cars, mi

is the mass of the car, ci is the damping coefficient. For locomotives, mi = ml

and ci = cl, while for wagons mi = mc and ci = cc. di are the disturbances,
namely the track grades and the curves.

In this model the linearised drag term was neglected as it is much smaller
than the damping forces. Input vector u represent brake forces, or traction
forces for the case i = 1,m, n. m, n are the middle and end car of the train
respectively.

Note that the model only takes into account the damping interaction between
cars. For spring forces, only the rear coupler of each car was considered. This
differs from the approaches taken by Yang and Sun (2001) and Astolfi and
Menini (2002). By only considering the rear coupler, the complexity of the
model was reduced. Since there was not explanation given in the paper,
it could only be assumed that this selection was justified by its calculation
simplicity.
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The state space equations are

δẋ(t) = Aδx(t) + Bδū(t),

δx′(t) = [δv1, . . . , δvn, ∆2, . . . , ∆n],

δu′(t) = [δū1, . . . , δūn],

δūi =
δui

mi

,

and A is given as

A =

[
H G
F 0

]
,

with

H =




−c̄L c̄L

c̄c −2c̄c c̄c ©
. . . . . . . . .

c̄L −2c̄L c̄L

c̄c −2c̄c c̄c

© . . . . . . . . .

c̄L −c̄L




n,n

,

F =




1 −1
1 −1 ©
© . . . . . .

1 −1




n−1,n

,

G =




k̄L

−k̄c k̄c

. . . . . . ©
k̄L −k̄L

k̄c −k̄c

© . . . . . .

k̄c −k̄c

k̄L




n,n−1

,

with per unit mass coefficients k̄c = k
mc

, k̄L = k
mL

, c̄c = cc

cc
and k̄L = kL

mL
.
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Matrix B is given as

B =




1
1 ©

1

© . . .

1
©n−1,n




2n−1,n

(3.23)

The controller is designed to minimise the coupler forces and velocity devia-
tions, i.e.,

δv2
1 +

n∑
i=2

[δv2
i + ∆2

i ] = minimum.

For the rest of that paper, the train configuration consists of 3 locomotives,
9 wagons.

For off-line scheduling, some assumptions were made. The first was that the
schedule was chosen such that the reference velocity was maintained, without
contributing to additional accelerations and decelerations of the train. It
was assumed that the closed-loop controller would handle this. Secondly, the
input variations were assumed continuous and there were no power limits.

For the implementation of the off-line scheduling, the time instants at which
the appropriate inputs should be applied need to be determined on-line. The
inputs are nonlinear functions of the scheduling parameters p, e.g., grades
and velocity profiles and train data, as well as travelled distances z of the
train:

un = fn(z,p).

In the paper, the function was chosen as illustrated in Fig 3.23. Step functions
with variable amplitudes were used to approximate the inputs. This was
justified since real traction is quantised. Large changes were approximated
by a sequence of several small steps, since traction can be varied one step at
a time only. Time instants τji were determined on-line.

The scheduling function un for Fig. 3.23 can be written as

un
j (t) = A1(ε(t)− ε(t− τj2)) + A2ε(t− τj2), j = 1, 4, 6 throttling

un
j (t) = A2ε(t− τj2), j = 2, 3, 5 braking,
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Figure 3.23: Profiles and off-line schedule for flat-downhill simulation
(Gruber and Bayoumi, 1982).
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where ε(t) is step function and

τji = fτ (z),

Ai = fa(p).

The times τji can be chosen according to some plan. In the paper, the τji

were as follows:

• τ1j = τ2i, τ12 = time if z1 = 4150 ft,

• τ4j = τ3i, τ42 = time if z2n/3 = 4150 ft,

• τ6j = τ5i, τ62 = time if zn = 4150 ft,

where n is assumed to be multiple of t. Ai is chosen such as to maintain the
constant reference velocity. The time instants τj2, j = 1, 4, 6 correspond to
the times when the first locomotive, 2

3
of the train and the last locomotive

reach the slope given in Fig. 3.23.

In comparison to the simple scheme proposed by Gruber and Bayoumi (1982),
an optimised scheduling which takes in-train forces into consideration has
been recently proposed by (Zhuan and Xia, 2005).

Due to the complexity of the control problem, five simplification steps were
taken in order to find the suboptimal control strategies, to tackle the five
challenges proposed in the paper:

1. large number of inputs,

2. constraints on the states,

3. constraints on the inputs,

4. large number of states, and

5. not all the states are measurable.

The first simplification step was to reduce the number of inputs. For the
propose train of 60 cars in the paper, 60 individual brake inputs would be
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required, in additional to the three locomotives. The paper propose that the
wagon brake inputs be separated into three inputs, each acting on a third
of the train. Uniform brake was used at most cases, only when there is zero
crossing of the steady-state coupler forces will two different brake inputs be
applied. The brake inputs are now ui, i = 2, 3, 5 while the locomotive inputs
are ui, i = 1, 4, 6.

The second step was to ignore displacement constraints in the design.

The third simplification stage has to deal with the constraints of the inputs.
The input constraints refer to the fact that wagons can only have negative
inputs, thus bringing nonlinearity into the model. In order to reduce the
different combinations possible and thus the nonlinearity, the paper proposes
a two case scenario:

• when throttle is applied, no wagon brake will be applied un
i = 0, i =

2, 3, 5, feedback is limited to the locomotives only δ1u = K1δx(t),

• when brake is applied, all locomotives and wagons will only brake un
i 6=

0, i = 2, 3, 5, although not necessary of the same magnitude, feedback
for all 6 inputs δ2u = K2δx(t).

The controller chooses either input depending on whether the inputs val-
ues are positive or negative, i.e., traction or braking. In this setup, inputs
freedom was limited to these two cases.

The fourth simplification deals with the large number of states. To evaluate
the feedback matrices, the Riccati equation needs to be easily solvable. The
paper does this by first simplifying the model, then applying the obtained
results to the the large scale system.

The two methods proposed in the paper were small scale system containing
a limited number of cars with original weight and a reduced order model of
the long train, with reduced number of cars with increased masses to match
the original train mass.

The objective function to find the optimal solutions is

Jj =

∫ ∞

0

(δx′Qδx + δju′Rjδ
ju)dt, j = 1, 2. (3.24)
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Two feedback systems are then

δju(t) = Kjδx(t), j = 1, 2.

Once the feedback matrices are obtained, they need to be adapted to the
long train. For the small scale system, the key point is that the traction
and braking force per unit mass should be invariant, they should remain
constant after the small scale system has been scaled to the full model. Since
the braking input of each car influences the same mass, the weigh pattern
will not change. For traction, the weighing pattern will be increased by a
factor that depends on the number of additional cars. For the increased mass
model, the weight is simply multiplied by the ratio of the increased mass to
the original car mass.

The last challenge was that not all the states are measurable. The paper
claimed that displacement feedback were negligible, based on the simulated
results. For the velocities, it proposes a simple static approximation:

vi = v1, i = 2, . . . , n/3, n = multiple of 3,

vi = vm, i = n/3 + 1, . . . , m− 1,m + 1, . . . , 2n/3,

vi = vn, i = 2n/3 + 1, . . . , n− 1,

where again m and n are the middle and last car of the train, both locomo-
tives in the proposed configuration.

The paper provides two justifications for such crude approximation:

1. the velocity changes slowly along the train, and

2. the velocity variations decrease with increasing distances from the lo-
comotives,

which means that the velocities at or near the locomotives are most impor-
tant. It is also at these positions where maximal steady-state coupler forces
are expected. The paper states that the error of this approximation was
difficult to estimate.
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3.6.3 Results

The simulated model apparently considers aerodynamic drag and rolling fric-
tion, as well as coupler dead zones, although they were not defined by Gruber
and Bayoumi (1982). However, the results provided were given without the
dead zones. The paper states that dead zones degrade the performance as
the dead zones widens. Input nonlinearities in terms of throttle quantisation
were not considered, continuous control input range is used.

The 62 car train was simulated under two situations: a flat-downhill and a
flat-uphill section with 2 percent slope. Fig. 3.23 shows the schedule for the
downhill case. A similar schedule was used for the uphill case.

The obtained results are given in Table 3.6.3.

energy ∆max position time δvmax

(J) (ft) (∆max) (s) (ft/sec)
Small scale model controller
Uphill 9141 0.273 ∆2 87.9 1.01
Downhill 9389 0.136 ∆39 75.6 1.20
Increased mass model controller
Uphill 9248 0.269 ∆2 88.0 0.96
Downhill 9367 0.133 ∆39 70.7 0.82

Table 3.3: Comparison of the performance of the two controllers.

The performances were good, with speed variation kept under 3 percent. In
comparison, the open-loop deviation went up to 20 percent. In addition,
stronger oscillation occurred throughout the train due to the eigenvalues
locations.

It should be noted that the input power limitations were not applied in the
model, so the required inputs could exceed the maximum values. The flat-
downhill case is shown in Fig. 3.24.

From the graphs, the brake application of the second third of the trains at t =
50 s can be clearly seen. A second jump can be observed where the controller
switches from the 3 input control law (traction only) to the 6 input case (t '
80 s). This coincides with switching on of the third braking input un

5 .
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Figure 3.24: Simulation result for the closed-loop system with the small
scale model controller implemented; flat-downhill simulation (Gruber and
Bayoumi, 1982).
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3.6.4 Discussion

The paper by Gruber and Bayoumi (1982) provides a study on the theoretical
behaviours and possible control strategies of a train with electropneumatic
braking.

The train model used in the paper neglected the rear coupler spring force.
With no justification provided and no verification on the results, the model
can only provide pure theoretical results.

The limited computational power in 1982 forced numerous simplifications to
be made. The reduction of train length was necessary for the simulation
to be completed within reasonable time with the limited computing power
available. This reduces the amounts of train dynamics considered for extra
long trains such as Coallink trains. Since large in-train forces occurs within
the long wagon groups, excessive reduced model will act as a low pass filter
and only exhibit smoothed out reduced in-train force dynamics.

However, the track topology was taken as disturbances in the dynamics of
the train model. In modern technology, the track information is accurately
provided by GPS/GIS equipment installed at the locomotives. This extra
information will facilitate better handling of trains.

Scheduling only considered track grade for track condition. Other condition
such as curvature resistance was ignored. Moreover, the scheduling signals
overlooked in-train forces and coupler dynamics.

Input-conversion from forces to locomotive notches and the corresponding
quantisation problems such as jittering were neglected.

Overall, the controller by Gruber and Bayoumi (1982) provides a theoretical
investigation for multi-locomotive trains. With considerable simplification
and assumptions, the controller has not been verified to work with extra
long heavy-haul trains.
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Train Modelling

To design a feedback controller, a mathematical model of the train is required.
Most of the existing literatures on heavy-haul train control considers the train
as a single body mass, such as the optimal control study by Howlett (1996).
The main reason behind such approximation is that nearly all existing freight
trains only have one control setting for traction and braking for the whole
train, i.e., all the locomotive have the same traction power level and all the
wagons have the same brake level. The other reason is that in-train force is
not an issue in short trains. With the new ECP train, this approach is no
longer sufficient.

Another approach to train dynamics modelling is the full analysis of all forces
experienced by a car. These forces include lateral, vertical, longitudinal
movements and pitch, roll and yaw rotations, as well as the movements of
the wheels. The resulting model of this analysis is a differential equation
of very high order. In the case of the train, such tradeoffs become more
evident. In Garg and Dukkipati (1984), one wagon has shown up to 27
degrees of freedom. Clearly to consider all these variables for a 200 wagon
train in modelling is impractical and a full model of this model is unnecessary
in this study, as most of these factors affect the other motions such as vertical
movement along the track.

In this study, the focus is on the longitudinal motion of the train. The main
factors that affect the longitudinal motion of a wagon are in-train force,
resistance forces and traction or braking forces.
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For this study, each car is considered as an individual mass connected by
elastic couplers. This allows individual states of the cars to be analysed,
which is required for in-train forces calculations. Simplified versions of the
model were used in the passenger train study of Yang and Sun (2001) and
Gruber and Bayoumi (1982).

4.1 Coupler System

The cars are connected either via knuckle-like couplers or solid draw bars.
These end-of-car links are connected to the draft gears, which then connect
to the undercarriage of the cars. As the draft gear experiences compres-
sion forces from the couplers, its overall length changes up to the maximum
displacement. Draft gears consist of rigid supporting frames as well as cush-
ioning devices that provide damping. Once the draft gear travel reaches the
maximum, the draft gear becomes solid and the impact forces are directly
transmitted to the car body.

For example, the structure and the mechanism of the coupler used in the
Spoornet Coallink wagons is shown in Fig 4.1. Each coupler has free plates
that can move one or two centimetres before it starts to pull or push the
linkage.

The draft gear, together with the coupler or draw gear, forms the coupler
system, shown in Fig. 4.2. Slacks in the knuckle-like couplers result in dead
band in the force displacement response. Below the maximum displacement
the draft gear behaves elastic-like. The force displacement response of the
coupler system is shown in Fig. 4.3.

To simplify the calculations of over hundreds of coupler system found in a
heavy-haul train, the coupler system is taken as a spring force with damping,
as suggested by Garg and Dukkipati (1984),

Fc = ki(xi − xi+1) + di(ẋi − ẋi+1),

where ki is the spring constant, the gradient of the curve in Fig. 4.3, xi, xi+1

and ẋi, ẋi+1 are the displacements and velocities of the ith and (i+1)th wagons
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Figure 4.1: F-type coupler used to link wagons in excess of 100 tones used
in Coallink trains.
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Car CarCouplerDraft Gear Draft Gear

Figure 4.2: Simplified schematic representation of the coupler system setup.
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Figure 4.3: Force displacement characteristic of the coupler system.
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respectively. Damping constant di is taken as 1 × 10−2ki since actual data
are not available. Data from other studies (Gruber and Bayoumi, 1982)
shows that damping constants could be as high as 1

34
of the spring constant.

By taking smaller damping constants, which results in more oscillations and
slower decay rate, the worst case analysis approach is used.

The spring force approximation holds well when draft gear travel is less than
the maximum. Once it reaches the maximum, the coupler force becomes
internal forces, which results in a non-linear system.

In this study, this non-linearity is approximated closely by using a linear sys-
tem together with dynamic spring constants and hard displacement limiters
which add non-linear behaviours to the system. For displacements below the
maximum travel but greater than half coupler slack sslack, a single spring
constant is used to calculate the coupler force, shown in Fig. 4.4 . This con-
stant k1 is chosen to be larger than the actual constants kai, kbi, i = 1, 2 in
Fig. 4.3. In this estimation, any slight changes in the displacement will result
in a greater disturbance in the coupler force, stronger oscillations and thus
the worst case study.

Displacement (Absolute value)

Force

Estimation for both
loading and unloading

Metal-to-Metal
contact of the car
underframes

0.5 Sslack

k1

k2

Smax

Figure 4.4: Worst case estimation of the force displacement characteristic of
the coupler system

The coupler force is now given as:

Fc(xi, xi+1, ẋi, ẋi+1) =



k1i(xi − xi+1) + di(ẋi − ẋi+1), if |xi − xi+1| ≥ 1
2
sslack,

0, if |xi − xi+1| < 1
2
sslack,

k2i(xi − xi+1) + di(ẋi − ẋi+1), if |xi − xi+1| ≥ 1
2
smax,

(4.1)
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where k1i is the worst case spring coefficient and Smax is the maximum static
travel for the coupler system. k2i(xi− xi+1) is an estimate for internal forces
for test purposes. In reality couplers will be damaged once the maximum
travel has been reached for a prolong period of time.

4.2 Force Model

Force model is used in the controller design and simulation. Each car is con-
sidered individually and is interconnected with spring-like couplers. Taking
into consideration of the rake configurations whereby four wagons are cou-
pled via rigid bars, in this study, these rakes are considered as a single entity
with four times the mass and length of a single wagon. This is similar to the
increased mass model (Gruber and Bayoumi, 1982) although in this case the
grouping is done so to better describe the actual wagon grouping in real-life.

The two major resistances experienced by a train are rolling resistance and
aerodynamic drag. While the former is experienced by each car, the aero-
dynamic drag is only considered for the first car, often a locomotive. The
general resistance is given as

R = c0 + cvv︸ ︷︷ ︸
Rr

+ cav
2

︸︷︷︸
Ra

,

where v is the velocity of the car, Rr is the rolling resistance, Ra is the
aerodynamic drag and the coefficients c0, cv, ca are obtained experimentally.

Aerodynamic drag only becomes dominant during high speed operation, thus
at the low speed that heavy-haul trains operate in, rolling resistance is the
more significant factor. Many previous studies simply ignore aerodynamic
drag for this reason (Astolfi and Menini, 2002).

The model is given in Fig. 4.5.

In Fig. 4.5 n is the number of units, i.e., rakes and locomotives. The
equations of motion of the train are
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k

x1

u1

m1

x2

u2

m2kk

xn

un

mn
R

Figure 4.5: Force diagram of the train.

m1ẍ1 = u1 − k1(x1 − x2)− d1(ẋ1 − ẋ2)− (c0 + cvẋ1)m1︸ ︷︷ ︸
Rr

− caẋ
2
1(

n∑
i=1

mi)

︸ ︷︷ ︸
Ra

−9.98 sin θ1m1 − 0.004D1m1,

miẍi = ui − ki(xi − xi+1)− ki−1(xi − xi−1)

+di−1(ẋi−1 − ẋi)− di(ẋi − ẋi+1)

−(c0 + cvẋi)mi − 9.98 sin θimi − 0.004Dimi, i = 2, . . . , n− 1,

mnẍn = un − kn−1(xn − xn−1)− dn−1(ẋn − ẋn−1)− (c0 + cvẋn)mn

−9.98 sin θnmn − 0.004Dnmn, (4.2)

where

• ẋi and xi are the velocity and the displacement of the car with respect
to a static frame on the ground;

• ki and di are the spring and damping constants of the coupler system;

• mi and ui are the mass and traction force of the ith unit (locomotive
or rake) respectively;

• Ra and Rr are the aerodynamic and rolling resistances respectively;

• θi is the slope angle while degree of curvature is calculated as Di =
0.5dwheelbase/R (Garg and Dukkipati (1984)), R is the curve radius, as
shown in Fig. 4.6;
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• the gravitational and curvature resistance forces experienced by the
car are 9.98mi sin(θi) and 0.004miDi respectively (Garg and Dukkipati
(1984)).

R

dwheelbase

Slope Curvature

qi

m i

Figure 4.6: Slope and curve angles.

The model in (4.2) is used for controller design, actual simulated model
imposes additional non-linearities:

• Inputs ui ≤ 0 if the ith unit is a rake. This is due to the fact that
although the wagons are not powered in a heavy-haul train, they are
still able to exert a braking force.

• Input constraints such as power limitation and slew rate is applied.
The details are described in section 4.3.

• The model ignores dead band in the coupler slack. In the actual model,
this non-linearity is taken into account by calculating coupler forces by
using (4.1).

Note for this study, all states are assumed to be available, either through an
observer or an online train simulator such as the LEADER package by New
York Air Brake (NYAB, 2003).

4.3 Control Constraints

In control system, a fast actuator helps to improve system response time.
However, in real life, instantaneous control is not possible. In the case of
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the Coallink train, the limitations are the traction and brake system of the
locomotive and the ECP brake system.

Both traction and dynamic brake efforts, or regenerative brake, of the loco-
motive are governed by the current velocity and the current gear setting, or
notch. The traction and dynamic effort versus velocity graph for the 7E1
locomotive used in the Coallink train are shown in figures 4.7 and 4.8.

Figure 4.7: Traction effort versus velocity graph for 7E1 AC locomotive
(Spoornet, 2002).

In practice, any notch changes requires up to 10 seconds delay for the field
change in the AC motor. Going from traction to regenerative braking and
vice versa will result in even greater delays due to the reversal of field. The
reason for this is that the same sets of motors are used for both traction and
regenerative braking. Any sudden change in notch settings is undesirable as
this introduces abrupt increase in traction or braking forces, which results in
large spikes in in-train forces. Without closed-loop control, such spike will
travel down the train, resulting in further damage to the coupler system.

In the model, notch inputs are used for locomotives, which are then translated
into force via a lookup table, shown in Fig. 4.9. 10 sec delay is imposed for
any notch changes of the same type, while changing from traction to braking
requires 20 sec delay.
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Figure 4.8: Dynamic brake effort versus velocity graph for 7E1 AC locomotive
(Spoornet, 2002).
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For wagons, brake force is not dependent on the current velocity, thus a mag-
nitude and a rate of change limit are imposed. For ECP system, the build-up
time for pressures is around 10 sec. In comparison, the pneumatic system
can take up to 175 sec. During the delay period for both the locomotive and
the wagon inputs, the current force is gradually build up to the new force,
i.e.,

Fd(t) = U0 +
(Un − U0)

td
t, t ∈ [0, td]

where Fd is the traction/brake force during the delay period, U0 and Ud are
the original and new input force, and td is the delay period.
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Figure 4.9: Lookup table for traction and brake force for 7E1 AC locomotive.

The magnitude and the rate of change for wagon brake forces are hard-limited
in the model. All locomotive traction and brake outputs are obtained via
lookup tables. The results are very close to the actual locomotive nonlinear
behaviours.
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Model Validation

From an analytic point of view, the non-linear model described in Section 4.2
seems to represent the dynamics of a train sufficiently. However, the question
remains whether it will be able to act as a train simulator for the Coallink
train.

The train model requires a list of parameters of the train, of which some are
not available while others are only estimates of the varying value in real life.
The initial conditions also affect train behaviour under the same inputs.

To further increase the difficulty, only partial electronically recorded in-
put/output data sets are available. Although the output velocity and in-
train forces were recorded electronically, the corresponding inputs data were
handwritten. The accuracy of these inputs data are affected by the human
factor.

Thus to validates the model, a good set of input/output data need to be
compiled. The following sections describe the procedures that were used to
combine four different sets of data into one correlated data set that in the
end helped to validates the model.
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5.1 Parameters

The parameters used in the simulation are given in table 5.1. The values are
based on the Coallink trains operating in South Africa by Spoornet.

Parameter Value Unit
No. of wagons 200
No. of locos 6

Locomotive
mass (7E1) 126000 kg

c0 7.6658× 10−3 Nkg−1

cv 1.08× 10−4 Ns(mkg)−1

ca 2.06× 10−5 Ns2(m2kg)−1

k 78 ∼ 121× 106 Nm−1

Length 20.47 m
Max coupler slack 39.87× 10−3 m

Max traction 380 kN
Max brake 230 kN

Wagon
Loaded mass 104250 kg

c0 6.3625× 10−3 Nkg−1

cv 1.08× 10−4 Ns(mkg)−1

ca 1.4918× 10−5 Ns2(m2kg)−1

k 29.29 ∼ 49× 106 Nm−1

Length 12.07 m
Max coupler slack 77.5× 10−3 m

Max brake 100 kN
wheelbase dist. 8.310 m

Track
Slope θ −0.015 ∼ 0.015 rad

Min curve radius 300 m

Table 5.1: Heavy-haul train parameters.

Electrical, Electronic and Computer Engineering 79

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  CChhoouu,,  MM- SS    ((22000055))  



Chapter 5 Model Validation

The connector behaviour is influenced mostly by the spring coefficient k: a
large spring coefficient results in a more rigid behaviour while a smaller spring
coefficient causes more severe oscillation, although larger spring coefficient
results in larger in-train forces. In this study, this value varies proportionally
to the displacement difference between adjacent cars, as shown in Fig. 4.4.

5.2 Available Data

With the roll out of ECP and DP equipped trains, Spoornet initialised trial
runs to test the various aspect of the upgrade. In particular, three ECP
trial runs took place on the 11th, 18th, and 24th November 2003. The train
configuration from front to the rear of the train is as follows:

Week 3 : 20842 tons, 3 locos - 100 wagons - 3 locos - 100 wagons

Week 4 : 20974 tons, 4 locos - 200 wagons - 2 locos

Week 5 : 20846 tons, 6 locos - 200 wagons

where the first column are the overall train mass, locos stand for locomotives,
in this case 7E1 AC locomotives, and the wagons all ECP-equipped. The
wagons were grouped in number of four into a rake.

Data from these trail runs were used for internal Spoornet evaluation on
the performance of the different train configurations. All three runs were
operated by human drivers. Three test coaches were connected between the
first locomotive group and the wagons. The test coaches carried equipments
for the data measurements and rest area for personnel.

Train parameters are gathered as much as possible from the various data
sheets and experiment obtained values that Spoornet engineers provided.
While most of the data are available, some of the parameters were simply
unavailable.

For some of these parameters, the worst case estimation are made, e.g.,
coupler damping coefficients. Other parameters like the efficiency rate of
the wagon brake were different from trial run to trial run. In this case, the
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Kilometre point Longitude Latitude Altitude
0.178 -26.572 30.021 5586.014
0.176 -26.572 30.021 5585.942
0.174 -26.572 30.021 5585.871
0.172 -26.572 30.021 5585.799
0.170 -26.572 30.021 5585.734
0.168 -26.572 30.021 5585.689
0.166 -26.572 30.021 5585.654
0.164 -26.572 30.021 5585.619

Table 5.2: Sample of the GPS data for Coallink line.

value was adjusted by trial-and-error until the simulation results match the
recorded values.

Once the train parameters have been identified, the next stage is to validate
the model with input/output data.

Four different data sets were received from Spoornet:

• GPS data of the track,

• GIS data of the track,

• handwritten input data for the three trial runs, and

• electronically recorded output data for the three trial runs.

5.2.1 GPS Data

GPS data contain the GPS data from an onboard GPS receiver and altitude
values measured from a barometer with respect to kilometre points along the
track. The data were gathered on another independent trial run beyond the
three trial runs. A sample of the data is given in Table 5.2. The latitude
and longitude data are given in degrees. The altitude values were labelled in
metres while in fact it was in feet. Another interesting note is that the data
was given in reverse order, from Richard’s Bay to Ermelo. In comparison,
all the other data started at Ermelo.
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Plotting the data reveals that the barometer often missed data points, with
the altitude remaining the same for few metres and then suddenly dropping
hundred metres within the next metre or two.

Values in this data are very precise, up to three decimal places. Although
the GPS data accuracy is guaranteed by its technology, the accuracy of the
altitude value is not consistent and requires validation via other sources.

5.2.2 GIS Data

Geographical Information System (GIS) data consist of track curvature, slope
as well as other information such as station name and other features like
tunnels. A sample of the data are given in Table 5.3, where the types of
feature are given as

• 1 = Beginning of slope (distance per metre vertical)

• 2 = Beginning of curve (curve radius given in column 2 in metre)

• 3 = End of curve

• 4 = Beginning of stop test (Initial speed give in column 2 in km/h)

• 5 = End of stop test

• 8 = Name of the location

Note that the GIS data do not give the altitude of the points. Instead the
slope grade per metre vertical is given, e.g., the maximum uphill grade is
1/160, i.e., 160 metre for 1 metre climb.

These data are sparse, but correspond very closely to the GPS slope data
once the kilometre offset between the two data sets has been compensated
for. The track grade values in the GIS data are more accurate than the
altitude values in the GPS data in providing track grade ruling information.
However, the given grade values were rounded off, thus not as precise as the
altitude values.
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Kilometre point Magnitude of feature Type of feature
84.746 1600 2
84.893 -1917 1
85.15 KMP 120 8
85.226 1600 3
85.45 Neutral Section 8
85.555 -406 1
85.638 -1600 2
86.2 KMP 140 8
86.45 KMP 162* 8
86.64 150 1
86.329 -1600 3
87.15 KMP 240 8

Table 5.3: Sample of the GIS data for Coallink line.

GIS data were chosen as the track simulation for two reasons; firstly, its track
grade values are more accurate than the GPS altitude values, although not
as precise. Since the GPS altitude values were measured onboard a moving
train, the barometer values could be affected by atmospherical changes as
well train vibration. Since track modulations are slow and gentle, GIS track
data provide a low-pass filtered version of the actual track characteristics.
Secondly, it is a more complete set of track information, including curvature
as well as where stop tests were conducted.

5.2.3 Handwritten Inputs Notes

During the trial runs, a railway engineer sits in the first locomotive and
record the current traction notches, brake level as well as current speed on
a GIS data printout for the track. He notes the current position by reading
off the passed-by moss poles, a sample of the recorded values are shown in
Table 5.4.

The handwritten notes are imprecise and sparse. Precision is not a problem
for the control settings, since it is defined in discrete notches. For kilometre
points and current velocity values, the handwritten values raises the question
of both precision and accuracy.

The first problem is the accuracy of the instance when the railroad engineer
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Kilometre moss Traction 1 Traction 2 Brake Armature Current
pole (notch) (notch) Current Speed

6 1 14 0 0 600 64
8 1 0 0 0 0 52
10 1 STOP
12 1 -1 6 0 120 38
14 5 -10 3 0 570 46
15 12 -10 -10 0 600 54
18 5 5 0 0 110 79
20 8 0 0 0 0 58
22 1 -10 -10 0.25 600 52

Table 5.4: Sample of the input data.

notes the current inputs. It is possible that input changes are only noted
later. It is also possible that some input changes were not noted at all.

Secondly, the moss poles along the track are not placed at a fixed interval. On
average, there are 18 to 24 moss poles per kilometre. Thus, it is impossible to
determine the exact location for the input record. Interestingly, the distance
between successive kilometre point moss poles are not strictly one kilometre
apart, but could increase or decrease to allow joining tracks to meet at the
same kilometre points.

During the course of the trip, the train often slows down or even stop due to
traffic signals and other reasons, as recorded in the written notes. However,
it is unclear when the driver started to respond to the signal.

Another problem is that there are no control records as how the driver stops
and starts off the train again. Driver often speed up the train using different
combination of traction notch settings depending on the current track con-
dition. Thus, it is difficult to reproduce the train behaviour before and after
these stops.

From simulation, it can be observed that input offsets affect the results
greatly; even an offset of 100 metres can result in substantially different
outputs.
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Date Time Distance Speed CouplerA Load
(km) (km/h) (kN)

2003/11/24 17:0:37.14 26.777054E-3 0.000 268.945312
2003/11/24 17:0:38.13 26.777054E-3 0.000 268.872070
2003/11/24 17:0:39.12 26.777054E-3 0.000 268.395996
2003/11/24 17:0:40.11 26.777054E-3 0.000 268.615723
2003/11/24 17:0:41.15 26.777054E-3 0.000 268.249512
2003/11/24 17:0:42.14 26.777054E-3 0.000 268.615723
2003/11/24 17:0:43.13 26.777054E-3 0.000 268.579102
2003/11/24 17:0:44.17 26.777054E-3 0.000 267.553711
2003/11/24 17:0:45.11 26.777054E-3 0.000 267.077637

Date Time Brake Pipe Brake Cylinder Wagon1Bar
(kPa) (kPa) (kN)

2003/11/24 17:0:37.14 536.000977 0.029297 323.876953
2003/11/24 17:0:38.13 535.986328 0.073242 324.267578
2003/11/24 17:0:39.12 536.147461 0.058594 323.144531
2003/11/24 17:0:40.11 536.030273 -0.102539 323.828125
2003/11/24 17:0:41.15 536.162109 0.190430 323.388672
2003/11/24 17:0:42.14 536.088867 0.000000 323.242187
2003/11/24 17:0:43.13 536.250000 -0.073242 322.998047
2003/11/24 17:0:44.17 536.030273 0.102539 318.701172
2003/11/24 17:0:45.11 536.220703 -0.029297 317.968750

Table 5.5: Sample of the output data for Coallink line during trial runs.

5.2.4 Electronically Recorded Output Data

During trial runs, test coaches with measurement instruments were connected
at the front of the train. Velocity of the train was electronically measured as
well as in-train force(s) at coupler(s). Certain trial runs recorded only one
in-train force, while others recorded two. A sample of the data are given in
Table 5.5.

5.3 Methodology

The first challenge for model validation is the offset compensation of the
handwritten inputs notes to the electronically recorded output data to gen-
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erate a complete input/output data. It is assumed there is no offset between
the GIS data and the input data set, since the later was written on a printout
of the former.

5.3.1 Offset between Input and Output Data

The input data and the output data have one common set of values, i.e., the
velocity of the train. Both sets were plotted against kilometre points, so that
the offset could be viewed graphically. Interestingly, all three trial run data
sets showed the same offset of 2.9 km between their hand written input note
and electronically recorded data.

In Fig. 5.1, data from handwritten input notes are plotted on the top figures,
while the measured output data are plotted on the lower two. The middle
velocity graph acts as a offset indicator for the two sets of data. Week 4 data
were used, shown in Table 5.6.

5.3.2 Offset within Input Data

However, sometimes there are offsets within the input data set itself. Because
of the moss pole impreciseness and human factor, the control inputs could
be misaligned as well.

While velocity pattern changes drastically, the in-train force pattern is less
affected by the offset error in the track condition. Rather, it follows the
input patterns closely. Thus by comparing the in-train force pattern of the
simulated and recorded set graphically, the input offset could be determined.

In Fig. 5.2, a sample in-train force data from week 3 and week 4 are plotted
against the corresponding input data, with week 3 data shown in Table 5.7.
From the top figure in Fig. 5.2, it is clear that while in-train force from week
3 correlated very well with its input, week 4 data had a distinct offset in
between them.

Simulations are performed on a section of track where the initial conditions
are relatively stable, with no input offset adjustment. The simulated output
velocity and in-train force are then compared to the recorded set graphically.
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Figure 5.1: Input/Output data without offset compensation.
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Figure 5.2: Week 3 and Week 4 in-train forces and control inputs.
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Figure 5.3: Simulated result with no input offset compensation.
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Figure 5.4: Input offset compensated simulated result.
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In Fig. 5.3, the week 4 trial run simulation assumed no input offset. From
the graph, it is clear that the two velocities do not match up. Although the
in-train force shows very similar patterns, a clear offset is present.

In Fig. 5.4, the input offset was compensated. From the graph, it is clear now
that both velocity and in-train outputs match closely. The slight discrepancy
in the velocity output is the result from parameter inaccuracies as well as
the sparse GIS data. .

5.4 Results

In the following results, parameters from Table 5.1 are used. Some of the
parameters are modified according to the actual conditions provided.

5.4.1 Sampling Time

Once the different data sets have been aligned, the first test is to see the
effect of the sampling time has on the simulation output.

The use of fine simulation time poses the question of practicality. Since
train dynamics are not fast, nor are the external disturbances such as track
modulation, finer simulation time does not guarantee more accurate results.

From experiment, it is clear that simulation time is approximately inversely
proportional to sampling time. By increasing the sampling time by factor of
ten, a hour of simulation time could be reduce to less than ten minutes. It
will be interesting to see if the results would remain consistent. Week 4 data
were chosen for this experiment.

From Fig. 5.5 to Fig. 5.8, it is clear that as sampling time increases, in-train
forces exhibit more jittering. Velocity performance seems to be independent
of sampling time. From the results, sampling time of 0.5 second gives the
best trade-off between accurate results and simulation time.

Note that during the trial run, one of the front locomotives was faulty. This
was specified in the simulation setup. From the results, it can be seen that
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Week 4
Simulation time 2000 sec
Sampling time 0.1-10 sec

Faulty locomotive 4
Wagon mass 101 090 kg
Input offset -1.5 km

Initial position 12 km
Initial velocity 10 ms−1

Initial altitude 1920 m

Table 5.6: Modified parameters for simulation for week 4.

15 20 25 30 35
−50

0

50

100

S
pe

ed
 (

km
/h

)

Measured
Handwritten
Simulated

15 20 25 30 35
−1000

0

1000

In
−

T
ra

in
 fo

rc
e 

(k
N

)

Distance (km)

Measured
Simulated

Figure 5.5: Week 4 with 0.1 seconds sampling time.
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Figure 5.6: Week 4 with 0.5 seconds sampling time.
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Figure 5.7: Week 4 with 1 second sampling time.
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Figure 5.8: Week 4 with 10 seconds sampling time.

the model is able to simulate such changes accurately.

5.4.2 Slack Simulation

In section 4.1 coupler slack was discussed. However, it is also one of the
parameters that is not available. It will be interesting to investigate whether
dead band modelling in the coupler model would have a profound effect on
the results.

A section of the track with constant inputs is chosen from week 3. This
allows a direct comparison on the effect track modulation has on deadband.
There is only one notch change at the beginning of the section around 141
km with no further notch changes or brakes for the rest of the section.

From Fig. 5.9 and Fig. 5.10 it is clear that deadband modelling results in
constant small oscillations. However, the same oscillations only occur at few
instances on the recorded data.
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Week 3
Simulation time 2000 sec
Sampling time 0.5 sec

Wagon mass 100 685 kg
Input offset -1.5 km

Initial position 140 km
Initial velocity 75 ms−1

Initial altitude 1134.3 m

Table 5.7: Modified parameters for simulation for week 3.
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Figure 5.9: Week 3 with coupler slack simulated.
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Figure 5.10: Week 3 without coupler slack simulated.
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Figure 5.11: Second section from Week 3 with coupler slack simulated.
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Figure 5.12: Second section from Week 3 without coupler slack simulated.

Next, another section of track from week 3 trial run was simulated. In this
section, frequent control changes occurred. From Fig. 5.11 and Fig. 5.12, it
is evident that deadband modelling again resulted in oscillations that did not
occur in the recorded data. Thus, it is clear that deadband modelling does
not provide more accurate results.

5.4.3 Damping coefficient

From the draft gears’ data sheets, the spring coefficients can be determined
from the force-displacement characteristic curves. However, the damping
coefficients are not available. For the simulation, a fraction of the spring
coefficient is used.

Fig. 5.13 compares the simulated velocity and in-train force outputs with
zero damping coefficients. The damping coefficients are then increased pro-
gressively from 0.0001ki, 0.01ki and finally ki, with ki being the spring coef-
ficients. Similar figures of these results are shown in shown in Fig. 5.14, Fig.
5.15 and Fig. 5.16. Train setup and recorded data from week 3 are used, of
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which a different section of track was used.

From the simulation, it is very clear that in-train force is greatly influenced if
the damping coefficients are set too small. With damping coefficients above
0.01ki, the simulation results correspond most closely to the recorded data,
in terms of transient jittering and the steady-state behaviours. This shows
that there exists some robustness of the damping coefficients in a reasonable
range.
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Figure 5.13: Simulated result with zero damping coefficient.

5.5 Discussion

From the results, it is clear that the model is able to reproduce the output
data, using offset-compensated handwritten input data. Both the velocity
output and the in-train forces outputs match closely to the recorded values.
Even with faulty locomotives, the model is still able to produce accurate
results. This is exceptional given that many parameters were only estimates
or not even unavailable.
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Figure 5.14: Simulated result with damping coefficient of 0.0001 times the
spring coefficient.
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Figure 5.15: Simulated result with damping coefficient of 0.01 times the
spring coefficient.
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Figure 5.16: Simulated result with damping coefficient equal to the spring
coefficient.

There are deviations in some of the results. This can be attributed to parame-
ter uncertainties. One of the most influential is the wagon brake force. Unlike
locomotive, there are no look-up tables for ECP wagon brakes. The model
assumes a linear relationship between ECP input and the output brake force.
The result shows that this assumption is sufficient for most cases. However,
extremely worn brake blocks could reduce the efficiency of the wagon brakes.
Such conditions are not recorded and could cause deviation in the simulation.

Another important parameter is the initial condition of the train. This in-
cludes the initial velocity as well as the relative distance of each car. This
is obviously unavailable and impractical to measure. By choosing a starting
point whereby the in-train force are close to zero, the simulated result was
able to match the recorded data very closely.

The weather condition also affects the efficiency of the train. Heavy rains
and strong wind could reduce adhesion unpredictably. Such disturbances are
difficult to reproduce and will result in deviations in simulation results in
terms of traction/brake efficiencies.

Electrical, Electronic and Computer Engineering 100

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  CChhoouu,,  MM- SS    ((22000055))  



Chapter 5 Model Validation

5.6 Conclusion

From the validation process, sampling time of 0.5 sec seems to be the best
combination of simulation accuracy and simulation time. Another finding is
that deadband modelling of coupler slack does not bring additional accuracy
to the results.

Some insights into the dynamics of the train model can be observed: velocity
output is heavily dependent on the control input and track condition, while
in-train force is dependent on the control input and less affected by track
modulations. It can be concluded that for velocity regulation, the track
topology needs to be examined closely to determine the reference velocity. A
well-chosen control input, on the other hand, would be able to counter most
of the in-train forces introduced by track modulations.

Coupler characteristics such as damping and spring constants affect the jit-
tering oscillation and magnitude of the coupler forces respectively. Large
damping reduces excessive oscillations while larger spring constant resulted
in larger in-train forces.

Overall, the model has been proved accurate as a train simulator, provided it
has adequate and accurate key parameter values. Some of the key parameters
include the mass of the locomotives and wagons, as well as the initial speed
of the train. Other values, such as brake efficiency, can be tuned via trial-
and-error.

Electrical, Electronic and Computer Engineering 101

UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  eettdd  ––  CChhoouu,,  MM- SS    ((22000055))  



Chapter 6

Controller design

The controller design is split into two: the open-loop controller and the
closed-loop controller. Open-loop control provides a rough estimate for the
required control efforts while the closed-loop controller fine-tunes the control
inputs according to the desired optimising goals.

6.1 Open-loop Control

6.1.1 Introduction

Generally speaking, all open-loop controllers try to estimate the best control
inputs to achieve the given goals. A good example is a golfer, whose aim is
to try to get the ball as close to the hole as possible. The difference between
a good player and a beginner is that the good player will base his judgement
on existing knowledge, such as the available club size, his own strength. He
may also make a few estimations, such as the distance to the hole, the wind
speed.

It is obvious that the more accurate knowledge available the larger the chance
of a hole-in-one. The challenge in real life situations is that most things are
not measurable or unknown. In the case of golf, the wind speed could change
abruptly. In addition, it is not practical to carry an anemometer and use it
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every time a golfer wishes to play. Thus, a tradeoff has to be made between
practicality and detailed knowledge.

Another argument in the case of the good and amateur golfer is that even
with the same knowledge, a good golfer is able to control his/her strength
more precisely. An amateur, who may be stronger physically, may still play
disappointedly if he/she is unable to swing with the right force.

Similarly, in the case of train handling, the ECP system provides an accu-
rate, precise mean to brake control. Traction control, however, is limited
by notch behaviours discussed in section 4.3. Such limitation affects the
open-loop controller performance notably. Closed-loop controller compen-
sates such limitations via the feedback mechanism.

The complete open-loop controller consists of the open-loop control for main-
taining equilibrium speed and transient control for speed changes. The struc-
ture is given in Fig. 6.1.

Figure 6.1: Open-loop control.

6.1.2 Open-loop Controller

In the operation of a train, the objective is to try keep the train around the
desired speed while staying within the constraints. Some of the constraints
include the available traction and brake efforts.

The open-loop controller is required to calculate the forces required for the
train to maintain the desired speed under current conditions. Using the force
equations used in section 4.2, the following results are obtained by assuming
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zero acceleration and constant and uniform travelling speed:

u1 = k1(x1 − x2) + (c0 + cvvd)m1

+cav
2
dM + 9.98 sin θ1m1 + 0.004D1m1,

ui = ki(xi − xi+1)− ki−1(xi−1 − xi) + (c0 + cvvd)mi

+9.98 sin θimi + 0.004Dimi, i = 2, . . . , n− 1,

un =−kn−1(xn−1 − xn) + (c0 + cvvd)mn

+9.98 sin θnmn + 0.004Dnmn,





(6.1)

where M =
n∑

i=1

mi, vd is the desired velocity.

For a given train consisting of n cars, n equations are available. However,
there are 2n unknown variables, u1, . . . , un, x1, . . . , xn. Thus the system in
(6.1) is under-determined.

There are two approaches to solving this problem. The one approach is to
assume xi+1 − xi = 0, i = 1, . . . , n − 1 are zero, i.e., there are no in-train
force present during the equilibrium state. All velocities are also assumed to
equal to a constant velocity, i.e., ẋi = vd, i = 1, . . . , n. In this case, the
forces are reduced to

u1 = (c0 + cvvd)m1 + cav
2
dM + 9.98 sin θ1m1 + 0.004D1m1,

ui = (c0 + cvvd)mi + 9.98 sin θimi + 0.004Dimi, i = 2, . . . , n− 1,

un = (c0 + cvvd)mn + 9.98 sin θnmn + 0.004Dnmn.





(6.2)

While such solution may be viable in a theoretical setup, it is impossible in
the heavy-haul train setup where the wagons are not powered. In actual fact,
an equilibrium in-train force ki(xi+1 − xi) would be required in most cases
to overcome the other resistance forces. The only exception would be the
case where only braking force is required, of which (6.2) would hold. For all
other scenarios where traction is required, the following steps would have to
be considered.

One may be tempted to only consider the case whereby all wagon control
force ui are assumed to be zero to greatly reduce the number of unknowns.
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There are two problems to this scenario. The first one is that this is only true
for traction, since wagons have individual brake with the ECP system, thus
have negative control forces. Secondly, even with the reduction, there are
still n + l, l is the number of locomotives, unknowns. With only n equation,
the system is still under-determined.

The second approach to the problem is to consider the train as a single unit.
In this case, by summing the equilibrium forces in (6.1), the total effective
force is

uT = u1 + u2 + · · ·+ un

=
n∑

i=1

mi(cav
2
d + c0 + cvvd + 9.98 sin θi + 0.004Di). (6.3)

In practice, it is impossible to determine the exact states of xi, i = 1, . . . , n
due to the large number of sensors and the related costs. Thus there is no
unique way of solving the system in (6.1).

In this study this equilibrium force is spread equally throughout the locomo-
tives, i.e.,

ue
loco =





uT

l
, uT > 0

uT

n
, uT ≤ 0

ue
wagon =

{
0, uT > 0
uT

n
, uT ≤ 0

(6.4)

l is the number of locomotives and n is the number of cars in the train.

Such approach is the same as the current control setup found in the Coallink
trains. Although there are two consists, i.e., consecutively connected loco-
motive groups, one at the front and the other at the rear, the rear consist
follows the command of the first consist, while all the locomotives within the
consist receive the same control command.

For this study, such an open-loop control is sufficient. It is also proven to be
safe as this type of open-loop control mimics human driver behaviour. The
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controller shown in (6.4) determines the necessary traction force required to
sustain the desired speed.

It is clear that an optimised distribution of the equilibrium force exists for
each section of track. To calculate this optimised distribution, one would
need to consider the car position, topology information. Optimised distri-
bution would have to be recalculated as the train travels down the track.
Optimised distribution calculation is unnecessary in this study as the closed-
loop controller will provide a similar or even better optimal results. For an
optimal open-loop design, a paper was recently proposed by Zhuan and Xia
(2005).

6.1.3 Transient Control

With the controller described in section 6.1.2, a certain degree of steady-state
error is unavoidable, especially during reference speed changes. To minimise
this steady state error, thus improving the open-loop controller performance,
an additional force is applied to accelerate or decelerate the train to the new
reference.

To calculate the required additional force, we must go back to (6.3), since

F = m× a,

by adding the additional term ad, (6.3) becomes

uT =
n∑

i=1

mi(ad + cav
2
d + c0 + cvvd + 9.98 sin θi + 0.004Di),

where ad is the acceleration term, defined for a certain acceleration time
period ta.

Constant acceleration time can be used to determine ad by taking the dif-
ference between the two reference speed and divide them by a predefined
acceleration time,

ad =
vd(i + 1)− vd(i)

ta
, (6.5)

where vd(i+1) is the new reference speed, vd(i) the previous reference speed
and ta the predefined acceleration time.
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In practice, the locomotive is limited by acceleration rate. Given the ac-
celeration rate, the additional force can be easily calculated. The required
acceleration time can be determined by simple manipulation of (6.5)

ta =
vd(i + 1)− vd(i)

ad

.

The purpose of this transient control is to assist the open-loop controller
in reaching the desired speed faster by only analysing the changes in refer-
ence speed. It is disabled when closed-loop controller is available as the two
perform similar functions.

6.2 Closed-loop Controller

The complete closed-loop controller consist of the open-loop control for main-
taining equilibrium speed and closed-loop control for deviation feedbacks.
The structure is given in Fig. 6.2.

Figure 6.2: Closed-loop control.

6.2.1 Linearisation

Following the linearisation method described in Goodwin et al. (2001), as-
sume the train is in the steady-state. There are no acceleration and all the
units of the train are travelling at the same speed, i.e., an equilibrium state
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stated by
xi = xe

i + δxi,
ẋi = vd + δẋi,
ẍi = 0,
ui = ue

i + δui,





(6.6)

where vd is the equilibrium speed, ue
i is the open-loop force described in

section 6.1.2. Subsequently, it follows that the equilibrium displacements
xe

i , x
e
i+1 is such that

ki(x
e
i − xe

i+1) =
i∑

a=1

ue
a −

n∑
a=i+1

ue
a, i = 1, . . . , n− 1, (6.7)

since not all cars are powered.

The state variable x is chosen as

δx1 = [δx1 . . . δxn δẋ1 . . . δẋn],

where δx1 is a 2n vector. For closed-loop design, the exact position of the
train on the track, or the real displacement si of each car, and the relative
displacement difference δxi − δxi+1 are required.

The positions are required for finding the current track condition from the
GIS data, as well as updating the reference speed. The relative displacement
difference is required for the model.

To calculate the current position si(t),

si(t) = xi(t) + si(t0),

xi = xe
i + δxi,

where si(t0) is the initial position for the ith car.

To find δxi − δxi+1, δx1 is assumed to be zero, together with (6.7),

xe
i+1 = xe

i −
1

ki

(
i∑

a=1

ue
a −

n∑
a=i

ue
a

)
,

δxi+1 = xi+1 − xe
i+1.

By first calculating δx2, x
e
2, the other relative displacement differences can

by found successively by repeating the calculation.
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The summation (6.7) needs to be repeated for every coupler force, but direct
evaluation of car position is possible.

Substituting (6.6) into the model (4.2) and defining the state variables

δx′ = [δx1 . . . δxn δẋ1 . . . δẋn],

δu′ = [δu1 . . . δun],

the following state space model can be found:

δẋ =

[
0n×n A12

A21 A22

]
δx +

[
0n×n

B21

]
δu,

where

A12 =




1 0 0 . . . 0
0 1 0 . . . 0
. . . . . . . . . . . . . . .
0 . . . . . . 0 1




n×n

,

A21 =


− k1

m1

k1

m1
0 . . . 0 0 0

k1

m2
−k1+k2

m2

k2

m2
. . . 0 0 0

...
...

...
. . .

...
...

...

0 0 0 . . . kn−2

mn−1
−kn−2+kn−1

mn−1

kn−1

mn−1

0 0 0 . . . 0 kn−1

mn

−kn−1

mn




n×n

,

A22 =




−cv − 2cav0M
m1

0 . . . 0

0 −cv . . . 0
...

...
. . .

...
0 . . . . . . −cv




n×n

.

Matrix B21 is more complicated than the rest of the matrices, since it depends
on train configuration. The possible configurations for traction and brake
inputs are:

• unified, where one setting is used of all pulling locomotives, and one
setting for all braking wagons, as currently used by Spoornet,

• distributed, where more than one inputs are used for groups of cars,
which will be discussed in introduction of the fencing concept and
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• individual inputs for every single car.

With three options for traction and braking, there are nine difference com-
binations of inputs. The matrices B21 for two extremes are given as follows:
for one inputs for all locomotives and one brake for all the wagons,

B21 =

[
1l×1 0l×1

0n−l×1 1n−l×1

]
,

where l is the number of locomotives, and for individual inputs

B21 = In×n. (6.8)

6.2.2 Fencing

In the previous section, (6.8) assumes ideal individual control is assumed.
However, availability of control signal bandwidth prohibits this.

Because of the ECP channel limitation of 32, as described by AAR specifi-
cations, it is not possible to have individual control. To provide a solution
to this problem, the idea of fencing is proposed.

Train

Track

B B

B

B
B T

Loco fence

2 1
3

4

56

B - Brake
T - Traction
C - Coasting

Train

Track

C B

B

B
C T

Wagon fence

Wagon fence

Loco fence

2 1
3

4

56

B - Brake
T - Traction
C - Coasting

Figure 6.3: Comparison between with and without adaptive fencing.

In the left of Fig. 6.3, car 6, although climbing uphill, has to apply its brake
since the train only has one control signal for all the wagons. With adaptive
wagon fencing, showing on the right of Fig. 6.3, wagon with similar track
conditions are grouped and controlled together. The term fence refers to the
separation of control signals.

The adaptive wagon fencing controller automatically calculates new fences
for the train as it travels down the track.

F = [f1, f2, . . . , fj],
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where fi are the first car of the group. The number of fences j and B21 will
vary with the complexity of the track modulation. Define the number of car
within a fence group as g(i) = fi+1− fi, i = 0, . . . , j with f0 = 1, the matrix
B21 can be written as

B21 =




1g(1)×1 0g(1)×1 . . . 0 0
1g(2)×1 . . .

. . . 1g(j−1)×1

0 0 . . . 0g(j)×1 1g(j)×1


 .

The concept of adaptive fencing is well related to interests in the control com-
munity of reconfigurable/switching control systems Wu (1995) and Slotine
and Li (1991).

To evaluate whether a new set of fences is required, the controller calculates
the median of the slope angles and the track curvature the train experiences
at each sampling time ts. If either exceeds the previous value by a predefined
threshold fth, a new set of fences will be calculated.

From the leading car, the controller will add a fence between the current and
the next unit under the following conditions:

(i) The unit type differs, e.g., rake following a locomotive

(ii) The slope experienced by the next unit exceeds the slope experienced
by the previous fenced unit by a predefined threshold fseg.

(iii) The above condition occurs for the track curvature.

6.2.3 LQR Control

Based on the LQR optimisation method described in Goodwin et al. (2001),
the cost function is defined as

J =

∫
δx′Qδx + δu′Rδu, (6.9)

where Q and R are the weights.
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To use LQR method, the running costs: in-train force, energy consumption
and travelling time need to be quantified. Energy consumption is directly
related to the matrix R, while the matrix Q determines the weights for in-
train force and velocity tracking. By improving velocity tracking, in essence
one improves the travelling time.

Individual weights are given to the cars. For example, one could have a
stronger emphasis on the in-train force of the middle wagon, or less emphasis
on the brake usage across the wagons. Such parameter flexibility allows the
controller to be adaptive to different conditions.

The weighting matrix Q is chosen such that

δx′Qδx =
n−1∑
i=1

q1ik
2
i (δxi − δxi+1)

2 + q1id
2
i (δẋi − δẋi+1)

2

+
n∑

i=1

q2i(δẋi − vd)
2,

in which all the q’s are positive. The term q1i is to penalise the in-train forces
experienced by the couplers, and the term q2i is to penalise the travelling
speed tracking of the whole train.

The matrix R is chosen to be diagonal and will determine the fuel consump-
tion as well as brake usage, i.e.,

R =




r1 0 . . . 0
0 r2 . . . 0

. . . . . .
. . . . . .

0 0 . . . rn


 ,

where ri, i = 1, . . . , n are the weighting coefficients for the traction and brake
force on each car. When adaptive fencing occurs, the size n will change
accordingly. For unified operation, only two weights will be used, one for
traction and one for wagon brake.

Once the feedback gain K has been obtained by solving the objective function
(6.9), the complete controller becomes

u = ue + Kδx,

where ue is the open-loop control described in Section 6.1.2.
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The weights are first chosen through the given train parameters, such as
coupler type, brake system type. Further simulation runs determine the
range for the weights. There is no one optimised parameter set; instead,
parameters can be tuned during operation to fit the current need at the
time.

For example, consider a scenario where the controller would focus on velocity
tracking for most of the trip. When difficult terrains are encountered, more
emphasis would be placed on the in-train force weights to ensure coupler
strain are not exceeded. On a smooth downhill section, emphasis could be
shifted to energy consumption, allowing the train speed to drift slightly away
from the reference speed.

Although the closed-loop controller will not be able to optimise the travelling
time and fuel efficiency at the global level, through cost coefficients q2i and
ri travelling time and fuel consumption can be optimised locally, i.e., at the
current track position.

It is possible that the closed-loop LQR controller issues traction inputs to
the wagons. Other undesired inputs include high frequency jittering. Such
out-of-bounds inputs will be adjusted by the input limiters, as as specified
by section 4.3. Both rate of change and maximum and minimum values are
limited. Essentially, these input limiters act as low-pass filters, filtering un-
wanted high frequency jittering and abrupt changes in the control inputs that
could result in undesired behaviours such as excessive high in-train forces.
The result is improved stability by maintaining control inputs within accept-
able range.

6.3 Input Chattering

Both the open-loop and closed-loop control are designed around force models.
Thus, the control inputs are in forces. However, since the locomotives and
wagons accept notches and brake levels as inputs, conversions are required.

The first step is to converts locomotive inputs via look-up tables, shown in
Fig. 4.9, while brake inputs will be converted linearly using the maximum
brake.
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In application, problem arises with locomotive notches. Since locomotive
notches are quantised inputs, it is difficult to obtain the desired force out
of the locomotives. The unfiltered inputs will result in excessive switching
between notches, causing chattering effects on the input signals, as shown in
Fig. 6.4. This will cause corresponding chattering on the in-train forces.

By specifying a threshold boundary around quantised levels, the excessive
switching will be minimised. This essentially filters the inputs through a
low pass filter around each notch level. In Fig. 6.5, the quantised input is
smoothened out.

Similar methods are used in sliding mode control, as described by Slotine
and Li (1991). By smoothening out the discontinuous control law, an opti-
mal trade-off between control bandwidth and tracking precision is made. In
addition, robustness is achieved for high frequency dynamics.

Time

notch 1

notch 2

notch 3
desired
input

Force
Quantised
input

Figure 6.4: Excessive input switching due to quantisation.

Defining the required force ft and lookup table output as g(n, v) where n
is the notch and v is the current velocity, the output force Fl for the lth
locomotive can be defined as:

Fl(ft, v) = g(n, v), if G(n− 1, v) ≤ ft < G(n, v),

G(n, v) = g(n, v) + α
(
g(n + 1, v)− g(n, v)

)
,

where G(n, v) is the upper boundary value for current notch level n, while
G(n− 1, v) is the lower boundary value. α is the ratio of the separation for
the boundary. Thus, any notch changes will only occur if the required force
ft is greater than the current upper boundary G(n, v), or becomes less than
the upper boundary of the notch below G(n− 1, v).
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Time

notch 1

notch 2

notch 3
desired
input

Force
Quantised
input

Figure 6.5: Excessive input switching minimised by specifying a boundary
layer.

The other areas that discontinuous control inputs exist are the switching
between traction and braking. Both the locomotive and wagon inputs are
affected. Recall open-loop control (6.4):

ue
loco =





uT

l
, uT > 0

uT

n
, uT ≤ 0

ue
wagon =

{
0, uT > 0
uT

n
, uT ≤ 0

During braking, the demanded brake force is spread across the whole train, in
the case of Coallink train, with 200 wagons and 6 locomotives. When traction
is required, the demanded traction force is only spread around locomotives,
only 6 in Coallink trains. Thus when the train moves from brake to traction,
a sudden surge of traction demand is sent to the locomotives. The reverse
does not occur because brake force is spread out.

To reduce chattering during brake to traction transitions, a conditional one-
way threshold boundary is set for locomotive input switching: during one-
way brake to traction transitions, if the demanded acceleration is smaller
than ath, then the locomotive will only power at a fraction of the demanded
level. This avoids the sudden peak of in-train force from occurring during
the transition.
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Simulation Result

In this section, the two main focuses are the effects of train configuration,
which includes level of individual control and fencing, and closed-loop con-
troller performance based on parameter tuning for different objectives.

Using the Coallink GIS data, the section of track starting at 63 km is chosen.
This section contains a very challenging section of ruling grade where the
train is momentarily powered to 80 km/h to be able to climb over the uphill
climb of 1/76 grade using momentum. The grade specification for uphill is
1/160.

Parameters from Table 5.1 and Table 5.6 are used with any modifications
specified otherwise. For input chattering parameters, the threshold ath is set
to 0.1 ms−1 while locomotive notch boundary ratio α is set to 0.3.

Throughout the results, the recorded velocity and in-train force data from
week 4 are plotted to allow comparison between simulated results and recorded
data.

7.1 Open-loop Controller

The simulation has the same setup as the actual trial run for week 4: Two
consists with four locomotives at the front and two locomotives at the rear,
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the simulated train consists of 200 wagons modelled as 50 rakes. Unified
ECP is used for all the wagons. The comparison here is between the recorded
human driver and the open-loop controller.

The two results in Fig. 7.1 and Fig. 7.2 are open-loop controller without and
with the transient controls.

Fig. 7.1 shows that the open-loop controller is sufficient in maintaining the
velocity of the train, but is unable to bring the train to the new reference
speed. Although the train velocity vsim deviates from the reference vref after
the change at 70km point, the in-train force pattern is very close to those of
the recorded, suggesting that the reference speed pattern is approximately
the same as the actual driver control pattern.

Fig. 7.2 is a mixture of the advantages and disadvantages of open-loop tran-
sient control. At the 70km point, transient control is able increase the train
speed to 80 km/h, based only on the reference speed differences. At 76 km
point, it initialises deceleration of the train in hope to bring the velocity
down from 80 km/h to 60 km/h. However, the controller is unaware of the
velocity was already around 60 km/h due to the difficult track that exceeded
the maximum specified grade. Without any feedback, the train slows down
to a even lower speed.

From the results, it shows that the open-loop control can closely mimic the
driving pattern of the human driver given the same reference speed signals.
Transient control proves to be operational on normal tracks within specified
grade, but can deviate the train further on difficult tracks.

7.2 Closed-loop Controller

As expected, the previous section shows that the open-loop controller is un-
able to counter disturbances such as difficult track, although it functions
very well if the track is within normal specifications, i.e, section before 76
km point. To further improve on the controller, in this section, the closed-
loop controller is added onto the open-loop controller.

On all of the results, the recorded velocity and in-train force are provided as
a reference. Even though some of the results are based on different reference
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Figure 7.1: Open-loop controller without transient control.
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Figure 7.2: Open-loop controller with transient control.
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velocity signals, it remains interesting to compare the range of the values for
practicality for some of these controllers.

7.2.1 Generic set

The same train configuration is used as previous setup, with the same ref-
erence speed signal. The difference is that transient control is disabled and
closed-loop control is added.

The LQR tuning parameters are set such that the weights rl and rw are used
for all the locomotives and wagons respectively in the weight R. All in-train
forces have the same weight q1, while velocity regulation is split into two
groups, q2l

for locomotives and q2w for wagons.

In this generic setup, all Q and R parameters are set to 1.

Comparing the previous result Fig. 7.2, closed-loop control improves the
velocity regulation, as well as in-train forces, as shown in Fig. 7.3.

The velocity deviations from 70 to 76 km points, as well as around 85 km
point, are due to the specification exceeding grades. At these sections, the
available traction efforts available from the six 7E1 locomotives are insuffi-
cient to maintain the desired speed.

By integrating the control efforts, the energy consumed can be found. Al-
though the actual values will be greater due to less efficiencies of the motors
and brakes, these values still provides a good guideline to energy used by
different controllers.

The values for the generic run will be used as reference values for the next few
experiments. To allow better comparison for some of the results, a second
reference simulation run with a lower, but more modulated reference velocity
was also used, shown in Fig 7.4.

The performance indices are grouped in Table 7.1.
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Figure 7.3: Generic closed-loop control with all parameters equal to 1.
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Figure 7.4: Second set of generic closed-loop control with all parameters
equal to 1 and a lower, but more modulated reference velocity set.
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Reference 1 Reference 2

Distance
63 - 90 km 63 - 82 km

Velocity Deviation
Absolute mean 5.1649 km/h 5.4804 km/h

Mean -5.1521 km/h -3.4834 km/h

In-train force
Minimum -321.6026 kN -788.8906 kN
Maximum 717.0152 kN 1041.2118 kN

Energy consumption
Traction 698.1804 MJ 620.9923 MJ

Dynamic Braking -87.1825 MJ -157.1676 MJ

Table 7.1: Performance indices for generic closed-loop simulations.

7.2.2 Closed-loop Controller Optimised for Velocity Track-
ing

The chosen test track together with the chosen reference velocity signals
already requires maximum traction force from the locomotives. By increasing
q1 and q2 to 12, it is hoped that the velocity regulation performance might
even improve further. rl is slightly increased to 3 to encourage wagon brake
usage.

Because of the difficult ruling gradient, velocity regulation improvements are
minimal for the first reference set. Steady-state has been reduced slightly,
around 80 km point, shown in Fig. 7.5.

The second reference velocity set is more modulated, but at a lower level.
Thus the train is able to follow the reference more closely, as shown in Fig. 7.6.
Regulation performance has improved slightly, but at the cost of higher en-
ergy usage and very large in-train force. The very large in-train force peak
around 67 km would have broken the coupler in practice. Thus this result
reflects the fact that the weights must be within the acceptable range to
ensure reasonable control actions.
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Current value Reference 1

Velocity Deviation
Absolute mean 4.4568 km/h 5.1649 km/h

Mean -4.447 km/h -5.1521 km/h

In-train force
Minimum -324.1368 kN -321.6026 kN
Maximum 695.1412 kN 717.0125 kN

Energy consumption
Traction 705.7044 MJ 698.1804 MJ

Dynamic Braking -90.1955 MJ -87.1825 MJ

Table 7.2: Performance indices for velocity tracking emphasised controller
compared to reference 1.

Current value Reference 2

Velocity Deviation
Absolute mean 4.9946 km/h 5.4804 km/h

Mean -2.9909 km/h -3.4834 km/h

In-train force
Minimum -1562.6711 kN -788.8906 kN
Maximum 1640.8775 kN 1041.2118 kN

Energy consumption
Traction 682.77 MJ 620.9923 MJ

Dynamic Braking -190.4987 MJ -157.1676 MJ

Table 7.3: Performance indices for velocity tracking emphasised controller
compared to reference 2.
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Current value Reference 1

Velocity Deviation
Absolute mean 6.4368 km/h 5.1469 km/h

Mean -6.433 km/h -5.1521 km/h

In-train force
Minimum -311.9185 kN -321.6026 kN
Maximum 751.014 kN 717.0152 kN

Energy consumption
Traction 690.8597 MJ 698.1804 MJ

Dynamic Braking -87.7121 MJ -87.1825 MJ

Table 7.4: Performance indices for in-train force emphasised controller com-
pared to reference 1.

The improvements for velocity tracking are not substantial since the generic
controller is already very efficient at velocity regulation.

7.2.3 Closed-loop Controller Optimised for In-train Force

For in-train force emphasised control, the weights are adjusted as follows:
q2 for both locomotive and wagon are reduced to 0.1, while q1 for in-train
force is increased to 59. Because of the reduced weights, velocity regulation
is expected to deteriorate. rl is slightly increased to 3 to encourage wagon
brake usage.

Fig. 7.7 shows that, again, due to the ruling grade and high reference veloc-
ity, improvement are limited. In-train force was not improved, but slightly
increased due to the deteriorated velocity regulation. However, the overall in-
train force jittering has been reduced; an example would be the minimisation
of the peak at 70 km point.

Reference set 2 shows a more interesting picture, shown in Fig. 7.8. Looking
at in-train force output at 64 km and 67 km points, one notices that the peaks
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Figure 7.5: Closed-loop controller with emphasis on velocity regulation for
reference set 1.
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Figure 7.6: Closed-loop controller with emphasis on velocity regulation for
reference set 2.
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Current value Reference 2

Velocity Deviation
Absolute mean 6.8767 km/h 5.4804 km/h

Mean -4.5972 km/h -3.4834 km/h

In-train force
Minimum -309.4605 kN -788.8906 kN
Maximum 843.6625 kN 1041.2118 kN

Energy consumption
Traction 536.051 MJ 620.9923 MJ

Dynamic Braking -119.9479 MJ -157.1676 MJ

Table 7.5: Performance indices for in-train force emphasised controller com-
pared to reference 2.

have been greatly reduced, compared to the generic controller in Fig. 7.4.
This is evident from the substantial reduction on the minimum in-train force
by almost a half.

Additional benefits of reduced in-train force are less control efforts. Looking
at the control inputs at 64 and 67 km, one notices that traction demands are
greatly reduced, while the peak for brake demands at 77 km is also reduced.
Table 7.5 reflects these energy reductions.

Overall, the in-train force and control input patterns are less jittering and
smoothened out when compared to the generic controller, at a minimal re-
duction of velocity tracking error. The advantages are substantial for in-train
force emphasised controller.

7.2.4 Closed-loop Controller Optimised for Energy Con-
sumption

The last aspect of the weight tuning is on energy reduction. From the results
from previous section, one already expects energy consumption reduction will
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Figure 7.7: Closed-loop controller with emphasis on in-train force reference
set 1.
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Figure 7.8: Closed-loop controller with emphasis on in-train force reference
set 2.
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Current value Reference 1

Velocity Deviation
Absolute mean 7.0659 km/h 5.1649 km/h

Mean -7.0623 km/h -5.1521 km/h

In-train force
Minimum -337.6011 kN -321.6026 kN
Maximum 762.546 kN 717.0152 kN

Energy consumption
Traction 698.5708 MJ 698.1804 MJ

Dynamic Braking -96.4332 MJ -87.1825 MJ

Table 7.6: Performance indices for energy emphasised controller compared
to reference 1.

also bring down in-train force.

Weights for velocity tracking q2 are decreased to 0.1, while weights for energy
consumption r are increased to 12. It is clear already that velocity tracking
will deteriorate slightly.

It is important that Fig. 7.9 and Fig. 7.10 be compared closely, because
peak values again does not vary much due to the exceeding ruling grade.
Examining the input peaks, one would find that with this controller has
minimised all of the short peaks.

The results are smoothened in-train forces and slightly deteriorated velocity
tracking.

From Fig 7.8 and Fig. 7.10, it is clear that both controllers only managed to
reduce energy consumption, they also improved the overall controller perfor-
mance.

Control inputs have been even out, with optimal use of gravitational force
during downhill, evident in the track section between 63 km and 70 km. The
traction demand just after 70km was minimised.
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Current value Reference 2

Velocity Deviation
Absolute mean 8.6896 km/h 5.4804 km/h

Mean -4.6265 km/h -3.4834 km/h

In-train force
Minimum -304.03 kN -788.8906 kN
Maximum 854.5669 kN 1041.2118 kN

Energy consumption
Traction 537.9416 MJ 620.9923 MJ

Dynamic Braking -132.5898 MJ -157.1676 MJ

Table 7.7: Performance indices for energy emphasised controller compared
to reference 2.

Because of the smoothened input pattern, in-train force has been improved
to the similar level as the previous controller. Comparing values in Table
7.5 and Table 7.7 shows that the in-train force controller is able to reduce
around 100 kN more for the minimum peak.

Velocity tracking is slightly better than the in-train force emphasised con-
troller.

7.3 A closer look: Dynamic in-train force and

train configuration

The in-train force analysed up to now has been the maximum of the static
in-train force, i.e., it is the maximum force that a single coupler has to
withstand. With the locomotive group concentrated at the front, the coupler
that bridges locomotive group and wagon group has to withstand the largest
static in-train force. The previous section only considered static in-train
force. There exists, however, a dynamic in-train force with the train, which
shall be explained next.
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Figure 7.9: Closed-loop controller with emphasis on energy consumption
reference set 1.
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Figure 7.10: Closed-loop controller with emphasis on energy consumption
reference set 2.
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In Fig. 7.12, the maximum and minimum dynamic in-train forces are plotted
along with the static in-train force. Notes these two forces do not belong to
a single coupler; they are the maximum and minimum force out of all the
couplers at that particular instant of time. Dynamic in-train forces travels
across the train in either direction depending on the control inputs and track
topology. These sudden peaks of in-train forces cause damage to coupler
systems. Due to it propagating properties, it is very difficult to analyse in
practice. With simulation, such property can be easily examined.

Train configuration involves closely to the practicality of the application.
In practice, all Coallink wagons will become ECP wagons. The same does
not necessarily apply to DP conversion of locomotives. Thus, it will be
interesting to see if the various combinations of train configuration will affect
train performance greatly.

In this section, the objectives is to analyse the effects of different train con-
figurations, especially toward minimising dynamic in-train force. In-train
force optimised controller is chosen. From the previous results, it is clear
that by improving static in-train force, inputs chattering as well as energy
consumption are also improved. The weights are again adjusted as follows:
q2 for both locomotive and wagon remain at 1, while q1 for in-train force is
increased to 12, with rl is slightly increased to 3 to encourage wagon brake
usage.

The only exception is the fence case, where q1 was slightly perturbed to 12.01
to satisfy the LQR criteria that the weights Q and R need to be chosen such
that matrix [Q N;N′ R] positive definite, where N is a zero matrix of
dimension 2n× r, r is the dimension of matrix R.

For this set of comparisons, only velocity reference 2 will be used. This
set will allow more subtle dynamics to be observed with its lower reference
values.

The train configurations are:

(i) Unified traction and unified ECP control

(ii) DP traction and unified ECP control

(iii) DP traction and limited individual ECP via fencing
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config 1 config 2 config 3 config 4

Velocity Deviation
Absolute mean (km/h) 4.9409 5.212 5.2289 6.2383

Mean (km/h) -3.1756 -3.4242 -3.4494 -3.636

Static In-train force
Minimum (kN) -550.3345 -480.1369 -480.3234 -312.179
Maximum (kN) 842.2614 910.3569 911.342 902.7567

Dynamic In-train force
Minimum (kN) -903.3571 -934.3943 -897.5539 -860.1895
Maximum (kN) 1034.6011 1041.5338 1044.6036 921.2674

Energy consumption
Traction (MJ) 926.2305 898.9187 896.7763 870.7232

Dynamic Braking (MJ) -130.5269 -137.931 -137.8525 -138.8401

Table 7.8: Performance indices for the four configurations.

(iv) Full individual traction and brake control

The results are displayed via the configuration order. The three outputs are:
velocity regulation in Fig. 7.11, in-train force in Fig. 7.12 and control inputs in
Fig. 7.13. The performance indices are given in Table 7.8. The perturbation
is less than 1%, for practicality the controllers for all four configurations are
assumed to be identical.

From the results, some very interesting observations can be made. Since all
four configurations have identical controller structure, the only difference lies
in the train configuration.

Looking first at velocity tracking, it is clear that the train with unified trac-
tion and unified ECP brake configuration gave the best results, although the
differences are minimum.

Analysing static and dynamic in-train force together reveals some insight
into the advance train configuration such as individual control. The mono-
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Figure 7.11: Train configuration comparison: velocity tracking (in configu-
ration list order).
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Figure 7.12: Train configuration comparison: dynamic and static in-train
force (in configuration list order).
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list order).
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tonic decreasing of minimum peaks from left to right shows that both static
and dynamic forces decreases as control inputs increase. The pattern in the
maximum peaks is less defined for static in-train force due to the exceeding
ruling grade, where all four configurations require similar maximums. The
dynamic in-train force peaks, however, exhibits the decreasing pattern similar
to those of the minimum peaks. This further demonstrates the improvement
of individual controls.

Going to Fig 7.12 shows similar behaviour. From the maximum and min-
imum peaks between 63 km and 70 km, it is clear that individual control
substantially reduces the oscillations in dynamic in-train force.

DP control is an interesting case: from both Fig 7.12 and Table 7.8, it is clear
that with the increased inputs, the static in-train force peaks do decrease.
Yet the dynamic in-train force does not improve. One possible reason for
such behaviour is that the use of two different locomotive groups introduces
additional in-train force dynamics.

A mild improvement in energy consumption can be observed for train with
multiple brake control.

Observing the general pattern in the Fig 7.12 and Fig 7.13, the advantage
of individual control is clear: it smoothens out the inputs, reducing the
frequency of notch changes, and thus improve the in-train force behaviours.

From the results, it can be deduced that dynamic in-train force can be re-
duced via increase in control inputs to train configuration.

7.4 Discussion

In this section, the simulated results are compared to the result from the
existing studies.
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7.4.1 Modelling

All existing studies as well as this study assume all the states are available.
Gruber and Bayoumi (1982) suggests an observer that calculates the missing
wagon velocities by linear interpolation of the locomotive velocities. It should
be noted this is neither optimised nor validated, and will result in errors for
long trains such as Coallink train where locomotives are only found at the
ends of the train.

While the models used in Yang and Sun (2001) and Astolfi and Menini (2002)
are very similar to the model used in this study, this research goes a step fur-
ther by simulating a much longer train and the inclusion of all non-linearities,
as well track topology. In comparison, the model used by Gruber and Bay-
oumi (1982) is very much simplified; track topology was not considered;
spring force of the front coupler of every car is ignored; the train is much
shorter and has a fixed configuration. In this study, the train configuration
is dynamic for different locomotive configurations.

In terms of inputs, all the previous studies ignored power limits and other
control signal non-linearities. Even more, in the controller proposed by Gru-
ber and Bayoumi (1982), only two possible traction/brake combinations are
considered: pure locomotive traction with no wagon brake and pure locomo-
tive and wagon brake. This greatly reduces control optimality as often long
train would apply both brake and traction simultaneous for difficult terrains
to reduce in-train forces.

In this study, power limits as well as rate limits are applied to the control
signals. The locomotive signals are filtered to reduce input chattering before
quantised to the exact locomotive notches.

In the case of limited input channels, this study proposes a dynamic con-
troller structure based on the current track conditions, providing an optimal
control structure that can grow and shrink on demand. The paper by Gruber
and Bayoumi (1982) only considers simple static grouping of cars into equal
groups.

All the previous studies provide theoretical look at train modelling. This
study is the only study that has validated the theoretical model with actual
data.
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7.4.2 Controller

In terms of open-loop controller, this study mimics the human driver be-
haviour by considering the track grade and curvature. No optimisation is
performed in this process. Similar schedule is proposed by Gruber and Bay-
oumi (1982). In comparison, the optimal control propose by Howlett (1996)
provides a energy consumption optimised scheduling for the given track.
However, only single mass train is assumed. A more complete optimised
open-loop control is recently proposed by Zhuan and Xia (2005).

Gruber and Bayoumi (1982) mentioned the need for transient control for
additional acceleration and deceleration, but only proposed that closed-loop
control be used to handle such needs. In this study, an open-loop transient
controller is proposed and demonstrated to operate as expected, as long as
the train travels along normal track that falls within specification.

Optimised controllers proposed by Yang and Sun (2001) focused on the ve-
locity regulation and disturbance rejection while Gruber and Bayoumi (1982)
focused on velocity regulation and in-train force. However, neither controller
offered tunability of control targets. Due to different priorities different op-
eration scenarios may have, in this study the closed-loop controller was de-
signed to allow parameter tuning amongst the three running costs: energy
consumption, shorter travelling time via better velocity regulation and lower
maintenance cost through lower in-train forces.

Reconfigurable controller through fencing is an interesting control method
proposed by this study that showed mild overall improvements, as observed
from the results.

The results show that the closed-loop cruise controller proposed in this study
is both complete and optimised. Considerations were given to control flex-
ibility and interface problems for implementation. This, together with the
validated model, completes the study as a thorough optimised train con-
troller that is applicable to the Coallink train. No other studies have shown
such proven modelling as well as controller design that consider the interface
problem between theoretical model and the actual train.
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Conclusion

In this study, a closed-loop cruise controller that minimises the running costs
of heavy-haul train is designed, with optimisations on velocity tracking, in-
train forces and energy consumption.

By improving velocity tracking, the train will be travelling at the highest al-
lowed velocity, thus reducing the travelling time. This will increase through-
put on the existing lines as well as decrease the chances of receiving heavy
fines from the shipping company for late deliveries.

Large in-train forces result in coupler damages and the subsequent high main-
tenance costs. By reducing the in-train forces, coupler system wears are
reduced, thus reducing maintenance costs.

Energy consumption is directly related to the amounts and duration of con-
trol efforts used. Thus, controller with efficient control utilisation will reduce
energy consumption.

Coallink train with the new train technologies, Distributed Power (DP) trac-
tion and Electronically Controlled Pneumatic (ECP) brake system was the
target for the research.

The model was validated with Spoornet data. The controllers were designed
and tested on the validated model. Validation of the model is important
for both future implementation of the controller as well as validation of the
research methods employed in this study.
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Robustness of the LQR closed-loop controller is guaranteed as long as the
parameters are well defined (Lin and Olbrot, 1996). In application, train
parameters are entered into the system during the initialisation stage. This
reconfigures the controller for that particular train for both performance and
robustness.

The control inputs limiters confines the rate of change as well of the extreme
values of the control inputs within the acceptable range. This low-pass action
eliminates undesired abrupt changes and other high frequency components
that could induce large in-train forces as well as excessive oscillation, thus
improves on the robustness of the controller.

Individual control of remote consists showed little improvement in the pull-
push configuration where locomotive groups are found at the head and the
end of the train, unless careful tuning of the parameters were performed.
Possible improvement could arise for mid-train consist but the expensive
logistic cost could out weight any practical gains from such configuration.

The closed-loop controller behaviour can be redefined online by choosing a
different set of weights. This adds flexibility whereby the driver can decide
which running costs he wishes to minimise, given the current conditions.
Future possibilities include online adaptive parameter tuning whereby the
controller improves its performance by adjusting the weights automatically.

In the light of feasibility and logistic costs, this research has demonstrated
that unified traction and unified ECP configuration is the most economical
when performance, deployment cost and easy tuning are concerned. On
the other hand, weight choices for the closed-loop control can affect the
performance greatly.

With the completion of this study on closed-loop cruise controller for heavy-
haul train, the next step will be the implementation of the controller to
improve the efficiency of the current train and working environment for the
train drivers.

In this study, it is assumed that all state variables are available. These are
usually obtained by designing an observer. In the implementation stage,
it is also suggested that state estimates could be obtained from Profiler, a
train simulation product of New York Air Brake. A second approach is to
install more speed sensors, and then followed by some soft sensors to get
more accurate state estimates.
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Appendix A

Coallink Handwritten Inputs
Notes

Sample copy of the handwritten inputs notes from Coallink test runs are
included to show some of the accuracy problems faced during the verification
stage.
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