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Abstract – In this paper the authors describe a possibility to use adaptive control algorithms for a train braking system.
The following assumptions were put forward: a programmable logic controller (PLC) or microcontroller with a control program based on an adaptive control algorithm and a current train braking control system ensures an automatic smooth and precise braking of a train; and another controller with a smaller footprint connected to the same train braking system ensures an automatic stopping of the train before the red light.
Some of the available adaptive search algorithms are discussed and the one which is the most suitable and the most effective of them for this task is selected. 
The authors designed the control program for a PLC and other controller and carried out the first testing of the developed system. In the conclusion of the article there is an analysis of the results and an evaluation of the selected control algorithms effectiveness. 
Keywords – railway transport, adaptive control algorithms, embedded devices.
I. INTRODUCTION

Nowadays the most topical questions are about safety routing of the rail transport and observation of a train timetable. This is caused by such factor as large and sudden increase of train motion intensity and speed, which raises the demands for an observation of the train motion timetable and overall safety level of train motion.  Also  the human factor plays a significant role in the control of the railway system as a whole; and of the rolling stock in particular. In some cases, the existing safety systems are incapable of preventing accidents. Therefore, crashes and accidents on the railway still take place all over the world. The most critical losses and lethal outcomes are caused by the collision of trains, and the collisions between railways and road transport. The main reason for this is the driver’s inattention: passing the red signal; or the interlocking, blocking and signalling system fails to prevent the collision.
Some crashes with lethal outcomes have happened in Latvia within the last fifteen years. In 2001, on a level crossing in Jumprava, a train and truck crashed: the truck collided with the electric passenger train on level crossing near Aizkraukle. In 2005, two passenger trains collided in Riga central station. In 2008, passenger van collided with a diesel train in Tukums, and a locomotive ran into rolling stock with oil tanks in Ventspils. In 2011, two heavy crashes happened on a level crossings with trains and trucks. Train collisions happen all over the world. These are only some examples: a passenger and cargo train collision in December 2008 in Aegvidu, Estonia; the collision of three passenger trains collision in February 2010 in Brussels, Belgium; a collision between a passenger and cargo train in January 2011 in Magdeburg, Germany; the collision of three cargo trains in January 2012 in Indiana, USA. All these accidents prove the need for a solution to the problem.
Currently automatic control of emergency braking only is possible on existing locomotives. Emergency braking causes damages to the track and to the wheel pairs, therefore it should be used when there is no other option to stop the train. Most preferable is to use regular braking. 
The authors put forward assumptions that having combined a programmable logical controller (PLC) or microcontroller with a control program based on an adaptive control algorithm and an existing train braking system, it is possible to create a new adaptive braking control system of a train, which will provide for an automatic smooth and, at the same time, precise (according to a stop point) braking of a train; and that another controller with a much smaller footprint connected to the same existing train braking system ensures an automatic stopping of the train before the red light.

The development of these systems is enabled by the fact that it does not require considerable investments into the existing train braking control systems (pneumatic or electro-pneumatic), and does not require any modernization of the railway infrastructure such as setting up additional transmitters. The system does not need expensive elements or complex transmitters, because all the information necessary for calculations can be obtained from a global positioning system (GPS) and a mechanic speed detection unit existing in the trains, and it can be reckoned as a positive quality of the offered systems.
Hence, the authors consider that it is necessary to perform a more profound investigation of the given system and a development of a necessary model, with the purpose to test the selected control algorithm under the laboratory conditions. For this purpose, a pneumatic braking control system of exactly freight trains is investigated more thoroughly. 
II. PROBLEM FORMULATION

The main problem of classical approach for smooth target braking calculation is a necessity to receive data about various parameters of the train and railway infrastructure such as length of train, mass of train, braking coefficients, condition of braking system, slopes and curves of the track etc. 
The purpose of this paper is to analyse a possibility to apply the adaptive control algorithms in the management of a train braking system, with the purpose to accomplish a smooth and precise (according to a stop point) braking, and also build a prototype of a smaller embedded device which would perform automatic train stopping before the red light.
Adaptive algorithms provides new approach, when the braking control system is self-adjusting to current conditions of the braking and performs the process adaptively without additional sensors and data. 
The objectives of the work are:

· To review and to analyse adaptive control algorithms;
· To select control algorithms according to the addressed goal;

· To develop a PLC control program on the basis of a selected algorithm;
· To develop an another embedded device based on an Arduino board;
· To test the developed algorithms and devices in laboratory conditions and summarise the results;

· To analyse the results and evaluate the devices’ effectiveness.
III. REVIEW OF ADAPTIVE CONTROL ALGORITHMS
Before reviewing the adaptation algorithms, let us provide a definition of adaptation. An adaptation process is an instrument of a self-organizing system for a targeted efficacy with the following objectives:
· To adjust the system to a fixed environmental or external factors conditions (passive adaptation);

· To find the most suitable environment for the system operation (environment search);

· To adjust the environment to the most effective functioning (active adaptation).

Simple objects after each cycle should return to a control synthesis stage, where a new U’ control should be defined depending on the changes of the environment, while a control of complex objects requires all control systems – adjustments of control stages, which are also an adaptation.

An adaptation as a specific control process contains several specific features:

· A stable nature of an adaptation goal (the preferable and the existing parameters of the object at each moment of the adaptation process are known);
· An extremizing criterion Q and a limitation S either do  not change, or change slowly or rarely (a selected stop point of a train does not change in the process of braking);

· An adaptation is effective only with smaller changes of the object parameters (it follows that it is possible to use it effectively in the given task).

Furthermore, an adaptation can be divided into the following two types:

· Parametric adaptation – can be used in case when the change of a controlled object can be characterized using its parameters (Fig. 1).

· Structural adaptation – can be used in case when it is comfortable to change not the object parameters, but its structure.

Therefore, the type selected is the parametric adaptation (Fig. 1), because the structure of the object (a train) cannot be changed physically during the braking process.
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Fig. 1. Principal Scheme of Parametric Adaptation Process

Let us pay attention to the definite adaptive control algorithms, with the help of which it is possible to perform a parametric adaptation and which could be effectively used in the system under discussion.

A. Search with even attempts.
A formula of an algorithm:
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where 

ui – a state of the object in the ith search stage;

a – a size of a step according to the parameter u;

g – a size of a step not smaller than ε/2;

sign – a sign function.
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δ – insensitivity zone.
The given algorithm requires constant regulation of controllable parameters, because it is necessary to carry out an adjustment of the parameters within all the possible regulation limits of the parameters (for example, we decrease or increase the braking acceleration), in order to evaluate the other system parameters that get changed (whether they approach the set theoretical value or move away from it). Because of that this algorithm is not the most optimal for the given system, because it uses a braking system physical formation (a number of changes of control signals within the definite period of time is limited).
B. Search with odd attempts.

Let us scale down an even attempt algorithm to one attempt. The formula will be the following:
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where

ui – a state of the object in the ith search stage;

a – a size of a step according to the parameter u;

g – a size of a step not smaller than ε/2;

F – a sign function.
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δ –  insensitivity zone.

A search with the united attempt and work steps (Fig. 2).

In the algorithm with the united attempt and work steps, the work steps  are taken at once and the object quality function is evaluated.
If a work function value reaches a theoretical value, then a previous work step is repeated, in its turn; if a work function deteriorates, then the step, which is opposite to the proceeding one, should be taken. 
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δ – a positive threshold (δ>0).
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Fig. 2. Adaptive Search Algorithm with United Attempt and Work Steps
This control algorithm is the most corresponding to the system under development from all the reviewed algorithms, and after some modernization it allows to achieve the best regulation efficacy and the best interaction with the existing train braking control system (corresponds the most to the existing conditions of a train braking system control).

An improvement of the algorithm manifests itself in an introduction of a differentiation unit (Fig. 3), which follows a change of the controllable parameters in a time, and makes a common system operation considerably effective (reduces the pulsations of the adjustable parameters, in relation to the theoretical values and increases the precision of a stop point).  
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Fig. 3. Adaptive Search Algorithm with United Attempt and Work Steps with Differentiation Unit
IV. MATHEMATICAL MODEL OF THE SYSTEM 

Railway transport vehicles consist of following elements:

E – electric drive of the train

B – braking system of the train

K – control equipment of electric train

W – mechanical part of the train

e – train driver
It is proposed to add following elements to the locomotive

–
SAT – satellite signal receiver;

–
Ri – wireless signal transmitter

· Ci – embedded anti-collision device
· Di – human-machine interface device
Also Control Centre is needed to coordinate movement of trains:
· Rvc – transmitter of the control centre

· Cvc – main controller of control centre

· DB – data base of control centre

· ALG – movable objects coordination algorithms

· The following data is received from these devices:

· χ – latitude of the locomotive
· ψ – longitude of the locomotive
· v – velocity
The following data is calculated:

· s – distance between the locomotive and target point to stop.
V. Algorithm for train anti-collision embedded devices
The following variables are defined for the algorithm: χu1, ψu1, χu2, ψu2 – latitude and longitude of train U1 and train U2; vu1, vu2 – speed of the trains U1 and U2;  ρu1, ρu2 – route section of trains U1 and U2, λu1, λu2 – length of trains U1 and U2,  B – braking distance of the train; ΔS – distance between trains.

The algorithm consists of the following general steps:

Step 1. Obtain data from the satellite navigation.
Step 1.1. Embedded train anti-collision device CiU1 of the locomotive U1 obtains latitude χu1, longitude ψu1 and speed vu1 using satellite receiver Satu1.

Step 1.2. Embedded train anti-collision device CiU2 of the locomotive U2 obtains latitude χu2, longitude ψu2 and speed vu2 using satellite receiver Satu2.

Step 2. Obtain data about the section of the route.
Step 2.1. Embedded train anti-collision device CiU1 receives data about current route section ρu1.

Step 2.2. Embedded train anti-collision device CiU2 receives data about current route section ρu2.
Step 3. Transmit data to the control centre.
Step 3.1. Embedded train anti-collision device CiU1 using RiU1 transmits data χu1, ψu1, vu1, ρu1 and length of train λu1 to control centre device Cvc.

Step 3.2. Embedded train anti-collision device CiU2 using RiU2 transmits data χu2, ψu2, vu2, ρu2 and length of train λu2 to control centre device Cvc.

Step 4. Control centre device Cvc detects if the train U2 is following the train U1 on the same route section i.e. ρu1 = ρu2.

Step 5. Control centre device Cvc using Rvc transmits train U1 id to CiU2 and train U2 id to CiU1.

Step 6. CiU1 transmits χu1, ψu1, vu1, ρu1 and length of train λu1 to CiU2.

Step 7. CiU2 calculates the distance ΔS between locomotive of train U2 and last wagon of train U1.

Step 8. CiU2 calculates braking distance B of train U2. 

Step 9. If distance ΔS is less or equal to B, then go to Step 10, else Step 11.

Step 10. CiU2 activates adaptive smooth braking to stop the train and to prevent the collision. Go to Step 1.

Step 11. If braking is active and speed vu1 > 0, then go to Step 12.

Step 12. Stop braking process. Goto Step 1.

VI. DEVELOPMENT OF PLC PROGRAM BASED ON THE CHOSEN ALGORITHM

A PLC control program was developed in the Step-7 programming environment, which was used for programming SIMATIC S7-200 series controllers. 
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Fig. 4. Excerpt of a Program Code
A control program consists of an initialization block, a calculation block of a theoretical bend (a road driven S, a current motion speed V and a current braking acceleration a) and an adaptation block which generates a control signal, which is sent to the model of a train control system. 

Figure 4 demonstrates an excerpt of a PLC program code, where a train braking time and theoretical coordinates are being calculated.
VII. TESTING OF THE DEVELOPED ADAPTIVE BRAKING ALGORITHM AND RESULTS SUMMARY
The testing of the developed control algorithm was carried out under the laboratory circumstances in the following way. The train motion model was launched in a Matlab environment, but the developed PLC control program was installed in a controller, which was connected with the mentioned train motion model in the Matlab environment through an OPC server. 
During testing, the following situation was modelled – a train departs from the coordinates x=1500m. In the physical model of the train also an initial speed of the train motion is set up.

In its turn, in the PLC control program a desired braking acceleration a, and the following baselines of control elements (a driver’s stop-device) of a bake system are set up: 
II – a brake release,

IV – a crosspiece with a feeding,

V – a service brake.

On average, when performing modeling without a differentiation unit of the adjustable parameters, the results, which are illustrated in Figure 5, were obtained.  In this figure the first graph represents the changes of the road S (m) driven by the train in relation to time, of the speed V (m/s) of the train in relation to time and of the braking acceleration abr (m/s2) of the train in relation to time. Each value is represented by a theoretical (green) and real (blue) curve, which is obtained from the train motion model. 

[image: image10]
Fig. 5. Train Motion Parameters for Algorithm without Differentiation

This adaptation algorithm allowed achieving the following results:
a) a train stops +/– 25–45 m from a set point;

b) noticeable fluctuations of the adjustable parameters take place (the value of the road driven S fluctuates between +/– 100m, the value of the current speed V fluctuates between +/‑ 3m/s, the value of the current acceleration fluctuates between +/– 0,15 m/s2)

On average, when performing modeling with a dynamic control of the adjustable parameters, the following results were obtained (Fig. 6).

[image: image11]
Fig. 6. Train Motion Parameters for Algorithm without Differentiation

On average, when modeling a motion with a dynamic control of the controllable parameters, it is possible to obtain the following results:
a) a train stops +/– 2-7 m from a set point;

b) fluctuations of the adjustable parameters are much lower (the value of the road driven S fluctuates between +/– 20 m, the current motion speed V fluctuates +/– 1 m/s, the current braking accele​ration fluctuates between abr +/–0,7 m/s2).
VIII. ANALYSIS OF RESULTS AND EVALUATION OF EFFICACY

The results obtained demonstrate that the developed PLC control program on the basis of an adaptive search algorithm allows controlling the train motion model parameters agreeably with the set theoretical curves with the comparatively not big differences of the parameter values. For an evaluation of the efficacy of the operation of the algorithm it would be necessary to improve the train motion model, which would allow achieving more precise modelling results.
IX. DEVELOPMENT AND TESTING OF THE ARDUINO BOARD PROGRAM
The data set for the experiment was taken from the two controllers in the field attached to a locomotive and a traffic light control box. The data exchange scheme is presented on Fig. 7. 
The communication between the controllers was facilitated by GPRS modules and a server running on a PC; the data was exchanged using a set of custom text messages on top of an open protocol which facilitates observation and control of the whole process with a wide range of tools for PCs and mobile phones. Through the chain of software tools — communications and data collection server, an instance of PHP script (could be anything capable of network and database communication) — the data was piped from the controllers to the database tables (Fig. 8).
[image: image1] Fig. 7. The location data collection scheme.
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Fig. 8. A screenshot from the report generated from the collected data about rolling stock location and traffic light parameters.
Upon receiving the data about its own and the traffic light location the locomotive embedded device (Fig. 9) calculates the distance between them according to the formula of distance between points on a sphere:
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Fig. 9. The embedded device installed on a locomotive.

When the braking distance matches or exceeds the calculated distance and the traffic light is set to red, the device immediately activates the train brakes.

Some signal instability was detected in the GPS feed and some data overflow in the exchange process.
X. CONCLUSIONS

The offered algorithm of adaptive and precise braking of a train operates sufficiently effectively, it would be useful to carry out its improvement also in the future.
The use of the developed algorithm allows to realize a sufficiently precise braking of the train model, regulating the values of a current road driven S, of a speed V and of a braking acceleration according to the set theoretical curves in the process of braking. 
For a more precise testing of the PLC control program, a more thorough train model development is required, with an observation of delays of the braking system and moments of inertia, effectiveness in different operation modes, inertia of a train, a model of a pneumatic brake control system, etc. 
An installation of embedded intelligent devices does not hamper an operation of the existing braking system and increases an efficacy of its operation.  
After an improvement and testing of the PLC control program, an undertaking of the experiment using the given prototype in real work conditions or in similar to them (i.e. an experiment with the use of a car) should be considered.
The Arduino program needs a position and distance prediction routine to handle lost or late data due to unstable radio signal.

An alternative protocol should be established to avoid flooding the serial link with all the devices variables’ values.
The authors need to assess the possibility to run data analysis powered by evolutionary algorithms in real time on such embedded devices.
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