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[bookmark: _Toc43040063][bookmark: _Toc113461202]ABSTRACT
In China, the rapid development of railway transportation has promoted an increase in train speed and carrying capacity, which has led to an increase in train damage to the rails at the bends on the line, and more serious wear and tear problems. The practice has shown that the maintenance of rails at bends has huge economic benefits. The existing rail lubricating devices are mainly fixed, and most portable lubricating devices rely on manual operation by workers. Therefore, the detachable automatic lubricating coating control system has very distinct research significance.
In this paper, the automatic lubricating and coating system is used as the platform, combined with the principle of satellite signal positioning, and the automatic control theory is used to design the automatic lubricating and coating system and control strategy suitable for the maintenance of the current train track; completing control strategy function verification and parameter testing; providing a highly reliable, low-cost solution for track maintenance. The main research contents of the paper are as follows:
(1) This paper first analyzes the mechanical structure and control principle of the automatic lubricating coating control system based on satellite signals, analyzes the project requirements of the system, designs the system structure, and formulates the system software and hardware combined with the specific coating mechanical actuator. 
(2) In the design of the hardware platform, the main control chip STM32F103C8T6 of the control system is selected to realize the minimum system circuit design; the communication circuit is designed to realize the communication between the satellite signal positioning board, the main control chip, and upper computer; The satellite positioning board establishes a multi-satellite signal acquisition module to improve the positioning accuracy.
(3) In the design of the software platform, we complete the writing of motor driver and serial communication driver, use Qt components to develop the human-computer interaction software of the upper computer, and realize the software function modules of train coordinates and speed display, motor control, video monitoring, coordinate dotting, automatic coating and manual coating. In the automatic coating module, one of the important tasks is: during coating, the dotting signal of the entrance and exit of the curve is mainly used, supplemented by the heading angle to correct the coordinates of the entrance and exit, so as to realize the judgment of the position information of the curve.
(4) Build a system test platform to test the system's dotting function and automatic coating function. This system needs to carry out two dot-docking experiments in the Ningbo-Wuhu road section to complete the dot-docking function test. In the Wuchang-Xianning road section, three times of spotting and three tests of automatic coating function were carried out. The results show that the system can give an early warning and control the motor to run automatically when the entrance of the 16 curves in Wuchang-Xianning section is 50 meters away; 0.120 - 0.180 cm/s to ensure that the coating stick will not break during the material discharging process.
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[bookmark: _Toc43040065][bookmark: _Toc113461203]CHAPTER 1: INTRODUCTION 
[bookmark: _Toc113459312][bookmark: _Toc113461204]1.1 Source of the project
The main research work on this subject comes from the school-enterprise scientific and technological cooperation scientific research project: the application research of automatic rail lubrication coating system.
[bookmark: _Toc113459313][bookmark: _Toc113461205]1.2. The purpose and significance of the project
With the development of the economy, the speed of trains increases and the carrying capacity increases, which has become an inevitable trend for the development of railway transportation. There are many curves and bends on the railway transportation line. The bends bear weight heavily, the contact conditions of the wheel and rail deteriorated, and the wear and tear are also more serious. Seriously worn rails need to be replaced, which affects the normal use of trains, and also brings indirect losses such as locomotive deployment, traffic plan changes, etc., resulting in waste of resources and affecting the safety of trains. In China, railway transportation has developed rapidly, and the operating mileage of China railway ranks first in the world [1]. Therefore, it is a very important subject to study the principle of railway rail wear and take corresponding anti-wear measures to improve driving safety and economic benefits.
In China, there are a large land area and a complex geographical environment. The rail lines with small radius curves (generally referring to curves with a radius of less than 300m) are more than 5,000 kilometers long [2]. Statistics based on research data, due to the serious wear and tear of the small radius curve of the rail, the general rail must be replaced when it is used for about a year, and some mountain routes have more curved sections, causing the service life is even only 11 months. According to research statistics, wear and tear are the main reason for scrapping railway rails [3], and rail wear has become a major problem restricting the development of railways [4]. Figure 1-1 is a schematic diagram of rail wear, which is prone to wear at the junction between the inner side of the rail and the train.
[image: ]
Figure 1-1 Schematic diagram of rail wear
The wear problem between wheel and rail has attracted the attention of railway departments all over the world, and the wear of rails makes the scrapping rate of rails faster. According to a survey conducted by China's railway department in 2003, the rails replaced due to wear and tear in China each year account for 70% of the total repaired rails, and the cost of replacing rails reaches billions of yuan [5]. According to the on-site calculation of the relevant railway departments, lubricating the railway can improve the life of the rail, reduce the replacement of the rail by more than 65% [6], improve the efficiency of railway operation, and have considerable economic benefits. With the increase in train carrying weight, speed and locomotive weight, how to take effective measures to protect the rails and reduce wear and tear has become a key question of railway departments in various countries. Table 1-1 shows the ratio of scrap reasons for various rails.
Table 1-1 Ratio of various rail scrapping reasons
	Scrapping reasons
	ratio

	Natural aging (normal scrapping)
	15%

	Damaged and scrapped
	15%

	wear and tear
	55%

	Corrosion scrap
	15%


After years of research in various countries, it has been proved that reducing the friction of the contact surface of the curved rail is the most effective method-- applying lubricant on the contact surface between the rail and the wheel [7]. Lubrication of curved rails can not only save fuel consumption during driving, but also greatly reduce rail wear and tear. In the United States, a test section of 8 kilometers was selected for lubrication tests between 1983 and 1984, and it was found that fuel savings were 32%. Moreover, the scrap of rails caused by wear accounts for 5% of the total number of scrapped rails, and rail lubrication can also prolong the life of the rails [8]. Railroads across the U.S. save about $60 million annually after lubricating rails, see Table 1-2:
Table 1-2 Annual Economic Benefit of American Railway Track Lubrication (unit: ten thousand dollars)
	Project
	full track lubrication
	Lubricate only the curve

	Energy saving
	30000-44000
	9000-15000

	Reduced track wear
	24500
	24500

	Reduced rim wear
	5500
	5000

	Rail Lubrication Costs
	-7000
	-1500

	Total annual savings
	53000-67000
	37000-43000


The friction of the wheels of the rail train in contact with the track will cause severe vibration. This kind of irregular vibration generally exerts different forces on the inner and outer rails of the train, which is also one of the reasons for the irregular wear of the rails[9]. Compared with straight sections of railways, the curves usually exhibit higher degradation rates, and the forces on the ballast vary greatly as they pass through the bends [10]. When the railway track is in contact with the train wheels, high tangential forces are generated between them. The magnitude and direction of these forces can cause the steering performance of the train bogie to be deteriorated, especially at high traction levels. The tangential force is very high, which has a bad effect on the rail at the bend [11]. Therefore, reducing the wheel-rail lateral force generated by the traction of the train is also the main technical direction to restrain the lateral loss of the rail. The dynamic performance of the train on the railway also has an impact on the rail wear rate, and improving the wheel-to-rail design according to the wheel-set dynamics can also improve the service life of the wheel-rail [12]. When the train passes through the curve, the bigger weight and speed of the train itself, the greater centripetal force generated by inertia, and the contact surface between the train rim and the inner side of the rail is squeezed. In this case, the wheel-rail contact surface both slides and rolls, and the surface material is prone to fatigue fracture,  even pitting corrosion and peeling off in some areas, such severe wear will cause serious damage [13].
To understand how to design the lubricating device, it is necessary to understand the principle of wear and the factors that cause wear, and reduce the loss of rails according to the mechanism of wear. The above studies briefly explain the causes of wear at rail bends and the common solutions.
At present, there are many existing ways to reduce wheel and rail wear, such as lubricating grease on the inner side of the rail-head and the wheel and rail edges, reducing the speed of the train when it passes through the curve, and changing the structure of the train wheel axle. Among them, the way of grinding rails has been widely used[14], and the parameters for measuring the technical standards of rail grinding include contact area, contact pressure and surface material removal rate. With the increase of grinding times, the surface roughness of the rail and the width of the wear groove (the wear groove, which is the groove produced by wear in Figure 1-1) decrease, and the friction coefficient between the rail and the train will be reduced[15]. Wear and wrinkling are the main problems in the rolling contact fatigue of the track and the train, if the grinding procedure used in the railway maintenance process is evaluated to its effectiveness in removing the surface defects of the railway track. The results show that the inappropriate grinding method only removes part of the surface cracks, and there are some deficiencies. The lubrication and maintenance of rails are gradually developed in other technical directions [16].
Apart from grinding the rail, the researchers analyzed and compared the influence of the curve parameters and the curve parameters on the track wear, and found that the wear can also be reduced by optimizing the curve parameters [17]. The research results show that when the radius of the curve is less than 800 m, the radius of the curve has a great influence on the wear of the rail. When the radius of the curve is less than 600 m, the inclination of the inner track is increased to 1/20, which can reduce the wear of the rails effectively. When the wheel-rail friction coefficient and the curve superelevation are fixed, the rail wear index gradually decreases when the curve radius increases from 200 m to 300 m, indicating that within a certain range, increasing the curve radius on the line can also reduce the rail wear. Under the condition that the radius of the rail curve, the superelevation and the gauge of the rail remain unchanged, the rail side wear experiments are carried out on the rails with different rail side friction coefficients, and it is found that the rail side friction coefficient is reduced from 0.5 to 0.4, 0.3, 0.2 and 0.1, the wear index decreased by 6%, 12%, 25% and 50% respectively. It is concluded that reducing the friction coefficient of the rail side can effectively reduce the rail side wear and greatly improve the service life of the rail [18]. When laying rails, adjusting reasonable curve parameters according to the scene can prevent rail wear early.
The friction coefficient when the rails are in contact with each other has an obvious effect on the wear of the rail side. Using the high-speed train simulation model, the lateral force of the train system on the contact position is calculated through the simulation system under the dynamic theory, and then the results are applied to the wear and tear. The model is analyzed and the wear amount of the rail is observed. The conclusion is that the friction coefficient not only affects the amount of wear, but also affects the distribution of wear on the rail. In the process of increasing the friction coefficient, the wear of the contact area increases. After it increases to 0.2, the rail will change from slight wear to moderate wear, it is an effective way to reduce the wear by controlling the friction coefficient of the contact area of ​​the track below 0.2 [19]. It is concluded that it is very effective to reduce the friction coefficient of the wheel-rail contact surface in the maintenance process of the rail.
In continuous practice and application, it has been found that wheel-rail lubrication is an important and effective measure in the process of rail maintenance [20]. The study found that the friction coefficient of the rail is larger when it is dry, and adding a medium between the rail and the rim to reduce friction has become the focus of research on heavy transportation lubrication [21]. The lubrication between the wheel and rail on the curve will reduce the friction between the wheel and rail, and then reduce the wear of the wheel rim effect [22]. Data from the American Track Technology Research Center shows that the use of wheel-rail lubrication technology can reduce the tangential force of trains passing through curved curves by about 30%, and reduce the wear of rails by about 60% [23]. When studying the effects of different types of lubricants on rolling contact fatigue and rail wear, the contact conditions of wheel-rail equipment are modeled for analysis experiments. It is concluded that the surface and plastic flow of the wheel-rail equipment are reduced by about half when the lubricant is used. The results of the shock absorption pressure value are analyzed, and it is found that the dry conditions will increase the pressure on the rail, and even the lubricant coating will increase the pressure on the peak pressure, its rolling contact fatigue remains in the safe area, so that the rail wear in the safe area is small [24]. Not only does the lubricant change the variables at the wheel and track contact to minimize rail wear, but the lubricant also has an effect on the pressure and temperature on the applied equipment. Various lubricants applied to the wheel-rail interface have different effects due to their different characteristics [25].
There are many kinds of lubricating devices and lubrication methods using different lubricants, and with the emergence and use of more and more automatic lubricating devices, the way of manual lubricating work by workers has been replaced[26]. The working mode of the old manual coating machine is that the staff on the railway needs to watch the coating machine in shifts to control it to start working on the curve, which is not reliable and labor-intensive, and the completion of the coating work quality depends on the manpower of personnel railway work. The device actually put into use requires to realize coating automation and reduce labor costs while ensuring coating quality. At the same time, solid lubricants pollute the circuit less than grease-type lubricants. Solid lubricants can alleviate the stripping of rails due to fatigue. It is very important to design a lubricating device for solid lubricants and achieve accurate coating. Necessary ,for the target short-circuit segment, there are fewer devices in the form of detachable. Therefore, study how to select suitable solid lubricants, design an automatic lubrication system in combination with a portable coating device, realize automatic coating operations, and design a coating device that selecting suitable lubricating materials and being easily-carry and detachable is very important.


[bookmark: _Toc43040066][bookmark: _Toc113461206]CHAPTER 2: LITERATURE REVIEW
[bookmark: _Toc113459314][bookmark: _Toc113461207]2.1 Current status of research in China
In recent years, in China, rail transportation has developed rapidly, and various heavy-weight railway transportation applications have become very extensive. With the increase in railway operation mileage in China, the rail lubrication and grinding technology needs to be improved urgently. Because the heavy rail transportation has a great influence on the life of the rail curves, various types of devices for lubricating and coating the rails emerge in an endless stream, and the selection of coating materials will also be adapted to local conditions. The typical materials are solid lubricating materials that have developed better in recent years and oily materials.
At present, the widely used lubricating devices include grease lubricating device and solid lubricating device. Among them, the grease lubricating device is divided into manual oiling device and automatic oiling device. When the manual oiling device is used, the worker presses the grease into the jet pump of the device using a pump. The uniformity of the coating is difficult to guarantee, workers have high work intensity, and the effect is also not stable enough. Additionally, structure of the electric coating device is relatively complicated. When the speed of the train increases, the lubricating oil will splash out under the influence of the air flow, causing pollution to the environment, and in severe cases, the train will be damaged and traction failure causes safety accidents. The mainstream solid lubricating devices are divided into two types, rail solid lubricating devices and locomotive wheel flange solid lubricating devices. Rail solid lubricating devices can be divided into solvent-based solid coating methods, olid- liquid-solid coating method, solid direct coating method, solid-liquid-solid intelligent coating method[27]. The solid lubricating device for locomotive wheel rim generally uses a solid lubricating stick as a lubricant, which is installed on the bogie of the locomotive, and the purpose of lubrication is achieved by coating the wheel rim with a graphite film.
Jinan Sanxin Railway Lubricating Material Co. Ltd. developed a new type of rail lubricating device in 2012. The use process is to first heat the solid lubricant, apply it on the inside of the rail, and rely on the extrusion force when the train passes by on the rail. A protective film is formed on the surface to reduce wear, and during the test with dry lubricant, the amount of rail wear is reduced by about 55% [28].
On the 7km-long Hangzhou-Shenzhen Line connecting Fuzhou South Railway Station and Fuzhou South Station, there are many trains running, and the wear of the rails is relatively serious. China Railway Nanchang Bureau Group conducted research experiments on the retention life and coating efficiency of different wear-reducing materials on this section of the railway, and concluded that the wear-reducing effect of oil-free-wear-reducing materials is significantly improved compared with single-grease-reducing materials. The specific performance is that the adhesion time of the anti-friction materials is increased by more than 2 times. When used in combination with the coating trolley, the working intensity is reduced, the working time is shortened, the accurate control of the landing-point and coating amount is achieved, and the coating efficiency is improved. Jinan Railway Bureau and Chengdu Railway Bureau use solid lubricating materials, using physical principles, to heat and volatilize the materials, and then cool down and liquefy the rails to form a lubricating film. The material is carried in a sealed barrel container, and the locomotive's own electric energy is used to spray it onto the surface of the rail through a gear pump. During operation, the temperature of the nozzle and pipeline of the lubrication device should be kept above 90 °C [29].
The portable dry rail lubrication device was successfully developed in 2004. It is generally used in freight train railway lines, and the coating efficiency needs to be improved. Its lubrication position is not easy to determine, the melting speed of solid lubricants is slow, and the efficiency is low. In 2007, a pit rail type lubrication device was successfully developed. Both of them use solid materials as coating lubricants. The application scenarios are mainly on forks and rails without passenger trains. In 2019,  The device has been researched and improved by China Railway Jinan Bureau Group Co., Ltd. Materials Industry Group Co., Ltd. On the basis of the first two, the BQG-Ⅲ type rail coating device is designed. The total mass of this device is less than 10kg, and it can be carried by one person. When working at the railway skylight point, one person can operate it, which reduces the weight and saves manpower cost. When the skylight point is operated, the BQG-Ⅲ portable rail coating device is used for the coating operation. The time used in the project is saved from 2h before to 0.8h after the improvement, which greatly reduces the labor cost and has good economic benefit [30].
Wang Dongdong and Yang Xingkuan of the China Academy of Railway Sciences have developed an automatic rail lubrication coating device mounted on the subway. The device is equipped with an acceleration sensor, which judges whether the vehicle enters the curve according to the vibration signal generated when the train passes through the curve and lubricate one side of the rail with grease [31]. The device is used on urban rails and lubricated by oil injection.
Chen Hui and Wan Zhuang, senior engineers of Chengdu Metro Co., Ltd., made improvements on the basis of the urban rail oil lubricator. The use of a new type of lubricant reduces the noise caused by the collision between the wheel and rail, and solves the problems of overspray and underspray during oil injection. The device is installed at the track curve and is a roadside fixed lubrication device. The electromagnetic sensor detects whether the train arrives. It is equipped with a cloud big data module for analysis, and the 4G module is used to upload the data to the cloud. It has high accuracy and is suitable for the urban environment with better network [32].
[bookmark: _Toc113459315][bookmark: _Toc113461208]2.2 Current state of the world research
At present, the research on rail lubrication in various countries in the world mainly focuses on the development of different lubricating materials and the development of different lubricating devices. To date, three main lubrication systems are used in the world to lubricate railways, vertical, stationary and mobile lubricators [33].
The United Kingdom has conducted test experiments to evaluate the performance of different curve lubricants. The types of lubricants tested include lubricating oils, greases and solid lubricants. The performance of lubricants is based on traction coefficient, retention force (a fixed amount of lubricant provides lubrication time) and wear were assessed. Lubricant retention was found to be greater at lower roughness and more lubricant conditions. Although lubricants are widely dispersed on the rail, the properties vary widely, and some lubricants can even cause rail crack propagation and associated pitting and spalling [34].
In the 1970s, Japan developed the Kinki rim lubricator, which is a typical vehicle-mounted automatic lubricator. The lubricator adopts the method of oiling lubrication, and the device is equipped with balls in contact with the rails. During the running of the train, the lubricating grease is applied to the surface of the rails with the rolling of the balls [35]. This device relies on the extrusion of oil from the train and the rail when it passes through the curve, and also squeezes a small amount of grease on the straight section, which reduces the workload of the workers, but the judgment of the curve is not accurate enough.
The REBS rim lubrication system used by the Deutsche Bahn is the most widely used in the German railway network. The lubrication system relies on centrifugal force to throw off the grease lubricant and apply it to the rails when the train passes through the curve. The fuel injection device in this system is equipped with an oil and gas distributor, which makes the grease lubricant spread evenly on the curved rail in fine droplets [36]. The system also has a timed coating method, such as once every minute, which basically realizes the function of automatic coating and reduces a lot of manual operations.
In the research of the wheel-rail lubrication technology, the North American Railway Association installed the TOR lubrication system on the locomotive. When the system is lubricating the rail, the nozzle of the materials injector cannot be opened in time. After 2002, the nozzle design was improved and the experiment was carried out again. The experimental results showed that the system can reduce the wear of the rail by about 20%, and the improved nozzle can reduce the use of a large amount of lubricant [37].
The research results of rail coating lubrication in China and other countries show that the widely used coating devices basically use solid composite lubricants, and the traditional oiling devices basically have the problem of environmental pollution caused by grease splashing. Most of the automatic lubricating and coating devices adopt the roadside fixed type, which mainly rely on the train proximity sensor to obtain the train arrival signal. The difficulty of coating the curve with the vehicle-mounted lubricating device lies in the accurate judgment of the curve and the evenly materials cutting of the lubricant. 

[bookmark: _Toc43040067][bookmark: _Toc113461209]CHAPTER 3: RESEARCH AND/OR DEVELOPMENT METHODOLOGY 
This chapter studies the specific functions that the automatic lubricating coating system should achieve, and analyzes the requirements of the system. The system requires simple structure, accurate coating, convenient operation, low equipment manufacturing cost, and can realize automatic coating in combination with automatic control technology. According to the overall design principle in the system and the related problems in the automatic control process, the system requirements are analyzed modularly, and the overall scheme is designed.
[bookmark: _Toc113459316][bookmark: _Toc113461210]3.1 Demand analysis of automatic lubrication coating system
In order to realize the automatic coating of the rails, the dotting work of the entrance and exit of the bend is completed; the positioning based on the entrance and the exit is realized, and the automatic coating of the curve of the railway track is completed. Firstly, the demand analysis of the automatic rail lubrication and coating system based on satellite signals[38,39] should be carried out. The demand analysis is divided into two parts: functional requirements and non-functional requirements.
[bookmark: _Toc113461211]3.1.1 Functional Requirements
(1) Dotting function: The system requires the train to be able to record the dots of the entrance and exit when passing through the curve.
(2) Accurate coating position: The system requires the automatic determination of the starting and ending positions of the coating to ensure that the accuracy of the curve judgment is above 90%.
(3) Self-contained power supply: The system should have the power load capacity to drive two 25W AC motors, and ensure that the motors work normally for a long time, ensuring that they can cope with 1-3 hours of railway coating work.
(4) Coating speed control: According to the lubricant discharge experience of the existing coating device, it is difficult to ensure the coating effect at low speed, and the high speed will cause the coating stick breaking. Therefore, the coating materials discharge speed range should be guaranteed to be 0.120cm/s - 0.180cm/s, within this range, there should be at least two optional speeds.
(5) Curve warning: System warning is carried out about 50m in advance before entering the curve. Information needs to be displayed on the operation interface of the upper computer, indicating that the coating position is about to be reached, and reminding railway workers to prepare for work.
(6) Control function: The operation interface of the display screen should be composed of 4 motor control keys such as left up, left down, right up, and right down, and control keys such as speed regulation. The speed keys are used to control the coating amount, and the discharge speed of the lubricating coating devices on the left and right sides can be adjusted in the control system.
(7) Indication function: The control system has the status indicator light of the power switch, the satellite signal acquisition module and the indication of the motor drive module, and the indicator light can determine whether each module is in working state.
(8) Monitoring function: Monitor the discharge of the discharge port and display it on the operation interface in the form of video.
(9) Control mode switching: Set the manual mode button, which can switch to the manual mode in the event of a failure or unexpected situation in the automatic control mode of the system, so as to deal with complex scenes and ensure the safe and effective progress of the coating work.
(10) Coating direction control: When the train turns right, control the left device, and when the train turns left, control the right device.
(11) Coating interval control: When the train enters the entrance of the curve, the system controls the discharge of the solid composite lubricating rod for rail coating; when the train leaves the curve exit, the solid composite lubricating rod will automatically return to the cavity to avoid the fracture happening when the train vibrates during running.
(12) Positioning accuracy: The system requires a satellite positioning accuracy of 5m.
[bookmark: _Toc113461212]3.1.2 Non-functional requirements
(1) Ease of operation: The operation page of the upper computer of the automatic control lubrication system should be as simple as possible, with friendly interaction, and the hardware device is easy to install and easy to operate, which is convenient for railway personnel to disassemble and install.
(2) Maintainability: The system should have appropriate interfaces to facilitate future functional expansion of the system.
(3) Effectiveness: The curve position information detected by the system should be measured multiple times to avoid accidental errors, to ensure that the curve data is true and effective, so as to improve the accuracy of coating.
[bookmark: _Toc113459317][bookmark: _Toc113461213]3.2 Scheme design of automatic lubricating coating system
This section first describes the overall working principle and mechanical structure of the system, and then designs the hardware structure and software structure.
[bookmark: _Toc113461214]3.2.1 The overall working principle of the automatic lubricating coating system
The core of the control strategy of the automatic rail lubrication coating system based on satellite signals is to collect the starting (entry point) and ending (exit point) positions of the rail curve as the reference index of the coating interval, when the train passes the line for the first time , locating the starting and ending points of the curve, determining the coating position of the curve, and constantly adjusting the starting point position during the marking process to make the coating position more accurate. When the train reaches the coating position, an early warning is issued. In the automatic control mode of the equipment, automatic coating is realized, and in the manual control mode of the equipment, the coating workers are prompted to carry out the coating work. The antenna in the satellite signal acquisition module receives the real-time latitude and longitude information of the train, and transmits it to the upper computer through the positioning board[40,41] and the embedded controller in turn. By comparing with the coordinate information of the map stored in the upper computer, it is judged whether the position information is matched with the entrance or exit point of the curve on the railway, and the control coating actuator is determined to start or stop the coating work.
The working mode of this system is divided into manual mode and automatic mode. In the automatic working mode, the rotation of the motor is determined by the control signal given by the embedded controller. When the train enters the curve, the control system will give the corresponding control signal to control the rotation of the motor. The manual mode is to deal with emergencies. Due to the harsh using environment, the solid-coated lubricating sticks occasionally break. At this time, the worker observes this situation and can switch to the manual mode through the button of the upper computer.
[bookmark: _Toc113461215]3.2.2 Principle of Mechanical Actuator
The mechanical structure is mainly composed of two parts: a solid lubricated composite stick and a matching coating device. The mechanical system can use the vehicle-mounted device to apply pressure to the side of the rail in the curved section under normal driving conditions. The lubricant is solid, with strong pressure resistance, strong adhesion to the rail, and no oil wedge effect, the lubrication and wear reduction effect is remarkable. Compared with the traditional oiling lubrication and anti-friction technology, it can avoid the stripping off of the rail surface caused by the oil wedge effect caused by oiling the rail, avoid the environmental pollution caused by the oil rejection,  will not cause the coating to the top of the rail, and affect the locomotive traction and braking and other issues.
Its mechanical system consists of catheters, robotic arms, cameras, and vehicle connection devices. The structure of the mechanical system is shown in Figure 3-1. The mechanical arm, toothed disc and hoop part of the mechanical system are used to fix the mechanical device at the rear of the train. The installation and disassembly process requires workers to operate; the solid-coated lubricating stick should be inserted from the upper inlet of the device, and the lined side of the solid-coated lubricating stick  should face the side of the motor conveying crawler; there are two spare solid-coated lubricating sticks in the conduit to reduce the number of manual coating .
[image: ]
Figure 3-1 Mechanical system structure diagram
The mechanical structure in the figure includes: mechanical arm, toothed disc, hoop, conduit, motor, camera and crawler. The hoop structure and the mechanical arm are used to fix the device at the rear of the train, the conduit is equipped with a solid-coated lubricating stick, and the motor is connected to the crawler to transmit the lubricating stick to the contact point between the rail and the train. Two cameras are also installed on the mechanical system. While the equipment is running, railway coating workers can monitor the contact surface between the solid lubricating stick and the rail through the cameras, and observe the working status of the coating actuator. The working status of the coating actuator will be displayed on the upper computer page in the form of video signals, and the operating parameters of each module of the system will be transmitted to the upper computer through serial communication, and then converted into intuitive status values ​​for display after calculation, the parameters such as train running speed, communication serial port, train latitude and longitude coordinates, conveyor belt rotation direction, system power switch and curve serial number. The specific installation position of the mechanical system on the train is shown in Figure 3-2.
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Figure 3-2 Physical drawing of mechanical system installation
The schematic diagram of the relative position of the coating stick and the rail is shown in Figure 3-3.


Figure 3-3 Schematic diagram of relative position
The solid lubricated composite stick is a cuboid composite structure, which is composed of two parts: the shell and the stick core. There are corrugations on one side of the lubricating stick that match the discharge belt. The actual picture is shown in Figure 3-4.
[image: ]
Figure 3-4 Solid lubricated composite stick
The three views of the solid lubricated composite stick are shown in Figure 3-5, in which the black part is the lubricating part that is in contact with the rail, and is in direct contact with the rail during the rail lubrication operation. In the three views, the shadow part surrounded by the black part and the white part is a corrugated solid shell. Its main components are graphite, Boron Nitride and high molecular polymers.
[image: ]
Figure 3-5 Three Views of Solid Lubricated Composite Stick
The function of the coating device structure in the system is to control the lifting and lowering of the solid lubricating stick, and send the lubricating stick to the part to be lubricated near the inner surface of the rail. The control principle of this part is that after the embedded control module is powered on, it receives the position information from the satellite signal acquisition module, and after data processing, gives a control signal, which is output to the motor, and the two conveyor belts connected to the motor start to rotate at this time, the solid lubricating sticks which are sandwiched in the middle of the conveyor belt is sent out by the conveyor belt to lubricate the rail. The satellite signal is used to identify the curve coating point, noticing the computer to automatically coat or the operator to work, and the online camera is used to monitor the coating effect. The camera is aimed at the contact between the lubricating stick and the rail, and the video signal is transmitted to the upper computer for display.
[bookmark: _Toc113461216]3.2.3 Hardware structure design of automatic lubricating coating system
The hardware structure design of the automatic control system is shown in Figure 3-6. It is mainly divided into four parts: satellite signal acquisition module, main control unit, coating device and upper computer. The satellite signal acquisition module is composed of an antenna and a positioning board. It receives the satellite position signal by being fixed on the train and transmits it to the main control unit; the main control unit contains multiple drive modules, which can drive the motor of the coating device to run, and can also communicates with the positioning board and the upper computer through serial port; the main function of the upper computer is to communicate with the control chip, store satellite data, and display the page; the coating device is mainly used to perform the coating operation of the lubricating stick. The functions of each module will be described in detail in Chapter 4.

Figure 3-6 Scheme of the hardware structure of the control system
The working process of the hardware structure is as follows: after the antenna installed at the rear of the train detects the satellite signal of the train position, it transmits the satellite signal to the positioning board, and the positioning board transmits the satellite signal to the upper computer through the main control chip, and then  compared with the railway curve information stored in the upper computer, and judging whether the train reaches the curve is determined by calculating the distance from the entrance of the railway curve. After it is determined that the entrance of the curve is reached, the control signal is sent to the main control unit through the signal connection line, and the embedded controller with process the received train arrival signal. After eliminating the possibility of false triggering, it controls the solid state relay by controlling the IO port of the microcontroller on and off, and then control the operation of the AC motor. The mechanical lifting part of the coating execution module is driven by a motor to control the conveyor belt rotating in different directions to control the rise and fall of the solid lubricating stick.
[bookmark: _Toc113461217]3.2.4 Software structure design of automatic lubricating coating system
The program of the lower computer consists of serial port driver, PWM driver and main program[42,43]. The PWM driver is used to send PWM signals with different proportions. The main program mainly includes the functions of data analysis and control strategy detection. The serial port driver of the lower computer is used to communicate with other circuit modules.
The upper computer program is divided into two parts: presentation layer and data access layer. The presentation layer displays the latitude and longitude of the train, the speed of the train, monitoring screen and curve state information; The data access layer reads the satellite signal data by means of serial communication.
The software structure design of the control system is shown in Figure 3-7, which is mainly composed of the upper computer software and the embedded lower computer software, and the satellite signals are transmitted between the two through serial communication.

Figure 3-7 Control system software structure diagram


[bookmark: _Toc43040068][bookmark: _Toc113461218]CHAPTER 4: DESIGN AND IMPLEMENTATION
[bookmark: _Toc113459318][bookmark: _Toc113461219]4.1 Hardware Design of Automatic Lubrication and Coating System
[bookmark: _Toc113461220]4.1.1 Analysis of hardware circuit requirements
The hardware part of the automatic lubricating coating system judges whether the train enters the predetermined curve by collecting the satellite coordinate signals during the train running. When the system adopts the automatic control mode, the electronic control system will control the motor to automatically discharge according to the speed of the train. Rail lubrication work to automate the coating of curves.
This system is applied to the train track system, which belongs to the industrial scene. It should control the hardware cost while ensuring the stability and reliability of the hardware circuit. The hardware circuit should have the following functions:
(1) Serial communication function: The communication between the lower computer and the upper computer, and the communication between the lower computer and the positioning board require the support of the serial port.
(2) Signal collection function: It can collect data while the train is running, including the speed and position information of the train, as well as the position information of the coating stick captured by the camera at the bottom of the coating and discharging machine.
(3) PWM drive function: After analyzing the current position information, it can output the corresponding control signal to the motor according to the predetermined algorithm and control strategy, and drive the motor to control the conveyor belt discharge at the corresponding speed under different vehicle speeds and curves.
[bookmark: _Toc113461221]4.1.2 Selection of main control chip
Micro-controller Unit (MCU) is the core of the entire automatic coating control system. Therefore, in the development process of the control system, selecting a suitable MCU according to the system requirements is the key to the hardware design part. According to the functional requirements of the control system, the MCU should meet the following conditions:
(1) The operation speed of the microprocessor can meet the requirements. The speed of the train can generally reach 120km/h during normal driving. In order to ensure the real-time performance and stability of the system, the logic operation capability of the main control chip should be at the millisecond level. This system selects a 32-bit microcontroller as the core of the system controller.
(2) Sufficient I/O ports. There is a lot of data and information to be collected in this system. After selecting the board for acquiring GPS signals, the communication information between the core processor and the board, the train running data displayed by the upper computer, and the communication information with the core processor when passing through the designated curve , system power supply information, driving motor conveyor speed information, video monitoring coating stick position information, etc. All of the above information needs to be analyzed and integrated by the system, so the main control chip must have enough I/O ports to ensure normal communication requirements.
(3) High cost performance. Products with high cost performance are easily recognized by the market, which is also a factor that must be considered in engineering research. After the realization of this system research, it will be put into practical application in the railway sector. Therefore, the main control chip is required to ensure product quality while controlling costs as much as possible, so that it can be put into use on a large scale.
(4) It has some anti-interference and anti-seismic capabilities. The road environment is complex. Some trains travel on mountain railways, and the trains travel fast and the body vibrates greatly. All interfaces of the system must meet industrial standards and have ability of shock resistance. When the train runs in the outdoor environment, it will be exposed to rain and snow weather and low temperature environment, which also imposes some requirements on the anti-interference ability of the system.
Based on the above requirements for the main control chip and the overall design of the system, the core processor of the main control circuit of the automatic coating system will be selected as a 32-bit microcontroller STM32F103C8T6 based on the Cortex-M3 core produced by STMicroelectronics. The STM32F103C8T6 processor has high industrial reliability. In industrial control, the STM32 microcontroller is widely used. The model of this chip meets the basic requirements of the control part of this system. This core processor has a maximum CPU speed of 72 MHz, is a medium-capacity enhanced type, 48-channel LQFP package, contains two 12-bit analog-to-digital converters (up to 16 input channels), and has a conversion range from 0 to 3.6V. Dual sample and hold function, equipped with temperature sensor, also equipped with 7-channel DMA controller, supporting peripherals such as timer, ADC, SPI, I²C and USART; thirty-seven I/O ports, all I/O ports can be mapped to external interrupts; seven timers, three 16-bit general-purpose timers, one advanced control timer, one PWM advanced control timer with dead-band control and emergency stop, two watchdog timers and system time timer; nine communication interfaces, two I²C interfaces, three USART interfaces, two SPI interfaces, CAN interface and USB2.0 full-speed interface; contains up to 20k bytes of SRAM, 64K or 128K bytes of built-in flash memory for storing programs and data. thirty-seven fast input and output ports. The core schematic diagram of STM32F103C8T6 is shown in Figure 4-1.
[image: ]
Figure 4-1 STM32F103C8T6 core schematic
The powerful functions of the chip and many peripherals simplify the design of the system hardware circuit, and the cost is low. Moreover, the application scene of this system is on the train, which requires high stability of the equipment. The chip can better resist electromagnetic and vibration interference, to meet the system requirements. The main functions of the main control circuit include: receiving the satellite coordinate signal transmitted by the board through the antenna, communicating with the upper computer software, and controlling the lifting and lowering of the coating lubricating rod through the motor-driven conveyor belt.
[bookmark: _Toc113461222]4.1.3 Minimal system design of single chip microcomputer
The minimum system of single-chip microcomputer is the minimum application system of single-chip microcomputer, which contains the necessary components to make the single-chip microcomputer program run, including clock circuit, power supply circuit and program download circuit.
1) Power circuit
The power supply circuit is the basic condition to ensure the normal operation of the circuit, and it is a necessary requirement for each module in the system to realize the basic functions. Including 5V power supply circuit, voltage regulator circuit and 220V AC motor power supply circuit of USB interface, the communication between the upper computer and the main control chip is in the form of USB interface, USB interface provides 5V power supply on the circuit, and AMS1117-3.3 forward low voltage is used in the circuit It is a step-down regulator with an output voltage of 3.3V, which is suitable for instruments with a voltage characteristic requirement of 3.3V in this circuit system. The principle circuit is shown in Figure 4-2.
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Figure 4-2 Schematic diagram of AMS1117-3.3
The single-chip microcomputer and peripheral circuits are powered by AMS1117-3.3 linear voltage regulator chip. The power supply module of this system can also use voltage regulator chip LM2596. Its output is stable at 5V, the maximum operating current is 3A, the maximum input voltage is 5V, and the operating temperature is - 40℃~125℃, LM2596 is a switching power supply chip, and its efficiency is higher than that of AMS1117-3.3. The power conversion scheme needs to consider other factors such as current, power dissipation, ripple parameters, efficiency, etc. AMS1117-3.3 is a linear regulator with various specifications. It is a common SOT-223 package with a maximum current of 0.8-1A. The output power is smaller than that of LM2596. The power supply of the motor and the peripheral power supply of the MCU in this system adopts a shunt power supply, while the power of the single-chip microcomputer and its peripheral circuits is low. Considering the power dissipation caused by the input and output voltage drop and the resulting heat and heat dissipation problems, and the LM2576 is a switching regulator chip with many peripheral components, it is more complicated to use. Considering the cost, this system uses AMS1117-3.3 Linear voltage regulator chip power supply. The electrical parameters of the AMS1117 voltage regulator chip are shown in Table 4-1.
Table 4-1 electrical parameters of the AMS1117
	technical parameter
	Performance range

	Input voltage
	15V

	Soldering temperature
	265°C

	storage temperature
	-65~150°C

	Output voltage
	3.267~3.333V

	Load regulation (max)
	15mV

	Voltage difference (max)
	1.3V

	Operating temperature
	-40~125°C

	Current limit
Quiescent current (max)
Ripple suppression (min)
	900~1500mA
10mA
60dB


Since the power supply on the train is 48V, it is necessary to add an on-board inverter to the power supply system and connect it to the train power supply system, which affects the independence of the system and the stability of the train power supply system. This system uses a portable 220V mobile power supply to power the motor.
2) Clock circuit
The clock circuit is the crystal oscillator circuit, which is generally composed of a crystal oscillator and capacitors, and is connected to the crystal oscillator pin of the single-chip microcomputer. When the circuit is powered on, the crystal oscillator generates oscillation of a specific frequency, and is processed by the single-chip microcomputer circuit to output a stable clock signal, which is used as the clock of the single-chip microcomputer. The clock circuit plays a very important role in the electronic control circuit. The schematic diagram of the crystal oscillator circuit is shown in Figure 4-3.
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Figure 4-3 Schematic diagram of crystal oscillator circuit
The network labels at both ends of the crystal oscillator in the hardware circuit are NetLabel4 and NetLabel5 respectively. NetLabel4 is connected to the PD0_OSC_IN pin of the main control chip, and NetLabel5 is connected to the PD1_OSC_OUT pin of the main control chip. Also, the two pins in the figure connect two 20pF capacitors to ground.
3) Program download circuit
The core control chip of the control system adopts STM32 series chip, and the program is downloaded through the serial port. In this system, the download of the program in the main control chip uses the serial line debugging interface.
The commonly used downloaders are Jlink and serial line debugging interfaces. Jlink has a disadvantage that it uses the Jtag 20-pin interface, and the hardware part of the system design should be small and light, and the size of the hardware PCB board should be controlled within 10cm*10cm, superabundant pins will cause the PCB board to be crowded and increase the difficulty of wiring. The SWD interface debugging downloader adopted by the system only needs 4 pins: ground pin:GND, reset pin: RST, I/O pin: SWDIO of SWD and clock pin SWDCLK of SWD. Among them, the SWDIO pin is used as the serial data input signal terminal, which can transmit the simulation signal bidirectionally. It is pulled up in the circuit, and the SWDCLK pin is used as the serial clock signal terminal, which is pulled down to the ground in the circuit, and the download speed will be 10M/s of SWDCLK meet the system requirements. The main control chip STM3F103C8T6 used for the system has thirty-seven I/O ports, which are relatively scarce. SWD supports fewer pins, so a 2.54-pitch 4-pin terminal as the program download interface during hardware wiring design is enough. The schematic diagram of the program download circuit is shown in Figure 4-4.
[image: ]
Figure 4-4 program download circuit
In the figure, the 4-pin terminal is connected to the emulator, which is used to download the program in the computer. The DIO network label is connected to the PA13 pin of the main control chip, and the DLCK network label is connected to the PA14 pin of the main control chip. The process of downloading the program from the serial port: After power-on, first pull up BOOT0 of the STM32 chip, and then download the program to the microcontroller through the RXD and TXD pins. After the program is downloaded, and then reset, it will run and download to program in the microcontroller.
[bookmark: _Toc113461223]4.1.4 Design of Serial Communication Module
The communication circuit can ensure that the positioning board needs to communicate with the embedded control unit after receiving the GPS signal, and the embedded control unit also need to communicate with the upper computer, there must be a communication interface to connect these UART interfaces. The hardware circuit communication in this system adopts serial port communication, and a USB to serial port chip is added between the communication circuit between the upper computer and the 32-bit single-chip microcomputer.
And now the computer has no serial port, so the USB to serial port chip is generally used, the purpose is to map the USB port of the computer to the serial port. Commonly used USB-to-serial chips include CH340, CP2102, PL2303, FT232, etc. In terms of application, CH340 has sufficient performance and low cost, so the system chooses this chip as the USB to serial port chip, and its circuit schematic is shown in Figure 4-5.
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Figure 4-5 Serial communication module
[bookmark: _Toc113459319][bookmark: _Toc113461224]4.2 The software design of the upper computer of the automatic coating control system
[bookmark: _Toc113461225]4.2.1 Analysis of PC Software Requirements
This section analyzes the requirements of the control system project, and puts forward the following requirements for the software development process of the upper computer:
(1) The functions of the upper computer software conform to the principle of modular design, which is conducive to later maintenance;
(2) The upper computer interactive interface should have train driving data, including the train speed, the real-time latitude and longitude of the train's location, and the serial number of the route;
(3) The upper computer monitoring function displays the video signal captured by the camera on the coating device to realize real-time monitoring of the coating process;
(4) The control function of the upper computer is provided for the software user to adjust the buttons to control the running speed and direction of the conveyor belt, and the lubrication process can be adjusted artificially;
(5) The upper computer can communicate with the lower computer through the serial port, the data measured by the lower computer can be transmitted to the upper computer for analysis and calculation, and the control signal of the upper computer can be transmitted to the lower computer.
[bookmark: _Toc113461226]4.2.2 Upper computer software structure
The software structure of the upper computer adopts the way of modular design. The upper computer software is divided into two layers, namely presentation layer and data access layer. The presentation layer mainly displays the processed data in columns, including the latitude and longitude of the train, the speed of the train, the specific information of the monitoring screen and the curve; the main function of the data access layer is to drive the function of serial communication. The software structure diagram of the upper computer is shown in Figure 4-6.

Figure 4-6 upper computer software structure diagram
[bookmark: _Toc113461227]4.2.3 Upper computer main program design
The flow chart of the upper computer program in the control program in the system is shown in Figure 4-7. After the system is connected and powered on and initialized,  open the control page. When it is detected as automatic control mode, the satellite signal from the lower computer is read and displayed, the motor parameters are calculated according to the formula, and the control signal is sent to the embedded controller to determine whether to start coating.

Figure 4-7 The flow chart of the upper computer program
[bookmark: _Toc113461228]4.2.4 Design of the upper computer module
The software design part of the upper computer is divided into serial communication module, main interface design and satellite signal processing module, which are designed for each module of the upper computer of the automatic coating control system.
[bookmark: _Toc113461229]4.2.5 Main interface of upper computer
According to the software design requirements, the required data is displayed on the upper computer page in a fixed format. While the system is working, it also needs to transmit the operation information and parameters to the upper computer in real time, so that the coating workers can monitor the running state of the machine. It can interact with people through circuit devices, interface buttons and interface status bars and so on, to remind coating workers of the operating status of the system. It includes the train speed, the latitude and longitude of the train, running time, running status. The software function interface is shown in Figure 4-8.
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Figure 4-8 Software function interface
After the system is connected and powered on and initialized, opening the control page, reading the satellite data from the lower computer and displaying it, calculating the motor parameters according to the formula, and send the control signal to the embedded controller , judging whether to start coating.
The specific upper computer interface will display the following parameters: the real-time latitude and longitude of the train, the running time, the speed of the train, the running status of the coating and discharging machine, and the image captured by the camera connected to the discharging machine. Among them, there are five operating states of the coating discharger, and the meanings of each state are as follows: "1" means an early warning about entering the curve, lasting for one second, "2" means that the discharger is discharging material downward, "3" means the warning of entering the end point, which lasts for one second, "4" means that the train has walked out of the curve, the discharge is over, and the motor stops cutting the material, "5" means that the unloader is going to recycle the material, and go back 3 seconds. State 5 is to prevent the coating stick from breaking when the train passes other positions except the curve, causing safety hazards and waste. In addition, the software also has a manual mode. When the automatic mode fails or the coating strategy needs to be changed temporarily, it can be switched to the manual mode to manually control the discharge machine to work. Besides, the image monitoring and information feedback interface on the right side of the software operation page is to monitor the coating process through the whole process of the image, realize the real-time monitoring of the coating position, coating amount and coating effect, and adjust the abnormal situation. The coating process can be monitored more directly, which simplifies the work content of railway workers. The workers only need to add coating sticks to the discharge machine when the train stops at the station.
[bookmark: _Ref42859705][bookmark: _Toc43040069]

[bookmark: _Toc113461230]CHAPTER 5: ANALYSIS (for Survey- and Review-based Projects) 
[bookmark: _Toc113459320][bookmark: _Toc113461231]5.1 Construction of control system platform
In the hardware part, the coating actuator is first installed at the rear of the train. Usually, the coating actuator is connected to the vehicle in two forms, one is fixed at the turning of the upper side beam of the bogie, and the other is fixed on the axle box. on the spring positioning seat, as shown in Figure 5-1.
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Figure 5-1 The device is fixed on the axle box spring positioning seat
The connection between the motor control line of the coating actuator and the control box in this system adopts the WS28 series aviation plug. The motor control line on the left side of the train is connected with the corresponding identification plug on the left side of the control box, and the motor control line on the right side is connected with the coating on the right side of the control box. Control box plugs are shown in Figure 5-2.

Figure 5-2 Control box plug
The port connection of the camera part is similar to the motor plug, and the left and right correspond to it. The camera port is also connected with an aviation plug to prevent the train from shaking and causing signal instability. The camera port diagram is shown in Figure 5-3.


Figure 5-3 Video camera port
To illustrate the installation process of the system device, the train left Wuchang Railway Station at about 19:40, and the system had been installed on the train before that. The system realizes the detachable and portable system requirements, and the installation and connection process of the system can be guaranteed to be completed within fifteen minutes.
The accuracy of automatic coating discharging is the core content of the automatic control of this system. The test of coating discharging accuracy mainly depends on the accurate judgment of the curve and the control of the motor speed. After the train has set up the system, it is ready to begin testing. Figure 5-4 is the field experiment diagram after the system device is installed in the rear compartment of the train.

Figure 5-4 System experiment platform
It can be clearly seen that the red indicator light of the control box board is on, indicating that the power supply of the system is normal, and the yellow light is on, indicating that the satellite signal reception is normal.
[bookmark: _Toc113459321][bookmark: _Toc113461232]5.2 Dot function test
The specific experimental site for automatic coating control has two railway lines, namely the Ningbo-Wuhu section and the Wuchang-Xianning section. Taking the railway section of Xiaoyong Line as an example, starting from Ningbo City, the train goes north to Wuhu, passing through Yuyao, Shangyu, Shaoxing, Hangzhou, Deqing, Changxing and Xuancheng, every time the train stops, the satellite signal on the way is saved. During the first train operation, it is necessary to make dots on the starting and ending points of the curve, and record the coating starting point of the curve. (The railway satellite signal positioning track of Xiaoyong Line is shown in Figure 5-5)

Figure 5-5 Railway satellite signal positioning track of Xiaoyong Line
For the rail curve area in it, the position of the starting point and the ending point is continuously modified each time it passes, so that the coating position is more accurate, and the saved coordinate value is stored in the system hardware. When the curve rail is enlarged, and the after-enlarged position figure of the curve is shown in Figure 5-6.
[image: ]
Figure 5-6 Curve zoom position diagram
Record the railway data recorded on the railway section of the Xiaoyong Line. Taking the Ningbo-Yuyao section as an example, the satellite signals during the train's journey are recorded in a table, which is convenient for post-processing. Take out the latitude and longitude information and heading angle information in the satellite signal. Table 6-1 is a screenshot of some satellite information stored in the system. Take the entry point of a certain curve as an example to illustrate.
After three times dots experiments, the approximate coordinates of the entrance and exit points of the curve have been obtained manually, and then the coordinate points are corrected according to the change of the heading angle of the satellite signal during driving. The coordinate point with the serial number 2 in Table 5-1 is the starting point of the continuous change of the heading angle, which will be recorded in the system as the entry point of the curve. When the system is in use, the frequency of the satellite signal output by the board is 5Hz. For the judgment of the curve on the track, the method of comparing the heading angle difference in a fixed period of time is adopted. If the heading angle of 25 consecutive satellite signals changes by more than 5°, the system determines that the train enters the curve, the longitude and latitude of the change starting point is considered as the starting point of the curve. The coordinate point marked by the red box in the figure is the starting point of the curve, and the judgment of the ending point of the curve is the same.

Table 5-1 Satellite signal at the entrance of a curve
	Num
	Longitude (°)
	Latitude(°)
	Heading angle(°)
	Total driving distance(m)

	1
	121.4104733
	29.9835055
	278.9219316
	22568.44

	2
	121.4104071
	29.9835145
	278.9618896
	22575.13

	3
	121.4103412
	29.9835235
	279.2280085
	22581.8

	4
	121.4102751
	29.9835328
	279.3116604
	22588.49

	5
	121.4102089
	29.9835422
	279.464094
	22595.19

	6
	121.4101424
	29.9835518
	279.617647
	22601.92

	7
	121.4100763
	29.9835615
	279.7293563
	22608.62

	8
	121.4100103
	29.9835713
	280.0361414
	22615.31

	9
	121.4099444
	29.9835814
	280.178835
	22621.99

	10
	121.4098788
	29.9835916
	280.2155446
	22628.65

	11
	121.4098128
	29.9836019
	280.5534497
	22635.35

	12
	121.4097471
	29.9836125
	280.829051
	22642.03

	13
	121.4096813
	29.9836234
	281.0076437
	22648.71

	14
	121.409616
	29.9836344
	281.2531527
	22655.36

	15
	121.409551
	29.9836456
	281.4607817
	22661.98

	16
	121.4094855
	29.9836571
	281.7341285
	22668.65

	17
	121.4094199
	29.9836689
	281.8835897
	22675.34

	18
	121.4093546
	29.9836808
	282.0238747
	22682.01

	19
	121.409289
	29.9836929
	282.1562834
	22688.7

	20
	121.4092236
	29.9837051
	282.390928
	22695.38

	21
	121.4091579
	29.9837176
	282.6387864
	22702.09

	22
	121.4090925
	29.9837303
	283.1883092
	22708.78

	23
	121.4089629
	29.9837566
	283.5306411
	22722.07

	24
	121.4088986
	29.98377
	283.9472007
	22728.67

	25
	121.4088349
	29.9837837
	284.2717037
	22735.21


The change of the heading angle can also judge the left and right directions of the curve. Taking the north direction as the 0° angle, the heading angle changes in the range of 0 - 360°, which is determined by the installation position of the antenna. After the system is installed on the train, the antenna and the relative position of the train does not change, so the change of the position of the train can be judged by the change of the heading angle, and the judgment of the curve also needs to refer to the direction of the train. In the going-north route of Ningbo-Yuyao, the heading angle becomes larger, indicating that the train is turning right, and the motor on the left should be controlled to carry out the coating work, so that the average value can be obtained after several tests to obtain more accurate curve position information .
[bookmark: _Toc113459322][bookmark: _Toc113461233]5.3 Automatic coating function test
[bookmark: _GoBack]The railway curve data mainly records the coordinate positions of the starting point and the ending point of the curve on the way of the train, and pre-stores the coordinate information of each curve in the system. Curve coordinates are compared in real time. When the system knows that the train is about to reach the curve, it controls the rotation of the conveyor belt and transports the solid coated lubricating stick to move down. After entering the curve, the solid lubricating stick is smeared on the rail side rail at a fixed speed. After the train reaches the end point of the curve, The conveyor belt controls the solid lubricating stick to move up and retract into the conduit to prevent breakage caused by the train vibration caused by the solid lubricating stick protruding too much at the non-curve.
When the function test is performed on the train, when passing the first curve, the display interface of the upper computer is shown in Figure 5-7. The page displays the real-time latitude and longitude of the train, the speed of the train and whether the system is in the automatic coating mode at this time. The distance between the lubricating rod and the rail can be clearly observed on the right side of the interface. The upper camera interface in the picture corresponds to the left coating outlet picture, and the lower interface corresponds to the right picture.
[image: 110]
Figure 5-7 Screenshot of PC software running
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The accuracy of the automatic coating process in the system index is an important part, including whether the diacharging process can ensure that the coating process of the solid lubricating stick will not be affected under the general train speed, will not break by excessive speed, and will cause the lubricating stick too late to reach the designated position after the train passes through the curve since the slow speed. In the manual control mode, the key of the accuracy is to control the four action buttons in the manual mode and the the stop button accurately. Another indicator is the stability and the sufficiency of the power supply.
According to the demand analysis of the automatic lubricating and coating system based on satellite signals, the following tests are carried out on the specific functions in the system testing process, mainly including the tests of the following functions:
(1) Signal acquisition function. After the system device is installed on the train, the antenna is placed in the open air at the rear of the carriage to keep it stable, and the satellite signal is read to the upper computer through the serial port to observe whether there is data displayed in the latitude and longitude display column of the upper computer, and ensure that the data can be refreshed in real time. .
(2) Motor drive function. Turn on the upper computer, select the manual coating mode, and test the function of each motor control button. The results show that the upper left, lower left, upper right and lower right buttons can respectively control the rotation of the motors on the left and right sides. On this basis, the "fast paint" and "slow paint" buttons were tested, and the results showed that the click can rotate at different speeds.
(3) Communication function. The normal communication function is the basis for the automatic coating of the system, which mainly includes that the board signal can be transmitted to the embedded system and the upper computer through the serial port, and the control signal of the upper computer can be applied to the motor through the embedded system.
(4) Video surveillance function. After the system is connected to the camera, click the "Open Camera" and "Close Camera" buttons on the upper computer page, and the working interface of the coating device can be displayed at the video monitoring point of the upper computer. The video capture card used here does not need to install drivers. The Painter object is called in the Qt software to read the video signal from the computer serial port to realize the display function.
(5) Curve judgment function. The test of this function is based on the data in the "running status" column of the upper computer. When passing through a specific curve, the upper computer software displays the sequence number of the curve in the "running status" column, for example, when passing the first curve on the curve , it displays "line: 1/16", which means that the train is going through the first curve at this time. In the same way, the judgment display when passing other corners is also recorded.
(6) Coating quantity control function. The discharge speed of the solid coating stick is controlled by the motor, and the solid coating stick is controlled to be lowered at two speeds of slow speed and fast speed according to the different positions of the coating stick.
First, control the discharge speed of the motor, and the descending speed of the coating rod is measured to be 0.175cm/s. When the lubricating stick is lowered for 5 seconds, the lowering speed is slowed down. At this time, the lowering speed is 0.122cm/s. The lowering speed of is kept at 0.122cm/s during the train pass the whole section of the curve. After the train exits the curve, the rotation direction of the conveyor belt is reversed, and the coating stick is controlled to rise to the predetermined working position at a relatively fast speed, and the rising speed is 0.175cm /s, the rise time is 5 seconds. This is because the violent vibration during the operation of the train will cause the coating stick to break, causing waste of coating raw materials, and also causing hidden dangers to driving safety. The lower part of the coating stick is slightly farther away from the mouth of the material storage nozzle and stops transportation, and waits for the next time to enter the curve to perform coating.
The automatic coating experiment of this system is carried out on the Wuchang-Xianning railway section, passing through 16 railway curves, including 10 left-turn lanes and 6 right-turn lanes (taking Wuchang Railway Station as the starting point).  Every time you start from Wuchang Railway Station to Xianning, the coordinates of Wuchang Railway Station are 30°36’ north latitude and 114°25’ east longitude. The coordinates of the starting point and ending point of the curve in its journey are recorded in the following table 6-1.
Table 6-1 Coordinates of the starting point and ending point of the curve (Wuchang-Xianning)
	Curve num
	start point longitude (°)
	Start point latitude (°)
	end point longitude (°)
	end point latitude (°)
	Turn left/right

	1
	114.2985664
	30.5108213
	114.2985664
	30.5108213
	L

	2
	114.2960956
	30.3426686
	114.2953442
	30.3358612
	L

	3
	114.3058421
	30.3083746
	114.3092006
	30.3040925
	L

	4
	114.3252621
	30.2808116
	114.3266716
	30.2732313
	R

	5
	114.3254516
	30.2684158
	114.3250227
	30.2649979
	L

	6
	114.3256295
	30.2479084
	114.3262310
	30.2441662
	L

	7
	114.3269403
	30.2419934
	114.3271683
	30.2357479
	R

	8
	114.3226059
	30.2170776
	114.3222592
	30.2117921
	L

	9
	114.3172742
	30.1776278
	114.3169611
	30.1750115
	L

	10
	114.3372539
	30.1173472
	114.3383579
	30.1149327
	L

	11
	114.3466181
	30.1005268
	114.3482816
	30.0943285
	R

	12
	114.3543352
	30.0388256
	114.3549722
	30.0358490
	L

	13
	114.3613524
	30.0141805
	114.3620368
	30.0105443
	R

	14
	114.3620236
	29.9456533
	114.3580306
	29.9356821
	R

	15
	114.3148645
	29.9021419
	114.3116120
	29.9008611
	R

	16
	114.2920896
	29.8930171
	114.2874572
	29.8892356
	L


The test results of various functions of the system in the test session are shown in Table 6-2:





Table 6-2 Test functions and results
	Test function
	Test results

	Signal acquisition function
	qualified

	Motor drive function
	qualified

	Communication function
	qualified

	Camera surveillance function
	qualified

	Curve judgment function
Coating quantity control function
	qualified
qualified


The specific actual use process proves that the automatic coating control system has the following significant advantages: Firstly, the solid lubricating composite stick has a small coating amount and no stripping phenomenon, which reduces the scattering of lubricating materials; Secondly, the selected environmentally friendly materials can reduce pollution of the line and environment. Thirdly, it can reduce noise and vehicle vibration; Fourthly , it can reduce about 2/3 of the rail side wear, and the effect of extending the service life of the rail in the curve section is remarkable; Lastly it does not affect the traction and braking of the locomotive.
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In the modern society with the rapid development of railway transportation, it is of great research significance to take effective measures for railway maintenance to ensure effective lubrication of the rails and reduce the workload of railway workers. This paper, starting from the practical application, studies the existing automatic lubricating and coating devices for railway tracks. According to the principle of automatic control, different devices are used to construct an automatic lubricating and coating system for railway tracks based on satellite signals. While realizing the automatic control function of the system, the function complete with lower cost.
(1) while analyzing the principle of the automatic rail lubrication coating system, the rail lubrication scheme was formulated, the project requirements were deeply analyzed, the system architecture was designed, and the system was divided into hardware and software to research work. The device selection of the system is completed, the appropriate main control chip is selected, and the selection of the coating actuator is also included. Compared with most traditional oil-injection coating devices, reducing the heating module, and the system is lighter.
(2) The hardware design of the automatic lubricating coating system is completed. The multi-satellite positioning board P307 is selected, combined with the UA-35 antenna to obtain satellite signals, and a satellite signal positioning module is formed. The mobile power supply is selected as the system power supply device, which has little influence to the train's own system. The PWM drive and serial communication drive are realized, and the motor can control the conveyor belt discharge at different speeds, while realizing the communication between the positioning board, the main control unit and the upper computer. Completed PCB diagram design, hardware welding and debugging, and completed the anti-interference design of the hardware platform.
(3) The upper computer software of the automatic lubricating coating system is designed and implemented. Based on the Qt platform, the upper computer software is built, and the development of the upper computer page is realized by using C++ language, including the monitoring camera module, which can complete the real-time monitoring of the contact between the solid lubricating stick and the rail on the coating device; the motor control module can be used in automatic and manual modes, using different control signals to the motor; the curve judgment module analyzes the data frame transmitted from the serial port to judge whether the train has entered the curve; and the number of the curve number, to show the railway workers.
(4) Through the system loading experiment, the functions of the automatic lubricating coating system are verified. Two dotting experiments were carried out on the Ningbo-Wuhu railway section. Railway workers used the data of 100-meter piles beside the road as the main criterion, supplemented by satellite data, to obtain the coordinates of the entrance and exit points of the curve. After verifying the dotting function, the Wuchang-Xianning railway section was used as the experimental section, and several experiments were carried out to verify the feasibility of realizing the automatic lubrication and coating function based on satellite signals. The system can accurately judge the curve and issue a working signal to the motor during the loading experiment. After 3 dotting tests, the system can accurately coat 16 curves on the Wuchang-Xianning road section.
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The automatic lubricating and coating system based on satellite signals designed in this subject includes the automatic control part and the coordinate information processing part, which involves a wide range of aspects. Due to the limitations of the experimental environment, research time and other factors, the system still has areas for improvement and shortcomings The specific areas that can be improved are as follows:
(1) Different solutions can be formulated according to different types of trains. In Chinese railway network, passenger trains and freight trains have many overlapping routes. The two types of trains have different load weights and have large differences in the pressure on the rails. There are also differences in the application environment of this system on different types of trains. Lubrication schemes can be formulated according to the type of trains to improve system functions.
(2) Add cloud data platform: The detection of the curve by this system relies on the curve data pre-stored in the system, which is stored in the upper computer software in the form of text. Before coating work on different lines, it is necessary to perform curving track data record and update this text data. The reliability of the storage and maintenance of curve data is poor, and the measurement link when changing the line will generate repeated work. The development of a cloud data platform can upload different curve information to improve reliability and reduce workload.
[bookmark: _Toc43040073]

[bookmark: _Toc113461237]REFERENCES 
[1] Wang Lingchao. Analysis of Wheel and Rail Lubrication Technology and Application [J]. Modern Urban Rail Transit, 2020(05):92-95.
[2] Liu Wanzhen. Damage causes and anti-wear strategies of small-radius curved rails in heavy-haul railways [J]. Science and Technology Economics Guide, 2019, 27(10):46-65.
[3] Kossov V, Lunin A, Spirov A, et al. The technology of rail lubrication by the hauling locomotive in train formation[J]. Procedia Computer Science, 2019, 149.
[4] Bai Donghui, Cheng Jianping, Ma Zhanguo, et al. Experimental Research on Lubrication Technology of Small Radius Curved Rails on Shuohuang Heavy-Duty Railway [J]. Railway Construction, 2015(10):160-163.
[5] Zhong Zhifeng. Research on the wear of small radius curved rails in heavy haul railways [D]. Beijing Jiaotong University, 2014.
[6] Wang Lijun. Analysis of application efficacy of rail lubrication and friction control technology in Shuohuang Railway [J]. China Railway, 2016(08):99-102.
[7] Yan Ning, Yu Zeren, Wan Yixiu. Design of network control system for urban rail vehicles with a speed of 120 kilometers per hour [J]. Railway Locomotives and EMUs, 2021, (5) 25-27, 43.
[8] Wang Wenbin, Fan Qinhai, Liu Li. Research on the prevention and control of side wear of curved rails by rail surface friction control technology [J]. Modern Urban Rail Transit, 2015(1):78-81.
[9] Kurzeck B. Combined friction induced oscillations of wheelset and track during the curving of metros and their influence on corrugation[J]. Wear, 2010,271(1).
[10] Wang H, Markine V. Dynamic behaviour of the track in transitions zones considering the differential settlement[J]. Journal of Sound and Vibration, 2019, 459.
[11] Grassie S L, Elkins J A. Tractive effort, curving and surface damage of rails[J]. Wear, 2004,258(7).
[12] Rezvani M A, Owhadi A, Niksai F. The effect of worn profile on wear progress of rail vehicle steel wheels over curved tracks[J]. Vehicle System Dynamics, 2009,47(3).
[13] Wang Yong, Han Wei, Wang Fengcai. Contact lubrication mechanism of high-speed railway axle box bearings [J]. Mechanical Design and Manufacturing, 2017(05):131-134.
[14] Liu Yueming, Li Jianyong, Cai Yonglin, et al. Status and development trend of rail grinding technology [J]. China Railway Science, 2014,35(04):29-37.
[15] Gu K K, Lin Q, Wang W J, et al. Analysis on the effects of rotational speed of grinding stone on removal behavior of rail material[J]. Wear, 2015, 342-343.
[16] Santa J F, Toro A, Lewis R. Correlations between rail wear rates and operating conditions in a commercial railroad[J]. Tribology International, 2016,95.
[17] Wang J, Chen X, Li X, et al. Influence of heavy haul railway curve parameters on rail wear[J]. Engineering Failure Analysis, 2015,57.
[18] Hou Maorui, Wang Weidong, Chang Chongyi, et al. Research on the wear and wear reduction measures of small radius curved rails in EMUs [J]. Journal of Railways, 2018,40(03):45-50.
[19] Luo Guowei, Li Wei. Research on lubrication and friction control of heavy-duty railway rails [J]. Railway Construction, 2011(04):114-116.
[20] Sone, Yasutomo, Suzumura, et al. Effects on braking distance from the use of traction fluid as a wheel/rail lubricant[J]. Proceedings of the Institution of Mechanical Engineers, 2015, 229(1).
[21] Liu Mingjie. Research on reducing wheel flange wear of HXD3 locomotive [D]. Southwest Jiaotong University, 2018.
[22] Wang Ping, Guo Qiang, Chen Jiayin, et al. Research on the influence of wheel-rail lubrication on the wear of curved tip rails of high-speed turnouts [J]. Chinese Journal of Railway Engineering, 2019,36(09):17-22.
[23] Eadie D T, Elvidge D, Oldknow K, et al. The effects of top of rail friction modifier on wear and rolling contact fatigue: Full-scale rail–wheel test rig evaluation, analysis and modelling[J]. Wear, 2008 ,265(9).
[24] Eadie D T, Oldknow K, Santoro M, et al. Wayside gauge face lubrication: How much do we really understand? [J]. Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 2013 , 227(3).
[25] Chen H, Fukagai S, Sone Y, et al. Assessment of lubricant applied to wheel/rail interface in curves[J]. Wear, 2014,314(1-2).
[26] Yin Zeze. Development of a portable wheel-rail lubrication device detector [J]. Railway Locomotives and EMUs, 2014(10):45-46.
[27] Li Ke. Research on the control system of roadside fixed rail lubrication equipment based on STM32 [D]. 2018.
[28] Cao Aiti. Design of rail curve lubrication system [J]. Science and Technology Innovation, 2019(22):177-178.
[29] Xu Chunshan, Xiao Jian, Yang Chao, et al. Research and application of new technology for oil-free lubrication and wear reduction of rails [J]. Railway Technical Supervision, 2019,47(06):41-44.
[30] Upgrading of portable, tip rail coating device [J]. Railway Procurement and Logistics, 2019,14(09):110-112.
[31] Wang Dongdong, Yang Xingkuan. Design of control system for rim lubrication device of subway vehicles [J]. Railway Technology Innovation, 2016(06):110-114.
[32] Chen Hui, Wan Zhuang. Research on Intelligent Rail Lubricator for Urban Rail Transit [J]. Urban Rail Transit Research, 2018,21(S2):67-69.
[33] Gobzenko V E, Kargapoltsev S K, Karlina A I. Synthesis and structure of sulfur-containing polymers based on polymer industrial waste applied for rail lubrication[J]. IOP Conference Series: Earth and Environmental Science, 2019,229(1).
[34] Lewis S R, Lewis R, Evans G, et al. Assessment of railway curve lubricant performance using a twin-disc tester[J]. Wear, 2014,314(1-2).
[35] Li Lei. Research on the influence of rail comprehensive friction management strategy on wheel and rail wear [D]. Southwest Jiaotong University, 2016.
[36] Cao Enping. The Lubrication System of Rebs Wheel Flange [J]. Urban Rail Transit Research, 2007(02):69-71.
[37] Samuels John, Henry Li. New progress in reducing wheel-rail contact stress in North American railways [J]. Foreign Railway Vehicles, 2007(05):26-33.
[38] Ye Nan. Application of GPS surveying and mapping technology in engineering surveying and mapping [J]. Jiangxi Building Materials, 2020(11):73-75.
[39] Shan Mei. Design and implementation of vehicle GPS trajectory management system [J]. Internal combustion engine and accessories, 2020(13):216-217.
[40] Gou Changlong, Chen Haohong, Zhang Ningfeng, et al. Analysis of Beidou (BDS) and GPS real-time carrier phase differential positioning accuracy [J]. Jingwei Tiandi, 2020(06):18-21.
[41] Cao Kejin, Luo Zhengwang, Li Bao, et al. A high-precision positioning method based on GNSS array antenna phase center error compensation: The 11th China Satellite Navigation Annual Conference, Chengdu, Sichuan, China, 2020[C].
[42] Leng Xuemin, Zhang Jinhua, Xu Aoran. Design of PWM control system for asynchronous motor based on dual DSP [J]. Electronic World, 2019(16):202.
[43] Wang Ye, Zhang Zhenyu. Analysis of the principle and application of automatic control [J]. Hebei Agricultural Machinery, 2020(11):66-67.
[bookmark: _Toc43040074][bookmark: _Toc43040075]

[bookmark: _Toc113461238]APPENDICES System hardware PCB layout

[image: ]
1

image2.jpeg




image3.jpeg




image4.png
X




image5.png




image6.png




image7.png
Sold lubricating stick
RS




image8.png
: : !

WLCULUEEACLLEC LU ELALL LA A





image9.jpeg




image10.png
Satellite information acquisition module

antenna

positioning
board

Control system main control unit

Clock circuit

power supply
5VDC
33VDC
220V AC

Serial
communication

motor driven

Coating AC Motor

Upper computer

camera 4f





image11.png
Upper computer

presentation layer

Longitude and . )

Iatitude of train rain spee

Monitor screen status
information

data

Serial

communication

Lower computer

driver layer

Serial
communication motor driver
driver





image12.png
27 NetLabel2
NetLabel3

NetLabeld

25

ul
STM32F103C8





image13.png
U3
B 4
- IN OUT —T_‘
L GNpour —2
L AMSI117-33 —L 9
22uF 10uF
= ——I_— e
GND GND GND




image14.png
c4

NetLabeld
NetLabels





image15.png
P15 13 rz
‘; DIO
- DCLK
1

SWD =




image16.png
1

2 USARTI_RX
3 USARTI TX (1
1

||-GND USB_SLAVEI

CH340G v

o Lo USB-B(Mim)

ZOEF 20pF




image17.png
Connect the device

Aficther reading saten
signals and displa

Display the coating machine
monitor screen

rEther 50m away from
entrance of the curve

Control the motor of the
coating machine in the
corresponding direction

Motor-controlled lubricating
stick moves for coating

ther 50m away from
exit of the curve

end




image18.png
BAEN

2

J%:

® Brit

AR

AT AR K EGE: U TS

< RERE





image19.png




image20.png




image21.png




image22.png
om

upper mm);me

controlling box




image23.png




image24.jpeg




image25.jpeg
2% [114. 3066295
4. [30. 3733043
W [19:47:39
724 )E: 115, 93km/h
&7 RA: [L/R: 1/0 line:1/16

o F A S
o&L - OoFE  gpup
o4 e o
OEF O%TF L

Erkig: < EMEIGE: &5

ComM8 v RERE EERE





image26.png




image1.jpeg
M Prifysgol Cymru
% Y Drindod Dewi Sant
% University of Wales
Trinity Saint David





