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Abstract

:

Active railway vehicles such as tilting trains and active steering bogies are being developed to improve the curve running performance of railway vehicles. In this case, a technology for sensing a curve and extracting curve information such as a curvature in real time is required. The existing railway curve detection technology has the disadvantage of requiring many calibration processes through test driving and being affected by running speed. In order to overcome these disadvantages, this paper proposes a very simple and efficient curvature estimation method. A curvature sensor prototype was manufactured and a test run was performed on the test track. As a test result compared with the track inspection data, the minimum deviation was 0.8%, the maximum deviation was 4.0% and the average deviation was 2.8%, showing good curvature measurement performance. It was also confirmed that the effect of the running speed was very small and the accuracy was high in the small curve with a large curvature. Therefore, the developed curvature measurement sensor is expected to be used very practically in the field of curvature detection and curvature extraction to control the vehicle in the curve section.
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1. Introduction


A railway track is composed of a straight track and a curved track of various curvature radii. When a railway vehicle runs at high speed on a straight track, running stability according to high speed is required. On the other hand, when railway vehicles run on a curved track, the force applied by the wheels to the rail is increased because of centrifugal force, which restricts the speed at which the vehicles pass through curves and occasionally causes problems such as severe wear and noise of the wheel and rail [1,2]. The speed limitation on the curved section adversely affects the commercial operation of the railway, and severe wear of the wheels and rails results in early replacement of the wheels and rails, which increases the cost of vehicle maintenance. In addition, dust and noise caused by wear deteriorate the air quality of the railway section, adversely affecting the comfort of railway users.



Hence, active railway vehicle technology has been developed to resolve the above-mentioned problems. As a means to solve the speed limitation on the curved section, a tilting train has been developed to increase the speed of the curve by tilting the car body of the vehicle inward of the curve to reduce centrifugal force [3]. In addition, research on active steering technology has been conducted to reduce the wear and noise of wheels and rails running on curved sections [4,5,6]. At this time, the core technology needed is curve detection technology to detect the curved track. Tilting technology or active steering technology to improve curve running performance should be activated only in the curved section, so it is necessary to accurately detect curves and detect curve information such as curve radius and curvature. In this regard, the following curve detection technology has been developed.



As the oldest method, a curve detection method was used, in which the position and curvature of the curve were input in advance to the lookup table and used in the form of a lookup table [7]. To apply this method for vehicle control, it is only possible to use it by accurately detecting the beginning and end of the curve and the position of the curve. If the operating track is changed, curve information for a changed track must be input into the lookup table again and utilized, and if the position is detected incorrectly while the vehicle is running, it may adversely affect vehicle safety and control. There is an internal measurement system using gyro sensors, acceleration sensors and speed sensors, which enables real-time measurement while a vehicle is running. This method has a disadvantage in that an offset error occurs due to the integration process in the curve extraction algorithm and is affected by the vehicle’s running speed [8,9,10]. In addition, the above methods are inefficient because test processes are required to correct errors in curve detection through many test runs in advance. Another method to detect curves is the code measurement system. This method is mainly applied to track inspection cars that measure the state of the track for track maintenance. The principle of measuring three points of a curve at regular intervals to extract curvature from a geometric relationship is used. It is applied only to track inspection cars for track maintenance by measuring three points of a curve in a non-contact type, while running using an expensive optical sensor [11]. In addition, many studies have been conducted on the suitability of vehicle dynamics and railway transition curves from the perspective of railway infrastructure design [12,13].



Since the existing curvature detection method as described above has disadvantages and inefficiencies, a new curve detection technology for efficiently controlling a vehicle in a curve section in real time is required. From this background, the author proposed a new curve detection method to extract curvature using the geometric relationship between the vehicle and the track in the curved section [14]. This method is a practical curve detection method to estimate curvature based on the kinematic motion of the railway vehicle’s body and bogie when the vehicle is running in the curve section.



Therefore, in this paper, based on this method, a track curvature sensor for detecting the railway curve section was developed. In order to evaluate the curvature extraction performance of the track curvature sensor when running on the railway track, a curvature sensor prototype was installed on the test train, and a test run was conducted on the test track. In this paper, we describe the test results.




2. Development of the Track Curvature Sensor


2.1. Curvature Measurement Method


The algorithm for measuring the curvature for the curved section is derived from the geometric relationship located on the curve of the vehicle car body and the bogie when running in the curved section of the railway vehicle. In the case of running on a straight track, as shown in Figure 1, the bogies are arranged in line with the vehicle car body, and the bogie angle, which is the rotating angle of the bogie with respect to the vehicle car body, does not occur. However, when running on a curved track, as shown in Figure 2, the bogie located on the curved line rotates according to the curvature of the curve and a bogie angle (θ1 and θ2) is generated between the vehicle car body and the bogie, and relative displacement (Δ1 and Δ2) occurs between the vehicle car body and the bogie in the running direction, as shown in Figure 3.



From the geometric relationship formed between the car body and the front bogie and the rear bogie on the curved track above, the following approximate relationship can be established to derive the radius of the curve (R).


    θ 1  =    ∆ 1   x  ,    θ 2  =    ∆ 2   x  ,   ∆ =  ∆ 1  +  ∆ 2  , ψ =  L R     2 ψ ≒  θ 1  +  θ 2  =    ∆ 1   x  +    ∆ 2   x  =    ∆ 1  +  ∆ 2   x  =  ∆ x  =   2 L  R     R =   2 L x  ∆    



(1)







Therefore, the curvature C, which is the reciprocal of the curve radius, is expressed as follows:


  C =  1 R  =   2 L x  ∆   



(2)




where one-half of the distance between the center of the front bogie and the rear bogie (L), and lateral spacing between the curvature sensor and the bogie center (x) are a constant value. Therefore, the curvature of the curve can be estimated by measuring the relative displacement (∆1) between the car body and the front bogie, and the relative displacement (Δ2) between the car body and the rear bogie in real time.




2.2. Curvature Measurement Simulation


In order to confirm the validity of the curvature measurement method described in the previous section, a multi-body dynamic analysis simulating running on a real track was performed. For the multi-body dynamic analysis of railway vehicles, VAMPIRE (Vehicle dynAmics Modelling Package In a Railway Environment), a program for analyzing the dynamics of railway vehicles, was used.



The vehicle model is as shown in Figure 4. An electric railway vehicle with a high frequency of operation of the curved section was modeled. The vehicle model consists of a body, a front and bogies, and wheelsets and a suspension system.



One-half of the distance between the center of the front bogie and the rear bogie (L) is 6.9 m, and lateral spacing between the curvature sensor and the bogie center (x) is 1050 mm. The track model for the vehicle running simulation was modeled as a 10 km section, which is a part of the operation section of a train. Figure 5 shows the curvature, cant, and the vertical and lateral irregularity of the track model. During analysis, the running speed of the vehicle model was set at the commercial operating speed condition (Case-1) passing through the track model section. In addition, in order to analyze the effect of driving speed on curvature measurement, the simulation was conducted by including the condition that decreased to 50% of the operating speed (Case-1) and the condition that increased by 50% of the operating speed (Case-3).



Figure 6 and Figure 7 show the results of the displacements of the curvature sensor of the front and rear bogie obtained through dynamic simulation. When running on a straight section, the displacement of the curvature sensor hardly appears, but when passing through the curved section, the bogie rotates with respect to the vehicle car body to adapt to the curve and the displacement of the curvature sensor is significantly detected. In general, when running on a curved track, the rotational resistance of the front bogie in the running direction is relatively increased compared to the rear bogie, and thus the bogie angle of the front bogie is relatively smaller than that of the rear bogie. Therefore, it is confirmed that the displacement of the front bogie’s curvature sensor, which is the relative displacement between the vehicle car body and the front bogie, is relatively small compared to the displacement of the rear bogie’s curvature sensor. When analyzing the displacement of the curvature sensor according to the running speed, it can be seen that the analysis result of Case-1, which is the operating speed condition, or the analysis result of Case-2 and Case-3, which change the speed, show almost similar results.



The curvature result obtained by substituting this curvature sensor displacement into the curvature calculation equation is shown in Figure 8. In order to verify the validity of the curvature analysis result, the analysis result was compared with the curvature data measured by the track inspection vehicle that measures the curvature and irregularity state of the track for maintenance. The curvature measured by the track inspection vehicle and the curvature obtained through the dynamic simulation in the entire analysis section match very well. Among them, the results of a more detailed analysis for six curved sections with a curve radius of 1000 m or less are shown in Table 1 and Figure 9.



Table 1 is the result of analyzing the mean curvature for the section corresponding to the circular curve among the curve sections and the absolute value of the deviation compared to the track inspection data. The deviation of the curvature simulation result of the commercial operating speed condition (Case-1) is only at minimum 0.5%, at maximum 2.4% and on average 1.7%, so the performance of the proposed curvature measurement method is expected to be good. In addition, to analyze the effect of speed, the analysis results of speed with a 50% reduction (Case-2) and speed with a 50% increase (Case-3) show that the average deviation is 1.8% and 1.9%, respectively, which tends to increase very slightly compared to the average deviation of 1.7% of the normal operating speed (Case-1).



Therefore, it is expected that the curvature measurement method derived in consideration of the kinetic motion relationship between the vehicle car body and the bogie running in the curved section will hardly be affected by the running speed.




2.3. Curvature Sensor Prototype


A curvature sensor was designed based on the curvature measurement method discussed in the previous section and a prototype was manufactured. Figure 10 shows the shape and structure of the curvature sensor. Figure 11 is the installation position of the curvature sensor installed in a running direction between the vehicle car body and bogies. One set of curvature sensors is installed in the front bogie and the rear bogie, respectively, and a total of two sets are installed per vehicle.



The curvature sensor has a rectangular cylinder shape structure equipped with a non-contact laser sensor to measure the relative displacement that occurs between the vehicle car body and the bogie when a railway vehicle runs. It was designed to protect the non-contact displacement sensor installed inside the curvature sensor from external alien substances when installed in a railway vehicle. The outer cylinder and the inner cylinder are structured to be guided and moved by an LM guide installed therein. A wrinkled rubber cover is mounted between the inner tube and the LM guide part to prevent wear and the inflow of external alien substances. In addition, ball joints are mounted on both ends of the curvature sensor to minimize rotational resistance caused by the roll, pitch and yaw movement of the vehicle when installed in the vehicle. Table 2 shows the specifications of the curvature sensor and Figure 12 represents the shape of the manufactured curvature sensor prototype.



A functional test was performed to confirm the curvature measurement function according to the relative displacement stroke of the manufactured curvature sensor prototype. As shown in Figure 13, the test was performed by setting a stroke according to the curve radius in the curvature sensor and recording the result of the curve radius measured at that time. At this time, one-half of the distance between the center of the front bogie and the rear bogie (L), and lateral spacing between the curvature sensor and the bogie center (x), which have a fixed value according to the curve radius calculation formula, were input as 6.9 m for L and 1050 mm for x. In addition, in the functional test, the curve radius test condition was set from R75 to R1000, which is the curve radius measurement range of the curvature sensor.



Table 3 shows the functional test results for the curvature sensor prototype. The error was confirmed to be between −1.26% and 1.36% and it is expected that the manufactured curvature sensor prototype will show good curvature measurement performance.





3. On-Track Performance Evaluation of the Curvature Sensor


A test run to evaluate the performance of the curvature sensor prototype while installed on the railway vehicle was conducted on a test track. As for the test vehicle, an urban electric railway train used to analyze the validity of the curvature measurement method in the previous section was used. Figure 14 shows the shape of the curvature sensor installed on the test vehicle. The test track is the same as the test track section used as the track model for simulation in the previous section. The running speed of the test vehicle was performed three times at the commercial operating speed, as in Case-1 (Test-1, Test-2, Test-3), and once at a speed that decreased by 50%, as in Case-2 (Test-4).



Figure 15 is the curvature measurement result (Test-1–Test-3) measured three times under the Case-1 speed condition and compared with the track inspection data. Figure 16 is a graph comparing track inspection data as a result of curvature measurement (Test-4) tested under a speed condition (Case-2) that was reduced by 50% of the operating speed to analyze the performance of the curvature sensor according to running speed variation. Throughout the entire test section, all curvature measurement test results are shown to be consistent with track inspection data. The detailed analysis results of the six curves with a curve radius of 1000 m or less, i.e., a curvature of 1 or more, for the Case-1 running speed conditions are shown in Figure 17 and Table 4. The curvature measurement results in Table 4 are the average values for the circular curve section, and the deviation represents the absolute value of the difference between the track inspection data and the measured curvature results.



Among the curvature measurement results (Test-1–Test-3) and the trajectory measurement data under Case-1 speed conditions, the minimum was 0.8%, the maximum was 4.0% and the average was 2.8%. The deviation of the curvature measurement result (Test-4) measured under the Case-2 speed condition was 0.9 to 4.1%. This can be seen as a level almost similar to the deviation of the curvature measurement result under the Case-1 speed condition. This can be seen as a result consistent with the trend of the Case-2 analysis result of the curvature measurement simulation in the previous section. From this, it can be confirmed that the curvature measurement method has little effect on the running speed.



Therefore, the track inspection data also include a measurement error of the track measurement system, so it is not an accurate curvature for the test section curve, but even considering this, the curvature measurement result of Table 4 is considered to be a relatively good result. In addition, examining the deviation according to the measurement curvature, as shown in Figure 18, the larger the curvature, the smaller the deviation tends to be. If a certain measurement error exists, it has a relatively large effect on a large radius curve with a small curvature compared to a small radius curve with a large curvature. This means that in the case of a curve with a large curvature, the larger the curvature, the larger the displacement of the curvature sensor, and the larger the ratio of the measured values to the measurement system error, so the effect of the error becomes relatively small.



As described above, the curvatures of the test track were measured by installing the curvature sensor prototype on the test vehicle, and it was confirmed that the curvature measurement performance of the curvature sensor was evaluated at maximum 4.0% and on average 2.8%, and the speed had little effect on the curvature measurement. Therefore, the curvature measurement method derived from the proposed kinematic motion relationship is considered to exhibit very good curvature measurement performance.




4. Discussions and Conclusions


In this paper, a curvature sensor was designed and a prototype was manufactured to analyze the performance of a method of estimating curvature based on the kinematic motion of the car body and bogie of a railway vehicle when running in the curved section of a railway track. In order to confirm the curvature measurement performance of the prototype of the curvature sensor when running on the real track, a curvature sensor prototype was installed on a test vehicle and a test run was performed on a test track. To analyze the validity of the test results, test results were compared with the track inspection data and the test results were compared. The results are as follows.



The curvature measurement results (Test-1–Test-3) tested under the commercial operating speed condition (Case-1) on the test track show good curvature measurement performance, with a minimum deviation of 0.8%, a maximum deviation of 4.0% and an average deviation of 2.8%, compared with the track inspection data.



The deviation of the curvature measurement results (Test-4) measured under the speed condition (Case-2) in which the running speed of the test vehicle was reduced to 50% of the commercial operating speed was 0.9 to 4.1%. This can be seen as a level almost similar to the deviation of the curvature measurement results under commercial operating speed conditions. This is consistent with the trend and the Case-2 analysis results of the dynamic simulation, which means that the effect of the running speed is very insignificant in the case of the proposed curvature measurement method.



When examining the deviation of the curvature measurement result according to the curvature of the curve section, if the curvature is small, the deviation increases, and if the curvature increases, the deviation tends to decrease. This is consistent with the results of the functional test of the curvature sensor test and this method shows that the curvature measurement method has higher accuracy for a small radius curve with large curvature.



As described above, the curvature measurement performance test was conducted on the test track with a curvature sensor prototype installed in a test vehicle, and it is determined that the curvature measurement method derived from the proposed kinematic motion relationship shows excellent performance. In addition, the proposed method to implement a curvature measurement system is simple and inexpensive compared to any existing method, so it can be applied very practically to railway vehicle control.



In addition, another great advantage is that even if the operation line is changed, the curve can be efficiently detected without prior test runs. Therefore, the curvature measurement sensor is expected to be used practically in the field of curve detection and curvature extraction for controlling vehicles in the curve section. In the future, the developed curvature sensor will be used as a curvature sensor for curve detection when evaluating the performance of the commercial model of active steering bogies being developed.
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Figure 1. Position of car body and bogies in a straight line. 






Figure 1. Position of car body and bogies in a straight line.
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Figure 2. Position of car body and bogies in a curved section. 






Figure 2. Position of car body and bogies in a curved section.
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Figure 3. Relative displacement between car body and bogie. 






Figure 3. Relative displacement between car body and bogie.
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Figure 4. Railway vehicle model. 






Figure 4. Railway vehicle model.



[image: Applsci 12 05398 g004]







[image: Applsci 12 05398 g005 550] 





Figure 5. Track model for multibody dynamic simulation. 






Figure 5. Track model for multibody dynamic simulation.
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Figure 6. Displacement of front curvature sensor from simulation. 
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Figure 7. Displacement of rear curvature sensor from simulation. 






Figure 7. Displacement of rear curvature sensor from simulation.
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Figure 8. Curvature simulation result. 
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Figure 9. Curvature simulation result for each curve. 
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Figure 10. Structure of the curvature sensor. 
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Figure 11. Installation position of the curvature sensor. 
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Figure 12. Curvature sensor prototype. 
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Figure 13. Functional test for curvature sensor. 
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Figure 14. Curvature sensor installed in the test vehicle. 






Figure 14. Curvature sensor installed in the test vehicle.
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Figure 15. Curvature test result. 
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Figure 16. Curvature test results based on running speed. 
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Figure 17. Curvature test result for each curve. 






Figure 17. Curvature test result for each curve.
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Figure 18. Deviation based on the measured curvature. 
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Table 1. Curvature analysis results.






Table 1. Curvature analysis results.





	
Curve

	
Curvature (1/km)

	
Deviation (%)




	
Track

Data

	
Case-1

	
Case-2

	
Case-3

	
Case-1

	
Case-2

	
Case-3






	
C1

	
1.33

	
1.36

	
1.36

	
1.34

	
2.1

	
2.3

	
0.3




	
C2

	
1.11

	
1.14

	
1.14

	
1.13

	
1.9

	
2.0

	
1.6




	
C3

	
−3.08

	
−3.01

	
−2.98

	
−3.11

	
2.4

	
3.5

	
0.9




	
C4

	
−1.14

	
−1.12

	
−1.11

	
−1.12

	
2.2

	
2.3

	
1.4




	
C5

	
3.71

	
3.69

	
3.70

	
3.59

	
0.5

	
0.3

	
3.1




	
C6

	
1.52

	
1.51

	
1.52

	
1.46

	
0.8

	
0.1

	
3.8




	
min.

	
0.5

	
0.1

	
0.3




	
max.

	
2.4

	
3.5

	
3.8




	
average

	
1.7

	
1.8

	
1.9
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Table 2. Specifications of the curvature sensor.






Table 2. Specifications of the curvature sensor.





	Item
	Specifications





	curve-sensing range
	R75 to R1000



	stroke
	500 ± 120 mm



	laser sensor resolution
	0.1 mm



	sensor supply power
	+18 to +30 V



	sensor output
	0 to +10 V



	ball joint rotation angle
	±10°



	temperature environment
	−25 °C to +40 °C
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Table 3. Functional test result for the curvature sensor.






Table 3. Functional test result for the curvature sensor.





	Radius (m)
	Curvature (1/km)
	Stroke (mm)
	Test Result (m)
	Error (%)





	75
	13.33
	96.6
	74.92
	0.10



	100
	10.00
	72.5
	99.86
	0.14



	200
	5.00
	36.2
	200.55
	−0.28



	300
	3.33
	24.2
	298.76
	0.41



	400
	2.50
	18.1
	402.22
	−0.56



	500
	2.00
	14.5
	503.47
	−0.69



	600
	1.67
	12.1
	595.07
	0.82



	700
	1.43
	10.4
	693.30
	0.96



	800
	1.25
	9.1
	808.93
	−1.12



	900
	1.11
	8.1
	911.32
	−1.26



	1000
	1.00
	7.2
	986.39
	1.36
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Table 4. Curvature measurement results.






Table 4. Curvature measurement results.





	
Curve

	
Curvature (1/km)

	
Deviation (%)




	
Track

Data

	
Test-1

	
Test-2

	
Test-3

	
Test-4

	
Test-1

	
Test-2

	
Test-3

	
Test-4






	
C1

	
1.33

	
1.29

	
1.37

	
1.39

	
1.39

	
3.2

	
3.0

	
4.0

	
4.1




	
C2

	
1.11

	
1.15

	
1.16

	
1.15

	
1.14

	
3.2

	
3.9

	
3.4

	
2.7




	
C3

	
−3.08

	
−3.15

	
−3.15

	
−3.15

	
−3.06

	
2.1

	
2.1

	
2.0

	
0.9




	
C4

	
−1.14

	
−1.18

	
−1.18

	
−1.18

	
−1.17

	
3.2

	
3.4

	
3.5

	
2.2




	
C5

	
3.71

	
3.65

	
3.67

	
3.65

	
3.75

	
1.5

	
1.2

	
1.7

	
1.0




	
C6

	
1.52

	
1.53

	
1.58

	
1.55

	
1.55

	
2.8

	
3.8

	
2.0

	
1.9




	
min.

	
0.8

	
0.9




	
max.

	
4.0

	
4.1




	
average

	
2.8

	
2.1

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
T 8 § ¢ = = § § §

(Ww)iosuss a1mennd Jea) Jo uswaoe|dsiq

2000 3000 4000 5000 6000 7000 8000 9000 10,000
Distance(m)

1,000





media/file4.png
car-body

front
bogie

02

/"I'

rear
bogie






media/file30.png
Curvature(1/km)

5 ] | |
Track inspection data
4 H C5
Test-1
Test-2
SH cennnns Test-3
o] S B
C1 a2 C6
1 n M
1 VS|
"‘
! ca
-2 .
C3
-4
-5
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000

Distance(m)

10,000





media/file18.png
Curvature(1/km)

Curvature(1/km)

Curvature(1/km)

Track inspection data

Case-1
ar Case-2

¢ Case-3

3
2
1 7 \
0 _ .-f v—:—

_1 1 1 ' 1 1 ' 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 ' 1 1 1 ' 1 1 'l 1
1,000 1,060 1,100 1,150 1,200 1,250 1,300 1,350 1,400

Distance(m)

(a) C1
1
0 ety ot
-1
2
-3
Track inspection data
4} Case-1
= Case-2
¢ Case-3
) S W T T S T S S S ST U ST S S R ST SN SN KO R
3,600 3,700 3,800 3,900 4,000 4,100 4,200
Distance(m)
(c) C3
5 1T L AL L B
Track inspection data
Case-1
4| = Case-2
* (Case-3 F::w-:\
3
| / \
| /
0 """" “L"‘v 'WL" —

_1 L1 1 1 -] L1 | -] | -] Ll 1 1 Ll 1 1 L2 1 1 Ll 1 1 | -]
6,800 6,900 7,000 7,100 7,200 7,300 7,400 7,500 7,600 7,700

Distance(m)

(e) C5

Curvature(1/km)

Curvature(1/km)

Curvature(1/km)

5 W W .
Track inspection data
Case-1
4[| = Case-2
* Case-3
3
2
1 frowl %\
2,700 2,800 2,900 3,000 3,100 3,200 3,300
Distance(m)
1
0 proesete Aw—‘_'_‘ [ Chn e
-1 \‘ v o - v
2
-3
Track inspection data
4F Case-1
Case-2
* Case-3
_5|||I||||I||||I||||||||||||||||
5,900 6,000 6,100 6,200 6,300 6,400 6,500 6,600
Distance(m)
5 W I | | A
Track inspection data
Case-1
4[| == Case-2
* (Case-3
3
2
/-u T ""-"""\
| /
e, ot

8,000 8,100 8200 8300 8,400 8500 8600 8700 8800

Distance(m)

(f) C6





media/file35.jpg
2 25

Curvature(1/km)

15

05

(%)uoneineq





media/file21.jpg
curvature sensor






media/file26.png





media/file27.jpg





media/file3.jpg
car-body

front
bogie

rear
bogie






media/file22.png
curvature sensor

car-body






media/file19.jpg





media/file7.jpg





media/file28.png





media/file10.png
()]
3/‘\
T E | N 11 D S \ -
> < j I ' L 4
oD ~—
@)
-5
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
200 - - - -
2T 1 1) S O S i
oE& \J w \/
200 -— - - ' ' ' ' ' ' '
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
g 10 1 ]
5
52
EE 0] » +
> 5
(] : : : : !
_E _10 1 1 1 1 i 1 i 1 i 1 i 1 i 1 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000
’é\ 10 !
S
=
2%
- 5
o
= 10—

1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000 10,000

Distance(m)





media/file33.jpg
Curvesama(ifen)

|
I
i)

Curvenro1m)

Cuvatura(tum)

Gsarcam
(©C5 "ce





media/file32.png
Curvature(1/km)

5 | 7 | © | !
T : :
rack inspection data C5
4H Test-1 :
Test-4
3 E
2 ~G6-
1 ¢2 o
1 f _ M
0 WJ--u \;, [‘ .y ":L] ----- __'L
-1
-2 -C4..
-3
C3
-4
-5 1 1 ! ! ! ! 1 1
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8000 9000

Distance(m)

10,000





media/file14.png
Displacement of rear curvature sensor(mm)

40

30

20

10

o

-10

40

Case-1
i Case-2
Case-3
ponfieias].....- o e reeoyripas s
0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 9,000

Distance(m)

10,000





media/file11.jpg
1000 2000 3000 4000 5000 6000 7000 8000 9,000 10000

(ww)iosuss aimenno Juoy Jo Juswsoe|dsia

Distance(m)





media/file6.png
42






media/file36.png
Deviation(%)

4.5

1N

w

w

()]
‘Qo
@ ®

N
o

N

N
(6

0.5

1.5

2 2.5 3
Curvature(1/km)

3.5

4.5






media/file15.jpg
Curvature(1/km)

—— Track inspection data
—— Case-t
—— Case2
—==-Case3

400 5000 6000 7000 8000 9000 10000
Distance(m)





nav.xhtml


  applsci-12-05398


  
    		
      applsci-12-05398
    


  




  





media/file16.png
Curvature(1/km)

5 | | I
Track inspection data
4 Case-1

— Case-2

== =-Case-3

rmmmepm———

1 CZ Co

B | NI || b RIAPY
! c4

=0

5
0 1,000 2,000 3,000 4,000 5000 6000 7,000 8000 9,000 10,000
Distance(m)





media/file2.png
car-body

front
bogie

I--q

p——

rear
bogie






media/file20.png
Laser sensor

Cover

Ball joint

Sensor connector

Wrinkle cover





media/file23.jpg





media/file5.jpg





media/file24.png





media/file29.jpg
“Track inspection data
A —— Test1

—Test2
3| - Test3

Curvature(1/km)

0 100 2000 3000 4000 5000 6000 7000 8000 5000 10,000
Distance(m)





media/file1.jpg
front rear
bogie






media/file31.jpg
Curvature(1/km)

Track inspection data
—— Test1
—— Test4.

4000 5000 6000 7000 8000 8000 10,000
Distance(m)





media/file25.jpg





media/file12.png
Displacement of front curvature sensor(mm)

40 ; |

Case-1
30H Case-2

Case-3

20

i
e
-20
-30
_400 | 1,000 | 2,000 | 3,000 | 4,000 | 5,000 | 6,000 | 7,000 | 8,000 | 9,000

Distance(m)

10,000





media/file9.jpg
1,000 2000 3000 4000 5000 6,000 7,000 8000 9,000 10,000

1,000 2000 3000 4000 5000 6,000 7,000 8000 9,000 10,000

Vertical
iregularity(mm)

1,000 2000 3000 4000 5000 6,000 7,000 8000 9,000 10,000

Lateral
irregularity(mm)

i i i i i i i
1000 2000 3000 4000 5000 6000 7,000 8,000 9,000 10,000

Distance(m)






media/file0.png





media/file8.png





media/file34.png
Curvature(1/km)

Curvature(1/km)

Curvature(1/km)

Track inspection data

Test-1
m— Test-2
® Test-3

_1 L Il L 'l 'l L L Il 'l L 'l L Il L 'l L L L Il L L 'l L L L 'l L 'l L Il L 'l
1,000 1,050 1,100 1,150 1,200 1,250 1,300 1,350 1,400
Distance(m)

(a) C1

1
(] Je'sesTees /
-1 {
_2 //
3 : eodeeeeeencensaessaceancbueannes 4

Track inspection data
-4t Test-1

Test-2

®* Test3
I ) ST T N S Y Y N S ST P T S W T S T T P W B
3,600 3,700 3,800 3,900 4,000 4,100 4,200
Distance(m)
(c) C3

5r W A L L L

Track inspection data

Test-1
4 Test-2

* Test-3 '\

| /’ \
| /
| /
0 - __J kw.

_1 1 11 1 'l - 'l 'l Ll 'l Il 11 Il L 11 L L i1 L L 11 L 'l 11 L 'l Ll 'l
6,800 6,900 7,000 7,100 7,200 7,300 7,400 7,500 7,600 7,700
Distance(m)

(e) C5

Curvature(1/km)

Curvature(1/km)

Curvature(1/km)

3,300

5""|""|""
Track inspection dat
Test-1
41| == Test-2
* Test-3
3
2
1
0 proves
2,700 2,800 2,900 3,000 3,100 3,200
Distance(m)
(b) C2
1
0 [ovoens
-1
2
3
Track inspection data
4t Test-1
= Test-2
®* Test-3
_5||||I||||I||||I||||||||||||||||
5,900 6,000 6,100 6,200 6,300 6,400 6,500 6,600
Distance(m)
(d) C4
5""I""I | I
Track inspection data
Test-1
41| == Test-2
® Test-3
3
2
ﬁvﬂE\
0 - i S ey

_1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 'l 1 'l 1 1 1 1 1 1 1 1 1 1 1 ' 1 1
8,000 8,100 8,200 8,300 8400 8500 8600 8,700 8,800

Distance(m)

(f) C6





media/file17.jpg
e

| commemn
|
|
|

N e 5‘_“"

{ERTEEE i

1LY } 1 r—"—‘?"‘\

e e iy
e e






