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Abstract: Once a train breaks down on a busy railway line, it will affect the whole traffic network.
However, when a rescue locomotive is hooked up to the broken train for towing it to the next station,
it is common that coupling dislocation occurs, which results in damages to couplers and the driver’s
cab. To ensure the safety of the trains during the coupling, it becomes crucial to determine whether
they can be linked safely and automatically under different line conditions. In this paper, position
and pose of the rescue locomotive and the broken train on the line are calculated by geometric
analytical calculation method, which determines the position relation of their couplers. Then a
so-called “coupling characteristic triangle” was proposed to determine whether trains can be safely
and automatically linked on the railway line. The triangles are constructed by the peak points of
the couplers head of the front vehicle and the rear one and border lines of secure coupling area on
the couplers. By judging the shape of the triangle, it can directly judge whether their couplers can
be connected successfully. The method has been applied to check the safety of the trains during
coupling on the Nanchang urban railway Line 4. The results show that the maximum swing angle
of the coupler reaches 17.3957° in the straight-curve section with a radius of 325 m. At this time,
coupling is most difficult, and trains need to be connected manually through the tractor; all the
calculation results are verified in the actual line. By comparing different calculation methods for
judging coupling safety, it is shown that the method proposed in this paper is accurate, efficient, and
users can judge coupling safety more intuitively.

Keywords: curve link; tight-lock coupler; geometric analytic method; dynamic calculation; working
conditions

1. Introduction

Currently, China is investing heavily in metro construction. In addition to Beijing,
Shanghai, Guangzhou and Shenzhen, second-tier and third-tier cities have also started
metro construction. Compared with the traditional railroad operation, the short interval
and high density of the officially operated subway cars require high reliability, so the
requirements for accident rescue are high and effective emergency countermeasures and
plans need to be developed. When a train breaks down, trains on the same line will
carry out rescue, towing the faulty train to the next station or towing it back to the yard;
sometimes train transfer within the yard line also requires a train to be linked. When the
subway trains are linked, there have been many safety accidents caused by not using the
correct connection method, resulting in misalignment and damage of the coupler, and even
damage to the driver’s cab. Therefore, the study of the relative positions of the train ends
and the motion of the end connection components during line operation can provide a test
basis for the design of the end structure in the development of new models to prevent the
interference of adjacent ends and their connection devices during train operation.

Symmetry 2021, 13, 1997. https:/ /doi.org/10.3390/sym13111997

https:/ /www.mdpi.com/journal /symmetry


https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-4951-3574
https://doi.org/10.3390/sym13111997
https://doi.org/10.3390/sym13111997
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13111997
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13111997?type=check_update&version=1

Symmetry 2021, 13, 1997

2 of 25

Generally, the curve passing capacity is determined after the vehicle design and
the selection of the vehicle end unit have been completed. To ensure that the curve
passing capacity of the train can meet the actual operating line requirements [1], relevant
calculations need to be performed during the vehicle design process [2-7]. After the vehicle
has been designed and produced and delivered to the customer, to ensure the safe operation
of the train, the impact of unexpected accidents on the operational efficiency of the rail
transit system should be considered, and then the rescue plan should be demonstrated in
accordance with the basic principles and organizational methods of fault rescue. When a
vehicle breaks down, adjacent vehicles on the same route or proprietary rescue vehicles
must be called in for continuous rescue for vehicles that cannot operate. The linkage
between the faulty vehicle and the rescue vehicle is the key link in the whole train rescue
process, in which whether the coupler connection action can be completed smoothly is
very important. In straight line conditions, the connection of the couplers is accomplished
by automatic collision of the two vehicles at low speeds, without manual intervention;
However, if the failure occurs under curved line conditions, there is no way to ensure that
the automatic hook-up range can cover the actual deflection limit of the hook, and if the
personnel concerned do not find out in time that the hook cannot be automatically hooked
up, there is a high probability that the hook and the end of the car will be damaged due
to hook-up failure. In addition, the different selection of rescue vehicles will inevitably
increase the diversity of the results of the linkage, thus creating a certain obstacle to the
development of rescue programs. Therefore, it is particularly important to obtain the
relative position of each part of the vehicle end during the curve rescue linkage.

Most of the existing analytical methods use Management Software Computer Aided
Design to draw the relative position map of the coupler and then perform two-dimensional
simulation analysis. Huang Wanchu, under the basic assumption that the center of the
bogie is still in the center of the curve, made a theoretical analysis of the calculation method
of the maximum hook angle when the continuous vehicle passes the geometric curve [8].
Shan Wei and Li Rui Chun derived the calculation methods for the hook angle, windshield
compression and relative misalignment and end protrusions of the continuous vehicle,
and prepared a programmed process for the verification of the end device [9]. Angela
O. Shvets devoted to the study of the influence of the crane bogie lateral displacement
on its main dynamics and indicators of interaction between the rolling stock and the
track, obtained the dependence of the wagon dynamic indicators on the value of the
body rotation angle and the speed of movement [10]. Zhang Guangshi et al. developed
a general calculation procedure on solving the interference problem between bogies of
compound-hinged trains, which can avoid tedious manual calculations and thus improve
the calculation efficiency [11]. Wang Wentao et al. used the geometric parsimony method
to design the position solving procedure for locomotives passing through curves, which
can parametrically plot the geometric position of locomotives on the curve [12]. Wang
Luke introduced the concept of “equal small radius”, proposed to consider the impact of
additional deflection caused by the vehicle bogie on the locomotive through the curve,
and checked the hook angle and the angle of the car end wall and the limit shop distance,
etc. [13]. Zhang Kun et al. explored the calibration process of the content related to the
passing capacity of the vehicle end connection device of the rolling stock under horizontal
and vertical curve conditions, taking the Malaysian rolling stock as an example [14].
According to the existing standards, Luo Ren et al. took the method of dynamic envelope
to determine the lateral offset of the car body bogie relative to the centerline of the line, and
then completed the calculation and analysis of the hook angle and windshield bending
angle through the geometric curve of the attached vehicle [15].

However, most of the analysis methods are complicated, which leads to incomplete
analysis of the hook attachment at different positions in different curves, and it is not easy
to find the most difficult rescue attachment conditions, and it is easy to carry out the curve
rescue attachment work without finding the worst conditions, which leads to the damage
of the hook and the car end [16-19]. Therefore, we further consider the hook position state



Symmetry 2021, 13, 1997

30f25

based on the vehicle position determination scheme during curve passage, and propose an
algorithm scheme to determine whether the mechanical part of the hook can complete the
automatic linkage during curve passage based on the whole vehicle linkage experiments
conducted on the Line 4 of Nanchang Railway, and realize the development of related
applications. The contributions of the paper are as follows:

1.  We combined with the actual situation on the line of Nanchang Rail Transit Line
4, comprehensive consideration of the geometric offset of the vehicle, wheel-rail
clearance, transverse offset of the axle and bogie, transverse offset between bogie and
car body, quasi-static offset and other factors on the impact of the continuous vehicle
in the operation process, to obtain the maximum transverse offset of the train in the
curve rescue continuous process.

2. We propose a new method to determine the coupler position, by calculating and
analyzing the trajectory characteristics of the train under different line conditions, to
verify whether the front-end couplers can be connected automatically and whether
the coupler swing angle meets the connection requirements, to obtain the actual
connection of the couplers on the horizontal curve.

3. Our calculation method fully takes into account the effect of the lateral offset of the
vehicle on the vehicle during the curve rescue linkage. Therefore, our algorithm is
applicable to various line conditions, and it can accurately determine whether the
hook swing angle meets the curve rescue linkage requirements when the train is
under curve working conditions. Line calibration of Nanchang Rail Transit Line 3
through our calibration method, from the start of the line to date, there have been
no accidents related to the rescue streak. In addition, after analyzing and judging
by our calibration method under the actual line operation conditions of Nanchang
Rail Transit Line 4, the parameters of some sections of the line were optimized and
improved to ensure the safety of the trains in the curve rescue linkage.

4. Our calculation method fully takes into account the influence of the lateral deflection
of the vehicle on the coupling of the vehicle in curve rescue. Therefore, our algorithm
is applicable to various line conditions and can accurately determine whether the
coupler swing angle meets the requirements for rescue coupling when the train is in
curve conditions.

The rest of this paper is organized as follows. In Section 2, two popular methods
of determining the hook position are described. In Section 3, the principle of Type 330
hook linkage and the main parameter setting of the analysis object is presented and the
process of calculating the lateral offset of the vehicle is described. The basic principles of
the calculation method are described in detail in Section 4 . The calculation results and the
corresponding safety solutions are given in Section Section 5. The conclusions are given in
Section 6 .

2. Related Works

Research has been conducted on the longitudinal impulse of trains as part of current
railway operations. However, few studies have been conducted on the calculation of train
coupling, and the existing literature greatly simplifies the process of train coupling calcula-
tion without in-depth algorithm analysis, influencing factor analysis, and comparison with
impact test results. The simulation calculation reports issued by Siemens, Voith, and other
companies are internal reports, and there are no related algorithms or analyses available.
After comprehensively considering this situation, we conducted research and an in-depth
analysis of the automatic coupling of the tight-lock coupler.

In the following, we provide an overview of the two mainstream algorithms that exist
today and elaborate on the shortcomings of each of them.

2.1. CAD 2D Geometric Drawing Simulation Analysis Method

As shown in Figure 1, the method takes the dimensions of the vehicle and the line as
the basic dimensions, reproduces the vehicle end connection device in equal scale by CAD
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manual geometric drawing, and combines the actual measured offset of each wheel pair
of the vehicle, treats the attached vehicle as a static mechanism to determine the center of
rotation of the vehicle on the curve, and then obtains the relative positions of the vehicle

and the vehicle end connection device.

RI50m

RI150m

Figure 1. CAD 2D geometric drawing method.

2.2. Analytical Method

This method is the calculation method used by Voytek. According to the existing
standards, Voytek completed the calculation and analysis of the coupling turning angle of
the linked vehicle during the curve rescue linkage under the basic assumptions such as the
bogie center is still in the curve center. The program is written to directly output the hook
position and vehicle position as shown in Figure 2 . The image is of low definition as it is

an internal material of Voytek.

Coupler Type: Typ 320 Coupler Type: Typ 220

—

0 mm 1,000 mm

Coupler position

Radius Curva 1: 150,000

0 mm 40,000 mim

“ehicle position

Figure 2. Schematic diagram of hook position and vehicle position.
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Although the method avoids tedious manual calculations compared with the CAD 2D
geometric drawing simulation analysis method, it can greatly improve the work efficiency.
However, since the lateral offset of the vehicle bogie relative to the line centerline is not
taken into account in this method, the calculation results obtained by this method are not
particularly accurate. In addition, this calculation method can only yield the maximum
swing angle of the coupler, and does not provide a quantitative analysis of whether the
coupler can be automatically linked in curves.

3. Preliminaries
3.1. Structure and Principle

Type 330 hook is a European type of hook, this hook is flexible and convenient to
hang and unhook, it is a mechanical hook widely used in Chinese urban rail vehicles at
present [20,21]. As shown in Figure 3, the 330-type hook is mainly composed of coupler
body, spindle, knuckle, coupling link, tension spring, etc. The front half of the coupler
body is a convex cone, the other half is a concave cone, the connection of the two sides of
the coupler convex cone and concave cone inserted into each other to play a role in the
connection guide. coupler body, knuckle, coupling link, spindle, etc. are the key parts of
the hook to achieve action, knuckle rotating around the spindle can drive the coupling link
action, the coupling link under the action of tension spring to make a reliable connection of
the coupler.

Reservation installation position Spindle  Air pipe
of uncoupling cylinder
==

Figure 3. Basic structure of 330 type hook.

When one group of trains moves hooks to another group of trains at low speed, Type
330 hooks can realize the automatic connection of mechanical, air and electric circuits of two
groups of vehicles, and the hooks can ensure a tight connection and have good adaptability;
good connection between two vehicles with vertical deviation and on horizontal and
vertical curves; automatic unhooking or manual unhooking can be carried out, and the
hook is in the state to be connected after the unhooking of the vehicle group. Type 330
hook can be assembled with buffer system and mounting suspension system to form a
hook buffer device, which is used on all kinds of newly built urban rail vehicles. The 330-
type hook principle of action is shown in Figure 4, with three states of pending hooking,
continuous hooking and unhooking.
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(d) Continuous hooking (e) Unhooking

Figure 4. The principle of 330 hook function. (a) The state of two hooks pending hooking; (b) The state of the convex cone

of the connecting hook extending into the concave cone of the opposing hook; (c) Increased hook rotation angle; (d) Two

hooks fully connected state; (e) The unhooked state of two car hooks.

e Pending hooking. As shown in Figure 4a, at this time, the tension spring is in the
maximum tension state, the coupling link is placed in the convex cone, and the
connected composition is in the pending state.

e  Continuous hooking. As shown in Figure 4b—d, the convex cone of the connecting
hook extends into the concave cone of the opposing hook, and the knuckle on both
sides pushes the opposing coupling link back to cause the knuckle to rotate, and as
the hooks approach each other, the angle of the knuckle rotation increases, and under
the action of the tension spring, the coupling link can enter the opposing knuckle to
complete the connecting of the two couplers.

¢ Unhooking. Manually pull one side of the hook unhooking handle, drive the knuckle
clockwise rotation, when the knuckle turned to a certain angle, the knuckle of this side
of the hook, when the coupling link is in the unhooked state as shown in Figure 4e,
then move one side of the hook body, you can complete the decomposition of the
hook. When the two hooks are separated, the coupling link is reset due to the action
of the tension spring, and the hook returns to the pending state.

3.2. Parameters

There are three types of railway curves: plane horizontal curves, vertical curves and
spiral curves [22]. In the horizontal plane, two straight lines are connected by a small arc
to form a curve, referred to as a plane curve. In the vertical surface, each slope section is
connected by a curve to form a vertical arch, which is called a vertical curve [23,24]. Spiral
curves connect to track sections of uniform cross level (or cant). The track twist to change
from level track to canted track typically for horizontal curves. Thus, most track spirals not
only include changing cross level but a changing horizontal curvature and may include
changing slope as well. This paper only analyzes the working conditions of the vehicles on
the horizontal curve.

Take the Metro Type A car as an example, Figure 5 shows the geometric parameters of
the vehicle position. Figure 6 shows the geometric characteristics of the tight-lock coupler.
Table 1 shows its geometric parameters.
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Figure 5. Schematic diagram of vehicle posture geometry parameters.

/ |

C7

C6

SO

Figure 6. Schematic diagram of geometric parameters of 330 type hook. (a) Top view. (b) Main view.

Table 1. Geometric parameters table of Metro A and 330 model coupler.

Nie;:liler Parameter  Initial Value (mm) Remarks
1 L 2100 Distance from the center of the 2-position bogie to the vehicle end
2 L2 2339 The distance from the center of a bogie to the center of rotation of the coupler
3 L3 12,600 Distance from 1 bogie center to 2 bogie center
4 L4 1225 Distance from coupler rotation center to even noodle
5 TL 19,000 Vehicle length
6 T™W 2800 Vehicle width
7 C1 140 Width of hook head and tail
8 C2 480 Hook head width
9 C3 280 Hook length
10 C4 115 Length of hook head convex cone
11 C5 297 Height of hook head convex cone (top view)
12 Coé 150 Hook length
13 Cc7 100 Width of hook head and tail
14 W1 170 Horizontal left distance of hook head connecting position
15 W2 170 The horizontal right distance of the hook head connecting position
16 W3 90 The distance from the upper side of the hook head connecting position
17 W4 90 The distance from the lower side of the hook position
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3.3. Vehicle Curve through Offset Calculation

When the vehicle passes through the curve-line, the bogie center and the center line
of the line will exist a certain angle, the vehicle body due to its own transverse inertia
force and produce a certain amount of transverse offset, so that the relative misalignment
between the car end to reach the maximum, the risk of damage to the car end connection
device. The vehicle offsets can be considered to be two components, namely the static
part and the dynamic part. The static part is the offset due to gauge error and wheel-rail
wear as well as vehicle manufacturing tolerances. The dynamic part is the response of
the vehicle in motion to external excitation. The external excitation includes the excitation
of the track unevenness, and the unbalanced centrifugal force when passing through the
curve. Among them, the unbalanced centrifugal force when passing through the curve
makes the car body deflected, which is a steady state quantity. The vibration displacement
of the car body caused by the track upset is random and is a random quantity.

3.3.1. Algorithm

The UIC boundary standard mainly involves two regulations, UIC505-1 [25] and
UIC505-4 [26], which are quite complicated and cumbersome to calculate, and their theo-
retical principles can be applied to all kinds of rail vehicles. This section will analyze the
calculation method of vehicle lateral offset in UIC505 standard limits in detail.

According to the two regulations UIC505-1 and UIC505-4, the basic principle is to
calculate the relevant offset in the calculation of vehicle limits and equipment limits of metro
trains. We use D to represent the lateral offset of the vehicle, and we can obtain: Transverse
drift (D) is composed of the Geometric Offset at Curve (d¢), Wheel-rail clearance, Lateral
offset between axle and bogie (q), Offset between bogie and car body (w), Quasi-static offset
(z), Special items (X).

3.3.2. Geometric Offset Calculation

The vehicle will have a geometric offset when crossing a curve, where d,; represents
the lateral offset of the vehicle body within the bogie center pin; dg, represents the lateral
offset of the vehicle body beyond the bogie center pin; R stands for line curve radius; a is
the vehicle fixed distance; n; indicates the distance from the selected section to the center
pin of the power bogie (the selected section is between the two axles or the center pin of
the bogie); n; indicates the distance from the selected section to the center pin of the power
bogie (the selected section is outside the center pin of both axes or bogies); p stands for
wheelbase. The geometric offset is calculated as follows [25,26] .

1 2, P

o= 3 (o= + ) W
1 2

dgl,‘l - ﬁ <ana + I’l% - ;?4) (2)

3.3.3. Calculation of the Quasi-Static Offset ‘z’

For a suspended body located at a height h, we denote the vehicle elasticity coefficient
by s; 179 denotes the maximum angle of tilting the car body on flat ground; & denotes the
height above the running surface; i denotes the height of the lateral swing center of the
car body from the running surface. The quasi-static offset is calculated by the following
formula [25,26] :

s R s
2= [ tanlgo = 1] Ih = el + [ 551 = he| — 0.04[ — 05| y 3)

Special cases:
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Under the conditions of i > h. > 0.5m,s < 04,7y < 1°,

S

ST,

(h—he) (4)

Under the conditions of & < 0.5 m, 179 < 1°, h, and s of whatever value,

4s
z= %mc — h| 5)
Under the condition of i = h,:
z=10 (6)

3.3.4. Calculation of Special Terms X;, X,

For vehicles with a large wheelbase or a large overhang, some of the formulas for
calculating the lateral offset are modified to determine whether the outer dimensions of
the limits are met when passing curves with radii between 150 m and 250 m [25,26] .

X; (additional reduction outside the center pin of the extension vehicle) is calculated
into the formula only if # > 100;

Xp (additional reduction outside the center pin of the extension vehicle) is only

2
calculated into the formula when a - n, + a2 — % > 120.

3.3.5. Lateral Offset of Vehicle through Curved Section

In this paper, based on the UIC505 limit standard, according to the calculation method
in Sections 3.3.1-3.3.4, the effects of Geometric Offset at Curve (d g), Wheel-rail clearance,
Lateral offset between axle and bogie (g), Offset between bogie and car body (w), Quasi-
static offset (z), and Special term (X) factors under different curve radii are considered. The
lateral offset (D) of a train (B-type car) passing through a horizontal curve section with
different radii on the actual operating line (Continuous Welded Rail) of Nanchang Metro
Line 4 is calculated, and the results are shown in Figure 7.

250

200

[N
I3
S

=
o
S

Lateral offset/mm

50 r

R100 R150 R200 R250 R300 R350 R400 R500 R600 R700 R800 R1000 R1200 R1500 R2000
Horizontal Curve radius/m

Figure 7. Nanchang Metro Line 4 Train Lateral Offset.

4. Proposed Method
4.1. Algorithm Analysis Steps
When the subway vehicle passes through the horizontal curve, a certain angle will be

generated between the front and rear vehicles, and the size of the angle is greatly related to
the safety of the vehicle through the horizontal curve [27,28] . Using geometric analysis and
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geometric graphing method, the geometric position and hook swing angle of the vehicle
when passing the curve can be calculated.

After completing the design of the line and vehicle characteristics parameters, and
selecting the appropriate hook type, the curve linkage performance of the vehicle can be
determined. It also determines the maximum number of hook swing angle that the vehicle
can achieve when passing the curve, and takes the hook state at this moment as the limit
working condition under the corresponding line conditions. At this time, the hook slowing
device will unhook, so that the two vehicles are free to approach, to simulate the working
scenario of the curve rescue linkage. By calculating and analyzing the trajectory motion
characteristics of trains on fixed circular curves, straight line into curves and S-curves to
verify whether the hooks can be automatically linked, thus obtaining the actual linkage of
hooks on horizontal curves.

The mechanical structure of the coupler head allows a certain horizontal and vertical
position difference when the vehicle is automatically connected, i.e., the two hook heads
that are being connected theoretically allow automatic connection under working condi-
tions with a relative position difference. After the on-site vehicle connection test, to ensure
that the coupler can be safely connected on the curve, it must be ensured that the projection
of the apex of the coupler convex cone on the coupler connecting surface is within the
connectable area. Figure 8 shows the hooking range of the vehicle [29] .

Wi w2

O =
o

/i
o=

\V

W3

W4
tj

Figure 8. The range of coupler.

Secondly, determine whether the hook body and the line connecting the center of
rotation of the hook can form a triangle, Figure 9 shows the schematic diagram of the
coupler successful connection, Figure 10 shows the schematic diagram of the coupler failure
connection [30].

Figure 9. Successful coupling of the coupler.
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Figure 10. Failure coupling of the coupler.

To simplify the calculation, we use Figure 11 to geometrically simplify the top view
of the two vehicle hooks during their connection. In the schematic diagram, the two
semi-elliptic curves at point O14 and point Oy5 are the simplified graphs of the hook convex
cones, and both points are located at the centers of the semi-elliptic curves, which are the
vertices of the hook convex cones. The lengths of O19 and Oq; from Og are W; and Ws,
respectively; the lengths of O1; and Oq3 from Og are W, and W, respectively. Where the
geometric meanings of W; and W, are the same as those of W; and W in Figure 8.

Figure 11. Coupler characteristics triangle.

Finally, as shown in Figure 11, it is necessary to ensure that the orthographic pro-
jections of O14 and Ojs5 can fall within line segment 019011 and line segment 015013,
respectively, if the hook can be safely attached on the curve. In other words, it should be
ensured that the six angles in the characteristic triangles AO19011014 and AO1,013045 of
the coupler in Figure 10 are all acute angles.

In summary, we propose a calculation method to determine whether the hook can
realize the curve rescue linkage, and Algorithm step flow is shown in Figure 12.

4.2. Determination Method of the Coupler Swing Angle under Horizontal Curve

Take the example of circular curve working condition, the calculation method of the
coupler’s swing angle [31,32], Figure 13 shows the calculation diagram of the coupler
swing angle calculation method .

In the schematic diagram, R; is the radius of the curved line; y is the maximum offset
of the vehicle; Oy, Oy is the rear position car bogie center pin; Os, O is the front position
car bogie center pin; Y] is the lateral offset of the center pin O;; Y; is the lateral offset of
center pin Oy; Y3 is the lateral offset of center pin Os; Yy is the lateral offset of center pin Og;
O3 is the center of rotation of the rear position vehicle; Oy is the center of rotation of the
front position vehicle; L, is the rear vehicle bogie wheelbase; L3 is the front vehicle bogie
wheelbase; L;, is the length of the attached hook between vehicles.
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Figure 12. Algorithm step flow chart.

Figure 13. Calculation chart of vehicle for circular curve working condition.

The basic procedure of the calculation is as follows:

Step 1: Establish a coordinate system OXY with the center of the curve as the origin.
The 2-position vehicle’s 1-position center pin O; is laterally offset by Y; relative to the
center line. The 2-position center pin O, is laterally offset by Y; relative to the center line.
The coordinates of O are assumed to be (x1,y1), 61 denotes the angle between the OO
line and the horizontal coordinate.

Step 2: Take O; as the center, and make a circle with the vehicle distance L3 as the
radius. Take the center O(0, 0) of the center line as the center of another circle, with radius
R + Y. Solve the equations of these two circles simultaneously, then obtain the coordinates
(x2,y2) of the intersection point O, of the two circles.

Step 3: Connect O and O, as the center line of the vehicle body. If 1-position coupler
rotation center Os is located on the extension line of straight line O10,, and the distance
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from the center pin O; is L3, then the coordinates (x3, y3) of the rotation center O3 of a
coupler are:

L
x3 = (x1 — Xz)fi +x1 7)

L
y3 = (11 —yz)fz + 11 8)
3

Step 4: The 1-position vehicle’s 2-position center pin Os is laterally offset by Y3 relative
to the center line. The 1-position center pin Og is laterally offset by Yy relative to the center
line. At this time, the coordinate position of Os needs to be estimated based on the angle «
between OOs5 and OO;; assume that the coordinates of Os are (x5, y5), 82 denotes the angle
between the OOs line and the horizontal coordinate.

Step 5: Make a circle with center Os, and the vehicle distance L3 as the radius. Take
the center O(0, 0) of the center line as the center of another circle with radius R + Yj. Solve
the equations of these two circles simultaneously. The coordinates of the intersection point
O of the two circles (xg, i4) can be obtained.

Step 6: Connect Os and Og to obtain the center line of the vehicle body. The car body
extends along this line in an axial symmetry distribution. The 2-position coupler rotation
center Oy is located on the extension of straight line O50¢, and the distance from the
center pin Os is L3. Then, the coordinates (x4, y4) of the rotation center O, of the 2-position
coupler is:

L
xy = (x5 — Xé)i + x5 )

L
ya = (y5— ydﬁ +ys (10)

Step 7: Determine the position of the 1-position vehicle by determining the length of
the coupler. First, according to the front and rear vehicle coupler rotation centers O3(x3, y3)
and Oy (x4, y4), calculate the coupler length L, Figure 14 shows the geometric schematic of
the vehicle hook length calculation.

Ly = \/(x4 —x3)%+ (ya —y3)? (11)

Step 8:As shown in Figure 14, determine the threshold as ¢, if |L, — Lo| < ¢, continue
to Step 9 to calculate the swing angle of the coupler. If |L, — Lo| > ¢, modify 6,, and repeat
Steps 4 to 7 until the requirements are met. Continue to Step 9 to calculate the coupler
swing angle.

Center pin O,

Figure 14. Vehicle coupler length calculation chart.

Step 9: Calculate the swing angle of the coupler. Calculate the angles between the
straight lines O10; and O30y, and the straight lines O504 and O304.

4.3. Determination Method of Hook Position under Horizontal Curve

Take the example of circular curve working condition, the two couplers are success-
fully connected under the guidance of the guide rod after the above conditions are met.
Figure 15 shows the geometric diagram of the calculation method for coupler connection.
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Figure 15. Geometric calculation diagram of coupler connection. (a) Geometric calculation of the
coordinates of the vertices associated with the characteristic triangle of the vehicle hook 1; (b)
Geometric calculation of the coordinates of the vertices associated with the characteristic triangle
of the vehicle hook 2; (¢) Geometric calculation of the size of the interior angles of the characteristic
triangle of the vehicle hook.

As shown in Figure 15, point Os is the center of rotation of the hook of the No.1 vehicle
and point Oy is the center of rotation of the hook of the No.2 vehicle; Og and Oy are the
center points of the ends of the hooks of the two carriage hooks; Oy is the intersection of
the centerline of the hook bodies of the two hooks; the angles « and 8 are the front and
rear hook swing angles calculated in Section 3.3.1; the points Oy . . . O;5 represent the same
geometric meaning as that represented by Oy ... O15 in Figure 11.

Step 1: As shown in Figure 15a, establish a coordinate system OXY with the center of
the curve as the origin. From the vehicle body pose calculation method, the coordinates of
O3 are (x3,y3) and the coordinates of Oy are (x4, y4), and the left and right swing angles are
« and B after the coupler is connected.

Step 2: For connection point O3 and point Oy, make an extension line along the center
line of the coupler through two points O3 and Oy. If the two straight lines intersect at a
point Oy, so that 03,04 and Oy can form a triangle, then the next step can be calculated.
Otherwise, the coupler will not be normally automatically connected and manual assistance
is required.

Step 3: Make a vertical line perpendicular to the X-axis through O3, and make a
straight line parallel to the X- axis through O4. The two lines intersect at a point C, let
Z0304C be ¢. Cross O7 to make a perpendicular line to cross O4C at point D, let ZDO70,
be . Let Z030704 be 6, then:

&=cos ! %44%3 (12)
v =90°— (6 +P) (13)
6 =180°—a—p (14)
The coordinates of Oy (x7, y7) are:
X7 = X4 — Sin:% - CoS¢€ (15)
Y7 = Ya +sina - O30, (16)

Step 4: Make a perpendicular line passing Os to intersect O7D at point F, and then
make a perpendicular line passing Og to intersect O3 F at point G, then the coordinates of
Og (xg, yg) are:

=t |y (17)
7
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O;F - Ly
Y8 =
0307
In the same way, cross Og to make a perpendicular line to intersect O4C at point H,
then the coordinates of Og (x9, y9) are:

+Ys (18)

04D -1,

0.0, (19)

X9 = X4 —
 O7F - Ly
Y= 0,0, T
Step 5: As shown in Figure 15, by determining the slope of the straight line AB and

the straight line A’B’, the coordinates (x19, y10) of point Oyg and the coordinates (x11,y11)
of O77 are obtained as:

(20)

Kap = fTR— (21)

X4 — X
Rarw = yj - yi @)
x10 = xg — Wy - cos(tan™! K 45) (23)
y10 = ys + W - sin(tan~' Kap) (24)
x11 = xg 4+ Wi - cos(tan™! K 45) (25)
y11 = ys — Wy - sin(tan~" Kap) (26)

In the same way, as shown in Figure 15¢, it can be concluded that the coordinates of
point O15 (x12, y12) and the coordinates (x13,y13) of O13 are:

X3 = X9 — Wi - cos(tan ' K 4/p) (27)
Y12 = yg — Wy -sin(tan ' K4/p) (28)
X13 = X9 + Wi - cos(tan™ ' K 41p) (29)
Y13 = Yo + Wi -sin(tan 1 K4/) (30)

Step 6: As shown in Figure 15b, cross point O;5 to make a perpendicular line and
cross AB at point I. Cross point O15 to make a perpendicular line to cross OgG at point J,
let ZJOgl be y, let Z103015 be p, then the coordinates of point Oq5 (x15,15) are:

4 1
x15 = xg +1/C3 + (%)2 -sin(tan! % +tan ! K—AB) (31)

C 4C
vis =ys —\/C3 + (Zz)2 -cos(tan™! C—; +tan~! Koo
In the same way, cross O14 to make a perpendicular line A’B’ at point K, and cross
point Oy14 to make a perpendicular line to cross OgH at point L. Let ZKO14L be 7, and let

ZKO1409 be {, then the coordinates (x14, 14) of point O14 are:

) (32)

C _1 4C _
X14 = x9 — 1/ C3 + (ZZ)Z -cos(tan! C—; +tan ! KA’B’)

G . _14Cy _ 1
= C2 4 (=2)2. tan~! —% 4 tan~! 34
yis = Yo + 1/ Ci + ( 1 )% - sin(tan o + tan KA/B/) (34)

(33)
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Step 7: As shown in Figure 11, when the coordinates of each point of AO19011014
and A0O1;013055 are known, the cosine value of each angle in the two triangles can be

obtained 010011% + 011014> — O19014”
cos £019011014 = 2 010011 - 01100 (35)
o 0n0u0u = ST EHOE N0
08 /015012015 — 013012 + 015015 — 013015 (40)

2013012 - O15012

Step 8: If the cosine values of the six corners are all greater than 0, the six corners are
all acute angles, which meets the requirements for automatic coupling of couplers. If the
cosine values of the six angles are not all greater than 0, the six angles are not all acute
angles, which cannot meet the requirements for automatic coupling of the coupler.

5. Analysis of Coupler Curve Connection under Different Working Conditions

This paper takes the Nanchang Metro Line 4 train, which will be opened for operation
in 2021, as the research object. Based on the line level and longitudinal section data map of
Nanchang Metro Line 4 Phase I Project, the actual line working conditions through which
the metro trains will be operated in the future are investigated and analyzed to obtain the
corresponding limit working conditions under different curve-line working conditions.
The investigation results show that: at 445.777 km~759.731 km on the left side of the main
line, the radius of the circular curve reaches the minimum, and the radius of the curve
is 330 m; at 444.175 km~754.205 km on the right side of the main line, the curve radius
reaches the minimum when the straight line enters the curve, and the curve radius is 325 m;
in the Wangcheng vehicle section there is S-curve, its front curve radius of 255 m after the
curve radius of 250 m, the straight line between the two curves is 38.853 m.

5.1. Circular Curve Connection
5.1.1. Determination of Limiting Working Conditions

Based on the algorithm presented in Section 4, the calculation of the vehicle position
and the swing angle of the hook in a circular curve working condition can determine
the limit working condition of the train when the rescue linkage is performed on a circu-
lar curve.

When the vehicle passes the left line of the main line at 445.777 km~759.731 km, the
radius of the circle curve reaches the minimum, and the radius of the curve is 330 m. It
is calculated that the lateral offset of the vehicle is 75 mm. At this time, the maximum
swing angle of the hook at this time appears when the front and rear center pins of the
two vehicles are intersect with each other. Table 2 is the maximum values of the coupler
swing angle of the vehicle in the circular curve working condition. The maximum coupler
swing angle for No.2 coupler of No.1 vehicle is 8.4963°, the maximum coupler swing angle
for No.1 coupler of No.2 is 7.7047°. The position where the maximum swing angle of the
coupler appears is the limit position of the vehicle under the condition of the line.
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Table 2. Maximum swing angle of the coupler under circular curve conditions.

Coupler Swing Angle (°) Center Pin Lateral Offset (mm)
S/N . . No.1 Coupler of No.2 Coupler of No.1 Coupler of No.2 Coupler of
No1 Vehicle No:2 Vehicle No.1 Vehicle No.1 Vehicle No.2 Vehicle No.2 Vehicle
1 5.0384 8.4963 75 -75 75 -75
2 3.346 7.7047 —75 75 —75 75

5.1.2. Feasibility Analysis of the Curve Rescue Linkage

After the limit working condition is determined, the “characteristic triangle” calcula-
tion is used to determine whether the end of the hook can fall within the hook attachment
area based on the calculation method introduced in Section 4.3. At this point, the hook
position diagram is shown in Figure 16 .

(a)S/N1

(b) S/N 2

Figure 16. The position of the hook under the circular curve working condition. (a) Hook position
state at the maximum swing angle of coupler No.2 of vehicle No.1 under circular curve working
condition; (b) Hook position state at the maximum swing angle of coupler No.1 of vehicle No.2 under
circular curve working condition.

From this figure, it can be easily concluded that the characteristic triangle between the
two vehicle hooks is an obtuse triangle. At this time, the convex cone of the front vehicle
cannot be inserted into the concave cone of the rear vehicle, do not meet the requirements
of safe automatic connection, i.e., the couplers cannot complete automatic connection on
the R330m fixed circular curve connection, and manual auxiliary connection is required.

5.2. Curve-Line Working Condition

When the vehicle enters the curve, there are three different states: the 2-position center
pin of the 1-position vehicle, and the 1-position center pin of the 2-position vehicle are
located on the straight horizontal area; the 2-position center pin of the 1-position vehicle is
located on the curve part of the line, and the 1-position center pin of the 2-position vehicle
is located on the straight horizontal area; the 2-position center pin of the 1-position vehicle
and the 1-position center pin of the 2-position vehicle are both located on the curved part
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of the line. The analysis algorithm to determine whether a rescue streak can be performed
is the same as the determination method on the circle curve.

5.2.1. Determination of Limiting Working Conditions

When the vehicle passes the right line of the main line at 444.175 km-754.205 km, the
curve radius reaches the minimum when the straight line enters the curve, and the curve
radius is 325 m. Under this working condition, the straight connection point is used as
the starting zero point of the line, and the center line of the front and back two coupler
connecting noodles is used as the reference line to determine the limit working position of
the coupler’s swing angle on the entire line [33,34].

It is calculated that the lateral offset of the train is 83.5 mm. At this time, the maximum
swing angle of the coupler occurs when the front and rear center pins of the two vehicles
are interlaced with each other. Figure 17 shows the change curve of the vehicle coupler’s
swing angle at different positions when entering the curve. As Table 3 shows, the maximum
coupler swing angle for No.2 coupler of No.1 vehicle appears at 1.0 m into the curve, and
the maximum is 17.3957°. The maximum coupler swing angle for No.1 coupler of No.2
vehicle appears at the entry curve —2.5 m, and the maximum is 15.6451°. The position
where the maximum swing angle of the coupler appears is the limit position of the vehicle
under the condition of the line.

180 F « . No.2 coupler of No.1 vehicle
.. . . i . . . . [-=-=No.lcoupler of No.2 vehicle

17.5
17.0
16.5

16.0 |
15.5 |
15.0

M5y

Coupler swing angle/®

0 1 5 6 S S A S
13.

(@)
R |
/

13.
12.

o (@) o
T

Lttt bbbttt bttt bbbttty
-10-9-8-7-6-5-4-3-2-10 1 2 3 45 6 7 8 9101112131415
Place on line/m

12.

Figure 17. The change curve of the swing angle of the coupler at different positions under curve-line
working connection.

Under the curve-line working connection, the maximum swing angle of the coupler
appears when No.1 vehicle has just entered the curve and the No.2 vehicle has not yet
entered the curve, and the swing angle of the coupler gradually decreases as the No.2
vehicle enters the curve; At the same time, the coupler swing angle of No.2 vehicle is
always smaller than the coupler swing angle of No.1 vehicle. Therefore, we should focus
on checking the coupler swing angle of No.1 vehicle when it enters the curve, and try to
reduce the chance of curve rescue linkage operation at this location to ensure the safety of
the train.
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Table 3. The maximum swing angle of the coupler under curve-line working condition.

Coupler Swing Angle (°) Center Pin Lateral Offset (mm)
S/N Position No.l No.2 No.1 Coupler of No.2 Coupler of No.1 Coupler of No.2 Coupler of
Vehicle Vehicle No.1 Vehicle No.1 Vehicle No.2 Vehicle No.2 Vehicle
1 1.0 17.3957 15.4818 —83.5 83.5 —83.5 83.5
2 —-25 17.1185 15.6451 83.5 83.5 —83.5 83.5

5.2.2. Feasibility Analysis of the Curve Rescue Linkage

After the limit working condition is determined, the “characteristic triangle” calcula-
tion is used to determine whether the end of the hook can fall within the hook attachment
area based on the calculation method introduced in Section 4.3. At this point, the hook
position diagram is shown in Figure 18 .

(b)S/N 2

Figure 18. The position of the hook under the Curve-line working condition. (a) Hook position state
at the maximum swing angle of coupler No.2 of vehicle No.1 under circular curve-line working
condition; (b) Hook position state at the maximum swing angle of coupler No.1 of vehicle No.2 under
circular curve-line working condition.

From this figure, it can be easily concluded that the characteristic triangle between the
two vehicle hooks is an obtuse triangle. At this time, the convex cone of the front vehicle
cannot be inserted into the concave cone of the rear vehicle, do not meet the requirements of
safe automatic connection, i.e., the couplers cannot complete automatic connection on the
R325 m straight line into curve connection, and manual auxiliary connection is required.
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5.3. S-Curve Connection

When the vehicle is running on the S-curve, there are five different states: the second
center pin of the 1-position vehicle and the 1-position center pin of the 2-position vehicle
are located in the second half of the S-curve; the 1-position center pin of the 2-position
vehicle is located in the second half of the S-curve, and the 2-position center pin of the
1-position vehicle is located in the straight part of the S-curve; the 1-position center pin
of the 2-position vehicle and the 2-position center pin of the 1-position vehicle are both
located in the straight part of the S-curve; the 1-position center pin of the 2-position vehicle
is located in the straight part of the S-curve, and the 2-position center pin of the 1-position
vehicle is located in the first half of the S-curve; both the 1-position center pin of the
2-position vehicle and the 2-position center pin of the 1-position vehicle are located in the
first half of the S-curve. The analysis algorithm to determine whether a rescue streak can
be performed is the same as the determination method on the circle curve.

5.3.1. Determination of Limiting Working Conditions

When the vehicle passes through the Wangcheng vehicle section, it will pass through
the only S-curve in the line, whose front curve radius is 255 m, the back curve radius is
250 m, and the straight line between the two curves is 38.853 m. Under this condition, the
first straight connection point of the S-curve from left to right is used as the starting zero
point of the line, and the center line of the front and back two couple connecting noodles
is used as the reference line to determine the limit working position of the coupler swing
angle on the entire line.

It is calculated that the lateral offset of the train is 99 mm. At this time, the maximum
swing angle of the coupler occurs when the front and rear center pins of the two vehicles are
interlaced with each other. Figure 19 shows the change curve of the coupler’s swing angle
in different positions of the vehicle under the S-curve working condition. As Table 4 shows,
the maximum coupler swing angle for No.1 coupler of No.2 vehicle appears at 3.818 m
where the center of the coupler is attached into the rear section curve, the maximum value
is 10.132°; the maximum coupler swing angle for No.1 coupler of No.2 vehicle appears at
the entry curve 4.0 m, the maximum value is 10.146°. This position is the limit position of
the vehicle under the condition of the line.

Under the S-curve working condition, the maximum swing angle of the coupler of the
No.2 vehicle appears when the No.1 coupler enters the rear curve and the No.2 vehicle is
in the clamped straight line; As the No.2 vehicle also enter the curve section, the maximum
swing angle of the No.1 vehicle coupler gradually becomes larger, and the swing angle
of the No.2 vehicle hook gradually becomes smaller. Therefore, in the S-curve working
condition, we should focus on checking the coupler swing angle when the No.1 vehicle
enters the rear curve completely while the No.2 vehicle are still in the clamped straight line,
and try to reduce the chance of curve rescue linkage operation at this location to ensure the
safety of the train.

Table 4. The maximum swing angle of the coupler under S-curve condition.

Coupler Swing Angle (°) Center Pin Lateral Offset (mm)
S/N Position No.1 No.2 No.1 Coupler of No.2 Coupler of No.1 Coupler of No.2 Coupler of
Vehicle Vehicle No.1 Vehicle No.1 Vehicle No.2 Vehicle No.2 Vehicle
1 42.671 10.132 6.975 -99 99 99 —99
2 4.0 6.886 10.146 —99 —99 99 99

5.3.2. Feasibility Analysis of the Curve Rescue Linkage

After the limit working condition is determined, the “characteristic triangle” calcula-
tion is used to determine whether the end of the hook can fall within the hook attachment
area based on the calculation method introduced in Section 4.3. At this point, the hook
position diagram is shown in Figure 20.
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Figure 20. The position of the hook under S-curve working condition. (a) Hook position state at the

maximum swing angle of coupler No.2 of vehicle No.1 under circular S-curve working condition;

(b) Hook position state at the maximum swing angle of coupler No.1 of vehicle No.2 under circular

S-curve working condition.
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From this figure, it can be easily concluded that the characteristic triangle between the
two vehicle hooks is an obtuse triangle. At this time, the convex cone of the front vehicle
cannot be inserted into the concave cone of the rear vehicle, do not meet the requirements
of safe automatic connection, i.e., the couplers cannot complete automatic connection in
this working condition, and manual auxiliary connection is required.

5.4. Data Summary

After the calculations in Sections 5.1-5.3 and after the actual operational test of the
actual vehicle on Nanchang Metro Line 4, it is concluded that: When the train runs to
the circular curve-line at 445.777 km~759.731 km on the left line of the main line, the
maximum angle of the characteristic triangle of the hook is 152.1074°, which does not
meet the requirements of automatic linkage and requires manual auxiliary linkage; When
the train runs to the right line of the line 444.175 km~754.205 km straight line into the
curve-line, the maximum angle of the characteristic triangle of the hook is 167.3720°, at
this time does not meet the automatic linkage requirements, the need for manual auxiliary
linkage; When the train runs to the S-shaped curve of Wangcheng vehicle section, the
maximum angle of the characteristic triangle of the hook is 150.4819°, which does not
meet the requirement of automatic linkage and requires manual auxiliary linkage. The
comprehensive data are shown in Table 5.

Table 5. The maximum angle of the characteristic triangle of the vehicle hook.

The Position of the Train on the Actual Line

Left Line of the Main Line at The Right Line of the Main Line Wanechene Vehicle Section
445.777 km~759.731 km 444.175 km~754.205 km geheng
Maximum angle 152.1074° 167.3720° 150.4819°

5.5. Train Manual Auxiliary Linkage

When the hook span angle is too large to achieve fully automatic linkage, manual
assisted linkage is required. In general, the vehicle is equipped with a special tool for
manual assisted linkage-traction cable, which consists of two parts: tethering belt and
tension spring. When manual assistance is needed, the traction cable pulls the head of the
car hook to rotate and reach the position where it is easy to connect and move the car for
connecting. To ensure the safety of the train linkage and avoid accidents.

Operation method:

¢ A seat (pin or bolt with holes, etc.) is added under each anti-climber at the front of the
train to hold the tension spring.

¢  When manual assistance is required to make a linkage on a curve, observe the relative
positions of the hooks of the two cars and determine in which direction the hooks
need to be rotated.

e  Hang the tension spring at one end of the traction cable on the seat under the anti-
climber; hang the tether at the other end of the cable on the strut of the protective
tread of the hook head.

e Use the fasteners on the tether to shorten the length of the tow rope and rotate the
hook to the desired position for attachment. At this point the tension spring will have
some extension.

e After the hook is rotated to the required position for the linkage, the personnel on
the ground for manual assistance leave the linkage area; the vehicle is moved for the
linkage; the hook head also oscillates to a certain extent when the linkage is made, so
that the length of the extension spring changes; the traction cable is removed after the
linkage is completed.
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5.6. Symmetry Analysis
5.6.1. Maximum Hook Turning Angle

Since the calculation method used by Voytek is not publicly available, this section
compares the CAD 2D geometry mapping simulation analysis method with the calculation
method in the text. A comparison of the maximum hook turning angles of continuous
vehicles under different curve conditions is shown in Figure 21. The following conclusions
can be drawn.

m No.2 coupler of No.1 vehicle(Calculation method in this paper)
r = No.2 coupler of No.1 vehicle(Geometric graphing method)
21 . . R
| No.1 coupler of No.2 vehicle(Calculation method in this paper)
(

No.1 coupler of No.2 vehicle(Geometric graphing method)

16

11

Coupler swing angle(® )

Circular curve Cure-line S-curve

Figure 21. Comparison of maximum hook turning angle under different curve conditions.

®  On the basis of the line of Nanchang Metro Line 4, the maximum hook turning angle
of the same model of continuous vehicle through the horizontal curve has the largest
value in the cure-line working condition, followed by the S-curve clamping straight
line working condition, and finally the fixed circular curve working condition.

¢ The maximum hook angle derived from the simulation analysis algorithm using CAD
2D geometric mapping is slightly larger than the value derived from the graphical
method, with a maximum relative error of 4.68% in the horizontal curve condition.

5.6.2. Combined Factor Comparison

As shown in Table 6, this section compares the three methods in terms of algorithm
implementation, efficiency, economy, and stability, respectively.

Table 6. Algorithm Features.

Realization Method Efficiency Economical Accuracy Stability

CAD 2D geometric drawing method Manual drawing Low Low High Unstable
Voytek’s algorithm Computer programs High High Low Stable
Algorithm of this paper Computer programs High High Medium Stable

From the viewpoint of accuracy, the accuracy of the calculation results obtained using
CAD 2D geometric drawing method is the highest; the calculation method of Voytek is less
accurate because it does not consider the influence of transverse offset on the results; in
this paper, the transverse offset is further considered on the basis of Voytek’s algorithm, so
the accuracy of our algorithm is between the two.
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However, since the CAD 2D geometric drawing method is implemented by manual
drawing, the calculation efficiency of this method is low, and the stability of the calculation
results is bad. Both Voytek’s algorithm and the algorithm in this paper are implemented
by computer programming, so both have high computational efficiency and stability of
computational results.

In summary, the accuracy of our algorithm is between CAD 2D geometric mapping
and Voytek’s algorithm. Although its accuracy is not as high as CAD 2D geometric drawing
method, the relative error of the two algorithms is only 4.68%, which is within the acceptable
range and improves the computational efficiency with the loss of certain accuracy.

6. Conclusions

To ensure the safety of the train in the curve rescue linkage operation, this paper
analyzes the connection of the couplers under three different line working conditions in
the context of Nanchang Railway Line 4. We propose a novel method for determining the
coupler position attitude, taking into account the lateral offset of the vehicle. It is conducive
to the safety of the trains when carrying out curve rescue linkage operations, and improves
the calculation efficiency to a certain extent.

It is noteworthy that our calculation method compared with the traditional calculation
method can be more intuitive to judge the conditions of the vehicle curve rescue linkage
judgment, which is conducive to ensuring the safety of trains during curve rescue linkage
operations. However, we must admit that in the above work we did not take into account
the train coupling under vertical curve conditions. In future research, we need to improve
our calculation method by considering the train coupling under vertical curve conditions.
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