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Abstract. This paper aimed to investigate the effect of the lateral stiffness of secondary suspensions on the stability capac-
ity and running safety of heavy-haul locomotives during braking based on the dynamic model and the field braking tests. 
The dynamic model of heavy-haul locomotives included two double-unit locomotives and five coupler systems. Simulation 
results indicate that the increasing of the lateral stiffness of secondary suspensions can improve the stability capacity and 
running safety of heavy-haul locomotives. Then, the field braking experiments were conducted to validate the dynamic 
model. Comparing the experiment results of different locomotives, the coupler and carbody yaw angles are respectively 
decreased by 31.8 and 29.5%, which is consistent with the simulation results. It is worthy to be noted that lateral vibration 
behaviour of the carbody increases with the increasing of the lateral stiffness of secondary suspensions. For the improved 
locomotive, the main frequency of lateral acceleration is 1…2 Hz. However, the main frequency of lateral acceleration is 
0.5…1 Hz in the original locomotive tests. Moreover, the high-frequency vibration is increased, especially in 10…12.5 Hz. 
According to the simulation and experiment results, the reasonable lateral stiffness of secondary suspensions is 400 kN/m 
for the test locomotive.

Keywords: locomotive stability, coupler and draft gear system, braking, lateral stiffness, secondary suspensions, running 
safety.

Introduction

When the heavy-haul train is braking, the lateral com-
ponents of the coupler compressive forces makes the 
heavy-haul locomotive yaw unstable and may lead to a 
derailment, particularly for the locomotive in the middle 
of heavy-haul train (Ma et al. 2012; Wu et al. 2014). The 
stability capacity of heavy-haul locomotives has a signifi-
cant influence on the dynamic performance and running 
safety of heavy-haul trains, especially when the train is in 
emergency braking. As an example, the passing plates of 
heavy-haul locomotives were transformed and destroyed 
in the Chinese Daqin Railway because of the large yaw 
angle of locomotives during braking (Zhang et al. 2015). 
Derailments caused by locomotives instability may oc-
cur with the increasing of the train tonnage and run-
ning speed (Geike 2007; Wu et al. 2014; Guo et al. 2016). 
Scholars have conducted many studies on the longitudinal 
dynamics of heavy-haul trains, the wheel–rail dynamic vi-
bration, the wagon connection model, the influence of the 
coupler stability on running safety of heavy-haul locomo-

tives (Cole et al. 2012; Cole, Sun 2006; Wang et al. 2009, 
2015, 2016a, 2016b; Belforte et  al. 2008; Nasr, Moham-
madi 2010; Simson, Cole 2008). However, these studies 
did not consider the heavy-haul locomotive stability, its 
effect on dynamic performance and running safety when 
the locomotive sustains a severe longitudinal compressive 
force. 

According to the stability mechanism, the couplers 
of heavy-haul locomotives can be divided into two types, 
friction arc surface couplers and restoring bump stopper 
couplers. Ma et al. (2012), Xu et al. (2014) and Wu et al. 
(2012) developed dynamic models of these two kinds of 
couplers to analyse the structures and stabilizing mecha-
nisms of them, and investigated the effect of these cou-
plers on dynamic performance of heavy-haul locomotives 
during braking. Yao et al. (2013) conducted many studies 
on these coupler systems, including the geometric and 
mechanical characteristics of the bumpstop coupler, the 
stability mechanism of the arc surface coupler, and the 
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critical factors to improve the coupler stability. Zhang 
et al. (2015) built an arc surface to arc surface contact fric-
tion element to study the coupler stability and investigated 
the influence of friction coefficient and other parameters 
on running safety of locomotives. These studies all pro-
posed that the heavy-haul locomotive has a considerable 
effect on preventing coupler’s lateral force and improving 
running safety of locomotive. 

In this paper, the effect of the lateral stiffness of sec-
ondary suspensions on the stability capacity and running 
safety of heavy-haul locomotives was investigated by both 
the simulation model and the field braking experiment. 
The dynamic model of locomotives was developed to 
study the effect of the lateral stiffness of secondary sus-
pensions. Then, the field braking experiments, using three 
double-unit locomotives, were conducted to validate the 
dynamic model and the conclusions of the simulation. 

1. Simulation model of locomotives

Figure 1 illustrates the force analysis of the locomotive 
under the longitudinal compressive forces, where Fc1,2 
and dc are compressive forces caused by coupler and its 
arm length, respectively; Fs1,2 and ds are the lateral forces 
provided by the locomotive and the distance of second-
ary suspensions, respectively. Due to the coupler deflec-
tion during braking, couplers lateral forces are generated 
and applied on the locomotive, which cause an overturn-
ing moment Fc2 ⋅ dc to make locomotive yaw unstable. The 
restrictive forces provided by secondary suspensions will 

produce a stabilizing moment 
( )1 2

2
 s s sF F d+ ⋅

 to prevent 

the locomotive rotation. These restrictive forces are trans-
ferred to the bogie by the secondary and primary sus-
pension systems, so an additional wheelset lateral force 
is increased. The larger yaw angle of locomotive will lead 
to a greater wheelset lateral force, which may lead to a 
derailment. Especially when the rigid contact between the 
carbody and the bogie occurs, the wheelset lateral force 
will increase to a very large value in a short time. There-
fore, the lateral stiffness of secondary suspension systems 
plays an important role in improving heavy-haul locomo-
tive stability during braking. 

In order to verify the theoretical analysis, a dynamic 
model of heavy-haul locomotives has been built using 
the multi-body dynamics software SIMPACK (https://
www.3ds.com/products-services/simulia/products/simpack). 
The dynamic model includes two double-unit locomotives 
and one freight vehicle, which represented all the freight 
vehicles in the train and was modelled as a single mass with 
only one degree of freedom in the longitudinal direction. 
The train dynamic model was connected by 13A/QKX100  
coupler and draft gear system, which is a typical kind of 
coupler system with friction arc surface and widely used 
in Chinese heavy-haul train. It could simulate the yaw be-
haviour and dynamic performance of heavy-haul locomo-
tive during braking. 

1.1. Double-unit locomotive model

One double-unit locomotive model includes two identi-
cal locomotives according to the test locomotive. Its bogie 
consists of motors, wheelsets, bogie frames, primary and 
secondary suspensions and attachments. The axle type in 
the model is Bo-Bo. There are 46 independent Degrees Of 
Freedoms (DOFs). In the dynamic model, each carbody 
has 6 DOFs, each bogie has 6 independent DOFs, each 
wheelset has 6 independent DOFs, and each motor has 
only one DOF, as listed in Table 1. 

Table 1. Independent DOFs of single locomotive dynamic model 

Component
Translation Rotation

X-axis Y-axis Z-axis X-axis Y-axis Z-axis
Wheelset √ √ √ √ √ √
Bogie √ √ √ √ √ √
Car body √ √ √ √ √ √
Motor – – – – √ –

The gauge distance is 1435  mm and the axle load is 
25 t. All suspensions and nonlinear dampers are consid-
ered in the dynamic model. The primary suspension is 
fixed by a primary spring, a vertical damper and a journal 
box pull rod. One side of secondary suspensions includes 2 
secondary springs, a vertical damper and a lateral damper. 
Besides, the secondary lateral stopper setting on the longi-
tudinal center of the bogie is used to provide the stopper 
stiffness. One side of the motor hangs on the wheel axle. 
However, the other side is connected to the bogie frame 
through the hang rod, which is called as the axle-hung 
suspension method. The main parameters of the locomo-
tives are listed in Table 2. Figure 2 shows the double-unit 
locomotive model. Additionally, the wheel tread and the 
rail profile are JM3 wear-type tread and 75 kg/m rail, re-
spectively. 

1.2. Coupler and draft gear system model

The coupler and draft gear system model is established based 
on 13A/QKX100 coupler and draft gear system. As shown 
in Figure 3, the coupler system includes a 13A coupler, 
suspender, coupler pin with special geometric structure, 
front following plate, coupler yoke and QKX100 draft gear.  

Figure 1. Force analysis of heavy-haul locomotive  
during braking
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Therefore, the draft gear mathematical model can be de-
fined as: 

( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

sign , ;
,

sign , ,

u l

u l

f x f x f x v v ev
F x v vf x f x f x v v ev

ev

 + − ⋅ D D ≥D =  D
+ ⋅ − ⋅ D D <

 

(1)

where: x is the draft gear stroke; Dv is the rate of change 
of draft gear stroke; ev is the switching rate of draft gear; 
( )uf x  is the unloading function of the draft gear; ( )lf x  

is the loading function of the draft gear. If the draft gear 
is in the loading state, ( )f x  is equal to ( )lf x , otherwise, 
( )f x  is equal to ( )uf x . 

The friction forces are determined by the friction coef-
ficient and contact force between the arc surfaces. Figure 5 
illustrates the contact model between the coupler tail and 
the front following plate, where point O is the center of 

Table 2. The main parameters of the locomotive model

Item Value Unit
Axle load 25000 kg
Mass of carbody 62600 kg
Mass of bogie 7840 kg
Mass of wheelset 5430 kg
Gauge distance 1435 mm
Distance between two bogies 10060 mm
Radius of wheelset 625 mm
Distance of between two couplers 18975 mm
Primary suspension stiffness in longitudinal 
direction

1442 kN/m

Primary suspension stiffness in lateral 
direction

1442 kN/m

Primary suspension stiffness in vertical 
direction

1569 kN/m

Primary suspension damping in vertical 
direction

25 kN·s/m

Secondary suspension stiffness in 
longitudinal direction

130 kN/m

Secondary suspension stiffness in lateral 
direction

130 kN/m

Secondary suspension stiffness in vertical 
direction

1073 kN/m

Secondary suspension damping in lateral 
direction

79 kN·s/m

Free clearance of secondary lateral stop 20 mm
Elastic clearance of secondary lateral stop 40 mm
Elastic stiffness of the secondary lateral 
stopper

1575 kN/m

Lateral deviation between the front  
and the rear couplers

8 mm

Installation error of the draft gears 5 mm

Figure 2. Double-unit locomotive model

During braking, the friction arc surfaces between coupler 
tail and the front following plate can prevent the coupler 
from deflecting the track center-line. Besides, the spe-
cial coupler pin and pin hole act as a rotation stopper, 
which can limit the coupler yaw angle in a certain range. 
It should be pointed that the QKX100 draft gear is always 
under compression (Zhang et  al. 2015). Thus, the draft 
gear model has the identical pulling and compressing 
properties. The QKX100 draft gear has nonlinear hyster-
etic characteristics, which means that its loading process 
and unloading process are different, as shown in Figure 4. 
This characteristic is benefit to absorb vibration energy. 
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the front following plate arc surface; point O′ is the center 
of the coupler tail arc surface; point C is the contact point 
between coupler tail and front following plate; q is the 
coupler angle; Ff is the friction force that prevents larger 
coupler angle. Establishing a coordinate system based on 
the point O, the coupler angle and the coordinate of point 
C can be concluded: 

arcsin R rx x
R r
−

q =
−

;  (2)

cos ;
sin .

C R
C R

x x R
y y R

= − ⋅ q
 = + ⋅ q

  (3)

According to the Coulomb friction model, the math-
ematical expression of the friction force can be written as:

( )
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sign , ;

sign , ,
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f f
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v
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  (4)

where: Ff is the friction force of the friction pair; Fc is the 
compressive force of the point C; m is the friction coef-
ficient; vr is the relative velocity of the point C; vf is the 
critical velocity of the static friction of the friction pair; 

( )sign rv  is the sign function of vr.
Besides, the coupler pin and the pin hole act as a yaw 

angle stopper, which limits the maximum yaw angle of 
coupler. When the coupler reaches the maximum yaw 
angle, the coupler pin starts to work. According to its dy-
namic characteristic, it provides the restoring moment can 
be given as:

( )( ) 8
0, ;

sign 10 , ,
cm

c
free cm

M
l

 q < q=  q− q ⋅ q ⋅ ⋅ q ≥ q
  (7)

where: Mc is the restoring moment provided by the cou-
pler pin and the pin hole; q is the yaw angle of the cou-
pler; qcm is the maximum yaw angle of the coupler; l is 
the longitudinal distance between the two stoppers of the 

coupling couplers. In Chinese heavy-haul railway, qcm is 
commonly set as 9…11°. In the coupler model, qcm was 
set as 10°.

Figure 6 shows the dynamic model of 13A/QKX100 
coupler and draft gear system. It should be pointed that 
the position errors of coupler and draft gear systems were 
considered in the simulation model according to the field 
measurements, as listed in Table 2 (Wang et  al. 2016a, 
2016b). 

1.3. Calculation conditions

To simulate the braking situation on the straight line, the 
running speed of the train model was set as a constant val-
ue (60 km/h), and the braking force were applied on each 
wheelset of the front double-unit locomotive. Figure 7  
shows the braking process in the model. It should be 
pointed that the freight vehicle is just a single mass with 
only longitudinal degree of freedom. American Federal 
Railroad Administration (FRA) Class 5 track irregulari-
ties were applied in the dynamic model because there are 
no real measured track irregularities for the test line (Yao 
et al. 2013, 2014; Zhai et al. 2015; Zhai 2020; Chen et al. 
2017). In addition, the simulation model took the contact 
parameters of new wheel and rail profiles as input param-
eters. In the simulation, the time from the start braking to 
the maximum coupler force (100 kN per axle) was 10 s, 
and its calculation step was 0.05 s. The lateral stiffness of 
secondary suspension system was assumed to vary from 
100 to 500 kN/m.

2. Analysis of the simulation results

Figure 8 shows the carbody and coupler yaw angles un-
der different lateral stiffness of secondary suspensions. It 
is clear that the yaw angles gradually decrease with the 
increasing of the lateral stiffness of secondary suspensions, 
which indicates that the stability capacity of heavy-haul 

Figure 5. Mathematic model of the friction arc surface Figure 6. 13A/QKX100 coupler and draft gear system model
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locomotive can be improved by increasing lateral stiffness 
of secondary suspensions. In detail, when k ≤ 300 kN/m, 
both coupler and carbody yaw angles reach the maxi-
mum values. It should be pointed out that the locomo-
tive destabilization occurs. The locomotive destabilization 
time for k  =  300  kN/m is about 2.5  s later than that of 
k = 100 kN/m. When k ≥ 400 kN/m, locomotives keep sta-
ble, and the carbody and coupler yaw angles are less than 
the maximum values. The yaw behaviour of locomotive is 
in accordance with the wheelset lateral force and the de-
railment coefficient of locomotives, as shown in Figure 9.  
According to the UIC 518 (E) (2009), the safety value of 
wheelset lateral force is no more than 93 kN. For the case 
of k ≤ 300  kN/m, the maximum wheelset lateral forces 
are around 140 kN that is much larger than 93 kN. In this 
case, heavy-haul locomotives are likely to derail. It can be 
seen from the Figure 9b that the derailment coefficient 
remains a high value when maximum yaw angles appear. 
For the case of k ≥ 400  kN/m, the maximum wheelset 
lateral forces are 70 and 45 kN, respectively. It indicates 
that the locomotive is safe. 

In order to improve heavy-haul locomotive stabil-
ity during braking, choosing the right lateral stiffness of 

secondary suspensions should consider the coupler force 
and the friction coefficient of the coupler tail. When cou-
plers keep stable, the couple can suffer the maximum 
compressive force under different lateral stiffness of sec-
ondary suspensions, as shown in Figure 10. In fact, the 
friction coefficient always remains at 0.15…0.25. For the 
front locomotive, the maximum coupler force is around 
1000…1500 kN. So, the increasing of the lateral stiffness 
of secondary suspensions is an effective way to improve 
the stability capacity of locomotives during braking. The 
value should be larger than 400 kN/m. 

3. Field braking experiments

3.1. Test locomotives and coupler systems

Three double-unit heavy-haul locomotives were used to 
conduct field braking experiments in order to under-
stand the unstable process of locomotives and verify the 
dynamic model. The test locomotive is one of the main 
heavy-haul locomotives and widely adopted in Chinese 
heavy-haul railways. Its axle load and maximum opera-
tion speed are 25 t and 120 km/h, respectively. Figure 11 
shows the locomotive formation in the experiment.  

Figure 8. The yaw behaviour: a – coupler yaw angle; b – carbody yaw angle

Figure 9. The running safety index: a – wheelset lateral force; b – derailment coefficient
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Test locomotives were connected by 13A/QKX100 coupler 
and draft gear systems. The friction coefficient is difficult 
to maintain in a high level because of the frequent brak-
ing, which leads to a large coupler yaw angle and great 
coupler lateral force. It has a significant effect on locomo-
tive stability during braking.

In addition, the experiment line was a straight line. 
For the limitation of the test line, the maximum speed was 
limited to 60 km/h in the experiment.

3.2. Method of the field experiment

Acceleration sensors and displacement sensors were in-
stalled on the test locomotives to detect the yaw behaviour 
and dynamic performance of heavy-haul locomotives. Ac-
celeration sensors can obtain accelerations of carbody and 
bogies. Displacement sensors can measure dynamic dis-

placements of carbody and coupler in order to calculate 
the rotation angles of both carbody and coupler. Strain 
gauges are fixed on the couplers to detect the coupler 
compressive forces. Figure 12 and Table 3 illustrate the 
layout of the sensors employed in the running tests. The 
sampling frequency was 2000 Hz and data were obtained 
by Integrated Measurement and Control (IMC) devices.

3.3. Procedure of the field experiment

Firstly, all the test locomotives speeded up to 60  km/h. 
Then, the Locomotive-1 started to brake and reached 
100% electric braking. Locomotive-2 conducted traction 
operation and reached 50% traction while Locomotive-3 

Figure 11. The locomotive formation in the experiment

Figure 10. The maximum coupler compressive force 
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Table 3. Sensors used in the running tests

Sensors Measurement
S1, S2 Lateral displacement between the front coupler  

and the carbody
S3 Lateral displacement between the front bogie 

and the carbody
S4 Lateral displacement between the rear bogie  

and the carbody
S5, S6 Lateral displacement between the rear coupler  

and the carbody
A1 Accelerations of the carbody in vertical and 

lateral directions
A2 Accelerations of the axle box frame in vertical  

and lateral directions
A3 Accelerations of the bogie frame in vertical  

and lateral directions
F1 Force of the front coupler
F2 Force of the rear coupler

Locomotive 3-B Locomotive 3-A Locomotive 2-B Locomotive 2-A Locomotive 1-B Locomotive 1-A

Running direction

Test locomotives 
and couplers

X
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idled at the same time. In this situation, carbody of Loco-
motive-2 suffered the largest compressive forces. Its yaw 
behaviour and dynamic performance were interested tar-
gets in this paper. The lateral stiffness of secondary sus-
pensions of locomotives was 130 kN/m. In particular, the 
lateral stiffness equals the longitudinal stiffness because 
the secondary suspension of heavy-haul locomotive is cy-
lindrical coil spring.

4. Experiment-simulation comparison

It is necessary to validate the dynamic simulation model of 
heavy-haul locomotives by comparing the experiment data 
with the simulation results. The simulation conditions are 
set to be consistent with the field braking test. It should be 
noted that Locomotive-3 can be regarded as a freight ve-
hicle since Locomotive-3 idled during the braking test. As 
shown in Figure 7, Locomotive-3 was simplified as a single 
mass with only one DOF in the longitudinal direction in 
the simulation model in order to reduce computational 
effort. The train model is set to run at a speed 60 km/h on 

a straight track with FRA Class 5 track irregularities. The 
secondary lateral and longitudinal stiffness are 130 kN/m. 
The friction coefficient of arc surface is set to be 0.2. The 
maximum carbody yaw angle and coupler yaw angle are 
set to be 0.8 and 10°, respectively. Other dynamic and 
geometrical parameters are set to be the same with the 
parameters of test locomotives. The braking force is ap-
plied on per axle of the front double-unit locomotive, at 
the same time, its value depends on the measured coupler 
force in the field braking experiment. The total simulation 
time is 100 s and its calculation step is 0.005 s.

The coupler force of the experiment and the simula-
tion are shown in Figure 13. It is clear that the simulation 
coupler force is similar with that of the experiment. The 
braking operation starts at around 47 s, and reaches the 
maximum braking force at around 61  s. The maximum 
coupler force is around 750  kN. Figure 14 depicts the 
coupler and carbody yaw angles of both the experiment 
and the simulation. Both carbody and coupler yaw angles 
have a similar trend to the experiment ones, so the dy-
namic model can accurately reflect the yaw behaviour of 
heavy-haul locomotive during braking. During 47…57 s, 
the locomotive keep stable and its yaw angle remains at a 
small range. The instability appears at around 58 s. Then, 
the locomotive reaches its maximum yaw angle in three 
seconds. Finally, the rigid contact between the carbody 
and secondary lateral stopper occurs, which prevents the 
further yaw behaviour of heavy-haul locomotive. The only 
difference is that the maximum coupler yaw angle of the 
simulation is little smaller than that of the experiment. The 
reason is the clearance between the coupler yoke and the 
carbody. The above comparative results can indicate that 
the established simulation model can accurately simulate 
the real braking situation and reflect the yaw behaviour 
and dynamic performance of the heavy-haul locomotive 
during braking.

Figure 13. Coupler force of both the simulation  
and the experiment

Figure 14. Comparison of the experiment and the simulation: a – coupler yaw angle; b – carbody yaw angle
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5. Original-improved locomotives comparison

According to the simulation results, the lateral stiffness 
of secondary suspensions of the test locomotives was in-
creased to around 400 kN/m. The original and improved 
locomotives were used to conduct the field braking ex-
periments, respectively. Other experiment conditions are 
the same. 

As shown in Figure 15, the coupler forces of two ex-
periments have similar variation and value. Therefore, 
these braking situations can be considered as the same. 
Due to the operation of the driver, the braking time of the 
improved experiment is later 3 s than that of the original 
experiment. Figure 16 illustrates the yaw behaviour of the 
test locomotives. It is clear that the increasing lateral stiff-
ness of secondary suspensions has an important effect on 

decreasing the coupler and carbody yaw angles. In detail, 
the coupler yaw angle was decreased by 31.8% as well as 
the carbody yaw angle was decreased by 29.5%. In particu-
lar, the yaw angle of the improved locomotive is smaller 
than that of the original locomotives during 20…40  s. 
Since the coupler yaw angles of the original locomotives 
reaches the maximum value around 0.8°, the rigid con-
tact between the carbody and the yaw stopper occurs, as 
shown in Figure 17a. On the contrary, there is not abra-
sion on the yaw stopper of the improved locomotives, as 
shown in Figure 17b. Accordingly, the stability capacity of 
the heavy-haul locomotives increases with the increasing 
of the lateral stiffness of secondary suspensions.

Figure 18 depicts the dynamic responses of the test lo-
comotive. It is obvious that the lateral stiffness of second-
ary suspensions has little influence on dynamic responses 
of the heavy-haul locomotive, except for the lateral ac-
celeration of the carbody. The lateral acceleration of the 
carbody becomes greater as lateral stiffness of secondary 
suspensions is increased, especially during locomotive 
braking. As shown in Figure 19, the main frequency of 
the original locomotive is 0.5…1 Hz as well as the main 
frequency of the improved locomotive is 1…2  Hz. Be-
sides, high frequency variation is increased, especially 
10…12.5  Hz. Therefore, the riding comfort will be de-
creased. Sperling index of the improved locomotive is 2.83 
during locomotive braking, which is larger than that of the 
original locomotive, 2.49. According to the UIC 518 (E) 
(2009), the riding comfort of the improved locomotive is 
qualified.Figure 15. The coupler forces in the tests

Figure 16. Comparison of the experiments: a – coupler yaw angle; b – carbody yaw angle

Figure 17. The contact conditions of the yaw stoppers: a – original locomotive; b – improved locomotive
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Figure 18. The acceleration of the test locomotive: a – axle box; b – bogie frame; c – carbody

Figure 19. The amplitude-frequency analysis of the lateral acceleration of the carbody
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Table 4 lists the maximum value of the experiment 
results and the simulation results under the same brak-
ing conditions. The maximum value of the simulation is 
close to that of the experiment and proves the accuracy of 
the simulation model. In particular, the maximum coupler 
yaw of the simulation 9.88° is less than that of experiment 
because it is set as 10° in the model.

Table 4. The results of the experiments and the simulation

Item
Experiment Simulation

original improve-
ment original improve-

ment
Compressive force [kN]

Front coupler 750 790 750 790
Rear coupler 389 369 390 370

Yaw angle [°]
Front coupler 11.22 8.11 9.88 8.21
Rear coupler 10.23 6.25 9.82 6.15
Front carbody 0.86 0.64 0.82 0.61
Rear carbody 0.56 0.35 0.59 0.37

Sperling index
Lateral direction 
during traction 1.67 2.06 1.72 2.11

Lateral direction 
during braking 2.49 2.83 2.45 2.85

Vertical direction 
during traction 1.95 1.75 1.85 1.80

Vertical direction 
during braking 2.30 2.34 2.28 2.30

Conclusions

In order to improve the stability capacity and the run-
ning safety of heavy-haul locomotives, the effect of the 
lateral stiffness of secondary suspensions was investigated 
by both the simulation model and the field braking ex-
periments. The following conclusions are drawn from the 
presented results: 

1) for the original locomotive, the carbody and cou-
pler yaw angles can reach the maximum value 
when the maximum coupler force is 750 kN. The 
phenomenon has a significant influence on the run-
ning safety of the heavy-haul locomotive;

2) the established dynamic model of the locomotive 
can accurately simulate the yaw behaviour and dy-
namic performance of heavy-haul locomotives un-
der severe compressive forces;

3) according to the simulation results, increasing the 
lateral stiffness of secondary suspensions can reduce 
the locomotive’s yaw angle and improve the stability 
capacity of heavy-haul locomotives during braking, 
especially when coupler force is less than 1000 kN;

4) for the improved locomotive, the coupler and car-
body yaw angles decrease by 31.8 and 29.5%, re-
spectively. However, the lateral vibration of the 
carbody is enhanced so that the riding comfort 
decreases.

Since all conclusions are based on the straight line, the 
results cannot reflect the yaw behaviour and dynamic re-
sponses of heavy-haul locomotives on the curve line. In 
the future work, the dynamic model and field experiments 
are expected to be developed and conducted on the curve 
line to study more effective limitation measurements.
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