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Dynamics simulation models of coupler systems for freight locomotive
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Abstract: The working principles of two types of coupler systems were analysed. Based on
considering the friction pairs of coupler tails and real-time aligning shoulders, coupler system
models were set up by using control system simulation method. Nonlinear draft gear with
hysteresis characteristic was modelled by using table lookup method. DFC-E100 system and 13A/
QKX-100 system were simulated in a train model consisting of two 8-axle locomotives and one
simplified wagon. The theoretical calculation of carbody-stabilizing-coupler ability was
performed. Calculation result indicates that the models can rationally reflect the dynamic
behaviour of freight locomotive’s coupler systems. The distinct angling behaviour of DFC-E100
system is only observed when buff forces are larger than a certain value, but the aligning shoulder
of DFC-E100 system can effectively prevent coupler from excessive angling. The error of carbody-
stabilizing-coupler ability between simulation value and field test value is 4. 23% , and the error
between theoretical calculation value and field test value is 10. 65%. The friction pair of 13A/
QKX100 system is key element in the control of coupler dynamic behaviour, and can prevent

coupler from distinct angling under buff condition. 1 tab, 11 figs, 15 refs.
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0 Introduction

As an important part in trains, coupler system has

tremendous influence on train dynamics performance by

[1-2

its dynamic behaviour'"*'. The issue is more prominent

in long heavy haul trains. Three derailment instances
have happened to heavy haul locomotives on the
Dagqin Coal Line (China) in 10 000-ton class train
traction and braking experiments. Investigation
results indicate a direct involvement of coupler

B3] Similar accidents

have also occurred in other countries™®.

systems in these accidents
Because
field test has high costs, coordination difficulties
and certain risks, simulation study has become
optimum choice to predict the dynamic behaviour
of coupler system.

However, the studies of coupler dynamics are
usually conducted within longitudinal dynamics, in
which carbody is generally simplified to a rigid
body with single longitudinal freedom, and the
detailed

In coupler

influence  of coupler structure is

e angling  behaviour

negligible
simulator (CABS)® developed by Association of
( AAR )9 two

couplers are simplified to a rigid rod. Based on

American Railroads coupling

integrating coupler moment and draft gear
characteristics, CABS can be used to calculate
coupler angles and coupler forces under different
conditions. One of the disadvantages of CABS lies
in the simplification of vehicle models, which
makes researchers have to resort to another
commercial software package NUCARS to evaluate
the influence of coupler angles and coupler forces
on vehicle dynamics performance. In 2004, Shen et
al proposed using various force elements to replace
coupler systems’ lateral, longitudinal and vertical
characteristics'® . The model can rationally reflect the
force characteristics between vehicles, but the
influences of coupler angling behaviour and other
system structures are not considered. In 2008, In
locomotive  derailments in

order to analyse

[3]

experiments ™ , Luo et al developed a model that

incorporates free-angle characteristics, independent

shoulder and draft gear impedance

characteristics''***),  The

aligning
model can reflect the
influence of coupler free-angle and aligning shoulder
characteristics on locomotive dynamics performance,
but its refinements are not enough and the
hysteresis characteristics of draft gear, friction pair
and the real-time characteristics of aligning
shoulder that have significant influence on the
dynamic behaviour of coupler system are not
considered.

Based on the model in references[ 10-117, this
paper proposes several refinements of coupler
models by incorporating nonlinear hysteresis draft
gear, real-time aligning shoulder and friction pair
at coupler tails. Two detailed typical coupler
system models are presented and their dynamic
characteristics under different buff conditions are
studied in train system. Nonlinear wheel-rail
interface and track irregularity are incorporated

into the simulation models.

1 Coupler systems of freight locomotives

LLocomotives can be categorized into electric
locomotives and diesel locomotives. Active freight
diesel locomotives in China mainly include ND;,
DF,, DFy, HX\3 and HX\5, and active freight
electric locomotives include 8K, SS,, SS,, HX,1,
HX,2 and HXp3. ND;, HX\3 and HXy5 mainly
adopt 102 coupler system ( AAR SBE4936AE
coupler along with NC390 draft gear), HXy2
mainly adopts DFC-E100 coupler system (derived
from Les Appareils Ferroviaires ( LAF) 1785
coupler system), and the rest mainly are equipped
with domestic No. 13 or 13A coupler but with
various draft gears. For example, DF; adopts MX-1
friction type rubber draft gear., SS,; adopts MT-2
friction type spring draft gear, and HX;1 and
HX,3 adopt QKX-100 resilient rubber draft gear.

Since DFC-E100 system and 13A/QKX-100 system
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are most typical in China, the following studies
will focus on the two systems.

Fig. 1 shows the structure of a DFC-E100
system. It’s a round-pin system that utilizes yoke
pin to provide a physical connection between
coupler and yoke. DFC-E100 system has free angle
of 3.5%4.0° and the maximum structural angle of
19.0°. The type of system relates draft gear forces
with coupler aligning forces via the bumps on its
front followers. As a result, draft gear forces can

be transformed into coupler aligning forces.

I

Shoulder

Fig.1 DFC-E100 system

A 13A/QKX-100 system is illustrated in
Fig. 2. It adopts draft keys rather than yoke pins
to provide connection between couplers and yokes.
Compared with DFC-E100 system, 13A/QKX-100
system has a larger free angle (9°11°) and
different approaches to confine coupler angling.
Taking advantage of the special profile of draft key
slot on yoke, the keys and the slots make up stops
to stop coupler angling further when they reach the
free angle. Another unique point of 13A/QKX-100
system is that each system has a pair of friction arc
surfaces (radius is about 130 mm) between its
coupler tail and front follower. Under buff force
conditions, the friction pair can facilitate coupler

with a strong dynamic stability.

Stop and friction pair

Fig. 2 13A/QKX-100 system
2 Draft gear models

Draft gear modelling has undergone a development
from linear to nonlinear. The state of the art in draft
gear modelling is demonstrated by nonlinear models

[12-14]

with hysteresis characteristics In this paper, the

table lookup method is utilized to model the nonlinear

hysteresis characteristics of draft gear.

The hysteresis characteristics of draft gear
mean the dissimilarity between its loading process
and unloading process. The envelop area of loading
curve and unloading curve indicates the energy that
is absorbed within an operating cycle. The loading
characteristics and unloading characteristics of
draft gear can be defined as two functions of
travel: u (x) and [(x), integrated with coupler
gap, preload, rigid impact and some other
features. Besides, a shift velocity e be defined.
Therefore, when the current travel is x, the
hysteresis force h can be expressed as

| ulx) —I1(x) | | Av | =e

h Av | (D
e

:Mu(x)*l(x)\‘ | Av |<<e

where Av is the relative velocity of coupled

carbodies. Because hysteresis force is alway

opposite to the relative velocity, after introducing
the sign function sgn(Av), a draft gear model can
be expressed as

g(x)+ |ulx) —1(2) | sgn(Av) | Av| =e

F= (2)
g(@)+ Julx) —1(2) | sgn(Av) | Aol | Av|<Ze

e
where F is draft gear force; g(x) is the impedance
characteristic of draft gear, and should be replaced
by {(x) or u(x) depending on working conditions.
The model of draft gear is generalized in Fig. 3.
The response curves of a QKX-100 draft gear
model and a DFC-E100 draft gear model are shown

in Fig. 4. In this scenario, a mass of 100 t is
—1
1
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F/KN Rigid impact

T u(x)

1
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Fig. 3 Generalized model of draft gear
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running into a stop at the speed of 9 km « h™'. In
Fig. 4, coupler gap, preload, resilient rubber draft
gear characteristics, rigid impact, and other

features are clearly demonstrated.
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Fig.4 Draft gear models

3 Coupler system models

A schematic of coupler models is illustrated in
Fig. 5. Because coupler gap is incorporated in draft
gear models, the two coupling couplers are
simplified to a rigid rod. The modelling of yokes is
neglected since both buff and draft characteristics
are modelled in draft gear models. Couplers are
assumed to be connected to followers directly and
have a freedom of rotation about Z axis at point A.
Followers are connected to carbodies by draft gear and
have a freedom of transition along X axis. The
longitudinal and lateral freedoms of couplers are
constrained at point B. Integrating the vertical motion
characteristics along with aligning shoulders (or stops)
at points A and B, a detailed coupler model can be
developed. With regard to the 13A coupler, friction
pair must fulfill the model.

3.1 Aligning shoulder and stop characteristics

The aligning forces of DFC-E100 system are

Carbody
N

Draft gear

\

Follower

Aligning shoulder, coupler stop, frictional pair

Fig.5 Coupler model

provided by the restoring forces of draft gear, and
can be transformed into aligning torques. Both
coupler free angle and structural maximum angle
should be considered when modelling aligning
shoulders, because in reality the rigid contact
between coupler shanks and yokes will happen
after coupler angle reaches the maximum angle. In
order to improve the discontinuity in rigid contact
modelling, the rigid contact is replaced by a large
torsional stiffness, after which aligning shoulder
characteristics can be expressed as
0 0] <a
T=< FLsgn(() a=<|0l=<p (3
10°[6—Bsgn(® JL p<|0]

where T is aligning torque; @ is current coupler
angle; a, 8 are coupler free angle and structural
maximum angle respectively; L is the distance
from aligning shoulder contact point to yoke pin
center, it also indicates the effective arm of
aligning torque.

With regard to the 13A/QKX100 system, the
rigid contact between draft keys and draft key slots
(on yokes) will happen when coupler angle reaches
free angle. The modelling method of rigid contact
used in the modelling of aligning shoulder can also be
used in the modelling of stop, and its property is

T — 0 10 |<<a 1)

1080 —asgn( L | 0|>=a

3.2 Friction pair models
Because draft gear forces are used to indicate
coupler forces, and are also used as the inputs of
friction nominal forces. Only when couplers are
bearing buff forces, friction pair will work. For F>0
(buff force)

JO | v, | 0
Uy
f= *F# ‘ Uy ‘<“U( (5)
Ug
lesgn(‘vr) | v [ = o
For F<L0 (draft force)
=0 (6)

where f is friction force; v, is relative velocity of
contact point; v, is kinetic friction velocity; u is

friction coefficient.
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4 Dynamics simulation

Referring to the structural parameters of a real 8-axle
locomotive, two 8-axle heavy haul electric freight
locomotive models are accomplished and used to
form train models with DFC-E100 or 13A/QKX-
100 system. In Fig.6 a train simulation model

consists of four detailed locomotives and one

simplified freight wagon in head-end configuration.
The configuration is selected as it exists in reality
and can provide the largest load for locomotive
couplers when train is hauling or braking. The
simplified freight wagon model with a mass of
20 000 t has a single longitudinal freedom. Some of

key parameters used in the models are listed in
Tab. 1.

Tab.1 Key parameters of train models

Parameter Value Parameter Value
Preload(DFC/QKX) /kN 130/150 Aligning torque arm(DFC) /mm 135
Maximum travel(DFC/QKX) /mm 110/83 Kinetic friction velocity/(m ¢ s~ 1) 0.02
Absorptivity (DFC/QKX) /% 80/70 Friction coefficient 0.32
Maximum impedance force/kN 2 500 Wheelbase/mm 2 600
Shift velocity/(m « s 1) 0.1 Bogiebase B'/mm 10 800
Coupler free angle (DFC/QKX) /(%) 3.5/9.0 Couplerbase C/mm 15 652
Coupler gap/mm 10 Lateral gap of secondary stop §/mm 60
Coupler length G/mm 830 Lateral stiffness of primary suspension k1 /(kN « mm™!) 7.24
Coupler structural maximum angle (DFC) /(°) 19 Lateral stiffness of secondary suspension & /(kN *« mm™!) 0. 26
Couplersystem  Traveling direction . certain value rather than at the starting point.
0 o\ O 0 Besides, obvious coupler force oscillations are
Simplified ~ 8-axle locomotive No.2 8-axle locomotive No.1 detected when the large coupler angling occurs.
wagon

Fig. 6 Train model

The simulated scenario is dynamic braking, and
the dynamic behaviour of the fourth coupler system
bearing the largest longitudinal force is paid attention.
Trains are running at a speed of 60 km « h™! on
Track

selected.

a straight track without any gradient.

AARS5 is

Locomotive brakes at the 2™ s, the braking force

irregularity  standard
reaches its maximum value (75 kN per axle) at the
12*® s, and the value is maintained until the

simulation terminates.

S Simulation result analysis

5.1 DFC-E100 system

The time histories of coupler force and coupler angle of
Under
bearing a longitudinal buff force of 1 200 kN,

a DFCGC-E100 system are given in Fig. 7.

the coupler of DFC-E100 system angles obviously.
But coupler angle is effectively confined at the
Coupler

neighbourhood of free angle 3.5°

distinctly angles when coupler force increases to a

The phenomenon is also observed in heavy haul

field experiments®1.
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Fig. 7 Dynamic performances of DFC-E100 system
Under the joint effects of suspensions (both

the primary and secondary suspensions) and

carbody structures, locomotive carbodies have

certain coupler-stabilizing ability. In other words,
from coupler-stabilized

without any assistance

structures ( friction pairs, stops or aligning
shoulders), carbodies can prevent couplers from
large angling under a certain longitudinal buff force.

The stability is termed as carbody-stabilizing-coupler
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ability, its reference point is the lowest longitudinal
buff force, at which couplers and carbodies can not
restore to their initial positions. The value also can
be obtained through theoretical analysis in Fig. 8.
In Fig. 8. F, and F are coupler lateral forces; K is
equivalent lateral stuffiness per bogie; ¢ is carbody

yaw angle; F. is coupler force.

e

— ',I_(\ U ____ ——

T | L
54— r,
C

(b) Force analysis of coupler system

Fig. 8 Analysis of carbody-stabilizing-coupler ability

Based on the geometry relation in Fig. 8, the
equation of carbody-stabilizing-coupler ability can
be derived by the force-balance principle and the

torque-balance principle

2KéB'  cos(g) — sin(g)tan(d — @) N

FZC0+ 0 sin@ +cos(@tan0— ¢
‘Fa

k= g
5 (8

With the same coupler angle, the value of & is
equal to the absolute value of carbody’s front-end
longitudinal force to rear-end longitudinal force.
The value of £ in this paper is 0.75. Due to the
confinements of secondary suspension stops. the
yaw angle of carbody meets

_ 0
128

According to the geometrical relations between

(9

carbodies and couplers, current coupler angle can
be expressed as
0= arcsin(%)-’-gp 10
If the values of § and ¢ are small, Eq. 7 can be
transformed into
2KéB"  B'G —25°C

F=Gca+m B GC+ 2000 an

Each bogie in the simulated locomotives has 4
primary suspension units and 4 secondary suspension
units, Their connection modes are: all primary
suspension units and all secondary suspension units
are parallelly connected respectively; the primary
suspension units are connected in series with the
secondary suspension units. So the equivalent
lateral stuffiness per bogie is

4k1/€2
ky =k,

It is seen from Eq. 11 that carbody-stabilizing-

K = (12)

coupler stability is relevant to locomotive

structures, suspension parameters, carbody
loading statuses and the lengths of couplers.
According to the parameters listed in Tab. 1, the
carbody-stabilizing-coupler
stability is 410. 97 kN. Literature[15] indicates

that the distinct angling behaviour of coupler in

calculated result of

DFC-E100 system is only observed when the
longitudinal buff forces are larger than 460 kN. It
also can be seen from Fig.7 that the distinct
angling behaviour of simulation model appears
after the longitudinal forces reach 440.5 kN. Both
the theoretical calculation result and simulation
result of carbody-stabilizing-coupler ability have
good agreement with the field test result.

Fig. 9 shows the time history of aligning
torque of DFC-E100 Combined with
Fig. 7, it can be seen that the aligning torque

system.

needed to stabilizing couplers increases with the
longitudinal force. After the longitudinal force

reaches it’s maximum value, the aligning torque is

dynamically stable at around 120 kN « m.
Influenced by the stochastic vibration of carbody,
20 -

|
[
(=]
T

-100

Aligning torque/(kN * m)
|
N
(=]
T

-140 1 1 Il J
0
Time/s

Fig. 9 Time history of aligning torque
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coupler angle is not always in the maximum free
angle state, so the time history of aligning torque
presents a discrete state.

5.2 13A/QKX-100 system

Fig. 10 shows the dynamic behaviour of 13A/QKX-
100 system bearing a longitudinal buff force. This
figure demonstrates the obvious effect of friction
pair, and no distinct coupler angling is recorded in
simulation. Coupler angle fluctuates between 0. 04°
and —0. 05°. Coupler force is also stabler than that
of DFC-E100 system. All the phenomena agree
with that of field test.

1500~
— Coupler force _ .04
----- Coupler angle
1100
4 ~
= <
< 700 g
o S
B 2
3 =
3 5
o -0.02 3
300 o]
~100 L L : <—-0.05
0 5 10 15 0

Time/s

Fig. 10 Dynamic performances of 13A/QKX-100 system

Fig. 11 presents the time history of friction
force at coupler tail of 13A coupler. Combined
with Fig. 10, the friction force adaptively changes
with coupler state, and the maximum friction force
reaches 28. 8 kN. The dynamic coupler stability is
exact reason why coupler angle changes within a

small range.

30

20
4
=

s 10
&
g

= 0
2
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=9

-10

-20

Time/s

Fig. 11  Time history of friction force

6 Conclusions

Two nonlinear hysteresis draft gear models and two

typical freight locomotive coupler system models are

presented in this paper. The friction pair and real-
time aligning shoulder models are integrated into
the two systems respectively. The coupler systems
are simulated in train models consisting of two
8-axle locomotives and one simplified wagon. The
theoretical calculation of carbody-stabilizing-
coupler ability is also performed. The results
indicate that the models can rationally reflect the
dynamic behaviours of coupler systems of freight
locomotives. Coupler angling behaviour of DFC-
E100 system is only observed after the longitudinal
Both the

theoretical calculation result and simulation result

buff force reaches a certain level.

of carbody-stabilizing-coupler ability have good

agreement with field test result. Influenced by

friction pair of 13A/QKX-100 system, no distinct
coupler angling behaviour is detected when 13A

coupler bears longitudinal buff force.
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