
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=nvsd20

Download by: [Southwest Jiaotong University] Date: 10 November 2015, At: 22:01

Vehicle System Dynamics
International Journal of Vehicle Mechanics and Mobility

ISSN: 0042-3114 (Print) 1744-5159 (Online) Journal homepage: http://www.tandfonline.com/loi/nvsd20

The effects of wheelset driving system suspension
parameters on the re-adhesion performance of
locomotives

Yuan Yao, Shiyin Zhao, Feixiong Xiao & Jianxin Liu

To cite this article: Yuan Yao, Shiyin Zhao, Feixiong Xiao & Jianxin Liu (2015): The effects
of wheelset driving system suspension parameters on the re-adhesion performance of
locomotives, Vehicle System Dynamics, DOI: 10.1080/00423114.2015.1108446

To link to this article:  http://dx.doi.org/10.1080/00423114.2015.1108446

Published online: 08 Nov 2015.

Submit your article to this journal 

View related articles 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=nvsd20
http://www.tandfonline.com/loi/nvsd20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/00423114.2015.1108446
http://dx.doi.org/10.1080/00423114.2015.1108446
http://www.tandfonline.com/action/authorSubmission?journalCode=nvsd20&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=nvsd20&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/00423114.2015.1108446
http://www.tandfonline.com/doi/mlt/10.1080/00423114.2015.1108446
http://crossmark.crossref.org/dialog/?doi=10.1080/00423114.2015.1108446&domain=pdf&date_stamp=2015-11-08
http://crossmark.crossref.org/dialog/?doi=10.1080/00423114.2015.1108446&domain=pdf&date_stamp=2015-11-08


Vehicle System Dynamics, 2015
http://dx.doi.org/10.1080/00423114.2015.1108446

The effects of wheelset driving system suspension parameters
on the re-adhesion performance of locomotives
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In this study, in order to examine the effects of a wheelset driving system suspension parameters
on the re-adhesion performance of locomotives, the stick–slip vibration was analysed according to
theoretical and simulation analysis. The decrease of the slip rate vibration amplitude improved the
stability of the stick–slip vibration and the re-adhesion performance of locomotives. Increasing the
longitudinal guide stiffness of the wheelset and the motor suspension stiffness were proposed as
effective measures to improve the re-adhesion performance of locomotives. These results showed
that the dynamic slip rate was inversely proportional to the series result of the square root of the
longitudinal guide and motor suspension stiffness. The larger the motor suspension stiffness was,
the smaller the required longitudinal guidance stiffness was at the same re-adhesion time once the
wheel slip occurred, and vice versa. The simulation results proved that the re-adhesion time of the
locomotive was approximately proportional to amplitude of the dynamic slip rate. When the stick–
slip vibration occurred, the rotary and the longitudinal vibrations of the wheelset were coupled, which
was confirmed by train’s field tests.

Keywords: locomotive; re-adhesion performance; driving dynamics; stick–slip vibration; parameter
sensitivity

1. Introduction

With high power railway locomotives being put into use on an increasingly large scale,
it has been observed that the increases in locomotive traction and brake power have
become restricted by the effective utilisation of wheel/rail adhesion. The saturation and neg-
ative slope characteristics of adhesion cause some complex dynamic problems for these
locomotives.[1–11] Important theoretical and engineering applications could potentially be
made if a locomotive’s dynamic behaviours when undergoing saturated adhesion were more
clearly understood. Also, the bogie structure parameters could be reasonably matched in order
to improve the traction force and reduce the dynamic force of the mechanical structure.

The wheel/rail adhesion cannot be maintained at the peak of the W/R tangential force
coefficient, and easily achieve a slip state because of the negative slope characteristics of the
adhesion curves when large relative sliding occurs. Previous research has determined these
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2 Y. Yao et al.

complex problems in the driving processes, and investigations regarding locomotives’ driv-
ing dynamics began some time ago. Hirotsu et al. [1] experimentally tested the self-excited
vibrations, and indicated that the increases in the stiffness, as well as the damping of loco-
motive structure, were helpful for restraining the vibrations. Wu [2] proposed the concept
of stick–slip vibration, and analysed the vibration stability of the driving system on bogie-
mounted locomotives through simulation studies. Muller and Kogel [3] analysed the wheelset
rolling-slip vibrations under inconsistent adhesion on the left and right wheels. Sun [4] estab-
lished a mechanical–electrical driving dynamic model, in order to study the effects on the
stick–slip vibration of locomotives with different characteristics and control strategies for
their electrical driving systems. Sun also proposed an integrative design principle, the ‘Trac-
tion system-Bogie-Control System’, for high adhesion locomotives. Some previous research
data [5,6] reported the experimental investigations of the transient traction characteristics in
rolling–sliding wheel/rail contacts. Polach [7,8] presented a fast wheel/rail force calculation
computer code, which included the negative slope characteristics and the effects on different
rail adhesion conditions. Michael [9] and Michael and Petr [10] simulated the dynamics of
a torsion system of a railway driving vehicle, and analysed the main vibration frequency
of a drive system during wheelset sliding, based on a measured acceleration signal. The
works showed the coupling phenomena between the wheelset’s longitudinal vibration and
the motor pitching during the wheelset sliding. The published data of previous research of
the author [11] have put forward the mechanism and dynamic characteristics of stick–slip
vibration, based on the concepts of mean and dynamic slip rates. The longitudinal vibration
phenomenon of the wheelset while stick–slip vibration occurs has been presented, and its
formation mechanism has been clarified.

In this study, the sensitivity of the suspension parameters of the wheelset’s driving system
were proposed, for the performance of a high re-adhesion using a quantificational method.
Also, the stick–slip vibration through the field testing of locomotives’ electric braking has
been presented, in order to verify the frequency coupling of the wheelset’s longitudinal and
driving pitch vibrations when the stick–slip vibrations occurred.

2. Stick–slip vibration theory [11]

2.1. Slip rate

It is well known that rigid wheel slide occurs, rather than just an elastic creep, during the
driving or braking of a locomotive. In order to express the slippage in a more physical sense,
the definition of the slip rate for a locomotive’s driving dynamics is as follows:

s = v − ωr

v
= 1 − (ω0 + θ̇ )r

v0 + ẋ
. (1)

Where ν is the instantaneous speed of the wheelset; ν0 is the mean speed; ω is the instan-
taneous angular velocity; ω0 is the mean angular velocity; θ̇ and ẋ are the rotary and
longitudinal vibration speed of wheelset, respectively; and r is the radius of the wheel. When
the macroscopic slip of the wheel occurs, the slip rate is a large but limited value, when com-
pared to the definition of creep.[12] Under the driving conditions, s is a negative value, and
its absolute value is used for convenience.

As a dynamical variable, the slip rate s can be written as:

s = s0 + ds, (2)
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Vehicle System Dynamics 3

where s0 is the mean slip rate, and ds is the dynamic slip rate. The s0 depends on the traction
or braking effort of the locomotive, and the adhesion condition on the rail. It was found to
have a larger value during slippage. The magnitude of the ds is related to the vibrant energy,
and also the elastic connection of the wheelset driving system structure.

2.2. Stick–slip vibration stability

It is common knowledge that the negative slope characteristic of adhesion between the wheel
and the rail is unstable, and causes the self-excited vibration of the system. The wheel/rail
adhesion cannot be maintained at the peak of the W/R tangential force coefficient, and easily
enters into a slip state without any control measures. The stick–slip vibration is a dynamic
transition process, alternating between the stick state and slip state, and its further devel-
opment depends on the system state. The stability of this process depends to a great extent
on the positive and negative damping of the wheelset adhesion. In Figure 1, the symbol ‘a’
represents the stick state; ‘b’ represents the stick–slip state; and ‘c’ represents the slip state.
By ignoring the structural damping, the vibrations on stick state remain stable because the
positive damping of W/R adhesion dissipates energy, and vice versa.

The negative slope characteristic of the W/R adhesion causes the system energy to increase.
If s0 is respectively fixed in three different constants for conditions b and c, then the amplitude
of ds will increase until part of s locates into a positive slope of the adhesion curves. In other
words, when the system is in a stick–slip vibration state, the process of an increase and
consumption of system energy are in balance, and the vibration exists in a limited cycle.
Also, under condition c, the value of s0 is greater than that of condition b, and a larger input
energy makes it easier to change the wheelset from a slippage to stick–slip.

In regards to locomotives in service, s0 cannot be a constant, and ds cannot increase
infinitely. As illustrated in Figure 1, when relating a′ with a, because the structural stiff-
ness and damping of the wheelset driving system are smaller, and the vibration scope of s is
comparatively wider, the stick state changes into a stick–slip vibration state more easily. This
causes increases in the system’s vibration energy, and the slip state is more quickly reached.
Likewise, when the running state of the wheelset changes from a slip into a stick, the wide
vibration scope of s extends the time required for the re-adhesion.

Many factors influence the re-adhesion ability of a locomotive, such as the rail surface
condition, locomotive structural parameters, electric driving system, and the mechanical

Figure 1. The different states of adhesion.
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4 Y. Yao et al.

characteristics of the motor. Among these factors, the decreasing of the mean slip and
the dynamic slip rates are the two most essential factors which increase the locomotive’s
re-adhesion ability. Therefore, for the bogie structure designs, the structural stiffness and
damping of the wheelset driving system needed to be increased as soon as possible, in order
to reduce the vibration scope of the slip rate.

2.3. Wheelset longitudinal vibration

By ignoring the effects of the damping from the locomotive’s driving system, as well as the
force from inertia, then if the slip rate is located in the OA section (Figure 2), and the motor
torque is a constant, the positive damping will cause the system energy to decrease. Also,
the angular acceleration of the wheelset will be negative. However, if the slip rate is located
in the AB section, then the angular acceleration will be positive. When the tangential force
coefficient is greater than the value of the μ0 during the periodic vibration process, which
corresponds to the shaded area in Figure 2, then the wheelset’s longitudinal vibration accel-
eration will be positive, and vice versa. During the stick–slip process of the wheelset, the
minimum and maximum slip rate are respectively located on both sides of s0. The minimum
value will be less than the sc, as shown in Figure 2. Points 1 and 2 are the corresponding tan-
gential force coefficients of the s1 and s2, respectively. When the slip rate changes to a cycle
of ‘s1–s2–s1’, the wheelset’s angular velocity will be in a ‘decrease-increase-decrease’ cycle.
However, the change process of the wheelset’s longitudinal vibration velocity will be in a
‘decrease-increase-decrease-increase-decrease’ cycle. The wave frequency of the wheelset’s
longitudinal vibration acceleration will be double the frequency of the wheelset’s rotary
vibration acceleration. These results signify that the main frequencies of the rotary and the
longitudinal vibration of the wheelset are coupled when the slick-slip vibration occurs.

The longitudinal vibration frequencies of the wheelset contain the natural frequency, along
with its integral multiples of the torsional vibration of the driving system. The vibration
energy reaches a maximum at twice the natural frequency. If the matching of the torsional
stiffness of the driving system, and the longitudinal axle guidance stiffness of the locomotive
are unreasonable, along with the wheelset longitudinal vibration frequency being an integral
multiple of the rotary vibration frequency, then the stick–slip vibration will cause a strong
longitudinal resonance of the wheelset. This indicates large dynamic loads, and wheel tread
spalling or potential accidents affecting safety may occur.

Figure 2. Graphic analysis of stick–slip vibration mechanism.
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Vehicle System Dynamics 5

3. Parameter sensitivity of driving system to improve re-adhesion performance

3.1. Driving dynamic model

The locomotive driving system can be classified into two types, based on the suspension
mode. These two types are the axle-mounted or nose suspension and the bogie frame sus-
pension. The former is used for locomotives with speeds of 120 km/h. The latter is used for
locomotives with a higher speed. The axle-mounted suspension of the driving system has the
advantages of simple structure, large torsional stiffness, and so on. However, the bogie frame
suspension has the advantages of a light unsprung mass, and excellent dynamic performances.
In this study, an axle-mounted driving system used in a heavy-haul railway locomotive, with
an axle power of 1600 kw, and a bogie frame suspension driving system used in a high speed
locomotive with a class of 200 km/h, were adopted as the research objects. Their structural
diagrams are shown in Figures 3 and 4, respectively. For the axle-mounted driving system,
the pinion was supported by two bearings with a simply supported mode, in order to improve
the service life of the bearing, particularly as it was used at a high axle power of 1600 kw. It
required a coupling to connect the pinion and the rotor. The torsional rigidity of the coupling
Kr was considered in the axle-mounted driving system’s dynamic mode. One end of the driv-
ing system was mounted on the wheelset through a rolling bearing, and the other end was

(a) (b)

Figure 3. Axle-mounted driving system model (Type A).

(a) (b)

Figure 4. Bogie frame suspension driving system model (Type B).
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6 Y. Yao et al.

Table 1. Parameters of the driving system’s dynamic model.

Symbol Physics mean Value A/B

M w Mass of wheelset (kg) 3731/2885
Iw Pitch inertia of wheelset (kg m2) 420/452
M d Mass of motor stator (no including rotor of motor) (kg) 3387/4000
Id Pitch inertia of motor stator (no including rotor of motor) (kg m2) 370/802
M r Mass of rotor (kg) 100/100
Ir Pitch inertia of rotor (kg m2) 20/20
l1 Longitudinal distance form mass centre of drive system to wheelset (mm) 500/466
l2 Longitudinal distance form rotor to wheelset (mm) 800/572
l3 Longitudinal distance form motor suspension rod to wheelset (mm) 1150/1153.5
l4 Longitudinal distance form motor reverse suspension rod to wheelset (mm) − /612
Kr Rotary stiffness of rotor coupling for type A (MN m rad−1) 13.6/ −
Kc Rotary stiffness of wheelset coupling for type B (MN m rad−1) − /7
Kmz Motor vertical suspension stiffness (kN mm−1) 10/64
Kpx Longitudinal axle guidance stiffness (kN mm−1) 44.14/57.34
i Transmission ratio of gear transmission − 6.2941/ − 3.91

suspended under the bogie frame through a rod. A six-bar double hollow shaft coupling was
used to transfer the motor torque, and to adapt the relative motion between the driving system
and wheelset in the bogie frame suspension driving system. The equivalent torsional stiffness
of the six-bar double hollow shaft coupling was Kc, and the driving system was hung under
the bogie frame by one rubber joint and two pendulums.

The two types of driving systems were equivalent to a uniform dynamic model, which
consisted of a wheelset and a motor stator, as well as a motor rotor. The wheelset had the
freedom to move longitudinally, as well as rotate along the Y axle. The motor stator and
rotor had the freedom to rotate along the wheelset and the rotator centre, respectively. The
detailed parameters of the driving system’s dynamic model are as shown in Table 1. This
dynamic mode was established to analyse the stick–slip vibration caused by the change of
the wheel/rail adhesion force or driving torque, and the main vibration was reflected in the
wheelset’s longitudinal and rotation directions. When the W/R was in a state of adhesion,
the vibration of the wheelset was vertical, and the rotational direction could be seen as a
decoupling. This driving system model could be simplified into a torsional vibration model
of the drive system and a longitudinal vibration model of the wheelset.

3.2. Simplified dynamic model

3.2.1. Equivalence principle of system parameters

In regards to a gear transmission system, the system parameters of the input or output axis can
be equivalent to the same axis, according to the principle of equivalence to analyse torsional
vibration. According to kinetic energy conservation, the equivalent moment of inertia is as
follows:

Ie = I · i2. (3)

According to the potential energy conservation, the equivalent torsional stiffness is as
follows:

kθe = kθ · i2. (4)

The equivalent of the torque is as follows:

Te = T · i2. (5)
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Vehicle System Dynamics 7

3.2.2. Simplified torsional model of driving system

The motor stator applies the electromagnetic torque to the rotor, and drives the wheelset
along the track through gear transmissions as a locomotive pulls a train. Due to the pitch
degree of freedom of the motor stator around the wheelset, the pitch angle of the motor stator
appears under the action of the driving torque. The pitch stiffness of the motor is dependent
on the vertical suspension stiffness and the longitudinal distance from the suspension rod to
the wheelset, or from the rubber joints to the pendulums. According to the transmission path
of the torque, the motor rotor, stator, and wheelset are connected in a series. The moment of
the inertia of the motor rotor and the stator, as well as the torsional stiffness, are equivalent
to the axle of the wheelset. The equivalent torsional model is as shown in Figure 5.

When the rotor rotational speed is equal to 0, the transmission ratio from the pitch
movement of the motor stator to the wheelset rotation is as follows:

idw = i

i − 1
. (6)

The equivalent moment of the inertia I re and Ide and the equivalent torsional stiffness kre

and kde of the rotor and motor stator to the wheelset can be calculated according to Equations
(3) and (4). Due the fact that the equivalent torsional stiffness is proportional to the square of
transmission ratio, the equivalent torsional stiffness of rotor kre can be seen as rigid.

When the wheel/rail is in an adhesion state, that is to say, in a positive slope of the adhesion
characteristic curve, then the transmission ratio from the longitudinal movement to the rota-
tion movement of the wheelset is R. The equivalent moment of the inertia Iwe of the wheelset
is as follows:

Iwe = R2Mwx + Iw, (7)

Where R is the rolling radius of wheelset; M wx represents the locomotive longitudinal
unsprung mass; and M wx equals M w, plus M d, as well as M r.

When the wheel/rail is in a pure sliding state, that is to say, in a negative slope of the
adhesion characteristic curve, then the equivalent moment of the inertia Iwe equals Iw.

The kc is the connected stiffness from the motor stator to the wheelset, as illustrated in
Figure 5. For the axle-mounted suspension drive system, the kc can almost be rigid. While in
the bogie frame suspension drive system, the kc cannot be ignored, and it is dependent on the
torsional stiffness of connect component, such as the six-bar double hollow shaft, or other
cardan couplings.

The equivalent torsional stiffness of motor rotor to wheelset equals the torsional stiffness
of rotor multiplied by the square of the gear transmission ratio, and this result is of great
value. Therefore, the effect of the torsional stiffness of the rotor to pinion on the stick–slip
vibration of the wheelset can be ignored. The drive system torsional vibration model can be
further simplified, as shown in Figure 6(a), where the kt is a composite stiffness of the kde and
kc. In regards to the analysis of the free response of the rotary vibration of the wheelset under

Figure 5. Torsional vibration system model.

D
ow

nl
oa

de
d 

by
 [

So
ut

hw
es

t J
ia

ot
on

g 
U

ni
ve

rs
ity

] 
at

 2
2:

01
 1

0 
N

ov
em

be
r 

20
15

 



8 Y. Yao et al.

(b)(a)

Figure 6. Simplified torsional vibration and wheelset longitudinal vibration system model.

an external impulse, the model can be further simplified as a single degree of freedom, which
only has a rotary degree of freedom of the wheelset. The equivalent principle is to ensure that
the vibration frequency of the original and the equivalent models are consistent, by changing
the torsional stiffness kte according to the following formula (Equation (8)):

kte = kt

(
1 + Iwe

Ire + Ide

)
. (8)

The natural vibration frequency of the torsional vibration of the driving system is as
follows:

fwθ = 1

2π

√
kte

Iwe
. (9)

3.2.3. Simplified longitudinal vibration model of wheelset

The transfer path of the locomotive longitudinal force was from the wheelset to the bogie
frame, and then to the car body. Since the mass of car body was larger, the longitudinal
vibration frequency of the unsprung mass depended on the axle guidance stiffness, mainly
when the longitudinal stiffness of the drawbar was a larger value. In this study it was assumed
that the drawbar longitudinal stiffness was large enough for a theoretical analysis.

The simplified wheelset longitudinal vibration model is shown in Figure 6(b). Due to the
transmission ratio from the rotary to the longitudinal movement of the wheelset equalling
1/R, the influence of the rotational inertia of the wheelset on longitudinal vibration can be
ignored.

The natural vibration frequency of the longitudinal vibration of the wheelset is as follows:

fwx = 1

2π

√
kpx

Mwx
. (10)

3.3. Suspension parameters matching principle

The dynamic amplitude of the longitudinal vibration speed of the wheelset was less than
the average running speed, when the locomotive operated at high speeds. Assuming the
denominator in Equation (1) is a constant, the slip rate can be written as follows (Equation
(11)):

s ≈ s0 + ẋ

v0
− R · θ̇

v0
. (11)

When the amplitude of the dynamic slip rate was smaller, improvements in the re-
adhesion ability of the locomotive according to the stick–slip vibration theory were observed.
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Vehicle System Dynamics 9

Therefore, it was very important to reduce the dynamic amplitude of the longitudinal and
rotational vibration of the wheelset. Based on the simplified dynamic model of the wheelset
driving system, the wheelset free vibration at the direction of the longitudinal, and the rotary
under a rectangular pulsed excitation was analysed. The given longitudinal wheel/rail force
acting on the simplified model is as follows:

Fw(τ ) =
{

F0 0 ≤ τ ≤ t1,

0 τ > t1,
(12)

where F0 = Lwgμ·Lw is the axle-load of the locomotive (25 t in this study); g is the
acceleration of gravity; and μ is the wheel/rail friction coefficient.

According to the Duhamel integral,[13] the response speed of the undamped free vibration
of a single DOF vibration system is:

ẏ = 2F0√
m · k

sin
ωnt1

2
cos

(
ωnt − ωnt1

2

)
, (13)

where m and k are the mass and stiffness of the single DOF system; and ωn is the natural
frequency.

It can be seen from Equation (13) that the response speed amplitude of the free vibration is
related to t1 and ωn. The results of t1 multiplied by ωn is assumed to be equal to π . Therefore,
the vibration speed amplitude decreased with the increasing of the mass and stiffness of the
vibration system.

The free vibration speed amplitudes of the wheelset at the longitudinal direction and rotary
of the simplified dynamic model under the longitudinal force are as shown in the following
expression:

θ̇w = 2F0R√
kteIw

, (14)

ẋw = 2F0√
kpxMwx

. (15)

The dynamic slip rate (ds) of wheelset is:

ds = 2F0

v0

(
1√

kpxMwx
+ R2

√
kteIw

)
. (16)

The parameters of Tape A in Table 1 are substituted into Equation (16), and the equation
can be written as:

ds = 23.5F0

v0

(
1√
kpx

+ 0.95√
kmz

)
× 10−3. (17)

It was apparent that the dynamic slip ratio was inversely proportional to the series result
of the square root of kpx and kmz. Only increasing one of the suspension stiffness had no
remarkable effect for decreasing the ds. In addition, the weight coefficient of the square root
of the kmz was 0.95 times that of the kpx, which means that their influences were at the same
level.

Figure 7 shows the contour of the dynamic slip rate of the axle-mounted driving system
at the different motor vertical suspension stiffness and longitudinal axle guidance stiffness of
the wheelset. The horizontal and vertical logarithmic coordinates were the longitudinal axle
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10 Y. Yao et al.

Figure 7. Contour of the ds at the different of kpx and kmz of the axle-mounted driving system.

guidance stiffness of the wheelset, and the motor vertical suspension stiffness, as well as the
corresponding natural frequency, respectively. The curve represents the same amplitude of the
dynamic sliding rate. The oblique dashed line represents the stiffness values with which the
corresponding nature frequency was an integer multiple to another nature frequency, which

Figure 8. Contour of the ds at the different kpx and kmz of the bogie frame suspension driving system.
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Vehicle System Dynamics 11

means that the resonance occurred when in a saturated adhesion. The larger the motor sus-
pension stiffness was, the smaller the required longitudinal guidance stiffness was at the same
dynamic slip rate, and vice versa. For example, the kpx and kmz of wheelset driving system
adopt the following two sets of suspension parameters, such as (15 kN/mm, 100 kN/mm) and
(40 kN/mm, 20 kN/mm), the locomotive has a close re-adhesion performance under the same
conditions.

Figure 8 shows the contour of the dynamic slip rate of the bogie frame suspension driving
system at different motor vertical suspension stiffnesses, and the longitudinal axle guidance
stiffness of the wheelset. It was assumed that the vertical stiffness of the three rubber joints
connected to bogie frame were the same. The curves were similar to an ellipse. The difference
compared to Type A was that the coefficient of kmz item was 2.6 in this driving system, which
means that there was more of a distinct effect of the kmx on the ds of Type B than kmz in
the calculated parameter domain. Due to the series torsional stiffness of the six-bar double
hollow shaft coupling being taken into account, the ds was found to have a larger value than
that in the Type A.

4. Simulation analysis of locomotive re-adhesion performance

4.1. System dynamics model

A dynamics model of a train system was established with the software program SIMPACK.
This model was composed of a locomotive and ten vehicles, as shown in the research
data.[11] The train hauling load was considered, and the unit vehicle was simulated by a mass
block which had a single degree of freedom along the track direction, where the mass blocks
were connected by a coupler force. The axle loads of the locomotive and the vehicle were
23 and 21 t, respectively. The locomotive was equipped with a Co′Co′ axle arrangement,
and the uniaxial power was 1600 kW. The locomotive driving system adopted an integral
structure, where the gear box was installed on the wheelset, and could be rotated around it.
The motor was suspended under the frame by a rod. This driving system model (Type A)
included a motor, gearbox, rotor, hang rod, pinion and large gear, and their detailed param-
eters are as shown in Table 1. The high-power locomotive driving system used a flexible
coupling between the rotor and pinion, and the torsional stiffness of the flexible coupling
was 1.36e7 N m/rad.

The train’s resistance was composed of the basic resistance, and the additional resistance
of the ramp way. The train ran uniformly when the locomotive traction force and resistance
were balanced. In this study, the dynamic model adopted a JM3 worn-type wheel tread and
a standard 60 kg/m rail shape. The dynamic model was able to simulate the actual dynamic
processes during the locomotive’s traction operation. This model also covered more uncertain
factors in the locomotive’s adhesion control.

4.2. Characteristics of W/R adhesion

The tangential force coefficient decreased with the increase in the W/R slip velocity.[14]
These results corresponded to the negative slope characteristic of the adhesion curves.
According to previous investigations,[6,7,11,14] the adhesion curves were different with
different rail surface conditions. These differences include: the maximal tangential force
coefficient; the slip rate corresponding to this maximal tangential force coefficient; the linear
slope near the origin; and the negative slope at the slippage. These can be defined as the four
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12 Y. Yao et al.

factors of adhesion.[15,16] The W/R friction coefficient f, as a function of the contact patch
sliding velocity,[17] can be written as:

f = fs
1 + Fυc

. (18)

In Equation (18), f s is the static friction coefficient; F is the dynamic friction effect
coefficient, which equals 0.23 in this study; and υc is the sliding velocity of the contact
patch.

By modifying the W/R tangential force calculation program of Shen et al.,[18] in accor-
dance with Equation (18), the wheel/rail tangential force coefficient curves, including the
negative slope characteristic, can be obtained. With the increase of the locomotive velocity,
the negative slope characteristic became obvious. In addition, by changing the Kalker weight
coefficient K, and the dynamic friction influence coefficient F, the four factors of the adhe-
sion curves were simulated. The reduction of the coefficient K tended to reduce the slope of
the linear segment, in order to simulate wet track surface conditions. Also, increasing F was
found to increase the negative slope of the adhesion curve. Thereby, the different shapes of
the tangential force coefficient curves were obtained.[11,15,16]

4.3. Electric drive system and control

The high power locomotives have adopted an ‘AC–DC–AC’ traction driving system. The
motor’s electric drive model and constant speed control were used in this study, as shown in
[11]. It should be noted that the model considers only the mechanical characteristics of the
driving motor, and does not use the adhesion control unit.

4.4. Effects of suspension parameters on re-adhesion performances

The operating condition of train running on a straight line with an initial velocity of 80 km/h
was simulated with the above mentioned electrical transmission model. The W/R contact
static friction coefficient f s is shown in Figure 14 in reference [11]. The horizontal axis is
time and the vertical axis is the friction coefficient of rail. With the decrease of f s slippage
occurred, and then the adhesion recovered after 8 s. When the f s decreases and recovers, the
wheelset changes into the stick–slip vibration state. The track irregularity was not taken into
account in the simulation model, in order to make the process of the stick–slip vibration more
obvious.

Figures 9 and 10 show the influence of the different wheelset driving system suspension
parameters on the stick–slip vibration. It was revealed that the longitudinal axle guidance
stiffness and the motor suspension stiffness had significant effects on the stick–slip vibration.
With the increase of these suspension parameters, the re-adhesion ability of the locomotive
increased. The wheelset went into the slip state when the f s decreased. However, when the
Kpx became larger, the wheelset entered directly into a full slip state, and then the W/R adhe-
sion negative damping raised the system’s vibration energy, enlarged the vibration scope
of the longitudinal slip rate, and the wheelset entered into a stick–slip state before the f s

increased. Then, the wheelset quickly returned to the stick state when the f s began to increase.
With smaller Kpx, the vibration scope of the slip rate was larger, and stick–slip vibration
occurred. The wheelset gradually transformed into a full slip state when the f s began to
decrease. When the f s increased, the wide scope of the slip rate prolonged the recovery
adhesion time. The simulation results were consistent with the conclusions of the stick–slip
vibration stability shown in Section 2.2.
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(a) (b)

Figure 9. (a) Effect of the longitudinal guide stiffness of the wheelset on stick–slip vibration and (b) effect of
motor suspension stiffness on stick–slip vibration.

Figure 10. Relationship of re-adhesion time and dynamic slip rate.

Figure 9(a) shows the simulation of the longitudinal slip rate, with respect to the differ-
ent motor suspension stiffness. When the motor suspension stiffness increased, the recovery
adhesion time decreased. Figure 9(b) also indicates that the smaller the motor suspension
stiffness was, the larger the wheelset longitudinal slip rate was, the longer the recovery
adhesion time was, and the lower the locomotive’s re-adhesion ability was. In addition, the
frequency of the wheelset’s longitudinal slip rates depended mainly on the motor suspension
stiffness, which confirms the conclusion that the wheelset’s longitudinal vibration frequency
depends on the driving system’s torsional stiffness, as concluded in Section 2.3.

Figure 10 shows the simulated re-adhesion time of the locomotive, and the dynamic slip
rate according to Equation (16) at the different longitudinal guides and motor suspension
stiffnesses. The calculated dynamic slip rates by Equation (16) were at the same level as the
simulation results of Figure 9(a) and 9(b). The calculated dynamic slip rate decreased with the
increasing of the suspension stiffness of the wheelset’s driving system, and the correspond-
ing simulated re-adhesion time reduced, which is consistent with the theoretical analysis.
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14 Y. Yao et al.

Figure 11. Simulated longitudinal vibration acceleration of the wheelset.

Although the re-adhesion time was not in strict proportion with the dynamic slip rate, these
results are significant to engineering guidance.

Figure 11 shows the simulated longitudinal vibration acceleration of the wheelset when
the stick–slip vibration occurred, with the condition that the natural vibration frequencies
of the wheelset and motor were respectively consistent and not consistent. It was clear
that once the stick–slip vibration occurred, a structural resonance occurred if the natural
vibration frequencies of wheelset and motor were consistent, which caused a larger vibra-
tion amplitude of the wheelset’s driving system, and extended the re-adhesion time of the
locomotive.

5. Field tests

The locomotive tested pulled a 10,000 ton coal train running, which equipped with drive
systems of Type A, at a long down ramp approximately 30 km in length, with a gradient of
13%. The train ran at a speed of approximately 75 km/h. The braking force was only supplied
by the electric brake of the locomotive, but the train’s air brake was used on the down ramp.
Most of the time, the braking current could reach 90% of maximum current and braking force
of single wheelset reaches 75 kN. During the braking, the locomotive experienced a larger
longitudinal coupler compressive force, and it had to stand continuously in order to ensure
that the wheelset did not slip. The process of locomotive electric braking is similar to the
driving process, just as the torque direction of motor is the opposite. The slip and re-adhesion
of the wheelset undergoing motor braking torque are consistent with the stick–slip vibration
which is caused by the driving torque.

The longitudinal vibration acceleration of wheelset driving system was tested, and the
acceleration sensor was attached to the driving system as show in Figure 12. The sensor’s
maximum range was 10 g and the sampling frequency was 1 K. The locomotive ran under
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Vehicle System Dynamics 15

(a) (b)

Figure 12. The position of acceleration sensor in field tests.

Figure 13. Test results of the wheelset’s longitudinal vibration acceleration.

normal operating conditions, and a segment of the wheelset driving system’s longitudinal
vibration acceleration is shown in Figure 13. The acceleration increased in an obvious way at
the time of 260 to 280 s, at which timeframe the stick–slip vibration occurred. The longitudi-
nal acceleration amplitude spectrum of the wheelset driving system at the stick–slip vibration
occurred and did not occur, as shown in Figure 14. It showed that the main vibration fre-
quency of the wheelset was 12 Hz when stick–slip vibration did not occur. Meanwhile, the
main vibration frequency of the wheelset was 12 and 16 Hz when stick–slip vibration did
occur, and the 16 Hz was the natural frequency of motor pitching. In regards to the two times
when motor pitching frequency did not occur, this may have been caused by the bandwidth
limiting of the acceleration sensor, or by the rapid decreasing of the high-frequency vibration
due to the damping. The field tests confirmed the theoretical analysis conclusions, as well as
the simulation results.
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16 Y. Yao et al.

Figure 14. Amplitude spectrum of the wheelset’s longitudinal acceleration.

6. Conclusions

(1) The stick–slip vibration was analysed according to the mean and the dynamic slip rate,
and the decreasing of the dynamic slip rate was found to improve the stability of the
stick–slip vibration. The increasing of longitudinal guide stiffness of the wheelset and
motor suspension stiffness were effective measures for decreasing the dynamic slip rate,
as this resulted in the improvement of the re-adhesion performance of the locomotive.

(2) The dynamic slip rate was inversely proportional to the series result of the square root of
the longitudinal guide stiffness and the motor suspension stiffness. The larger the motor
suspension stiffness was, the smaller the required longitudinal guidance stiffness required
at the same dynamic slip rate was, and vice versa. For the axle-mounted driving system,
the effects of the two suspension parameters on the dynamic slip rate were at the same
level. The simulation results proved that the re-adhesion time of the locomotive was
approximately proportional to the dynamic slip rate amplitude.

(3) When the stick–slip vibration occurred, the rotary and the longitudinal vibrations of the
wheelset were coupled with the longitudinal tangential force. A structure resonance of the
wheelset’s driving system will occur if the natural vibration frequencies of the wheelset
and motor are consistent, which causes a larger vibration amplitude, and extends the re-
adhesion time of the locomotive. The train’s field tests confirmed the phenomenon of a
frequency coupling under saturated adhesion.
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