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In order to study the dynamic behaviours of locomotives under saturated adhesion, the stability and
characteristics of stick—slip vibration are analysed using the concepts of mean and dynamic slip rates.
The longitudinal vibration phenomenon of the wheelset when stick—slip occurs is put forward and
its formation mechanism is made clear innovatively. The stick—slip vibration is a dynamic process
between the stick and the slip states. The decreasing of mean and dynamic slip rates is conducive
to its stability, which depends on the W/R adhesion damping. The torsion vibration of the driving
system and the longitudinal vibration of the wheelset are coupled through the longitudinal tangential
force when the wheelset alternates between the stick and the slip states. The longitudinal oscillation
frequencies of the wheelset are integral multiples of the natural frequency of torsion vibration of the
driving system. A train dynamic model integrated with an electromechanical and a control system is
established to simulate the stick—slip vibration phenomenon under saturated adhesion to verify the
theoretical analysis. The results show that increases of the longitudinal axle guidance stiffness and
the motor suspension stiffness are beneficial to the stick—slip vibration stability and the locomotive’s
traction ability. The optimised matching of the longitudinal axle guidance stiffness and the motor
suspension stiffness are helpful to avoid longitudinal resonance when the stick—slip vibration occurs.

Keywords: driving dynamics; stick-slip vibration; longitudinal vibration; locomotive; saturated
adhesion; parameter matching

1. Introduction

With high power railway locomotives being put into use, the increase in locomotive traction
power is restricted by the effective utilisation of the wheel/rail adhesion. The saturation and
negative slope characteristics of adhesion cause locomotives some complex dynamic problems.
Important theoretical and engineering applications can be made if the locomotive’s dynamic
behaviours under saturated adhesion are understood and the bogie structure parameters can
be matched reasonably to improve the traction force and reduce the dynamic force.

The wheel/rail adhesion cannot be maintained at the peak of W/ R tangential force coeffi-
cient and get into slip state easily because of negative slope characteristic of adhesion cures
when the large relative sliding occurs. Researchers found these complex problems in driving
processes and started to investigate locomotive driving dynamics long ago. Hirotsu et al. [1]
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tested the self-excited vibration with experiments and indicated that the increases in stiffness
and damping of locomotive structure are helpful to restrain the vibration. Wu [2] proposed the
concept of stick-slip vibration and analysed the vibration stability of the driving system on
bogie-mounted locomotives with simulation. Muller and Kogel [3] analysed the wheelset
rolling-slip vibrations under inconsistent adhesion on the left and right wheels. Sun [4]
established a mechanical—electrical driving dynamic model to study the effects on stick—slip
vibration of locomotives with different characteristics and control strategies of electric driving
system. Sun also proposed an integrative design principle of “Traction system-Bogie-Control
System’ about high adhesion locomotives. Some literature [5,6] reported the experimental
investigation of transient traction characteristics in rolling—sliding wheel/rail contacts, and
Polach [7,8] presented a fast wheel-rail force calculation computer code, which included the
negative slope characteristic and the effects on different rail adhesion conditions. The mech-
anism of stick—slip vibration was studied for the locomaotives design, but they did not find the
coupling phenomenon between the stick—slip vibration and the wheelset longitudinal vibration.

In this paper, we use a simplified dynamic model with a single wheelset driving system
to illuminate 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, is presented and its formation mechanism is made
clear innovatively. Then, a train’s dynamic model integrated with an electromechanical and a
control system is established to verify the theoretical analysis by simulating the phenomenon
of stick—slip vibration under saturated adhesion using the software SIMPACK. Finally, we
propose the principles of matching the parameter of the high adhesion of locomotives based
on the stick—slip vibration theory.

2. Simplified modéd for theory analysis

2.1. Singlewhed driving system model

The simplified locomotive driving system is shown in Figure 1. The model has four degrees
of freedom and three objects, including a rotor, a wheel and a vehicle. J,, is the rotational
inertia of the wheel, m,, and m, the wheel mass and the vehicle mass, respectively, &, and
¢4 the torsional stiffness and damping, respectively, k. and ¢, the longitudinal axle guidance
stiffness and damping, respectively, M,, the motor torque, F the vertical load of the wheel,
Fy the traction load.

0, 6
kg4 W
—Wh— "y
Jm JW
] Fy
Cq
rotor wheelset car
Xy F, wheelset Xw

Figure 1. Simplified model on drive system of locomotive.
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6 isthe relative displacement between the rotor and the wheel and x the relative displacement
between the wheel and the vehicle. Assuming the traction torque and the locomotive traction
force are constants, the differential equations of the model can be established as follows [9]:

Jo 0 (6 ¢, 0\ (6 kK, 0\ [0\ _(-M, +My
(5 )65 26 D)= ) o
where

’ J, w / J, w / M w ’ M w
Cdzcd(l-i_ﬁ)’ Kdzkd(l-’_ﬁ)’ CXZCX(1+Mb>, kx:kx<1+ﬁb)

M, the instantaneous torque, and F,, the instantaneous force, act on the wheel from the rail.
Equation (1) reduces the degrees of freedom of this dynamic system, and defines the mean
slip rate easily. The equivalent damping can be defined as follows:

(¢ O\ [0\ (M, +My
ron=(3 2)(3)- (G ). @
By equating F, to zero and calculating the eigenvalues of Equation (1), we can obtain natural
frequencies of the dynamic system of 38.2 and 12 Hz.

2.2. Sliprate

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

v —or (wo+é)r
s=———=1-—
v Vo + x

3)

where v is the instantaneous speed of the wheelset, vy the mean speed, w the instantaneous
angular velocity, o the mean angular velocity and r the radius of the wheel. When the macro-
scopic slip of the wheel occurs, the slip rate is a large but limited value compared with the
conventional definition of creepage. Under the driving conditions, s is a negative value and
we use its absolute value by convenience.

There are few differences between Equation (3) and expressions defined by Carter and UIC
[10] only under large slippage of the wheel.

As a dynamical variable, s can be written as follows:

s = 59 + ds, (4)

where sq is the mean slip rate and ds the dynamic slip rate. so depends on the traction load of the
locomotive and the adhesion condition on the rail, and it is a larger value during slippage. The
magnitude of ds is related to the vibrant energy and the elastic connection of the mechanical
structures.

If ¥ =0,0 =0, then

wor

So:l——. (5)
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2.3. Simplified W/R adhesion curves

The W/ R tangential force coefficient is inversely related to the slip after the peak of adhesion.
This is because of the effects of the wheel-rail friction heat and the rail surface roughness
[11]. The simplified W/R adhesion curve (Figure 2) can be indicated by a sectional linear
function like Equation (6):

S /Se 0<s<s.

6
Mm + ku(s - sc) Se =s ( )

n

where pu,, is the maximum tangential force coefficient, s. the critical slip rate and k,, the
negative slope on sliding. In the simplified model, we do not take the dispersion of adhesion
into account. The adhesion state under positive slope is defined as stick and the negative is
defined as slip.

2.4. Thenonlinear damping force

The instantaneous tangential force and the moment on the wheel have the following relations:
F, = pWo, M, =Fr, (7

where F, consists of the static traction force F,q and the dynamic traction force F/, M, consists
of the static moment M, and the dynamic moment M, and W, is the axle load. Equation (6)
can be written as follows:

WO/fLms/sc 0 =5 < S

F, =
WOMm + WOk;L (S - sc) Se =8

(8)

When s = so, we can get F,o, M, and M,,. When s and sq are located in the OA and AB
section, respectively, in Figure 2, there are four kinds of combinations and four expressions
of the equivalent damping force which correspond.

A
g
= s
T k
5 oifh u B
g 3 ‘ \
g |
3
Q
[o) |
: |
&
'c_‘“ |
| ‘
=
(o)
cﬁo I
- |
|
0 Se 50

Slip rate s

Figure 2. Simplified curve of tangential force coefficient.
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3. Thestick—dlip vibration theory

3.1. Stick—dlip vibration stability

In the dynamic system, the slip rate is equal to the sum of the mean slip rate and the dynamic slip
rate. The mean slip rate depends on the traction working condition and the W/ R adhesion state.
In Figure 3, the symbol ‘a’ represents stick state, ‘b’ the stick—slip state and ‘¢’ the slip state.
Ignoring the structure damping, the vibrations on stick state are stable because the positive
damping of W/ R adhesion dissipates energy and vice versa.

In Figure 4, sq is fixed with three different constants, respectively. For Conditions (b) and
(c), as the system energy increases, the amplitude of ds will increase until the part of s locates
in positive slope of adhesion curves. In other words, when the system is in stick—slip vibration
state, the process of increase and consumption of system energy are in balance, and the
vibration exists in the limit cycle. Under Condition (c), the value of sq is greater than that of
Condition (b), and a larger input energy makes it easier to change the wheelset from slippage
to stick-slip.

Um
-
=

Tangential force coefficient p

.Y

Slip rate s

Figure 3. The different states of adhesion.

0.030

0.025

0.020

0.015

Slip rate s

0.010

0.005

0.000

Time t/s

Figure 4. The self-excited vibration of slip rate.
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For the practical locomotive in service, so cannot be a constant and ds cannot increase
infinitely. In Figure 3, when relating a” with «, because the structure stiffness and damping
of the driving system are smaller and the vibration scope of s is wider comparatively, stick
state changes into stick—slip vibration state more easily. This increases the system’s vibration
energy and reaches slip state more quickly. Likewise, when the running state of the wheelset
changes from slip into stick, the wide vibration scope of s will extend the time required for
re-adhesion.

Many factors influence the re-adhesion of the locomotive, such as rail surface condition,
locomotive structural parameters, electric driving system and the mechanical characteristics
of the motor. Among these factors, decreasing of the mean slip and the dynamic slip rates are
the two most essential approaches to increase the locomotive’s re-adhesion ability.

3.2. Thewheelset longitudinal vibration

Ignoring the effect of damping from the locomotive driving system and the force from inertia,
if the slip rate is located in the OA section in Figure 5 and the motor torque is a constant,
the positive damping will make the system energy to decrease, and the angular acceleration
of the wheelset will be negative. But if the slip rate is located in the AB section, the angular
acceleration will be positive. When the tangential force coefficient is greater than the value of
1o during the periodic vibration process, which corresponds to the shaded area in Figure 5, the
wheelset longitudinal vibration acceleration is positive, and vice versa. During the stick—slip
process of the wheelset, the minimum and maximum slip rate are located on both sides of
so, respectively. The minimum value is less than s., as shown in Figure 5. Points 1 and 2
are the corresponding tangential force coefficients of s; and s,, respectively. When the slip
rate changes in the cycle of “s;—sy,—s;’, the wheelset angular velocity will be in the cycle
‘decrease—increase—decrease’. However, the change process of the wheelset’s longitudinal
vibration velocity is ‘decrease—increase—decrease—increase—decrease’. The wave frequency
of the wheelset’s longitudinal vibration acceleration is double the frequency of the wheelset’s
rotary vibration acceleration. The time domain curves of rotary and the longitudinal vibration
accelerations of the wheelset are shown in Figure 6.

'J‘ m

Mo

—_—
——
——

Tangential force coefficient 1

Y

Slip rate s

Figure 5. Graphic analysis of stick—slip vibration mechanism.
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Figure 6. Rotary and longitudinal vibration accelerations of wheelset.

Figure 7 is a frequency spectrum of the wheelset rotary vibration angular acceleration, the
frequency of 38 Hz is the main frequency of the rotary vibration and the natural frequency
of the driving system. Figure 8 shows the wheelset’s longitudinal vibration acceleration fre-
quency spectrum, where 12 Hz is the natural frequency of the longitudinal vibration. These are
the same as the eigenvalue calculations from Equation (1). The longitudinal vibration frequen-
cies of the wheelset contain the natural frequency and its integral multiples of the torsional
vibration of the driving system. The vibration energy reaches its maximum at twice the natural
frequency [12].

If the matching of the torsional stiffness of the driving system and the longitudinal axle
guidance stiffness of the locomotive is unreasonable, and the wheelset longitudinal vibration
frequency is an integral multiple of the rotary vibration frequency, then the stick—slip vibration
will cause strong longitudinal resonance of the wheelset, which indicates large dynamic loads,
and wheel tread spalling or potential safety accidents may occur [13].

~
o
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(&)
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Figure 7. Acceleration frequency spectrum of wheelset rotary vibration.
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Figure 8. Acceleration frequency spectrum of wheelset longitudinal vibration.

4. Thesimulation analysis of locomotive stick—slip vibration

4.1. Train system dynamics model

A dynamics model of a train system is established with the software SIMPACK. This model
is composed of a locomotive and 10 vehicles as shown in Figure 9. The train hauling load
is considered, and the unit vehicle is simulated by a mass block which has single degree of
freedom along track direction, where the mass blocks are connected by coupler force. The axle
load of the locomotive and the vehicle are 23 and 21 tonnes, respectively. The locomotive is
equipped with Co’Co’ axle arrangement and the uniaxial power is 1600 kW. The locomotive
driving system adopts integral structure, where the gear box is installed on the wheelset and
can rotate around it. The motor is suspended under the frame by a rod such as the one shown

Figure 9. The train system dynamics model.
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pinion rod rotor motor

Figure 10. The drive system model.

in Figure 10. This driving system model includes a motor, a gearbox, a rotor, a hang rod,
a pinion, a large gear, and their degrees of freedom which are shown in Table 1. The high-
power locomotive driving system uses flexible coupling between rotor and pinion, the torsional
stiffness of the flexible coupling is 1.36 x 107 Nm/rad.

By taking the train running environment into account, the train resistance is composed of
the basic resistance and the additional resistance of the ramp way. The train runs uniformly
when the locomotive traction force and resistance are balanced. The unit weight resistance is
given below:

w=a+b-v+c-v> (NKN). (9)

In the formula, @, b and ¢ are resistance coefficients, v the train speed and i the slope of
ramp way. In this section, the dynamics model adopts the US 5 class track unevenness, JM3
worn-type wheel tread and standard 60 kg/m rail shape.

The dynamics model can simulate actual dynamic processes during the locomotive traction
operation. This model can cover more uncertain factors in the locomotive adhesion control
than the simple mechanical model with a single wheel.

4.2. Thecharacteristics of W/R adhesion

The tangential force coefficient decreases when increasing the W/ R slip velocity. This corre-
sponds to the negative slope characteristic of adhesion curves. According to some investigation,

Table 1. The freedoms of locomotive dynamics model.

Element Lengthwise Lateral Vertical Roll Pitch Yaw
Car X Y. Z: [oR 6. v,

Frame Xyi Yyi Zyi Qpi O Wi
Motor (gearbox) 9,;‘].

Hang rod @, 0,

Rotor Omj

Small gear Ogj

Wheelset (big gear) Xowj Yyj Z,; 7, Ouwj Wy
Vehicle Xok

2Dependent freedoms: i = 1-2, j = 1-6 and k = 1-10.
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the adhesion curves are different under different rail surface conditions. These differences
include the maximal tangential force coefficient, the slip rate which corresponds to this max-
imal tangential force coefficient, the linear slope near the origin and the negative slope at
slippage. These can be defined as the four factors of adhesion. The W /R friction coefficient
f as afunction of the contact patch sliding velocity [14] can be written as follows:

s

I =1 Fo

(10)

In Equation (10), f; is the static friction coefficient, F the dynamic friction effect coefficient
and v, is the sliding velocity of the contact patch.

By modifying the W/ R tangential force calculation program of Shen et al. [15] according
to Equation (10), we can obtain the wheel-rail tangential force coefficient curves including the
negative slope characteristic, as shown in Figure 11. With the increase of locomotive velocity,
the negative slope characteristic becomes obvious. In addition, changing the Kalker weight
coefficient K and the dynamic friction influence coefficient F simulates the four factors of
the adhesion curves (Figure 12). Therefore, we can obtain the different shapes of tangential
force coefficient curves [16,17].

4.3. Theéelectric driving system of the locomotive

The high-power locomotives adopt the ‘AC-DC-AC’ traction driving system because of the
high-power density and the hardened mechanical characteristics of the AC motor. Presently, the
main high-power locomotives use induction motor and vector control. The rotor-flux-oriented
vector controller decouples the stator current into two vertical directions: the magnetic field
current component and the torque current component through vector transform, and they are
controlled respectively [18]. This makes the AC motor have improved speed regulating control
similar to that of the DC motor. In order to simplify the electric driving system model and to
improve the computing velocity, the AC motor has the same power as the separately excited
DC motor. The DC motor also has the same hardness mechanical properties as the AC motor
by reducing its rotor resistance [19].

Tangential force coefficient

Figure 11. The tangential force coefficient surface.



Downloaded by [yuan yao] at 19:21 07 July 2011

Vehicle System Dynamics 1331

0.301

0251
£ 020f
5
b=
g 015
g
< odof —— K=1.0,F=0.5
E —0— K=1.0, F=2.0
§) —A— K=0.2, F=0. 5
E 0051 —4— K=0.2, F=2.0

0.00

1 1 1 1 1 ]
0.0 0.1 0.2 0.3 0.4 0.5
Slip rate

Figure 12. The tangential force curves with different K and F.

U_gd_l_ Ud'l' l N
—=| ACR %
I+ 57, bt
- U‘: - E
C,® Ild
B
Kl

Figure 13. DC motor speed regulating with constant current.

In order to improve the traction performance and simplify the driver manual operation in the
locomotive electric driving system, the automatic control should play an important role. The
closed-loop-feedback control system includes constant voltage control (i.e. constant speed),
constant current control (i.e. constant torque) and current—voltage double closed-loop control.
Our study uses a constant-current speed control system. The control block diagram is shown
in Figure 13.

In Figure 13, ACR is the Pl regulator, Ce and Cy the motor electromagnetic constant and the
torque constant, respectively, ® the excitation flux, z,, t,, the electromagnetic time constant
and the mechanical time constant, respectively, 8 the current feedback coefficient, A the axle
load transfer coefficient, R, the rotor resistance and U,, the voltage value.

4.4. The effects of locomotive parameters on stick—glip vibration

The dynamics model of a train system applies constant torque on the motor and drives the
train, running on a straight line with an initial velocity of 80 km/h. The W/R contact static
friction coefficient U, is shown in different moments in Figure 14. With the decrease of U,,
slippage occurs and the adhesion recovers after 8 s. When U, decreases and recovers, the
wheelset changes into stick—slip vibration state.
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Figure 14. The W/R contact static friction coefficient.

Figures 15-18 show different impacting factors on the stick—slip vibration. It reveals that the
longitudinal axle guidance stiffness and the motor suspension stiffness have more significant
effects on the stick—slip vibration than the others. It also shows that the shaft-coupling torsional
stiffness has lesser influence and the track irregularity has no influence on the stick-slip
vibration.

Figure 17 shows the simulation results of the longitudinal slip rates with the original lon-
gitudinal axle guidance stiffness K, and one-tenth of its original value, respectively. The
wheelset will go into slip state when U, decreases. When K, is getting larger, the wheelset
will enter directly into full slip state. Then the W/R adhesion negative damping raises the
system vibration energy and enlarges the vibration scope of longitudinal slip rate, and the
wheelset will enter into the stick—slip state before U, increases. Then the wheelset quickly
returns to the stick state when U, starts to increase. For a smaller K, the vibration scope of
the slip rate is larger and the stick—slip vibration occurs. The wheelset transforms into the
full slip state gradually when U, starts to decrease. When U, increases, the wide scope of the
slip rate prolongs the recovery adhesion time. The simulation results are consistent with the
conclusions of the stick—slip vibration stability in Section 3.1.

0.01
0.00 - hue
-0.01
-0.02 -
-0.03

-0.04 |

—— smooth
,,,,,,, irregularity

-0.05 |

Longitudinal slip rate fx

-0.06 [
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1 1 1 1 ]

0 5 10 15 20 25 30 35
Time t /s

Figure 15. Effect of track irregularity on stick-slip vibration.
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Figure 18. Effect of motor suspension stiffness on stick—slip vibration.
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Figure 18 shows the simulation of longitudinal slip rates with respect to different motor
suspension stiffness. While the motor suspension stiffness increases, the recovery adhesion
time decreases. Figure 18 also indicates that smaller the motor suspension stiffness, larger the
wheelset longitudinal slip rate, longer the recovery adhesion time and smaller the locomotive’s
traction capacity. In addition, the frequency of wheelset longitudinal slip rates depends mainly
on the motor suspension stiffness, which confirms the conclusion that the wheelset longi-
tudinal vibration frequency depends on the driving system torsional stiffness as concluded
in Section 3.2.

45. Fregquency analysis of the stick—slip vibration

In order to verify the previous theory, we obtain the frequency spectrums of the driving system
vibration acceleration during the process of stick—slip vibration. The pitching vibration angular
acceleration of the motor and the wheelset longitudinal vibration acceleration are shown in
Figures 19 and 20, respectively. In the figures, the motor suspension stiffness is one-tenth of the
original design value. The main frequency of the motor pitching vibration is 14 Hz, which is the
natural frequency of the pitching vibration. The main frequency of the wheelset longitudinal
vibration is 14 Hz and its integer multiple frequencies are obvious when the natural frequency
of the wheelset longitudinal vibration is 12 Hz. Different from the conclusions in Section 3.2,
the amplitude of double pitching natural frequency is smaller than the value of the foregoing
conclusions, because the longitudinal axle guidance damping weakens this high-frequency
vibration.

Similarly, the stick-slip vibration can cause the longitudinal vibration of the wheelset,
the motor pitching and the wheelset longitudinal vibrations are coupled with the longitudinal
tangential force. Likewise, the wheelset’s longitudinal vibration causes the longitudinal forced
vibration of the frame. Therefore, it needs to rationally match the motor suspension stiffness,
the longitudinal axle guidance stiffness and the locomotive drawbar stiffness in order to avoid
the strong longitudinal resonances of locomotive structures during the process of stick—slip
vibration.

N
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T
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o
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Figure 19. The frequencies of motor pitching.
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5. Parameter matching study on the high-adhesion performance locomotive

5.1. Locomotive adhesion control

The adhesion control uses a fuzzy strategy. The fuzzy control does not need an accurate math-
ematical model and it gives strong self-adaptive and robust performance. Thus, it has good
control performances [20] in the different tracks under different adhesion conditions. In this
model, the locomotive adhesion control adopts bogie control, that is, the motor torque of
each axis in the same bogie will decrease in the same level when slippage is detected. The
bogie control has a higher adhesion performance relative to the vehicle control. In this section,
we will calculate the difference between the maximum and the minimum of the axles which
are located in the same bogie at the same time. Then we perform the real-time calculations
for the adhesion level Adl, after filtering. Finally, the control makes re-adhesion by multiply-
ing Adl with the motor torque command [21]. The control system block diagram is shown
in Figure 21.

The value of Adl can be obtained by fuzzy reasoning, the rule of which is shown in Figure 22.
When the wheelset is in the stick state, the angular velocity and the angular acceleration of
the axles in the same bogie are basically identical. Av and Aa are two small numbers. The

Vwl
Vw2 +
Vw3
Min A fuzzy reasoning
v
m Adl
_l torque
torque command 1
+ —
1+Ts

Figure 21. Re-adhesion control block graph of bogie control.
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Figure 22. The fuzzy reasoning rules.

corresponding Adl is a large quantity. When the wheelsets are sliding, Av and Aa will increase,
and the corresponding Adl becomes smaller. The torques of these motors will then decrease,
so it will recover to adhesion. Adl can be of a value greater than one, which is in the case of the
good track surface conditions. Increasing the torques of these motors will result in a bigger
adhesion force. When Av and Aa are small, increasing the surface gradient can result in more
sensitive adhesion control. With the help of the adhesion control, the longitudinal tangential
force of the wheelset can be maintained near the peak of wheel-rail adhesion and so the

locomotive has a better traction performance.

The W/R effective adhesion coefficients with the adhesion control under different track
surface conditions are shown in Figure 23 (no track irregularity). The adhesion coefficients

are distributed around the peak and are strongly affected by the fuzzy control.
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Figure 23. The W/R effective tangential force coefficient with control.
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Figure 24. Average accelerations of locomotive with different structure parameters.

5.2. Parameter matching principles of high-adhesion performance locomotive

The theoretical results show that the mechanical structure parameters of the locomotive
have a great influence on the wheelset stick—slip vibration stability. We can calculate the
average acceleration of the train running on a straight line by changing the locomotive’s struc-
ture parameters. The parameters include the longitudinal axle guidance stiffness, the coupling
torsional stiffness, the motor suspension stiffness and the drawbar longitudinal stiffness. In this
train system model, the motor adopts constant current control and applies adhesion control.
Under the same operating conditions, the traction performance of the locomotive depends on
the wheelset adhesion performance.

The results of the calculation are shown in Figure 24. We can see that the adhesion perfor-
mance is improved when the stiffness increases. The adhesion performance of the locomotive
decreases when the motor suspension stiffness is one-tenth of the original value. This is because
the stick—slip vibration causes the wheelset’s longitudinal resonance.

We are able to reach a conclusion on the parameter matching principle. To obtain a high-
adhesion performance of the locomotive and avoid intensive longitudinal resonance of the
wheelset when the stick-slip vibration occurs, it is beneficial to increase the locomotive
structure parameters indicated previously and optimise the matching of the motor suspension
stiffness with the longitudinal axle guidance stiffness.

6. Conclusions

(1) The stick—slip vibration is a dynamic process alternating between stick state and slip state.
The stability of this process depends on the positive and negative damping of the wheelset
adhesion. We performed theoretical analysis on the stick—slip vibration according to the
mean and the dynamic slip rate. It shows that decreasing the mean slip rate and the dynamic
slip rate will improve the stability of the stick—slip vibration.

(2) When the stick—slip vibration occurs, the rotary and the longitudinal vibrations of the
wheelset are coupled with the longitudinal tangential force. The longitudinal vibration
frequencies of the wheelset are integral multiples of the natural frequency of the driving
system. The largest energy occurs at the frequency twice the natural frequency.
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(3) A train system dynamics model integrated with electromechanical and control system is
established to simulate the stick—slip vibration phenomenon under saturated adhesion to
verify the theoretical analysis. The simulation result shows that increasing the longitudi-
nal axle guidance stiffness, the motor suspension stiffness and the drawbar longitudinal
stiffness is beneficial to improve the locomotive adhesion performance and the stability
of the stick—slip vibration.

(4) When the stick-slip vibration occurs, the main frequencies of the wheelset longitudinal
vibration are equal to the motor pitching frequency and its integral multiples. Therefore, it
requires optimisation of the matching of the motor suspension stiffness and the longitudinal
axle guidance stiffness to avoid the longitudinal resonance of the structure.

Acknowledgement

The authors wish to acknowledge the support of the National Natural Science Foundation of China (No. 50875219).

References

[1] T. Hirotsu, S. Kasai, and H. Takai, Self-excited vibration during slippage of parallel cardan drives for electric
railcars, JSME Int. J. 30 (1987), pp. 1304-1310.

[2] Y.F. Wu, Stability analysis of the vibration of the frame-mounted motor driving system, J. China Railw. Soc. 14
(1992), pp. 1-7.

[3] S. Muller and R. Kogel, Numerical simulation of roll-slip oscillations in locomotive drives, Z. Angew. Math.
Mech. 81 (Suppl.) (2001), pp. 61-64.

[4] X. Sun, The locomotive system design of high adhesion performance, J. Southwest Jiaotong Univ. 29 (1994),
pp. 235-247.

[5] B. Koansok, K. Keiji, and N. Tsunamitsu, An experimental investigation of transient traction characteristics in
rolling-sliding wheel/rail contacts under dry—wet conditions, Wear 263 (2007), pp. 169-179.

[6] W.H. Zhang, J.Z. Chen, and X.J. Wu, Wheel/rail adhesion and analysis by using full scale roller rig, Wear 253
(2002), pp. 82-88.

[7] O. Polach, Influence of locomotive tractive effort on the forces between wheel and rail, \eh. Syst. Dyn. 35
(Suppl.) (2001), pp. 7-22.

[8] O. Polach, A fast wheel-rail force calculation computer code, Veh. Syst. Dyn. 33 (Suppl.) (1999), pp. 728-739.

[9] S.Y.Ren, J.H Bao, and J.W. Zhang, Modeling and simulation of the self-excited torsional vibration of driveline
for SZG 4031 towing tractor under heavy load, J. Vib. Shock 24 (2005), pp. 95-101.

[10] F.T. Wang, Vehicle System Dynamics, Shanghai Railway University Press, Shanghai, 2004.

[11] M. Ertz and K. Knothe, Thermal stresses and shakedown in wheel/rail contact, Arch. Appl. Mech. 72 (2003),
pp. 1521-1533.

[12] Y. Yao, H.J. Zhang, and Y. Luo, Longitudinal vibration analysis of wheelset on locomotive under slippage,
Chin. J. Mech. Eng. 45 (2009), pp. 199-203.

[13] S.H. Luo, D.C. Jin, and Q. Chen, Study on longitudinal vibration of wheelsets and related problems of rail
vehicles, J. China Railw. Soc. 27 (2005), pp. 26-34.

[14] X.S.Jin and L.M. Zhang, Numerical analysis of the driving torque applied to a single wheelset of locomotive
with high speed, Chin. J. Mech. Eng. 35 (1999), pp. 56-60.

[15] Z.Y. Shen, J.K. Hedrick, and J.A. Elkins, A Comparison of Alternative Creep-force Models for Rail Vehicle
Dynamic Analysis. Proceedings of the 8th IAVSD Symposium, Cambridge, MA, Swets and Zeitlinger, Lisse,
1984, pp. 591-605.

[16] Y.Yao, H.J. Zhang, andY. Luo, Torsional-longitudinal coupling vibration analysis of drive system on locomotive,
J. Traffic Transp. Eng. 9 (2009), pp. 13-17.

[17] Y.Yao, H.J. Zhang, and K. Chen, Self-excited torsional vibrations of drive system on locomotive under slippage,
J. Southwest Jiaotong Univ. 43 (2008), pp. 762-766.

[18] T.X. Mei,J.H.Yu, and D.A. Wilson, Wheelset Dynamics and Wheel Slip Detection, Proceedings of 2006 Interna-
tional Symposium on Speed-up and Service technology for Railway and Maglev System, STECH’06 Southwest
Jiaotong University Press, Chengdu, Sichuan, P. R. China, 2006, pp. 40-46.

[19] S. Leva, A.P. Morando, and P. Colombaioni, Dynamic analysis of a high-speed train, Veh. Technol. 57 (2008),
pp. 107-119.

[20] K. Sun, H. Uk, and K. Hak, Re-adhesion control with estimated adhesion force coefficient for wheeled robot
using fuzzy logic, IEEE/IECON’2004, Pusan, 2004.

[21] L.M. Song, The Transmission System and Control of EMU, China Railway Press, Beijing, 2007.



