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Abstract

In this study, the interaction between 10-DOF half-car high-speed train (HST) and bridge has been
introduced with active suspension system (ASS) placed on primary and secondary system of the HST.
The bridge has been modelled according to Euler-Bernoulli beam theory considering simple-supported
boundary conditions. The train model consists of front and rear bogies, body masses. To connect any
mass to each other the spring and damping element have been used. The equation of motion of the entire
system has been determined using Lagrange equation in the time domain. The excessive vibration due
to train bridge interaction (TBI) is analyzed then fuzzy logic control algorithm has been designed to
control these uncomfortable vibrations. Consequently, the vibrations on the train body, front and rear
bogie is reduced significantly.
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1. Introduction

The improvement and dissemination of HST transportation causes a leading role in promoting
economic progress, prosperity and cultural contact in countries. But, as the operating speeds of the
HSTs increase, the vibrations in the vehicle components, which negatively affect passenger
comfort and transportation safety, increase considerably as well. Therefore, reducing and
controlling the vibrations in the train components is very significant for passenger comfort, rail
holding and riding safety [1,2].

The TBI is very important problem in engineering because of a heavy vehicle such as HST moving
on the flexible structures like bridge beam causes excessive vibrations due to TBI. Because in such
a system, the train and the bridge are designed as two different subsystems, and the dynamic
response of these two different subsystems is affected by each other through the movement of the
train on the bridge [3,4]. With the developments in computer capacity and appearance of high-
capacity computers, studies were launched on complicated simulations which take into
consideration the bridge and train dynamics together [5-7].

Vibration reducing on TBI models can be obtained using new technical improvements with much
little cost or results. For instance, a suspension system with self-adjusting capabilities can quite
develop the performance of a train system on the track irregularity cases. Besides, the same
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technique would be used to approach to a train model with minimum impacts on track and bridges
[8] On the other hand, if a flexible system like a bridge is threatened by the vibrational effects,
passive or active techniques in structural control would be used to increase its reliability and its
durability [9,10]. Conventional passive suspension systems are not capable of the improvement of
high-speed train with the accelerating of the railway speed. The semi-active suspension of vehicles
uses the damping components that can be controlled and the closed loop control system [11-14],
which can regulate the damping force according to the feedback signals generated by the lateral
acceleration of the car body, so that the damping suspension stay in the best condition and improve
the stability of high-speed train. Therefore, well-designed semi-active suspension system is an
effective approach to decrease the vibration of the vehicle and improve the vehicle's stability.

In this study, an active suspension system with fuzzy logic controller has been modelled to reduce
excessive vibrations occurred on the train component such as train body, front and rear bogies.
With the proposed the method given in this study, the interaction between flexible structures and
moving vehicles is analyzed easily without the need for costly and time-consuming experimental
studies.

2. Mathematical Formulation

In the mathematical formulation, 10-DOF half car HST model is considered with active suspension
system as shown in Figure 1. The train moves on the bridge beam from the left side of the bridge
to right side until all wheelset axles pass to bridge. The train model considered as single car moving
on the bridge beam with constant train velocity v. Moreover, the train and bridge parameters used
in this study given by Tables 1 and 2.

2.1. TBI Model with ASS

In this study, the physical model shown in Fig. 1 is taken into consideration to reduce the
disturbing vibrations caused by train-bridge interaction using AVC. In Table 1 and 2, a description
of the parameters used in this study and the values of these parameters are given respectively.

In the formulation for the TBI analysis the following assumptions will be adopted:

e Asshown inFig. 1, the train model is modeled as a 10-DOF half-car model, which generally
consists of front-rear bogies, wheels, train body, secondary suspension element connecting
the train body and bogies, and primary suspension elements connecting bogies and wheels.

e The rails over which the train passes are thought to be integrated with the bridge beam and
its strength is added to the bridge beam for calculation.

e The velocity of the HST car is constant.

With these assumptions, the kinetic and potential energy of the vehicle-bridge interaction, as
shown in Fig. 1, is expressed as follows respectively:
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Table 1
Nomenclature of vehicle and bridge parameters.
Parameters Subscripts
r  Vertical or angular coordinates ¢ Body
¢ Damper’s Coefficients w  Primary suspension and wheels
m  Mass v Secondary suspension
k  Spring’s Stiffness Coefficient b Bridge
[ Distance between train body center and bogie center r  Wheel stiffness and damping
d Distance between bogie center and wheel
U Actuator’s force
Table 2
The properties of train and bridge models
Train parameters
Train body mass (mc) 41.75 ton
Front and rear bogie masses (Mp1=Myy) 3.04 ton
Mass of wheels (Mw1= Mw2= My3z= Mua) 1.78 ton
Mass moment of Inertia of train body (lc) 2080 ton m?
Mass moment of Inertia of front and rear bogies (Ip1= In2) 3.93 ton m?
Stiffness of primary suspension system (kyi=kyz) 1180 kN/m
Stiffness of secondary suspension system (Ku=kKuz=kus=kws) 230 KN/m
Damping of primary suspension system (Cy1=Cy2) 39.2 kKNs/m
Damping of secondary suspension system (Cw1=Cw2= Cw3=Cwa) 90.2 kNs/m
Half of longitudinal distance between centers of gravity of front 8.75 m
and rear bogies (l1=1,)
Longitudinal distance between centers of gravity of front and 1.25m
rear bogies and nearest side of bogies (d1=d,= d3=d4)
Bridge parameters
Elasticity module (E) 207 GPa
Bridge length (L) 50 m
Cross section inertia moment (1) 0.174 m*
Mass of unit length of bridge (x) 20 t/m
Bridge equivalent damping coefficient (c) 1750 Ns/m
L
JEH w2 (x.t) ]dx
0
1 +kv1(rl+llr2—r3)2+kv2(rl—lzr2—5) +Ky (1 +dir, — )2
E, T2 [k, (= dir, =) 4k (1 + Aty — 1) Ky, (h —dyr — 1 )’ ()
+k, (r +w, (&t )) ( &(t ))+kr2< +W, (&0t )) (X_‘fz(t))
ey (T + W, (&1 )) (X =& (1)) +Kpa (1 + W, (ot )) (x=& (1))

Rayleigh dissipation function for the train-bridge integrated system is expressed as follows:
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Figure 1. Physical model of TBI with ASS.

In Eq. (3), ¢ is the equivalent viscous damping coefficient for the beam. In addition, the Lagrangian

(L=Ex-E,

) of the system is equal to the difference between the kinetic energy and the potential

energy. When the Lagrange equations are rearranged for HST with ten independent coordinates,
the following is obtained:

oL oL oD
- =Uk !k:1,2,. ,10,
P, (t)j ap. (1) op, ) (4a)
oL oL oD
- = i ? = l, 2, 3, 4,
o7 (t)j on® a2 (4b)

The motion equation of the train car with ten degrees of freedom and bridge model shown in Fig.
1 is obtained by using the orthogonality condition and the Galerkin approximation given by [15].
The motion equations for the train car body, front and rear bogies are expressed using the
accelerations of the each DOF r;, respectively, as follows:

522



M.A. KOC / ISITES2020 Bursa - Turkey

h= o (I’1+|1r2 _r3)_&(rl_|2r2 _rs)_i(rl"'llrz —F3)
m, m, m,
c (52)
_mLZ(r'l—Ilf2 —r)+U,+U,,

P, = K (rl+llr2—r3)—m(r3+dlr4—r7)—&(r3—dlr4—r8)
mbl bl bl (5b)
C c c U+U,+U
2 (F L — 6 ) ==+ dyf, — F, ) — =22 (f, —d,f, — 1) — 2
mbl(l 112 3) mbl(s 114 7) mb1(3 1'4 8) m,,
i;s = kvz (rl_|2r2_rs)_&(rs""dﬂ‘e_rg)_&(rs_dsre_rlo)
m, my, my,
5e)
1 S (r'l—lzr‘z—rs)—i(r'ﬁdgr'e—rg)—cﬂ(rs_d;(;_rm)_w (
My, My, my, my,

The response of the bridge beam, in the form of n second order differential equations, are expressed
as follows:
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2.2. Fuzzy Logic Controller

In this study, the fuzzy logic controller given by Figure 2 has been used for suppressing of vibration
on the HST’s components such as train body, front and rear bogies. In this context, train body,
front bogie and rear bogie vertical displacement parameters ry, rs, rs are chosen for the measured
parameters. On the other hand, the references inputs are defined as parameters R1, Rz and Rs. Then,
the errors of the controller have been amputated using these references inputs. After the derivation
of these error parameters, the parameters error and derivation of the error has been defined as inputs
for fuzzy logic controller used in this study. Figures 3a-c show three different fuzzy controller
schemas for train body, front and rear bogies respectively. In the Figures 3a-c, input and output
parameters of the fuzzy logic controller used in this paper are seen clearly. The parameters error
and deviation of the error are defined as inputs for controller on the other hand the output parameter
is determined as force of the active suspension system placed primary and secondary suspension
systems respectively. The primary suspension system is the between train bogies and train
wheelsets. The function of the primary suspension system is to dampen vibrations occurring
contact point between bogie wheel and rail. Also, secondary suspension system has been placed
between train body and front and rear bogies as shown in Figure 1. Similarly, primary suspension
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system, the secondary suspension system prevents vibration that occur between bogies and train
body. The fuzzy logic controller generates the force of the actuators. Then these forces have been
added equation of motion given in Equation (5a-c).

S . S e'(t)e = A | GO .
By 3 ac . X=Ax+Bu+Gw atiits
R es(t) 2N [Ut —CcEDutEy fputs
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Figure 2. The fuzzy logic controller used in this study.
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Figure 3. The input and output parameters for fuzzy logic controller used in this study.

Figure 4 show s membership functions of the fuzzy logic controller used in this study. As shown
in figures, the input parameter error has been represented by five numbers membership functions.
On the other hand, the input parameter deviation of the error has been presented by three
membership functions. The output parameter actuator force is represented by nine number member
ship functions. The all membership functions are selected as triangular geometry.

3. Results
Figure 5 shows relationships between input and output parameters. Figure 6 shows train body

vertical displacement and acceleration for train and bridge parameters given in Table 1 considering
HST’s constant velocity v=20 m/s. As shown in figure, the maximum train body vertical
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displacement has been defined as 37.7 mm in the case of without control. In the fuzzy control case,
this value is obtained as 3.8 mm. The train body vertical maximum displacement was reduced by
approximately 90 percent. Similarly, as shown in the Figure 6b, the maximum train body vertical
acceleration is determined as 0.3018 m/s? in the case of without control algorithm. In the case of
with fuzzy logic control, this value is identified as 0.023 m/s2. The maximum train body vertical

Table 2. Fuzzy laws used in controller.
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Figure 4. The membership functions of input and output parameters.

acceleration has been reduced about 92 percent. Figure 7a-b shows train front bogie vertical
displacement and acceleration for train and bridge parameters given in Table 1 considering HST’s
constant velocity v=20 m/s respectively. As shown in figure, the maximum train front bogie vertical
displacement has been defined as 33.02 mm in the case of without control. In the fuzzy control
case, this value is obtained as 17.7 mm. The train front bogie vertical maximum displacement was
reduced by approximately 46 percent. Similarly, as shown in the Figure 7b, the maximum train
front bogie vertical acceleration is determined as 0.2 m/s? in the case of without control algorithm.
In the case of with fuzzy logic control, this value is identified as 0.1088 m/s2. The maximum train
front bogie vertical acceleration has been reduced about 50 percent. Figure 8a-b shows train rear
bogie vertical displacement and acceleration for train and bridge parameters given in Table 1
considering HST’s constant velocity v=20 m/s respectively. As shown in figure, the maximum train
rear bogie vertical displacement has been defined as 35.83 mm in the case of without control. In
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the fuzzy control case, this value is obtained as 17.07 mm. The train rear bogie vertical maximum
displacement was reduced by approximately 50 percent. Similarly, as shown in the Figure 8b, the
maximum train front bogie vertical acceleration is determined as 0.2364 m/s? in the case of without
control algorithm. In the case of with fuzzy logic control, this value is identified as 0.1288 m/s?.
The maximum train front bogie vertical acceleration has been reduced about 48 percent. Besides,
Figure 8 shows output of the fuzzy logic controller for all actuator placed on the HST model.

Figure 5. The output surface according to input parameters.
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Figure 8. The train body vertical vibration with control and without control a-) rear bogie vertical displacements b-)
rear bogie vertical acceleration.
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Figure 9. The actuator forces of the active suspension system generated by fuzzy logic controller.

Conclusions

The train bridge interaction is very complex engineering problem affected by many physical
parameters for train and bridge. The excessive vibration caused by TBI negatively affects riding
comfort and riding safety. Therefore, these vibrations should be reduced with passive and active
suspension systems. The active suspension system is more effective in term of vibration reducing
capability. In this study, it is proven that the active suspension system reduces vibrations about 50
percent due to TBI. But on the other hand, the biggest obstacle to using active suspension in HST
is the high set up cost. Therefore, using mathematical foundation given by in this study, one can
develops easily low-cost active suspension system in future works.
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