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Abstract: This study analyzes excessive vibrations that occurred on the railway vehicle bogie with the
computer simulation of a 4-DOF half car railway bogie dynamic physical model and Euler-Bernoulli
flexible bridge beam with the simply supported boundary conditions has been introduced considering some
limitations which affect problem formulation. To reduce these excessive vibrations other than conventional
suspension systems such as passive one, an active suspension system has been designed and attached to the
primary suspension system of the railway bogie car. Then, to control these active suspension systems, a
control algorithm based on PID and SMC is considered. The coupled equation of motion of the railway
bogie car and flexible Euler-Bernoulli bridge beam is obtained by Hamilton’s principle in the time domain
with the active suspension system. Finally, to demonstrate the effect of the active suspension system with
the PID and SMC algorithm upon these excessive vibrations, a computer simulation has been implemented,
and the results are presented comparatively. Consequently, the maximum railway vehicle bogie vertical
displacement and vertical acceleration have been significantly reduced.
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Yiiksek Hizh Demiryolu Arag¢ Bojisi ve Yap1 Etkilesiminden Kaynakh Titresimlerin Azaltilmasi
I¢in Aktif Kontrol Algoritmasi Tasarimi

Oz: Bu calisma 4-DOF yarim ara¢ dinamik fiziksel modeli kullanarak olusturulmus demiryolu araci ve
basit mesnetli sinir sartlarina sahip Euler-Bernoulli kirisinde meydana gelen asiri titresimleri problem
formiilasyonunu etkileyen bazi sinirlamalar dikkate alarak incelemektedir. Pasif slispansiyon sistemleri
gibi geleneksel siispansiyon sistemleri diginda, bu asirt titresimleri azaltmak i¢in, demiryolu boji vagonunun
birincil siispansiyon sistemine aktif bir siispansiyon sistemi tasarlanmig ve eklenmistir. Daha sonra bu aktif
stispansiyon sistemlerini kontrol etmek i¢cin PID ve SMC tabanli bir kontrol algoritmasi diisiiniilmiistiir.
Demiryolu boji vagonu ve esnek Euler-Bernoulli koprii kiriginin birlesik hareket denklemi, aktif
sispansiyon sistemi ile zaman alaninda Hamilton prensibi ile elde edilmistir. Son olarak, PID ve SMC
algoritmasi ile aktif siispansiyon sisteminin bu asiri titresimler {izerindeki etkisini gostermek igin bir
bilgisayar simiilasyonu uygulanmis ve sonuglar karsilagtirmali olarak sunulmustur. Sonug¢ olarak,
maksimum demiryolu araci boji diisey yer degistirmesi ve diisey ivme 6nemli dl¢iide azaltilmigtir.

Anahtar kelimeler: Demiryolu ara¢ bojisi, Aktif kontrol, Aktif siispansiyon, PID algoritmasi, SMC
algoritmasi

1. Introduction

Highways are mostly preferred in today's vehicles. However, transportation on highways cannot
be safer and more economical than railways. With the developments in railways, rail vehicles are
preferred due to faster and more comfortable transportation. In the last century, high-speed trains
have attracted considerable attention to transport people or cargo from one place to another. The
first high-speed train in the world was Tokaido Shinkansen, which operated on the line between
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Tokyo and Osaka in Japan in 1964, and its speed was 200 km/h. In addition, this speed gradually
increased to 250-300 km/h and in 1996 to 443 km/h. In 2007, the Paris-Lyon high-speed train in
France reached 574.8 km/h [1]. The highest speed in history is the maglev trains that use magnetic
levitation technology in Japan and can reach 603 km/h [2]. However, with the increase of the
speed of high-speed trains, some problems arise regarding the driving safety of the railway vehicle
and the comfort of the transported passengers. One of these problems arises from the dynamic
interaction between the train and the flexible structure that the high-speed train passes over. In
addition, there are studies such as wind load [3] [4], track irregularity [5], collision load [6],
earthquake [7] [8] in the interaction problems of high-speed trains.

The moving load passing over flexible structures such as bridges at a certain speed interacts with
the bridge, vibrates the bridge, and affects the moving load passing over the vibrating bridge.
When the literature is examined, those flexible structures such as bridges can be modeled as
beams. In literatures on this subject, bridges have been modeled using Euler-Bernoulli [9],
Timoshenko [10], and Shear beam theorems. In order to reduce the effects mentioned earlier on
vehicle cabins and overcome the problems mentioned above for high-speed trains, the design of
suspension systems is substantial. In passive suspension systems, the coefficients of spring and
dashpot elements are fixed and cannot be changed. It is difficult to increase the passenger comfort
and driving safety of high-speed trains or heavy vehicles with passive suspension systems. For
this reason, semi-active suspension systems have been developed due to changing the dashpot
parameter in passive suspension systems. In semi-active suspension systems, dashpot is designed
using a fluid that can respond to the magnetic field. In addition to these, an active suspension
system can maximize the driving safety and passenger comfort of the vehicles. Active suspension
systems are actually formed by the addition of actuators that can apply force in the vertical
direction in addition to the spring and dashpot.

It is seen that active suspension controls are used to increase the driving safety and passenger
comfort of high-speed trains or heavy vehicles. Specific controllers are preferred in order to
increase the performance of the active suspension. When the literature is examined, many
researchers have chosen the PID (Proportional-Integral-Derivative) controller for its design
convenience and superior performance to provide active vibration control of high-speed trains or
heavy vehicles. Giiclii carried out the active control of passenger and vehicle vibrations of eight
DOF (degrees of freedom) vehicle model using a PID controller. He applied control strategies in
three different situations and examined their effects on passenger comfort and road holding [11].
Hanafi controlled of the semi-active vehicle suspension system using a PID controller in a
Matlab/Simulink environment [12]. Similarly, Rao carried out semi-active suspension system
control of automobiles by using a PID controller in Matlab/Simulink environment and
significantly reduced the displacement and acceleration values of the vehicle body [13]. In their
study, Gandhi et al. presented the performance analysis of the four DOF half-vehicle model using
three different alternative controllers, except the PID controller [14].

PID type controllers can be used alone or can be used as a new controller by combining with other
controllers. The most preferred of these is the Fuzzy Logic controller, where the PID coefficients
can be updated continuously. Metin and Gliglii have used PID-type fuzzy controller in six DOF
light rail vehicles [15]. PID controllers can be used in many areas other than trains or heavy
vehicles. For example, Thenozhi et al. worked on vibration control with PID in building
structures. With the Lyapunov stability theory, the PID coefficients adjusted, the controller
showed stable performance even if the gain coefficients were not optimal [16]. In addition, PID
controllers are highly preferred in DC motor speed control. In this regard, Adar et al. used Pl and
self-tuning PI controller to reach different speed values of the DC motor in a shorter time [17].
When the literature is examined in detail, there are many controllers such as LQR (Linear
Quadratic Regulator) [18] [19], LQG (Linear Quadratic Gaussian) [20], H. [21], and SMC
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(Sliding mode controller) [22] in addition to PID and fuzzy logic controller in active vibration
control.

In this study, to control half car railway vehicle bogie excessive vibration active suspension
system consisting of linear spring, damping element and the linear actuator has been used to
simulate and reduce vibration of the coupled system between 4-DOF half car railway vehicle
bogie and simply supported Euler-Bernoulli beam. As shown in Fig. 1, a conventional PID control
algorithm and Sliding mode control (SMC), which a robust control method, have been
implemented to the half car railway vehicle bogie, as shown Fig. 1, with a linear actuator. The
railway car bogie’s speed on the flexible structure beam is considered constant with v=300 km/h.
In addition to this, the railway car bogie’s vertical responses are given when the velocity changes
from 28.8 km/h to 540 km/h at 3.6 km/h intervals. Then, an effective computer simulation has
been programmed to analyze this coupled vibrating system in the time domain.

2.Method

One of the most significant sources of the vibrations that occurred on the railway vehicle bogie is
vibrations generated because of the interaction between railway vehicle wheel and flexible
structure. When railway vehicle moves on the structure, it becomes incline around the axis which
parallel to the cross-section of the flexible structure. Actually, railway vehicle bogie and flexible
structure can be considered two separate subsystems that interact with each other at the contact
point between railway vehicle wheel and structure, that is why the vibrations of the flexible
structure affect the railway vehicle bogie, on the other hand at the same time the vibrations of the
railway vehicle bogie which moving on the structure affect to flexible beam like structures.
Therefore, it is very important that the idea of reducing the vibrations occurred on the railway
vehicle bogie using passive or active control technology. Because these vibrations negatively
affect both passenger comfort and traveling safety of the high-speed train. For this purpose, in
this study, an active vibration control algorithm has been designed to control excessive vibration
due to interaction railway vehicle wheel and beam like flexible structure as shown in the Figure
2. As shown in figure, two separate active suspension systems attach to the railway vehicle bogie
to control these vibrations.

Train Body

aE a8 8 s . \/\

Spring and dampeg i > Secondary
=

ElemEm Suspension System

> Linear Actuator

Primary <
Suspension System —> Axle

S Wheelset

Bogie

Figure 1. System configuration used in this study.
2.1. Derivation of the equations of the motion

In this study to mathematical model 4-DOF half car railway bogie and flexible structure, the
system schema given in Figure 2 has been considered with the active suspension system attached
to half car vehicle bogie. The parameters my: and mye in Figure 2 represent half car railway vehicle
bogie front and rear wheel mass, respectively. On the other hand, the parameters kw1 and ku. given
in Figure 2 represent half car railway vehicle front and rear suspension spring coefficients,
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respectively. The parameter mc represents half car railway vehicle bogie mass. Moreover, the
parameter I represents the inertial moment of the railway vehicle bogie body. Furthermore, the
parameters rni and rye represent half car railway vehicle front and rear wheel vertical
displacements. The parameters rc and ry represent half car railway vehicle body vertical
displacement and angular rotation. The parameter L represents the length of the bridge beam.
Furthermore, the parameters E, |, ¢, u represent the elasticity modulus of the bridge beam material,
the cross-section inertial moment of the bridge beam, equivalent damping coefficient of the beam
material, and the bridge beam mass of the unit length. The vertical displacement of the bridge
Wy(X, t) represents the deflection of any point x on the beam of the bridge at time t, relative to a
reference point on the left-hand support of the beam. The symbol v represents the constant
velocity of the train as it moves from the left end of the beam to the right end. In the formulation
for the TBI analysis, the following assumptions will be adopted.

e The flexible bridge beam is modeled as a simply supported beam based on Euler-
Bernoulli theory considering uniform cross-section area upon bean longitudinal axis x

e The half car railway bogie is modeled as 4-DOF lumped parameter system with active
suspension and linear spring behavior.

e The velocities of railway bogie are constant, and only one railway bogie is considered
moving on the Euler-Bernoulli beam

e The wheels are always in contact with the bridge, and no separation is involved during
the study.

e The aerodynamic drag force is not considered in this study, and it is excluded during the
study.

With these assumptions, considering given the physical model given in Figure 2, one can quickly
write the kinetic and potential energies of the railway vehicle bogie and simply supported Euler-
Bernoulli taking into account contact points between railway vehicle wheels and beam like
structure. To obtain coupled equation of motion of the entire system, one can easily use the
Hamilton principle given in Eq. (1):

J;8(T-U)+ [ ow,dt=0 (1)

5

The parameters given by Eq.(1), 67 represents the total virtual kinetic energy of the entire system,
the parameter 6U represents the total virtual potential energy of the railway vehicle and bridge
beam coupled system. Furthermore, the parameter 67y represents the non-conservative virtual
work of the system t=t; and t=t; time interval. So, the kinetic energy for the system shown in
Figure 2 has been written as follows:

L
0

According to Eqg. (2), the virtual kinetic energy of the system has been obtained as follows:

L
ST =_[pv'v(x,t)65WT(X't)dx+
° 3
dor, dor, dor, . ador,

+ Mcl‘l(t)TJr I.F, (t)?+ M ,F, (t)F+ M,.r, (t) "
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Considering the mathematical formulation given in Eqg. (3) and put into it to Eq. (1), the equation
yields as follows:

6 J'OL PW(X,t)dxsw+ M. i,

oTdt=-] @

L+ o, + MO + M, ToT,

E.l,p,c,w(X,t)
—

d2 L dl

1 21
Figure 2. The physical model of the half-car railway vehicle bogie used in this study.

On the other hand, the potential energy of the half-car railway vehicle bogie and simply supported
Euler-Bernoulli beam coupled system has been identified as follows:

L
1 jElW"Z(X,t)dX+
—| 0

U= (5)

? (e (410 = 6) H (x= & (1) + ko (1~ 1, 1) H (x= &, (1))}

The parameter E in Eqg. (5) represents the elasticity module of the simply supported Euler-
Bernoulli beam material, and parameter | represents the cross-section inertial moment of the
uniform beam. On the other hand, the parameter H(x) given in E. (5) represents the Heaviside
function. The virtual potential energy has been derived taking into Eg. (5) as follows:

sU :_TEI oW (Z,t)65w(x,t)dx
0 OX OX
+kwl(rl+r2d1—r3)6(r1+r2d1—r3)H(X—§1(t)) ©

+Kyp (=100, — 1) 8 (1 —1d, -1, ) H(x= &, (1))

The virtual work given by Eq. (1) of the half car railway vehicle and simply supported Euler-
Bernoulli beam coupled vibrating system has been concluded that as shown in Eq. (7):
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" SW, dt =

lI
S

—IO cW( X, t) dxsw
" —Cua (rl + erl - l;3)5}1 —Cy (rl + rzdl - F3)5r2 +Cy (rl + erl - r3)5r3(§1,t)H (X_é (t)) (7)
_sz (rl - r2d1 - rA)é‘rl +CW1(I°1 - r2d1 - r4)5r2 +Cw2 (rl - r2d1 - rA)é‘rA(gz,:)H (X_éez (t))

_+I0L f, (x,t)dxsw

The parameter fy(x,t) given in Eq.(7) represent static forces between moving half car railway
vehicle wheel and simply supported Euler-Bernoulli beam, which explained with Heaviside
function as follows:

fy () =~{fuH (x=& (1)) + T,.H (x =& ()} ®)

Using Egs.(3,6 and 7) given in above and put it into Eq. (1), one can easily obtain the equation of
motion of the half car railway vehicle and simply supported Euler-Bernoulli beam coupled
vibrations for the railway vehicle bogie body vertical displacement as follows:

o _kw kw Cw - : p
= M l(rl+d1r2 _ra)_M_z(rl_dzrz _rA)_M_l(rl"'dlrz _rg)

c c C 9
G e 1o o U+l ©
—M—(rl—dzr2 —F)+

On the other hand, the equation of angular motion of the half car railway vehicle body has been
defined as follows:

.k, K, Cot /s .
P, = I 1(rl+d1r2—r3)d1+|—2(r—d2r2—r4)d2—|—1(r1+d1r2—rs)dl

Cc C Cc (10)
+CIL2(r1—d2r'2—r4)d2+—uldll_uzd2

C C

The equation of motion of the half car railway vehicle bogie front wheel vertical displacement
has been described as follows:

. kw Ct /o A
r3:M—l(r1+dlr2_r3)+|—1(r1+d1r2—r3) (11)

wl [

The equation of motion of the half car railway vehicle bogie rear wheel vertical displacement can
be written as follows:

.k, Cuz /o .
r4:M_Z('l_dzrz_r4)+M_2('1_dzr2_r4) (12)

w2 w2

Furthermore, the equation of motion of the half car railway bogie, the simply supported Euler-
Bernoulli beam dynamics have been described by n number second differential equations in which
n represent mode number for the calculation of the bridge dynamics. Using these modes number
one can easily be obtained bridge dynamics as shown in Eq. (13):
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Nié‘ijq‘i (t)+ Sijé‘ijqi (t) +C¢uz (X)Qi (t)_ kwl(rl + d1r2 —‘i’lr3)¢l (51 (t))

_sz (rl - dlrz - ‘i’zl’4 )¢| (52 (t)) ~Cu (rl + dlrz - \i’lrs)ﬁ (§1 (t)) (13)
—Cuz (rl - der - \Pzr4)¢| (682 (t)) = fgl¢(§1 (t))\i]l - f92¢(§2 (t))\ijz

The parameters g and ¢; represent generalized coordinates of the elastic deflection of the simply
supported Euler-Bernoulli beam and transverse eigenfunctions of the beam, which obtain taking
into boundary conditions of the simply supported Euler-Bernoulli beam. The parameter w(x,t)
represent deflection of the beam at any location given by parameter x, which is defined according
to reference left side of the beam and at any time given t. The Galerkin approximation to define
deflection of the bridge beam has been introduced as shown in Eq. (14):

wixt) =3 () (1) (14)

On the other hand, the orthogonality conditions of these mode shapes according to Galerkin
function given by Eq. (14) have been identified as shown in Eq. (14) considering modal functions
and other parameters:

jOLp¢,(x)¢j(x)dx=Ni5ij, jOLE|¢," ()¢ (x)dx =S5, (15)

The natural frequency of the simply supported Euler-Bernoulli beam and the corresponding
critical velocity of bogie-beam system are defined as follows:

4 _4
ot =1 7EL (16a)
uL
dw.
v = (16b)

The parameter w given in Eq. (16) represents the angular frequency of the simply supported Euler-
Bernoulli beam with unit (rad/sn), expression d (d:+d>=2.5 m) stands for the distance between
front wheel and the rear wheel, the parameter j equals to the number of the modes, the parameter
E represents elasticity modulus of the bridge material (N/m?), | inertial moment of the cross-
section of the bridge beam (m*), on the other hand, the parameter p represents the mass of the unit
length of the bridge beam (kg/m), the parameter L (m) represents the length of the bridge beam
used in this study. According to this formulation, the first five mode shapes of the simply
supported Euler-Bernoulli bridge beam used in this study have been shown in Figure 3.
Furthermore, using half-car railway vehicle bogie and simply supported Euler-Bernoulli beam
parameters given in Table 1, one can easily calculate mode frequency of the mode shapes given
in Figure 3 with the formulation Eqg. (16), and results belong these frequencies has been given in
Table 2 with both unit’s Hz and rad/s. The parameter &, and &, given in Eq. (13) represent time-
dependent interval of the motion which defined following two stages:
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(17)

Table 1. The railway bogie and bridge beam parameters used in this study.

Bogie Bridge Values
parameters Values parameters
Mc 3,04e3 E (N/m?) 2.07ell
lc 2080 I (m% 0.174

Mus 1,78e3 ¢ (Ns/m?) 1750
Muz 1,78e3 p (kg/m) 20000
K1 9e4 L (m) 60
Kuwz 9e4 ds 1.25
Cut 4,2¢3 ds 1.25
Cw2 4,2e3

Table 2. Mode frequency of the bridge beam used in this study.

Mode number 1 2 3 4 5
Frequency value (rad/s) 3,68 14,72 33,11 58,87 91,98
Frequency value (Hz) 0,59 2,34 5,27 9,37 14,64

Critical velocity of bogie-

beam system (km/h) 3312 132,48 297,99 529,83 827,82

4

N’ N

Mode 2 Mode3 = = ~Moded = = =Mode5| |

0 10 20 30 40 50 60
The bridge length (m)

Figure 3. The mode shapes of the bridge beam used in this study.
2.2. Solution of the equations of the motion

In this section, the solution algorithm for the equations of motion of the half car railway bogie
and simply supported Euler-Bernoulli beam has been introduced used in this study. The equation
of motions of the half car railway bogie given in Egs. (9-21) represented by four second order
differential equations have been reduced to eight first order differential equations using state
variables given in this study. On the other hand, simply supported Euler-Bernoulli beam equation
of motion represented by second order differential equation as shown in Eq. (13). In this study,
four modes have used to calculate beam transverse deflection at any of the bridge beams and at
any time t. So, the four second order differential equations are reduced to eight first order
differential equations using state variables given in this study. The number of the total first order
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differential equation has been obtained as sixteen number according to and these equations could
simply be represented by in the state-space form as shown in Eq. (18):

X(t) = A)x(t) +f(t) (18)

The solution of the Eq. (18) has been obtained by the fourth order Runge-Kutta algorithm, and a
detailed explanation about this algorithm is implemented by studies [10], [23]-[26] which
previous study to investigate different type of vehicle and bridge interaction problems.

2.3. Verification of proposed method

In order to verify the accuracy of the proposed method in this study, a previous example in the
literature was considered. In this examined verification model, all parameters were selected the
same. The motion equation of the model in the literature was analyzed using the Newmark method
[27]. In the example, the elasticity module of the beam was taken as E=2.87 GPa, inertia moment
of cross-sectional area was taken as 1=2.9 m?# mass of unit length of the beam was taken as
1=2303 kg/m, beam length was taken as L=25 m, sprung mass was taken as M,=5.75 tons, wheel
mass was taken as M,=0, spring rating was accepted as k,=1595 kN/m, and the system was
assumed as undamped (c,=0).

The comparative result of the method used in this study with the example given in Figure 4 is
shown in Figure 5. The verification example examined was previously conducted by Biggs [27].
The results of validation examples and the method used in this study were found to be quite
similar.

-

M, v
Ly ke &y
/é/;// L /’7,;/,
Figure 4. The verification model used in this study.
0.5 : : : :
—Biggs (1964) Lon,
0 = = =Moving Load
g ---------- Proposed (Sprung Mass) |
g 051
5 (a) 1-DOF
T -l
Z
g -5}
o
=
= Ll
2.5 ; : : :
0 0.2 0.4 0.6 0.8 1

Time (s)

Figure 5. The comprison of model with proposed method.
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2.4. The designing of the control schema based on PID algorithm

In this study, as fit for the purpose of the study, a PID control algorithm has been performed to
half car railway vehicle bogie’s secondary suspension system given in Figure 2. The purpose of
the study is decreasing of the excessive vibrations that occurred on the railway vehicle. PID
controller has been used for more than %90 electrical and mechanical applications in engineering
because of its simplicity and ease of application in closed-loop control applications. Therefore, it
seems that it will be used for various engineering applications in the future. Figure 6 shows that
conventional feedback PID control algorithm closed-loop schema. As shown in figure PID control
algorithm consists of one input (reference input for the control algorithm) and one output signal
of the plant system. A sensor detects this output signal, and then this signal is compared with the
input reference signal using a comparison element, as shown in Figure 6. This comparison has
obtained the error signal. Then, this error signal has been transferred to gain, integral and
derivative elements for processing in these elements. Using these processed signals at the gain,
integral and derivative element with the sum of them, the control output of the PID algorithm has
been generated. This signal is transferred to the plant system (in this study the plant system is
simply supported Euler-Bernoulli beam and half car railway vehicle active suspension system)
for the control of the output signal generated by the system. Then, according to this control force,
the system’s output has been obtained

+
+ u(t)

Reference + et) |

u(t)

SMC

e(t)

Figure 6. Conventional feedback PID and SMC control algorithms used in this study.

The control output Uy(t) and U,(t) for the half car railway vehicle bogie secondary suspension’s
front and rear actuators has been obtained as shown in Egs. (19a) respectively using error signal
generated by PID control algorithm.

(19)

U(t)=K,e (t)+KIe(t)dt+K de;(t)( 1,2)1{61=0—(r1+r2d1)}

€ =O—(r1—r2d2) ,

The parameter e(t) given in Eqg. (19) represents the error signal determined by the difference
between the reference signal and output signal of the plant system. On the other hand, the
parameters K,, Ki, and Kgq given in Eqg. (19) represent respectively proportional, integral, and
derivative gains of the PID controller. Figure 1 shows that system configuration of the PID
controller implemented to active suspension system with the half car railway vehicle bogie. As
shown figure to suppress the excessive vibrations that occurred on the half car vehicle bogie, two
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linear actuators have been placed in the railway vehicle secondary suspension system. The control
signal generated by sensors attached to railway bogie frame has been transferred to PID controller
then a control signal produced by the controller using Eq. (19), then, this control signal. In this
considering proportional, integral, and derivative gains K,=11989, Ki=42264, and Ky=20765,
respectively.

2.5. The designing of the control schema based on SMC algorithm

In the previous section, the control algorithm of the active suspension system was made using
PID. In contrast, in this section, the active suspension system based on the SMC, a robust control
method, will be introduced to provide vibration control. The main purpose of SMC is to keep the
variable to be controlled at the reference value, thanks to the sliding manifold obtained by using
state-space forms. Then the system's state variables are first brought on the sliding manifold and
kept on the reference value determined here. These statements show that the SMC structure
consists of an equivalent control signal and switching control signal [28].

The total dynamic sliding mode control output is specified as follows. Here ueq represents the
equivalent control signal, and usw represents the switching control signal.

U=Ug +U,, (20)

The error signal generated to create a sliding surface and the derivative of the error is given in the
following equations. Here, rq represents the desired value and equals zero.

€6 =r- (rl + erl) & =r- (rl + r2d1) € =1~ (rl + f;zdl) (21)
€ =0 '(rl'rzdz) éz =1 '('Z'rzdz) éz = '(ri'rzdz)

The sliding surface is defined as follows, where « is the sliding surface coefficient.

sizei(ai+%), S, =ae +6, S =a6+€ =12 (22)

After the taking time derivative of the sliding surface using Egs. (21-22), the control forces can
be determined as follows. Here, both control signals mentioned in Eq. (20) are given together,
and k represents the switching signal coefficient.

Ul = (szl’4 - szfl + Cwldlrl + Cwldzfl + Cw2d2f1 + szdzfz + kvvldlrl + kmdzrl - |C0(f2

+Cw1d12 t=2 - szdzzfz + kw1dlzr2 + kw2d22r2 - CwlrSdl - Cwlrsdz —Cy I:4dz - r3kw1d1 - rskwldz (23&)
+C,,0,d,r, +k,,d,d,r, —k,,dd,r,—M_d,ar,)/(d, +d,) +k;sign(s,)
U, =—(Cyofy = Culy = €ty +Coaly =Ko —K,od, 1 — loart, +K,, 07, +K,,,05T, (23b)

+c,,f,d, +rk,,d, +rk,.d, +c,,dd,r, + M. d,ar,)/ (d, +d,) +k,sign(s,);
3. Results and Discussion
In this section, to simulate half car railway bogie and simply supported Euler-Bernoulli beam,
which properties given in Table 1 previous section are used, two different cases have been

considered with case 1: without control and case 2: with control given in this study. Firstly, case
1 (without control) is taken because it has only a passive suspension system, and its suspension
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properties do not adopt any change of the road condition. For this purpose, half car railway vehicle
constant speed is considered v=300 km/h during the whole analysis. Figure 7 shows vertical
responses of the half car railway bogie body considering the bogie’s constant speed v=300 km/h.
The bridge span length is given by Table 1 as 60 m. On the other hand, the bogie axle width
(di+d>) is calculated at 2.5 m according to Table 1. So, the last axle of the bogie must move 62.5
m from the left bridge beam completely. If considering the railway vehicle’s constant speed v=300
km/h, the required time to lapse bridge beam of the last axle has been calculated as 0.75 s. As
shown in Figure 7, after the time 0.75 s, the amplitude of the railway bogie vibration decreases
gradually. Indeed, the time requirement of the completely damping for the vibration waves after
the last axle of the railway vehicle bogie leaves the bridge beam depends on the damping ratio of
the suspension system given in Figure 7. As seen in Figure 7a, the maximum vertical displacement
of the railway vehicle vertical displacement has been obtained as 8.75 mm at time t=0.69 s for
passive suspension system (PSS). Whereas these value has been determined as 4.35 mm at time
t=0.68 s for active suspension system with PID (ASS with PID). And then, for active suspension
system with SMC (ASS with SMC) the maximum vertical displacement of the railway vehicle
vertical displacement has been obtained as 0.625 mm at time t=0.66 s. At this moment, the
location of the railway vehicle bogie on the bridge is 55 m from the reference left side of the
beam. It is seen that maximum bridge midpoint vertical deflection doesn’t occur at the time of
railway vehicle located precisely on the midpoint of the beam. This result is the movement
frequency of the moving railway car due to its constant velocity, which is calculated by
formulation v /L as 2.61 Hz. According to Table 2, the beam's first and second mode frequencies
have been obtained as 0.59 and 2.34, respectively. Since vehicle movement frequency is bigger
than beam’s first and second mode frequencies, maximum beam midpoint deflection doesn’t
occur at the time of railway vehicle located exactly on the midpoint of the beam.

Figure 7b shows that half car railway vehicle bogie time dependent vertical acceleration
considering railway vehicle bogie and bridge parameter given in Table 1. As shown in figure
maximum railway vehicle bogie vertical acceleration has been obtained as 0.466 m/s? at the time,
t=0.72 s for PSS. Whereas other values have been determined as 0.193 m/s? at the time, t=0.72 s
for ASS with PID and 0.056 m/s? at the time, t=0.72 s for ASS with SMC. At the moment of this
time t=0.72, the location of the railway vehicle bogie on the flexible beam is 60 m. That is means
the half car railway vehicle completely leaves the bridge at the maximum railway bogie
acceleration occurred. As it is understood that maximum railway bogie acceleration occurs further
time according to maximum railway bogie vertical displacement, as shown in Figures 7a and 7b.

x1073 (a) v=300 km/h 05 (b) v=300 km/h
—_ T T T T NA .5 T T T
E 4} E oal ——pPSS 1
= It —— ASS with PID
s 20 g 03f —— ASS with SMC |
B, /\ £ o2l
> S >
S Z 01
22 5]

=

= o 0
2 S 0.1
Z 6l —PSS | 2
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E 8l —— ASS with SMC || = o3l
& ) ) ) ) ) e ) ) ) ) .
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Figure 7. The effect of the active suspension systems upon railway vehicle bogie (a) vertical
displacement (b) vertical acceleration.

228


http://dergipark.gov.tr/demiryolu
http://dergipark.gov.tr/demiryolu

Demiryolu Miihendisligi Railway Engineering

0.015 v=300 km/h

-

E T

N’

Z ——PSS

S 0.01 f|——ASS with PID

£ —— ASS with SMC

Z 0.005f

=

<

-]

E 0

=}

o

& -0.005 -0.0108

=

& 0.011

%" -0.01

2 00112

£ -0.015 . 075 08 085,

= 0 05 1 L5 2 25 3
Time (s)

Figure 8. The effect of the active suspension system upon bridge mid-point deflection.

Figure 8 shows that simply supported Euler-Bernoulli beam time depended on mid-point
transverse displacement with the railway vehicle bogie constant speed v=300 km/h. As shown in
Figure 8, the maximum mid-point transverse displacement of the bridge has been calculated as
about 11.15 mm at time t= 0.8 s. At this moment location of the half car railway vehicle bogie is
66.64 m. This means that the entire axle of the railway bogie left the bridge beam. As shown in
Figure 8 vibration wave of the bridge mid-point displacement is damping slightly. The reason for
this that the damping ratio of the bridge beam is relatively small. If computer simulation replaced
with the bridge beam, which has a highly material damping coefficient, in this case, one can easily
observe that damping of the vibration wave.

Figure 8 shows that comparison of the passive suspension system and active suspension system
adopted to half car railway vehicle bogie with the PID and SMC controller introduced in this
study according to simply supported Euler-Bernoulli beam mid-point transverse displacement
using computer simulation. According to graphs given in Figure 8, one can easily understand that
active suspension systems have no significant effect in term of damping simply supported Euler-
Bernoulli beam mid-point transverse displacement because of the maximum simply supported
Euler-Bernoulli beam mid-point transverse displacement 11.15 mm in the case of PSS. On the
other hand maximum simply supported Euler-Bernoulli beam mid-point transverse displacement
11.11 mm and 11.05 in the case of ASS with PID and ASS with SMC, respectively. It should be
noted that the maximum vibration amplitude of the railway vehicle bogie acceleration has been
reduced by about %0.36.
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Figure 9. The generated control forces by using active suspension systems.
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In Figure 9, the control signal graph generated by two different active suspension system
algorithms used in this study is given. In the railway vehicle bogie examined in the study, there
are two actuators, one at the front and one at the rear, and they are indicated as U; and U in Figure
9. When the figure is examined, it is seen that the maximum control force generated by the PID
controller for the U is 332 N in 0.53 sec, while the control force generated by the SMC is 616 N
in 0.51 sec. A similar situation is observed in the determination of the U control force. Another
unique status in the graphics is that after approximately 0.7 seconds, immediately after the railway
bogie leaves the bridge, the control force applied by the SMC controller decreases considerably
compared to the PID. It is understood from here that the SMC control algorithm is superior to
PID and is a robust control method.
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Figure 10. The effect of velocity upon railway vehicle bogie responses (a) Vehicle body vertical
displacement (b) Vehicle body vertical acceleration.
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Figure 11. The effect of velocity upon the bridge mid-point transverse displacement.

Figures 10 and 11 show the maximum displacement and acceleration of the railway vehicle body
and the maximum displacement of the bridge mid-point when the vehicle velocity changes from
28.8 km/h to 540 km/h in a 3.6 km/h interval. Figure 10a shows that the maximum displacement
of the railway vehicle bogie is determined as 0.015 m when the bogie velocity is 133.2 km/h for
the PSS. In contrast the maximum displacement of the railway vehicle bogie is determined as
0.0102 m when the vehicle velocity is 111.4 km/h for the ASS with PID. These values are close
to the second critical velocity of the bogie-beam system calculated in the previous section.
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Similarly, in Figure 10a, if the bogie's velocity is 40 km/h, both the controlled system's maximum
displacement value and the uncontrolled system are high. This velocity is also close to the first
critical velocity of the bogie-beam system calculated in the previous section. According to the
graph in Figure 10b, if the bogie's velocity is 295.2 km/h, the maximum railway vehicle bogie
vertical acceleration value for PSS is 0.466 m/s?, which is almost equal to the third critical velocity
of the bogie-beam system. In Figure 11, the maximum bridge mid-point transverse displacement
values occurred when the bogie velocity was 40 km/h and 149 km/h. These velocity values are
very close to the first two critical velocities of the bogie-beam system. In addition, the dynamic
responses of the bridge and bogie decrease as the bogie’s velocity increases.

4. Conclusion

In this study, to control half car railway vehicle bogie excessive vibration active suspension
system consisting of linear spring, damping element and the linear actuator has been used to
simulate and reduce vibration of the coupled system between 4-DOF half car railway vehicle
bogie and simply supported Euler-Bernoulli beam. For the control of the active suspension
system, a conventional PID control algorithm and SMC, which a robust control method, have
been implemented to the linear actuator. The railway car bogie’s velocity on the flexible structure
beam is constant with v=300 km/h, and variables from 28.8 km/h to 540 km/h. Then, an influential
computer simulation has been programmed to analyze this coupled vibrating system in the time
domain. The root means square (RMS) values of the results obtained in the study are given in
Table 3. According to obtained results in this study given in section 3, one can easily conclude
the following remarks:

Table 3. RMS values for railway bogie vertical displacement and acceleration.

Bogie vertical Relative Bogie vertical Relative
displacement (m)  improvement (%)  acceleration (m/s2)  improvement (%)
Passive 0.00479 - 0.14231 -
ASS with PID 0.00284 40.72 0.03858 72.89
ASS with SMC 0.00023 91.95 0.00447 88.41

e According to graphs, one can easily understand that active suspension systems are very
effective in damping railway vehicle bogie vertical displacement.

e Active suspension system with PID compared to the passive suspension system is
approximately 40.72% more effective in reducing the vertical displacements of the
railway vehicle bogie. While the active suspension system with SMC compared to the
active suspension system with PID is approximately 91.95% more effective.

e Active suspension system with PID compared to the passive suspension system is
approximately 72.89% more effective in reducing the vertical accelerations of the
railway vehicle bogie, while the active suspension system with SMC compared to the
active suspension system with PID is approximately 88.41% more effective.

e The idea of the placed to secondary suspension system a linear actuator has no significant
effect upon Euler-Bernoulli flexible structure with the simply supported boundary
conditions.

One can easily use the proposed method in this study for the different types of railway vehicle
suspension system control without expensive and time-consuming experimental study with the
more improved railway vehicle physical and mathematical models.
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