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ABSTRACT

This paper addresses the issue of lateral vibration of high - speed train car bodies caused by random
track irregularity excitation and random wind excitation. It proposes an active control method based
on the SABO - LQR algorithm and the secondary suspension system to enhance the running stability
and safety of high - speed trains by suppressing the lateral vibration of the car body. First, a dynamic
model of the cross - wind - vehicle - track system is established, taking into account both random
track irregularity excitation and random wind excitation. Second, considering the difficulty in selecting
the weight matrices Q and R during the design of the LQR controller, the SABO algorithm is used
for iterative optimization to obtain the optimal weight matrices and the controller. Finally, the
effectiveness of the proposed method is further verified through simulation. The results show that
the proposed active control method based on the SABO - LQR algorithm and the secondary
suspension system has the potential to effectively suppress the lateral vibration of the train car body.
Compared with the passive suspension method and the LQR control method, this method can
reduce the amplitude of the car body's lateral vibration by 67.13% and 50.30% respectively, thus
improving the riding comfort and the running stability of high - speed trains.
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1. INTRODUCTION

In recent years, China's railway network has been continuously expanding, and trains have been
developing towards lightweight and high - speed. The impact of cross - winds on the operation of
high-speed trains has become increasingly prominent. Lines such as the Lanzhou-Xinjiang Railway,
the Southern Xinjiang Railway, and coastal railways are often affected by strong cross - winds. Under
cross - wind conditions, the aerodynamic load of trains increases significantly, and the lateral
vibration of the train body intensifies, which directly threatens the safety of train operation and the
riding comfort [1]. Therefore, conducting research on the active control of the lateral vibration of
high - speed trains in cross - wind environments is of great practical significance for ensuring train
safety and improving passenger comfort.

With the development of actuator and control technologies, active suspension has become an
important means to improve the running safety of trains under cross - winds. Most of the existing
research focuses on two aspects: new - type actuators and control strategies. Some studies adjust the
wheel - rail force and the attitude of the car body by means of electromagnetic suction [2] and giant
magnetostrictive actuators [3] to suppress vertical or lateral vibration. The other part focuses on
control algorithms, such as improved sky - hook control [4], fuzzy control [5], sliding mode control
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[6], neural network and adaptive control [7], which have all achieved vibration reduction and
efficiency improvement to a certain extent. However, most of the existing research results do not
simultaneously consider the problem of suppressing the lateral vibration of trains under the combined
action of cross - winds and track excitations.

In this paper, we introduce the subtraction average based optimizer (SABO) and linear quadratic
regulator (LQR) into the active suspension system to regulate the lateral vibration acceleration of the
vehicle body and enhance the operational stability. The remainder of this paper is organized as
follows. In Section 2, a crosswind-vehicle-track coupled dynamics model is established, in which the
random track irregularity and unsteady aerodynamic loads are considered. Then, the control strategy
and method analysis are introduced in Section 3. In Section 4, the numerical simulations and results
discussion are presented. Finally, some conclusions are drawn in Section 5.

2. CROSSWIND-VEHICLE TRACK COUPLED DYNAMICS MODEL
2.1. 1/4 High-Speed Train Lateral Vibration Model

This paper mainly focuses on the lateral vibration acceleration of the high - speed train car body's
center of mass under the action of cross - winds and its control. To simplify the complexity of the
dynamic model of the train's active suspension and the design of the LQR controller, a 1/4 lateral
active suspension model of the high - speed train is established in combination with Reference [8], as
shown in Figure 1.
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Figure 1. 1/4 Model of high-speed train

Based on Figure 1 and Newton's laws of motion, establish the motion differential equation of this
model.

{Mlxl+Cl(xl_x2)+Kl(xl_x2)_FU_Ev:0 (1)

M,x%, +C (%, —x)+ K, (x, —x))+ K, (x, —g) + C, (X, —g)+ F, =0~

In the formula, M; and M are the mass of the car body and the mass of the bogie respectively, g is
the excitation of track horizontal irregularity, Fw is the cross - wind excitation, and Fu is the active



control force generated by the active actuator in the secondary suspension system. The meanings and
parameters represented by each letter are listed in Table 1.

Table 1. High-speed train parameter

parameter numerical value
Vehicle body mass Mi[kg] 400 00
Quality of the steering frame structure M>[kg] 3200
Spring stiffness of the second suspension system K;[N-m™] 800 000
Damping coefficient of the second suspension system C;[N-s-m'] 120 000
Spring stiffness of the suspension system K2[N-m'] 208 0000
Damping coefficient of the suspension system C2[N-s-m™'] 100 000

Among them, the system state variables is X =[x, x, % x]' ,The active suspension control
outputs take into account the vehicle body acceleration, the suspension movement stroke and the
displacement of the steering frame,then¥ =[%, x, —x, x,]",The controlled variable isU =[F,],The

interference level isG=[g ¢ F,]".

Then the state space equation of the system can be written as:
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2.2. Track Irregularity Excitation

In the research on the safety of high-speed train operation, due to the obvious randomness of the track
conditions in the actual lines, in order to better simulate the random characteristics of track
irregularities during high-speed train operation, the track irregularity excitation is generally regarded
as the input of the system. The commonly used power spectra of track irregularities include the
German track spectrum, the American track spectrum, and the track irregularity spectrum of China's
high-speed railway ballastless track proposed by the China National Railway Administration in 2014.
This paper uses the time-domain irregularity samples converted from the track irregularity spectrum
of China's high-speed railway ballastless track as the track irregularity excitation.



The expression of the track irregularity spectrum of China's high-speed railway ballastless track is

[9]:

S(P)=—+. 3)

(¢) -
where, 4 and n represent the coefficients of the fitting formula; S(¢) represents the power spectral
density function, mm?/(1/m); grepresents the spatial frequency of the track random irregularity, (1/m).

The numerical simulation was carried out using the inverse Fourier transform method, thereby
providing the orbital input excitation for the study of linear and nonlinear system vibrations. The
process and steps [10] are as follows:

(1) Suppose the running speed of the high-speed train is v, and the maximum and minimum
wavelengths of track irregularities are Amax and Amin respectively. Then:

(4)

v

Sonax =7 - (5)

‘min

In Equations (2) and (3), fmax and fmin represent the upper and lower cutoff frequencies of the
simulation frequency band. According to the sampling theorem, the sampling time interval in the time
domain is set as At:

At<

S
o (6)

Assuming the total simulation time is 7, then the number of time-domain sampling points is:

T
N =

== (7)

Among them, N is an integer power of 2, and the frequency sampling time and the number of sampling
points within the effective frequency band are:

1

0=~ (®)
Nf — fmaxD_f:fmin . <9)

Due to the characteristic of the periodic method, the sampling point values within the sampling
segment from(N/2-Ny)~(N/2+Ny) are assumed to be 0. Then, in the sampling segment from 1 to N/2,
the sampling point values of the orbital spectrum Su(f)=(f=k*Af,k=0,1,2,...N/2).

(2)By using the periodic diagram method, it can be obtained that:

X (k)| = | DEF [ x(n) ]| = N? -5, (k) =[S, (/ =k~ A ) A (k=0,1,.N~1) (10)

where, |X(k)|represents the simulated value of the spectrum X(k) of the random sequence x(n). In an
independent phase sequence, when i satisfies the condition |ys|=1, then:



w,=cos® +isin®, =exp(i-D,). (11)

X(k)=y, NJS,(f =k-&f). (12)

By applying Fourier transformation to Equations (9) and (10), we can obtain:

i2znt

x(n):Re(%Z_:X(k)eXp[ ). (13)
k=0

Based on Equations (3) - (13), the time-domain simulation diagram of the unevenness of the
ballastless track in our country and the numerical fitting comparison diagram after Fourier
transformation can be obtained, which are respectively shown in Figure 2 and Figure 3.

25

20

Unevenness amplitude of the level/mm
o

-20

-25

0 10 20 30 40 50
time/s

Figure 2. Numerical simulation of uneven track spectra
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Figure 3. Comparison of simulated and analytical values of the unevenness spectrum of the track
2.3. Unsteady Aerodynamic Loads

TIn the side wind model of high-speed trains, the instantaneous wind speed consists of the mean wind
and the fluctuating wind. The wind speed value ® at any point can be expressed as[11]:

w=0+a0 . (14)

The power spectral density can describe the characteristics of random fluctuating wind speed. Cooper
derived the power spectral density function of pulsating wind [12] as follows:
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NSwz[ 4(NL'/7) :|X|:C2+<1_C2)0.5+94.44(NL'/1/7>2:|

ol | 1+70.8(NL'/w)*)" 1+70.8(NL'/ u)* (15)
C,=vcosa/u+am/u. (16)

0.5
L’:Lfv[Cj+4(L-;,/Lfv)2(1—Cj)] . (17)

where, S, , 0, and NS,, /0., respectively represent the power spectral density, standard deviation and
dimensionless power spectral density of the fluctuating wind speed, o~ wLz, where Lz represents
the turbulence intensity, N represents the frequency, and L3; , L} respectively represent the
longitudinal and lateral turbulence integral scales. u repre sents the average synthesized wind speed,
and its expression is:

L7=\/v2+§2+2v§cosa . (18)

The intensity of turbulence is related to the surface roughness length and the height above the ground.
The calculation is as shown in Equation (19):

b st 1Mo )L oy
LZ_ln(M/MO)[l 510 (log(o.osj”))‘ (19)

In the formula, M and M, represent the ground height and roughness length respectively.

The turbulent integral scale can be expressed as:

0.35
z

L, =50x 0.063 * (20)
Zy
L, =042L . (21)

The power spectral density value can be obtained through calculation. The pulsating wind speed v
can be obtained through the harmonic superposition method, and the calculation formula is:

o' =Y [25,(N,)AN, ] sin@zN T +22R,) (22)

1

where, T represents time, AN; denotes the step size of frequency, and R; is a random number ranging
from O to 1.

The unsteady aerodynamic load F is composed of the average wind force F and the pulsating wind
force F'. Then, we have:

F=F+F =05pA(u+u')’-C.(p). (23)

where, the average wind force acting on the center of mass of the high-speed train, denoted as F, is
shown in Equation (17).

F=05pAV>C.(B). (24)

where, p represents the air density, 4 is the equivalent area of the windward side of the high-speed
train, and Cr(f) is the side force dynamic coefficient.
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In an on-wind environment, when a = 90°, there is:

F'= pA(_jF[(_)[l 0. 5C F COtﬂJ J'h dT (25>

where, C'r represents the value of the derivative of Cr(f) at S, where, f is the sideslip angle. Ar is
the aerodynamic weight function, and its value is:

h (r) = (27[175/L')2 rexp(—2zn'u / L')T ) (26)

where, 7 represents the dimensionless frequency.

For calculating the aerodynamic moment, it is only necessary to replace the aerodynamic coefficient
with the aerodynamic moment coefficient, and add the reference height to the aerodynamic
calculation formula. The method for calculating the aerodynamic load coefficient refers to reference
[13].

According to the above formula, the lateral aerodynamic load of the high-speed train is calculated as
the lateral wind excitation of the train model. The time history curve of the aerodynamic load when
the average wind speed is 20 m/s and the train speed is 200 km/h is shown in Figure 3.
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3. LQR CONTROLLER AND ITS ALGORITHM DESIGN
3.1. LQR Controller

The active suspension of the vehicle is controlled using LQR. The control targets are the lateral
vibration acceleration of the vehicle body, the dynamic travel of the suspension, and the displacement
of the bogie. Then, the performance index function can be defined as

J= }ﬂ%m[ﬁ)ﬁz TP (xl _xz)2 + P33 +er%:|dt . (27)

Among them, p1, p2, and p3 are the weighting coefficients for the three controlled quantities in the
control target, and r is the weighting coefficient for the active control force. p=diag(p;,0,,0;)
respectively reflect the degree of importance given to each controlled quantity and the active control

force provided by the system. By taking the weighting matrix, the performance functional represented
by Equation (27) can be written as

J= }im%fg(YTpY+FUTrFU)dt = }im%fg[(CX+DFU)Tp(CX+DFU)+FUTrFUJdt

(28)
= }im% JsLX"C" pCX +2X"C" pDF,, + FJ (D' pD +r)F, Jdt
If 0=C"pC, N=C"pD, R=D"pD+r, then the feedback gain matrix is
H=R'B"P. (29)
Matrix P can be obtained by solving the Riccati equation, that is
A"P+PA-PBR'B"P+0=0. (30)
Then the control force of the actuator is expressed as
F, (t)=-HX (31)

3.2. SABO Algorithm Optimizes the LQR Controller

Although the LQR controller in analytical form has fast control calculation speed, is easy to
implement in engineering and can ensure the real-time performance of control, the weight matrix
coefficients need to be calculated manually through trial and error, which is time-consuming and
labor-intensive. To improve the effect of the LQR controller, it is necessary to select reasonable
coefficients.

The Subtraction Average Based Optimizer (SABO) algorithm is an innovative meta-heuristic
algorithm. Its core lies in using mathematical principles, especially concepts such as average values
and position differences, to guide the search strategy in the optimization process. It has the
characteristics of strong optimization ability and fast convergence speed.

SABO is based on a special operation ’-v’ , called the’-v’ of search agent B and search agent A,
expressed as formula (32).

A— B=sign(F(4)—F(B)) (A-v*B). (32)



where, V represents an m-dimensional vector, where the components are random numbers generated
from the set [1, 2], F(4) and F(B) represent the objective function values corresponding to search
agent A and search agent B respectively, sign represents the function of signum.

The displacement of search agent X; in the search space is calculated by the arithmetic average of the
‘-y’ operation between search agent X; and X; (i, j=1, 2, ..., N), and the calculation formula is as shown
in Equation (33).

new - 1 u
Xi :Xi+n*ﬁZ(Xi _vXj)_ (33)

J=1
where, X" represents the updated position of the i-th search agent X; (i=1, 2, ...,N), N represents

the total number of particles, 7, represents an m-dimensional vector.

The new position X" after update can improve the value of the objective function, and thus can be

1

regarded as the new position for the corresponding agent. The particle position replacement formula

is shown in Equation (34).
Xinew’ F;ﬂCW < F;
X, = : (34)
X else

l

where, Fi, F™ represents the objective function value of search agent X and x.

SABO can be used to optimize the coefficients of LQR controllers, improving the control effect.

Chaotic mapping has significant advantages in initializing the population, helping to evenly distribute
individuals within the search space and increasing population diversity; moreover, chaotic mapping
can quickly discover multiple potential optimal solutions. The Logistic chaotic mapping, as one of
the simplest chaotic systems, is represented by a simple iterative equation and is easy to understand
and implement. It only requires two variables (current state and control parameters) to achieve.

X, =4x(1-x). (35)
Where, 0<x<1, i=1,2,....
The optimization steps are as follows:

Step 1: Initialization, Use a chaotic mapping to initialize the population, ensuring diversity among
the particles and accelerating the convergence of the algorithm.

Step 2: Calculate the fitness values of all particles based on the fitness function and the Simulink
model.

Step 3: At the beginning of the iteration, search and update the positions of the examples according
to the position formula.

Step 4: Save the optimal individual.

Step 5: Determine whether the termination conditions are met. If they are, terminate the program and
output the optimal value; if not, return to step 2 to continue the iteration.

4. SIMULATION VERIFICATION
To verify the effectiveness of the proposed SABO optimized LQR controller in suppressing the lateral
vibration of the train, the Chinese ballastless track spectrum and aerodynamic load were used as the

excitation input for the train model, and a performance comparison test of LQR control was conducted.
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The root mean square (RMS) of the lateral displacement acceleration of the vehicle body was
calculated to evaluate its driving stability.

4.1. Simulation Model Setup

Figure 5 shows the Simulink model of the LQR controller for the high-speed train. The simulation
parameters are: wind speed of 20 m/s and train speed of 300 km/h.

The dynamics simulation of the active suspension was completed using Matlab/Simulink. The
sampling period T was set to 0.01 seconds, and the simulation time was set from 0 to 50 seconds. The
lateral acceleration of the system, the suspension displacement, and the lateral acceleration of the
frame were selected as the real-time observed values of the model.
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Figure S. Simulation Model Diagram

4.2. Simulation Results Comparison
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The active control simulation was carried out using Matlab. The controller was optimized through
the SABO algorithm, enabling the active suspension system to achieve better control performance
under crosswind conditions. The simulation results are shown in Figures 6 and Figures 7, and the
control effect is listed in Table 2.
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Table 2. Comparison of root mean square values of system acceleration

Speed RMS
Control Method 200[km/h] 300[km/h]
PassiveControl 0.090309 0.19174
LQR Control 0.059731 0.13634
SABO -LQR Control 0.029685 0.10141

From the data in Figure 6 and Table 2, it is clearly evident that compared with passive suspension
control, the LQR controller can reduce the lateral vibration acceleration of the train throughout the
simulation period, and the maximum reduction in the RMS value of the lateral vibration acceleration
of the train body reaches 33.86%; especially after optimizing the LQR controller through the SABO
algorithm, the effect of suppressing the lateral vibration of the train body is more significant.
Specifically, when compared with passive suspension and LQR control methods respectively, the
maximum reduction in the RMS value of the lateral vibration acceleration of the train body by the
SABO-LQR control method reaches 67.13% and 50.30% respectively.

As can be clearly seen from Figure 7, compared with the passive suspension control, during the entire
simulation period, the frequency domain values of the lateral vibration acceleration of the vehicle
body under the LQR and SABO-LQR control methods both decreased. Thus, it can be concluded that
the LQR controller has a more obvious effect in controlling the lateral vibration of the train in cross-
wind conditions. Especially, the frequency domain value of the lateral vibration acceleration of the
vehicle body under the SABO-LQR control method is the smallest, and its control effect is better.
The results show that the SABO-LQR active control method can effectively improve the lateral
vibration of high-speed trains in cross-wind conditions, significantly enhancing the safety of high-

speed train operation in cross-wind conditions, and verifying the rationality and effectiveness of the
SABO-LQR active control method.



5. SUMMARY
5.1. Summar

This paper reports an efficient active suspension system that adopts the SABO-LQR control method
to suppress the lateral vibration of high-speed trains under strong crosswind conditions and enhance
operational safety. A side wind - vehicle - track coupled dynamic mechanical model was established,
and the performance of the proposed active suspension system was verified. The results show that the
method proposed in this paper can significantly reduce the amplitude of the train's lateral vibration,
and has good dynamic response performance, robustness and superiority. It greatly improves the ride
comfort and operational stability of high-speed train vehicles in the lateral direction, and also
enhances the operational safety of high-speed trains in complex environments. The research results
of this paper have strong guiding significance and reference value for the control and safety
management of train lateral vibration.
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