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The impact of artificial discrete simulation of wind field
on vehicle running performance
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Abstract. To investigate the effects of “sudden change” of wind fluctuations on vehicle running
performance, which is caused by the artificial discrete simulation of wind field, a three-dimensional vehicle
model is set up with multi-body dynamics theory and the vehicle dynamic responses in crosswind conditions
are obtained in time domain. Based on Hilbert Huang Transform, the effects of simulation separations on
time-frequency characteristics of wind field are discussed. In addition, the probability density distribution of
“sudden change” of wind fluctuations is displayed, addressing the effects of simulation separation, mean
wind speed and vehicle speed on the “sudden change” of wind fluctuations. The “sudden change” of vehicle
dynamic responses, which is due to the discontinuity of wind fluctuations on moving vehicle, is also
analyzed. With Principal Component Analysis, the comprehensive evaluation of vehicle running
performance in crosswind conditions at different simulation separations of wind field is investigated. The
results demonstrate that the artificial discrete simulation of wind field often causes “sudden change” in the
wind fluctuations and the corresponding vehicle dynamic responses are noticeably affected. It provides a
theoretical foundation for the choice of a suitable simulation separation of wind field in engineering
application.

Keywords: artificial discrete simulation; sudden change; wind simulation separation; multibody dynamics;
Hilbert Huang Transform; Principal Component Analysis

1. Introduction

In recent years, the high-speed rail transportation system in the world is experiencing a rapid
development. The high speed and heavy transportation have a great influence on the safety of
substructure (e.g., bridge) (Li et al. 2005, Yi et al. 2013). Moreover, the trend of high speed and
light mass of vehicle make the safety and comfort of running vehicles in strong crosswind
conditions of a great concern (Baker 2013, Cheli 2012, Diedrichs 2006, Wu et al. 2014). Some
previous researches (Balzer 1977, Cooper 1984) have shown that the wind energy experienced by
moving vehicles is different from that of the stationary vehicles when vehicles are operated at a
high speed in strong crosswind conditions. In order to quantify vehicle dynamic responses in
crosswind conditions so as to make proper assessment of the vehicle safety and comfort, the
simulation of wind fluctuations for calculating the aerodynamic forces on moving vehicles is the
key point.
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Shinozuka and Deodatis (1991) presented the simulation of one-dimensional, uni-variate,
stationary stochastic process by spectral representation method. Based on an extension of the
spectral representation method, Deodatis (1996) proposed a simulation algorithm to generate
sample functions of the stationary and multivariate stochastic processes corresponding to different
locations in space according to its prescribed cross-spectral density matrix. For long-span bridges,
it requires a large number of wind speed histories to be simulated and the total computational work
is often too enormous to apply the spectral representation. Cao et al. (2000) and Li et al. (2004)
introduce a practical method to simplify stochastic wind speed field for long-span bridges.
Currently, in wind-vehicle-bridge coupling vibration system, the time histories of random wind
speed fluctuations at finite discrete fixed-locations are generated with prescribed spectral
characteristics (Cai and Chen 2004, Li et al. 2005, 2013, Xu and Ding 2006). The discrete
fixed-location is referred as the simulation point and the distance between two adjacent points is
referred as the simulation separation of wind field. This artificial discrete simulation of wind field
will inevitably lead to discontinuity and “sudden change” in the wind fluctuations on running
vehicles, which is clearly inconsistent with the actual situation. To ensure the continuity of
simulated wind fluctuations for the calculation of aerodynamic forces on vehicles, the interpolation
scheme may be used (e.g., Liu 2011). In addition, due to the high-speed vehicle motion, the actual
wind fluctuation on moving vehicle is only a short-term wind velocity field. Therefore, the
traditional wind field simulation based on fixed-point wind spectrum for calculating the
aerodynamic forces on moving vehicles is computational too expensive. Based on Taylor’s frozen
turbulence hypothesis and isotropic turbulence model, the wind spectrum relative to moving
vehicles is derived from the Kaimal spectrum of longitudinal wind fluctuation (Wu et al. 2014).
Compared to the traditional wind field simulation based on fixed-point wind spectrum, the using
of wind spectrum relative to moving vehicle can simulate the wind fluctuations more effectively
for calculating the aerodynamic forces on moving vehicles. Meanwhile, the “sudden change” of
wind fluctuations caused by artificial discrete simulation of wind field can be avoided. However, it
should be noted that this framework cannot be easily applied in wind-vehicle-bridge system. Since
the traditional approach is used in the simulation of wind fluctuations on bridge, it is difficult to
combine the wind spectrum relative to moving vehicles with the traditional wind field simulation
based on fixed-point wind spectrum into the wind-vehicle-bridge system. Therefore, the traditional
wind field simulation based on fixed-point wind spectrum is still used most often to calculate the
aerodynamic forces on moving vehicles in the current coupling vibration analysis of
wind-vehicle-bridge system.

The “sudden change” of wind fluctuations occurs during the entire vehicle running process,
which causes an additional vehicle dynamic response. As a result, the estimated vehicle dynamic
responses are noticeably affected. It should be noted that the “sudden change” of wind fluctuations
is sensitive to the simulation separation in the artificial discrete simulation of wind field. Different
simulation separations may lead to significant differences in “sudden change” of wind fluctuations
on running Vvehicles, thus affecting the vehicle dynamic responses in crosswind conditions.
Theoretically, a small simulation separation results in a small “sudden change” of wind fluctuation.
However, due to the limitation of computational efficiency, it is impossible to set the simulation
separation too small. Therefore, comprehensively considering the computational efficiency and
ensuring the accuracy for engineering application, it is of great importance to determine the
appropriate simulation separation in the artificial discrete simulation of wind field.

In the present study, a three-dimensional vehicle model is set up with multibody dynamics
theory. The wind fluctuation on moving vehicle is acquired from an efficient simulation algorithm
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of multivariate short-term stochastic wind velocity field and the vehicle dynamic responses in
crosswind conditions are obtained in time domain. Based on Hilbert Huang Transform, the effects
of simulation separations on time-frequency characteristics of wind field are discussed. In addition,
the probability density distribution of “sudden change” of wind fluctuations is displayed,
addressing the effects of simulation separation, mean wind speed and vehicle speed on the “sudden
change” of wind fluctuations. The “sudden change” of vehicle dynamic responses, which is due to
the discontinuity of wind fluctuations on moving vehicle, is also analyzed. With Principal
Component Analysis, the comprehensive evaluation of vehicle running performance in crosswind
conditions at different simulation separations of wind field is investigated.

2. Effects of simulation separation on characteristics of wind field
2.1 Wind fluctuations on moving vehicle using fixed -point wind spectrum

The time histories of random wind speed fluctuations at finite discrete fixed-locations are
generated with the turbulence power spectral density (PSD) function and coherence function, e.g.,
the Kaimal spectrum (Eq. (1)) and the Davenport square-root coherence function (Eq. (2)). By
applying an efficient simulation algorithm of multivariate short-term stochastic wind velocity field
(Chen et al. 2014), the longitudinal component of fluctuating speed at discrete fixed-locations can

be efficiently simulated. The PSD of u-component, Su(n), is given as the Kaimal spectrum
(Kaimal et al. 1972), and the square-root coherence function, Coh(n,Ar), is given as the
Davenport formulation (Davenport 1961)

nS,(n) 200

= 1
u?  (1+50A)" @

where n is the frequency in Hz; A=nz/U is the non-dimensional frequency; u.is the shear
velocity of the flow.

Coh(n,Ar)= exp(— C %fj 2)

where Ar is a distance between adjacent simulation points; C is the decay constant related to
wind correlation.

Fig. 1 shows an example of the obtained wind speed field of the longitudinal component as a
function of time and space. The inclined line in Fig. 1 is an illustration to obtain the wind
fluctuations of a point fixed on the moving vehicle. The time histories of random wind speed
fluctuations at discrete fixed-locations are generated, which are represented by those colored lines
in Fig. 1. When a vehicle is moving at a constant speed along the straight line of simulation points,
a point fixed on the vehicle experiences a wind profile represented by the inclined line in Fig. 1,
which is a function of the space-time distribution of both the longitudinal fluctuating component
and the vehicle speed. When the point fixed on the vehicle arrives at a simulation point of wind
field, the corresponding wind speed fluctuation at time t can be obtained from the time history of
wind fluctuations at this simulation point. Once that the vehicle's position at each time step is
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known from the moving speed and trajectory, it is easy to obtain the time-history of the fluctuating
wind speed of the moving point fixed on the vehicle, as shown in Fig. 2.

2.2 Effects of simulation separation on time-frequency characteristics of wind field

The random wind speed fluctuations at finite discrete fixed-locations are generated with
prescribed spectral characteristics, which are stationary and Gaussian stochastic processes.
However, due to the high-speed vehicle motion, the actual wind fluctuation on moving vehicle is
only a short-term wind velocity field, which can appear to be non-stationary. The Hilbert Huang
Transform (HHT) (Huang et al. 1998) offers a powerful and ideal method for non-stationary data
analysis. Based on HHT method, the energy-frequency-time distribution, also referred as the
Hilbert spectrum can be obtained. Fig. 3 displays the time histories of the fluctuating wind speed
of u-component on moving vehicle at different simulation separations, where the mean wind speed
is 20 m/s and the vehicle speed is 83.33 m/s. The corresponding Hilbert spectra of fluctuating wind
speed on moving vehicle at the same mean wind speed and vehicle speed are shown in Fig. 4. As
shown in Fig. 4, When the simulation separation is set as 1 m, 5 m, 10 m and 20 m, the main
frequency range of wind energy is 0~0.5 Hz , 0~0.2 Hz, 0~0.1 Hz and 0~0.05 Hz, respectively.

Fig. 1 The simulated longitudinal u-component as a function of time and space
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Fig. 2 The time-history of the fluctuating wind speed on moving vehicle
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Fig. 3 The time histories of u-component fluctuation on moving vehicle at different simulation separations
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The results indicate that as the simulation separation increases, the frequency distribution range of
wind energy decreases, and the high-frequency components of wind field are diminished or not
included. In addition, the wind energy of fluctuations on moving vehicle significantly reduces with
the increase of simulation separation.

2.3 Probability density distribution of “sudden change” of wind fluctuation on vehicle

The amplitude difference of the fluctuating wind speed on moving vehicle at adjacent time step
can be used to estimate the “sudden change” of wind fluctuation on vehicle. In the present study,
four different simulation separations (i.e., 1 m, 5 m, 10 m and 20 m) of wind field are considered.
Fig. 5 shows the probability density distribution of the amplitude difference of the fluctuating wind
speed on moving vehicle, where the mean wind speed is 10 m/s and 20 m/s, respectively, and the
vehicle speed is 27.78 m/s. As shown in Fig. 5, the distribution range of probability density curve
spreads more widely with the increase of simulation separation. When the simulation separation is
small, the variation of the fluctuating wind speed on moving vehicle at adjacent time step is not
significant, which makes it reasonable to assume that the wind fluctuations on running vehicle are
continuous and therefore can represent the actual situation. Consequently, the effects of “sudden
change” of wind fluctuations on vehicle caused by the artificial discrete simulation of wind field
can be ignored. However, with the increase of simulation separation, the distribution range of
probability density becomes wider and the variation of the fluctuating wind speed on moving
vehicle at adjacent time step is more significant, indicating the necessity to consider the significant
“sudden change” of wind fluctuation on vehicle. In general, the probability of the “sudden change”
of wind fluctuations on running vehicle obviously increases with the increase of simulation
separation. In addition, it also can be observed from Fig. 5 that the effects of “sudden change” of
wind fluctuations on running vehicle caused by the artificial discrete simulation of wind field are
even more significant as the mean wind speed increases. Fig. 6 displays the probability density
distribution of the amplitude difference of the fluctuating wind speed on moving vehicle, where
the mean wind speed is 20 m/s, and the vehicle speed is 27.78 m/s and 55.56 m/s, respectively. As
shown in Fig. 6, the probability density distribution of the amplitude difference of the fluctuating
wind speed on moving vehicle under the same mean wind speed 20 m/s is invariant with respect to
the change of the vehicle speed. Therefore, the mean wind speed has a greater effect on “sudden
change” of wind fluctuation on moving vehicle in comparison with vehicle speed.

Mean wind speed 20m/s

Probability density distribution

8 % 4 2 0 2 l 6 8 .15 12 9 6 3 0 3
Amplitude difference (m/s) Amplitude difference (m/s)

(a) Mean wind speed 10 m/s (b) Mean wind speed 20 m/s

Fig. 5 The effects of mean wind speed on “sudden change” of wind fluctuation on vehicle
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Fig. 6 The effects of vehicle speed on “sudden change” of wind fluctuation on vehicle

3. Modeling and simulation of multibody dynamic model
3.1 The multibody model of the rail vehicle

In order to estimate the running performance of the rail vehicle, a 3D multibody system
dynamics model of a high-speed passenger rail vehicle has been implemented in the Simpack Rail
environment (a multibody analysis software widely used in the railway industry). The coach
consists of one carbody, two bogie frames, and four wheelsets (two for each bogie). The multibody
vehicle model is shown in Fig. 7. It takes into account all the significant degrees of freedom (DOF)
of the system bodies. The inertial properties of the bodies are summarized in Table 1.

The vehicle model is equipped with two suspension stages, namely, the primary suspensions
and the secondary suspensions. Both of these two suspension systems include appropriate elastic
and damping elements to connect all the rigid bodies of the vehicle. For example, the primary
suspension connects the wheelsets to the bogies, including springs and dampers, while the
secondary suspension connects the carbody to the bogies, comprising the following elements: air
springs, dampers, traction rod, anti-roll bar and lateral bump-stops. Both the primary suspensions
and the secondary suspensions have been modeled by linear or nonlinear force elements to connect
the rigid bodies. The main linear characteristics of the suspensions are shown in Table 2.

The natural frequency of the vehicle model is given in Table 3.

Table 1 Inertia properties of the multibody model

Body Mass Roll inertia Pitch inertia Yaw inertia
(kg) (kg-m?) (kg-m?) (kg-m?)
Carbody 48,000 115,000 2,700,000 2,700,000
Bogie 3200 3200 7200 6800

Wheelset 2400 1200 200 1200




176 Mengxue Wu, Yongle Li and Ning Chen

Table 2 Main linear stiffness and damping properties of the suspensions

Longitudinal Lateral Vertical ~ Longitudinal Lateral Vertical
Element stiffness stiffness stiffness damping damping  damping
(N/m) (N/m) (N/m) (Ns/m) (Ns/m) (Ns/m)
Primary suspension 9,000,000 3,000,000 1,040,000 -- -- 30000
Secondary suspension 240,000 240,000 4,000,000 120,000 30,000 33330
Table 3 Modal properties of the vehicle model
Mode No. Mode shape Frequency (Hz)
1 Lower center roll & sway of carbody 0.5144
2 Vertical vibration of carbody 0.8288
3 Pitching vibration of carbody 0.9493
4 Yawing vibration of carbody 1.1953
5 upper center roll & sway of carbody 1.1963

Fig. 7 Global view of the multibody model

3.2 Track irregularity of high-speed railway

The German track irregularity spectra for high-speed railway are chosen as inputs of excitation
for the multibody system dynamics model. Track irregularities are usually classified into four
types, namely vertical-profile, alignment, cross-level and gage irregularities. The gage irregularity
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is usually omitted in the vehicle analysis due to its weak effect. Considering the focus of this study
is mainly on the effects of “sudden change” of wind fluctuations on vehicle dynamic responses,
the vertical-profile (Eq. (3)) and alignment irregularities (Eq. (4)) are then used as inputs of
excitation for kinetic simulation of high-speed vehicle.

The comparison of simulated power spectral density (PSD) and the corresponding target
spectrum is shown in Fig. 8. It is shown that the simulated PSD is consistent with its target.

2

Vertical-profile irregularity: 5,(Q)= (QZ n QAzli)(;Z n Qz) ®)
2

Alignment irregularity: S.(Q)= (Q2 N QA;”X(EZZ N Qz) 4)

where Q s the space frequency; A, (= 2.119x107 m-rad) and A, (= 4.032x107 m-rad) are the
roughness parameters; €2, (= 0.8246 rad/m) and Q. (=0.0206 rad/m) are the break frequencies.

3.3 Aerodynamic forces on moving vehicles

It is assumed that the mean wind velocity is normal to the direction of the vehicle movement.
Neglecting self-excited loads on the vehicle, the static wind loads and buffeting loads are taken
into account. Only three components of aerodynamic forces on the vehicle, namely, side force D,
lift force L and rolling moment M are considered in the analysis of vehicle dynamic responses in
crosswind conditions, as shown in Fig. 9.

The aerodynamic coefficients can be directly measured by the moving vehicle model in a wind
tunnel, however, such a test with a moving vehicle model is very difficult (Cooper 1981, Baker
1986, Li et al. 2014). For a ground vehicle, the aerodynamic coefficients can be measured by wind
tunnel tests with a certain yaw angle representing the effect of vehicle movement (Cooper 1981,
Suzuki et al. 2003). In this study, the aerodynamic coefficients of the vehicle are calculated as Egs.
(5)-(7) and the measured static aerodynamic coefficients of the vehicle model are listed in Table 4.

X X B Target
1E-5 | Vertical-profile irregularity . 1
- = Simulation

PSD (m’/rad/m)

PSD (m"/rad/m)

Al 1 10 100

L
1 10 100
s Space frequency (rad/m)
Space frequency (rad/m) P 1 -

(a) Vertical-profile irregularity (b) Alignment irregularity
Fig. 8 The PSD of Vertical-profile and alignment irregularities
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Fig. 9 Convention of wind velocity and aerodynamic forces

F
CD(a)zl/ZpU—EZHL )
F
Cla)=—Lt 6
(a) 1/2,0 ?BL ©)
F
Cu (@)= 1/2pU_MZBZL ()

where Cy(a), C () and C, () are the side force coefficient, lift force coefficient and
rolling moment coefficient, respectively; « is the efficient angle of incidence (in the present study,
the vertical fluctuation is neglected, then o =0"); F,, F_and F,, are the side force, lift

force and rolling moment measured by the force balance; H is the cross-wind projected area (per
unit length) of vehicle model normal to the main stream direction; B is the width of vehicle
model along the mean wind direction; L is the length of vehicle model.

Referring to the literature (Li et al. 2005), the cosine rule can be approximately used to
determine the wind loads on vehicle, and the aerodynamic forces per unit length on the vehicle are
given as Egs. (8)-(10)

Side force D: D= %pHCD(a)TZ + pHC, (a2 )Ju (8)
Lift force L: L= % PBC (@)J% + pBC, (a)Ju 9)
Rolling moment M: M =%pBZCM (@)0% + pB*Cy, (a)Ju (10)

where p is the air density; U is the mean wind speed; U is the longitudinal fluctuation
velocity acting on moving vehicle.
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Table 4 Aerodynamic coefficients of vehicle model

Aerodynamic coefficients Co C, Cu
Vehicle 0.6006 1.2446 0.0348

In the present study, the aerodynamic forces are treated as the inputs of excitation which are
varied with time for kinetic simulation of high-speed vehicle under cross wind in the Simpack Rail
environment.

4. Effects of "sudden change" of wind fluctuations on vehicle dynamic responses
4.1 The case without track irregularities

In order to demonstrate the influences of “sudden change” of wind fluctuations caused by
artificial discrete simulation of wind field on vehicle dynamic performance, the lateral and vertical
accelerations of the vehicle body, the reduction rate of vertical wheel loads on left wheel and the
derailment coefficient at different simulation separations of wind field are compared in Fig. 10,
where the mean wind speed is 20 m/s and the vehicle speed is 83.33 m/s. It should be noted that
the “sudden change” of wind fluctuations is very sensitive to the simulation separation in the
artificial discrete simulation of wind field. Different simulation separations may lead to significant
differences in the “sudden change” of wind fluctuations on running vehicles. As shown in Fig. 10,
it can be observed that simulation separation has a significant influence on the vehicle dynamic
responses in crosswind conditions.

The amplitude difference of the dynamic responses of vehicle at adjacent simulation point of
wind field can be used to estimate the effects of the “sudden change” of wind fluctuation on
vehicle running performance. Fig. 11 displays the probability density distribution of the amplitude
difference of the dynamic responses of vehicle, where the mean wind speed is 20 m/s and the
vehicle speed is 83.33 m/s. When the simulation separation is small, the variation of the dynamic
responses of vehicle at adjacent simulation point of wind field is not significant, which indicates
that the effects of “sudden change” of wind fluctuations on vehicle caused by the artificial discrete
simulation of wind field are relatively weak, and the additional dynamic effects appended to
vehicle is not obvious. However, with the increase of simulation separation, the distribution range
of probability density curve spreads more widely and the variation of the dynamic responses of
vehicle at adjacent simulation point is more significant, indicating that the “sudden change” of
wind fluctuation on vehicle cannot be ignored. Therefore, the simulation separation of wind field
has a significant influence on the vehicle dynamic responses in crosswind conditions, especially on
the lateral acceleration, reduction rate of vertical wheel loads and derailment coefficient.

4.2 The case with track irregularities

Both the track irregularities and the aerodynamic forces are treated as inputs of excitation and a
kinetic simulation of high-speed vehicle in crosswind conditions at the speed of 55.56 m/s is
performed. Figs. 12(a), 13(a), 14(a) and 15(a) display the time histories of dynamic responses of
vehicle at different simulation separations of wind field, where the mean wind speed is 10 m/s.
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Fig. 12 Time histories of lateral acceleration at different mean wind speeds

It can be seen from these figures that the influences of simulation separation on the dynamic
responses of vehicle are not obvious. Figs. 12(b), 13(b), 14(b) and 15(b) display the time histories
of dynamic responses of vehicle at different simulation separations of wind field, where the mean
wind speed is 20 m/s. However, in the case where the mean wind speed is 20 m/s, it can be
observed that the simulation separation has a significant influence on the vehicle dynamic
responses in crosswind conditions. With both the track irregularities and the aerodynamic forces
existing, when the mean wind speed is small, the track irregularities may have a predominant
effect on dynamic responses of vehicle, while the influence of simulation separation is not
significant.

Fig. 16 displays the probability density distribution of the amplitude difference of the dynamic
responses of vehicle at vehicle speed of 55.56 m/s, where the mean wind speed is 20 m/s. As
shown in Fig. 16, it can be observed that the influence of simulation separation of wind field on
the reduction rate of vertical wheel loads is not significant, which is different from the case
without track irregularities. Fig. 17 shows the effects of track irregularities on the probability
density distribution of the amplitude difference of lateral acceleration of vehicle, where the vehicle
speed is 55.56 m/s and the mean wind speed is 10 m/s. As shown in Fig. 17(b), the probability
density distribution curves of the amplitude difference of lateral acceleration of vehicle are very
similar at simulation separations of 5 m, 10 m and 20 m, which is very different from those in Fig.
17(a). The existence of track irregularities may make the question about the impacts of “sudden
change” of wind fluctuations on vehicle dynamic responses more complicated.
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Fig. 13 Time histories of vertical acceleration at different mean wind speeds
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Fig. 17 The effects of track irregularities on the probability density distribution of the amplitude
difference of the vehicle dynamic responses

5. Comprehensive evaluation of vehicle running performance at different simulation
separations

The above discussions have shown that the “sudden change” of wind fluctuations may cause an
additional vehicle dynamic response, which may not well represent the actual performance of
vehicles in crosswind conditions. Noting that the “sudden change” of wind fluctuations is very
sensitive to the simulation separation in the artificial discrete simulation of wind field, it is
reasonable to evaluate the vehicle running performance with respect to different simulation
separations. In the present study, the comprehensive evaluation of vehicle running performance at
different simulation separations is performed, in order to provide a theoretical foundation for the
choice of a suitable simulation separation of wind field in engineering application.

In the present study, the lateral acceleration, vertical acceleration, reduction rate of vertical
wheel loads and derailment coefficient are chosen as the indexes to represent the dynamic
responses of the wvehicle. In order to estimate the influences of “sudden change” of wind
fluctuations on vehicle running performance, eight indexes (all the values are absolute values) are
used as the inputs, as shown in Table 5. The eight indexes can be treated as sets of vector, which
varies with respect to different simulation separations of wind field. A comprehensive evaluation is
performed, in order to investigate the running performance of vehicle in crosswind conditions at
different simulation separations of wind field. The Principal Component Analysis is adopted to
realize the comprehensive evaluation.

5.1 Principal component analysis

The principal component analysis (PCA) is a simple and widely used technique to reduce the
dimensionality of a data set consisting of a large number of interrelated variables, while retaining
as much as possible of the variance contained in the data set. This is achieved by transforming the
original set of correlated variables to a new set of variables, namely the principal components,
which are uncorrelated. Ordering the eigenvalues of the transformation decreasingly, the first few
principal components retain most of the variance present in all of the original variances (Jolliffe
2002).
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Table 5 Indexes to estimate the influences of “sudden change” of wind fluctuations on vehicle running
performance

Maximum

Lateral Acceleration (m/s®) - - - - - - -
Maximum of amplitude difference at adjacent simulation point

Maximum

Vertical Acceleration (m/s?) . : : : : : :
Maximum of amplitude difference at adjacent simulation point

Maximum

Reduction rate of vertical wheel loads - - - - - - -
Maximum of amplitude difference at adjacent simulation point

Maximum

Derailment coefficient - : : : - : -
Maximum of amplitude difference at adjacent simulation point

In the present study, for 4 kinds of simulation separations of wind field, namely, 1m, 5m, 10m
and 20 m, the values of eight indexes are obtained from the vehicle multibody dynamic simulation.
This resulted in a 4x8 data matrix. Since the eight indexes have different dimensions and order of
magnitude, it is necessary to standardize the original index data to eliminate the impacts of
dimension and order of magnitude, and ensure the reliability of the results. The standardized
equation is given as Eq. (11).

~_ X=X

Xii = i=1,2,..,nj=1,2, ..., 11
i W ( J p) (11)

where xIJ is the standardized index data; X; is the original index data; n represents the number of
samples, which is n = 4 in the present study; p represents the number of indexes, whichis p =8 in

1 1 & ’
the present study; X; =—inj : var(xj)z—Z(xij —XJ—) :

L n-1 i=1

All pairs of the 8 column standardized vectors of this matrix are inter-correlated using

Pearson’s coefficient of correlation. The resulting correlation matrix (8x8), with unity in the
diagonal, is subjected to the principal component analysis (Eigenvalue Decomposition). The
eigenvalues of the correlation matrix are just the variations of the corresponding principal
components. With the eigenvalues (i.e., the variance of principal component) decreasingly, the
relevant information retained by principal components also decreases. Therefore, only the first few
principal components retaining most of the variation are chosen to extract the relevant information
from the original confusing data sets. The component scores are then calculated using Eq. (12)

F=ZxV (12)

where F is the matrix of component scores; Z is the matrix of standardized index data; V is the
matrix of eigenvectors.
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Finally, the comprehensive evaluation score of each sample is calculated based on the selected
principal components, using Eg. (13). The comprehensive evaluation score can reflect the
influences of “sudden change” of wind fluctuations caused by artificial discrete simulation of wind
field on vehicle running performance.

k
Foe = 2/19 F, (13)
g=1

where F.c is the comprehensive evaluation score; F;is the principal component score; k
represents the number of selected principal components; A4, represents the percentage of the
variance of the g principal component in the total variance.

5.2 Example

Without track irregularities, a kinetic simulation of high-speed vehicle in crosswind conditions
at the speed of 27.78 m/s is performed, where the mean wind speed is 10 m/s. Table 6 shows the
eight sets of original index data at different simulation separations of wind field, which are
obtained from the dynamic responses of vehicle. Table 6 resulted in a 4x8 original data matrix.
After standardizing the original index data, the standardized data will be applied in the following
principal component analysis, using the procedure described in the Section 5.1.

The comprehensive evaluation scores at different simulation separations of wind field are
shown in Table 7, where Fc represents the comprehensive evaluation score. The comprehensive

evaluation score can reflect the influences of “sudden change” of wind fluctuations caused by
artificial discrete simulation of wind field on vehicle running performance. The higher
comprehensive evaluation score indicates the stronger impacts of “sudden change” of wind
fluctuations on vehicle running performance. This table shows that the comprehensive evaluation
score increases with the increasing simulation separation, indicating the stronger impacts of
“sudden change” of wind fluctuations on vehicle running performance.

5.3 Results and analysis

As mentioned in the Section 4.2, the track irregularities may make the impacts of “sudden
change” of wind fluctuations on the dynamic responses of running vehicle more complicated. In
the present study, the comprehensive evaluation of vehicle running performance at different
simulation separations of wind field is only performed without considering the track irregularities.

Fig. 18 shows the comprehensive evaluation scores at different simulation separations of wind
field, where the vehicle speed is 27.78 m/s and 55.56 m/s, and the mean wind speed is 10 m/s and
20 m/s, respectively. It can be seen that the comprehensive evaluation score increases with the
increase of simulation separation, indicating the stronger impacts of “sudden change” of wind
fluctuations on vehicle running performance. In addition, the slope of the variation of
comprehensive evaluation score between each two adjacent simulation separations can reflect the
level of impact of simulation separation on vehicle running performance in crosswind conditions.
The higher slope indicates that the variation of simulation separation results in the more significant
variation of vehicle running performance.
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Table 6 Eight sets of original index data at different simulation separations

25

(d) Vehicle speed 55.56 m/s, Mean wind speed 20 m/s

Eight Indexes

Simulation separation

Im 5m 10m 20m

Max 0.0550 0.0522 0.0508 0.0364

Lateral Acceleration (m/s?)
Max of amplitude difference 0.0182 0.0481 0.0619 0.0694
) ) Max 0.1084 0.0897 0.0697 0.0444

Vertical Acceleration (m/s?)
Max of amplitude difference 0.0564 0.0787 0.0910 0.0778
Reduction rate of vertical Max 0.0787 0.0831 0.0758 0.0715
wheel loads Max of amplitude difference 0.0030 0.0147 0.0283 0.0324
Max 0.0079 0.0092 0.0082 0.0067

Derailment coefficient

Max of amplitude difference 0.0005 0.0027 0.0052 0.0045




The impact of artificial discrete simulation of wind field on vehicle running performance 187

Table 7 The comprehensive evaluation scores at different simulation separations

Sample Fce
Simulation separation 1 m -2.2781
Simulation separation 5 m -0.6069
Simulation separation 10 m 1.1397
Simulation separation 20 m 1.7452

6. Conclusions

e This study investigates the impacts of artificial discrete simulation of wind field on vehicle
running performance. Based on Hilbert Huang Transform, the effects of different simulation
separations of wind field on the time-frequency characteristics of wind field are discussed. The
frequency distribution range of wind energy decreases with the increase of simulation separation,
and the high-frequency components of wind field are diminished or not included. In addition, the
wind energy of fluctuations on moving vehicle significantly reduces with the increase of
simulation separation.

e The amplitude difference of the fluctuating wind speed on moving vehicle at adjacent time
step can be used to estimate the “sudden change” of wind fluctuation on vehicle. The distribution
range of probability density curve spreads more widely with the increase of simulation separation.
In general, the probability of the “sudden change” of wind fluctuation on running vehicle
obviously increases with the increase of simulation separation. It should be noted that mean wind
speed has a greater effect on “sudden change” of wind fluctuation on moving vehicle in
comparison with vehicle speed.

e In the case without track irregularities, the simulation separation of wind field has a
significant influence on the vehicle dynamic responses in crosswind conditions. However, with
both the track irregularities and the aerodynamic forces existing, when the mean wind speed is
small, the track irregularities may have a predominant effect on dynamic responses of vehicle,
while the influence of simulation separation is not significant. The existence of track irregularities
may make the question about the impacts of “sudden change” of wind fluctuations on vehicle
dynamic responses more complicated.

e With Principal Component Analysis, the wvehicle running performance in crosswind
conditions at different simulation separations of wind field can be comprehensively evaluated. The
comprehensive evaluation score increases with the increase of simulation separation, indicating the
stronger impacts of “sudden change” of wind fluctuations on vehicle running performance. It can
provide a theoretical foundation for the choice of a suitable simulation separation of wind field in
engineering application.
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