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ABSTRACT

Numerical simulation of the spatial wind field plays a very important role in the study of wind-induced response
law of transmission tower structures. A reasonable construction of a numerical simulation method of the wind
field is conducive to the study of wind-induced response law under the action of an actual wind field. Currently,
many research studies rely on simulating spatial wind fields as Gaussian wind, often overlooking the basic non-
Gaussian characteristics. This paper aims to provide a comprehensive overview of the historical development and
current state of spatial wind field simulations, along with a detailed introduction to standard simulation methods.
Furthermore, it delves into the composition and unique characteristics of spatial winds. The process of fluctuating
wind simulation based on the linear filter AR method is improved by introducing spatial correlation and non-
Gaussian distribution characteristics. The numerical simulation method of the wind field is verified by taking
the actual transmission tower as a calculation case. The results show that the method summarized in this paper
has a broader application range and can effectively simulate the actual spatial wind field under various conditions,
which provides a valuable data basis for the subsequent research on the wind-induced response of transmission
tower lines.
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1 Introduction

With the development of the electric power industry, more attention has been paid to electric power
safety. As an indispensable part of power system operation, the reliability and stability of the transmission
process is one of the current hot issues discussed. With the continuous expansion of the erection range of
high-voltage overhead transmission lines, the erection area is gradually expanded to locations with more
complex geographical environments and harsh climatic conditions, and the requirements for transmission
line protection are steadily increased.

The regional environmental factors for the erection of transmission tower lines are complex and often
extreme climates, so the transmission tower lines are prone to wind disasters during operation. The
transmission tower line structure itself has the characteristics of the tower height, large span, and sizeable
overall structure flexibility [1]. It is easy to be corrupted by extreme weather conditions, so that line
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breaking and collapse accidents occur, resulting in transmission line operation and maintenance faults, which
seriously threaten the safety and stability of the transmission process.

Under the action of strong wind, transmission tower line collapse, line breaking, and other accidents
happen from time to time, seriously endangering the transmission process’s safety and stability. Fig. 1
shows a power transmission tower collapse accident in one place. It also causes great economic losses to
the power system. On June 14, 2005, a 500 kV power transmission line in Siyang, Jiangsu Province
suffered a severe squall disaster, resulting in a wind-caused tower toppling accident. This accident caused
the tripping of the temporary line and stopped transmission of the two lines simultaneously, leading to
huge losses to East China Power Grid [2]. In Xiamen, Fujian Province, due to the landfall of Typhoon
Morandi 1614, several substations of the Xiamen power grid and hundreds of power transmission lines of
different grades lost power. It left 522,000 customers without power, and five power transmission towers
in mountainous areas collapsed [3].
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Figure 1: A power transmission tower collapsed due to strong wind

In previous wind field studies, wind speed is usually assumed to be a stationary stochastic process.
However, a large amount of measured data shows that the actual wind field of strong wind mainly
presents non-stationary characteristics, and the mean wind speed changes with time. Tao et al. compared
stationary and non-stationary wind fields and proposed an adaptive method to automatically extract time-
varying mean values to characterize non-stationary wind [4]. Hao et al. analyzed typhoon fields in
stationary and non-stationary models and realized the simulation of non-stationary typhoon fields using a
multi-variable method [5].

In the simulation analysis of the wind-induced dynamic response of transmission lines, the fluctuating
wind speed is usually regarded as a sequence with a mean value of 0 and conforming to normal distribution.
While ignoring the effect of high-order parameters of wind speed, the unique spatial correlation between
fluctuating wind speed series at different locations is not considered. Wind speed generally presents
Gaussian characteristics when it is less disturbed by terrain. But in particular environments such as
mountains or valleys, wind speed is easily affected by local terrain, which presents significant non-
Gaussian characteristics. Duan conducted wind tunnel tests on three-dimensional steep slope type and
canyon and discussed the influence of these two notable landforms on the essential characteristics of
fluctuating wind [6]. Gao coupled the typhoon field with the special mountain terrain, proving that the
basic characteristics of the wind field would change under the action of micro-terrain [1].
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The numerical simulation of the response of the transmission tower line under the action of strong wind
can effectively study the wind-induced response law of the transmission tower line. Moreover, simulation
can be used to explore the wind resistance of transmission tower line structures and forecast the
possibility of wind disasters.

To simulate and analyze the wind response of the transmission tower line structure, it is necessary to
obtain the input wind load time series. The time series of wind loads can be obtained through field
measurement, wind tunnel tests, or numerical simulation. The numerical simulation method is often used
in wind loads simulation analysis because of its convenience, speed, repeatability, and regularity advantages.

The wind-vibration response of transmission tower lines has been a hot topic in recent years.
Considering that the wind speed at each point of the model is not entirely independent, the temporal and
spatial correlation should be taken into account in the calculation. By analyzing the measured wind speed
data, Duan obtained the influencing factors of the spatial correlation of wind speed and the variation rules
[6]. Yan et al. introduced the Fourier phase difference spectrum to establish the correlation calculation
model [7]. Lorenzo et al. simulated the mechanical response of tower structures by simulating the time
history of hurricane wind speed against the background of the collapse of tower lines in Cuba [8]. Zhang
gave the calculation flow of simulating single-point and multi-point Gaussian and non-Gaussian wind
speed time history [9]. Zhang et al. gave the calculation flow of non-Gaussian fluctuating wind simulation
for transmission tower lines by using the linear filter method [10]. Shen et al. compared the simulation
results of fluctuating wind speed under different methods and used cross-spectrum to simulate a three-
dimensional wind field [11].

Regarding non-Gaussian wind simulation, Chang compared various conversion methods and concluded
that the correlation function conversion method was more intuitive and straightforward than the spectral
updating method [12]. Kim et al. adopted the K-L extension method and iterative translation
approximation method to simulate non-stationary non-Gaussian stochastic processes, which can improve
the simulation accuracy and computational efficiency [13]. Wen extended the simulation method of
frequency wave number spectrum (FKS) based on SRM to the simulation of non-Gaussian random
waves, which ensured the compatibility of FKS and edge probability density function (PDF) and
improved the iteration efficiency [14]. Jiang improved the traditional Johnson change method with linear
prediction and the Z transform (LZP) method. In the spectral updating method, he proposed a CDF
mapping algorithm based on linear prediction and Z transform (LZP) to simulate non-Gaussian wind
pressure [15].

The above studies are perfect for wind load simulation of transmission tower line systems but are less
involved in non-Gaussian wind field simulation. Most of the research focuses on the effect of fluctuating
wind on structure, but the overall impact of the wind field is not explored. This paper proposes a
simulation method of non-Gaussian fluctuating wind based on previous studies. Considering the
characteristics of the actual wind field, the numerical simulation of the overall spatial wind field is carried
out, which provides a research basis for the wind-induced response simulation of transmission tower lines.

2 Review of Research Status

2.1 Wind Speed Simulation Method

Space wind can be generally regarded as two parts: mean wind and fluctuating wind. Mean wind refers
to the long-period part whose vibration period is over 10 min. In contrast, fluctuating wind refers to the short-
period part whose vibration period is between a few seconds and tens of seconds. The Monte Carlo method is
used for the numerical simulation of fluctuating wind. The principle of the Monte Carlo method is to use a
random simulation method for sampling and calculating the value of statistics or parameters. In the case of a
large number of calculations, the average value of each calculation result is obtained to get a stable value, and
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a conclusion is drawn. The methods of simulating wind fields by the Monte Carlo method generally include
the harmonic superposition and linear filter methods.

The linear filter method is also known as the autoregressive method. Its working principle is to input a
group of random white noise numbers with a zero mean into a designed filter for transformations and output
wind speed time series with the specified wind speed spectral density characteristics. The linear filter method
was first proposed in 1987 by lannuzzi et al. [16]. Owen et al. compared the simulation results of wind speed
time history with the AR method and ARMA method and believed that the simulation accuracy of the
ARMA method was relatively high [17]. Peng et al. gave the linear filter method simulation steps and the
model order determination method [18]. Li et al. combined the Fourier transform with the linear filter
method to broaden the application range of the linear filter method [19].

The linear filter method has advantages because of its small computation amount and fast computation
speed. This paper adopts a linear filter AR autoregressive model to simulate the fluctuating wind numerically
and verify whether the generated results meet the preset requirements.

2.2 Non-Gaussian Wind Simulation

Generally, fluctuating wind is regarded as a stationary Gaussian process in numerical simulation.
However, fluctuating wind presents strong non-Gaussian characteristics in the complex terrain
environment where transmission tower lines are erected. Because of its special distribution law, non-
Gaussian wind is easy to cause damage to the tower lines. Therefore, it is necessary to conduct a
numerical simulation of non-Gaussian wind to explore the response results of its action on the
transmission tower lines.

To explore the influence of stationary non-Gaussian fluctuating wind on the numerical analysis of the
wind-induced response of actual transmission tower lines, the Gaussian wind simulation results must be
converted to the non-Gaussian wind by the static conversion method. There are two kinds of conversion
methods for simulating non-Gaussian processes.

The first method is based on the given power spectral density function and edge distribution probability
function. This method requires updating and iterating the power spectral density function to obtain a non-
Gaussian random process.

The second method is based on the given power spectral density function and high-order moments such
as skewness and kurtosis. In this method, the relation between the Gaussian and non-Gaussian processes is
obtained by converting the correlation function. Gurley first proposed to transform non-Gaussian operations
based on Hermite polynomials. Grigoriu gave the basic idea and calculation process of transformation
through correlation function, which does not require multiple iterative calculations [20]. Gioffre et al.
extended the calculation scope to the field of multi-variables and discussed the simulation method and
fitting coefficient of non-Gaussian wind pressure [21].

Recently, many improved methods have been proposed for correlation function transformation. Wu et al.
considered the fractal characteristics of non-Gaussian wind, combined with the correlation deformation
method and simulated non-Gaussian wind [22]. Zhang established a novel non-Gaussian stochastic
process simulation transformation method based on the generalized lambda distribution of FMKL [23].
Considering the standard deviation of the random process, Luo et al. gave the calculation formula of
inverse function conversion from a non-Gaussian correlation function to a Gaussian correlation function
[24]. According to the transformation relation of the non-Gaussian process, Cai gave the calculation
formula of the transformation parameter [25].

The above method summarizes a relatively convenient and rapid simulation method, but only the
numerical simulation of non-Gaussian fluctuating wind is carried out. The influence of the overall
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instantaneous wind speed simulation on calculating the spatial correlation function is not explored, and the
corresponding research on the transmission tower line still needs to be improved.

3 Numerical Simulation Method of Spatial Wind Field

The instantaneous value of spatial wind can be regarded as consisting of average wind and fluctuating
wind, namely:

V(Xa Yy, 2, t) = V(X7 Yy, g, t) +Vf(X, Yy, 2, t) (1)

In the process of numerical simulation, it is necessary to simulate the mean wind and fluctuating wind
respectively, and overlay the results.

3.1 Numerical Simulation of Mean Wind
The variation of average wind speed with height is called wind profile. Commonly used wind profiles

include logarithmic wind profiles and exponential wind profiles, whose expressions are given as follows
[26]:

_ l1_,. (z1
Vo = EV In <Zo> 2)

\_’z VA o
-9
VZ2 V%)

In formula (2), k is the von Karman coefficient, and k takes 0.4; z; and z, are the effective height and the
height of the rough ground layer, respectively; v* and v, are the atmospheric shear velocity and the average

wind speed at z; altitude, respectively. In formula (3), z; and z, are the height of two points, respectively; v,
and v,, are the average wind speed at two points, respectively; « is the surface roughness coefficient.

The calculation of logarithmic wind profile is more complicated, which is suitable for calculating
the average wind speed below 100 m. This paper uses the exponential law wind profile to calculate the
average wind speed. The roughness is selected as B type according to the national load standard, and the
surface roughness coefficient is o = 0.16.

3.2 Power Spectrum for Fluctuating Wind Simulation

Fluctuating wind can be divided into turbulent airflow in three directions: downwind, sideways, and
vertical. The transverse and vertical winds have low turbulence intensity and have little effect on the
wind-induced response of the transmission tower line structure [26]. Generally, their effect can be ignored
in the research, and the wind-induced response of the transmission tower line under downwind turbulence
is analyzed.

The fluctuating wind can be regarded as a stationary random process with a mean value of 0, which can
be analyzed mainly through the power spectral density function. The power spectral density function
represents the energy distribution of fluctuating wind speed in the frequency domain. Based on the
combination of theory and experiment, the approximate distribution function, namely the power spectral
density function, can be obtained through the statistics and fitting of the test data. Davenport calculated
according to the measured data and believed that the turbulence scale of the horizontal fluctuating wind
velocity spectrum did not change with the height. The empirical expression of Davenport’s fluctuating
wind velocity spectrum was summarized as follows:
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where x = 1200n/v,9; Sy(n) is power spectral density; k is the surface roughness coefficient; n = /21 is
the frequency of fluctuating wind; v, is the average wind speed at a standard altitude (the altitude is usually
10 m).

3.3 Spatial Correlation of Fluctuating Wind Simulation

The wind speed blown to each location is not completely independent in the actual environment. Due to
the influence of other areas, the wind speed and direction of fluctuating wind at each point are only partially
synchronized. This property is called spatial correlation. The spatial correlation is related to the distance. The
greater the distance between two points, the smaller the spatial correlation.

The spatial correlation function can quantify spatial correlation. Fluctuating wind’s downwind mutual
power spectral density can represent its statistical characteristics. The spatial correlation function is the
ratio of the amplitude of the mutual power spectral density at two points to the amplitude of the self-
power spectral density function:

S12()]

S]](f)Szz(f) (5)

coh(f) =

where Sy (f) and Sy, (f) are self-power spectral density at two points, respectively; Si,(f) is cross-power
spectral density.

The spatial correlation function has a variety of expressions. This paper uses the exponential expression
form proposed by Davenport. The following expression is usually used in wind engineering to express the
coherence of the vertical direction of fluctuating wind [27]:

n|(a - %)’
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coh(f) = exp (6)

where V(z;) and V(z;) are the wind speed at points i and j, respectively; c, are attenuation coefficients in the
z-direction. Generally, c, takes 10.

3.4 Gaussian Fluctuating Wind Simulation Method
In this paper, the linear filter AR method is used to simulate Gaussian wind speed. The specific steps are
as follows:

The time series formula of stationary Gaussian wind speed for M spatially correlated points is [28]:
uX, Y, Z, ) == " ¥ouX, Y, Z, t—kAt) +N(1) (7)

where u(X, Y, Z, t) is the stationary Gaussian fluctuating wind speed (m/s) at multiple points in space; p is
the autoregressive order of the AR model; X =[x, ..., xu], Y =1[y;, ---, Yl Z = [z1, ..., zv]" are
space point coordinates, respectively; N(t) = L - n(t), where n(t) is M independent standard normally
distributed random time series, and L is a/the coefficient matrix.

To get the coefficient matrix Wy, multiply u(t — jAt) on both sides of the equation, and calculate the
expectation. The autocorrelation function expression on the stationary Gaussian wind speed time history
can be obtained as follows:

R(AL) ==Y WR[( — k)AY (8)

R(0)=—> " WR[KA( +Ry 9)
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Express formula (9) in matrix form to get the following equation [9]:

_ | R~
R.¥ = [ o ] (10)
where ¥ = [, ¥, ..., ‘PP]T is the autoregressive parameter matrix of the AR model of order
(p+ 1)M x M, and every submatrix is a square matrix of order M. O,, is a zero matrix of order pM x M;

Ry is a square matrix of order M.

The submatrix of R can be obtained by the Wiener—Khintchine formula [9]:

Rij(T) = /OOO Sij (f)COS(21Tf : T)df (1 1)

where S is the cross-power spectrum, which can be calculated by the self-power spectrum and spatial
correlation function [28]:

After the Cholesky decomposition of Ry, the coefficient matrix L can be obtained. After the normal
distribution random sequence is generated, the time series of the Gaussian process fluctuating wind speed
can be obtained by substituting L into formula (7).

The AIC criterion is used to determine the order p of the AR model, and the model can meet the
requirements of practicality and complexity when the minimum AIC function is selected. Given the upper
limit of order N, the AIC criterion of the AR model is defined as [18]:

AIC(p) = Nx1gé? +2(p + 1) (13)

where 63 = 2R(0) — R(N).
From AR(1) to AR(p+ 1), a total of p+ 1 AIC models are established, and the AIC criterion function

values of each model are compared, respectively. When the function difference between AR(p) and
AR(p+1) is minimal, the order p can be selected [18]. In this simulation method, the value of p is 4.

Therefore, the simulation flow of the program for calculating non-Gaussian fluctuating wind time series
u(t) is as follows:

1) The wind speed self-power spectrum specified in the program is the Davenport wind speed spectrum.
The expression S;; of the cross-power spectral density function between every two points is obtained
by using the spatial correlation formula.

2) The matrix values of the cross-correlation function R;j(0) to Rjj(pAt) between two points are
obtained by using the Wiener—Khintchine formula, respectively. Then R is established.

3) The parametric matrix ¥ is obtained from p - M equations after the system. Then the matrix Ry is
obtained from the first M equations.

4) The Cholesky decomposition of Ry yields the coefficient matrix L.

5) M groups of independent standard normal distribution random time series n(t) are generated, and
N(t) = L - n(t) is calculated.

6) The time series u(t) of multi-point Gaussian wind velocity is obtained by substituting L into
formula (7).

3.5 Non-Gaussian Fluctuating Wind Simulation Conversion Method
Gaussian fluctuating wind loads can be described using mean and variance. The mean value represents
the oscillation center of the random wind signal, and the variance represents the dispersion degree of the
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signal amplitude relative to the mean value. The high-order cumulant of the time series of stationary non-
Gaussian wind loads is not zero, so it is necessary to introduce high-order parameters, such as skewness
coefficient and kurtosis coefficient, in the simulation of non-Gaussian fluctuating wind.

Skewness represents the degree of deviation of signal amplitude from the oscillating center. The
skewness of the Gaussian process is 0 by default. Non-Gaussian processes become positive skewness
when their skewness is positive. The reverse is called negative skewness, and the diagram is shown
below. Kurtosis indicates how sharp or flat a curve is, and the kurtosis of a Gaussian process defaults to
3. When the kurtosis of the non-Gaussian process is greater than 3, the curve is sharper, and the tail is
longer, which is called the soft response process. When the curve is less than 3, the curve is flatter, and
the tail is shorter, called the hard response process [29].

In this paper, the correlation deformation method proposed by Gurley is used to simulate non-Gaussian
wind time series. The principle is to convert the Gaussian time series simulated by the linear filter method
into a non-Gaussian time series by correlation formula given the high-order moments. The formula is as
follows:

Ry = o’ (Ry + 2h3R] + 6h3R}) (14)
x(t) = « [u(t) +hs (u(t)2—1) +hy (u(t)3—3u(t))} (15)

where u(t) and R, are Gaussian fluctuating wind speed sequence and its autocorrelation function,
respectively; x(t) and Ry are non-Gaussian fluctuating wind speed sequence and autocorrelation function,
respectively.

The relevant parameters a, hy and hs can be obtained by solving the above nonlinear equations, and can

also be approximated according to the given high-order moments: skewness 5 and kurtosis vy, [30]. They
can be calculated according to the following formula derived from the empirical model [25]:

o= ! (16)

\/1+ 2h3 + 6h;

1 —0.01 33
h3:E 0.015]y3| + 0.3v4 (17)
6 14+0.2(y, — 3)
1.43~2 1-0.1(v,)"*
hy = hao [1 - ”3] (18)
Ya—3
141250y, —3)F — 1
hyy = [ (zi) ) (19)
The variance o of Davenport fluctuating wind speed spectrum is calculated as follows:
o’ = / S(f)df = 12.4289 (20)
0

After considering the standard deviation, the expression of the conversion equation is modified as
follows:

MO afu) + ol 1} + hef 0P —uo )} @1

(o2

Ryj(7) = o0 { Ry (7) + 202 Ry (1)]” + 6h2 [Ry (7))} (22)



SDHM, 2023, vol.17, no.6 529

Solving the inverse function of the conversion function can obtain the expression of the Gaussian
process [24]:

1 Gi b3
Ryjj=—(G ———-—= 23
! o G, 9hi (23)
1 h3
G =—s5——2 (24)
18h2  81hj
Riyij Ry /o 2 3
2 i/O
Gr= |- T+, —2-+G;| +G]+G 25
27 | 12n2 22 P )
hi b

G; (26)

~108h}  720h¢

The parameters hy and hs need to satisfy the following relation to make the conversion equation
valid [25]:

B —3hy(1 —3hy) <0 (27)
The conditions to be met for y; and vy, can be obtained by using the formula [25]:

34 (1.259;)°< 9y (28)

3.6 Non-Gaussian Fluctuating Wind Simulation Method

By combining the Gaussian fluctuating wind speed simulation method introduced in Section 3.4 above
with the non-Gaussian fluctuating wind speed simulation conversion method presented in Section 3.5 above,
a complete non-Gaussian fluctuating wind speed simulation method can be obtained, and its process is shown
in Fig. 2.

Convert the non-Gaussian self-power spectrum S,;;,Syj; of two points into the
non-Gaussian cross-power spectrum S,;; by using Formula (12)

l

Convert the non-Gaussian cross-power spectrum S,;; into the non-Gaussian
cross-correlation function R,;; between two points by using Formula (11)

l

Convert the non-Gaussian cross-correlation function R,;; into the Gaussian
cross-correlation function R,; by using Formula (14), (16)-(20), (22)-(26)

|

Convert the Gaussian cross-correlation function R,;; into the Gaussian wind
speed time series u(t) by using the linear filter AR method in Section 3.4

)

Convert the Gaussian wind speed time series u(t) into the non-Gaussian wind
speed time series x(t) by using Formula (15)-(21)

Figure 2: Flowchart of non-Gaussian fluctuating wind simulation method
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In this simulation method, the standard deviation of the wind speed spectrum is added to the traditional
conversion equation, and the conversion equation is modified. Luo et al.’s method [24] is introduced into the
calculation of Gaussian and non-Gaussian process conversion methods, which reduces the complexity of
calculating the inverse function formula (14). Meanwhile, the relationship between the calculation
parameters /3 and h4 and the set wind speed skewness and kurtosis y; and y, is clarified [25]. The non-
Gaussian wind speed simulation method is improved and synthesized, and the complete method flow is
introduced in detail in this paper.

4 Examples and Results of Spatial Wind Simulation

4.1 Example and Parameter Setting

To verify the feasibility of the fluctuating wind generation method in numerical simulation of the wind-
induced response of actual transmission tower lines, a transmission tower is selected to simulate non-
Gaussian wind field generation. The transmission tower is located in a mountainous area. The topography
has a significant influence on the wind speed change, and the transmission tower is prone to strong wind
vibration response at different heights, which will cause harm to its stability.

The height of the transmission tower line is more than 40 m, and the wind speed is not the same at
different heights. Theoretically, every node of the transmission tower will bear a particular wind load
when the strong wind is flowing, so it is the closest method to the actual condition to accurately simulate
the global wind speed field and apply it to the transmission tower. In fact, due to the limitations of
computer storage capacity and calculation speed, it is not possible or necessary to simulate the wind
speed of every node in the transmission tower. Therefore, the finite element method is used to discretize
the transmission tower, and the average height of each section is selected to simulate the wind field of the
transmission tower. Before wind-induced response simulation, the transmission tower is first discretized
and divided into 12 sections from top to bottom, which is shown in Fig. 3. The average wind speed at the
average height of each section is taken as the average wind speed of the section.
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Figure 3: Schematic diagram of transmission tower discretization

The height of each simulation section after discretization is shown in Table 1.

Table 1: Height of simulation section of transmission tower

Analog section number Height/m Analog section number Height/m
1 40.5 7 30.5
2 40.0 8 25.1

(Continued)
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Table 1 (continued)
Analog section number Height/m Analog section number Height/m
3 38.0 9 24.0
4 37.0 10 21.0
5 35.7 11 15.0
6 31.6 12 6.0

The parameters used in the simulation are in Table 2.

Table 2: Analog parameters

Parameter name

Parameter value

Target skewness
Target kurtosis
Time step

Duration

Surface roughness coefficient

Basic wind speed

Specified power

spectrum

0.5

4.0

0.1s

10 min
0.003

35 & 15 m/s
Davenport

4.2 Simulation Results and Verification
Based on the following parameters, wind field simulation was carried out according to the method
summarized in the paper. A total of 20 groups were simulated and skewness and kurtosis at 12 sectional

heights were calculated. The average value of the results is shown in Tables 3 and 4.

Table 3: Simulation results of non-Gaussian fluctuating wind at a basic wind speed of 35 m/s

Analog section number

Mean skewness

Mean kurtosis

O &0 9 O L A W N~

—_
=)

0.567
0.463
0.487
0.498
0.505
0.481
0.455
0.550
0.516
0.586

4.434
3.936
4.226
4.232
4.169
4.247
4.108
4.294
3.952
4.275

(Continued)
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Table 3 (continued)

Analog section number Mean skewness Mean kurtosis
11 0.571 4.108

12 0.624 4.247

Mean value 0.525 4.186
Deviation 5.064% 4.638%

Table 4: Simulation results of non-Gaussian fluctuating wind at a basic wind speed of 15 m/s

Analog section number Mean skewness Mean kurtosis
1 0.456 3.517

2 0.472 3.461

3 0.495 3.516

4 0.481 3.444

5 0.493 3.452

6 0.483 3.487

7 0.477 3.413

8 0.476 3.568

9 0.492 3.583

10 0.532 3.618

11 0.526 3.789

12 0.421 3.392
Mean value 0.484 3.520
Deviation —3.25% —12.00%

It can be seen that the skewness and kurtosis of wind speed data generated by numerical simulation of
non-Gaussian wind are close to the target value, and the error is small, which proves that the generation
method of non-Gaussian wind is reliable.

The wind speed results of specific sections can be analyzed by further testing the non-Gaussian
fluctuating wind generation results. Extract the wind speed at the 10th section with a height of 21.0 m in
a simulation, and the time series of its fluctuating wind speed is shown in Fig. 4. The skewness and
kurtosis of the simulated wind speed are 0.4592 and 4.1214.

As can be seen, the fluctuating wind speed fluctuates around 0.

The Gaussian fluctuating wind speed series before the non-Gaussian conversion is compared with the
non-Gaussian fluctuating wind speed series after the conversion, which is shown in Fig. 5. The red line
represents the Gaussian wind speed series, and the black line represents the non-Gaussian wind speed
series. It can be seen that the fluctuation range of the Gaussian wind speed series around 0 is small, while
the fluctuation of the non-Gaussian wind speed series is wilder, and the change is more irregular.
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Figure 4: Fluctuating wind speed time series of simulation section 10
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Figure 5: Gaussian and non-Gaussian fluctuating wind speed series
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The simulation result of non-Gaussian fluctuating wind speed is compared with the Davenport power
spectrum, and the result is shown as follows. It can be seen from Fig. 6 that the power spectrum of non-
Gaussian fluctuating wind simulation results is generally consistent with the specified power spectrum,
meeting the requirements of wind field simulation.

Due to the correlation of spatial wind field, it is also necessary to verify the spatial correlation of wind
speed at different heights. The first section, with a height of 40.5 m, is selected as the benchmark. The spatial
correlation between the wind speed of other sections and the simulation results of the first section is shown in

Fig. 7.

Specific data of correlation coefficient are shown in Table 5.

The spatial correlation of wind speed is related to the distance between two points. The farther the
distance is, the weaker the spatial correlation is. The results of non-Gaussian wind simulation are
consistent with this trend, and the simulation method is effective.
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Figure 7: Figure of correlation coefficient of fluctuating wind speed between each section and section 1

Table 5: Correlation coefficient of fluctuating wind speed between each section and section 1

Analog section number  Correlation coefficient ~ Analog segment number  Correlation coefficient

1 1.0000 7 0.6056
2 0.9229 8 0.5025
3 0.7956 9 0.5095
4 0.7680 10 0.4622
5 0.7134 11 0.4070
6 0.6029 12 0.3464
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The kernel density estimation method is used to test the overall probability distribution of fluctuating
wind speed, and the probability density distribution curve of simulated wind speed is obtained [31].
The histogram in Fig. 8a represents the generated fluctuating wind speed samples, the black line
represents the fitting curve of the corresponding kernel density estimation method, and the red line
represents the standard distribution curve.
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Figure 8: Verification of probability distribution form of simulation section 10

Compared with the normal curve of Gaussian distribution, the probability density distribution of non-
Gaussian simulated wind speed is biased towards negative wind speed, which conforms to the wind
speed distribution characteristics when the skewness is greater than 0, showing positive skewness
characteristics. The probability density distribution curve of simulated wind speed is thinner than that of
normal distribution, and its characteristics are consistent with the soft response process when the kurtosis
is greater than 3.

Fig. 8b shows the probability distribution of Gaussian wind speed without non-Gaussian transformation.
Compared with Fig. 8a, it can be seen that the Gaussian wind speed distribution conforms to the normal
distribution. In contrast, the non-Gaussian wind speed distribution has a large deviation from the normal
distribution, showing non-Gaussian characteristics.

To verify whether the coherence function of simulated non-Gaussian fluctuating wind speed at each
point is consistent with the specified coherence function, the comparison between the coherence function
of simulated fluctuating wind speed at 10 section and other sections and the specified coherence function
is shown in Fig. 9. The specified coherence function specified is formula (6).

As seen from Fig. 9, the coherence function of section 10 and each section generally shows a decreasing
trend with the increase of frequency. The overall trend is in good agreement with the coherence function of
the two sections in the specified space, indicating that the non-Gaussian fluctuating wind speed time series in
each section meets the requirements of spatial correlation. It can be verified that the simulation accuracy
meets the requirements.

The actual wind field consists of two parts: average wind and fluctuating wind. Therefore, to explore the
wind-induced response of transmission tower lines in the actual environment, the average wind that varies
with height should be added based on fluctuating wind. The time series of total wind speed in section
10 is shown in Fig. 10.
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It shows that the overall spatial wind field fluctuates around the average wind speed, with non-Gaussian
characteristics, which meets the target requirements. The simulation method of non-Gaussian wind is reliable
and effective.

This paper improves and synthesizes the traditional numerical simulation method of fluctuating wind.
Compared with the commonly used simulation method, the linear filter AR method is used to simulate
multi-point Gaussian fluctuating wind speed, which clarifies the simulation process and reduces
unnecessary steps, thus improving the calculation efficiency. In the process of non-Gaussian correlation
transformation, the correlation between the calculation parameters s3; and A4 and the skewness and
kurtosis is introduced to reduce the complexity of calculating the inverse function. The wind speed
numerical simulation analysis is carried out on the transmission tower, and the reliability of the
simulation results is verified. The final result can output the wind speed time series superimposed by
average wind and fluctuating wind, which can be directly applied to the analysis of the wind vibration
response of transmission towers and other structures.

5 Conclusion

Based on the characteristics of the actual spatial wind field, this paper summarizes the numerical
simulation method of the spatial wind field and takes an actual transmission tower as an example to
verify the simulation method. The conclusions are as follows:

1) Considering the non-Gaussian characteristics of the spatial wind field, the appropriate power
spectrum and calculation parameters are selected to improve the calculation method and improve
the calculation efficiency. The wind speed numerical simulation method suitable for general
spatial wind field is obtained;

2) The mean wind is superimposed based on the fluctuating wind, which makes the results more
consistent with the characteristics of the actual wind field environment, and provides the basic
simulation conditions for the wind-induced response research of the transmission tower line
system and power equipment;

3) The characteristics of the probability distribution of wind speed simulation results are discussed,
which provides ideas for the follow-up research on the actual wind field probability analysis.
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