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Abstract

The impact of strong wind and rain loads will adversely affect the reliability of the overhead lines,
it’s necessary to study changes in risk of transmission system and establish the reliability model of
overhead lines through the strong wind and rain loads. In this article, the stochastic properties of
overhead lines’ strength and loads were used, according to principles of structural reliability,
time-dependent failure probability model of overhead lines was established under the impact of
strong wind and rain loads. Simulation of the IEEE-79 system demonstrates that failure probabili-
ty model is effective. This simulation result also shows that the impact of strong wind and rain
loads will seriously affect reliability indices of system loads, rain loads cannot be ignored under
strong wind and rain loads.
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1. Introduction

The overhead line is susceptible to strong winds, heavy rain affected [1]-[3], for example, the violent typhoon
bring on numerous damages in the electrical equipment of coastal areas, the impact of strong wind and rain
loads will cause the accident of overhead lines and tower fracture [4] [5]. However, current reliability research
of overhead lines rarely consider the impact of strong wind and rain loads, the current design criteria of over-
head lines focuses on wind and ice loads [6]-[9] and ignores the impact of the rain loads, the impact of strong
wind and rain loads will cause huge damage to tall building, especially overhead lines, those accidents [10] at-
tract experts’ attention of electricity and engineering widespread. References [11]-[14] study the effect of dif-
ferent rainfall intensity on the vertical drag coefficient of overhead lines in wind tunnel experiment, but they
don’t do the analysis of the mechanism. Reference [12] established a precise finite element model of overhead
lines and studied rain-wind-induced dynamic response of transmission tower, but they didn’t study the effect of
wind and rain loads’ impact to reliability of the overhead lines.
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In this article, the stochastic properties of overhead lines’ strength and loads were used, according to prin-
ciples of structural reliability, time-dependent failure probability model of transmission line was established un-
der the impact of strong wind and rain loads, the effect of rain loads to failure probability of overhead lines is
established. In simulation of the IEEE-79 system, the reliability indices of system loads are calculated consider-
ing no environmental loads, only wind loads, wind and rain loads.

2. Strong Wind and Rain Loads of Overhead Lines

2.1. Wind Loads

According to theGB50545-2010 of code for design of 110 kV - 750 kV overhead transmission line [9], the wind
loads of overhead lines:
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where o is coefficient of uneven wind pressure and is related to the wind speed; V(t) is standard wind speed; u;
is coefficient of wind pressure changes with altitude and is related to the surface roughness and altitude of over-
head lines; us is shape coefficient of overhead lines, it is equal to 1.2 if the line diameter is less than 17 mm or
ice depositson lines, it is equal to 1.1 if the line diameter is greater than or equal to 17 mm; f. is wind vibration
coefficient, only the overhead lines of 500 kV and 750 kV are equal to 1.25, the others are equal to 1; d is the
diameter of the line; L, is Horizontal Span; B is the intensification coefficient of wind loads when ice depositson
lines, it is equal to 1.1, 1.2, 1 if the ice thickness is 5 mm, 10 mm, 0 mm; & is the angle between the wind direc-
tion and the line.

2.2.Rain Loads

The rainfall patterns are divided into seven levels according to intensity of rainfall as shown in Table 1 [13]:
Rain load calculation equation is as follows [12]:

F (1) :éﬂd%bvj )

where d is raindrop diameter, n is the number of raindrops per unit volume, b is the area of scoured by rain, Vis
the final velocity of raindrops.
Observational data suggest that d is usually as follows:

n(d)=n,exp(-Ad) ®)

where ng = 8 x 10 (1/m*-mm); A isslope factor, A =4.11""%, | is intensity of rainfall (mm/h).

2.3. Combinations of Loads

Loads are divided into three parts: wind loads Fy(t), rain loads F(t) and fixed loads G. Fixed load, also known
as permanent loads, is a Gaussian distribution, mainly components weight; wind and rain loads are variable load
and they are the function of time-dependent. Due to the feature of probability distribution function, if the ran-
dom variable x is a Gaussian distribution and mean value of x and standard deviation are ¢ and ¢, then random
variable (x + a) is also Gaussian distribution and mean value and standard deviation are 4 + a and J, where a is a
constant.

Consider the most serious cases, namely the wind and rain loads and the permanent loads are in the same di-
rection:

Table 1. The class of rain.

Downpour
Level Moderate rain Heavy rain Rainstorm
Weak Middle Strong
Intensity of rainfall (mm/h) 8 16 32 64 100 200
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S(t)=G+Q(t)=G+F,(t)+F(t) (4)

where S(t) is the total loads of overhead lines, G is permanent loads, Q(t) is environmental loads, it is the sum of
wind loads F,(t) and rain loads F(t), due to the IEC60826, the permanent loads is gaussian distribution, its
mean value and standard deviation are ug and Jg, so the total loads is also Gaussian at time t, the mean value
And standard deviation are ug + Fy(t) + F,(t) and dc.

3. Reliability Modeling

According to the structure reliability theory, an overhead lines’ analytical model of reliability analysis is estab-
lished under the impact of strong wind and rain loads. The structure state function of the transmission line is ex-
pressed as a random process:

Z(t)=g(R, S(t))=R-S(t) ()

where R is the design strength of the overhead lines, according to the IEC, R is a Gaussian random variable; S(t)
is the total loads of overhead lines. When the loads of overhead lines are less than the design strength, the lines
running normally; conversely, the line will fail.

3.1. Failure Probability of Overhead Lines under the Impact of the Strong Wind and
Rain Loads

The relationship between the strength probability density distribution and permanent loads probability density
distribution is as shown in Figure 1.

It is the relationship between the strength probability density distribution and permanent loads probability
density distribution taking no account of the environmental loads as shown in Figure 1(a), the line is reliable
because of the design strength of the line is greater than the permanent load; the relationship between the
strength probability density distribution and permanent loads probability density distribution considering the en-
vironmental loads is shown in Figure 1(b), there are overlap which is called as interference region between the
curve, the interference region have to emerge due to the increase of environmental loads which is result in in-
crease of loads of lines, it has potential possibility of lines fault because of this interference region.

The probability of failure of overhead lines is equal to the probability which the strength is less than the loads
of lines:
where P(f) is probability of failure of overhead lines,

P (t)=P(Z(t)<0)=P(R-S(t)<0) (6)
Strength R and loads S is independent, the joint probability density function is
f, = fa(r)-fs (s) (7)
fo {g)" fs () f-")i
Jo () e () |3
fr () e
0 gr f}
(a)
fo (g permanent loads probability density distribution fs ws {57 loads probability density distribution at time t
fu (r) strength probability density distribution fr (r.2 strength probability density distribution

Figure 1. The interferogram of strength and loads probability density curve.
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where fr(r) and fs(s) are the probability density function of strength and loads, f, is the joint probability density
function, the Equation (6) can be represented by the Equation (8):

P (t)=P(R<S(t))=P(r<s) ﬂf dr_j fo (1) F (r)dr ©)

According to the IEC 60826, the strength of lines is gaussian distribution, then f, can be represented by the
following equation:

_ 1 _(Z_:“Z)Z
"= e, exp[ 20 J ©

where uz = ur —us, 67 = or — o3, 1R, ts are probability density function mean value of strength and loads, o, o5
are the probability density function standard deviation of strength and loads, x,, o are the mean value and stan-
dard deviation of joint probability density function

Equation (8) can be expressed as:

o 1 (z—u, )2
P. (t)=P(Z(t)<0)= exp| — dz 10
0=PO<0=L 5 p[ 207 )
(z — w)/oz, Equation (10) can be expressed as Standard normal distribution
P, (t)=P(Z(t)<0)= [ o —= 2 4 10
(1) =P(Z(t)<0)=[ = —=exp| -7~ |da (10)

the probability of failure of overhead lines is
P ()= g(-22) (11)
0y

For an entire overhead line, it can be divided into n lines as shown in Figure 2, so its probability of failure is
equal to series probability of failure of n lines.

In Figure 2, where py;) is the probability of failure of the i-th line, py, is the probability of failure of the n-th
line, Py is equivalent probability of failure of n series lines, according to the characteristic of series network,
the probability of failure of n series lines is

Pr iy (£) = Pr oy (1) + Py (1) = P oy (1) Py (1), 0122 (12)

where Py.(t) is equivalent probability of failure of n — 1 series lines at time t, pyy(t) is the probability of failure
of the n-th line at time t.

3.2. Short-Term Reliability Assessment of System under the Impact of Strong
Wind and Rain

Short-term system reliability assessment process of generation and transmission System under the impact of
strong wind and rain loads is shown in the follow:

1) Getting short-term load forecasting data and generator combinations;

2) Getting weather forecast information from weather bureau, it includes wind speed, intensity of rainfall and
regions;

3) Using time-dependent failure probability model of overhead lines to solve the time-dependent failure
probability of lines in the region of strong wind and rain;

Py P Prn-1 Prm

4
— Pry —

Figure 2. Series equivalence failure probability of Overhead lines.
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4) Using state sampling approach to simulate;

5) Analyzing the state of system, using the optimal cutting load model to calculate removal of the load;

6) Calculating reliability indices of system loads.

In this paper, using loss of load probability (LOLP), expected demand not supplied (EDNS) and expected
energy not supplied (EENS) to express reliability indices.

LOLP: The probability of the system can’t satisfy the load demand within a certain period of time:

LoLp=Y M) (13)
seF
where M is the total number of system status, m(s) is the number of system state s in the sampling.

EDNS: System expected demand not supplied due to insufficient generation capacity or grid constraints with-
in a certain period of time:

eDNs = 3 ) ¢ (s) (15)

seF
where C(s) is removal of load at system state s.

EENS: System expected energy not supplied due to insufficient generation capacity or grid constraints within
a certain period of time:

EENS :zwa(s)xt (14)

seF

where t is a certain period of time.

4. Example
4.1. Example Introduction

In this paper, we use Simulation of the IEEE-79 system as example. This system contains two voltage levels:
230 kV and 138 kV, it is divided into two regions: region 1 and region 2 as shown in Figure 3. Using the line
LGJ-300/40 (Diameter 23.94 mm, CUTS T, = 92.22 kN, Security Coefficient K = 2.5, Unit Weight Q = 1133

- s
Region 2 16 /}4,L

230kV (. =

The region under
strong wind and rain e

H'-,—I—F

Region

1 138kV ,_I_—\/ - | />?:f§:‘ 8

& © ®,
Figure 3. Electric diagram of IEEE RTS-79.
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kg/km) as example, Design wind speed is 27 m/s, Horizontal Span I, = 350 m - 820 m, Vertical Spanl, = 450 m -
1200 m, according to the experience, the vertical span is equal to 1.25 to 1.7 times of horizontal span (in this
paper, taking 1.5 times), the mean value coefficient of permanent loads is 1.06, the coefficient of variation of
permanent loads is 0.07, the mean value coefficient of strength is 1.0917, the coefficient of variation of strength
is 0.0915.

Line 11 - 13 (53 km), line 11 - 14 (47 km), line 12 - 13 (53 km), 12 - 23 (108 km), line 13 - 23 (97 km), line
15 - 24 (58 km) are in the region under strong wind and rain.

4.2. Failure Probability of Overhead Lines under the Impact of the Strong Wind and
Rain Loads

Setting a standard structure model of “three towers two cross”, the two spans are I; = 400 m and |, = 600 m, then
the horizontal span and vertical span are

L _soom | 1, =151, = 750m

Ih
The weight of overhead line is
Gy =10Q-1, =10x1133x0.75=8.5kN
the mean value and standard deviation of the load are
us =F, (t)+F (t)+9.01
o =0.63

The broken tension of line is equal to the percentage of maximum tension. In this paper, taking it as 0.5, the
broken tension is

T, =0.6T,=05T,/K=0.6x9222/2.5=22.13kN

The mean value and standard deviation of the line strength are
My =2416 , 0y =221

Using Equation (12) to calculate the failure probability of lines under strong wind and rain in one span, the
failure probability of lines for different levels wind speed and rain is shown in Figure 4.
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Figure 4. Overhead lines failure under strong wind and rain loads.
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We can get the following conclusions from the above Figure 4: 1) the failure probability of lines will increase
with wind loads increase; 2) Rain loads have influence upon the failure probability of lines, and heavy rainfall
have greater influence on the failure probability of lines when the wind speed is high.

Failure probability of overhead lines under different levels of rainfall is shown in Table 2 (the wind speed is
design speed). As can be seen from the table, the failure probability of overhead lines increases by 30.03% when
consider the influence of strong rainfall. So the influence of strong rainfall can’t be ignored when calculating the
failure probability of overhead lines in engineering applications.

4.3. Short-Term Reliability Assessment of System under the Impact of Strong Wind
and Rain

In order to analyze how the impact of strong wind and rain loads influence the short-term reliability indices of
system, we do not consider the changes of and generator combinations. In simulation of the IEEE-79 system, the
reliability indices of system loads are calculated considering No environmental loads, only wind loads, wind and
rain loads.

The wind speed and intensity of rainfall cure of somewhere during 10 hours are shown in Figure 5.

The cure of system EENS in the above three cases is shown in the Figure 6.

A significant reduction can be seen from Figure 6 when considering the environmental loads; the system
EENS considering wind and rain loads is 31.72% higher than the EENS without considering rain loads.
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Figure 5. Typhoon winds and rainfall within 10 hours.
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Figure 6. The curve of system EENS over time.
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Table 2. Failure probability of overhead lines under different levels of rainfall.

Wind and Rain (Downpour)

Load Wind Wind and Rain (Heavy rain) Wind and Rain (Rainstorm)
Weak Middle Strong
Failure probability 0.0333 0.0355 0.0364 0.0377  0.0394 0.0433
Increment/% - 6.61 9.31 13.21 18.32  30.03

5. Conclusions

In this paper, analyzing the influence which impact of strong wind and rain loads produced to the reliability of
the overhead lines, establishing the failure probability wind and rain loads, the conclusions are shown as follow:

1)

The failure probability model of overhead lines under the strong wind and rain loads are different from the

normal state;

2)

The rain loads can’t be ignored when calculating the failure probability of overhead lines under the strong

wind and rain loads;

3) Using the weather forecast to assess system reliability, it is contributed to prepare for proper risk control
measures and improve the ability of withstanding severe weather for power system.
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