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Abstract - This paper describes a new technique of mod-
elling adverse weather for power system reliability calcula-
tions. The reliability calculation is based on a Monte-Carlo
technique where each scenario represents a certain weather
situation with certain parameters. For each scenario a model
of the adverse weather is needed and in this paper a model
based on geographically moving winds and ice storms is
developed. The benefit of this is that it is possible to esti-
mate the time difference between mean times to failure in
different lines, not only the outage risk. For each scenario
a weather impact model is also required, where the risk of
transmission outage is connected to the weather situation.
The here-developed model connects the direct wind impact
with the integrating impact from the ice storm. The devel-
oped method is applied to a numerical example.
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1 INTRODUCTION

THE technical infrastructure is of crucial importance
for a modern society to function. Electric power

supplies are of particular importance and society’s depen-
dence on electrical energy, communications and informa-
tion technology tending to increase. Power supply is also
a condition for continued economic growth and national
security. At the same time users, both industry and house-
holds, have a confidence in technical infrastructure func-
tionality and small preparedness for outages in the power
network [1]. An interruption in the power system can have
many causes: technical faults, operational problems, ad-
verse weather, vandalism. One important cause of trans-
mission line outage is adverse weather. An ice storm is an
extreme situation which occur very infrequently and cause
extensive damage when it does. A recent example is the
ice storm that hit eastern Canada and Northeastern United
States in January 1998 and caused a crisis that lasted more
than five weeks. The 1998 ice storm is considered to be
the worst in modern time in Canada [2].

In order to mitigate severe consequences of future ice
storms it is essential to be able to estimate these conse-
quences based on knowledge of the technical system and
the severeness of the ice storm.

Methods for including the impact of weather on power
reliability calculations have been studied earlier. The most
widely used model is the two-state (normal and adverse)
weather model that uses constant failure and repair rates
[3]. Many studies assume the entire network to be in
the same weather environment, a reasonable assumption

for geographically constrained distribution networks but
not for transmission networks. In [4] a model applicable
to transmission networks is described. A wide range of
weather severities are considered, but the distribution of
severity levels is discreet and the exposed area has to be
divided into regions that are equally affected. A method
for estimating the risk to transmission system components
due to ice storms is described in [5]. The impact on the
towers is assumed to be deterministic, the towers break
down at a given ice load that is decided based on exper-
iments. A standardized risk estimation spreadsheet de-
veloped by British Columbia Transmission Corporation
(BCTC) is used to calculate the risk of three different
severity levels of ice storms. Since Canada experienced a
severe ice storm in 1998 many case studies are performed
on test network based on Canadian conditions. In [6] the
sequence of failure of an experimental distribution line is
examined. Another example is [7] where the status of ex-
isting transmission line components are considered.

The approach used in this paper is to estimate the reli-
ability with a Monte-Carlo technique where each scenario
represents a certain weather situation. For each scenario a
model of the adverse weather is needed and the here de-
veloped model uses geographically moving winds and ice
storms. For different scenarios the stochastic weather pa-
rameters, such as size, strength, speed and direction can
change. A description of the overall simulation method is
found in chapter 2, while the weather model is found in
chapter 3. One benefit of this approach is that it is possi-
ble to estimate the time difference between the outages in
different lines, not only the outage risk. For each scenario
a weather impact model is also required, where the risk of
transmission outage is connected to the weather situation.
This vulnerability model for the components also include
a Monte-Carlo technique for deciding whether a failure
occur or not. The model presented in this paper connects
the direct wind impact with the integrating impact from
the ice storm, see chapter 4. The developed method is fi-
nally applied to a numerical example in chapter 5.

It has been difficult to find simulation data therefore
a discussion with experienced people from industry was
necessary and the references are partly of this kind.

2 GENERAL APPROACH

The studied area or network is called area of interest
and contains components, such as towers and line seg-
ments. These components may break down under influ-
ence of severe weather. The extent to which a segment
is affected depends on vulnerability of components and
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severity, direction and moving speed of severe weather.
Because of the complexity of modelling the influence of
severe weather in area of interest we only consider lines,
divided into segments. A segment can for example consist
of the line between two towers and one of the towers, but
it can also represent longer parts of the line.

START

Choose n

For scenarioi, i = 1...n
choose weather parameters
(chapter 3)

For segmentj, j = 1...s
calculate impact of scenarioi
on segmentj (chapter 4)

For timet, t = 0...tstop
ij

Stochastic calculation of time to
to possible break down
(chapter 4)
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Figure 1: Flow chart of proposed method.

Denote the number of scenariosn and let the total num-
ber of segments bes. The time when the whole severe
weatheri has passed segmentj is denotedtstop

ij . The gen-
eral modelling approach in this paper can be described by
the flow chart in figure 1.

3 MODEL OF SEVERE WEATHER

Ice storms are freezing rain coating everything in ice.
Since the largest precipitation occurs in the centre of
storms, a circular model with the largest strength in the
middle can be applied [8]. The function of two variables
below has suitable properties for being a basic model for
describing wind and ice load.

f(x, y) = A exp
(
− 1

2

((x− µ1

σ

)2

+
(y − µ2

σ

)2))
(1)

A is the amplitude, that is the severity level in the center
of the weather. The center of the weather has coordinates
(µ1, µ2).
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Figure 2: Weather approaching a line

Each segment is exposed to certain load functions that
depend on which intensities of the weather meet the seg-
ment, and for how long. Observe that a segment does not
need to meet all severity levels, and some part of the line
may not be hit at all, see figure 2. A load function corre-
sponding to point(xj , yj) where the centre moves as the
functions(µ1(t), µ2(t)) can be calculated from

L(xj , yj , t) =

A exp
(
− 1

2

((
xj−µ1(t)

σ

)2

+
(

yj−µ2(t)
σ

)2))
. (2)

The strength, or severity level, of the weather depends
on ice load and wind load. These loads are modelled with
L(xj , yj , t), but with different parameters.

3.1 Wind load

Wind force is often treated as a mean value, for example
the mean value of measured wind force during a typical
ten minutes period. Wind force or wind load in this paper
refer to the instantaneous wind force inside severe weather
also called gust. The maximum wind force corresponds to
the amplitude in equation (1).

Because the wind force is zero in the absolute center of
a storm; equation (1) can not be used directly. By sub-
tracting an extra function with less amplitude and smaller
σ a more realistic model is achieved [8]. The wind load
function, LW , for segment(xj , yj) becomes as in equa-
tion (3).

LW (xj , yj , t) = w(t)
[

A1 exp
(
− 1

2

((
xj−µx(t)
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)2

+
(
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)2))
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.
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(3)

LW (t) for a particular segment is shown in figure 3, this
figure can also represent a cross-section of wind with dis-
tance on the x-axis but a transformation of the time in sec-
onds to distance in m by the formula

distance[m] = speed[m/s]× time [s]

is needed.
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Figure 3: A wind load function or a cross section of wind.

w(t) in equation (3) is the wind factor needed to con-
sider the impact of the angle,β, by which the wind force
hit the line. Wind force perpendicular to the line is the
worst case, to include this in the model the perpendicular
component of the wind force is used.
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Let the segment have coordinates(x1, y1) and the cen-
tre of the weather have coordinates(µx, µy) at timet and
choose an arbitrary point on the line with coordinates de-
noted(x2, y2) such that the angleα between the vector
r = (x1, y1), (µx, µy) andu = (x1, y1), (x2, y2) is be-
tween 0 andπ. Thenα is given fromcos α = ru

|r||u| and
β = π

2 − α if α ≤ π
2 andβ = α − π

2 if α > π
2 , since

the wind force is perpendicular tor. β is always between
0 andπ

2 and a function of time for each segment. The per-
pendicular component of the wind force is then achieved
from multiplication by the wind factor as in equation (3).

w(t) = sin β(t) (4)

When the the wind force is parallel to the line, i.e when
β = 0 the wind factor is 0. Wind parallel to a line is

therefore not contributing to a break down, this is realis-
tic since wind parallel to a line even can reduce the ice
thickness [9]. The wind factor is 1 when the line is hit by
perpendicular wind force, i.e.β = π

2 .

3.2 Ice loading

If the conditions are such that we get ice loads on the
line, the situation becomes more severe. Let the speed by
which the ice build up on components([mm/h]) also be
modelled with a two parameter function. For an example
of a cross-section, see figure 4.
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Figure 4: Ice build up function for a particular segment or a cross-section
of ice.

Denote the ice load function for a particular segment
LI(t), it corresponds to the total ice on the segment
(xj , yj) at timet and is achieved by integration of the ice
build up function for this segment.

LI(xj , yj , t) =
∫ t

0

A3 exp
(
− 1

2

((
xj−µx(u)

σx

)2

+
(

yj−µy(u)
σy

)2))
du. (5)

The ice built up continuously.tstop is defined as the time
whenLI(t) is about equal toLI(t+ε) for a small positive
ε, i.e the time when the ice layer no longer increase.tstop

is needed because the melting process is not considered.
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Figure 5: LI(t) for a particular segment.
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3.3 Size of weather

The spreading of a two parameter function as (1) is infi-
nite. Define normal weather as weather with severity level
less thanA

k , for some k. This means that the radius of se-
vere weather,R, is the distance from the center to the first
value smaller thanAk . The size of the severe weather is
optional and varies withσ andk.

3.4 Weather moving speed

The weather moving speed,Vh, differs from the size of
the wind force. The wind force does not help the weather
as a whole forward, instead it determines the stress level to
which the transmission lines are subjected, together with
other varieties such as ice load. The moving speed de-
scribes how fast the weather is moving through the ex-
posed area withVh here assumed constant. Weathers
move in direction from high pressure towards low pres-
sure. On the north side of the globe the wind is blowing
anti-clockwise around a low pressure due to the earths ro-
tation and Coriolis forces.
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Figure 6: Wind around a low pressure

The centre of the weather located in(µx(t), µy(t)) at
time t moves according to equation (6).

µx(t) = µx(0) + Vh cos(Θ)t
µy(t) = µy(0) + Vh sin(Θ)t, (6)

whereΘ is as in figure 7 andVh = VhI for the ice part
of the weather andVh = VhW for the wind part. Moving
speed and angle for the ice weather may be different from
speed and angle for the wind weather.
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Figure 7: Definition of moving direction

3.5 Stochastic modelling of weather

The size of severe weather(R) is random within a suit-
able range. The part of the weather that contains ice is typ-
ically smaller than the wind weather. The speeds by which
the ice build up and the wind load is given from meteoro-
logical data. The ice build up function may be chosen less
symmetric than the function used for modelling the prop-
erties of wind load because specific weather conditions are
necessary for ice loading, precipitation and temperature
are central.

Vh is a constant, determined from known weather
events in the studied area. To decide the direction, it is im-
portant to estimate the typical behavior of weathers in the
region. The direction is random, each studied region has
only a few possible directions(Θ) because severe weather
originate in a particular area and usually follow one or two

prevailing directions, for example from the ocean and in
over land [10]. The wind part and the ice part of severe
weather may have different sizes, moving speed and di-
rection.

4 MODEL OF COMPONENT VULNERABILITY

Assuming that the load functions for each segment are
known, how probable is it that a segment break down? The
extent to which a segment is affected depends on severity,
direction and moving speed of the weather. However, the
way in which a segment is affected is also heavily depen-
dent on the design of network components and their con-
dition at the time of the storm (i.e. initial damage due to
corrosion, etc) [7]. Since it would be impossible to con-
sider the status of every component in the network it is as-
sumed that the probability of an individual segment break-
ing down under impact of a given weather depends on the
load function together with the component vulnerability
model.

A givenweatherwill give a certainload on the compo-
nents. Depending on thevulnerability of the components
it will take different times until the componentbreaks.
Both the weather, loading vulnerability and time to break
are in reality stochastic. We have chosen to treat only
the vulnerability as stochastic, and the weather, the load
and the threshold breaking as deterministic. A stochas-
tic behavior of a given weather and a deterministic model
for component vulnerability can be replaced by a given
weather’s deterministic properties and a stochastic impact
on towers.

The stress on a segment due to wind increase with in-
creasing severity level. The stress due to ice depends on
the accumulated weight of ice, the risk of failure depends
both on how long the ice has been there and its weight.
As long as the ice is built up the stress will increase, then
the stress level will be constant since the melting process
is neglected. It is assumed that no break downs will occur
when the ice load function is constant, that is aftertstop.

In the vulnerability model, different stress levels cor-
respond to different failure rates,λ [number of break-
downs/(h, km)]. λ is a continuous function of the load,
which in turn is a function of time since the weather is
moving.

λW (t) = f(LW (t)) (7)

λI(t) = f(LI(t)) (8)

λ is also dependent on design criteria, or design load
(dl), of the considered tower.

In order to treat the risk of failure of the transmission
line, we have selected the exponential distribution of the
time to failure. This means that the process is assumed to
have ”no memory”. But to include the changed risk of fail-
ure because of changed amount of wind and ice load, the
parameters of the distribution is controlled instead in order
to obtain a realistic behavior of the connection between the
loading and the risk of failure. In this way we can control
the process more directly. It is of course possible to select
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another type of process that includes a ”memory” in order
to include the possible fact that the risk of failure might in-
crease also if the loading is constant depending on fatigue.
This may be a future extension if it is possible to obtain
information about possible parameters. Let the stochastic
variable betime to failure. Expected time to failureis the
parameterm in the exponential distribution.

m(t) =
1

λ(t)
, (9)

The probability density function for the exponential distri-
bution with parameterm(t) is

fT (t) =

{
1

m(t)e
− t

m(t) if t ≥ 0
0 otherwise.

(10)

The probability of break down of a segment in the time
interval[t, t + ∆t] is analytically given by

P (failure in interval[t, t + ∆t]) =
∫ t+∆t

t

fT (u)du.

(11)
which can be approximated withfT (t)∆t if ∆t → 0.

Assumeλ(t) due to wind and ice are known, then the
probability of breakdown in the time interval[t, t + ∆t]
in each segment is known by equation (11) or its approxi-
mation. The total probability density function is given by
weighing the failure rates for break down due to ice and
wind together, with weightsaW andaI .

λ = aW λW + aIλI . (12)

The probability of break down therefore consists of a di-
rect factor and an integrating factor. The direct factor cor-
responds to the probability of break down due to the wind
load. The integrating factor corresponds to ice load and
is needed because the line has been affected earlier and is
under stress.

The time for a possibly break down can be calculated
for each simulation by deciding stochastically whether a
break down occur or not for eacht until the first break
down or time reacheststop. Monte Carlo techniques can
be used to calculate the distribution of time to failure for
different segments and lines.

The condition of adjacent segments are likely to affect
the segment, this is important for an estimation of repair
times. The dependence of segment failures it is not in-
cluded in this paper since break down of one segment is
enough for a line break. Weather events such as lightnings
are not considered either, since a transmission network is
dimensioned for lightnings and they normally do not cause
as large damages as ice storms.

5 NUMERICAL EXAMPLE

A transmission network typically covers large areas
and meets different weather conditions due to geographic
differences. In this example non-dimensioning stresses
on the network and their consequences on components

in the area of interest are studied. Area of inter-
est is a transmission network consisting of three lines
which are studied when exposed to an ice storm. The
aim is to investigate the persistency to ice and wind
of the different connections in the studied network. A
scheme of the network is shown in figure 8, the lines
and segments are numbered according to the figure.
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Figure 8: Th e network studied in the numerical example

In each simulation the ice storm hits the network with
same strength and same angel, i.eVh andΘ are constant
for both wind and ice. Thus the ice and wind load are the
same for a specific segment during all simulations. How-
ever, the influence on the lines will vary because of the
stochastic nature of the vulnerability model. The ice part
and the wind part has the same moving speed and the same
angle, but the radius for the ice(Rice) is smaller than the
radius for wind(Rwind). If a segment break down under
influence of the ice storm the whole line becomes out of
function. Only the time for the break of the first segment
that breaks down on each line is registered. A segment is
represented by a point with coordinates(x, y). The prop-
erties of a stochastic weather can be chosen as in section
3.5. In this numerical example the failure rates are cho-
sen equal for all segments, it would though be possible to
have different failure rates for segments placed on differ-
ent grounds, for example in the forest or on an open field.
Data are from ice storm events in Sweden and Canada, see
section 5.2.

5.1 Calculations

The number of scenarios,n, is 1000 in this example.
To achieve convergence in simulations n=800 is enough,
the result differs on the third decimal from the case when
n=1000, but the number of scenarios should not be chosen
less than 600. The weather parameters are chosen identi-
cally for each simulation. The wind and ice load function
for each segment are calculated according to (3) and (5).

Theλ-function is an increasing function of wind force
and ice loading, see tables 1 and 2. The total failure rate
is calculated as in equation (12), withaW = 0.1 and
aI = 0.9. These weights are an important but difficult
issue. To get a clue of the ratio we have been in contact
with industries and they have agreed on thataW = 0.1
andaI = 0.9 is a good choice for this first approach.
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Equation (11) is used to get the probability for break-
down in each segment at each time step. A time step is 36
s or 0.01 h. For each simulation it is decided whether a
break down occur or not for each segment and time step,
stopping at the time when a breakdown occur or when the
weather has passed, i.e time exceedststop for that partic-
ular segment. If the probability of break down at time
t exceeds a random number from a uniform distribution,
U(0,1), a break down is registered for the studied segment.

The 1000 simulations takes less than three minutes to
simulate in matlab on a Pentium 4, 2.80 GHz, 512 MB
computer. The number of segments can be increased eas-
ily but that will affect the simulation time, a larger time
step can be chosen when many segments are studied.

5.2 Data

Length of lines are 200 km, 162 km and 100 km di-
vided into segments of 50 km. The maximum ice load-
ing is 2 mm/h and maximum wind force is 36 m/s [12].
Rwind = 200 km andRice = 130 km is (with k=30, see
section 3.3).σx andσy are chosen according to equation
(13).

σx = σy = 0.4R for R = Rwind andR = Rice (13)

The towers are assumed to be designed for a wind load
of 40 m/s. Canadian standard for only ice is 5 cm [11].
This standard demands a large and long lasting severe
weather for an extensive damage on the network. To make
this example illustrative we have chosen to study more
vulnerable components.

λW andλI are defined as in tables 1 and 2 wheredl is
design load.

LW λW [ 1
h,50km ]

LW ≤ 0.9 · dl 1.2 · 10−5

0.9 · dl < LW ≤ 1 · dl 8.0 · 10−4

1 · dl < LW ≤ 1.1 · dl 0.048
1.1 · dl < LW ≤ 1.2 · dl 0.060
1.2 · dl < LW ≤ 1.5 · dl 0.028

1.5 · dl < LW 0.04
Table 1: λW as a function of wind load

LI λI [ 1
h,50km ]

LI ≤ 0.3 · dl 0
0.3 · dl < LI ≤ 0.5 · dl 4.5 · 10−3

0.5 · dl < LI ≤ 0.9 · dl 0.010
0.9 · dl < LI ≤ 1 · dl 0.015
1 · dl < LI ≤ 1.1 · dl 0.033

1.1 · dl < LI ≤ 1.2 · dl 0.050
1.2 · dl < LI ≤ 1.5 · dl 0.071

1.5 · dl < LI 0.10
Table 2: λI as a function of ice load

λW andλI are chosen such that the impact of wind is
approximately 10% and the impact of ice is approximately
90%. λ = 1.2 · 10−5 means that the tower breaks down
every tenth year,λ = 0.1 means that the tower breaks
down 0.1 times every hour or every tenth hour. The size of
time step is included in the choice ofλ, otherwise would
a smaller time step give a more vulnerable segment. A
smaller time step with a factorc means that the size ofλ

should be decreased with the same factor. Direction for
both wind and ice areΘ = 0 which with µx(0) = 0 and
µy(0) = 140 gives

µx(t) = 90t

µy(t) = 140. (14)

according to equation (6). The weathers move0.9 km in
x-direction for each time step and 0 km in y-direction, i.e
Vh = 25m/s with a time step of 0.01. The centre i located
in (90t, 140).

The ice load function is symmetric and the wind load
function is of the type in figure 3.
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Figure 9: The weather in the example moves in direction b.

6 RESULTS

Table 3 shows the result of the first ten simulations.
sim. A-B A-C B-C

time seg. time seg. time seg.
1 - - 3.33 2.3 - -
2 5.64 1.3 4.18 2.2 - -
3 - - - - - -
4 - - - - - -
5 4.36 1.2 5.21 2.3 - -
6 2.48 1.4 4.43 2.2 2.89 3.3
7 - - - - - -
8 - - - - - -
9 4.94 1.4 - - 4.35 3.3
10 2.67 1.3 4.27 2.2 - -

Table 3: Times for breakdown and segment number

A break down at time 5.64 means break down 5.64
hours after the weather’s centre has left(0, 140) in figure
8. Connection A-B broke down in 51.2% of the 1000 sim-
ulations, connection A-C in 56.0%, and connection B-C
in 26.1%. It is clear that connection B-C is the most per-
sistent to the simulated storm. Connection B-C is affected
a shorter time period and is hit by almost parallel wind in
larger extent than connection A-B and A-C. A shift of the
direction of the weather has large impact of the result. It
is not often more than one segment of a connection break
down in the same simulation. A long line with many seg-
ments is more vulnerable, since break down in one of the
segments is enough for a total break down.

The ice storm impact can be divided into 8 cases, listed
in table 4 together with their probability.
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case event probability
1 no bd 16.3%
2 b.d. in A-B 16.1%
3 b.d. in A-C 20.0%
4 b.d. in B-C 5.1%
5 b.d. in A-B and A-C 21.5%
6 b.d. in A-B and B-C 6.5%
7 b.d. in A-C and B-C 7.4%
8 b.d. in all connections 7.1%

Table 4: b.d. = break down

Note that if connections A-B and A-C are functioning
there is a connection between B and C, even though line
B-C is out of order. There is a connection between B and
C in 16.3% + 16.1% + 20.0% + 5.1% + 21.5% = 79.0%
of the simulations. Connection between A-B in64.9% and
connection between A-C in64.0% of the simulations.

7 CONCLUSIONS

This paper has described a new technique of modelling
adverse weather. The risk for outage due to direct wind
impact and integrating impact of ice loading in particular
lines has been calculated for a numerical example. Fur-
thermore are the times for break down of the different line
segments calculated, and thereby can the time differences
between outages in different lines be estimated.
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