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Introduction 

The technical infrastructure is of crucial 
importance for modern society and electric power 
supplies are of particular importance. Society's 
dependence on electrical energy, communications 
and information technology is increasing. At the 
same time users, both industry and households, have 
overconfidence in technical infrastructure 
functionality and little preparedness for outages in 
the power network [1]. An interruption in the power 
system can have many causes: adverse weather, 
technical faults, operational problems, and 
vandalism. Adverse weather may cause transmission 
line outages while technical faults and operational 
problems usually only affect local distribution.  

An ice storm is an extreme situation, which 
occurs very infrequently in most areas but causes 
extensive damage when it does; freezing rain coat 
everything in ice and large areas can be affected. The 
power network components break down because of 
the heavy ice. The ice storm that hit eastern Canada 
and North-eastern United States in January 1998 is 
considered to be the worst in modern time in Canada; 
it caused a crisis that lasted more than three weeks 
[2]. Another recent example of an ice storm is the 
storm that hit Germany in November 2005, which 
caused large damage on the transmission network. 
More than 50 transmission towers were broken and 
200 000 people were affected by the blackout. Some 
areas were out of electricity in four days [3].  

In order to mitigate severe consequences of 
future ice storms in an efficient way it is essential to 
be able to estimate the consequences based on 
knowledge of the technical system and the severity of 
the ice storm. In [4] a technique of modelling non-
dimensioning adverse weather for power system 
reliability calculations is developed. 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 based on geographically moving winds and ice 
storms is used. The benefit of that is that it is possible 
to estimate 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 impact model 
for the components also includes a Monte-Carlo 
technique for deciding whether a failure occurs or 
not. This model connects the direct wind impact with 

the integrating impact from the ice storm. The model 
has continuous severity levels and is suitable for 
transmission network since it is applicable to storms 
that cover large areas. For different scenarios the 
weather parameters, such as size, strength, speed and 
direction can change. In this paper the weather and 
weather impact model will be described and extended 
to include restoration times for transmission 
components. The numerical example in [3] will be 
continued. The situations after the ice storm that is 
studied here is so severe that gathering of all or 
almost all possible restoration resources is required to 
restore the system. Weather events such as lightning 
are not considered, since a transmission network is 
dimensioned for lightning and they normally do not 
cause as much damage as ice storms. 

Methods for estimating restorations times in 
power reliability calculations have been studied 
earlier. A widely used stochastic model is the 
Markov model. The Markov model is often restricted 
to the exponential distribution and constant failure 
rates; this makes it more useful for estimating times 
to failure than repair times. Using Monte Carlo 
methods gives the advantage that arbitrary 
complicated models can be used, and it is a good 
alternative when input is dependent. A disadvantage 
is that it is time consuming.  

In [5] different Markov models for system 
reliability are described. In [6] a Markov method for 
including non-exponential repair times is presented. 
In [7] Markov methods are used for dependent 
components. In [8] Monte Carlo methods are used 
calculating unavailability and repair time of 
transmissions lines with regional weathers. The area 
is divided into smaller weather regions; different but 
constant failure rates are used for different weather 
situations.  

In the model presented here the weather is 
moving and has continuous severity levels. The 
failure rates vary with time. A Monte Carlo approach 
is used without assuming restoration times for 
components to be independent; on the other hand 
they are assumed strongly correlated. A method for 
generating non-normal distributed correlated random 
numbers is presented within the paper. 

General approach 

The studied area or network is called area of 
interest and contains components, such as towers and 



 

line segments. These components may break down 
under influence of severe weather. Because of the 
complexity of modelling the influence of severe 
weather 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. Results 
from the weather and weather impact model is used 
to decide which of the segments that broke down and 
at which time and also to decide how extensive the 
storm was, which gives a clue about the status of the 
roads for example.  

Restoration time for a network can be defined 
as the time when the fault is reported, for example by 
a customer, until the time when the network is 
functioning again and all costumers have their 
electricity back. The definition used here is divided 
into five time intervals for every broken segment, 
according to figure 1. The first interval is the time for 
finding the location of the breakdown, t1, next is the 
time for identification of fault, t2. After a maximum 
of the times for transports of reserve parts and staff, 
t3 and t4, the reparation or replacement can start; the 
actual repair time is denoted t5. The ice storm model 
and the weather impact model give the opportunity to 
calculate the restoration time from the time when the 
segment broke down to the time the segment is 
restored for each segment since the time when a 
segment broke down is given by the model. 
However, it will be necessary to estimate the time 
from the break down to the notification. Assuming 
this notification time to be zero is the same as saying 
that the restoration begins when the problem is 
notified. 
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Figure 1: Restoration time is divided into five 
intervals. 

The weather model 

Since the largest precipitation occurs in the 
centre of storms, a circular model with the largest 
strength in the middle can be applied, see figure 2 

[9]. Each segment is exposed to certain load 
functions that depend on which intensities of the 
weather meet the segment, and for how long.  

 

Figure 2: Observe that a segment, represented by a 
point, does not need to meet all severity levels, and 
some part of the line may not be hit at all. The wind 
blows anti-clockwise around a low pressure on the 

north side of the globe. 

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. If 
the conditions are such that we get ice loads on the 
line, the situation becomes more severe. 

The weather impact 

The extent to which a segment is affected 
depends on severity, direction and moving speed of 
the weather. It is assumed that the probability of an 
individual segment breaking down under the impact 
of a given weather depends on the load functions 
together with the component vulnerability.  

A given weather will give a certain load on the 
components. Depending on the vulnerability of the 
components it will take different times until the 
component breaks. 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.  

The stress on a segment due to wind increases 
with increasing 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. The stress will increase as long 
as the ice builds up; thereafter, the stress level will 
become constant since the melting process is 
neglected. It is assumed that no breakdowns will 
occur when the ice load function is constant. 

In the impact model, different stress levels 
correspond to different failure rates, λ [number of 
breakdowns/(h, km)]. λ is a continuous increasing 
function of the load, which in turn is a function of 
time since the weather is moving. λ is also dependent 
on design criteria of the considered component. 

In order to treat the risk of failure of the 
transmission line, the time to failure is assumed 
exponential distributed with non-constant parameters. 



 

This means that the process is assumed to have "no 
memory". But to include the changed risk of failure 
because of changed amount of wind and ice load, the 
parameters of the distribution are controlled instead 
in order to obtain a realistic behaviour of the 
connection between the loading and the risk of 
failure. In this way the process can be controlled 
more directly. 

The probability of break down consists of a 
direct factor and an integrating factor. The direct 
factor corresponds 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 possible breakdown can be 
calculated for each simulation by deciding 
stochastically whether a breakdown occurs or not for 
each time step until the first breakdown or the ice 
load function becomes constant. Monte Carlo 
techniques can be used to calculate the distribution of 
time to failure for different segments and lines. 

The important issues for transmission line 
damage are ice load, wind force and type and 
conditions of components. The condition of adjacent 
segments is also likely to affect the segment; this is 
important for an estimation of restoration time.  

Details from the weather and impact model can 
be found in [3]. 

Restoration time 

The restoration time, Tres, is calculated for each 
broken segment in the network and is divided into 
five time intervals according to figure 3. Let the 
number of broken segments in area of interest be 
denoted n. The restoration time for segment i is 
calculated according to equation 1.  
Equation 1: 

)())(),(max()()()( 54321 itititititiTres +++=   

The five time intervals for segment i are 
assumed positive correlated to each other but also 
positive correlated to all the times for the other 
segments, both adjacent and non-adjacent. For 
example is the time for localization of segment i 
strongly correlated to time for localization of 
segment j if the segments are adjacent, the correlation 
is weaker if they are non-adjacent. All these cross-
dependences are considered in the method that will 
follow. Since the time intervals are correlated Tres(i) 
becomes correlated to Tres(j), j=1,…,i-1,i+1,…,n, the 
restoration time for the other segments that have 
broke down, both close and more distant.  

Breakdown in 
segment i. 

t1 t2 max(t3, t4) t5 

t 
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Figure 3: The restoration time for segment i, Tres(i), 
is defined as the time from the breakdown to the time 

when the segment is functioning again, assuming 
notification time to be zero. 

In addition to the correlations between time 
intervals the restoration times depend on four 
independent source variables. 

• The general weather situation gives availability 
of roads and the locations of breakdowns.  

• The general staff situation (weekend/holidays).  

• The distance to store with spare parts. 

• The existence and quality of a forecast. 

During an ice storm the availability of the roads 
is most likely limited because of ice, snow and fallen 
trees. The availability of roads can be estimated from 
the general situation, which in turn is dependent on 
ice and wind loads due to the ice storm. The 
availability of roads is assumed to be similar in the 
whole area so the times for transports tend to be 
correlated. Many ongoing reparations far from the 
studied segment may affect the availability of staff 
and thereby lengthen time to get staff to the location. 
The total amount of staff and the number of 
breakdowns will also affect the restoration times. 
Given a forecast of the storm gives the opportunity to 
prepare enough staff for the whole area. 

The times t1(i), t2(i),…, t5(i), i=1,...,n are all 
assumed to be Weibull-distributed. Different 
parameters can be chosen to affect the shape of the 
distribution and a constant can be added to the 
Weibull-number to achieve a smallest possible time 
larger than zero. The Weibull distribution is an 
important distribution within reliability. It is often 
used for time to failure and repair times for 
components. The method for generation of correlated 
random number presented here is valid for other 
distributions, for example the log-normal 
distribution. 

 
a) Localization of breakdown 

Localization staff can be prepared, which gives 
shorter times in the whole area, or not prepared 
depending on whether there was a prognosis or not. 
The availability of roads is similar in the whole area 



 

and this contributes to the correlation of localization 
times. The time for localization of the breakdown in 
segment i, t1(i), is assumed correlated to t1(j), t3(j) and 
t4(j), j=1,…,n.  

b) Identification of fault 

Identification of fault is the time for deciding 
how many restoration workers and which spare parts 
that are needed. The identification time for segment i, 
t2(i), is assumed independent of t1(j), t3(j), t4(j) and 
t5(j), j=1,…,n but correlated to t2(j), j=1,…,i-
1,i+1,…,n.  

c) Localization and transport of spare parts and staff 

The time it takes to get the spare parts, t3(i), and 
staff, t4(i), to the location of the broken segment i, 
depends on availability of roads and distance and 
therefore correlated to t1(j), t3(j) and t4(j), j=1,…,n. In 
some cases it is possible to transport staff and spare 
parts together. The transports are dependent on 
availability of roads. We assume that the whole team 
is transported together, or from the same distance.  

d) Repair time 

The actual repair time for segment i, with staff 
and spare parts in place, t5(i), is assumed to be 
independent of t1(j), t2(j), t3(j) and t4(j), j=1,…,n but 
other ongoing reparations close tend to speed up the 
repair time if it is possible to work according to a 
production line. Therefore it is assumed correlated to 
t5(j), j=1,…,i-1,i+1,…,n if segment j is close to 
segment i. The repair time is assumed equally 
distributed for transmission components of the same 
kind. 

Generation of correlated random numbers 
 

It is not common to generate correlated random 
numbers of other distributions than the normal 
distribution. Correlated random numbers from for 
example Weibull distributions can be generated in 
three steps starting with a set of independent N(0,1)-
distributed random numbers. After introducing the 
wanted correlation between the normal distributed 
random numbers they can be translated to correlated 
Weibull distributed random numbers by using the 
distribution functions of the normal distributions to 
get uniformly distributed numbers and thereafter use 
these to generate Weibull numbers, see figure 4.  

 
Figure 4: From distribution functions to 

uniform distribution to Weibull.  
 

a) Correlated normal random numbers  
 

Let Y be a random vector whose components 
Y1, Y2,…,Ym are independent, N(0,1)-distributed 
random variables.  
Equation 2: 

.½ μ+Λ= YX   
Introducing X as in equation 2 gives 

.)()( Λ== XCovandXE μ  [10] 
 
The covariance matrix Λ should be positive 

semi-definite since every covariance matrix is 
positive semi-definite. A matrix is positive-definite if 
and only if it has non-negative eigenvalues [10]. For 
logical choices of correlations this is automatically 
achieved. However, a bad choice of matrix due to 
non-logical choices when the correlations are 
estimates or guesses can occur, especially when 
strong correlations are involved.   

  
c) From normal to uniform distribution 

Now X is a random vector whose components 
X1, X2,…, Xm are dependent, N(0,1)-distributed 
random variables, with covariance matrix Λ and 
mean μ. 

For every normal random distribution it is 
possible to get a corresponding uniform distribution, 
U(0,1), from the phi-function, the distribution 
function of the standardized normal distribution. 
Equation 3: The phi-function 
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For x<0 values of Φ(x) can be obtained from  

).(1)( xx Φ−=−Φ   

d) From uniform to Weibull distribution 

Weibull random numbers with scale parameter, 
a, and form parameter, c, can be constructed from a 
uniformly distributed u by equation 4. 
Equation 4: 
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The generated Weibull numbers will clearly be 
correlated; in fact the correlation turn out to be very 
close to the correlation of the origin normal 
distributions, see figure 5.  

 
Figure 5: Normal-Normal versus Weibull-

Weibull correlations. The Weibull distribution has 
a=1.6 and c=2. 

The correlations between all restoration times 
for all segments will be estimates and the accuracy of 
this estimated correlation is less than the differences 
between the normal-to-normal and the Weibull-to-
Weibull covariance. 

 
Numerical example 

In this example a transmission network 
consisting of three lines is 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 and calculate restoration times.  

 
Figure 6: A scheme of the network. Lengths of lines 

are 200 km, 162 km and 100 km divided into 
segments of 50 km. 

 
In each simulation the ice storm hits the 

network with same strength and same angle. Thus the 
ice and wind load are the same for a specific segment 
during all simulations. However, the influence on the 
lines will vary because of the stochastic nature of the 
impact model. The ice part and the wind part have 
the same moving speed and the same angle, but the 
radius for the ice is smaller than the radius for the 
wind part of the weather.  

 
Figure 7: The weather hitting the network. 
 

A single segment breakdown is enough for the 
whole line to stop functioning. For each simulation it 
is decided whether a breakdown occurs or not for 
each segment and time step, stopping at the time 
when a breakdown occur or when the weather has 
passed. The times for breakdowns of the segments 
are registered. Weather data, failure rates and results 
of these simulations are shown in [3].  

 
The result of one of the simulations was three 

broken segments, segment A, B and C, see figure 6. 
The stochastic restoration times for this particular 
case will be calculated here. Conclusions about how 
these restoration times are distributed will be drawn 
from their means and variances. 

 
The covariance matrix for the restoration times, 

Λ, can be estimated with the locations of the 
breakdowns, availability of roads, and location of 
store and the staff situation as a starting point. 
Equation 5 with Y∈N(0,1) gives normal distributed 
times with μ=0 and the (n×5)×(n×5) covariance 
matrix Λ for t1(i), t2(i) …t5(i), i=1,…,n.. 
Equation 5: 
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The 15×15 covariance chosen for this example 
is: 
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This choice is based on the locations of the broken 
segments. Since segment A and B are close their 
times are closely correlated and not so close 
correlated to segment C.  



 

 
Equation 3 and 4 give Weibull distributions of 

the times with almost the same correlation as chosen 
in Λ. The constant added to the Weibull number 
varies for different weather situations and type of 
time. The constants used here are 1.5h, 1h, 1.5h, 
1.5h, 4h for t1, t2, …, t5 respectively.  

 
Tres(A), Tres(B) and Tres(C) are calculated 

according to equation 1 using the generated 
correlated Weibull distributions for deciding t1(i), 
t2(i), …, t5(i).  

 
Mean, E[Tres], and variance, Var[Tres], are 

estimated from 1000 simulations of the three 
restoration times. 
 
Results 
 

The result of the five first simulations is 
collected in table 1. 

Tres(A) Tres(B) Tres(C) 
16.7 16.9 14.8 
14.9 14.7 12.6 
13.6 12.9 16.9 
12.9 12.4 10.8 
16.3 15.1 13.7 

Table 1: Result from five simulations 
 

Means, E[Tres], and variances, Var[Tres] are:  
 
E[Tres(A)]=13.92, Var[Tres(A)]=3.04 
E[Tres(B)]=13.83, Var[Tres(B)]=2.99 
E[Tres(C)]=13.83, Var[Tres(C)]=2.89 

 
The mean correlation between Tres(A) and 

Tres(B)  is 0.72, 0.20 between Tres(A) and Tres(C) and  
0.13 between Tres(B) and Tres(C). These results agree 
with our assumption that the correlations are much 
stronger between adjacent segments. 
 
Conclusions 
 

In this paper a severe weather and weather 
impact model is described and extended to include 
restoration times. The dependencies of inputs for 
deciding restorations times are described. A method 
for generating non-normal distributed correlated 
random numbers is presented. A numerical example 
of a severe weather’s impact on a transmission 
network is described and restoration times for the 
broken segments are calculated. In future work it will 
be possible to consider the sequence of component 
failure and include this in the restoration process. 
Restoration times will be time dependent during the 
adverse weather. 
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