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1 Introduction

The overall vulnerability of the electrical grid appears to be increasing. This is because of
different factors including the liberalization of the electrical market, the growth of demand and
the appearance of new energy sources with a random production (solar and wind for instance).
Today, engineers are undergoing research to try and enforce the reliability of the grid and propose
various topological and technological solutions... One problem they have is that it’s difficult to see
if a configuration is better than another.

The goal of this project is to develop a tool that can evaluate the security and reliability of
various power systems and its topologies. Using this tool, should make it possible to evaluate if a
given power system topology of is better than another. Actually, tools that are able to do this task
already exist [1]. However, they work statically by doing load flow iterations. The improvement
of this program would be to do the simulation dynamically. The criterion used to define if a
configuration is secure and stable will be the loss of load probability (LLP).

In order to evaluate this LLP, the first thing to do is to define all possible scenarios. Then,
there are two ways to calculate:

1. The simulations of all scenarios are done. Then, the average loss of load is calculated while
taking into account the scenario probability.

2. Only a part of the possible scenarios are chosen according to Monte Carlo Simulation (MCS)
[2] [1]. The simulation is applied to the selected scenario. Then, the average loss of load can
be calculated.

The first method is the most reliable to evaluate the loss of load, but it’s not applicable to large
grids because of the required time for simulation. Thus, in this work, the second method shall be
applied .

This report will focus on some major points of the tools. First it will show how the program
uses the MCS method and how scenarios are chosen. It shall be assumed that the number of events
in a scenario follow a Poisson distribution. If few-event scenarios appear more often, they shall
have smaller effects. On the contrary, several-event scenarios are rarer, but have a more important
impact. Then, this document will focus on how the simulation is done, particularly on Eurostag
and the API used. The report will show the rules applied to disconnect lines, machines and loads
during simulation, if the limits of the system are not respected. After this, the report will show
how to average the loss of load and how to calculate the probability density function (PDF). In
order to classify the result, the PDF of the simulation can be approximated by a sum of Gaussian
PDF. This is called the Gaussian mixture method (GMM) [2] [1]. ] In the end, simulation results
will be exposed.

Because of the numerous hypothesis’ done, the tools will not be able to give the exact loss
of load probability (LLP). The main function of the program will be to compare two different
topologies and decide which one is best.

1.1 Definitions

Event: An event is to be understood in the sense of Eurostag event. It is an action (voluntary
or not) on the grid. The program will send events to Eurostag in order to open lines, shut down
generators or disconnect loads.

Scenario: A scenario is defined as the starting point to a simulation. The system is in a steady
state and one or more events happens.
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2 General method

As the calculation of the loss of load probability is not directly possible on a grid, it is necessary
to simulate different scenarios and analyse the results in order to obtain it. Because the probability
of each scenario could be easily evaluated, one way to calculate the loss of load probability would
be to simulate all scenarios. Unfortunately, due to the number of scenarios, it would take far too
long. As a result, only some scenarios shall be simulated. To do so, we will use the Monte Carlo
Method [2] [1].

2.1 The Monte Carlo simulations

The MCS method followed by the program is given by figure 1. The program will choose a
random scenario to test, simulate it and save the result. After doing this N times, it will average
the result in order to get the Loss of Load probability.

| Calculating the fault probability in the grid |

| Chose a scenario randomly }47

| Simulate this scenario ‘

Savethe | Calculate the loss of load
results resulting from the event

Make N simulations?

Yes

Y

—————————————————————— >| Averaging in order to get the loss load probability

Figure 1: MCS Organogram

2.1.1 List of all possible scenarios

In this case, two different events have been considered: line failures and generators breaking
down. This means the total number of possible events is given by the relation:

Neventftot = Nmachines + Nlines (1)

Considering that a scenario could have more than one event, the total number of scenarios is:

Nscenarios = Ck = —_=2" 2
2= 2 iy 2

where 1 = Neyent—tot

This last number is huge for a grid with lots of components. Thus, not all the possible scenarios
will be considered, but only the most likely.

Lets associate a probability to each event. For ¢ = 1,2, ..., Neyent—tot, the quantity pe; is defined
as the probability that the event i will happen in a steady state during a time T (These probabilities
are defined in section 2.4). As two events will never happen exactly at the same time, there is a
need to set a constant that defines the maximum elapsed time between two events considered as
synchronous. This constant will be T. In this program T will be equal to 10 minutes:

T = 600[s]
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2.1.2 Calculating the probability of scenarios

The equation (2) gives one very important piece of information. If the number of events is big
(which is the case on big grids), then the number of scenarios is really huge. Because of this, it’s
impossible to calculate the probability of appearance of all scenarios, chose one and simulate it.
Another assumption is needed.

Hypothesis: The events are uncorrelated and their number during a T time will follow a Poisson
distribution.

2.2 The Poisson law

The Poisson law tells the probability that k events will happen in a given T time knowing that
one event happens in average A times during T. It is given by:

_y AR
PP = ¢ A Tl 3)
where ppy, is the probability that k events happen.

The figure number 2 shows Poisson distributions with various A.
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Figure 2: Poisson distributions with various .

Now, it is needed to determine A. The average numbers of event appearances’ are: pe; with
i = 1,2,3,...Neyent (because they are much smaller than one, the probability is equal to the
appearance rate). In this case, A is just equal to the sum of all pe;.

Note: As ) is usually small, the probability that more than one event will happen is small. In
order to test several-event scenarios more often, A can be increased by a factor a (This parameter
could represent the influence of the weather for instance). Thus, in the program, X is defined:

Nevent—tot

A=a- Z Pei (4)

i=1

2.3 Chosing one scenario

There are two ways to select scenarios.
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2.3.1 The logical strategy

The choice of one scenario is done in two steps. First, according to the Poisson distribution a
number of events will be chosen. Secondly the events will be determined randomly according to
their probability of appearance.

This technique is logical but not really efficient. In fact, A is small, so several event scenarios
will hardly ever be chosen. For this reason, we shall use another scenario strategy, that shall be
developed further.

Remark: If the goal is only to compare two configurations, it’s possible to increase A with the
same factor in both configurations. It will increase the number of events in scenarios and thus the
loss of load. In this case, comparisons can be done with fewer simulations.

2.3.2 Another scenario strategy

In order to be more efficient and more precise, it is possible to adopt a scenario strategy that
is a way to cover more scenarios with fewer simulations. As said earlier, few-event scenarios are
unlikely to happen compared to several-event scenarios. As a result, by choosing random scenarios
(according to their probability of appearance), they will hardly ever be simulated. The number of
simulations needed in order to get several-event scenarios could be huge. In this case, the MCS is
not so effective.

To avoid this problem, the strategy would be to simulate 1-event, 2-events, ..., l-events scenarios
separately (Vs simulations each). Let’s assume that we are considering scenarios with more than
| events. In this report 1 will be written N-max-event.

The overall method is summarised in figure 3

Setsto 0

Increase s by one

Set n=0

Chose a scenario with s events —l

Save the result — - Do the simulation

Calculate the loss of load for the
actual smulation

Increase n by one @

YES

Cacluate the loss of load probability HI_
All simulations completed EYES-

Figure 3: Overall method for an optimized scenario strategy. N is the number of simulations for
a k events scenario. N-max-event is the maximum number of events simulated. The total number
of simulations is Ny - Nyaz—event-
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Another advantage: This method also allows the user to adjust the parameter a after the
simulation (under certain conditions).

2.3.3 Correlation between events

Throughout this report, the assumption of non-correlated events in a scenario is done many
times. This hypothesis is unfortunately not true. Therefore, the program includes an option which
takes into account the correlation. If it is activated, all events in a scenario will be chosen in the
same region of the grid. The idea behind this is that if events are correlated, they probably have
the same cause. Thus they should be in the same region.

2.4 Probability of an event in a steady and unoverloaded state

In this part, in order to calculate the probability of an event, some hypothesis’ have to be made.
1. Only failures of lines and generators are considered.

2. At beginning of the simulation, the system is in a steady state with no overload.

3. The probabilities between events are uncorrelated.

4. The probability of a generator breaking down is constant.

5. The probability of a line breaking down is: p = a * [ + b where 1 is the length of the line in

kilometres and a,b two constants.
2.4.1 The values used

In the following book [3], lots of values can be found. The chosen ones are these:
Generators: The outage rate of a generator for one year is py = 0.08.

Lines: The outage rate of a line(taking into account two transformer) for one year is p; =
0.005 * I 4+ 0.3 (with 1 being the length of the line).

2.4.2 Finding the length of the lines

Unfortunately, the length of the lines is not accessible in Eurostag. Thus there is a need to
estimate with the other line parameters.

In Eurostag, it is possible to have access to the nominal resistance of a line: Ry,. To convert
it into real value, the following formula is used:

Ry = Ry, - -2 (5)

With V, = 380kV and S, = 100MV A (those values are defined in eurostag parameters).

The following assumptions are made: the length of the line is proportional to its resistance and
all the lines are similar. Thus we have: R = lxr. In Kundurs book [4], the value r = 0.035[ohm /km)
is given. The length (in kilometres) is given by:

_ R W

== o (6)

2.4.3 Calculating the pe; values

In section 2.4, the outage rate for one year is given. In order to get the probability of failure
for a T time (10 minutes), we have to apply this formula:
600[s]
31557600(s/year]

pe = p[1/year] - (7)
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Note: This is an approximation, but the result should not be too bad as p is not too big. The
outage rate is nearly equal to the probability when it is far smaller than one.

3 The simulation

The simulation is done by the Eurostag program. As the interface does not allow the user to
program several simulations with random initial points, an API is used in order to communicate
with another program written in Python. An organogram is given in figure 4.

. > 1
Prc%ratrr"]nme in API Eurostag
ython |
Define all Establish
simulation communication Compute simulation
parameters bewteen the
programm and
Eurostag

Figure 4: API organogram

The organogram of the simulation is given in figure 5. As the API does not allow to follow real
time monitoring, the program will periodically check the state of the grid and send the event(s) to
Eurostag (Disconnect lines, machines or loads). In order to do this, a time step is chosen. (It’s not
the same as in Eurostag.) During this time step no event can be sent. Thus, it should be smaller
than the reaction time of the grid. But, in order to avoid unnecessary iteration of the program, it
should not be too small either.

Make the load flow of the undamaged grid ‘

'

\ Add the the event to be tested ‘

Simulation during one timestep
using Eurastag

\ Get the state of the grid using API |

'

Operation on the grid:
- disconnect overloaded lines
- disconnect over and undervoltage
generator
- disconnect load if the frequency is
too low

Reach end time of simulation? No—

‘ End of simulation ‘

'

\ Compute the loss of load ‘

S

Figure 5: Simulation organigram
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3.1 Testing the grid
The program will test three different things:

1. If lines are overloaded
2. If generator’s nodes are over or under voltage

3. If the frequency is too big or too small
According to this test, the program is going to take a decision and will send the events to Eurostag.

3.1.1 Lines

If the current is too big in a line, it has a certain probability of being disconnected. It is given
in figure 6. Normally, the probability should not be zero when the line is not overloaded, but as
the working time is short, it is assumed that random events will not happen.

Hypothesis: If the current (in p.u) is greater than 1.4, the line is always disconnected. If it’s
smaller than 1.1, the line is never disconnected. Between these two values, the following function

has been used.
e(zfl.l)ﬂ -1
e(l4-1.1)8 _

PCFyne = (8)

The parameter [ is equal to 20, but can be adjusted taking to account T and real data.

Figure 6: Probability of a line breaking down according to its nominal current for 1 s.

3.1.2 The generators

A generator has to be stopped if the voltage at its node is either too small or too big (see figure
7), but also if it loses the synchronism (this is handled by the frequency control: section 3.2.1).

Hypothesis: If the voltage (in p.u) is greater than 1.2 or smaller than 0.8, the line is always
disconnected. If it’s between 0.9 and 1.1, the line is never disconnected. Between 0.8 and 0.9,
respectively 1.1 and 1.2, these functions have been used.

e(o.Q—x)ﬂ2 1

PCquneratOTm = m (9)
(z-1.1)%2 _ 4
e

.PCY-ZTgeneratm“S = m (10)

The parameter (s is equal to 20. This parameter can also be adjusted taking to account T and

real data.
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0 02 04 [ 08 1 12
Nominal Voltage

Figure 7: Probability of a generator breaking down according to its nominal voltage for 1 s.

3.2 End of simulation

A criterion for the end of the simulation has to be defined. There are two possibilities:
1. The simulation stops when the grid is in a steady state
2. The simulation stops after a certain time of simulation.

There are two main advantages in favour of the first stopping criterion. (a) If a steady state
is quickly obtained, the simulation will stop right away and this will spare time. (b) If it takes a
long time to get to the steady state, the right result will be obtained (maybe not with the second
criterion).

Despite this, the second criterion will be used. One reason is, it’s not easy to evaluate if the grid
is in a steady state. Moreover, as Eurostag uses dynamic step sizes, if a steady state is obtained,
the simulation will be fast.

The simulation time is going to be 3 minutes. This time has been chosen because it is more or
less the human reaction time when there is a failure on the grid.

3.2.1 Regulation strategy

The primary and secondary trimming is already implemented in every generator. However, it
is expected to be insufficient in order to keep the grid in a viable situation.Thus, there will have
to be load shedding if the frequency is too low. If it is too big, the generator will have to be shut
down.

The limit values for the frequency are, for loads: fi,in = 48.5Hz and f,4, = 52H 2z and for
generators: finin = 48Hz and fqe = 51.5H 2.

Choice of the load to shed or the generator to shut down: The load will be shed on the
node of which the frequency is too low or two big.

Note: This approach, will also shut down generators which lose synchronism because their fre-
quency will increase.

4 Calculation of the average loss of load

Once all simulations are done, it is possible to evaluate the loss of load probability. The
calculations are different depending on the scenario strategy.

4.1 Traditional strategy

With the traditional MCS strategy (see section: 2.3.1), the loss of load is simply an average of
all the previous results. The loss of load probability if a scenario is happening is:
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N
1
PLLclassicffa = N ' Z_Zl LL; (11)
with IV being the total number of simulations and LL; the obtained loss of load.

4.2 Optimised strategy

With the optimised scenario strategy (see section: 2.3.2), the calculation is a little more tricky.
It becomes weighted average. The loss of load probability if a scenario is happening is:

Nmaz—event

N,
1 s

PLLoptimisedffa = Z Pps - (F . Z LLsz) (12)
S =1

s=1

with N being the number of k-event simulations and N,,qz—event the maximum number of events
in a simulation. pps is the probability that s events happen given by the Poisson law.

4.3 Annualized expected loss of load

Now it’s possible to annualize the loss of load probability. It is important to pay attention to
the probability that no event shall happen. For a duration of T (600 s), the loss of load probability
is given by:

PLL =ppo-0+ (Y _ppi)PLLga = (Y _ppi)PLLyq (13)

s=1 s=1

Then the expected loss of load per year is:

31557600[s/year]

LLyeqr = PLL - 6005 (14)
4.4 The probability density function (PDF)
It’s possible to evaluate the PDF function of the loss of load.
As everything is discrete, the histogram for M different bins is given by the formula:
1 N T — x;
o) = 37 i () (15)

. max(PLL)—min(PLL
with h = ( )M ( )

, and

(12 iff <1
k(t)—{ 0 il >1

and w; the weight. They are all equal to 1 for the original scenario strategy and equal to pp; -
Nevent—maz for the optimised scenario strategy (in optimised strategy N = N * Nevent—max)-

5 Gaussian mixture method (GMM)

The MCS will return an array of Loss of Load. To get an approximation of the PDF, the easiest
way would be to plot a normalized histogram of the obtained values. This is equivalent to doing
a linear approximation of the PDF with data from an experimental realisation.

In order to analyse the results in a more detailed manner, a GMM is applied. The idea is to
approximate the PDF by a sum of weighted Gaussian PDFs. This is not the only possible method.
Piecewise linear estimation and exponential estimation are also possible. However GMM seems to
be the most reliable [2] [1].

To approximate a PDF, two functions are needed: a kernel and a window.
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The kernel: The kernel is, as expected a normalized Gaussian with a mean p and a variance
o2. Tt is given by the formula:

o — )2
M] (16)

N(z;p,0°) = 53

exp| —
2mo? [

The window: The Parzen window is chosen because it doesn’t make any assumptions on the
form of the PDF. The shape is entirely determined by the data without having to chose the location

of the centres. With this windows, the PDF is given by:

C
p($§ ‘9) = ZQCN(I;HC, ‘73) (17)

c=1

Where the a, being the weight of all components with Zle a. = 1. All a, are w; /N (with N
equal to the total number of simulations). ¢ is taken to 0.01 to smooth the PDF. The pu. are the
results of the MCS.

This defines the set of parameters for a particular PDF Gaussian mixture.

0= {alaulaaa"'aacalj/67a} (18)

An example is shown in figure 8

1.4 . . : ;

[2]
c
3 08t 1
2
® 06 -
Ke]
<)
o
041 1
—— Data with linear approximation
02k GMM approximation with 6=0.03 |
' Real PDF
0 1 L 1 1 L 1
-0.2 0 02 0.4 06 0.8 1 1.2

Figure 8: GMM applied to a uniform distribution with 10’000 samples. The blue curve is the
histogram of data with 50 bins (given by (15)). The red curve is the GMM approximation with
o = 0.03 (given by (17)).
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6 Results

In this section, results shall be presented and discussed. The grid used for simulations is a
simplified model of the European and Russian very high voltage grid presented in [5]. In this
section, the goal is to test the program. To observe if everything is correct, high consequence
scenarios will be simulated. In order to achieve this task, the parameter « is set to 5000 and the
total load of the grid (929 GW) is equivalent to 1 pu. As a consequence, there are in average
8 initial events in a scenario. Three tests shall be done. First the traditional and the optimised
strategy will be compared. Secondly, the effect of correlation will be tested. Thirdly, the influence
of the parameter o will be shown . In the end, the averages of loss of load will be presented.

6.1 Comparison between traditional and optimised strategy:

This comparison is shown in figure 9. The two curves have a similar shape but they do not fit
exactly. Since MCS are random, this result was expected. At this point, it is impossible to decide
which curve gives the best result. For convenience, the optimized strategy will be used later on.

PDF of the loss of load

10° | 1
0
2z 10
[7]
c
[
©
2
] 10°F
Ke)
<
o
107 x  MCS data traditional .
GMM approximation traditional
x  MCS data optimised
GMM approximation optimised
10_6 4 ‘ 3 I 2
10 10 10

Load curtailement (pu)

Figure 9: Comparison between traditional and optimised strategy for 500 simulations and uncor-
related scenarios. a = 5000, o = 0.001.

6.2 Comparison between correlated and uncorrelated scenarios:

As shown in figure 10, the curves have similar shapes. However, there is a big difference between
them. Correlated scenarios sometimes have far bigger effects than uncorrelated ones. In figure 10,
the biggest load curtailment obtained is 0.05 pu for uncorrelated and 0.6 pu for correlated.

6.3 Influence of parameter a:

« is used to increase A, the Poisson parameter. This last number represents the average number
of events in a scenario. As a consequence, if « is big, the loss of load will be bigger. The figure 11
confirms this idea.
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PDF of the loss of load
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GMM approximation correlated
X MCS data uncorrelated
GMM approximation uncorrelated
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Figure 10: Comparison between correlated and uncorrelated scenarios for 500 simulations. o =
5000, o = 0.001.

PDF of the loss of load
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Figure 11: Influence of a on the result. Correlated scenario, o = 0.001.

6.4 The averages

The averages of loss of load probability are given in table 1. This result was not expected.
(Optimised and traditional strategy should have the same values). However, MCS are a random
process. More simulations should be done to establish conclusions.

AuTUuMN 2011 12/15



PWRS - EPFL 6 RESULTS

] | Traditional strategy | Optimised strategy |

Uncorrelated 0.0014 0.0027
Correlated 0.0042 0.0032

Table 1: Result: average loss of load if a scenario happens (PLLy,). 500 simulations with ac = 5000
have been done.

Effect of a: The effect of o can be observed in table 2.

| o [ X | PLLj
5000 | 8.2795 [ 0.0032
2500 | 4.1398 | 0.0025
1250 | 2.0699 | 0.0013
500 | 0.82795 | 0.00027

Table 2: Result: average loss of load if a scenario happens (PLLy,). 500 simulations with various
a have been done. The scenarios are correlated.

Annual loss of load average: The annual loss of load of the grid can be computed with 13
and 14. « is equal to 1 for uncorrelated scenarios and equal to 50 for correlated scenarios. The
calculation is done with an optimized strategy with only 1,2,3,4,5-event scenario simulated.

The average loss of load for uncorrelated scenarios is 0.0145 pu which corresponds to 13’507
MW.

The average loss of load for correlated scenarios is 0.2808 pu which corresponds to 260’930
MW.

A last simulation: In order to get a LLP close to reality, a is equal to 1. Only few events
scenarios are done. For this example, 300 single event, 200 double-event and 100 3,4,5-event

simulations have been done. The result is shown on figure 12.

PDF of the loss of load

‘ GMM approximation
2
10 - B
10° 1
=
2
(]
o
2
= -2
2107 E
o
<
o
10°} 1
O R VA Y /\ \ ]
3 35 4 45

0 05 1 1.5 2 25
Load curtaillement MW x10"

Figure 12: Loss of load probability density function for ten minutes. The average is 0.3671 MW
(19’309 MW per year). Correlated scenarios, « = 1, o = 0.001.
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7 Conclusion

In this work, a tool has been developed in order to compare different grid’ topologies. As a
direct calculation is not possible, MCS have been used. In order to speed up the simulation an
optimised method has been developed. In MCS, scenarios are chosen according to their probability
of appearance. Thus multi-event scenarios are rarely simulated, but they are important due to their
big effect. The optimised strategy can force the simulation of multi event simulations. Moreover, it
allows the user to adjust the parameter « after the simulation which allows the user to fit the curve
with real data. In order to be able to calculate the probability of a scenario, lots of hypothesis
have been done. The most important is that the number of events in a scenario follow a Poisson
law.

The program has been tested on a simplified European and Russian grid [5]. As the com-
parison with real data has not been done yet, it is not possible to assure that the results are
correct. However, the curves looks good and the results are plausible. The traditional and the
optimised strategies give similar PDFs. Thus, the optimal strategy should affect negatively the
result. Moreover, the correlation seems to encourage big failure on the grid.

One problem of the program is the time needed to simulate. As all simulations are made
dynamically, the results should improve compare to statics methods (load flow iterations [1]).
However, in order to get a precise approximation, lots of simulations have to be done. So, to verify
the results and to check the speed of convergence of the program, a comparison with a static tool
would be good. The program can also be improved with a graphical interface or with more precise
data. Lines and generators probabilities are available, so they could be added directly into the
program.

The constants (like «) of the program or the scenario model (Poisson law) need to be adjusted
to fit reality. However, this task is not trivial as statistics about correlation in failure are not
available.
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