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1 Introduction

This device is an option device processing results of statistical simulations where random numbers
are applied to switching closing times. It provides parameters which are required to apply insulation
coordination standards such as IEC 60071 and IEEE Std 1313.2.

2 Get started.

The steps to perform the Statistical Switching Analysis are:

1. Insulation coordination voltage probes of the Switching Toolbox library must be
included in the design at buses or across devices where the analysis is to be performed.

e |nsulation coordination voltage probes are placed at buses where phase-to-ground
and phase-to-phase overvoltages are monitored (see Figure 2). Standard Insulator
characteristics may be entered in the Insulation Coordination Data tab (see Figure
1) to allow the determination of the rate of failures (see 3.2). The study outcomes
described in 3 are determined to all buses connected to such probes.
These probes may also be placed at locations to represent several insulators in
parallel which are assumed to have similar voltage waveforms during the transient
events simulated. For example, a probe may be placed along a transmission line
to study the insulation coordination of a section of few kilometers. The assumption
is the voltage at the location where the probe is connected is the same for every
insulator.

e |nsulation coordination longitudinal voltage probes are placed across devices
where longitudinal overvoltages are monitored (i.e. Open circuit breakers) (see
Figure 2). The + sign must be placed on the side where the transients are studied.
Standard Insulator characteristics may be entered in the Insulation Coordination
Data tab (see Figure 1) to allow the determination of the rate of failures (see 3.2).
The study outcomes described in 3 are determined to all buses connected to such
probes.
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See 3.2.2 for more information on how to setup the probes data for the analysis. Details
tooltips are also available in the device mask by placing the mouse cursor over parameter
names.

B " Properties for Insulation coordination voltage probe 3-phase substationA X

Data Insulation Coordination Data

Insulation Coordination Data

See 'lEC 60071-2018, Insulation co-ordination' and ''"EEE Std 1313.2.2-1999, |IEEE Guide for the
Application of Insulation Coordination’ for parameter definitions.

Safety coefficient|[15 %
Insulation type|External|
Slow Front Overvoltage analysis
BSL (of 1 insulator)[850 kV Standard values
Phase-to-phase BSL (of 1 insulator)[1275 kv Standard values
CFO (of 1 insulator)[908.12 kv Typical values
Phase-to-phase CFO (of 1 insulator)[2669 kv Typical values
H|0.5 unit length
D[1.2 unit length

The radius of the electrodes is large compared to their clearance
[] Range | voltage class (short air clearance)
Number of parallel insulators |1
Device protected by surge arrester
Arrester switching impulse protective level 825 kV

Fast Front Overvoltage analysis
BIL| kv Standard values

Phase-to-phase BIL | kV Standard values

200 ~ | Display Scale OK F Cancel {

Figure 1: Insulation Coordination Data of an Insulation coordination voltage probes
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Figure 2: Example of an Insulation coordination voltage probe connected to a line end bus
and an Insulation coordination longitudinal voltage probe connected across an open switch.

2. A statistical study must be performed prior to starting the analysis. To perform such

studies, a Statistical option device (from Options library) (see Figure 3) must be included
in the design and set for Statistical. See the Statistical option device documentation for

more information on how to set it up. Figure 4 shows a typical configuration of the Statistical
option device for switching analysis.
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Figure 3: Statistical option device (from the Options library) required to run the statistical
studies prior to the Statistical Switching Result Analysis
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B ' Statistical analysis options X

Study Options|OQutput|Help |
Study options

|Study type/Statistical Bl

Time of dice roll
Computer defined =

User defined|

Number of simulations 300

Do all -
systematic combinations

Seed for random numbers[Random ~ ~

Maximum mulliple|

of standard deviation nEnforce

Special delay for "ldeal switch" devices

T,feet |Closing delay ]
D |0 degrees
Dnax/360 degrees
Frequency/60 Hz
Scope T yieat T

200 ¥ | Display Scale OK Cancel !>

Figure 4: Typical configuration of the Statistical option device for switching analysis.

The ‘Save both min and max values for all scope variables’ must be enabled in the Output
tab of the Statistical Option device before starting the statistical simulation.
3. The Random data tab must be set up for all switches and breakers whose switching
operations are being analyzed.
For example, if an energization is performed by only one breaker, the Random data tab of
this device must be set up.
If the energization is performed by several breakers, for example, by an auxiliary breaker
energizing through a pre-insertion resistance and a main breaker completing the
energization, the Random data of both breakers must be configured. In this case, the pre-
insertion resistance breaker is a Master and the main breaker is a slave with a delay with
the Master.
More information may be found in the ideal switch documentation.
A typical configuration may be found in Figure 5.
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B ' Properties for Ideal switch SW2

Data Random data|Scopes| Observe| Attributes|Help |

Random data

Dependency|Master

Reference switch name|

Random|Closing time v

Phase A Random data law |Gaussian |

Mean 50
Standard deviation .001
Number of steps|

Dependency|Master~

ms~

s ¥

Phase B Random data law Gaussian |v

Reference switch name|

Random|Closing time

Mean|50

jms/

Standard deviation .001

5 [

Number of steps|

Dependency|Master~

Phase C Random data law Gaussian |¥

Reference switch name|

Random|Closing time |~

Mean (50

Standard deviation|.001

Number of steps|

200 ¥ | Display Scale

OK

Cancel {

Figure 5: Typical configuration of the Random data tab of a breaker for an energization

performed by one switching device.

4. The Random switching times of all switches or breakers with Random data setup must be

checked in the Scopes tab (see Figure 6).
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Figure 6: Random switching times of all switches or breakers with Random data setup must

B ' Properties for Ideal switch SW2

Data |Random data Scopes|Observe|Attributes| Help |

ABC
vea @ @ Selectall ‘ Clear all ‘
io o o Selectall ‘ Clear all ‘
po o o Selectall ‘ Clear all ‘

Random data
ABC
Random switching times & = &
Real switching times o © o

This tab allows selecting device variable waveforms to be saved during the
time-domain or frequency-scan simulations. These waveforms are saved
into a plot file and can be visualized from the plot processor scopes by
selecting the appropriate scope variable group. The selection i, for example,
will appear under the group is or 'switch current'. For the time-domain
solution, i is a function of time: i(f). For the frequency-scan simulation i is a
function of frequency: i(f). The same is applicable for the other variables.
This device is identified in the plot processor by its name. An extra phase
character is concatenated to identify the selected phase. The visual
indicator format is an interrogation mark "?" followed by the generic scope
name.

More on device scopes

m Display Scale OK Cancel

be checked.

5.

6.

Start a time-domain simulation the regular way to start the statistical analysis. Multiple
simulations will be performed.
Place the Statistical Switching Analysis device into the design and double click on it to start
the analysis. A table with all outcomes defined in 3.
Figure 7 shows an example of results.
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B! Properties for Statistical Switching Analysis ®

Help | data

[ —

Serulatin date: Wesd v 1 17:38.08 E57 20
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i o e O e SN [ T R O T I
I ) | esase etE379 | 6183 it o AUre:  pes 10000 SATENIRGS =5 1 1AUre svery It aasan Tam21 I3 [waiz o8 iz 5 IG i
100 [ 76 651465 | 691465 g 465271 109904 850 |wez I 12 05 o 1
] 8218 Lot s ey 93,142 I = |me2 s 12 (X3 o 1
3 1126.198 1157819 781 TS 848 fars 249 Jos 12 05 o [
& 1017484 B00.161 09102 I 138027 I = |menz s l2a 0.801217142 | 0197965711 | 0415674872
e £ 03878 3045 134443 o0 "e12 Tas 24 DAOIZTIAS | D.ATSESTH: | BATSGTANTE
i 2 14085 1 963232 77503 nars X ED) 24 0401217142 | 0.187564712 | D.415674872
Ime 81 | 1721 1482 251 | 1507 967 44669 260081 I Hars IECX D 24 0.401217442 | 0197568712 | DAVSETARTE
mine &1 I 1017 484 BO0161 | B00.161 600102 36127 I3 [maiz IE) 1 OAETTIBS21 | 0.025762148 | DTAATIE
mant 20 T w077 717 Tewamm | swa 624926 18093 I matz 3 i 0ASTHIRN2T | 0.02576148 | D.TARATINE
muve 50 I 1026 3651 Teez72 | sm Iz 63875 1292 I3 [waaz 3 1 BT |0 025TEIEE | 0 74RETEAN
A [-phis &7 I 038 79 6258 6B 63546 134443 I3 w2 ¥ i BTz | D.025TERE | 6 TARETENE
v Ls o 1017484 00161 | 80775 09102 136,127 f2rs [ve2am |3 1 0.8687118821 | 0.02576214¢ | 0744812490
m_ L 20 wrrne B0NE | &M = 2482 I 15083 I fars ez |3 I 0.487118927 | D.0257614* | 0.TASETMTE
200 = Display Scale oK Cancel

Figure 7: Example of Statistical Switching Analysis

3 Statistical result analysis and study outcomes

3.1 Overvoltage distribution determination
For each probe, the tool returns the following representative overvoltages:

and:

The Max simulated voltage: The voltage with the maximum absolute value which was
reached during all statistical simulations for this scope. It may be either phase-to-ground,
phase-to-phase or longitudinal, according to the type of probes.
Max statistical voltage U;: Maximum voltage estimated with the parameters of the
overvoltage statistical distribution.

Ur=E2+ 30
In IEEE, this is called the truncated overvoltage.
E2: Overvoltage with 2% chance of being exceed in the maximum voltage statistical
distribution of the statistical simulation results. This value is obtained using a cumulative
distribution function of the maximum voltages obtained at each statistical run.

Simulation number: Number of the statistical run where the maximum voltage was
reached for this scope.
This run may be automatically replayed (see 5).
Mean: Mean of the overvoltage statistical distribution of the current statistical simulation
results. The mean is defined as:
Y|Vmax;|

N
Where Vmax; is the maximum voltage obtained at each statistical run for this scope and N
is the total number of statistical runs.
Standard deviation og: Standard deviation of the overvoltage statistical distribution of the
current statistical simulation results. The standard deviation is defined as:

Y (u — Vmax;)?
- N-1

Where Vmayx; is the maximum voltage obtained at each statistical run for this scope, N is
the total number of statistical runs and u is the mean.

For phase-to-phase or longitudinal overvoltages, the representative overvoltages are calculated
using the F,and F, coefficients as explained in annex C of [1]:

_ 1 [ _J1+E? B N PRVEEY G
Fl_Z—ﬁ[l 1+B] FZ_Z—ﬁ[Z 144 ﬁ]
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Where 8 = tan (((10 —50) * Hﬂ + 50) * 1%) (See figure C-5 of [1].)
t

B may be simplified in the following conditions:
- Short air clearances with inhomogeneous electric field (The air clearances in range | of IEC
71-1), =1
- Ifthe radius of the electrodes is large compared to their clearance (ex: Three-phase power
transformers, GIS) the discharge depends on the total voltage between electrodes (f = 1)

The representative overvoltages are:
- E, =2(F,Ey; + FyE,;)
- Spre = 2(F.Sp + F,Se)
- Uptre = 2(F1UPt + FZUet)

- E,;and E,are, respectively, the overvoltages with 2% chance of being exceed in the
maximum phase-to-phase and phase-to-ground voltage statistical distributions of the
statistical simulation results.

- Sp and S, are, respectively, the standard deviations of the phase-to-phase and phase-to-
ground overvoltage statistical distributions.

- Up: and U,, are, respectively, the maximum phase-to-phase and phase-to-ground voltages
estimated with the parameters of the overvoltage statistical distributions.

For 3-phase voltage scopes, in addition to the analysis performed on each phase, one is done on
the 3-phase combined. The statistical parameters are calculated based on the maximum voltages
obtained on the 3 phases at each statistical run.

If the ‘Case-Peak Method’ of the insulation coordination procedure (see [1] and [2]) is applied, the
3-phase combined statistical parameters should be used.

If the ‘Phase-Peak Method’ of the insulation coordination procedure (see [1] and [2]) is applied, the
statistical parameters of each phase should be used independently. The rate of failures of each
phase must then be combined to obtain the 3-phase rate of failure.

3.2 Rate of failure determination

3.2.1 Definition

- |EEE definition of external (self-restoring) insulation: insulation which, after a short time,
completely recovers its insulating properties after a disruptive discharge during test.
For such insulation, the number of disruptive discharges tolerated is related to a specified
withstand probability.
Therefore, for external insulation, the BSL (Basic Switching Level) is defined as the
voltage having a 10% probability of leading to a flashover (90% probability of withstand)
Another important parameter for external insulation is the CFO (Critical Flashover
Overvoltage) which is the voltage having a 50% probability of leading to a flashover.

- |EEE definition of internal (non-self-restoring) insulation: insulation which loses its
insulating properties, or does not recover them completely, after a disruptive discharge
during test.

For internal insulation, the BSL (Basic Switching Level) is defined as the voltage having a
100% probability of leading to a flashover or a damage if overpassed.

As a rule of thumb, for low voltage application, the BSL may be assumed 85% of the BIL
(Basic Insulation Level)
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3.2.2 Analysis

3.2.2.1 Probes monitoring the voltage of an internal insulation.

For probes monitoring the voltage of an internal insulation, enter the BSL value. Because the BSL
for such insulation is defined as a 100% probability of failure, the rate of failure is not calculated.
Instead, the BSL must be larger than the Max simulated Voltage and the Max statistical voltage
both multiplied by the safety coefficient.
Example of safety coefficients:
- safety coefficient: typical values in IEC 60071-2 or IEEE Std 1313.2-1999.
For internal insulation: 15%
For external insulation: 5%
- Coordination Factor
- etc.

3.2.2.2 Probes monitoring the voltage of an external insulation.

For external insulations, both the BSL and CFO parameters must be provided.
The number of parallel insulators is used to automatically calculate the probability of flashover
all insulator combined using the voltage measured at the probe bus:

=1— (1 —_P )Ninsulators
Ninsulators — Linsulator

Where Py, . is the probability of flashover of one insulator for the statistical distribution of
overvoltages obtained during the statistical simulation and N;,,,iat0rs 1S the number of insulators.
It is assumed all the insulators have voltage peaks of same magnitudes during switching
transients. If several insulators are considered, CFO and BSL must be entered for only one.

For phase-to-phase insulation coordination (see 3.1), the following parameters are also required:
- H,: Conductor height above earth. May be any unit as long as it is the same as the one
used for D.
- D: Phase-to-phase clearance. May be any unit as long as the same is used for H.
- The radius of the electrodes is large compared to their clearance: used to simplified g =
1.
- Range I voltage class (short air clearance): used to simplified g = 1.
The Rate of Failure (R) is calculated using two methods:

1. IEC method based on Weibull parameters:

ur

R= | rwrw
CFO-4Z
Where:
- f(U) is the probability density of overvoltage. Peaks other than the highest one are
disregarded, which may lead to error.
_1L u)z

n=2"""
fU) = o
with:

e u: Mean of simulated overvoltage distribution

e ¢ Standard deviation of simulated overvoltage distribution

e U;: Maximum statistical overvoltage
These parameters are identified using the statistical distribution of overvoltages obtained
during the statistical simulation.
- P(U) is the probability of flashover of the insulation under an impulse of value U

EMTP-EMTPWorks, 6/2/2023 3:24:00 PM Page 9 of 12



U—CF0\®
(=)
P(U) = 1-05
With:
e 7Z: standard deviation of insulator withstand voltage distribution.
Z: is estimated as:
CFO — BSL

1.3
This estimation may lead to slight errors in the rate of failure determination.

For calculation, CFO and BSL are divided by the safety coefficient.

The IEEE standard does not consider the truncation CFO — 4Z. For typical cases, this may lead to
an underestimation of risk of less than 0.01%.

This method is not valid when devices are protected by surge arresters, since the surge arrester
clamping voltage produce a skewing which male the Weibull identification inaccurate.

2. Risk of failure based on simulated cases.

For this method, the same calculation as the IEC method is used, but the probability density of
overvoltage is calculated using the statistical simulation results without Weibull identification. The
maximum overvoltages obtained by each simulation is assumed to have a probability of
occurrence of one over the number of statistical simulations performed. The method provides
reliable results only if the number of simulations is large enough. More than 500 is recommended.
This method is valid for devices protected by surge arresters.

For three-phase devices, and when following the standard ‘Phase-Peak Method’ of the insulation
coordination procedure (see [1] and [2]), the total risk of failure is:

Rtotal =1- (1 - RphaseA) * (1 - RphaseB) * (1 - Rphasec)
When following the ‘Case-Peak Method’ of the insulation coordination procedure (see [1] and [2]),
the total risk of failure is the one displayed on the line where the scope name appears with (3-
phase):

m2/v (3-phase)

3.2.3 Case of external insulation with surge arrester

Surge arresters have a skewing effect on the statistical distribution of overvoltages. Therefore,
the risk of failure calculation based on Weibull approximation is not valid. In the case, the risk of
failure is only calculated using simulated cases (see 2 in 3.2.2.2).

The BSL may also be determined using the coordination factor provided by the following IEC
60071 figure:
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Where Kcd is the coordination factor, Ups is the surge arrester switching impulse voltage and Ue: is
the overvoltage value having 2% of chance of being exceeding during the considered switching

operation.

4 Files created during analysis.

During the result analysis, MPLOT is used to process results and several files are created. Users
must ensure files with same names are not being used already.

All these files are saved in the project file (folder which has the same name as the design with the
extension _pj and which is located in the same folder of the EMTP design).

Once the process is completed, these files may be deleted by users.

The files are:

filedata_switchingOptions.txt: MPLOT scripting file.
MinMax_switchingOptions.txt: ASCII file with the simulation numbers and the min
max value of each Node Voltage scope.

MinMax_switchingOptions_labels.txt: labels of the scopes of the previous file.
t_stat_switchingOptions.txt: ASCII file with the simulation numbers and the
switching times of switches which had Random data defined during the statistical
simulation and which had the scopes Random switching times enabled.
t_stat_switchingOptions_labels.txt: labels of the scopes of the previous file
FixedRandomData_switchingOptions.dat: This file is the one used by the Fixed
Random Data device to run a user specified run number.

5 Run a specific case.

Once the analysis is performed and the device mask is open, a specific statistical run number
may be selected by clicking on it:
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data ‘Help |

B ' Properties for Statistical Switching Analysis

Statistical result analysis.

Simulation date: Thu Oct 22 11:41:48 EDT 2020

Maximum | Simulation | Maximum
Scope name "";:I‘:La;:d (';:'i:'kb::. ‘v""‘:li's::’:' E2(kV) | BSL(KV) | CFO (kv) Failure rate
(kV) cell to run) | Ut (kV)
m2/iva 123171 70 124.988 | 122.761 |[450 [650 Risk of failure: 0.322 per 10000 switchings => 1 failure every 31019.5:
m2ivb -122.114 90 122668 | 121.469 |[450 650 Risk of failure: 0.296 per 10000 switchings => 1 failure every 33739.5:
m2/ve 123,692 12 125.825 |123.455|[450  [|650  |Risk of failure: 0.315 per 10000 switchings => 1 failure every 31734.2:
m2/v (3-phase) | 123.692 - 125,833 | 123.387 |[450 [650 Risk of failure: 0.949 per 10000 switchings => 1 failure every 10542.4 :
mia 20.933 70 22624 | 20524 ’55— 80 Risk of failure: 1.595 per 10000 switchings => 1 failure every 6270.5 ¢
mib -21.553 1 22854 | 21.455 |[55 80 Risk of failure: 1.284 per 10000 switchings => 1 failure every 7789.2 ¢
mic 22372 49 24201 | 21612 (65 |80 | Risk of failure: 2.086 per 10000 switchings => 1 failure every 4794.7 <
m1 (3-phase) 20.933 70 23406 | 20.618 |[55 80 Risk of failure: 5.867 per 10000 switchings => 1 failure every 1704.3 <

o«

175 ~ | Display Scale

Statistical run #12 will be started after clicking on OK

>

0K Cancel J

Once a simulation number is selected, click on OK. This will start the time-domain simulation with
the switching times of the selected run.
A Fixed Random Data device will be added to start this simulation and then immediately remove.
All other Fixed Random Data devices must be removed prior to this operation.

6 References

[1]. IEC 60071-2018, Insulation co-ordination
[2]. IEEE Std 1313.2.2-1999, IEEE Guide for the Application of Insulation Coordination
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