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Statistical approach for insulation coordination of high voltage substation exposed to
lightning strikes

Introduction. Insulation coordination requires accurate prediction of overvoltages at various points within a substation. Computer
simulations of electromagnetic transients in real structures of substations become more precise due to the improvements of used models.
Goal. This paper discusses in a first step the use of the modified ZnO arrester dynamic model alongside other substation equipment
models, considering electrical phenomena like the corona model for reproducing the stresses that lightning can cause in an air-insulated
substation and (method) then conducting a statistical approach based on the Monte Carlo method. The implemented MATLAB/ATP
procedure estimates not only the substation Mean Time between Failures (MTBF), but also is used to select surge arresters or substation
basic insulation levels (BILs). In this procedure ATP transients program is used to calculate lightning overvoltages and multicore
environment for the calculations. Results. The obtained MTBF curves offer guidance for selecting appropriate insulation levels based on
specific system requirements and conditions. The obtained results comply well with existing international insulation standards. This
valuable approach significantly contributes to the field of lightning protection. References 31, tables 3, figures 10.

Key words: insulation coordination, substation, arrester, lightning overvoltages, basic insulation level, mean time between
failures, Monte Carlo method.

Bcemyn. Koopounayis i3onsayii eumazae mouHO20 NPOSHO3V6AHHS NepeHanpye y pisHux moukax niocmanyii. Komn tomepue
MOOENIOBAHHS eIeKMPOMASHIMHUX NEPEXIOHUX NPOYeCcié y PealbHUX KOHCMPYKYISX RIOCMAaHyitl cmae Oinbul MOYHUM 34 PAXYHOK
yoockoHanenms mooenei, wo euxopucmogyiomosca. Mema. Y yiii cmammi na nepuwiomy emani 002060pIOEMbCA BUKOPUCIAHHA
MoOugikosanoi  unamiunoi mooeni obmedcysaua nepenanpyeu ZnO nopso 3 iHWUMU MOOEISIMU  O0ONAOHANHS NiOCMaHyii,
PO3271A0AI0MbCsl eleKMPUdHi A6Uwa, Maki AK Mo0eib KOPOHHO20 po3pady, Os GIOMEOPEHHA HAnpye, AKI OIUCKABKA MOJICe SUKTUKATNU
Ha niocmanyii' 3 NOGIMPAHOI0 i3013Yicto, Ma (Memoo) nOOATbLULOZ0 BUKOPUCTIAHHSA CIMAMUCTHUYHO20 NIOX00Y, W0 6a3yemvcsa Ha Memooi
Mounme-Kapno. Bnposaodocena npoyeoypa MATLAB/ATP oyinoe ne nuuwie cepeowiil wac HaAnpaylo8awHs HA GioM08y RiOCmanyii
(MTBF), ane i uxopucmosyemucs 051 6ubopy obmedicysauie nepenanpyau abo ocHOGHUX pigHia i3oaayii niocmanyii. ¥ yiti npoyedypi
SUKOpUCIOBYEMbCA hpoepama nepexionux npoyecie ATP 0nsa pospaxynky epo30eux nepenanpye ma 6azamosidephe cepedoguuye O
pospaxyuxie. Pesynemamu. Ompumani MTBF kpusi oaioms pexomenoayii wooo eubopy ionoGioHux pieHie 1301ayii Ha OCHOGI GUMO2
ma ymoe Kouxkpemuoi cucmemu. Ompumani pesynomamu 0obpe 6i0no6ioarmv MidCHaApoOHUM cmandapmam izonayii. Lled yinnui
nioxio pobums 3HauHull 6Hecok y cghepy dnuckasxozaxucmy. bioin. 31, Tabn. 3, puc. 10.

Knrouosi cnosa: woopaumHauisi i3ossmii, migcraHuis, o0Me:KyBau NepeHANmpyru, rpo3oBi NepeHanpyru, 0a3oBuii piBeHb
i30a1s1il, cepeaHiii yac HanpauoOBaHHA Ha BiiMoBY, MeToa MoHTe-Kap.io.

Introduction. The electrical system parts involved
in lightning calculations must be represented taking into
account the associated frequency margins [1]. In addition,
the procedures must be developed keeping in mind the
random nature of lightning phenomena [2]. It is well
known that the substation is properly shielded [3, 4]; then,
the actual work will only be concerned by lightning
hitting the lines that are connected to it [5]. To ensure
effective insulation coordination, it is crucial to accurately
predict surges at different locations within the substation
[6]. This requires consideration the presence of ZnO surge
arresters at key points within the substation, which should
provide some protective benefits [7, 8]. The analysis of
atmospheric overvoltage in electrical substations or
transmission lines has always posed a problem in
determining the lightning current amplitude which falls
on the protected object [9, 10].

This work details the analysis of the insulation
coordination of a complete three-phase operational air-
insulation substation considering the incoming surges
through one of the transmission lines. The overvoltages at
the critical points in the substation are measured and
compared to the equipments insulation strength. For this
purpose 3 scenarios were identified.

In the first one, the substation Mean Time between
Failures (MTBF) has been determined knowing the
equipment Basic Insulation Level (BIL) and the arrester.
In the second one, the adequate BIL has been determined
requiring both the MTBF and the arrester. Finally, the
suitable arrester has been selected once both BIL and

MTBF are required. In this case, it is necessary to
simulate the system for each arrester.

Briefly speaking, this paper discusses the selection
of insulation levels, specifically the BIL and the MTBF,
which are crucial factors in the reliability of electrical
systems, particularly in gas-insulated and air-insulated
stations. Gas-insulated stations typically require higher
MTBFs, ranging from 300 to 1000 years, while air-
insulated stations may still maintain acceptable reliability
with MTBFs around 100 years [1].

In such a study, a precise calculation is highly
recommended. For that reason, the Monte Carlo statistical
analysis technique was chosen [11]. Although it is
extremely long due to the extensive number of simulations
and the complexity of the system model, it provides exact
results [12]. In this paper, this method has been
implemented in MATLAB and integrated with the ATP-
EMTP program for conducting system simulations. To
speed up the overall solution process, MATLAB’s parallel
calculation feature was employed by using several cores to
reduce the computing time in proportion to the number of
cores [13, 14]. The dynamic model [15], of which the
parameters were optimised using genetic algorithm
technique, was used to account for the characteristics of
ZnO arresters under lightning overvoltages.

This suggests that the paper provides guidelines for
determining appropriate insulation levels based on the
type of station and desired level of reliability.
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Studied system modelling. The studied system (Fig. 1)
is a 400 kV, 50 Hz air-insulated substation in Oued
El-Athmania (Algeria) [16]. The substation has 4 input
lines, 2 busbars and 2 power autotransformers with
500 MVA. For protection purposes, ZnO surge arresters are
installed at a distance of 3 m from the autotransformers. The
connected transmission lines are three-phase lines with
2 conductors per phase and an optical fiber ground wire.

Source 4

Source 1

Potential Transformer
(] Current Transformer

Breaker
Coupling Circuit

1

Autotransformer 1

Fig. 1. Single line diagram of the studied substation
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' Arrester
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The following points summarize the modelling part:

e HV transmission line (Fig. 2,a) is represented by
several spans (6 to 7 (390 m each), values within
parenthesis are mid-span heights) with a long line
termination to avoid reflection [14]. These blocks are
represented  using  frequency-dependent  distributed-
parameter models. Note that the concatenation of phases
and shield wire is also taken into consideration in the
modeling of the transmission line.

e towers are represented by the multistory model
(Fig. 2,b) proposed in [17-19]. It is composed of 3 sections;
each one contains a lossless line with a parallel R-L circuit.
The parameters of this model are calculated as:

¢ — line insulator flashover model

17,60 m
(11,00 m)

=5

d — tower footing resistance model

. = 2Zi 1nﬁh
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Li:aRl 5 i:133s (3)
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where Z, is the tower surge impedance;, y is the
attenuation coefficient; ¥, is the surge propagation
velocity; « is the damping coefficient; R is the damping
resistance; L is the damping inductance; H is the tower
height; #; is the tower section height.

e Air-gap model (Fig. 2,c) is based on the leader
propagation representation [20, 21]. The leader velocity
v(?) is calculated as:

2
W)= qar ky U—+k2CU2v— ., @
¢  (D-L) [D(D-L)]
where & = 2:107 m’/V*s; &k, = 3:10° m*/V>As;
C =5-10"" F/m; D is the insulator length (5 m); L is the
leader length; U is the actual voltage in the gap.

If leader velocity v is obtained at time ¢, leader
length L at (¢ + Af) is calculated as:

L(t+ Af) = L(¢) + v-At. 5)

The process of calculating the leader length
continues until it reaches or exceeds the gap length
(L = D) to sustain the discharge.

e The grounding impedance model of each tower
(Fig. 2,d) is approximated by a nonlinear controlled
resistance R; [22, 23] given by:

R =Ry Ji+1/I, (6)

where R, is the grounding resistance (20 Q); / is the
stroke current; [, is the limiting current to initiate soil
ionization, calculated as:

L

Ig = E0102 > (7)
27R})

where p is the soil resistivity (Q-m); E, is the soil

ionization gradient (400 kV/m).
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Fig. 2. Modelling of the system elements
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e Corona effect (Fig. 2,e) is included into the line
model using the circuit proposed in [24] in which:

0.67), (2h
v, = 23.8;{1 i jln(Tj; (8)

1
Ci=ke 181n(2h/r)’
where k., must be adjusted to obtain a propagation model
as close as possible to that recommended by standards;
r, h are respectively the radius and height of the
conductor; V., is the corona inception voltage; C; is the
corona capacitance.

e A sophisticated model of arrester (Fig. 2.f)
based on genetic algorithm optimisation techniques is
used [15, 25, 26].

Monte Carlo procedure. The article [14] provides
a concise overview of essential steps in the
MATLAB/ATP procedure designed for -calculating
lightning overvoltages in an outdoor substation. This
procedure was first implemented in ATP using the
models already presented.

Lightning stroke parameters (current magnitude, rise
time and tail time) follow a statistical variation assumed
to conform to a log-normal distribution, as described in
[27-29]. The probability density function then takes the
following form:

&)

2
exp _l[lnx—lnme , (10)
2 o

mx
where o;,, is the standard deviation of Inx; x, is the
median value of x.

A correlation coefficient between the generated
parameters such as the current magnitude and the rise
time is considered [30] (more details in [14]).

The electro-geometric model, which is a set of
probabilistic decisions (Fig. 3), is used to determine the
lightning impact point on the transmission line [1, 12]
(more details in [14]).

Lightning strikes

Fig. 3. Area of lightning strikes distribution

MTBF calculation is determined using the faults
number (n;) recorded at the substation equipment
(overvoltages number that exceeds the equipments BIL
value) and the number of years being simulated (¥):

MTBF =Y,/ ny. (11)

Once the system model has been implemented in
ATP, the main steps of the lightning performance

analysis procedure for the statistical
summarized in Fig. 4.

Simulation results. In the present work, a statistical
approach is proposed to evaluate the lightning
performance of the substation. The incoming surges are
analyzed to study the substation insulation strength based

on the MTBF, BIL and arrester.

study are
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Fig. 4. Lightning performance analysis diagram for the
statistical study

Simulation results ) \ J

With the help of the parallel computing technique,
the processing time was significantly reduced from
several hours, which was necessary when using a single
core, to just a few minutes, with a specific duration
depending on the number of cores in use. A set of 60000
random number combinations was generated to evaluate
the test system’s lightning performance. These
combinations equate to an analysis spanning 30769 years,
taking into consideration a ground lightning strike density
(N,) of one strike per square kilometer per year.

The work involved analysing incoming surges to a
substation through line 1. The surges were filtered using
an electro-geometric model, specifically selecting 4690
cases out of a total of 60000 generated cases. This
suggests a rigorous process of selection and analysis to
focus on relevant surge scenarios, likely aiming to
understand the impact of these surges on the substation’s
operation and/or to optimize its design for lightning
protection.

Initially, the overvoltages at critical points in the
substation are measured and compared to the equipments
insulation strength (BIL). Simulations are repeated for the
total number of generated cases, the considered scenarios
are presented in Table 1.

Table 1
Studied scenarios
MTBF BIL Arresters
Scenario A |to be determined + +
Scenario B + to be determined +
Scenario C + + to be determined

In the 1st scenario, a standard value of BIL is chosen
together with an arrester and the corresponding MTBF
will determine.

For the 2nd scenario the desired MTBF is fixed with
an arrester, then the corresponding BIL will determine.

The 3rd scenario is proposed to determine a suitable
arrester for a desired MTBF and required BIL.

In Table 2, the used ZnO arresters data from ABB
are presented corresponding to the 400 kV network
system [31].
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Main data of ZnO arresters

Table 2

Rated Maxin_lum Temporal Maximum residual voltage, KV .

Arresters voltage, kV Voigg;?iV (c):;;z?tl;?ig(e\i 30/60 ps 8/20 us

U, U, 1s 10 s 1 kA 2 kA 3kA | 5kA | 10kA | 20kA | 40kA
Arrester 1 330 267 382 363 644 667 684 714 751 823 901
Arrester 2 336 272 389 369 656 679 696 727 765 838 918
Arrester 3 360 291 417 396 702 728 746 779 819 897 983
Arrester 4 372 301 431 409 726 752 771 804 847 927 1021
Arrester 5 378 306 438 415 737 764 783 817 860 942 1037
Arrester 6 390 315 452 429 761 788 808 843 888 972 1070
Arrester 7 420 336 487 462 819 849 870 908 956 1051 1152

Scenario A. As mentioned in Table 1, the 1st scenario
aims to determine the substation MTBF knowing the
equipments BIL and the arrester. As an example, Fig. 5
presents the simulation results for the case where the arrester
Ne2 is used for two normalized BIL values (1050 and
1175 kV). As observed, for the operating zone recommended
by international standards which require a safety margin
between 80 and 85 % of BIL, the obtained MTBF for the
BIL = 1050 kV ranges between 8 and 53 years. However, for
1175 kV, the MTBF is higher than 263 years. This means
that enhancing insulation could be a viable solution.

500

Scenario B. This scenario concerns the case where
the desired MTBF is required with a chosen arrester in
order to evaluate the adequate BIL value.

In such a situation, the point giving the necessary BIL
is the intersection point between the horizontal straight line
representing the desired MTBF value and the curve giving
the variation of the MTBF as a function of the voltage
value. As shown in Fig. 7, where the arrester N5 and the
MTBF of 150 years are chosen, the obtained point has a
value of 985 kV, which corresponds to 84 % of the BIL
1175 kV, so this BIL was selected for this case. When the
operating point is not situated within the safety zone, in this

Arrester 2| .
. 5 = case the highest value of the standard BIL was selected.
400 z /§ As shown in Fig. 8, the obtained operating point which
H ﬂ;ﬁ guarantees the use of arrester Ne3 with an MTBF of 100 years
— 207 s years is equal to 928 kV which corresponds to the point situated
% ***** z 2 between 2 safety margin of the BIL 1050 kV and 1175 kV
S 200+ g = respectively, the largest one is selected in this case for safety
E i ﬁ reasons. On the other hand, the BIL 1050 kV can be chosen,
100 . “ ® when the system was protected using the arrester Nel.
777777 years
o preefzZ. . | F—Arrester 5|
: |
e i U, kv :
-100 4—= T T T T T T z
800 900 1000 1100 1200 1300 1400 1500 300 4 'n:I
Fig. 5. Selection of the MTBF corresponding to BIL n o
of 1050 kV and 1175 kV (case of arrester 2) g 200 ;—n'l
E | MTBF = 150 years
2nd example is chosen for the case where arrester Ne7 = | b |
is installed. The BIL value now is taken equal to 1300 kV e :
and the obtained results are shown in Fig. 6. By examining ol 1= |
Fig. 6, it is clear that the MTBF ranges between 35 and 3 I
264 years, taking into account the safety margins required 100 , 4 , L. . , U, kv
by intemational Standards 800 900 1000 1100 1200 1300 1400 1500
500 ' Fig. 7. Selection of the BIL corresponding to a
arrester 7 MTBF = 150 years (case of arrester No5)
400 500 i } I Arrester 3
; \ |
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] &
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E E % n é H @ ‘ 3 |
E - 2 3 o 200+ | |
g 2 ] \ |
100 = / g H [ |
 ayears % 100 [9{2;8;1 00)\ - | | MTBF = 100 years
o A W |
01 reeeeed J‘// 3://% S |
o) 8 B8 | |
100 : U, kv h55//‘5 §1///§ } :
800 900 1000 1100 1200 1300 1400 1500 100 é\ //E DI////J | | U, kV
Fig. 6. Selection of the MTBF corresponding to the BIL 800 900 1000 1100 1200 1300 1400 1500
of 1300 kV (case of arrester 7) Fig. 8. Selection of the BIL corresponding to a
MTBEF = 100 years (case of arrester Ne3)
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Scenario C. In this scenario, the aim is to determine
the appropriate arrester, when both BIL and MTBF are
required. In this case, it is necessary to simulate the
system for each arrester. Consequently, a family of curves
was obtained giving the variation of the MTBF as a
function of the voltage value corresponding to the used
arresters. The obtained curves will allow the selection of
the appropriate arrester to be used according to the
desired BIL and MTBF. In this scenario, only two cases
are chosen as shown in Table 3.

Table 3
Studied cases for Scenario C
Studied case MTBF, years BIL, kV
Case 1 100 1050
Case 2 125 1300

The obtained results for the 1st case where the BIL
is 1050 kV and the MTBF is 100 years are shown in
Fig. 9. As can be seen, arrester Nel has to be selected
since it meets the international standards.

500

: —=— Arrester 1
I —o— Arrester 2
56 Arrester 3
400 2l
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I Arrester 5
300 4 | —=&— Arrester 6
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o | {
Z 200 4 fooeennd
w {
o |
s [0
100 4— 7}7L;7,,,,,J"15£=J@Yjal5,,,,
; ; >|
: f =y
i . gl
04 @ T b=
i [ -
o i n |
& R = U kV
=3 =] =
H | =1 I
-100 +—= - T T . T T
800 900 1000 1100 1200 1300 1400 1500

Fig. 9. Selection of the arrester corresponding to a
BIL = 1050 kV and MTBF = 100 years

Another example, where the BIL and the MTBF are
respectively 1300 kV and 125 years, is presented in
Fig. 10. In this case, the arrester Ne7 has to be selected.
The selection of this arrester is closely related to the
desired MTBF and BIL.

500

—=— Arrester 1
[—®— Arrester 2

|
| |
400 4 } Arrester 3
| —k— Arrester 4
| Arrester 5
300 4 3‘ [—*— Arrester 6
‘E [ =1 —— Arrester 7
© i |
g / il
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® iR |
o HTe]
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Fig. 10. Selection of the arrester corresponding to a
BIL = 1300 kV and MTBF = 125 years

Conclusions. This paper discusses the key aspects
of insulation coordination studies. Firstly it focuses on the
use of modified ZnO arrester dynamic model alongside
other substation equipment models, considering electrical
phenomena like the corona model then conducting a
statistical study based on the Monte Carlo method.

By incorporating a 20 % safety margin, a series of
MTBEF curves were generated as a function of voltages,
depending on the selected arrester. These curves offer
guidance for selecting appropriate insulation levels based
on specific system requirements and conditions.

The results obtained can be summarized as follows:

e In the 1st scenario, the substation MTBF was
determined (ranging from 8 to 53 years) by selecting
BIL = 1050 kV and arrester Ne2. With BIL = 1175 kV for
the same case, the MTBF obtained exceeds 263 years.

o In the 2nd scenario, using arrester No3 with an MTBF
of 100 years is illustrated. The operating point, ensuring the
intersection between the required values, is 928 kV, leading
to select a BIL of 1175 kV for safety reasons.

e In the 3rd scenario, the adequate arrester was
arrester Nel for a BIL of 1050 kV and an MTBF of 100
years. However, when a BIL of 1300 kV and an MTBF of
125 years were selected, arrester Ne7 was found the most
appropriate choice.

These results demonstrate good alignment with
international insulation standards. It is also important to
mention that the implemented MATLAB/ATP procedure
uses a statistical approach based on the Monte Carlo
method in which ATP is used to estimate lightning
overvoltages and the calculations are carried out with a
multicore installation.

Moreover, the adopted methodology, focusing on air-
insulated substations, can be extended to other substation
technologies, such as GIS substations, by adjusting the
specified models. This valuable approach significantly
contributes to the field of lightning protection.
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