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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. 
 
Вступ. Координація ізоляції вимагає точного прогнозування перенапруг у різних точках підстанції. Комп’ютерне 
моделювання електромагнітних перехідних процесів у реальних конструкціях підстанцій стає більш точним за рахунок 
удосконалення моделей, що використовуються. Мета. У цій статті на першому етапі обговорюється використання 
модифікованої динамічної моделі обмежувача перенапруги ZnO поряд з іншими моделями обладнання підстанції, 
розглядаються електричні явища, такі як модель коронного розряду, для відтворення напруг, які блискавка може викликати 
на підстанції з повітряною ізоляцією, та (метод) подальшого використання статистичного підходу, що базується на методі 
Монте-Карло. Впроваджена процедура MATLAB/ATP оцінює не лише середній час напрацювання на відмову підстанції 
(MTBF), але й використовується для вибору обмежувачів перенапруги або основних рівнів ізоляції підстанції. У цій процедурі 
використовується програма перехідних процесів ATP для розрахунку грозових перенапруг та багатоядерне середовище для 
розрахунків. Результати. Отримані MTBF криві дають рекомендації щодо вибору відповідних рівнів ізоляції на основі вимог 
та умов конкретної системи. Отримані результати добре відповідають міжнародним стандартам ізоляції. Цей цінний 
підхід робить значний внесок у сферу блискавкозахисту. Бібл. 31, табл. 3, рис. 10. 
Ключові слова: координація ізоляції, підстанція, обмежувач перенапруги, грозові перенапруги, базовий рівень 
ізоляції, середній час напрацювання на відмову, метод Монте-Карло. 
 

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. 

 
Fig. 1. Single line diagram of the studied substation 

 

The following points summarize the modelling part: 
 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. 

 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: 
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where Zti is the tower surge impedance;  is the 
attenuation coefficient; Vt is the surge propagation 
velocity;  is the damping coefficient; R is the damping 
resistance; L is the damping inductance; H is the tower 
height; hi is the tower section height. 

 Air-gap model (Fig. 2,c) is based on the leader 
propagation representation [20, 21]. The leader velocity 
v(t) is calculated as: 
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where k1 = 210–7 m2/V2s; k2 = 310–3 m2/V2As; 
C = 510–10 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 t, leader 
length L at (t + t) is calculated as: 

L(t + t) = L(t) + vt.                         (5) 
The process of calculating the leader length 

continues until it reaches or exceeds the gap length 
(L ≥ D) to sustain the discharge. 

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

gt IIRR  10 ,                           (6) 

where R0 is the grounding resistance (20 Ω); I is the 
stroke current; Ig is the limiting current to initiate soil 
ionization, calculated as: 
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where  is the soil resistivity (Ωm); E0 is the soil 
ionization gradient (400 kV/m). 

 
 
 

 

a – transmission line geometry b – tower model 

c – line insulator flashover model 

d – tower footing resistance model 

e – corona model

f – surge arrester model

phase 
conductors 

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



















r

h

r
rVcr

2
ln

67.0
18.23

4.0
;                  (8) 

 rh
kC ci 2ln18

1
 ,                          (9) 

where kc 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; Vcr is the corona inception voltage; Ci is the 
corona capacitance.  

 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: 
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where inx is the standard deviation of lnx; xm 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]). 

 
Fig. 3. Area of lightning strikes distribution 

 
MTBF calculation is determined using the faults 

number (nf) recorded at the substation equipment 
(overvoltages number that exceeds the equipments BIL 
value) and the number of years being simulated (Ys): 

MTBF = Ys / nf .                            (11) 

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

analysis procedure for the statistical study are 
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.  

 
Fig. 4. Lightning performance analysis diagram for the 

statistical study 
 

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 
(Ng) 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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Table 2 
Main data of ZnO arresters 

Maximum residual voltage, kVmax Rated 
voltage, kV 

Maximum 
service 

voltage, kV 

Temporal 
overvoltages 
capacity, kV 30/60 μs 8/20 μs Arresters 

Ur Uc 1 s 10 s 1 kA 2 kA 3 kA 5 kA 10 kA 20 kA 40 kA 
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 
№2 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. 

 

U, kV

 
Fig. 5. Selection of the MTBF corresponding to BIL 

of 1050 kV and 1175 kV (case of arrester 2) 
 

2nd example is chosen for the case where arrester №7 
is installed. The BIL value now is taken equal to 1300 kV 
and the obtained results are shown in Fig. 6. By examining 
Fig. 6, it is clear that the MTBF ranges between 35 and 
264 years, taking into account the safety margins required 
by international standards. 

 

U, kV

 
Fig. 6. Selection of the MTBF corresponding to the BIL 

of 1300 kV (case of arrester 7) 
 

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 №5 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 
case the highest value of the standard BIL was selected. 

As shown in Fig. 8, the obtained operating point which 
guarantees the use of arrester №3 with an MTBF of 100 years 
is equal to 928 kV which corresponds to the point situated 
between 2 safety margin of the BIL 1050 kV and 1175 kV 
respectively, the largest one is selected in this case for safety 
reasons. On the other hand, the BIL 1050 kV can be chosen, 
when the system was protected using the arrester №1. 

 

U, kV

 
Fig. 7. Selection of the BIL corresponding to a 

MTBF = 150 years (case of arrester №5) 

 

U, kV

 
Fig. 8. Selection of the BIL corresponding to a 

MTBF = 100 years (case of arrester №3) 
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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 №1 has to be selected 
since it meets the international standards. 

 

U, kV

 
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 №7 has to be selected. 
The selection of this arrester is closely related to the 
desired MTBF and BIL. 

 

U, kV
 

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 
MTBF 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: 
 In the 1st scenario, the substation MTBF was 

determined (ranging from 8 to 53 years) by selecting 
BIL = 1050 kV and arrester №2. With BIL = 1175 kV for 
the same case, the MTBF obtained exceeds 263 years. 

 In the 2nd scenario, using arrester №3 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. 

 In the 3rd scenario, the adequate arrester was 
arrester №1 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 №7 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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