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WHAT IS ALREADY KNOWN ON THIS
TOPIC?

Internal arcing significantly influences the
fundamental design of medium-voltage air-
insulated switchgears, particularly in terms of
equipment integrity and personnel safety.

The pressure distribution during the internal arc
varies depending on the chamber geometry and
the characteristics of the gas discharge structure.

WHAT THIS STUDY ADDS ON THIS
TOPIC?

The study examines the time-dependent
behavior of the internal arc pressure using CFD
and FEA-based calculations and validates the
results against experimental test data.

The findings indicate that the flap and chimney
structure are critical design parameters for the
effectiveness of pressure relief.
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ABSTRACT

The occurrence of internal arcing in metal-enclosed medium-voltage switchgear during its service life is rare.
However, it remains a critical consideration for ensuring operational reliability and personnel safety. This study
investigates the internal arc fault in medium-voltage air-insulated switchgear (AIS) and evaluates the pressure
dynamics within switchgear compartments. Computational fluid dynamics (CFD) and finite element analysis
(FEA) are performed to simulate and analyze the arc-induced thermal and mechanical effects on the enclosure.
The simulations are conducted in accordance with International Electrotechnical Commission 62271-200
standards, considering a rated voltage of 24 kV and short-circuit current of 21 kA for 1 second, validated through
internal arc fault tests performed in an accredited laboratory. The CFD results provided insights into pressure and
energy distribution, while FEA simulations assessed structural strength under arc-induced stresses. Experimental
verification demonstrated a strong correlation with the simulation results, confirming the effectiveness of
the proposed modeling approach. The findings of this study contribute to the optimization of AlS design by
enhancing safety measures, reducing testing costs, and improving product reliability for medium-voltage
switchgear applications.

Index Terms—Air-insulated switchgear, computational fluid dynamics, finite element analysis, internal fault arc,
medium voltage

I. INTRODUCTION

Electric power systems constitute the foundation of modern infrastructure, extending across
continental scales to supply electricity to homes, offices, factories, and institutions in developed
regions while achieving varying levels of reach in developing economies. The electric power grid
comprises the entire network of wires and equipment connecting energy sources, such as power
plants, to consumers and encompasses both the transmission system, which transmits electricity
from power plants to substations, and the distribution infrastructure, which carries electricity from
substations to individual users. Commonly, the term “grid” refers specifically to the transmission
system, though it is an integral part of the distribution energy within the distribution network [1].

Historically, electricity systems are designed to transport power from large central power plants
connected to transmission systems to passive loads in distribution systems; however, in many
Organisation for Economic Co-operation and Development countries, new power generation
facilities are now integrated directly into distribution systems, which are evolving into active
networks with roles in energy import/export and power quality maintenance. While electricity
distribution systems exist in public, private, or hybrid forms, they predominantly remain under
public administration globally, with notable exceptions in Canada and some South American
countries [2].
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With advancing technology, power distribution planning (PDP) has
gained importance in addressing the growing electricity demand
through economical, reliable, and safe methods, incorporating
multi-objective optimization techniques such as minimizing invest-
ment and operating costs, while leveraging the integration of dis-
tributed energy sources like solar and wind, alongside big data
and automation systems, to enhance flexibility and reduce energy
losses [3].

The distributed system reconfiguration (DSR) problem, originally for-
mulated in 1975, serves as a cornerstone of PDP. Early approaches
to DSR relied on classical optimization techniques, which have been
effective under limited constraints but struggled with the problem’s
inherent nonlinearity and high dimensionality. As computational
capabilities advanced, heuristic and metaheuristic algorithms such
as genetic algorithms and particle swarm optimization have increas-
ingly been applied to DSR, significantly enhancing solution quality
and computational efficiency [4, 5].

Parallel to technological advancements, regulatory and economic
pressures are shaping investment priorities. The European Union,
for example, anticipates that grid-related expenditures will double
to support the decarbonization agenda and enable deeper market
integration. Rising grid costs, if not carefully managed, could affect
energy affordability and economic competitiveness. Regulatory
frameworks are thus encouraged not only to focus on cost control
but also to support the deployment of innovative infrastructure and
technologies that are capable of integrating high shares of renew-
able energy and electrifying end-use sectors such as transport and
heating [2, 6]. With growing demand for resilient, secure, and effi-
cient grids driven by advancements in energy efficiency and the
rise of electric transportation, trains, and vehicles, the moderniza-
tion of technology and processes becomes essential. In contrast,
renewable energy remains central to the energy transformation
[7]. Electric power systems encompass generation, transmission,
and distribution where electricity is generated at optimal voltages,
stepped up to extra high voltage (HV) for transmission, reduced to
HV for sub-transmission, further lowered to medium voltage (MV)
for distribution and finally reduced to low voltage for delivery to
domestic or commercial end-users [8, 9]. Between these systems, the
24 kV voltage level is classified as MV according to the International
Electrotechnical Commission (IEC) 60038 standard [10] . It is exactly
known that the 24 kV voltage level is commonly used in Europe, such
as Portugal [11], Spain, the USA, and many Middle Eastern countries
such as Saudi Arabia, UAE, and the rest of the GCC countries [12].

In 2023, the global switchgear market has been valued at approxi-
mately USD 80.74 billion and is projected to reach USD 87.04 bil-
lion in 2024. By 2034, this value is expected to rise significantly,
reaching approximately USD 184.46 billion. The market is antici-
pated to grow at a compound annual growth rate (CAGR) of 7.8%
throughout the forecast period from 2024 to 2034. Among several
regions, Europe is expected to experience the most rapid expan-
sion in CAGR between 2024 and 2034. Additionally, the switchgear
market in the Asia-Pacific region has been valued at approximately
USD 39.56 billion in 2023 and is forecasted to reach around USD
90.39 billion by 2034, with a CAGR of 8% over the same period [13].
A metal-enclosed switchgear is a device that is located in different
metal compartments of a switchgear used in an electric power sys-
tem. All these compartments are earthed, and the compartments
are separated by metal. It consists of at least three compartments:
the breaker, busbar, and feeder. It has mechanical and electrical

interlocks that prevent contact with operating personnel with
live parts and safety measures that prevent the chance of wrong
maneuvers. Switchgear and connection elements used in metal-
enclosed cubicles are defined in two main sections air insulated
and gas insulated [14, 15]. In this study air insulated switchgear
(AlS) is based. In 2024, the global AIS market has been valued at
approximately USD 9.9 billion and is projected to expand at a CAGR
of 7.8% from 2025 to 2034. This growth is primarily attributed to
the increasing demand for reliable and efficient power distribution
systems. The AIS technology offers several advantages, including
cost-effectiveness, weather resistance, and minimal maintenance
requirements, making it a preferred choice in various applica-
tions. Leading companies operating in this industry include ABB,
Schneider Electric, Eaton, Hitachi, Ormazabal, Siemens, and Lucy
Group [16]. The main function of these devices is to safely interrupt
the current flow in the event of a fault outside the nominal operat-
ing range [17]. All MV devices are designed according to the rel-
evant IEC or IEEE (Institute of Electrical and Electronics Engineers)
standards, tested in accordance with the relevant standards in
independent international test laboratories, and their approval
certificates are made. Among these standards, the IEC 62271 stan-
dard specifies general definitions, test methods, and requirements
on HV switchgear and control equipment. The IEC 60502 provides
information on MV power cables and accessories, and IEC 61230 on
earthing and short-circuiting equipment. Similarly, IEEE C37.20 MV
switchgear and control equipment, IEEE 400—testing and condi-
tion assessment of power cables are standards. Fundamental tests
for an AIS product according to IEC standards are: dielectric tests
(IEC 62271-1; IEC 60060-1), short time current test (IEC 62271-100;
IEC 62271-200), temperature rise test (IEC 62271-1), mechanical
strength test (IEC 62271-102), and internal arc test (IEC 62271-200).
Upon completion of these tests, the AIS product is designed and
tested following the standards. The product mentioned in this
article is designed in accordance with IEC standards. As outlined
by IEC and IEEE standards, the internal arc classification (IAC) for
MV switchgear plays a crucial role in ensuring personal safety dur-
ing internal arc faults. Over recent years, IAC has become a widely
accepted standard for safeguarding individuals. A significant chal-
lenge in this context is managing the release of hot gases from the
faulty switchgear. The most common approach involves directing
these gases through a pressure relief duct that leads outside the
switchgear building. Standards such as IEC 62271-200, IEC 62271-
202, and IEEE C37.20.7 aim to provide a minimum level of human
protection, including for operators and pedestrians. These stan-
dards focus on mitigating the hazardous effects of internal arc faults
in the vicinity of the switchgear. The internal arc testing procedures
described in these standards are designed to assess the system'’s
ability to protect individuals under the worst-case scenario of an
internal arc, taking into account factors such as overpressure, ther-
mal impacts, and the release of hot gases [18]. The design of MV
switchgear must prioritize the highest level of safety for operating
personnel and be capable of confining the effects of an arc fault to
the specific compartment where it occurs. While internal arc faults
are rare in modern switchgear, their occurrence can significantly
damage equipment and buildings and even pose serious risks to
human life [19]. Internal arc testing for metal-enclosed MV switch-
gear, mandated by IEC standards that prohibit confirming internal
arc withstand capability through calculations, is widely practiced
ensuring protection for individuals due to the higher accessibility
of MV systems compared to high-voltage installations [20, 21]. In
this study, the rated voltage level for AlS is focused on 24 kV, and
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literature studies related to 24 kV are examined. Rochette et al.
developed a mathematical model and numerical method to simu-
late the mechanical and thermal phenomena in a porous filter-like
energy absorber during a 24 kV GIS medium-voltage internal arc
fault [22]. Teera-Achariyakul and Hokierti evaluated internal arc
pressure in a GIS medium-voltage outdoor compact substation
by analyzing arc voltage drop and arc energy, determining that a
portion of this energy vaporizes busbar and compartment metal,
contributing to high internal pressure, which is assessed through
pressure analysis of the evaporated metal [23].

The product design is shaped with the arc and pressure values
obtained with the computational fluid dynamics (CFD) analyses
made by taking the length and duration of the electric arc as a refer-
ence and the FEA analyses made by taking the CFD analysis results
as a reference for an AIS MV product designed in line with market
needs at 24 kV 21 kArms and 25 kArms in 1 second. It is observed
experimentally in DEKRA laboratories following the IEC 62271-200
standard, and successful results have been obtained. The success-
ful results obtained will provide a highly accurate idea before per-
forming the test verification for developing new products to solve
the increasing market needs with the developing technology. In this
way, serious savings will be provided not only in terms of test prod-
uct preparation and test costs but also in terms of time.

Il. MATERIAL AND METHODS

This study integrates methodologies and results from various stud-
ies to develop a comprehensive understanding of internal arc faults
in MV switchgear systems, supporting CFD and FEA analyses and
validating with IEC 62271-200 internal arc type test results.

A. Simulation Methods
The AIS products are designed in 3D in the SolidWorks environ-
ment and then transferred to the ANSYS environment to start the

analysis processes. Although they are done on the same program,
the CFD and FEA processes have fundamental differences in terms
of progress. As shown in Fig. 1, the AIS product designed is trans-
ferred to the ANSYS environment with the “imported model” Since
the mechanical properties of the material exposed to pressure are
of great importance for FEA analyses, material selections are made
before the mesh step. In the CFD model, determining the energy
equations to be applied ensures the correct solution of each mesh
structure. Then, the analysis process is completed with each mesh
solution by determining the boundary conditions.

1) Computational Fluid Dynamics Analysis Method and Model:
During the internal arc formation, the arc energy is transferred to the
environment through conduction, convection, and radiation. Some
energy is transferred to heat, melt, and evaporate the components in
the internal arc environment. The remaining energy shows its physi-
cal effect in the internal arc environment, such as temperature and
pressure. This physical process can be analyzed by mathematical
modeling and numerical calculations. However, these calculations
are quite complicated due to the complex geometry of the product
in which the internal arc is made. The CFD creates partial differen-
tial equations based on the mass transfer, momentum transfer, and
energy transfer laws of fluid mechanics, and it solves these equations
numerically using the finite element analysis (FEA) method. ANSYS
Fluent CFD software is used for the modeling.

The governing hydrodynamic equations for conserving mass,
momentum, and energy are employed to analyze the temperature
distribution and gas flow dynamics within the arcing plasma. These
equations are solved through the Navier-Stokes framework, formu-
lated as a generalized transport Equation (1) is given below where, o
represents the conserved variables under consideration, p is the gas
density, v is the gas velocity, I"is the transport coefficient of g, and S
is the source term for @ [19, 24]. In addition, the analysis program has
calculated the arc energy with the power system formulas by taking

Simulation Methods
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Fig. 1. Algorithm of CFD and FEA.
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Fig. 2. Internal arc ignition simulation.

into account the phase angle and instantaneous voltage expressions
in AC circuits with the Equations (2-5).

£ (00)+V(pv8)=V(rVp) s m
L%+Rl+um =U, 2)
U, =2V sin(wt +o) (3)
R:coscb% (4
(=Y (5)

This experimental simulation is designed to investigate the internal
arc formation in HV electrical systems and to evaluate the safety
performance of the system. In the circuit, voltage sources (U,, U,, U.)
are the basic components that trigger the internal arc formation by
operating at different potential levels as shown in Fig. 2. While resis-
tances (R) provide control of voltage drops by limiting the current
flow in the system, inductances (L) determine the dynamic response
of the circuit and reflect the inductive response of the system to cur-
rent changes. U, ,and U, give the internal arc voltage changes in
the circuit resulting from the electrical fault.

Fig. 3 presents the different components retained for the CAD model
of the MV metal-enclosed AlS panel to be subject to internal arc test-
ing. In accordance with IEC 62271-200, the internal arc test should
be performed independently in the cable and the busbar compart-
ments by generating an arc in the relevant compartment.

The internal arc areas are detailed in Fig. 4. While arc ignition on top
of the busbar compartment is shown in Zone 1 in Fig. 4 (a), arcing
simulation inside the cable compartment is given in Zone 3 in Fig. 4
(a). Additionally, flaps open between the inside volume and chimney
with gradually increasing pressure, as shown in Zone 8 in Fig. 4 (b).
These flaps not only separate the chimney section from the cable

section as in Fig. 4 (a)-2, but also support exhausting the pressure by
opening after the internal arc.

2) Finite Element Analysis Method and Structural Model

Finite element analysis is used in various fields, including structural
(static and dynamic loads), thermal analysis, fluid dynamics, elec-
tromagnetic analysis, and biomechanical applications. This method
provides a practical approach for situations where analytical solu-
tions are not possible or practical, allowing for a deeper understand-
ing of engineering problems. However, the accuracy of the analysis
depends on the appropriate definition of mesh quality, material

Fig. 3. Description of the CAD model: (1) busbar compartment, (2)
busbar and cable compartments separation surface, (3) cable
compartment, (4) top chimney, (5) bottom chimney and (6) exhaust
duct.
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bottom chimney.

Fig. 4. Internal arc areas: (a) compartment zones: (1) busbar zone, (2) busbar and cable compartment separator surface, (3) cable compartment
zone, (4) vacuum circuit breaker (VCB), (5) disconnector switch; and (b) chimney zones: (6) top chimney, (7) chimney area, (8) flap zones, (9)

models, and boundary conditions. The basic principle of analysis is
to divide a continuous structure into small, discrete elements and
mathematically express the behavior of each element. This approach
is used to obtain an approximate solution of partial differential equa-
tions. ANSYS software is used for the modelling.

The length of the arc duration, depending on the time the arc
remains in the relevant compartments, determines the amount of
energy that is transferred to the gas. The pressure field is obtained
from this amount of energy depending on the duration. The pres-
sure outlet boundary condition is assigned to the walls open to
the atmosphere. The gas pressure in the compartment affects the
inner metal surfaces of the AIS product, causing elastic and plastic

deformations. The mesh size is chosen such that the effect of pres-
sure on the product is precisely described by the model. Nonlinear
material properties have been considered for the metal enclosed.
837729 nodes and 807292 elements are used in this model.

B. Test Setup

Tests are performed according to IEC 62271-200 standards defining
internal arc fault classification and personal safety criteria. The inter-
nal arc test is performed according to IEC 62271-200 AFLR require-
ments at 24 kV, 21 kA rms, and 25 kA rms for 1 second. Cotton cloth
indicators are placed in Fig. 5 (a) to evaluate the pressure and tem-
perature effects caused by the AFLR internal arc. The indicators are
placed across a metal platform and fixed in all accessible places on

Fig. 5. Test setup view.
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the product. The cloth simulates the clothing of people working in
close proximity to the product [19]. According to the IEC 62271-200,
standard five criteria must be performed for the test to be completed,

« Secured doors and covers do not open.

« Scattering small items with an individual mass of up to 60 g is
acceptable.

+ Arcing does not cause holes in the accessible areas up to the
height of 2 m.

. Cotton indicators shall not ignite from hot gases or arc effects.

+ Fig.5 (b)-1The primary earth connection should not be separated
from the central unit because of internal arcing.

The most important of these indicators is that they are not ignited by
hot gases or arc ignition [18, 20].

Cotton cloth indicators evaluate the thermal effects of hot gases
released from the installation due to pressure build-up caused by
an arc fault. These indicators are placed on a rack configured in a
checkerboard pattern on the accessible side(s) of the switchgear. The
fabric simulates the clothing of individuals near the installation. The
most crucial criterion for passing internal arc tests is the absence of
damage to these indicators [21]. An internal arc is triggered within
the switchgear panel using a thin wire, shortening the phases during
these tests. Cotton cloth indicators, which simulate human clothing
and are positioned near accessible areas, must not catch fire due to
the internal arc by-products [15].

11l. RESULTS AND DISCUSSION

All results are organized under two headings: simulation results and
test results. Since the internal arc tests are tested independently of
each other as the cable compartment and busbar compartment, the
pressure variation in each compartment is examined separately.

A. Simulation Results

1) CFD Results:

The changes in the electric arc power (blue curve) and arc energy
(red curve) are shown in Fig. 6 during the first 500 ms. The arc power
increased instantly at the beginning and reached around 65 MW.

70 T T T T 4000

60 F 3500

3000
S50F
2500
40 F
2000
30F
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1500

Arc Power (MW)

20F
1000

10 500

0 . . . . 0
0 20 40 60 80 100

Time (ms)

This situation shows that the arc requires high energy at ignition.
Afterward, it passes into a wavy structure, and since the network fre-
quency is 50 Hz, it is seen that it makes a minimum at the values of
10-20-30-40 to 100 ms, which are the zero crossing points for 50 Hz,
and then makes local maximums in the 90°-270° regions.

The arc energy is a cumulative total of the arc power depending on
time and reaches approximately 17500 kJ at the end of 500 ms. While
the power value fluctuates, the energy accumulation continues to
increase continuously. This shows that the arc is constantly accumu-
lating energy. This accumulated energy is transferred to the mate-
rials as heat and to the air as heat and pressure affect the internal
environment.

In this study, particular emphasis is placed on 24 kV AIS configura-
tions. The product evaluated is designed and validated under IEC
62271-200 standards, with arc ratings of 21 kArms and 25 kArms
for 1 second. Coupling CFD and FEA simulations has allowed for the
precise tuning of internal pressure management systems, resulting
in substantial savings in both development cost and testing time.
These findings highlight the value of simulation-driven design in
meeting the growing demand for resilient and efficient MV switch-
gear tailored to the evolving requirements of smart and sustainable
energy networks.

Fig. 7 shows the change in the over-pressure value resulting from
the internal arc in the busbar compartment in the first 80 ms, not
only in the busbar compartment but also in the top chimney and
bottom chimney. At 22 ms, the pressure in the top and bottom chim-
ney starts rising. It corresponds to the time the flaps open because
the average pressure at the surface of the flap reaches a relative 1.5
bar, letting the pressurized gas enter the top and bottom chimney.
It is observed that the pressure fluctuation periods in the top and
bottom chimneys have 10 ms half-wave periods, as in Fig. 6. This situ-
ation shows that the impacts originating from the 10 ms periods of
the arc power in Fig. 7 directly affect the top and bottom chimneys
as pressure after the flaps open. The pressure peaks at the top and
bottom of the chimney at 25 ms are the same at 0.5 bar, as shown in
Fig. 7. The pressure value tends to decrease between 25 and 30 ms;

0.6 T T T T T T T
Busbar higher pressure
Top chimney pressure
05k Bottom chimney pressure |
04F 5
=
<
)
203F 1
]
<]
-9
02 \\J Q\ ]
ol \ |
0 10 20 30 40 50 60 70 80

Time (ms)

Fig. 6. Arc energy and power variation versus time.

Fig. 7. Overpressure in the busbar compartment and chimney zone.
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Fig. 8. Pressure behaves at different times (a) 16 ms, (b) 40 ms, and (c) 50 ms.

however, after 30 ms, partial pressure increases are observed at the
top and bottom of the chimney. This is owing to the waste gas gener-
ating an offset due to the back pressure before being evacuated. This
situation is related to the geometry of the chimney and the flaps. The
pressure distribution in the busbar compartment varies depending
on factors such as the timing of the flap opening, the flap geometry,
and the volume of the chimney chamber [25, 26]. The faster the flaps
open and the faster the exhaust gas is evacuated, the more stable
the graph is going to be.

Fig. 8 shows pressure field at different times. As shown in Fig. 8 (a) the
situation in the first 16 ms after the ignition in the busbar compart-
ment, the flaps have not opened yet, and the pressure is gradually
increasing. Fig. 8 (b) shows pressure field at 40 ms. Even though the
pressure effect is still observed in the busbar compartment, the pres-
sure value is higher in the bottom chimney than in the busbar com-
partment. Fig. 8 (c) also simulates the behavior at 50 ms. The pressure
values in the busbar compartment and the pressure values in the
bottom chimney are almost the same. However, since the waste gas
is exhausted from the bottom chimney, the duration of exposure to
pressure is longer than that of the busbar compartment, and pres-
sure effects are observed further at the bottom of the chimney.

Dullni et al. [27] demonstrated that the fault current had a value of
35 kA and was applied at the busbar compartment for 1 second. As a
result of their experiment, the pressure value reached up to 2.5 bar.
Kumar et al. [19] claim that the pressure change in different areas of
the busbar compartment is 0.4-2.1 bar. When the results are com-
pared to the findings, the pressure value obtained from the design
was lower than the value of the findings of Dullni et al. [27] but
almost the same as the results of Kumar et al. [19].

Fig. 9 shows the change in the pressure value resulting from the
internal arc in the cable compartment in the first 80 ms, not only
in the cable compartment but also in the top chimney and bottom
chimney. It is observed that the pressure fluctuation periods in the
top and bottom chimneys have 10 ms half-wave periods, as in Fig.
6. This situation shows that the impacts originating from the 10 ms
periods of the arc power in Fig. 6 directly affect the top and bottom
chimneys as pressure after the flaps open. As seen in Fig. 9, the peak
value at the top of the chimney is higher than the cable compart-
ment section at 25 ms. While the pressure value tends to decrease at

30 ms, partial pressure increases are observed at the top and bottom
of the chimney after 32 ms. This is because the exhaust gas creates
an offset due to back pressure before being evacuated. This situation
is completely related to the geometry of the chimney and the flaps.
The pressure distribution in the cable compartment varies depend-
ing on factors such as the timing of the opening of the flaps, the flaps
geometry, and the volume of the chimney chamber. The faster the
flaps open and the faster the exhaust gas is discharged, the more
stable the graph is. Since the gas in the cable section first goes up to
the upper chimney and then goes out through the exhaust, the gas
circulates inside for a longer time than in the busbar compartment.

As shown in Fig. 10 (a), the situation is in the first 20 ms after the igni-
tion in the cable compartment. The flaps have not opened yet, and
the pressure is gradually increasing. Fig. 10 (b) simulates the behav-
ior of the pressure at 35 ms. The effect of the pressure is still observed
in the cable compartment. However, the highest pressure value is
at the top chimney at 25 ms and is approximately 3.5 times that of
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05t Bottom chimney pressure |
04F :
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Fig. 9. Change of pressure in the cable compartment and chimney
zone.
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Fig. 10. Pressure behaves at different times (a) 20 ms, (b) 35 ms, and (c) 45 ms.

the bottom chimney. Fig. 10 (c) also simulates the behavior at 45 ms.
There is almost considerable pressure left in the cable compartment.
Although the top chimney region has the highest pressure value at
35 ms, the pressure effect has decreased due to the exhaust, which
has approximately twice the pressure of the bottom chimney.

As shown in Fig. 7 and Fig. 9, the pressure changes in the busbar
and cable compartments occurred in different periods. Since the
volume of the busbar section is smaller than the cable section, the
busbar section reached the highest pressure value in a shorter time.
As seen in Fig. 8 and Fig. 10, the high-pressure fluctuations in the
upper and lower chimneys correspond to a period of 5 ms, whereas
the arc power has a half-wave period of 10 ms. In addition to the
back pressure effect, the opening direction of the flaps also affects
the pressure fluctuation.

Singh et al. [24] displayed a strong correlation between the simu-
lated and experimental pressure rise values. Pressure measurements
are also conducted in the rear duct during their internal tests. The
pressure values are achieved at approximately 0.5 bar. El Ouadhane
et al. [18] have shown clearly that the initial pressure measurements
observed between 0.4 and 2 bar are subsequently reduced by all
components of the designed pressure relief system. Kumar et al.

(2018) declare that the pressure change in different areas of the
cable compartment is 1.1-1.25 bar. Matin et al's CFD dataset, which
they developed using real switchgear geometry and operating
conditions, consists of 54 simulation examples [28]. In addition, the
measurement devices show a variation in maximum pressure values
throughout the dataset, ranging from 0.18 bar to 1.4 bar. Detailed
results of the literature are summarized in Table I.

When the cable compartment data acquired are compared to the lit-
erature, it is observed that the results are close to each other except
for the peak values. The peak values are different because the short-
circuit currents are different, and the power value is directly propor-
tional to the square of the short-circuit current.

2) Structural Results:

A transient structural analysis of all chambers within the MV panel
is independently performed utilizing pressure data derived from
CFD simulations. This study focuses exclusively on the side walls,
rear unit, and doors exhibiting significant stress levels and deforma-
tions under specific internal arc fault conditions. The material elon-
gation is 18%, and strains higher than 14% indicate a possibility of
cracks being developed in the local regions. The parts are mainly
below the yield limit, and those above yield can be processed by

TABLE I. REPORTED EXPERIMENTAL INTERNAL ARC PRESSURE RISE FOR MV AIS PRODUCTS IN THE LITERATURE

References Number of Phases Short-Circuit Current Internal Arc Area Pressure Rate (bar)
Dullni et al. 3 35kA1s Busbar compartment 2.5

Kumar et al. 3 40kA Ts Busbar compartment 04-2
Present work 3 21kA1s Busbar compartment 0.5

Kumar et al. 3 40kA Ts Cable compartment 1.1-1.25

El Ouadhane et al. 3 40kA1s Cable compartment 04-2

Singh et al. 3 NA Cable compartment 0.5

Matin et al. 3 31.5kA1s Cable compartment 0.17-14
Present work 3 21kA1s Cable compartment 0.5-0.7
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A: Cable Compartment SC
Total Deformation

Type: Total Deformation
Unit: mm

Time: 3 s

Deformation Scale Factor: 5.

40 Max
34.9
297
24.6
194
14.3
9.15

B: Busbar Comp SC with closed flaps
Total Deformation

Type: Total Deformation
Unit: mm

Time: 3 s

Deformation Scale Factor: 5.

Lz

Fig. 11. Total deformation of back cover (a) cable compartment SC, and (b) busbar compartment SC with closed flaps.

the Neuberization method. The Neuberization technique estimates
the peak strain experienced by copper microvias. This approach is
based on Neuber’s rule, which states that a stress concentration fac-
tor can determine localized stress and strain. This factor equates the
strain energy of an elastic-plastic material to that of an equivalent
elastic material, enabling a more accurate estimation of local defor-
mations [28]. Neuber’s rule can be fundamentally understood as the
principle that the product of stress and strain remains equivalent in
both the pseudo-elastic case, where stress and strain are treated as
variables, and the elastoplastic case, where these variables account
for plastic deformation effects [29]. In 1961, Neuber introduced a
method for estimating stress in concentration regions, based on
stress analysis of prismatic bodies subjected to shear stress. This
approach defines the relationship between stress and strain in
purely elastic conditions and those observed in arbitrary elasto-
plastic behavior [30]. Bolt and rivet joints are observed to be safe
for the loads.

Structural analysis studies are divided into two cable and busbar sec-
tions. Within the scope of the analysis in the cable section, it occurred
for side walls, front unit, rear unit, and back cover. Within the scope
of the analysis in the busbar section, it occurs for busbar covers, top
unit, and back cover. For the back cover, the internal arc conditions
of both the cable and busbar sections are considered separately. In
the busbar compartment analysis, side walls and front and rear unit
changes are not considered since they will be minimal.

Maximum deformation is observed on the rear panels of the chim-
ney area for both loading cases prominently in the —x direction. The
maximum deformation observed in the cable compartment short-
circuit scenario is 40 mm. The maximum deformation observed in
the busbar compartment short-circuit scenario is 32 mm (Fig. 11).
It has been concluded that these deformation values are accept-
able as they do not cause gas leakage to the external environment
after the applied pressure and deformation that would invalidate the

A: Static Structural

Total Deformation 14

Type: Total Deformation
Unit: mm

Time: 3 s

Deformation Scale Factor: 10,

:3597 Max 12.4 Max

' 1

12.2 9,61

8.71 Node 500564 6.88

6.97 5.51

5.23 414

348 2,77

1.74 14

0 Min 0.0318 Min

A: Static Structural

Total Deformation 13

Type: Total Deformation
Unit: mm

Time: 3 s

Deformation Scale Factor: 5.

Fig. 12. Total deformation of (a) side walls and (b) rear unit.
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A: Static Structural A: Static Structural
Total Deformation 7 Total Deformation 7
Type: Total Deformation Type: Total Deformation
Unit: mm Unit: mm
Time: 35 Time: 35
Deformation Scale Factd Deformation Scale Factor: 10,
18.4 Max 18.4 Max
164 164
14.3 14.3
12.3 12.3
10.2 10.2
8.19 819
6.14 6.14
41 4.1
2.05 2.05
0 Min 0 Min
Y ¥
Max L «
A B
Fig. 13. Total deformation of the front unit with a different view.
test. Figures are shown at a scale of 5 times larger than the actual around 12.83 mm, as shown in Fig. 14. It has been concluded that
deformation. these deformation values are acceptable as they do not cause gas

leakage to the external environment after the applied pressure and
The total deformation of the side unit is around 12.5 mm, and of the  deformation, which would not invalidate the test. Figures are shown

rear unitis around 12 mm in Fig. 12. It has been concluded that these at 10 times larger scaled the actual deformation.
deformation values are acceptable as they do not cause gas leakage

to the external environment after the applied pressure and defor- As seen in Table Il, the deformation rates of the cable compartment
mation that would invalidate the test. Gray lines show undeformed areas are higher than the busbar section. This is due to the more sig-
wireframe. Figures are shown at 10 times larger scaled the actual nificant pressure changes in the cable compartment. Although the
deformation. surface area of the side covers in the busbar compartment is smaller

than the surface area value of the side walls in the cable compart-
The total deformation of the AIS assembly is around 18.40 mm in  ment, the deformation rates are close. This is owing to the similar
the front unit, but the design showed no gap between the door and reinforcement structures among the two sections.

the front panel, as seen in Fig. 13. It has been concluded that these
deformation values are acceptable as they do not cause gas leakage B. Test Results

to the external environment after the applied pressure and deforma- All cable and busbar internal arc tests are carried out separately
tion that would. The total deformation of the busbar side cover is in the DEKRA laboratory, and all tests are completed successfully.

B: Busbar C SC with closed fl. Busbar Comp SC with closed flaps

: busbar Lomp wi close: aps o tion .

Directional Deformation 2 B _&%

Type: Directional Deformation(Z Axis)

Unit: mm

Global Coordinate System

Time: 3 s

Deformation Scale Factor:

12.827 Max
1041

7.9928
5.5756
3.1585
0.74131
-1.6759
-4.003
-6.5102
-8.9274 Min

A

Fig. 14. Total deformation of busbar side cover.
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TABLE Il. THE RESULTS OF DEFORMATION RATE FEA VALUES

TABLE Ill. THE RESULTS OF DEFORMATION RATE TEST OBJECTS

Area Unit Deformation Rate Area Unit Deformation Rate
Cable compartment Side walls mm 15.7 Cable compartment Side walls mm 0.8

Front 184 Front 0

Rear unit 124 Rear unit 1.2

Back cover 40.0 Back cover 50
Busbar compartment Back cover mm 320 Busbar compartment Back cover mm 4.0

Side cover 12.8 Side cover 43

Similar results are obtained when the test data is compared with
the CFD data. No measurable deformation is observed when the
post-test FEA data are compared with the test products. Thus, better
results are obtained than the FEA data. Fig. 15 (a) and (b) show the
changes after the test on the front surface. Fig. 15 (c) and (d) show
the changes after the test on the side surfaces. No measurable defor-
mation is observed.

After the internal arc test, measurements of the relevant sections are
made on the test products. The results obtained are listed in Table Ill.
When compared to the FEA results, very low values are obtained. The
main reasons for this may be the overly safe selection of the safety
factor in the FEA analysis, the inability to model the evacuate of
the waste gas as close to reality, and the less attention paid to the
absorbed part of the energy released after the internal arc, such as
heat, light and carbonization.

IV. CONCLUSIONS

This study provides a comprehensive analysis of internal arc faults
in medium-voltage AlS, emphasizing the pressure dynamics within
different compartments. By integrating CFD and FEA, the research
successfully models and evaluates the effects of arc-induced thermal
and mechanical stresses, ensuring compliance with IEC 62271-200

standards. The CFD simulations effectively captured the evolution
of arc energy and pressure distribution, revealing significant fluc-
tuations that impact structural integrity. These findings are validated
through experimental testing in accredited laboratories, demon-
strating a strong correlation between simulated and observed
data. The FEA results further confirmed that the deformation levels
remained within acceptable safety limits, ensuring the containment
of arc-induced pressure without structural failure or risk to person-
nel. One of the key insights gained from this study is the critical role
of product geometry and flap design in mitigating the effects of
internal arc faults. The results indicate that the shape, size, and place-
ment of flaps directly influence pressure distribution and exhaust
efficiency. Properly designed flaps allow for rapid pressure relief,
minimizing fluctuations, and preventing excessive mechanical stress
on the switchgear enclosure. Additionally, the overall geometry of
the switchgear plays a fundamental role in controlling the internal
flow of hot gases, ensuring that pressure is effectively managed
without compromising structural integrity. A key outcome of this
study is the validation of a simulation-driven approach to AlS design,
which enhances safety measures while reducing the need for exten-
sive physical testing. The findings contribute to the advancement
of AIS technology by offering a robust methodology for internal arc
fault assessment, ultimately enhancing the reliability and safety of
medium-voltage switchgear in industrial applications. Future work

Fig. 15. Deformation observation after internal arc.
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may focus on the development process for new AlS products that
can be optimized, leading to significant cost and time savings.
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