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Abstract

Electric field grading devices have great importance for both the electric power transmission and distribution systems.
This paper presents an improved electric field grading device used in the medium voltage metal-enclosed switchgear.
The solutions have been carried out by using Ansys Maxwell 3D software. The structure of two electrodes designed as
cylindrical and elliptical have been compared to determine the electric field grading device to be used in practice. The
transient and steady-state analyses have been performed in both designs. The field grading device manufactured for
the metal-enclosed switchgear has been tested according to IEC standards in a high voltage laboratory environment.
This study revealed that the newly designed field-grading device can be used in the metal-enclosed switchgear more
safely. It also encourages researchers to optimize the electric field distribution using different geometric structures and

to create running conditions in smaller indoor environments.
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1 Introduction

In power systems, electric field grading devices used
both to extend the life of the designed equipment and
to reduce the number of failures have great importance.
These devices minimize the probability of failure caused
by abnormal situations such as dielectric breakdown, arc-
ing, electrical discharge, etc. [1-4]. Metal-enclosed switch-
gear is a typical electrical system exposed to this type of
failure in the electric power system [5] and in order to pro-
tect the insulator-metal junctions, electric field grading
devices can be used [6, 7]. Manufacturers are required to
produce quality products within the framework of stand-
ards or at the request of the customer. Also, manufacturers
should consider the costs of production, while fulfilling
this request. For this purpose, designers reduce the weight
and size of the electrical equipment using optimization

techniques in order to meet the requirements of the
system [8]. Electric field computation procedures are an
important stage of these actions. Various numerical tech-
niques can be used for computing the electric fields [4, 9].
Finite element method (FEM) is the best known numerical
technique which enables the designer to solve the difficult
problem such as non-uniform surface and to make a prac-
tical electrical design optimization [8-11].

In the literature, there are few studies regarding both
theory and practice in electric field grading. Some of these
studies were conducted to make optimization of the high
voltage system in outdoor substations and this type
studies focus on the environmental conditions (such as
dry-wet condition, moisture, pollution, etc.) to determine
electric field stress and to optimize the electric field grad-
ing devices [10, 12-15]. Some studies were conducted to
make optimization of the indoor high and medium voltage

B4 Serdal Arslan, serdalarslan@harran.edu.tr; Yunus Bicen, yunusbicen@duzce.edu.tr; Omiir Binarbasi, binarbasi@hotmail.com | 'Electrical
Department, Birecik Vocational School, Harran University, Sanliurfa, Turkey. 2Department of Electrical-Electronics Engineering, Duzce
University, 81620 Duzce, Turkey. 3The Turkish Electromechanical Industry Company, 06200 Yenimahalle, Ankara, Turkey.

®

Check for
updates

SN Applied Sciences (2021) 3:218

Published online: 26 January 2021

| https://doi.org/10.1007/542452-021-04268-2

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-021-04268-2&domain=pdf
http://orcid.org/0000-0002-1187-5633
http://orcid.org/0000-0001-8712-2286
http://orcid.org/0000-0002-6512-4077

Research Article SN Applied Sciences

(2021) 3:218

| https://doi.org/10.1007/542452-021-04268-2

systems and they focus on cabinet size optimization and
system safety, in addition to the other electrical aspects [5,
16, 17]. Some of the numerical studies were carried out on
the electric field distribution for transient voltages [18, 19].
However electric field grading devices in metal-enclosed
switchgear and impulse effects have been not considered
sufficiently. These kinds of studies are more complicated
and difficult. Because many factors such as panel walls,
corner points, connectors, etc. that could affect the electric
field distribution of the system should be considered [16,
17, 20].

The motivation of this study is to manufacture a new
electric field grading device with an original design to be
used in metal-enclosed switchgear units. The contribu-
tions of the study can be written as follows: (a) placing the
switchgear equipment in a smaller volume than before, (b)
reducing the possibility of electrical arcs, (c) reducing pro-
duction and maintenance costs, (d) ensuring operational
continuity.

In this context, the article is organized as follows: Sect. 2
presents the numerical technique features. In the third
chapter, technical details are presented for two differ-
ent devices designed to grading the electric field in the
switchgear. In this section, both steady state and transient
state analyzes have been carried out by utilizing the FEM
in terms of design features. In the fourth part, it has been
checked whether the system meets IEC standards [21, 22]
namely the power frequency voltage withstand and the
impulse voltage test, in an accredited high voltage labora-
tory. Finally, conclusions are summarized in Sect. 5.

2 Numerical technique

Uniform models and simplified assumptions can be used
to reach an approximate analytic solution for simple sys-
tems, while they are not suitable for the correct solution of
complex models as in this study [23, 24]. Different meth-
ods such as FEM, boundary element method, and the finite
difference method can be used to solve complex electric
field problems that cannot be solved easily using analyti-
cal techniques [9]. Various commercial software packages
that use these methods are available. Appropriate soft-
ware should be chosen considering some features such as
solution speed, the accuracy of calculation, the memory
requirement for the solution, ease of use. In this regard, the
selected software Ansys—Maxwell has many capabilities
such as having a large drawing infrastructure, more solu-
tion options, providing a dynamic analysis of the designed
model, etc.

In this study, the electrostatic analysis and the elec-
tric transient analysis have been performed using FEM.
Unlike an electrostatic solution, the electric transient
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voltage curve is defined into the design data sets and
the solution is performed by entering the lightning time
value in the FEM analysis. The electric transient solver
does not provide adaptive meshing, so we will first solve
using electrostatic solver and import its adaptively rede-
fined mesh for use in the electric transient solution.

The electrostatic field simulator computes static elec-
tric fields due to potential differences and static elec-
tric charges. In Maxwell 3D, the fundamental unit of the
finite element is a tetrahedron. The electric scalar poten-
tial inside each tetrahedron at each of the four vertices
and at each of the six mid-edge nodes are determined
by the solver. The potential value of each element is esti-
mated with a 2nd order quadratic equation.

Figure 1 shows a flow chart of the overall simulation
process in Maxwell 3D. First, a three-dimensional module
is opened and a solution method (Electrostatic, Electric
Transient, etc.) is selected. The electrostatic problem is
described by defining the geometry in the Cartesian
coordinate system, material properties, voltages, bound-
ary conditions. The geometry is directly imported in FEM
Software. Unlike an electrostatic solution, the electric
transient voltage curve is defined into the design data
sets and the solution is performed by entering the light-
ning time value in the FEM analysis. Generated solutions
are updated by using the adaptive analysis until the tar-
get percent error specified by the user, iteratively. Thus,
a much more accurate solution is achieved by reducing
the size of individual elements in the areas where the
error is high. As the electric transient solver does not
provide adaptive meshing, so we will first solve using
electrostatic solver and import its adaptively redefined
mesh for use in the electric transient solution.

Electrostatic solver computes the static electric fields
resulting from voltages or from static charges distribu-
tion in a structure. For electrostatic solver; it is supposed
that all objects are stationary. There is no time variation
and current flow in conductors such that there is no elec-
tric field inside conductors.

The electrostatic field solver computes Poisson equa-
tion for the electric potential unknown, with appropriate
boundary conditions:

V2@ =p/e (1)

where @ is the electric potential, € is the permittivity,
and p is the charge density. Electrostatic solver computes
the electric field using the following relationship:

E=-V® 2)

Equation (3) shows the connection between electric
flux density D and the electric field strength E.
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Fig. 1 The flow chart of the program
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The energy, W that is stored in a static electric field is
given by the following equation:

W:%/E'de )

The electric energy overall volume is computed by
assuming that the electric field is uniform for a differen-
tial volume (dv):

1 1
= 5[59(—V®)dv

Equation (5) can be rewritten in the Cartesian coordi-
nate system as

2 2 2
W= /// [%{ ex((ii—(f> + 83'((3;1_?) + 82<(<1:i_?> } ] dxdydz
(6)
The electric transient solver is used to analyze the elec-
tric field distribution in objects subjected to time-varying
potentials, e.g., impulse induced voltage, and overvolt-
age. Also, it applied to design insulator, lightning arrester,
insulation constructions, and other applications that may
involve conductive, semi-conductive, insulator, and aniso-
tropic or nonlinear materials. The electric transient solver
uses Eq. (9) to obtain ohmic loss, charge density and elec-
tric field values. The definition of the electric current den-
sity J is described as:

(5)

7
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Using of the Egs. (1), (2) and (7), the final Equation is
obtained as:

ap
v+ -0
+ 2 ®)
%)
V(oY) - V(e,eovﬁ) =0 )

where pis charge density, o is the conductivity.

3 Analysis of field grading device

The metal-enclosed switchgear consists of the cabinet
made of stainless steel, a dielectric material made of por-
celain, a fuse rod made of copper, an electric field grading
device made of aluminium, a grounding material made of
copper. The electrical properties of the materials used in
the metal-enclosed switchgear are presented in Table 1.
The geometry of the measurement transformer, fuse
and electric field grading devices are shown in Fig. 2 with
the projections of the entire system on x-y-z planes. In
Fig. 2¢, the distance between field grading devices is
0.35 m. And the distance between the nearest side wall
and the center of devices is taken as 0.29 m. Investigations
of the electric field distribution and transient characteris-
tics of the grading devices have been made by applying
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Table 1 Material properties of the metal-enclosed switchgear

Material Relative Relative Bulk con- Mass
permittivity permeability ductivity density
-) (=) (S/m) (kg/m?3)
Porcelain 5.7 1 0 2400
Epoxy 3.6 1 0 450
Aluminium - 1.000021 38,000,000 2689
Copper - 0.999991 58,000,000 8933
Tin - 1 8,670,000 7304
Stainless - 1 1,100,000 8055
steel
y 0,129
a Porcelain
o Copper
D
Aluminum
| ‘ 1
S 90,129 Epoxy
1 Elliptical S Tin
w
o

Cylindrical

(a)

- $800 =

the transient voltage of 170 kV and the steady-state volt-
age of 36 kV.

3.1 Electric transient analysis of the system

Ansys Maxwell has a transient electrostatic solver. In order
to simulate the impulse withstand voltage tests in the
transient solution, the design datasets of the program are
defined in accordance with the standard [24-26]. Impulse
withstand voltage is known as short duration and single-
pole wave shape (1.2/50 ps) [26, 27]. As the electrical tran-
sient analysis takes a long time, the system is defined as
a single-phase and analyzed separately. The cabinet is
grounded. For both electrode structures, solutions have
been implemented in the electric transient module in soft-
ware by applying impulse voltage as defined in Fig. 3. The
mesh structure of electrostatic analysis has been imported
to the electric transient section in the program (setup by
link). The total number of elements in the mesh is 848134

(c)

Fig. 2 Electric field grading devices (a), a single phase (b), the projections of the entire system (c)

Fig.3 Impulse withstand volt-
age 1.2/50 ps, 170 kV
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at electrostatic analysis. A computer with Intel i5 2.8 GHz
processor and 6 GB RAM was used for system modeling.
The elapsed time for the electrostatic field solution was
50 min and the time for the electric transient analysis was
615 min. This analysis is a very important stage to find
out which electric field grading device design is more
appropriate.

The increase in the potential difference between
the poles means that the energy increases for a single
pole. Therefore, the energy in the system is expected to

decrease or increase depending on the change in voltage.
Total energy change in Fig. 4 shows that more energy is
accumulated on the cylindrical electrode than the elliptical
electrode. The ratio of both values has reached 1.5 times
at the peak points (0.468 ps) as shown in Fig. 4. For this
system, it can be said that the electric field grading device
that has a fast energy change is more disadvantageous
than the slow one.

Figure 5 shows the potential lines for both systems.
It can be noticed that the potential lines on the epoxy
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— Cylindrical
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Fig.5 Elliptical (a) and cylindrical (b) electric field grading device response to the impulse withstand voltage
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material belonging to the elliptic system are less than the
cylindrical system. In some areas on the epoxy, potential
varies about 44-53 kV for the cylindrical system. It is clear
that the elliptical electrode system is advantageous to
electric field grading for both analysis results. Therefore,
subsequent analysis and real system products have been
carried out on the elliptic design basis.

For a more detailed analysis of the elliptic design, Fig. 6
should be examined. In order to determine the effect of
elliptical electric field grading device to the electric field
distribution, three numerical calculations have been per-
formed: (1) only copper in the grounded cylinder; (2) with
copper and porcelain in the grounded cylinder; (3) with
copper, porcelain and elliptical aluminium grading device
in the grounded cylinder.

As shown in Fig. 63, the E-field in the inner zone of the
fuse conductor is zero. In the case of porcelain insulation
over the fuse conductor, leads to a reduction in the E-field.
This is an expected result. The E-field grading device does
not have much effect on the electric field change in the
middle regions. The E-field distribution on the elliptical
grading device mounted on the head part is slightly dif-
ferent as shown in Fig. 6b. The E-field intensity reduces
from the end to the bottom. The resulting electric field, E
is a non-uniform field because of system structures and
increases near grading devices especially. Even though
the electric field grading device by itself is symmetric, the
symmetry is lost due to grounded structures that close to
it in the cabin. Simulations showed that E-field intensity is
affected by the shape of the field grading devices.

¥ ] ]XIO[,_- Line (a)
B \ - Line (b)
9x10° —— Line (c)
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Fig. 6 The electric field change for a full shape, b only head
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3.2 The steady-state analysis of the system

Change in shape of grading device in the form of corners
or edges in the cabinet leads to the concentration of E
fields at such locations resulting in higher electric stresses
on the dielectric [27, 28]. Due to the long-term operation
conditions, pollution, aging or design flaws, the structure
of the grading device can no longer be homogeneous.
Therefore, partial discharge initiation can be seen in such
structures because of the uneven distribution of E-field
strength. The steady-state analyses have been performed
on the elliptic system as shown in Figs. 7 and 8. In order
to make a steady-state solution, 36 kV is applied to the
middle copper with the electrodes while the cabinet and
the other electrodes are defined to 0 kV. E-field vectors of
middle part of the system are shown in Fig. 8.

The E-field vectors of the bottom and top field grad-
ing devices are not symmetrical. The main cause of the
non-symmetry of the field lines is due to the behavior of
the dielectric materials. The E-field y-z and x-z projections
plot help to understand the critical regions in the metal-
enclosed switchgear as shown in Figs. 9 and 10. The E-field
distribution on the cabinet is non-uniform and the maxi-
mum value of the E-field is 114,890 V/m at the elliptical
grading device edge on y-z projections, as shown in Fig. 9.
Therefore, no flashover or arc events are expected in the
steady-state condition.

Fig.7 Voltage distribution of
the entire system
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Fig. 8 The electric field vectors of the middle part of the system

4 Laboratory tests and assessments

In this section, the power frequency voltage withstand
test and the impulse voltage test are carried out according
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Fig. 10 The electric field on x-z
projections
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to IEC 62271-200 and IEC 60060-1 standards. These tests
are applied to both old and proposed grading devices in
metal-enclosed switchgear. The metal-enclosed switch-
gear and test parameters are presented in Table 2. Also, the
physical conditions of the environment are very important
for the accurate assessment of the test results. The values,
temperature (21 °C), pressure (689 mmHg) and relative
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humidity (619%) are taken into consideration in the test-
ing phase.

In the cabinet, the integrated electric field grading
devices are tested to observe the impulse voltage with-
stand performance, experimentally. Both sides of the mid-
dle switch poles are permanently connected to the ground
in the open position. Therefore, the test voltage is only
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Table 2 Metal-enclosed switchgear and test parameters

Technical definitions Values Unit
Rated voltage 36 kv
Rated frequency 50 Hz
Rated power frequency withstand 70 (1) kV (min)
voltage
Rated impulse withstand voltage 170 (1.2/50) kV (us)
Rated current 630 A
Short-circuit breaking current 16 kA
Peak current withstand 40 kA
Protection class IP 4X -
Dimensions 1000/1400/2250 mm
Weight 860 kg

applied to the middle phase. The manufactured metal-
enclosed switchgear parts are shown in Fig. 11.

The applied test voltages are determined by taking into
consideration the atmospheric correction factors which
are given in IEC 60060-1 standard. According to these
assumptions, U is determined as 153 kV approximately. In
the test stage, A 1.2/50 us impulse voltage with a 153 kV
peak is applied to the middle phase, while the other poles
and cabinet are grounded. This step is repeated 15 times
for each phase as positive and negative polarity. No break-
down or flashover occurred among devices and ground
components during the test. The power frequency volt-
age withstands performance of integrated electric field
grading devices are tested for each high voltage terminal

in the cabinet, experimentally. This is the certain value of
sinusoidal power frequency voltage in accordance with IEC
60060-1 as the factory routine test. In this stage, no break-
down or flashover occurred among devices and ground
components during the test.

5 Conclusion

Analytical solutions can be applied to the known stand-
ard electrode structures. However, the use of analytical
calculations will give erroneous results for the complex
electrode geometries. Electric field analysis plays a criti-
cal role to optimize the form of the systems which have
non-uniform complex structures. Ansys—Maxwell soft-
ware provide an efficient way to the determination of the
E-field distribution on the devices using numerical analy-
sis. Within the scope of this study, a proposed electric field
grading device that will be used in the metal-enclosed
switchgear has been designed, and tested both in simu-
lation and in the laboratory environment, respectively. The
transient and steady-state analyses have been performed
using the software tools to compare with the laboratory
experiments.

The manufactured device is neither fully spherical
nor fully cylindrical. The proposed design has an ellipti-
cal shape. The results show that the E-field on the electric
field grading device could be reduced by enlarging the
surface. However, enlarging the surface also refers to the
proximity of electrodes to each other or to the cabinet

Fig. 11 Manufactured system
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wall. The proximity in the electrode systems means the
loss of homogeneity in the electric field. That is why an
elliptical design is preferred in the system.

In metal-enclosed switchgear units, the structure used
in these locations is generally cylindrical in the literature.
In this study, the suitability of a different geometry struc-
ture has been tested. It is revealed that electric field dis-
tributions in the locality for the elliptical system are less
than in the cylindrical system. Consequently, successful
results have been achieved in the laboratory tests made
according to the standards.
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