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Abstract: One of the aspects to consider during high-voltage (HV) equipment design is the reduction
in the probability of corona effect onset. Indeed, the corona effect is related to high electric field values
beyond the equipment’s insulation levels and insulation strength, among other factors. This issue
can be addressed during the design step, either by modifying the geometry of the electrical device
or by including additional elements in the equipment structure to smooth out the voltage gradient
along critical regions, such as anti-corona devices. The study of anti-corona devices for HV insulators
is well documented, in contrast to substation connectors. Therefore, the present study proposed
the design of a novel anti-corona device for HV substation connectors, including a method for the
selection of its dimensions. This study shows that the relationship between the dimensional design
variables and the critical electrical field on the connector is described by linear and rational functions.
Thus, the design process times are cut down due to a reduction in the number of simulations required
to run the assessment of the anti-corona device arrangement impact.

Keywords: computer-aided manufacturing; connector; corona ring; electric fields; high voltage

1. Introduction

The appearance of the corona effect is common in high-voltage (HV) overhead lines.
The phenomenon corresponds to a discharge at the point where the electric field is greater
than the disruptive strength of the insulation that surrounds the surface of the conductor
and has several physical aspects, such as sound, luminance, and electromagnetic pulse
waves that produce energy losses on the transmission system [1]. In the worst case, a corona
effect could develop into an arc that causes the destruction of electric devices installed in
overhead lines, such as insulators or connectors [2,3].

The study of the corona effect involves the calculation of the maximum electric field
that insulation can withstand, which is a common step in the design of HV installations
(e.g., substations) [4] and HV equipment (e.g., switchgear, insulators, connectors) [5]. The
tools used in power system analysis studies generally include approximated modelling
regarding the geometries of the transmission lines and towers [6]. However, in some
specific geometries of insulators and connectors, a more detailed analysis is required [7,8].
In all cases, finite element analysis (FEA) is a valuable tool for calculating the electric
field distribution.

The electric field that is generated at the surface and around insulators and line connec-
tors depends directly on the applied voltage and the geometry of the electrode. However,
it is necessary to consider the environmental and insulation conditions to understand
the corona effect completely [7]. Connectors are only subject to the line voltage, whereas
in the case of insulators, one end is connected to the line voltage and the other end is
grounded. The large difference in the voltage supported by the insulators causes an electric
field gradient [9]. In contrast, for connectors, it is due to the smaller curvature in their
geometry [10] since there is no voltage difference over them.

The installation of anti-corona devices for insulators is well documented in the lit-
erature. In the case of insulating strings, Ilhan and Ozdemir [11] considered the electric
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field surface of different points from the grading ring and the insulator string. Then,
based on a sensitivity analysis, possible solutions were tested by considering the radio
interference voltage produced by the configuration. Other authors applied optimisation
methods [12]. However, these works did not show an evident solution to the location and
size of the corona rings. Proposed optimisation algorithms are the bat flying algorithm [13],
particle swarm optimisation [14,15], and surface response [16]. Generally, some minimum
electrical field value is considered as an objective at a particularly critical point (e.g., the
insulation triple point of an insulating string [17]) or along a characteristic line length
(e.g., the periphery line of the insulating string [18]). Regarding the corona effect onset at
substation connectors, Guiteras et al. [19] suggested installing shielding parts around the
connectors or to cover them with a spherical cage under the same voltage. This solution
reduces the electric field, and therefore, it can be used on systems operating under higher
voltage. Nevertheless, for the specific problem conditions, the authors concluded that a
redesign of the geometry of the connector is preferred. This approach is only valid for
certain connectors since it may not be feasible for certain conductor arrangements. The
redesign of the connectors also implies another kind of study for the connector (thermal,
mechanical, etc.), and therefore, more industrial tests to be carried out.

Three essential requirements are desirable in the design, manufacturing, and instal-
lation of corona rings. First, the rings must be simple to build. Second, the installation of
the corona rings on site must be straightforward, involving a minimal number of steps.
Consequently, in the present study, unconventional surfaces were not analysed, such as in
Pattanadech et al. [20] and Liao et al. [21]. However, it could be a valid type of optimisation
when applied to insulators [22]. Third, the point of attachment of the toroid is also relevant.
Its position in space must be supported by some object to which it can be mechanically
linked using an adjustment to achieve fixation [23]. For connectors, this means using their
civil work support, if they have one, or fixing the rings on the conductors that enter the
connector. The last option was considered for this work.

Other time minimisation techniques in the test development are implemented in the
modelling of anti-corona rings, such as the design of experiments (DOE) and analysis of
variance (ANOVA) [16], in this case, for insulators. The limitation of this method lies in the
fact that the relationships between the multiple factors considered must be linear [24].

The present study proposed the design of a novel anti-corona device, i.e., an anti-
corona ring, for HV substation connectors, including a method for ring dimension selection.
The corona ring shape was mainly selected because it is easier to manufacture and maintain
compared with spherical cages or other geometries.

The applied method was focused on considering whether algorithmic expressions can
be derived for the sizing of corona rings to reduce the analysis time in the design stage, as
well as applying it to usual cases on substation connectors. It reduces the design process
calculations by considering the relationship between the geometric dimensions of the
corona rings and the value of the maximum surface electric field of the substation connector
near the anti-corona ring. The objective was to reduce the number of trials to establish the
possible relationship between design parameters, thus minimising the simulation resources
required for an iterative optimisation process.

The other advantage comes from the simulation of testing conditions using FEA.
Although we considered the electrical field only at the connector surface, the connector
geometry is challenging to model and must be done without any dimensional simplification
(from a three-dimensional model to an axis-symmetry one, for instance). Any reduction in
the numerical methods required speeds up the design process and increases the possibility
of reduced testing.

This paper is organised as follows. In the first part, geometrical details of the substation
connectors, testing setup, and the anti-corona device arrangement are introduced. Thus,
a numerical FEA model that was used to simulate standard HV laboratory conditions
is presented, and the location of the maximum surface electric field is given. Based on
previous results, in the second part, the specific positions of the corona rings near the
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substation connectors under study that reduced the electric field are given. The results of
several simulations to determine the effect of the proposed anti-corona ring’s geometrical
factors on the electric field are presented. The last part offers information about the
algebraic relationship between variables that diminish the design time, reduce the number
of simulations, and consider the surface electric field as an indicator. The method can also
be used on site to improve the location of the corona rings for standard conditions.

2. Description of the Connectors and the Testing Setup
2.1. Geometry of the Connectors and the Testing Setup

The novel anti-corona device proposed in the present study was investigated for its
application in specific aluminium connectors used in HV electrical substations. However,
the arrangement is valid for any substation connector provided that a corona ring is
installed in each of the connectors coupled through a substation connector following the
design method introduced in Section 4.

The connectors under study are shown in Figure 1, where their main dimensions are
defined, including their length, width, height, and minimum radius. The dimensions of
each connector are shown in Table 1.
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Table 1. Geometrical dimensions of connectors.

Connector Length (mm) Width (mm) Height (mm) Radius Min. (mm)

Connector 1 470 470 100 6
Connector 2 585 270 95 3
Connector 3 240 120 230 4

In the present study, the investigation of the electric field around the connectors was
based on the recreation of a laboratory testing setup, as shown in Figure 2. In the testing
arrangement, several tubes allowed the connector to be suspended in the model, reflecting
its possible installation in the substation, which would be the conventional assembly to
be tested in the laboratory. Their diameters are the same as those used under standard
installation requirements.

One of the simplest and most effective solutions to reducing the electrical stress gen-
erated at the ends of the conductors in the test bench is to use corona-shielding systems
(spheres and rings) at their ends [25] to prevent the electric field from increasing dramati-
cally. Generally, these metal parts have a ring, spherical, or bowl shape [8]. Note that these
elements are independent of the corona rings. The testing enclosure consisted of a box with
dimensions 15 m × 15 m × 10 m and the arrangement was located at the centre, as shown
in Figure 2.
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2.2. Configuration of the Simulation Tool

The electric field of the connector was calculated with FEA. The assumptions con-
sidered were as follows. First, the FEA model simulation was carried out under HV
laboratory conditions, according to normal pressure, temperature, and humidity, as estab-
lished in standard IEC 61284 [26]. The FEA software tool of preference for this work was
COMSOL Multiphysics.

Second, when simulating a piece that is connected to conductors, its ends are exposed.
That is, an infinite conductor cannot be defined. However, this had no impact when
evaluating the piece, provided its length is considerably longer than the connector under
analysis. Even so, a sphere covered the ends to avoid the maximum electric field of the
whole assembly being found at the ends of the conductor, given its sharp geometry.

The testing setup in Figure 2 was modelled in the FEA software. Then, the electric
field was only analysed at its most critical point, i.e., the maximum values at each point of
the connector surface were identified, omitting the fact that the voltage varied over time
(the maximum value is at the peak of the sinusoidal wave).

The simulation enclosure was grounded to define an appropriate environment. The
rest of the pieces were connected to a line voltage of 450 kVpeak as the reference.

The characteristics of the mesh are a key factor when carrying out an analysis by
means of FEA. To obtain precise results, the “very fine mesh” option in the meshing stage
on COMSOL Multiphysics was selected. Other important characteristics related to the type
of mesh used are described in Annex I.

After defining meshing characteristics, a stationary study was carried out. Once the
electric field on the connector was calculated, the point with the highest electric field value
was obtained.

3. Geometry and Design of the Anti-Corona Device
3.1. Geometry of the Anti-Corona Device

The electric field depends directly on the geometry of a power system element under
voltage. Therefore, if the geometry of the element is varied, it has an impact on its electric
field. To reduce the electric field of substation connectors, the present study proposed
to include a ring around each conductor (Figure 3). In this way, it was possible to alter
the geometry of the whole assembly (connector, rings, and conductors) and, in turn, the
electric field. By attaching the rings to the conductors, a stable hold was allowed. Thus,
a distance was kept between the ring and the connector, as defined by the designer. The
ring arrangement presented in this work allowed for a straightforward replacement of
the rings if necessary and a perfect fastening at a distance from the piece as determined
by the designer. In this way, the same connector could be used under different operation
conditions by changing the geometry or distance of the rings instead of changing or
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redesigning the connector. In addition, compared with spherical cages, rings are easier to
manufacture and maintain.
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The design of the anti-corona device was classified according to the following parame-
ters: thickness of the rings (A), inner diameter of the rings (Dint), and distance between the
ring and the connector (dist), as identified in Figure 4.
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3.2. Modelling and Simulation of the Setup with the Anti-Corona Device

The electric field of the connector was calculated with FEA again, but now for several
cases that considered different parameter values. First, the testing setup in Figure 2 with the
anti-corona device was modelled in the FEA software again. Then, the maximum electric
field in the position found in Section 2.2 has been recorded. Two of the parameters were
always constant and the last one was modified in order to find out the dependency with
the maximum electric field on the connector surface.

The simulation enclosure was grounded to define an appropriate environment. The
rest of the pieces were connected to a line voltage of 450 kVpeak as a reference, including
the anti-corona device, since it was fixed to the cables of the setup.

4. Simulation Results
4.1. Simulation Results without the Anti-Corona Device

The electric field at the surface of the connectors under study without any anti-corona
device installed is shown in Figure 5. It can be observed that the maximum electric field
value mostly occurred in the zone with the highest curvature. However, the normal vector
from these critical surfaces was not always in the same direction as the axis of the tubes, as
shown for connector 3 in Figure 5.
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Figure 5. Electric field (kV/cm) at the connector surface.

The maximum field values at the surface of the connectors without any ring were
45.2 kV/cm (connector 1), 46.5 kV/cm (connector 2), and 65.3 kV/cm (connector 3).

The point of evaluation of the electric field for the simulations in Section 4.2 is indicated
in Figure 5 by Ebc. It coincided with the location of the maximum electric field Emax, except
in the study of connector 2. The proposed solution reduced the electric field magnitude in
the closest points to the rings and the electric field vector must be almost parallel to the
ring axis. Therefore, for connector 2, the point selected to analyse Ebc was a point near the
plane of the anti-corona device installation with an electric field value of 20.0 kV/cm.

4.2. Simulation Results with an Anti-Corona Device

For the different configurations in Figure 3, several simulations were carried out by
changing the ring parameters: thickness (A), inner diameter (Dint), and distance between
the ring and the connector (dist). Figure 6 describes the maximum electric field value found
at the connector surface under each specific parameter while keeping the others constant.
It can be noted that for any configuration with anti-corona devices, the electric field was
weaker than without the anti-corona devices, as indicated in Section 4.1, and the corona
inception voltage was also reduced.

Figure 6. Cont.
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Figure 6. Electric field on the connector’s surface as a function of the ring dimensions: (a) ring
thickness, (b) internal diameter, and (c) ring–connector distance.

Even if the sweep range was modified for the different study cases, the tendency was
similar for each parameter study. Depending on the electric field present at the installation
point of the anti-corona device, the results of Figure 6 allowed for deciding the dimensional
characteristics of the anti-corona device as a first approximation.

As observed in Figure 6a, the change in thickness of the ring (keeping its internal
diameter constant) followed a downward linear trend. Analogously to the thickness, the
increase in the internal diameter of the ring (Figure 6b) followed the same trend. Thus,
the larger the internal diameter of the rings (keeping the rest of the parameters constant),
the smaller the electric field. Finally, the variation of the distance between the ring and
the connector in Figure 6c did not follow a linear trend, but a more complex trend. It was
verified that the farther the rings were from the connector, the less influence they had on
the electric field.
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For a more accurate design, three fitting equations were extrapolated from Figure 6
based on the parameters analysed and the maximum electric field value. Equations (1)–(3)
are intended for the selection of the corona ring dimensions. Equations (1) and (2) corre-
spond to the relationships between the electric field E (kV/cm) and ring thickness A (mm)
and between the electric field E (kV/cm) and the internal diameter of the ring Dint (mm).
Equation (3) relates the electric field E (kV/cm) and the distance between rings and connec-
tors dist (mm). The value of R2 for all the fittings was above 0.92. The constant values C1
to C6 according to the connector and equation are shown in Table 2.

Emax = C1× A + C2 (1)

Emax = C3× Dint + C4 (2)

Emax =
C5√
dist

+ C6 (3)

Table 2. Constant values of Equations (1) to (3) for each connector.

Connector C1 C2 C3 C4 C5 C6

Connector 1 −0.161 32.1 −0.103 37.3 −212 41.3
Connector 2 −0.138 16.8 −0.082 20.8 −376 36.9
Connector 3 −0.103 42.1 −0.074 47.3 −106 46.78

In Equations (1)–(3), the other parameters are kept constant, as specified in Table 2. A
single fitted Equation (4) was deduced for the most general case, where all the parameters
are described together. The constant values L1 to L4 for each connector are shown in
Table 3.

Emax = L1 + L2× A + L3× Dint +
L4√
dist

(4)

Table 3. Constant values of Equation (4) for each connector.

Connector L1 L2 L3 L4

Connector 1 56.8 −0.161 −0.103 −212
Connector 2 46.8 −0.138 −0.082 −376
Connector 3 56.2 −0.103 −0.074 −106

Equation (4) is useful for determining the electric field in a combination of the pa-
rameters that are not included in the studied cases, as long as the case considered is
an interpolation.

The distance between the rings and the connector (dist) is a key factor when studying
the adequacy of an anti-corona device. If physical restrictions are disregarded, the closer
the rings are to the piece, the smaller the electric field. In case the electric field value is not
sufficiently low, the rings would have to be replaced by other rings of greater thickness or
greater internal diameter.

5. Discussion

Based on the configuration of a specific connector, it is possible to avoid the appearance
of the corona effect by decreasing the value of the electric field at its surface. For this
purpose, the present study proposed installing corona rings around each conductor linked
by the connector. Under these conditions, the inception voltage increased, allowing for use
of this equipment in applications with a higher electrical voltage. The geometry of the rings
was defined by three parameters: thickness (A), internal diameter (Dint), and distance (dist),
which can be calculated separately using Equations (1)–(3) for the connectors investigated
in this study (Figure 1). The equations were verified for the connectors under study, which
were subjected to a line voltage of 450 kVpeak AC. The procedure can be generalised, and
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thus, it can be applied to other connector designs at any voltage level. The generalised
design methodology is introduced in the present paper.

The paper presents other contributions, too. First, the maximum electric field under
some conditions (e.g., connector 2) was not located in a favourable position for the anti-
corona ring to reduce its magnitude by a considerable percentage. The electric field
reduction was strongly influenced by the separation between the anti-corona ring and the
connector point under study. Hence, for very long connectors, the solution introduced in
the present work could be impractical. Alternatively, the anti-corona ring can circumscribe
the point where the electric field needs to be attenuated. However, the fixation of the ring
should be further studied.

Moreover, the design of the corona rings suggests the possibility of optimisation.
Equation (4) gives a tentative objective function, where both economic and technical aspects
should be considered. In any case, a sweep over each of the study cases is useful to analyse
the behaviour of all the variables together, as shown in Figure 7. In each axis of Figure 7,
one of the parameters involved in Equation (4) is represented. The electric field of each
square has a colour that represents its value and corresponds to the case with the midpoint
combination values. The hypersurface does not allow for inferring the behaviour of the
design parameters analytically, but it does offer a global idea of the corona ring designs
that should be considered by the designer. For instance, we could quickly establish areas
with a limit value (e.g., 30 kV/cm) and discard those designs on the hypersurface.
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6. Conclusions

The installation of corona rings around a device to protect it, e.g., HV substation
connectors, is a simple and effective way to avoid the appearance of the corona effect. The
rings decrease the electric field at the critical points, and consequently, the probability
of the corona effect occurring. The present study proposed a novel anti-corona device
arrangement consisting of the installation of a corona ring per conductor coupled through
substation connectors. This anti-corona device guaranteed a correct fixation and the corona
effect onset was reduced. The design was studied for specific connectors used for the
connection of four conductors under a line voltage of 450 kVpeak AC.

The design of corona devices is a key factor when evaluating the electric field at a
substation connector or in the case of substation repowering. Therefore, several simulations
were carried out in the present work in order to determine the most adequate anti-corona
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device design for a lower electric field. Three design parameters were considered, which
were related to the geometrical configuration: the thickness, internal diameter, and proxim-
ity of the rings. It was demonstrated that by increasing the thickness or internal diameter
of the rings, the electric field was reduced. The decrease in the electric field could also be
achieved by bringing the rings closer to the connector. Hence, all three design parameters
were essential when designing the proposed anti-corona device. In addition, it was hereby
shown that the relationship between the maximum electric field value of the connector and
the internal thickness or diameter of the ring followed a decreasing linear trend. However,
the relationship with distance was proportional to the inverse square root.

Based on the simulation results of the present study, it was concluded that the be-
haviour of the surface electric field was monotonous and had no tendency towards pro-
ducing valleys or ridges. However, the combination of the aforementioned three design
variables is the final decision of the designer, who in turn will have to take other factors
into account. Thus, the disposition and dimensions of the anti-corona device must be
defined by the designer with the aid of the method presented in this paper. Therefore,
fitting equations were introduced to be used for the optimal design of the rings for a given
connector as part of a design method. This can avoid needing to run an FEM simulation for
each anti-corona device to be installed. Non-linear regression was used assuming control
of the variables, then extrapolating said expression in a linear combination, assuming
interdependence between the variables involved. This approach improved the prediction
precision at the expense of simulation time. In any case, it is more adequate than an iterative
optimisation process.

The design of the anti-corona device to reduce the electric field suggests the possibility
of optimisation. A general equation was proposed in this study, and it could give a tentative
objective function. The economic and technical factors will imply other parameters of
importance. However, a sweep over each of the cases with the available information can be
useful to observe the behaviour of all the parameters together.

7. Annex I—Mesh Statistics and Hardware Used

Every mesh has different conditions due to the connector shape, size, and details.
Nevertheless, we averaged such values to provide detail of the meshing characteristics, as
shown in Table 4. All the discrete elements were tetrahedral, and they were second order.
The machine used in the simulations had the following specifications: Dell Precision Tower
7810, Intel Xeon E5-2620 v4 processor, 16 GB DDR4 RAM at 2400 MHz, two SSDs (Dell
Europe, manufacturing country Spain, manufacturing date 01/12/2018), one hard disc
Samsung PM87 of 500 GB SATA, one hard disc Samsung 250 GB NVMe 970 EVO Plus, and
an Nvidia Quadro K1200 video card. The average simulation time was around 40 min for
each case under these circumstances.

Table 4. Average mesh statistics of FEM models used.

Feature Value

Maximum element size 300 mm
Minimum element size 3 mm

Maximum element growth rate 1.3
Curvature factor 0.2

Resolution of narrow regions 1 mm
Mesh vertices 2,193,218

Number of domain elements 12,206,278
Number of boundary elements 1,176,207

Number of edge elements 31,275
Number of points elements 1006

Skewness 0.656
Maximum angle 0.736

Volume vs. circumradius 0.669
Volume vs. length 0.765
Condition number 0.826

Grow rate 0.551
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