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Abstract

In the coming years, a large portion of the 110 and 150 kV substations in the Netherlands will be
replaced. For this, the Dutch TSO TenneT has introduced the Bay Replacement Program (BRP), in
which the old bays are being replaced completely by standard, modular, and compact skid-mounted
bays. These bays are, in principle, plug-and-play, except for the busbar disconnector, for which the
pantograph has to be aligned to the overhead busbar. To make substations even more compact in
the future, this thesis aims to investigate the switching impulse breakdown strength of short air gaps
relevant to maintenance of the 110 kV BRP busbar disconnector, in order to determine the minimum
safety clearances.

The validity of the Schneider and Weck method for simulating the gap factor of short gaps (gap distance
smaller than 2 meters) is investigated. Electric field simulations in COMSOL were compared with
the original results from Schneider and Weck. The simulations reproduce the original results with
deviations below 5% for gaps larger than 2 meters. For gaps smaller than 2 meters, the results show
irregular behaviour. Experiments on a rod-plane and conductor-rod gap showed that the simulated
gap factor deviates significantly from the experimentally found gap factor, and the Schneider and Weck
model is therefore considered to be invalid for air gaps smaller than 2 meters. The experiments on a
rod-plane and needle-plane show that the Feser equation best describes the breakdown strength of
short rod-plane gaps, while the CRIEPI equation provides a conservative value suitable for clearance
determination.

Experiments on the BRP busbar disconnector were conducted in the TU Delft high voltage laboratory
to investigate the gap factor that may occur during maintenance. Four different gaps were tested:
conductor-rod, pantograph-rod, pantograph-needle, and earthing contact-needle. The results show
that the earthing contact-needle gap has the lowest gap factor of &, = 1.20, and hence is the determin-
ing gap for the critical clearance. This critical clearance is found to be 45.6 cm, based on a worst-case
risk evaluation. The currently enforced critical clearance by TenneT of 47.9 cm is considered to be
adequate. A simulation is performed to study the minimum clearances related to the electric field.
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Introduction

Since the 1990s, the electricity consumption of the Netherlands has increased by about 50% [1]. The
prediction is that the energy demand of existing consumers will reduce by 7 to 39% due to new tech-
nologies, energy savings, and increased efficiencies. However, new consumers (e.g. data centres)
and the energy transition will cause the overall energy demand to increase by 180 to 250% due to
significant electrification in almost all end-user sectors [2], [3].

To meet this increase in demand, the Dutch Transmission System Operator (TSO), TenneT, has to
modernise their high voltage grid to prepare for future demand. A separate problem lies in the regional
transmission grid (110 and 150 kV), as the substation components are reaching the end of their lifetime
or have already surpassed it. To replace these components in a fast and efficient manner, TenneT intro-
duced the Bay Replacement Program (BRP). This program targets substations where both the primary
and secondary components are due for replacement. The existing bays are being replaced completely
by retractable, standard, modular, skid-mounted bays. A total of 140 substations will be modernised in
the coming years [4], [5]. Figure 1.1 shows a substation with the compact and modular bays.

Figure 1.1: BRP substation with compact and modular bays. Image courtesy of C. Engelbrecht



The BRP stations are very compact in design, which prohibits maintenance without de-energising, dis-
mounting, and extracting the bay at hand to a safe working area. However, not all maintenance can
be performed with the bay in the safe working area, for instance, alignment of the pantograph busbar
disconnector (see Figure 1.2) to the overhead busbar. Therefore, the bays are separated by a safe
distance that allows for maintenance. To allow for further compaction in the future, it is necessary to
determine how small these safety distances can become without compromising safety. The high volt-
age laboratory of TU Delft has been lent a 110 kV BRP busbar disconnector by TenneT. Determining
the minimum safety clearances of this busbar disconnector is the main goal of this thesis.

L § T =
(a) One phase of the BRP skid-mounted busbar disconnector, with (b) Pantograph connected to the overhead busbar. Image courtesy of
the pantograph boxed C. Engelbrecht

Figure 1.2: BRP busbar disconnector pantograph and its connection to the overhead busbar

Main research objective

To define minimum safety clearances for the 110 kV BRP busbar disconnector.

To determine these safety clearances, the method defined in the IEC 61472 standard [6] is used. The
clearances are determined based on, among other factors, a representative overvoltage that may occur
on the bay and on a gap factor. This gap factor defines the relative strength of the clearances and is
based on the geometry of the specific high voltage component and its surroundings. A method to
simulate the gap factor is presented by Schneider and Weck [7], it is, however, only proven to be valid
for gap distances larger than 2 meters. Literature provides references for the gap factor for relatively
simple gaps with a gap distance larger than 2 meters. As the nominal voltage of the BRP busbar
disconnector is relatively low, the gap distances will be shorter than 2 meters. Therefore, this work
will investigate the validity of methods and equations for complex air gaps shorter than 2 meters. This
gives rise to the following secondary research objectives:

Secondary research objective

To define gap factors for gaps occurring during maintenance of the 110 kV BRP busbar discon-
nector.

Secondary research objective

To validate the method of Schneider and Weck [7] for determining gap factors when applied to
air gaps shorter than 2 meters.
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1.1. Outline of chapters
This thesis is structured as follows: Chapter 2 explains in detail safe work procedures, clearance deter-
mination, switching surge strength, and introduces two methods to determine the gap factor. Chapter
elaborates on the gap factor simulation method from Chapter 2. Chapter 4 first introduces different
high voltage testing methods and the analysis of results. It then describes the experimental work on
simple geometries, the rod-plane, needle-plane and conductor-rod gap. As a logical next step, Chap-
ter 5 describes the experimental work on complex geometries, namely gaps that are found around the
busbar disconnector during maintenance. Chapter 6 combines the preceding chapters and introduces
electromagnetic safety limits. These two factors combined will lead to defining the safety distance for
personnel working on the BRP busbar disconnector. Chapter 7 discusses the findings of this work.
Lastly, in Chapter 8, a conclusion, recommendations and directions for future work are presented.



Background

This chapter describes the background on the equations, models, and methods used.

2.1. Safe work procedures

Safe working is a top priority in all industries, but it becomes even more important when high voltages

are involved. Working close to an energised part could potentially result in a breakdown, being lethal for

the worker, and a blackout in case of a short-circuit, affecting a large number of consumers. Therefore,

the conditions under which work may be performed close to an energised part are very strictly controlled

and carefully described. For this, safety zones around an energised part are defined as shown in Figure
. The parameters in Figure are described below [8].

» Dy isthe live working zone. Working in this zone has to be considered as working on an energised
part, and is only allowed if live working techniques, tools and procedures are used. The minimum
value of Dy, is determined by calculating the electrical distance D;;, and adding a safety margin.
Dy is the maximum distance at which sparkover to a grounded object can reasonably occur.

» Dy is the vicinity zone. Working in this zone is only allowed for trained personnel.

* Dg is an ergonomic component. This can be added to D, to ensure that even during inadvertent
movements, the live working zone will not be entered.

Bare live part
Live working zone

Vicinity zone

Outside the vicinity zone

Figure 2.1: Definition of danger zones, based on [€], [8]

Both Dg and Dy are administratively defined. For this thesis, Dy is of main interest. The current

4
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working distances TenneT enforces for the BRP project are listed in Table

Table 2.1: Current danger zones, defined by TenneT [9]

U, Dy Dy, Dg Dy
1M0kV | 479 mm | 500 mm | 500 mm | 1000 mm
150 kV | 689 mm | 700 mm | 500 mm | 1200 mm

N.B. Unless stated otherwise, power-frequency system voltages (U,,, U,,) are given as RMS phase-to-
phase voltages. Per-unit voltages are expressed relative to the phase-to-ground peak operating voltage.
Impulse voltages (LIWV, SIWV) and statistical breakdown voltages (e.g., Uso, Uig) are expressed as
peak values.

In the design of high voltage systems, specifying the right insulation level is essential to prevent break-
downs. Breakdowns, however, do not behave like a step function, but are probabilistic. Because the
phenomenon is not binary, selecting an appropriate insulation level is more involved than selecting one
threshold value. The procedure of choosing the suitable insulation level is called insulation coordina-
tion. It is a trade-off between stress (what overvoltages are to be expected on the circuit) and strength
(what is the maximum overvoltage that should not cause a flashover over the insulator). The stress
can be determined through network transient studies (e.g. using EMTP-ATP), and the strength can be
tested in a high voltage laboratory. Insulators are defined by their withstand voltage under a certain
type of stress (e.g. 50 Hz AC, lightning impulse, etc.).

Based on the international standard for insulation coordination, IEC 60071-1 [10], substations can be
divided into two ranges based on their maximum operating voltage. Substations with U,,, < 245 kV are
categorised as range | systems, and substations with U,,, > 245 kV are categorised as range |l systems.
The following rated withstand voltages are used to define the rated insulation level (i.e. the insulation
strength) [10]:

1. For equipment in range | (U,, < 245 kV):

a. the standard rated lightning impulse withstand voltage (LIWV)
b. the standard rated short-duration power-frequency withstand voltage (ACWV)
2. For equipment in range Il (U, > 245 kV):

a. the standard rated switching impulse withstand voltage (SIWV)
b. the standard rated lightning impulse withstand voltage (LIWV)

This thesis discusses the clearances for a U,, = 110 kV BRP station, with a maximum operating voltage
of U,, = 123 kV, resulting in a phase-to-ground peak voltage of U = 123,/2/3 ~ 100 kV, which is
defined as 1 p.u. Hence, this substation is categorised as a range | substation. As explained above, for
equipment in this range, the insulation level is defined by the standard lightning impulse and standard
short-duration power-frequency withstand voltages. TenneT determines air insulation distances solely
by transient overvoltages [11], and as IEC 60071-1 [10] does not specify SIWV as a parameter for range
| equipment, the SIWV and switching overvoltages in a range | system are generally not considered,
and therefore not properly defined.

It is not allowed to perform work in a substation when lightning is visible, or thunder is heard within
10 kilometres of the station [12], which rules out lightning as a potential cause for overvoltages during
maintenance activities. As a consequence, only switching overvoltages need to be considered and are
used to calculate the safety clearances [6]. This raises an important contradiction for range | equipment.
For dimensioning the insulation of range | equipment, switching overvoltages are not taken into account,
but for determining safety clearances, switching overvoltages are the most important factor. As a result,
little information is available on the switching impulse strength of range | substations and the applicability
of the equations used to determine clearances.

In situations where switching overvoltages need to be considered, the LIWV can be converted to an
equivalent SIWV that can be used to determine the correct insulation level for the range | system.
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IEC 60071-2 [13] gives a method to relate the two withstand voltage levels: LIWV = SIWV(1.05 +
SIWV/6000), and consequently:

SIWV = —3150 4 /31502 + 6000 x LIWV (2.1)

The LIWV for the BRP busbar disconnector is 550 kV = 5.5 p.u. [11]. According to Equation , the
expected SIWV of the busbar disconnector would be 486.27 kV =~ 4.9 p.u.

2.2. Determining the live working zone

The international standard on live working (IEC 61472 [6]) gives a method for calculating the live working
zone (Dy in Figure 2.1). This method is illustrated in the flowchart in Figure 2.2, and described in more
detail below.

N.B. |[EC 61472 does not use the same terminology as the standards on insulation coordination (IEC
60071). In this flowchart, the terminology of the IEC 61472 standard is used.

Performed actions Outcome
e A A
. : 2% representative
System analysis :
; overvoltage
- S
s l 7

Selection of maximum risk

Safety factor: K, —{ 90% withstand voltage }

[

Selection of allowance
for degradation and
maintenance

Damaged insulator

factor: k; Required Uy of
_ ; a rod-plane gap
Floating conductor ~||: under maintenance
factors: k; and I’ :
- J
' l N
Selection of installation
location

Required withstand voltage

Atmospheric factor: k, at reference atmospheric

L conditions
s l A

Selection of air gap strength

under normal conditions
‘ Statistical deviation: k, a ; Required electrical
_ H Required Usq of qclearance'
iE a rod-plane ga i )
Gap factor: k, il p gap D, =217 (ero/lOSO _ 1) L F

Figure 2.2: Flowchart to determine the electrical clearance, based on [6], [13], [14]
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System analysis: As described in Section 2.1, only switching overvoltages need to be accounted for
when determining Dy. The IEC 61472 standard takes the 2% switching overvoltage, which can be
determined using a system study (e.g. with EMTP-ATP), or using Figure

Safety margin: The safety margin K relates the 2% switching overvoltage to the 90% withstand
voltage Uyy. The safety margin K, can be setto K, = 1.1 if no ergonomic component Dy is defined in
the zones, and to K, = 1.0 if an ergonomic component is defined. In both cases, Equation should
hold. This states that, even if an ergonomic component is added and K ; = 1, the total clearance should
be larger than when setting K; = 1.1 without an ergonomic component.

Dy(k,=1.0) + Dg > Dy(k,=1.1) (2.2)

N.B. This is different from IEC 60071-2, where the coordination withstand voltage is related to the
representative overvoltage with a deterministic or statistical coordination factor, and a safety factor is
only introduced to differentiate between internal and external insulation.

Damaged insulators, k;: This factor takes into account working next to damaged insulators. Its value
is based on the length of undamaged insulators (A4,), length of damaged insulators (A4,) and a coefficient
related to the material of the insulator (k; = 1 for toughened glass insulators, k; = 0 to 1 for porcelain
insulators, and k; = 1.25 for composite insulators). This results in k; = 1 — 0.8k4(A4/A,). In this work,
damaged insulators are not considered, resulting in k; = 1.

Floating conductors, k¢ & F: Conductors at floating potential in the gap influence the strength of
the gap. Determining their influence is more elaborate, refer to [6, Sec. 4.3.2.4]. This work does not
consider floating conductors, resulting in k; = 1 and F' = 0.

Atmospheric factor, k,: The atmospheric factor accounts for the effect of humidity and air density,
which is influenced by temperature and altitude. The combined effect of temperature and humidity is
considered negligible in comparison with the effect of altitude [13]. The average altitude in the European
Netherlands is around 30 meters above sea level [15], which results in an atmospheric factor of k&, = 1.
If, however, the highest part of the European Netherlands is taken (around 300 m above sea level [16]),
this atmospheric factor changes to k£, = 0.983. A full list of &, values is shown in [6, Tab. 1].

Statistical deviation factor, k,: This factor accounts for the statistical nature of the breakdown voltage,
and relates Uy to Uy via Usg = Uyo/(1 — 0.01280) = Uyo/ks. A standard value of ks = 0.936 (o = 5%)
can be used in case Usq was calculated [6]. [13] suggests o = 6% and [17] proposes o = 7%. If Usg is
known from tests, the resulting standard deviation of that test should be used.

Gap factor, k,: The gap factor accounts for the geometry of the gap and relates the 50% breakdown
voltage of the gap of interest to the 50% breakdown voltage of a rod-plane gap. This factor will be
discussed in detail in this thesis.

Operational factor, K;: The operational factor is the multiplication of all the previous factors, i.e.,
Ky = kokgkok k.

N.B. This is different from the flowchart in Figure 2.2, where the different operational factors are shown
separately.

Final clearance determination: The electrical clearance Dy is determined using the CRIEPI equation
(Eq. ), which relates the Us, of a rod-plane for a critical switching overvoltage to the gap distance.
Using the operational factor K;, and the floating conductor length F, the electrical distance can be
calculated using Equation [6].

Dy = 217 (V10/ 005050 _ 1) 4 (2.3)

2.3. Switching overvoltages

Switching overvoltages are transients that occur in the power system due to sudden changes in the
network conditions, usually due to switching operations. This could, for instance, be the energisation or
de-energisation of a line or cable, transformer switching or restrikes in a circuit breaker. The magnitude
of the overvoltage due to a switching operation is highly dependent on the system and its components.
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Switching overvoltages in a network are usually characterised by a representative overvoltage which
has a 2% probability of exceedance (this is the 2% representative overvoltage in Figure 2.2). Typical
values of the representative overvoltages that can be expected in EHV and UHV networks are pre-
sented in Figure 2.3. Depending on the system and components, they typically range from 1 p.u. to 3.7
p.u. The maximum overvoltage due to a switching operation rarely exceeds 4.9 p.u. [18]. This specific
overvoltage may occur on a reclosed line after clearing a multi-phase fault on a radial network with a
conventional circuit breaker.

Although [6] and [18] do not fully agree on the overvoltages to be expected, they give a good indication.
In the previous subsection, the equivalent SIWV of the BRP busbar disconnector was calculated to be
4.9 p.u., and [18] specified the maximum overvoltage due to a switching operation to be 4.9 p.u., hence
the SIWV of the busbar disconnector is right at the boundary. However, only considering the maximum
overvoltage of 3.7 p.u. specified in [6], the SIWV of the busbar disconnector would be sufficient.

The Nota Isolatiecodrdinatie (memo on insulation coordination for Dutch high voltage grids) [19] reports
on the Dutch grid, where the maximum overvoltage due to switching is found to be 3.7 p.u. This value
is retrieved from [13, Fig. 1] (on which Figure is based) [19]. These overvoltages do not consider
the presence of surge arresters.

A recent measurement study in the 110 kV TenneT grid shows however, that the maximum overvoltage
in a substation observed over one year is 1.55 p.u. [20]. The study includes around 300 measurements
that include system faults (15 events), transformer (15 events) and other component switching (200
events), and unknown events (40 events).

—_

o Closing
o Three phase reclosing
Closing resistor
e yes ono
Network type
e meshed o radial
Shunt reactance compensation
e > 50% 0 < 50%
St rtyf Pttty
g_ L1 Ue2,min [ ] -
; 4 -Ue2,max[ ] 1
% — Umax [18]
S 3
c
Q — —
o 2 — .
o
£
=]
(%]
Q
x

i ! |

Figure 2.3: Overvoltages to be expected due to different switching operations

During maintenance operations, switching overvoltages may be reduced due to restrictions on switch-
ing operations during the period of maintenance. Absence of switching operations can however not be
guaranteed, as involuntary switching operations due to faults or other abnormal system conditions can
not be planned nor postponed. Therefore, the conservative assumption is made that there will be no
restrictions on switching operations during the period of maintenance.

The insulation strength under switching surges is determined with an impulse voltage. This impulse
ideally has a double exponential wave shape, which is defined by its peak voltage U,, the time-to-crest
T.., and the time-to-half T;,;; [21]. These parameters are graphically shown in Figure

N.B. This is the definition as per the IEC 60060-1:2010. The most recent version of the standard, IEC
60060-1:2025, uses a front time T} instead of the time-to-crest.
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Upk,

Upk/2

Voltage

T‘tmﬂl

Time
Figure 2.4: Impulse wave with its parameters
To systematically test high voltage equipment for this kind of overvoltages, a standard switching impulse

is defined. The standard switching impulse has a time-to-crest of 7., = 250 ys and a time-to-half of
Tiait = 2500 pus. The Us, for this standard switching impulse on a rod-plane gap, as shown in Figure 2.5,

is known as the Paris equation [22] and is defined in Equation 2.4. This equation holds for 2 < d < 6
m.
)
(
Id 0,6
7 7 7 Uso,r—p = 500d™ (2.4)

Figure 2.5: Rod-plane gap

Where d is the gap spacing in meters, and Usg ,—, the 50% breakdown voltage in kV.

Switching surges in the electric power system do not always have the same wave shape, i.e. every
surge might have a different T,,. and T;,;;. Laboratory tests have shown that the switching breakdown
voltage is highly dependent on T,,., and only very little on T},;;. It was found that for every gap length,
there is a critical value of T,,., where the breakdown voltage Uy, reaches a minimum value [23], [24].
This is shown in Figure for rod-plane gaps at different laboratories and gap distances of 0.5 and 1
meters.

600 T T T T T T T T T
500 | i
400 |- i
<
X
= 300 |
=
200 | i
--- 0.5m, CRIEPI [25]
—— 1 m, Takeyama [26]
100 |- ---1m, T.U. Munich [26] | |
------ 1 m, CRIEPI [25]
0 : :

| | | | | | |
0 50 100 150 200 250 300 350 400 450 500
Ter (US)

Figure 2.6: Positive rod-plane breakdown voltage as a function of T,
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The positive flashover strength of a rod-plane gap at critical time to crest, with a validity of 1 < d < 21
m, is defined by Gallet et al. [26] as:

3450

U50,7‘7p,cr = ﬂ (25)
and separately by CRIEPI [25], for 0.5 < d < 12 m:
Uso,r—p,cr = 10801n(0.46d + 1) (2.6)

Feser [27] introduced an equation for the flashover strength of specifically short rod-plane gaps under
switching impulses with a 60/525 us wave shape, being valid for 0.4 < d < 3 m:

U50,7-_p = 100/50d + 1 — 250 (27)

All the four equations mentioned above are shown in Figure
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Aot —— Paris, Equation
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L .
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0L £ I I I I I
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Gap distance (m)

Figure 2.7: Rod-plane gap strength for positive switching impulses. Extrapolation of the breakdown equations outside their
validity range is shown in red.

It can be concluded from Figure that both the Gallet and the CRIEPI equations are closely related
to each other, and that the Paris equation shows a higher Us, (as this equation is defined for the
standard impulse, not the critical). The Feser equation lies between the Paris and CRIEPI equations
for 0.25 < d < 2.1 m. There is a large spread amongst these four equations (around 80 kV at a gap
distance of 1 m), potentially leading to incorrect clearances. Typical air gaps in 110 and 150 kV networks
are in the order of 1 to 1.5 m [9], and therefore it is important that the equation that represents this range
best is used for clearance determination.

The breakdown strength of a gap under negative switching impulses is usually higher than under posi-
tive switching impulses. The Usq of a rod-plane gap for critical negative switching impulses is given in
Equation 2.8. This equation is valid for 2 < d < 14 m [17], [28].

Uso.r—per = —1180d°4° (2.8)
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2.4. Rod diameter

For smaller gap spacings, it is found that the shape and size of the electrode may have an influence on
the breakdown strength. Especially, the diameter of the rod in a rod-plane geometry is of interest [29].
For every gap distance of a rod-plane gap, there exists a maximum radius below which the breakdown
strength is not dependent on the rod radius anymore [29], [30]. This radius is called the critical radius,
and is illustrated in Figure 2.8, where the dashed line shows inter- and extrapolated values of the results
from [29].

175} / g
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~ 0751 fig—om. |
05 i/ |
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1 Critical radius < 5 cm (for d < 0.5 m)
0 RS | I I I I
081 01 0.2 0.3 0.4 0.5 0.6
=

Rod radius (m)

Figure 2.8: Critical radii for different gap distances d, modified from [29, Fig. 4]

The concept of the critical radius is also introduced by the Les Renardiéres Group [31], with the formula:
R. = 38 (1 - e*d/wo) (2.9)

where R, is the critical radius in cm and d is the gap distance in cm. For a gap distance of d = 0.5 m,
this leads to a critical radius R. ~ 3.6 cm. The anticipated breakdown voltage for a gap distance of 0.5
m is around 250 kV (see Equation 2.7), which leads to a critical radius of around 5 cm using Figure
Therefore, the critical radius is expected to be at the lowest 3.6 cm.
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2.5. Gap factor

Paris [22] first discussed the idea of the gap factor, as a method for estimating the flashover strength
of practical gaps in substations and overhead lines. It relates the 50% breakdown voltage (Usg) of any
gap geometry with the positive Uiy of a rod-plane gap as follows:

kg = M (2.10)
U5O,rod-plane

As the rod-plane gap is considered to have the lowest breakdown strength among all gap geometries, it
represents the worst case, i.e., k, > 1. The initial research of Paris performed tests for 13 different gaps,
with the gap factor in the range 1.00 < k, < 1.90. Other references show slightly different gap factors
[6], [17], although they are in a similar range. As the gap factor can be as high as 1.9, considerable
errors can be made when not taking the gap geometry into account when dimensioning air insulation
[32]. The Us is generally lower for switching impulses of positive polarities, but for k, < 1.5, the
negative polarity switching impulses may cause a breakdown at lower voltages [13], [23], [33]. A list
with common ranges of gap factors is shown in Table

Table 2.2: Ranges of gap factors for different gap configurations under positive impulses [17]

Gap configuration Range of gap factors k,
Rod-plane 1.00

Vertical rod-rod 1.25 -1.35

Horizontal rod-rod 1.25 —1.45
Conductor-lateral structure | 1.25 — 1.40
Conductor-lower rod 1.40 — 1.60
Conductor-plane 1.15

Post insulator 1.18

Schneider and Weck [7] introduced a method that allows the gap factor under positive impulses to
be deduced from the asymmetry and inhomogeneity of the electric field distribution in the gap, in an
attempt to eliminate the need for costly laboratory tests. Their method is described in more detail below.

Inhomogeneity of the gap The inhomogeneity of the gap is mostly determined by the shape of the
positive electrode. The higher the inhomogeneity of the gap, the lower the gap factor due to a higher
electric field at the positively charged electrode. Gap inhomogeneity can be described as:

/337: E(z)dx = ¢o(z;) = F; (2.11)
0

The outcome of the integral, F;, is the space potential at distance x; at which the E-field is equal to the
electric field of a homogeneous gap with the same gap distance (E = U/d, with U the applied voltage
across the gap). This is graphically shown in Figure . For the 9 gaps considered in the paper, z;
was in the range 0.8 d < x; < 0.95 d. Schneider and Weck found x; = 0.9 d (90% of the gap distance)
to give the best fit for different gap types and distances.

Symmetry of the gap The symmetry of the gap is mostly determined by the shape of the grounded elec-
trode. The higher the symmetry, the higher the gap factor. An increased electric field at the grounded
electrode leads to a decreased electric field at the positive electrode. This produces a definite minimum
electric field within the gap. The space potential at this definite minimum describes the gap symmetry
and is given by the following integral:

/ws E(z)dz = p(z,) = F, (2.12)
0

This integral is shown in Figure . The gaps studied by Schneider and Weck showed a minimum
between 0.3 d and 0.5 d. They concluded that z; = 0.4 d (40% of the gap distance) gives the best fit
amongst different gaps.
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Figure 2.9: Definition of z; and x5, shown for different gaps

Based on the potentials described above, a ratio R is introduced:

po $as=04d) _ ou (2.13)

wlx; =0.9d)  wgo
This ratio relates to the gap factor &, as:

kg = 2.38R + 0.48 (2.14)

Schneider and Weck validated this method with experiments in an electrolytical tank for different elec-
trode configurations (rod-plane as the reference gap and 11 other gaps) and for four different gap
distances (2, 3, 4, and 6 m). According to them, the validity of this method is limited by the minimum
gap distance, fromaround 1matk, = 1to 2.7 matk, = 2[7, Fig. 5]. Gaps shorter than 2 meters were
not described or used to validate their model. As the gap distance for the 110 kV busbar disconnector
may become lower than 2 m, the validity of this method for d < 2 m will be investigated.

2.6. Air gaps in substations

In substations, it is of great importance that the insulation strength is dimensioned well, as there might
be people working there. Therefore, the gap factors proposed in standards are chosen to be conser-
vative. Substations mainly have three types of phase-to-ground gaps [33]:

Type 1: Between conductors and portals
Type 2: Between live parts of the substation apparatus and portals
Type 3: Between conductor and ground

Gaps of type 1 are mainly encountered at the incoming overhead lines and at busbar portals in the
substation. These gaps can be considered a conductor-lower structure gap with £, = 1.3.

Type 2 gaps can be found between all types of apparatus (surge arresters, disconnectors, CTs, VTs,
etc.) and portals. As all the apparatuses have different geometries, it is difficult to define one gap
factor for all gaps. Therefore, arange of 1.1 < k, < 1.3 is used for these types of gaps. A configuration
more similar to a rod-structure (e.g. an open disconnector switch near a portal) can be characterised
by k, = 1.1, whereas configurations more similar to a conductor-structure (e.g. a closed disconnector
switch near a portal) can be characterised by k;, = 1.3.

The last gap is straightforward; it is the gap between an overhead conductor and the ground plane.
These clearances are normally sufficiently high, as the busbars are supported by post insulators. For
these types of gaps, a gap factor of k£, = 1.1 (rod-structure) covers all situations [33].

Minimum clearances for TenneT substations (including Table 2.1) are defined based on the rod-structure
gap factor (k, = 1.1) [11].
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2.7. Breakdown mechanisms

When a high electric field is applied across an air gap, free electrons in the air are accelerated and
collide with atoms, ejecting further electrons. This multiplication occurs entirely within the gas volume
and is called an avalanche. This is depicted in Figure

E

~

Movement of electrons

A

Figure 2.10: Electron avalanche

If the electric field only exceeds a critical threshold locally (near an electrode), avalanches remain
confined to that region and cannot bridge the gap. This is called corona: a self-sustaining but localised
discharge. It is characterised by a glow around the electrode.

When the electric field exceeds the critical threshold across a larger part of the gap, the space charge
built up at the avalanche head distorts the local field enough to make the avalanche self-propagating.
This propagating discharge is called a streamer. Under lightning surges, the gap is typically bridged in
the streamer phase [34].

Under switching surges, where the electrical stress is lower, the streamer may transition into a leader.
As the electron density in the streamer channel increases, energy transfer to surrounding ions and
neutral atoms heats the gas locally. This thermal ionisation increases conductivity further until a hot,
highly conductive plasma channel is formed, which is called a leader [34].
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2.8. Research gap

The gap factor determined in literature is mostly defined for large air gaps (d > 2 m) and relatively simple
geometries [7], [10], [23], [26], [32]. EPRI performed extensive literature research to gather literature
containing breakdown values and gap factors for relatively long air gaps [35], and specifically for air
gaps shorter than 1 m [36]. The gaps investigated in this research have relatively simple geometry.
Gourgoulis et al. [37] report on breakdown experiments performed on a 50 cm conductor-rod gap, for
both lightning and switching impulses. The aforementioned results are shown in Figure , together
with the CRIEPI and Feser equations.
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Figure 2.11: Breakdown voltages for rod-plane and conductor-rod gaps. The CRIEPI and Feser equation are shown for
reference, sections of these equations marked in red are extrapolated.

The currently defined critical clearances in the BRP busbar disconnector are lower than 1 m (see Table

), so most previously defined equations and methods to determine the Us, and &, cannot be deemed
valid anymore. As the busbar disconnector skid has a complex geometry, an accurate gap factor cannot
be retrieved from existing literature. Therefore, this work aims to define critical clearances and gap
factors for the 110 kV BRP busbar disconnector.



Simulation of the gap factor

As Schneider and Weck [7] discussed, it is possible to determine the gap factor for gaps with a gap
distance d > 2 m using the electric field and space potential distribution. They used an electrolytical
tank to simulate these fields, but nowadays it is possible to determine these using FEM software. This
method is also investigated by Terna, the Italian TSO [38]. To validate the measurements done in [7]
and to extend those measurements to smaller gaps, several simulations are performed in COMSOL
Multiphysics®.

3.1. Verification of the method of Schneider and Weck

This section reproduces the results of Schneider and Weck. First, the rod-plane gap is investigated, and
then the conductor-rod and conductor-plane are considered. The electric field distribution is simulated
and then used to determine the gap factor.

3.1.1. Rod - plane

The rod-plane gap, as used by [7], is shown in Figure 3.1. The same geometry is used for a 3D electric

field simulation for several gap distances. The simulated electric field for a 0.5 m gap is shown in Figure
. The gap factors are studied using the previously described model of Schneider and Weck. The

results are listed in Table and shown in Figure 3.3, where they are compared to the results from

Schneider and Weck and to gap factors in literature [17].

60
7 m f=6m

d
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Figure 3.1: Rod-plane gap [7, Fig. 13a]
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Figure 3.2: Electric field distribution of the 0.5 m rod-plane gap of Figure

Table 3.1: Results of the Schneider and Weck model for determining the gap factor of rod-plane gaps

Gap distance (m) [ o(z.) (V) | @(x:) (V) [R() | k4 ()
0.25 12331 48813 0.253 | 1.08
0.50 9788 40197 0.244 | 1.06
0.75 8613 35593 0.242 | 1.06
1 7875 37291 0.241 | 1.05
2 6363 26673 0.234 | 1.05
4 5139 21908 0.235 | 1.04
6 3977 18519 0.215 | 0.99

Los| % -e- COMSOL simulation | |
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Figure 3.3: Comparison of simulated rod-plane gap factor with literature results

It can be concluded that, although the values from the simulation are relatively close to &, = 1 from the
literature, it does not represent the actual gap factor. By definition, the gap factor of the rod-plane gap
is 1.0, as it is taken as a reference. Therefore, the other gap configurations have to be scaled according

to the rod-plane gap factors found in Table

k normalised —
g, k

kg,from simulation

g,rod-plane from simulation

. This normalisation is performed as follows:

(3.1)
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3.1.2. Conductor - rod

The second setup to be simulated is the conductor-rod geometry, shown in Figure and simulated
in 3D.
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Figure 3.4: Conductor-rod gap [7, Fig. 13h]

The simulation for a gap distance of 0.5 m results in an electric field distribution as shown in Figure
Schneider and Weck introduce z, = 0.4d and z; = 0.9d. This leads to z;, = 0.2 m and z; = 0.45 m.
The space potential at these locations is retrieved from the simulation, the ratio R is calculated using

Equation and the gap factor k, is calculated using Equation . These parameters are shown
in Table
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Figure 3.5: Electric field distribution of the 0.5 m conductor-rod gap of Figure (H'=4m)

Table 3.2: Non-normalised results of the Schneider and Weck model for determining the gap factor of conductor-rod gaps

Gap distance (m) | ¢(x;) (V) | p(2i) (V) | R(:) | kg ()
0.25 33300 80811 0.412 | 1.46
0.50 33336 70422 0.473 | 1.61
0.75 32294 65512 0.493 | 1.65
1 31033 62223 0.499 | 1.67
2 26871 54827 0.490 | 1.65
4 22568 49313 0.458 | 1.57
6 14284 38958 0.367 | 1.35

Figure shows that in the range d > 2 m (where both Hileman [17] and the model [7] are valid),
the normalised simulation results are comparable with the literature results. The simulation results,
however, show a sudden change in the gap factor between 0.25 < d < 1 m. This could already indicate
the invalidity of this method for small gap distances.
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Figure 3.6: Conductor-rod gap factor (H' = 4 m)
3.1.3. Conductor - plane
The simulation was performed in 2D for the conductor-plane gap setup (shown in Figure 3.7). The

electric field distribution is shown in Figure

. The results are shown in Table
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Figure 3.7: Conductor-plane gap [7, Fig. 13d]
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Figure 3.8: Electric field distribution of the 0.5 m conductor-plane gap of Figure

and Figure
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Table 3.3: Non-normalised results of the Schneider and Weck model for determining the gap factor of conductor-plane gaps

Gap distance (m) | ¢(x;) (V) | p(2i) (V) | R() | kg ()
0.25 21006 62671 0.335 | 1.28
0.50 18251 57633 0.317 [ 1.23
0.75 16761 54477 0.308 | 1.21
1 15832 52192 0.303 | 1.20
2 14004 46994 0.298 | 1.19
4 12737 42786 0.298 | 1.19
6 12549 41335 0.304 | 1.20

1.35 T T
-e- COMSOL simulation
1.3 Simulation normalised to rod-plane | |
° X Schneider and Weck [7]
\ — Hileman [17]
~ 125 |
g .
S N
El - by YU S S I IS o |
& 12 s R o---m-"
Q
@©
© LIS X ..........................
1.1 ) -
105 l l l l l l
0 1 2 3 4 5 6

Gap distance (m)

Figure 3.9: Conductor-plane gap factor

Figure 3.9 shows that the normalised gap factor aligns well with the literature. The discrepancy between
the raw and the normalised results at d = 6 m is caused by the simulated rod-plane gap factor, which
is smaller than 1. The normalised simulation results differ at most 5% from the results from Schneider
and Weck.

Results for more gaps are listed in Table

3.1.4. Conclusion

The method of Schneider and Weck [7] in the electrolytical tank is verified with simulations in COMSOL
Multiphysics®, showing a difference of at most 5%. The cause of this difference is likely due to the fact
that Schneider and Weck used an electrolytical tank, resulting in a lower accuracy than COMSOL. As
there is no comparison possible outside the validity range of literature [17] and outside of the validity
range defined by Schneider and Weck, the validity outside this range remains uncertain.
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3.2. Experimental gaps

This section deals with the simulation of gaps, used for experimental work in a later stage. The setups
are simulated in a model of the high voltage laboratory, shown in Figure . The red dot marks the
location where the setups are placed. This corresponds with the actual placement in the laboratory.
The floor, walls and ceiling of the laboratory are grounded in this simulation.

25m

40.7m

Figure 3.10: The modelled high voltage laboratory. Walls, floor and ceiling are grounded.

The results of this section will be used to compare with the experimental results of the following chapters.

3.2.1. Rod - plane

A rod-plane gap that can be constructed in the laboratory is shown in Figure . This geometry is
placed in the modelled high voltage laboratory, and the electric field is studied to arrive at the gap factor,
following the method of Schneider and Weck described earlier. The results are listed in Table
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Figure 3.11: Rod-plane geometry

Table 3.4: Results of the Schneider and Weck model for determining the gap factor of realistic rod-plane gaps

Gap distance (m) | w(z.) (V) | o(@) V) | R() |k, ()
0.50 11959 49128 0.243 | 1.06
0.75 10459 43518 0.240 | 1.05
1 9530 39873 0.239 | 1.05

Table shows that the simulated gap factor is around 1.05. This gap factor can be used to normalise
the gap factor of the conductor-rod geometry, as explained in Section

These results compare well with the results of Schneider and Weck (Section ). The geometry is
the same, except for the length of the rod. The dimensions of the laboratory are now included in the
model, meaning that this has a negligible effect.



3.2. Experimental gaps 22

3.2.2. Conductor - rod
A conductor-rod geometry that can be constructed in the laboratory is shown in Figure . Its gap
factors are again studied using the method of Schneider and Weck.
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Figure 3.12: Conductor-rod geometry

This yielded the gap factors listed in Table 3.5. The gap factor normalised to the rod-plane gap factors
is also shown.

Table 3.5: Results of the Schneider and Weck model for determining the gap factor of realistic conductor-rod gaps

Gap distance (m) ‘P(ms) (V) (p(w,) (V) R (') kg (') ky,normalised (')
0.50 34310 69213 0.496 | 1.66 1.57
0.75 29343 63558 0.462 | 1.58 1.50
1 25537 59293 0.431 | 1.51 1.43

The normalised results are in the range Hileman mentions (1.4 < k, < 1.6) [17]. The gap factors are
slightly lower than the results from [7] (shown in Figure 3.6), due to the difference in geometry.

The results of these rod-plane and conductor-rod gaps will be verified using experimental results in the
following chapter.



Experimental work on simple
geometries

This chapter starts with an introduction and background on high voltage testing, after which a relatively
simple geometry will be tested to validate the method of Schneider and Weck [7], namely the conductor-
rod gap. Conductor-rod gaps are considered to be found during work in substations, for instance, while
walking with a ladder, or while pointing with a screwdriver.

Gap factors are always taken with reference to the positive rod-plane gap (see Eq. )[23]. Therefore,
the breakdown strength of rod-plane gaps has to be known before gap factors for different geometries
can be studied. The gaps in this chapter will be studied at gap distances of d = 0.5, 0.75, and 1 m, for
both positive and negative stresses.

4.1. Introduction to high voltage testing

This section describes the test setup, test methods and analysis of test results used for the experimental
work.

4.1.1. Test setup

To perform impulse testing, an impulse generator is connected to the device under test, and a voltage
divider is connected. The voltage is measured using an oscilloscope. A general test setup is shown in
Figure

1
D
U
T
Oscilloscope  Voltage divider Device under test Impulse generator

Figure 4.1: High voltage test setup
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An impulse generator consists of several resistors and capacitors (see Figure 4.2). C; represents the
capacitance of the device under test (DUT), R4 the tail resistor, R, the front resistor, R¢, the charging
resistor and C; the impulse capacitors. The combination of resistors and capacitors determines the
wave parameters. For the gaps considered in this thesis, the critical time-to-crest is around 100 ys (see
Sections 4.2, , and Chapter 5). The critical time-to-crest is used, as the worst-case scenario has to
be considered when determining clearances. The critical time-to-crest gives rise to the lowest break-
down strength, and hence is the worst case. The time-to-half used should be close to the time-to-half
of a standard switching impulse, which is 2500 ps [21]. Only a limited number of resistors are available
to be used in the impulse generator, therefore it is not possible to generate all arbitrary waveforms.

b

1

Figure 4.2: Equivalent circuit of the TU Delft impulse generator for switching impulses

To generate the desired T, and T;,;;, the resistances are tuned as listed in Table 4.1. With these values
and 5 stages of the impulse generator, the generated waveform will have T, ~ 125 ps and T},;; ~ 2100

us.

Table 4.1: Impulse generator capacitance and resistances, per stage

Cy 0.5 UF
Ry | L7kQ
Rq | 5kQ

The DUT is connected to the impulse generator using a copper wire. The voltage divider is connected
to the device under test via a copper band. It has a divider ratio of 1604 : 1 V. A band is preferred
over a wire to minimise self-inductance and measure the high-frequency wave without distortion. The
low voltage side of the divider is connected to a measurement system via a coaxial cable. The voltage
divider is an RC-divider, meaning that it consists of resistors and capacitors, as shown in Figure
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Figure 4.3: TU Delft RC voltage divider

The applied voltage is measured according to the IEC 60060-2 standard [39], stating that the peak value
should be measured with an expanded uncertainty of U,; < 3%. The time parameters (7., and T}4;;)
should be measured with an expanded uncertainty U,; < 10%. The expanded uncertainty corresponds
to a 95% confidence interval.

4.1.2. Test methods

Determining Us,

To determine the 50% withstand voltage, the up-and-down method specified in IEC 60060-1 [21] can
be used. In this method, a number of m > 15 groups with n = 1 voltage stresses are applied at voltage
levels U; (i = 1,2, ...,1). The applied voltage is increased by AU in case of a withstand, and decreased
by the same AU in case of a breakdown. AU can be chosen as AU = (0.01 to 0.03)Us0 expected- The
test sequence starts with the group k; with the voltage level U;, at which at least two groups of stresses
have been applied. Us is calculated as the arithmetic mean of all applied impulses during the test
sequence, i.e. Zi:l(kiUi)/m. This method is shown in Figure . From the figure, it can be seen
that after every breakdown, the applied voltage decreases, and after every withstand, it increases by
one level. Eventually, the mean converges to the Us.

Determining U
To determine the breakdown probability U,,, a number of n gaps can be tested in parallel. This leads to

a breakdown probability of p = 1 — 0.5'/", from which it follows that n = %, with n € Z. Instead of
testing n gaps in parallel, the same result can be obtained by performing an up-and-down test with n
voltage stresses per group. For p = 0.1, this leads to n = 6.578 — 7 voltage stresses. If there were no
breakdowns after n = 7 stresses, the applied voltage is increased by AU. If there was a breakdown,
the applied voltage is immediately lowered by AU. AU can be chosen as AU = (0.01 to 0.03)Us.
The test sequence consists of [ voltage levels U; at which at least two groups of stresses k; have been
apFIied. U, is approximated as the arithmetic mean of all applied groups during the test sequence, i.e.
> i—1(k;U;)/m. This method is shown in Figure . From the figure, it can be seen that after every
breakdown, the applied voltage decreases. After n = 7 withstands, the voltage increases by one level.
Care has to be taken that it is not exactly U, that is found, but Uy 427, as n is limited to be an integer
value.
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Figure 4.4: Methods to determine 50% and 10% withstand voltages

Multiple-level method

Contrary to the up-and-down test, where the number of impulses per level n is varied to centre the
voltage levels around the breakdown percentage of interest, the multiple-level method [21] does not
centre around voltage levels. Instead, an invariant number of n > 10 impulses is applied at m > 5
voltage levels U; (i=1, 2, ..., m), causing k; breakdowns at voltage level U;, with the difference between
two adjacent voltage levels being AU = (0.01t0 0.06)Usg expected- This method is shown in Figure

The empirical breakdown probability p; = k;/n; at voltage level U; can be used as an estimate of the
breakdown probability p(U;). Fitting a normal distribution to all the m breakdown probabilities p(U;), the
standard deviation o, and a specific breakdown probability (e.g. Usy or U1g) can be determined.

Modified multiple-level method

The drawback of the multiple-level method is that it allows for a breakdown probability p; = 0 and
p; = 1 (n out of n withstands or breakdowns). This does not provide information about the slope of
the breakdown probability curve, or is not acceptable for some probability distributions. To overcome
this drawback, a modified multiple-level method is introduced [40]. In this method, a minimum number
of impulses is applied at each voltage level, but if the breakdown probability is very high or low (e.g.
1 or 0), the number of impulses is increased until, for example, 2 withstands or breakdowns occur at
that voltage level. In other words: a minimum number of n; > 10 impulses is applied at m > 5 voltage
levels U; (i = 1,2,...,1), causing k; breakdowns at voltage level U;. If k; < 2o0rk; > n; — 2, n; is
increased until k; = 2 or k; = n; — 2. The difference between the voltage levels is the same as in the
multiple-level method, AU = (0.01 t0 0.06)Uso expected- 1his method is shown in Figure . A specific
breakdown probability can be determined in the same way as for the multiple-level method, by fitting a
normal distribution to the empirical breakdown probabilities.
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k————
x Breakdown n—10
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(a) Multiple-level method (b) Modified multiple-level method

Figure 4.5: Multiple-level methods

4.1.3. Analysis of test results

The IEC up-and-down methods described above will give the sample mean (U50 forn = 1, and Ug 407
for n = 7). However, this estimate is based solely on the observed test sequence, rather than the
underlying statistical behaviour. To obtain estimates of the population parameters, the maximum likeli-
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hood method can be used [41].

The principle of this method is to determine the statistical parameters that fit the observed breakdown
data best. The flashover behaviour under a limited number of impulses can be described by a binomial
distribution: the probability f(z;) of observing z; flashovers in n; applications at the i voltage level V;

is:

n;!
i) = ——————pF (1 — p;)i 4.1
f (@) P p——T (1= pi) (4.1)
where p; is the true probability of flashover at voltage level V; and is a function of two parameters, the
population mean Uy, and standard deviation . The functions describes the flashover probability as a
function of the applied voltage.

As flashovers, in general, are independent events, the likelihood of observing the complete test se-

quence is given as
N

L=]] @) (4.2)

=1
The maximum likelihood estimates of Usy and ¢ are obtained by equating the partial derivatives of the
likelihood function to zero: %LO = g—g = 0. In practice, it is more convenient to maximise the logarithm

of the likelihood function, Iead5ing to the equation to solve:
dln(L) 0ln(L)

6U50 a oo =0 (43)

The found Us, and o represent the population from which the samples were taken best. The MATLAB
function binofit [42] returns the two parameters and the 95% confidence intervals using the Clopper-
Pearson method [43].

An estimation of the population mean, Uso, is the sample mean, f]50. A typical value of ¢ that can be
used as a start estimator is & = 0.05U50 = 5% [41].

4.1.4. Atmospheric correction
The breakdown strength of an air gap highly depends on the atmospheric conditions during testing [21],
[44]. To compensate for this behaviour, the results are corrected to reference atmospheric conditions:

» Temperature: to =20°C
» Absolute pressure: po = 1013 hPa
+ Absolute humidity: ho = 11 g/m®

The experimentally found voltage can be corrected to the reference conditions as follows [21]:

Up = U/(kiks) (4.4)
The parameters k; and k; are obtained using the following equations:
ky=om (4.5)

ko = k* (4.6)

where § and k are found as follows:

273 4+t
6_p +to

=< x (4.7)

k =1+ 0.010(h/6 — 11) for impulse stresses and 1 < h/§ < 20 g/m® (4.8)

Exponents m and w are obtained using Table 4.2, where g:
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_ US()
9= 500Lok

4.9)

where:

» Usg is the (anticipated) 50% breakdown voltage, at actual atmospheric conditions
» L is the minimum gap distance

Table 4.2: Exponents m and w

g m w
<02 0 0

0210 1.0 | g(g—0.2)/0.8 | g(g—0.2)/0.8
10to1.2 [ 1.0 1.0

12to2 | 1.0 (22— ¢)(2.0—¢)/0.8
>2.0 1.0 0

The above-mentioned method gives an error less than 2% for 2 < h/§ < 11 g/m® (rod-plane) and
provides accurate values for sphere-plane gaps for 1 < h/§ < 11 g/m®. This was tested for rod-plane
and sphere-plane gaps of 0.60, 1, and 2 m [45].

The voltages mentioned in this thesis are corrected to reference atmospheric conditions.

4.2. Rod - plane gap

The rod-plane geometry is considered first, as its 50% withstand voltage is used as a reference for the
gap factor [23]. Another reason for investigating this geometry, is that there is a large spread between
the 4 equations (Paris, Feser, CRIEPI, and Gallet) describing the breakdown strength of a rod-plane
gap (see Figure 2.7).

4.2.1. Geometry

The rod-plane setup is defined as follows:

» Diameter rod: 6 cm (smaller than the critical diameter of 7.2 cm, see Sec. ), with a hemispher-
ical tip

* Length rod: 4.80 m

» Ground plane: 2 metal sheets of 2x1 m and 1 sheet of 2.25x1 m

This is graphically shown in Figures and
260 mm 2m 225m
{=480m X
d
7 7 7 7 7 7 Tm Tm 1Tm
(a) Rod-plane geometry used for testing (b) Ground plane with the projection of the rod indicated

Figure 4.6: Rod-plane test setup

The laboratory setup is shown in Figure
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Figure 4.7: Rod-plane geometry in the laboratory

4.2.2. Test execution

An up-and-down test with n = 1 was executed with the impulse generator, generating a waveform of
T.- = 125 ps and Ti,; =~ 2100 ps. This T, is close to the critical time-to-crest for this gap (see in
Figure 2.6 the Takeyama and T.U. Munich results) [23], [30]. The continuous mechanical ventilation in
the laboratory caused noticeable movement of the rod during the tests. This will have caused an effect
on the results, as the gap distance was not the same during multiple impulses. However, as more
impulses were applied, this effect would naturally decrease, as the rod was moving back and forth.

Figure 4.8: Breakdown of the rod-plane gap
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4.2.3. Results
The experimental results were analysed using the maximum likelihood (ML) method, leading to the
results listed in Table 4.3. The full test results are reported in Appendix

Table 4.3: Rod-plane results, with 95% confidence intervals

Gap distance and polarity | Uso (kV) | o (kV) | o/Uso (%) | # impulses
0.5m+ 279+ 2 6+4 22+14 32
0.5m- 637 + 10 33+21 | 5.2+3.3 52
0.75m + 38142 543 1.3+£0.8 37
0.75m - 859 £ 5 15410 | 1.8 £1.2 41
1m+ 488+ 7 20414 | 4.1£2.9 49
1m- 1082 4+19 | 44+30 | 4.1 +2.8 37

Figure compares the results for the positive rod-plane gap with the equations introduced in Section

. Although the applied impulse has a T, close to critical [23], the experimental results are not very
close to the Gallet and CRIEPI equations. This could be because these equations are fitted for a larger
domain (1 < d < 21 mand 0.5 < d < 12 m, respectively). The Feser equation is fitted on a smaller
domain (0.4 < d < 3 m), and is therefore more tailored to smaller gap distances.

550 T T T T T T
—— Paris, Equation
500 |-{=-=-- Gallet, Equation
------ CRIEPI, Equation
450 | | ---- Feser, Equation
= o Experimental results
X 400 -
)
% -
§ 350 [ "““’\—‘
300 |
250 [ ""\I\’ “““_-..."“’, |
900 £ a2t | | | |
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Gap distance (m)

Figure 4.9: Rod-plane results with 95% confidence intervals for positive stresses compared to the Us( equations.
Extrapolation of the breakdown equations outside their validity range is shown in red.

Figure shows the results for negative impulses, together with Equation 2.8. This equation is only
valid for d > 2 m. The experimental results show, however, that as the gap distance approaches 2 m,
the experimental results approach Equation
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Figure 4.10: Rod-plane results with 95% confidence intervals for negative stresses. Extrapolation of the breakdown equations
outside their validity range is shown in red.

4.2.4. Discussion

Comparison with literature

The results for the positive 0.5 m, 0.75 m, and both positive and negative 1 m gaps are in line with the
results in [36] (see Table and Figure ), considering that the setup and waveshapes are not the
same. For the other distances and polarities, [36] does not provide a reference value.

Table 4.4: Comparison of experimental results with literature

Gap distance and polarity | Uso experimental (kV) | Uso (kV) [36]

0.5m+ 2719+ 2 259
0.75m + 381 £2 341
1m+ 488 £ 7 481

1m- 1082 £ 19 1074
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Figure 4.11: Literature results compared with test results. The CRIEPI and Feser equation are shown for reference, sections
of these equations marked in red are extrapolated.

Corona discharges

When applying impulses to the rod, for some measurements, a sudden voltage drop was observed
in the measured waveform, for both withstands and breakdowns. This was mainly visible for positive
impulses on 0.5 m gaps. The measurement of the applied voltage and a zoom on the voltage drop are
shown in Figure

400 T T T T T T T
..................................... 340-
............ 435
300 R N
. el 330
i ...........
x e 325
& 20 e i
i) 590 I I I
g g20 240 260 @ 280 300
100 -
0 | | | | | | |
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Time (us)

Figure 4.12: Measurement of applied impulse to the 50 cm rod-plane gap, showing a sudden drop in voltage

To ensure this was due to the rod-plane geometry, and not to the impulse generation and measurement
setup, impulses were applied directly to the voltage divider, without the rod being connected. This
yielded a smooth waveform, without a voltage drop. Then, the rod was sanded and polished once again
to remove any leftover imperfections. After this, the voltage drops decreased, but did not disappear
completely. This phenomenon could be caused by corona discharges, as they will give rise to a pre-
discharge [46], which could cause a voltage drop over the front resistor of the impulse generator. This
pre-discharge current is usually in the range of 2.5 A [47], and with a front resistor of 1.7 k2, it would
lead to a voltage drop of 4.25 kV, which is comparable with the voltage drop in the waveform shown
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in Figure 4.12. To test this hypothesis, the laboratory was made completely dark, and pictures were
taken while applying impulses with a voltage slightly below Usq. A picture of a positive applied impulse
is shown in Figure 4.13a. Negative applied impulses also led to corona on the rod, which is shown in
Figure 4.13b. The humidity in the laboratory was higher when taking the pictures in Figure 4.13 than
the moment when the waveform in Figure 4.12 was collected, and the measured waveforms related
to Figure 4.13 show a smaller voltage drop. This can be explained by the fact that air has a higher
dielectric strength at increased humidity, leading to reduced corona activity [21], [44], [45].

(a) Positive corona (b) Negative corona

Figure 4.13: Positive and negative corona on the 1 m rod-plane gap

Characteristics of the flashover strength

Feser [27] reported on breakdown behaviour of rod-plane gaps, indicating that the rod shape has a great
influence on the distribution of the breakdown probability. A rod with a 30° point shows a breakdown
distribution that is represented well by a normal distribution, whereas a rod with a 2 cm hemisphere
shows non-normal behaviour. The results of Feser are shown in Figure 4.14.
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| |
200 220 240 260 280 300 320 340 360 380 400
Applied voltage (kV)
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Figure 4.14: Results of Feser [27]. The 2 cm hemisphere shows a non-normal flashover distribution.
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The measured breakdown probabilities for a gap distance of 0.75 m could indicate a non-normal dis-
tribution, as can be seen from Figure , where the empirical breakdown probabilities are shown,
together with their 95% confidence intervals and the maximum likelihood (ML) fit. Specifically, the
flattened probabilities at U = —851 kV, —858 kV, and —866 kV indicate non-normality. A total of 41
impulses were applied, of which 26 were at the three aforementioned voltage levels.
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Figure 4.15: Breakdown probabilities with 95% confidence intervals and ML fit of the negatively stressed 0.75 m rod-plane gap

The non-normality of the empirical breakdown probabilities could be due to competing breakdown phe-
nomena, streamer versus leader [27]. This can be shown by plotting the time-to-breakdown, as stream-

ers give rise to a shorter time-to-breakdown than leaders [48]. If there are two distinct groups visible, it
could indicate such a difference. Figure shows this time-to-breakdown.
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g
S L] L] L] L]
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S 0.95 | i
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Time-to-breakdown (ps)

Figure 4.16: Time-to-breakdown of the 0.75 m rod-plane gap under negative stresses

Figure does not show a clear distinction between two groups in the time-to-breakdown, so the
hypothesis that there are multiple competing breakdown mechanisms can not be proven just from this
data. This is also supported by the minimum and maximum E-field values obtained from a COMSOL
simulation of this setup. For a streamer to start, the E-field must be at least 2.6 kV/mm [47]. To maintain
a positive streamer, the E-field must be at least 0.45 kV/mm, for negative streamers this is 1 kV/mm
[34]. A leader can be sustained if the E-field is at least 0.1 kV/mm [47]. The minimum and maximum
E-fields from simulation are listed in Table
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Table 4.5: E-field values from COMSOL simulation

Gap distance and polarity | Min. E-field (kV/imm) | Max. E-field (kV/mm)
0.5m+ 0.154 7.226

0.5m - 0.351 16.512

0.75m + 0.124 9.422

0.75m - 0.279 21.236

1m+ 0.107 11.459

1m- 0.237 25.417

From Table 4.5, it can be seen that the E-field in all configurations is high enough to start a streamer

discharge, but that the E-field is not high enough to sustain a streamer breakdown. The field is high
enough for a leader breakdown. Therefore, the plateau between 850 and 866 kV is purely due to the

statistical nature of the breakdown process. This is confirmed by Figure , as the normal distribution
crosses through all the confidence intervals.
Figure shows the time-to-breakdown of all gap distances for both positive and negative polarity.
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Figure 4.17: Time-to-breakdown of all gaps under positive and negative stresses

It can be seen that the time-to-breakdown for negative stresses is noticeably lower than for positive
stresses. All negative breakdowns take place at the front of the impulse, whereas for positive stresses,
there is a larger spreading in time-to-breakdown. For a rod-plane geometry, positive leaders progress
continuously and slowly, while negative leaders progress in a stepped and rapid manner due to the
higher voltage stress applied [49].

Another deduction that can be made from this graph is that for the negative polarity impulses, the T,
was lower than the critical time-to-crest, as all the breakdowns happen before the crest of the impulse
[30]. For the positive polarity impulses, the breakdowns were not exclusively on the front or tail. They
were mostly confined to the tail, which indicates a 7., slightly above the critical time-to-crest [30].
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4.3. Needle - plane gap

To verify the critical radius of a rod-plane gap (see Sec. 2.4), the gap strength of several needle-plane
gaps was tested. These tests are only performed with positive impulses, as these are used for the gap
factor determination.

4.3.1. Geometry
Two geometries are considered, one rod with a blunt tip and one with a hemispherical tip. The total rod
is composed of two parts, a long, thick rod and a short, narrow rod:

» Upper rod with a length of 1.34 m and a diameter of 50 mm connected to a:

— Hemispherical-tipped rod with a length of 56 cm and a diameter of 8 mm, as shown in Figure
4.18a, orto a:

— Blunt-tipped lower rod with a length of 45 cm and a diameter of 10 mm, as shown in Figure
4.18b.

» The plane consists of 1 conductive, grounded sheet of 2 x 1 m.

#50 mmy , 1.34m 250 mm , 1.34m
#8 mm 56 cm 210 mm 45 cm
d d
S LSS S S S S J LSS S S S S
(a) Hemispherically tipped needle-plane (b) Blunt-tipped needle-plane

Figure 4.18: Needle-plane test setups

4.3.2. Test execution

An up-and-down test with n = 1 was executed using the impulse generator, generating a waveform of
T.. = 127 ps and T;,;; =~ 2103 ys. This is close to the critical time-to-crest for this gap [23], [30]. The
mechanical ventilation in the laboratory caused the rod to move. To dampen this movement, the upper
side of the rod was attached with a rope to three points on the floor. The blunt rod was tested for gap
distances of d = 0.5 and 0.75 m. The hemispherical rod was tested for a gap distance of d = 0.5 m to
serve as a comparison only.

Figure 4.19: Breakdown of the needle-plane gap
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4.3.3. Results

Table lists the results of these tests. The full test results are listed in Appendix

Table 4.6: Needle-plane results, with 95% confidence intervals

Gap and polarity Uso (kV) | o (kV) | 0/Uso (%) | # impulses
Bluntrod 0.5 m + 256 £ 1 3+1 1.2+04 42
Hemispherical rod 0.5 m + | 257 + 1 442 1.6 £0.8 51
Bluntrod 0.75 m + 35243 10£5 | 28+14 70

The breakdown voltages for the blunt and hemispherical rods at 0.5 m are nearly the same, and have
overlapping 95% confidence intervals, indicating no statistical difference.

4.3.4. Discussion
Comparison with 6 cm rod
In Table and Figure , the @6 cm rod of Section is compared with the @1 cm blunt rod.

Table 4.7: Comparison of the Usp for 6 cm and 1 cm rods

Gap distance and polarity | Uso 26 cmrod | Uso 21 cm rod
0.5m+ 279 £ 2 256 1
0.75m + 381+2 352+ 3

500 T T T T T T T T

—— Paris, Equation
450 | |--- Gallet, Equation
------ CRIEPI, Equation
-.--- Feser, Equation
4001 26 cm rod-plane
" 21 cm rod-plane

350

Voltage (kV)
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| | |

) s | |
04 045 05 055 06 065 07 075 08 0.85
Gap distance (m)

Figure 4.20: Rod-plane and needle-plane results with 95% confidence intervals for positive stresses. Extrapolation of the
breakdown equations outside their validity range is shown in red.

It can be seen that, as for the g6 cm rod (from Sec. ), the experimental results are the best rep-
resented by the Feser equation (Eq. )- The same explanation holds, namely that this equation is
specifically tailored to small gaps, whereas the Paris, Gallet, and CRIEPI equations are developed to
represent a large range of gap lengths. For determining clearances, the use of the CRIEPI equation
is preferred, as it consistently underestimates the strength of the rod-plane gap. This is to overcome
the differences in test results between different high voltage laboratories (~ 5%) and still be on the
conservative side.

There is a noticeable difference in Us, between the two geometries. This contradicts the concept of the
critical radius (Sec. ), which states that below a certain rod radius, the breakdown strength is not
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affected by the radius of the rod. For both rods, the diameter is below critical (7.2 cm according to Eq.
)- The results of both rods are shown in
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Figure 4.21: Critical radii from [29], with a zoom on experimental results. Error bars indicate 95% confidence intervals.

A possible explanation is that the critical radius in literature is based on long gaps (2 < d < 7m n [29]
and 3 < d < 10 min [31]). Extrapolating these findings can yield incorrect critical radii.

Comparison with literature

The results of these tests are compared with the EPRI report on short gaps [36] in Table and Figure
Table 4.8: Comparison of experimental results with literature
Gap distance and polarity | Uso experimental (kV) | Uso (kV) [36]

0.5m+

256 £1

259

0.75m+

352+3

341
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Figure 4.22: Literature results compared with test results. The CRIEPI and Feser equation are shown for reference, sections
of these equations marked in red are extrapolated.

The experimental results are comparable to and lie in the same range as the results from the literature.
The results of this the needle-plane test are closer to the reference value from literature than the results

of the rod-plane test (see Table 4.4).

4.4. Conductor - rod gap

A conductor-rod gap is of interest, as it is a common gap to be observed when work is performed in

a substation [

441. Geometry

The conductor-rod geometry has the following setup:

* Diameter rod: 6 cm, with hemispherical tip
* Lengthrod: 2.5 m

» Length conductor: 3 m

» Diameter conductor: 2.8 cm

The setup is shown in Figure

]. As the standard deviation of conductor-rod gaps is not well-defined in literature, in
addition to the Usq, the U will be determined as well.
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Figure 4.23: Measurement setup

The laboratory setup is shown in Figure 4.24.

Figure 4.24: Conductor-rod in the laboratory

4.4.2. Test execution

The test was executed with the impulse generator, generating a waveform of T, ~ 125 ys and T}, ~
2100 ps. This T, represents the critical time-to-crest for a slightly different conductor-rod gap [37].
The continuous mechanical ventilation in the laboratory caused noticeable movement of the conductor
during the tests. To prevent discharges from the ends of the conductor, corona spheres were applied
at both ends. First, an up-and-down test with n = 1 was performed to determine Us(, and subsequently
an up-and-down test with n = 7 was performed to determine Ug 457.

4.4.3. Results

The measurements from the Usy and Uy 427 tests were analysed together using the maximum likelihood
method. The results of these tests are shown in Table 4.9 and Figures 4.26 and 4.27. The full test
results are listed in Appendix B.
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Figure 4.25: Breakdown of the conductor-rod gap

Table 4.9: Conductor-rod results, with 95% confidence intervals

Gap Uso (KV) | Uio (KV) | o (KV) | o/Uso (%) | # impulses
0.5m+ 37241 365 £+ 2 541 1.3+0.3 138
0.5m- 343 +5 324+ 4 15+5 44+1.5 141
0.75m+ | 5138 469+11 | 34+10 | 6.6 £2.0 136
0.75m- | 461 +5 443 + 5 14+5 3.0+1.1 104
Im+ 660+12 | 61710 | 34+12 | 5.2+1.8 138
Im- G0OE3 | 5972 |10£3 | 1.6£05 | 230

It can be seen that between the Usy and U for positive impulses at d = 0.5 m, there is as little differ-
ence as 7 kV, leading to ¢ = 1%. The 95% confidence intervals, however, do not overlap, indicating
that these values are statistically different.
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Figure 4.26: Conductor-rod Uso and U1 with 95% confidence intervals for positive impulses
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Figure 4.27: Conductor-rod Usg and U;o with 95% confidence intervals for negative impulses

4.4.4. Discussion

Comparison with literature

Gourgoulis et al. [37] report on a conductor-rod gap with a different setup, shown in Figure . Usp
tests resulted in the breakdown voltages in Table

?

1L Al

"N 7

[ Z ] _“conductor Table 4.10: Us( corresponding to the gap in Figure

F from [37]
d=>50cm
2 conductor (mm) U5O (kV)
30 431
¢ =80cm %10 mm 20 343
VAN

Figure 4.28: Conductor-rod gap from [37]

Although the T, of the applied impulses in the present work and in [37] are similar (125 ps and 100/150
Us respectively), the geometry is different, leading to different and incomparable results.
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Characteristics of the flashover strength
The positive 0.75 m conductor-rod shows a large standard deviation (o = 7%). The measured proba-
bilities and the fitted probability distribution are shown in Figure

1 : :
e Measurements |

— ML fit

\

o
=
T
\
\
|

<
=

Breakdown probability (-)

0.2

® £ £ L 1 - = - 1 - — 1
450 460 470 480 490 500 510 520 530 540
Applied voltage (kV)

Figure 4.29: Breakdown probabilities with 95% confidence intervals and ML fit of the positively stressed 0.75 m conductor-rod
gap

It can be concluded that there is indeed a wide variety in the empirical breakdown probabilities, but
they also come with a large 95% confidence interval. The fitted probability distribution crosses through
all the confidence intervals, indicating that the fit represents the data well. To reduce the variety and
improve the fit of the distribution, more impulses at all levels should be applied, for instance, with a
multiple-level test.

Figure shows the time-to-breakdown of all conductor-rod gap distances under both positive and
negative stresses. The rod-plane gap showed a clustering of negative time-to-breakdowns (see Figure

). For the conductor-rod gap, it is observed that the time-to-breakdown for positive impulses is
clustered, instead of the negative impulses. The differences between the two setups could be caused
by the difference in geometry, as the rod-plane gap is the most asymmetric, while other gaps are more
symmetric.
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Figure 4.30: Time-to-breakdown of all gaps under positive and negative stresses
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From Figure , it can be concluded that the T, for positive polarity impulses was around the critical
time-to-crest, and the T, for negative polarity impulses was lower than critical [30].

4.5. Gap factor calculation

In this chapter, three geometries were tested. Firstly, the rod-plane gap, serving as a reference for the
gap factor, secondly, the conductor-rod gap, and lastly, the needle-plane gap. Using the equation for
the gap factor, the conductor-rod gap factor was derived for three distances:

U50,gap
R

50,rod-plane

(4.10)

The Usg rod-plane results are taken from Table , and the Uso conductor-rod results are taken from Table

. Both of these tables are at reference atmospheric conditions. The resulting gap factors with their
95% confidence intervals are shown in Table , together with the simulation results of Section 3.2,
and a literature reference.

The confidence intervals for the gap factor are based on error propagation for division: if z = % its
standard deviation is defined as [50]:

@.11)

Table 4.11: Comparison of gap factors for the conductor-rod gap, with 95% confidence intervals for the experimental results

Gap distance and polarity | Experimental &, (Sec. 4.4) | Simulation &, (Sec. 3.2) | Hileman k, [17]
e L3700 152 1416
i L1% 00 L50 Li-10
T L3001 Las Li-16

From this table, it can be concluded that the gap factor for the conductor-rod gap under positive stresses
is around at 1.34, and under negative stresses around 1.23. These values, however, do not match the
results obtained by the simulations performed in Section , ranging from 1.44 to 1.52. Therefore,
the method of Schneider and Weck [7] is concluded not to be valid for gap distances smaller than 2
meters. The difference between the experimental and simulation results decreases as the gap distance
approaches 2 m, from 0.18 at 0.5 m to 0.09 at 1 m with overlapping confidence intervals. This indicates
the validity of this method for larger gap distances. Hileman [17] suggests a gap factor of 1.4 to 1.6 for
d > 2 m. The experimental results are not far from this value, although they lie outside this range.

Table shows the differences in gap factor when a different rod-plane reference strength than the
experimentally found strength is used.

Table 4.12: Conductor-rod gap factors based on different rod-plane references: the rod-plane experimental results, the CRIEPI

equation (Eqg. 2.6), and the Feser equation (Eq. 2.7).
Gap distance and polarity | Based on rod-plane results | Based on CRIEPI | Based on Feser
0.5m+ 1.34 £0.01 1.66 1.43
0.5m- 1.23 +0.02 1.53 1.32
0.75m + 1.34 +£0.04 1.60 1.38
0.75m - 1.21 +0.03 1.44 1.24
1m+ 1.35 £ 0.08 1.61 1.42
1m- 1.25+0.04 1.49 1.31
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There is a large difference between positive and negative polarity gap factors. This is also explained
in literature [13], [23], [33]. Figure compares the gap factors from literature with the experimental
results, and it can be seen that they are well in line. The solid line is the line where the positive and
negative breakdown strengths are the same. Above this line, the negative gap is stronger and vice
versa for the positive gap. The shaded region between the dashed lines indicates the range in which
most results lie. For this graph, the experimental gap factors are calculated using the Gallet equation
(Eq. ), since the CIGRE results are also calculated using this equation as a reference, even though
the Gallet equation is valid only for d > 1 m.
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Figure 4.31: Gap strength under positive and negative polarity switching impulses.

Ures = #450 (Eq. 25)

From the figure, it can be seen that the rod-plane results are outside of the range of normally found gap
factors. An explanation for this is that the Gallet equation is used to calculate the gap factor, although
Figure already showed that the Gallet equation does not fit the found breakdown strength well.

The results of Gourgoulis et al [37] on conductor-rod gaps are also used to validate the method of
Schneider and Weck. This is shown in Table

Table 4.13: Comparison of gap factors of [37] with simulation results

Diameter conductor | Experimental k, [37] | Simulation %, (acc. Sec. 3) | Hileman &, [17]
2cm 1.56 1.67
3cm 1.94 1.69 1.4-1.6

This table again shows a large difference between the experimental and simulation results, supporting
the earlier claim that the method of Schneider and Weck is not valid for gaps smaller than 2 m.



Experimental work on complex
geometries

The objective of this work is to investigate the minimal safety clearances for the BRP busbar discon-
nector. Therefore, tests are performed to determine the dielectric strength of this setup. The busbar
disconnector is shown in Figure 5.1.

Figure 5.1: BRP busbar disconnector with the flexible conductors boxed in red

46
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Two flexible conductors (= 28 mm) are mounted to one of the outer phases (boxed in red in Figure 5.1),
connected by a spacer in the middle and supported by a post insulator at the end. The conductor has
a clearance to ground of at least 1100 mm (the clearance of the post insulator). No conductors are
mounted to the remaining two phases. A rod will be placed pointing towards two different locations in
the busbar disconnector. The rod represents the arm of a worker performing maintenance. The rod is
placed at a horizontal distance of 0.5, 0.75 and 1 m. Next to tests with a rod, there will also be tests
performed with a needle. This needle stands for a sharp object, e.g. a screwdriver, and will also be
placed pointing at the busbar disconnector.

The impulses are applied at the far end of the conductor. The other two phases, frame and rod/needle,
are grounded.

5.1. Simulation of the BRP busbar disconnector

The BRP busbar disconnector is modelled using COMSOL Multiphysics®. The 3D model is shown
in Figure . This is a simplified model without bolts, nuts, holes and other small details that are
considered to be of little impact on the simulation results, but have a high impact on the computational
intensity.

Breakdowns start in the presence of a high electric field [34], and with this 3D model, it is studied where
the highest electric field occurs on the busbar disconnector. To this end, the frame is grounded, and
the three phases are energised with the normal operation voltage of U = 123\/7 ~ 100 kVpeak, With
a 120° phase shift between the three phases.

The electric field simulation indicated two locations with the highest electric field: the fixed earthing
contact and the tip of the pantograph, as indicated in Figure 5.3. The highest electric field occurs at the
tip of the pantograph, with a field strength of £ = 2.04 kV/mm. The simulation showed that the electric
field at the earthing contact is £ = 0.29 kV/mm. As these two locations show the highest electric field,
the breakdown strength of both these gaps will be investigated in this chapter.

Figure 5.3: Locations of the studied electric field

Figure 5.2: 3D COMSOL model of the BRP busbar
disconnector
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5.2. Conductor in disconnector - rod

5.2.1. Geometry
The same rod as in Section 4.2 and 4.4 is used:

» Diameter rod: 6 cm, with hemispherical tip
* Lengthrod: 2.5 m

This rod is placed horizontally on a post insulator at the height of the spacer, pointing directly towards
the spacer, as shown in Figure 5.4 and 5.5.

Figure 5.4: Placement of the rod

Figure 5.5: Disconnector conductor-rod gap
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5.2.2. Test execution

The test was executed with the impulse generator, generating a waveform of 7. ~ 127 ys and T}, ~
2103 ps. The critical T, for this specific geometry is not known, therefore, the same T, as for the
conductor-rod gap (Sec. 4.4) was used, as the geometries look alike. An up-and-down test with n =1
was performed to determine Us.

While searching for the starting point of the positive Us test, flashover over the insulator occurred at a
voltage of 532 kV. A short up-and-down test was performed around this value to see if there would be
a sparkover from the conductor to the rod instead of a flashover over the insulator. This short up-and-
down test consisted of 7 impulses at voltage levels 534, 540, 544, and 549 kV. Three withstands and
four breakdowns were observed. All the breakdowns were flashovers over the insulator. As insulator
flashovers do not influence the safety clearances, no further tests on this geometry are performed
with positive polarity, and only negative switching impulses are applied. The SIWV for the busbar
disconnector is 486.27 kV according to Equation 2.1, so flashovers over the insulator at 532 kV are
acceptable.

During the day of testing, the relative air humidity in the laboratory changed noticeably from 42.2% RH
to 33.7% RH. This effect has been mitigated by correcting for the humidity for each test separately
instead of taking the daily average.

Figure 5.6: Flashover over the insulator
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5.2.3. Results

Since no breakdown data for positive polarity impulses is known, this subsection only considers neg-
ative polarity impulses. The results of the tests, analysed with the maximum likelihood method, are
listed in Table 5.1. The full test results are listed in Appendix

Table 5.1: Disconnector conductor-rod results, with 95% confidence intervals

Gap distance | Usg (kV) | o (kV) | 0/Uso (%) | # impulses
0.5m - 318 £2 11+£5 | 35+£1.6 101
0.75 m - 456 + 3 9+4 20+£09 66
1m- 603 +4 13£7 | 22+£1.2 60

From the Uy and o, Uy can be derived as (see Sec. ):
U10 = U50 —1.282¢0 (51)

The derived U, are shown in Table , Wwhere the 95% confidence intervals are determined through
the Clopper-Pearson method [43] in the MATLAB function binofit [42]. Usy and Uy combined are
shown in Figure

Table 5.2: Derived Ui values from Usg and o

Gap distance | U;q with 95% CI (kV)
0.5m - 3037

0.75m - 445+ 6

1m- 587 + 10

As the Uy is not tested, but derived from Uy, its 95% confidence intervals will be larger than those of
the Us test, which can be seen from Figure
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Figure 5.7: Disconnector conductor-rod Uso and derived U; with 95% confidence intervals
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5.2.4. Discussion

Characteristics of the flashover strength

The results were analysed with the maximum likelihood method. Figure shows the empirical break-
down probabilities and the fitted distribution. The fit represents the data very well. The voltages with
large confidence intervals are those visited fewer times, for instance, when searching for the starting
point of the up-and-down test.
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Figure 5.8: Breakdown probabilities with 95% confidence intervals and ML fit of the negatively stressed 0.5 m disconnector
conductor-rod gap

Comparison to pure conductor-rod gap

As the gap discussed in this section is similar to the pure conductor-rod gap from Section , itis
interesting to see how the surrounding geometry (pantograph, skid, bolts, etc.) affects the breakdown
voltage of the gap. Table compares the 50% breakdown voltages of the two gaps.

Table 5.3: Comparison between pure conductor-rod gap and the disconnector conductor-rod gap

Gao distance Pure conductor-rod Disconnector conductor-rod
P Uso with 95% CI (kV) | Uso with 95% CI (kV)

0.5m - 343 £ 5 318+ 2
0.75m - 461 +5 456 £ 3
1m- 609 + 3 603 +4

+ Behaviour under positive stresses:
There were no sparkovers between the conductor in the disconnector and the rod for positive
impulses. Instead, only flashovers over the insulator were observed.

+ Behaviour under negative stresses:

The 95% confidence intervals for the 0.75 m and 1 m gaps overlap, and their breakdown voltages
are relatively close. However, for the 0.5 m gap, there is a larger difference between the pure
conductor-rod gap and the conductor-rod gap in the busbar disconnector. This could be due to
the fact that for small distances, the influence of the spacer in the conductors becomes larger,
i.e. the field distortion caused by the spacer has a larger effect on the electric field close to the
spacer. At a larger distance from the spacer, this effect decreases and the electric field distribution
becomes more similar to the electric field distribution of the pure conductor-rod gap.
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5.3. Pantograph in disconnector - rod

5.3.1. Geometry

The same 6 cm rod with a hemispherical tip is used as before. The rod is now placed at an angle on
the same post insulator as before. The COMSOL simulation showed that the E-field is the highest at
the end of the pantograph. The rod is therefore placed pointing towards this point at the pantograph,
shown in Figures 5.9 and 5.11. The end of the pantograph is a sharp saw cut, covered with a plastic
lid as shown in Figure 5.10.

Figure 5.9: Placement of the rod Figure 5.10: Edge of the pantograph

Figure 5.11: Disconnector pantograph-rod gap

5.3.2. Test execution

The test was executed with the impulse generator, generating a waveform of T, ~ 126 ys and
Tiait =~ 2098 ps. As for the disconnector conductor-rod gap, the critical 7, is not known and the
same T, as before is used. An up-and-down test with n = 1 was performed to determine Us,.

This geometry allowed for sparkovers to the rod for positive polarity impulses at d = 0.5 and 0.75 m.
For a gap distance of d = 1 m, flashovers over the insulator occurred instead of sparkovers to the rod,
at voltage levels of 554, 573, 582, 600, and 647 kV.
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5.3.3. Results
The results from the up-and-down tests determined using the maximum likelihood method are listed in
Table 5.4. The full test results are listed in Appendix

Table 5.4: Disconnector pantograph-rod results, with 95% confidence intervals

Gap distance | Uso with 95% CI (kV) | o (kV) | 0/Uso (%) | # impulses
0.5m+ 358 £ 3 10£6 28+ 1.7 72
0.5m - 306 £ 8 33+22 | 10.8+7.2 89
0.75m + 527 £ 2 4+2 0.8+0.4 38
0.75 m - 414+ 2 9+5 22+1.2 50
1m- 560 £ 3 12+£7 21+1.3 67

, the Uy has been derived from these results. The 95% confidence intervals are
] in the MATLAB function binofit [42]. This is

Using Equation
determined through the Clopper-Pearson method [
shown in Table

Table 5.5: Derived Ui values from Usg and o

Gap distance | U;o with 95% CI (kV)
0.5m+ 345+ 7

0.5m - 263 + 27

0.75m + 522+ 3

0.75m - 402+ 7

1m- 544+ 9

The results are graphically shown in Figures (positive stresses) and (negative stresses).
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Figure 5.12: Pantograph-rod Uso and Ui with 95% confidence intervals for positive impulses
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Figure 5.13: Pantograph-rod Uso and U1 with 95% confidence intervals for negative impulses

Table shows a large standard deviation for the 0.5 m gap under negative stresses compared to other
gaps. Next to this, the 95% confidence interval of the Uj, is considerably larger than the confidence
intervals of other gaps. Therefore, a modified multiple-level test with n > 10 (see Section ) was
performed to determine the U, through testing instead of deriving from the Usy. The modified multiple-
level method is preferred over an up-and-down test to determine U, in this case, as the modified
multiple-level method does not allow for voltage levels with low breakdown probabilities, and hence will
give a better fit in the maximum likelihood method. In this specific modified multiple-level test, every
level should have at least 2 breakdowns. The starting voltage level is chosen to be Us, =~ 306 kV, and
the difference between voltage levels AU ~ 1% = 3 kV. The per-level results of this test are shown in
Table

Table 5.6: Modified multiple-level test results per level for the 0.5 m negatively stressed pantograph-rod gap

Level | Voltage (kV) | # breakdowns | # impulses
1 304 5 10
2 301 3 10
3 299 4 10
4 296 4 10
5 293 2 10
6 290 3 10
7 287 2 10
8 284 2 10
9 281 2 23
10 279 3 17
11 275 2 44
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These results are analysed using the maximum likelihood method, leading to the results in Table

Table 5.7: Modified-multiple level method results for the 0.5 m negatively stressed pantograph-rod gap

Uso with 95% CI (kV) | Uyo with 95% CI (kV) | o (kV) | o/Uso (%) | # impulses
305+ 8 279+ 5 208 | 7 164

From the above table, it can be seen that the confidence interval for the U, is smaller than the Usg
confidence interval, as there are more impulses applied at the voltage levels around Uy,. Figure
shows the updated results for the 0.5 m pantograph-rod gap.
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Figure 5.14: Pantograph-rod Uso and U;o with 95% confidence intervals for negative impulses. The measurements for
d = 0.5 m were conducted using the modified multiple-level method.

5.3.4. Discussion

Large o for the 0.5 m gap under negative stresses

The up-and-down method to determine the Us, for the 0.5 m gap under negative stresses resulted in
a large standard deviation, which led to a relatively low Uy, and large confidence intervals. Therefore,
a modified multiple-level method was executed. The results of the two test methods are compared in
Table

Table 5.8: Up-and-down Uso method compared to the modified multiple-level method for the 0.5 m negatively stressed
pantograph-rod gap, with 95% confidence intervals

Uso (KV) | Uro (KV) [ o (KV) | o/Uso (%) | #impulses
Uso up-and-down method 306+8 | 263427 | 33+22 | 108472 |89
with derived Uy
Modified multiple-level method | 305 + 8 279 £5 208 | 6.6£2.6 164

The Usg only changed slightly, as expected. The U, on the other hand, changed from 263 to 279 kV,
while the confidence interval was reduced from 27 to 5 kV. For gaps with a large scatter (i.e., large o),
it is therefore advisable to perform a (modified) multiple-level method.
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Comparison with literature

Figure 5.15 shows a comparison between the results from this section and literature. For this graph, the
experimental gap factors are calculated using the Gallet equation (Eq. 2.5), since the CIGRE results
are also calculated using this equation as a reference, even though the Gallet equation is valid only for
d>1m.
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Figure 5.15: Gap strength under positive and negative polarity switching.

Upep = ffg (Eq. 2.5)

It is observed that the found ratio between positive and negative breakdown voltages is in line with the
literature.

Figure 5.16 shows a breakdown of the pantograph-rod gap.

Figure 5.16: Breakdown of the pantograph-rod gap
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5.4. Pantograph in disconnector - needle
To investigate whether the breakdown voltage depends on the radius of the grounded object, a needle
is now placed facing the pantograph, instead of a rod.

5.4.1. Geometry
The needle is composed as follows:

* Rod with a rounded tip with a length of 1.34 m and a diameter of 50 mm, attached to:
* Blunt-tipped rod with a length of 45 cm and a diameter of 10 mm

The needle is shown in Figure 5.17, and it is placed at a distance of 0.5 and 0.75 m, pointing towards
the same point as shown in Figure 5.9. The rod and needle were placed at an angle to adhere to the
gap distances. The setup is depicted in Figure 5.18.

1.34m 45cm
KK
250 mm 210 mm

Figure 5.17: Needle geometry used for testing

Figure 5.18: Pantograph-needle setup

5.4.2. Test execution

An up-and-down test with n = 1 was executed to determine the Usy,. The impulse generator gener-
ated a waveform of T, ~ 127 ys and T;,;; ~ 2108 ps. Only negative stresses were applied, as this
resulted in the lowest breakdown voltages (and hence the most critical for determining clearances) for
the pantograph-rod gap in Section 5.3.
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5.4.3. Results
The results are analysed using the maximum likelihood method, and listed in Table 5.9. The full test
results are listed in Appendix

Table 5.9: Disconnector pantograph-needle results, with 95% confidence intervals

Gap distance | Usg (kV) | o (kV) | 0/Uso (%) | # impulses
0.5m - 284 +1 3+1 1.14+04 49
0.75 m - 417+1 4+2 09+0.5 50
Using Equation 5.1, the Uy is derived, leading to the results listed in Table . The 95% confidence

intervals are determined through the Clopper-Pearson method [43] in the MATLAB function binofit

[42].

Table 5.10: Derived U;¢ values from Usg and o for the pantograph-needle gap

Gap distance | U;q with 95% CI (kV)
0.5m- 280 £ 2
0.75m - 411+ 3

5.4.4. Discussion
Comparison with pantograph-rod

Figure shows the 50% breakdown voltages of the pantograph-rod and the pantograph-needle gap.
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Figure 5.19: Us of the pantograph-rod compared with the pantograph-needle for negative stresses

It can be seen that the 50% breakdown strength for the 0.5 m gap is higher for the #6 cm rod than for
the 1 cm rod. For the 0.75 m gap, this difference is not observed. This can be explained by the fact
that for small gaps, rod size has a large influence on the electric field distribution near the pantograph.
For larger gaps, this effect becomes smaller.
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5.5. Earthing contact in disconnector - needle

The COMSOL simulation showed that the E-field at the pantograph is the highest, followed by the
fixed earthing contact on the disconnector. Therefore, the breakdown strength at this location is also
investigated. The grounded electrode is a needle, to mimic the worst-case scenario.

5.5.1. Geometry
The same rod as shown in Figure 5.17 is used. It is placed at an angle, at a horizontal distance of 0.5
and 0.75 m from the earthing contact, indicated in Figure 5.20.

Figure 5.20: Placement of the rod

The laboratory setup is shown in Figure 5.21.

Figure 5.21: Earthing contact - needle gap

5.5.2. Test execution

As for the pantograph-needle, an up-and-down test with n = 1 was executed to determine the Usq. The
impulse generator generated a waveform of T,.,. = 126 ys and T;,;; ~ 2106 ys. Only negative stresses
were applied. All of the breakdowns were encountered between the needle and the bolt above the
earthing contact, as can be seen in Figure 5.22.
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Figure 5.22: Breakdown of the earthing contact-needle gap

5.5.3. Results
The results of the tests are shown in Table . The full test results are listed in Appendix

Table 5.11: Disconnector earthing contact-needle results, with 95% confidence intervals

Gap distance | Usg (kV) | o (kV) | 0/Uso (%) | # impulses
0.5m- 269 + 1 2+1 0.7+0.4 39
0.75m - 420+ 2 542 1.2+0.5 47
Using Equation , the Uy is derived, leading to the results listed in Table . The 95% confidence

intervals are determined through the Clopper-Pearson method [43] in the MATLAB function binofit

[42].

Table 5.12: Derived U;( values from Uso and o for the earthing contact-needle gap

Gap distance | Uy with 95% CI (kV)
0.50m - 267+ 1
0.75m - 414+ 3

5.5.4. Discussion

Comparison with pantograph-needle

Figure shows a comparison between the 50% breakdown strength of the pantograph-needle gap
and the earthing contact-needle gaps.
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Figure 5.23: Us( of the pantograph-needle compared with the earthing contact-needle for negative stresses
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Even though the COMSOL simulation showed a lower electric field strength near the earthing rod, the
breakdown strength of these gaps is lower. The simulation, however, did not take into account details
like bolts and nuts. This could have caused a lower electric field strength than encountered in practice,
resulting in a lower breakdown strength.

5.6. Overall results
Figure shows the 50% breakdown strengths of all the gaps considered in this chapter. All of these
gaps are considered to be found when work is performed on the BRP busbar disconnector.
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- Pantograph-needle
- Earthing contact-needle
_700 | | | | | |
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Gap distance (m)

Figure 5.24: Us( including 95% confidence intervals of all the gaps encountered in this chapter, for negative stresses

It can be seen that amongst all the gaps and gap distances, the conductor-rod has the highest break-
down strength, i.e. is the strongest gap. The earthing contact-needle has the lowest breakdown
strength for a gap distance of 0.5 m. At a gap distance of 0.75 m, there is virtually no difference between
the pantograph-rod, pantograph-needle and earthing contact-needle gaps. The pantograph-needle
and earthing contact-needle gaps are not tested at a gap distance of 0.75 m.

Table lists the gap factors that are found with the experimental results from this chapter. The gap
factors are calculated using Equation , where for the conductor-rod and pantograph-rod gaps the
Uso of the rod-plane is used as the reference (Sec. ), and for the pantograph-needle and earthing
contact-needle, the Us, of the needle-plane gap is taken as the reference (Sec. ). The different
references are taken as there exists a significant difference in breakdown strengths of the rod-plane
and needle-plane gaps. The confidence intervals are calculated using Equation
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Table 5.13: Gap factors for the gaps considered in this chapter

Gap Distance and polarity | Gap factor and 95% CIl | Reference gap

0.5m- 1.14 £0.01
Conductor-rod 0.75m - 1.20 +0.01

Tm- 1.24 +0.02

+

05t IiTo® Rod-plane (Sec. 42)
Pantograph-rod 0.75m + 1.38 £ 0.01

0.75m - 1.09 4+ 0.02

Tm- 1.15£0.03

0.5m- 1.11 £ 0.01
Pantograph-needle 075 m - 1181003

Needle-plane (Sec. )

Earthing contact-needle 0.5m- 1.05£0.01

0.75m - 1.194+0.03

This table indicates that the gap factor for the pantograph-rod and the pantograph-needle is comparable
when taken with respect to the correct reference gap. A minimum gap factor of 1.05 is observed for the
0.5 m earthing contact-needle gap.

Table

shows the differences in gap factor when a different rod-plane reference strength is used.

Table 5.14: Disconnector gap factors based on different rod-plane references: the rod-plane experimental results, the CRIEPI

equation (Eq.

), and the Feser equation (Eq.

).

Gap Distance and polarity Based on Based on CRIEPI | Based on Feser
rod-plane results

0.5m- 1.14 +0.01 1.42 1.22
Conductor-rod 0.75m - 1.20 +0.01 1.42 1.23
Tm- 1.24 +£0.02 1.48 1.30
0.5m+ 1.28 +0.01 1.60 1.38
0.5m- 1.10 +0.02 1.37 1.18
Pantograph-rod 0.75m + 1.38 £ 0.01 1.65 1.42
0.75m - 1.09 £0.02 1.29 1.12
Tm- 1.154+0.03 1.37 1.21
Pantograph-needie 0.5m- 1.11 £0.01 1.27 1.09
0.75m - 1.18 £0.03 1.30 1.13
. 0.5m- 1.05+0.01 1.20 1.04
Earthing contact-needle -5 25 110+0.03 1.31 113




Determination of safety distances

Electrical safety in high voltage substations consists of two parts: electrical clearance and safety re-
garding maximum electromagnetic fields. The safety distances related to these parts are discussed in
this chapter.

6.1. Electrical clearance

To determine the electrical clearance, the IEC 61472 standard on live working is used [6]. However, this
standard does not follow the horizontally structured insulation coordination standards (IEC 60071). This
section proposes a method to homogenise the standards for live working and insulation coordination in
the flowchart shown in Figure 6.1. This flowchart is followed to result in the required critical clearance
for gaps occurring during maintenance on the 110 kV BRP busbar disconnector.

The flowchart proceeds from top to bottom, starting from the system overvoltage and ending with the
required electrical clearance. The left column lists the actions performed at each step, while the right
column shows the resulting quantity. At each step, a conversion factor is introduced that accounts for
a specific aspect of the real-world situation, such as the statistical nature of switching overvoltages,
the altitude of the installation, or the geometry of the air gap. These factors are multiplied together to
progressively convert the 2% representative overvoltage into a required 50% breakdown voltage of an
equivalent rod-plane gap. This rod-plane gap serves as a universal reference, because its breakdown
voltage as a function of gap distance is well described by the CRIEPI equation (Eq. ), which is
used to yield the required electrical clearance. Each step of the flowchart is discussed in detail in the
subsections below.
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Figure 6.1: Flowchart to determine the electrical clearance, based on [6], [13], [14]

6.1.1. System analysis
Section

introduced a 2% representative overvoltage of 3.7 p.u. [

]. This overvoltage does not

take into account the presence of surge arresters in the BRP. However, all the BRP substations will be
], limiting the magnitude of the overvoltage. The 110 kV BRP stations

equipped with surge arresters [

will be equipped with a V102 surge arrester [

L

]. The maximum residual voltages at different
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discharge currents for this surge arrester are listed in Table

Table 6.1: Maximum residual voltage of the V102 surge arrester [52], given an overvoltage with a 30/60 us wave shape
Discharge current (kA) | Maximum residual voltage (kV)
0.5 232
1 238
2 250

An incoming surge causes a surge current of:

U
Isurge = E (61)

where Is,rge is the surge current in kA, U is the magnitude of the overvoltage in kV, and Z is the wave
impedance. This wave impedance is typically 400 §2 for a single overhead conductor (to be found in a
substation) and 300 (2 for a double overhead conductor (to be found in an overhead line). Overvoltages
of 3.7 p.u. result in surge currents of 0.93 and 1.24 kA for Z = 400 and 300 2, respectively. The
aforementioned currents, together with the residual voltages from Table 6.1, are shown in Figure
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371.58 —_— Z =400 .
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300 —— Surge arrester characteristic |
2z - - - Extrapolated surge arrester characteristic
° ]
(@]
g  bee-----
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©
=)
ke
[%)]
Q
o 100 |- =
0 | | | \T\ | | | |
0 02 04 06 038 1 1.2 14 16 18 2
Discharge current (kA)
Figure 6.2: V102 surge arrester characteristic [52], together with the overvoltage and corresponding current

If the surge arrester characteristic is slightly extrapolated, the intersections with the surge characteris-
tics can be determined. This results in residual voltages of 230.2 and 231.6 kV for the surge currents
caused by an overvoltage of 3.7 p.u. for the 400 Q2 and 300 Q2 surge impedances. These residual volt-
ages are taken to be the 50% and 2% representative overvoltage. The worst-case situation is in the
case of a discharge current of 2 kA, when a residual voltage of 250 kV is present at the surge arrester.
This is considered to be the maximum occurring residual voltage.

With this statistical information, a Weibull distribution can be fitted. A Weibull distribution is preferred
over a normal distribution because it can be truncated at 0. Switching overvoltages typically truncate at
2 to 3 standard deviations above the mean overvoltage [53]. The 50% and 2% representative overvolt-
ages result in the Weibull switching overvoltage distribution with parameters k& = 285.4 and A = 230.48
kV, and truncated at 3 standard deviations above the mean. This distribution is shown in Figure
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Figure 6.3: Weibull probability density function of the switching overvoltage

It can be seen that the switching overvoltage distribution is very narrow. This is because it was fitted to
meet the residual voltages from the surge arresters under incoming switching surges. This distribution
accurately represents overvoltages within a substation near and above its mean. It does not, however,
accurately describe overvoltages below the mean.

This step results in:

— Up = 2.3 p.u. = 231.6 kV

6.1.2. Selection of insulation strength

The next step is the selection of insulation strength. An extrapolation of Figure indicates that the
weakest gap at an overvoltage of U = —231.6 kV is the earthing contact-needle gap. Therefore, this
gap is considered in the remainder of the clearance determination.
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Figure 6.4: U of the disconnector gaps and the 2.3 p.u. switching overvoltage

A Weibull distribution is used for the breakdown probability of the air gap, truncating the breakdown
probabilities at voltages more than 4 standard deviations below Usq [13].



6.1. Electrical clearance 67

This step requires parameter selection for one of the two following factors:

» The deterministic coordination factor K4 is used for a worst-case analysis when there is no
statistical information available about failure rates of the equipment.

» The statistical coordination factor K., is used when the risk of flashover is evaluated. Both the
stress (distribution of switching overvoltages) and the strength (breakdown probability of the air
gap) are taken into account.

Since both the probability distribution of switching overvoltages and the breakdown probability of the
air gap are known, the statistical coordination factor is used. The purpose of selecting a statistical
coordination factor is to limit the probability of flashover during switching overvoltages.

The risk density is obtained by multiplying the probability density function of the switching overvoltage by
the cumulative density function of the flashovers. Integrating the risk density yields the risk probability,
i.e., the probability that a breakdown occurs given a switching overvoltage drawn from the distribution
specified earlier. By extrapolation of the earthing contact-needle gap to U, = —231.6 kV, a clearance of
43.9 cm is found. The extrapolated flashover probability function for this gap distance is shown together
with the switching overvoltage distribution in Figure 6.5, leading to a risk probability of 0.072.
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Figure 6.5: PDF of the switching overvoltage, CDF of the flashover probability and the resulting risk density for a 43.9 cm
earthing contact-needle gap under negative stresses, Uy, = 2.3 p.u. and K¢s = 1.0

Figure shows the risk as a function of the coordination factor K. It can be seen that the risk
decreases rapidly when increasing the coordination factor.
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Figure 6.6: Risk as a function of the coordination factor
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The upper bound of individual risk of a fatal accident in the Netherlands for new installations is 1076 yr—1!,
where the ’as low as reasonably achievable’ (ALARA) principle is applied [54]. The risk probability ob-
tained through the integral of the risk density is the risk per switching action. From October 2024 until
October 2025, TenneT reported 269 measured switching events at a substation considered prone to
switching events [20]. To stay on the conservative side, it is assumed that there are 500 switching events

. . . . . —6 -1
per year. This leads to a maximum acceptable risk per switching event of mégvein{;yr,l =2 x107Y.

The found risk probability from Figure is considerably higher than this maximum acceptable risk per
switching event. Therefore K is set to 1.025, reducing the risk per switching event to 3.1 x 10~1°. This
is shown in Figure
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Figure 6.7: PDF of the switching overvoltage, CDF of the flashover probability and the resulting risk density for a 43.9 cm
earthing contact-needle gap under negative stresses, Urpp = 2.3 p.u. and K¢s = 1.024

This step in the flowchart results in:
— K¢ = 1.025
— Uew = Urp - K¢s = 2.35 p.u. = 236.0 kV

6.1.3. Selection of differences between test and actual service conditions
This step consists of two factors that need to be specified:

» The safety factor Ky makes the distinction between self-restoring and non-self-restoring insulation.
Normally, air insulation is self-restoring, however, in the case of safety clearances, it can be
characterised as non-self-restoring. For self-restoring insulation, K, = 1.05 is used, and for
non-self-restoring insulation, K, = 1.15. Since the statistical coordination factor K is used to
minimise the risk of sparkover below a certain value, K, = 1.0.

The altitude factor K, accounts for the effect of air density on the breakdown strength of air gaps.
The average altitude in the European Netherlands is around 30 meters above sea level [15],
which results in an atmospheric factor of K, = 1. If the highest part of the European Netherlands
is taken (around 300 m above sea level [16]), this atmospheric factor changes to K, ~ 1.036.
Therefore, the atmospheric factor of K, = 1.036 is used.

— K, =1.0
— K, =1.036
— Urw, normal conditions = Ucw * K5 - Kq = 2.43 p.u. = 244.5 kV
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6.1.4. Allowance for degradation and maintenance
To account for the degradation of the insulator and maintenance operations, there are two factors of
importance:

» The damaged insulator factor K; takes into account working next to damaged insulators. Its
value is based on the length of undamaged insulators (A4,), length of damaged insulators (A4;)
and a coefficient related to the material of the insulator (K; = 1 for toughened glass insulators,
Ky = 0 to 1 for porcelain insulators, and k; = 1.25 for composite insulators). This results in
K; =1-0.8k4s(Aq4/A,). Damaged insulators are not considered, resulting in K; = 1.0.

* The floating conductor factor K accounts for conductors at floating potential in the air gap, as
they influence the strength of the gap. Determining their influence is more elaborate, see [6,
Sec. 4.3.2.4]. This work does not consider floating conductors, resulting in Ky = 1.0.

— Kf =1.0
— Urw, maintenance conditions — Urw, normal conditions * Ki ° Kf =2.43 p.u. = 244.5 kV

6.1.5. Relating Uso to Uqg

To relate the 50% breakdown voltage of the gap to the 10% breakdown voltage, the standard deviation
o is used: Usy = Uyp/(1 — 1.280), and the statistical factor is K, = 1/(1 — 1.280). IEC 61472 [6]
suggests o = 5%, IEC 60071-2 [13] suggests o = 6%, and Hileman [17] suggests o = 7%. Tests on
the conductor-rod gap (Table 4.9) and on the pantograph-rod gap (Table 5.7) show that o can be as
high as 7%. Therefore, if the standard deviation is not known from tests, it is proposed to use o = 7%
to be conservative. For the weakest gap in this work (the earthing contact-needle gap), the standard
deviation is known from tests and is o = 1%.

— K, = 1.098 if o is not known from tests
— K. = 1.013 for the earthing contact-needle gap

— Uso, maintenance conditions = Urw, maintenance conditions * K> = 2.47 p.u. =~ 247.7 kV

6.1.6. Relating the gap of interest to the rod-plane gap

The breakdown strength of the gap of interest can be expressed as a scalar factor times the breakdown
strength of the rod-plane gap, the gap factor. The CRIEPI equation (Eq. ) is found to be a good and
conservative fit for the breakdown voltages of the rod-plane gap (see Sec. ), the gap factors in
this section are based on this equation (and not on the experimental rod-plane or needle-plane results).
The minimum gap factor resulting from the tests in this work is K, = 1.20 for the earthing contact-needle
gap (Table )- This gap factor is higher than the currently used gap factor of K, = 1.10 for safety
clearance determination [11]. If the gap factor is known from tests, this gap factor should be used (with
respect to the rod-plane strength from the CRIEPI equation), if this is not the case, the currently used
conservative value of 1.10 is proposed.

— K, = 1.10 if K, is not known from tests
— K4 = 1.20 for the earthing contact-needle gap
— U50, ideal rod-plane — U50, maintenance conditions/Kg = 2.06 p.u. = 206.4 kV

With this Usg, ideal rod-plane, the clearance of the ideal rod-plane gap can be calculated using the CRIEPI
equation as: d = 2.17 (eVs0/1080 _ 1),

6.1.7. Floating conductor

The last step is to account for the length of the floating conductor. This length gets added to the
clearance of the ideal rod-plane gap. Floating conductors are not considered in this work, leading to
F=0m.

— F=0m
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6.1.8. Clearance determination

The final clearance determination is performed with the 50% breakdown voltage of the rod-plane gap
based on the CRIEPI equation, and the length of floating conductors is added. This results in Equation
6.2.

D, = 2.17 (eU5°/1080 - 1) +F (6.2)

The minimum electrical safety clearance around the 110 kV busbar disconnector is therefore:

D, = 2.17 (e2°6‘4/ 1080 _ 1) 40 =0.456m (6.3)

The calculated safety distance is based on a worst-case scenario. In practice, the actual risk will be
lower because [6]:

» The actual system voltage is not always at a maximum value

» The location where the work is performed is not always the location where the switching overvolt-
age is at a maximum value

» Not all switching overvoltages have a critical time-to-crest
» Work is generally not performed when there will be switching operations

Figure 6.8: Mannequin placed deliberately too close to the busbar disconnector with an applied switching impulse
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6.2. Electromagnetic fields

Power-frequency electromagnetic fields can have direct effects on the human body. They may induce
small currents which stimulate the nerves, potentially causing tingling, pain, uncontrolled muscle con-
tractions, disturbances of the heart rhythm, or visual stimulations, such as light flashes [55]. Therefore,
it is of great importance that the maximum allowed field strengths are well set and adhered to. The
EU directive 2013/35/EU [56] describes the minimum health and safety requirements regarding the
electromagnetic fields for workers. This directive describes different exposure levels for fields, based
on different levels (at power-frequency):

» Exposure limit values (ELV): internal electric field limits (inside the human body), related to the
effects on the human body. For f > 1 Hz, the exposure to magnetic fields is assessed through
the induced internal electric field. Compliance can be verified using action levels (see below).

— Sensory effect ELV: related to effects on the central nervous system in the head.
— Health effect ELV: related to electric stimulation of all peripheral and central nervous system
tissues in the body.

Table 6.2: Sensory and health effects ELV at f = 50 Hz [56]

E-field (V/m)
Sensory effects ELV | 0.0028f = 0.14
Health effects ELV 1.1

* Action levels (AL): external electric and magnetic field limits, related to the internal electric field
they will cause:

— Low AL: based on limiting the internal electric field below the ELVs.

— Below high AL: internal electric field does not exceed the ELVs, provided protection mea-
sures are taken.

— Exposure of limbs to a localised magnetic field is allowed for higher field strengths.

Table 6.3: Action levels at f = 50 Hz [56]

E-field (V/m) B-field (uT)
Low AL 5.0 x 105/f =1.0 x 10* | 1.0 x 103
High AL 2.0 x 107 3.0 x 10°/f = 6.0 x 103
Exposure of limbs to a localised magnetic field 9.0 x 10°/f = 1.8 x 10*

Summarising, it is allowed to perform work in an electric field that is below the high AL, provided that
adequate measures have been taken and that the internal electric field does not exceed the health
effects ELV. Adequate measures include, for instance, the informing and training of workers, the use
of technical means, and personal protection [56].

A simulation of the three-phase busbar disconnector at operating voltage (U = 1231/2/3 =~ 100 kVgeak)
is performed to analyse the electric field around the disconnector. The electric field is analysed along
the 3 planes shown in Figure 6.9. The planes are placed at such a distance that the high action levels
are observed. Figure shows the 3D model that is used to analyse the electric field.
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Figure 6.9: lllustration of the cut planes to analyse the electric field. In the simulation, the three-phase model of the busbar
disconnector is used (see Fig. 5.2).

The electric field simulation yielded the results listed in Table

Table 6.4: Minimum plane approach distances related to the highest E-field action level

Plane | E-field (V/m) | Distance of plane to disconnector (m)
Ty 0.95
Tz 2 x 10* 0.80
Yz 0.68

As the magnetic field is highly dependent on the substation configuration and varies with load, the
safety distances associated with it are outside the scope of this thesis. However, a rough estimate is
made as follows:

The magnetic field caused by a current through an infinitesimally thin wire is defined as

pol
B=— 6.4
2R (6.4)
where o = 47 x 10~7 H/m, I is the maximum busbar current of 3150 A, and R the perpendicular
distance from the wire in meters. Equating this equation to the low action level of 1.0 mT (see Table
) leads to a distance of 63 cm. The high action value is reached at a distance of 10.5 cm.

The distance at which the high action value is reached is significantly lower than the clearance that
is needed based on the electrical field. The magnetic field is therefore not considered to be a limiting
factor for safety clearances in the BRP busbar disconnector.



Discussion

This chapter discusses and interprets the findings of this work.

7.1. Validation of the method of Schneider and Weck

The COMSOL simulations reproduce the original results of Schneider and Weck [7] reasonably well for
gap distances of d > 2 m, with deviations below 5%. This indicates that the simulation in COMSOL is
consistent with the original experiments performed in an electrolytic tank.

For shorter gaps (d < 2 m), however, the method shows inconsistent behaviour. Sudden changes in
the gap factor were observed for the simulated gap factor of the conductor-rod gap, suggesting the
invalidity of this method. Experimental results on the conductor-rod gap show significant deviations
from the simulated gap factors. Therefore, the method of Schneider and Weck cannot be considered
valid for geometries with gap distances below 2 m.

7.2. Breakdowns in air gaps

The results of the rod-plane and needle-plane gap are in line with literature results. However, their
breakdown strengths are not equal, contrary to what would be expected based on the theory of the
critical radius. This critical radius is not researched for small gaps (d < 2 m), and extrapolation leads
to incorrect results.

The equations describing the breakdown strength of a rod-plane gap were compared to the experimen-
tal results. The Paris equation (Eq. 2.4) consistently overestimates the breakdown strength. The Feser
equation (Eq. ) describes the experimental results the best, as this equation is specifically tailored
for small gaps (0.4 < d < 3 m). The CRIEPI and Gallet equations (Egs. and , resp.) under-
estimate the gap strength by around 20 and 30%, respectively. The deviations from the experimental
results can be explained by two main reasons. The first reason is that the applied impulses were not
always exactly of the same shape (time-to-crest and time-to-half) as the equations were developed for.
The second reason is that the Paris, Gallet, and CRIEPI equations are valid for a large range of gap
lengths (Paris: 2 < d < 6 m, Gallet: 1 < d < 21 m, and CRIEPI: 0.5 < d < 12 m) and need to perform
reasonably well for all gap distances in this range. The Paris and Gallet equations are shown to be not
valid outside their validity range.

The breakdown strength of a gap under positive impulse stresses is usually lower than under negative
stresses. This turns around when the (positive) gap factor exceeds 1.5 [10]. However, this is not
observed for the pure conductor-rod gaps and the pantograph-rod gaps. The positive gap factors are
1.33 and 1.28, respectively, but the gaps are stronger under positive impulses than under negative
impulses. This could be caused by the short gaps considered in this work, contrary to the literature,
which mostly deals with long gaps. The gap factors found for the conductor-rod gap are in line with the
literature, as well as the ratio between positive and negative breakdown strength.

The conductor-rod gap in the BRP busbar disconnector has a 50% breakdown voltage close to the 50%
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breakdown voltage of the pure conductor-rod gap for gap distances of 0.75 and 1 m. For a gap distance
of 0.5 m, the spacer between the two conductors is likely to have a large effect on the electric field dis-
tribution, resulting in a lower breakdown strength. This effect decreases as the gap distance increases.
This is also observed for the pantograph-rod and pantograph-needle gaps, where the pantograph-rod
has a higher breakdown strength than the pantograph-needle at 0.5 m, but at 0.75 m they are virtually
equal.

The COMSOL simulation of the BRP busbar disconnector showed the highest electric field strength at
the tip of the pantograph, followed by the fixed contact of the earthing mechanism. Tests have shown
that, contrary to what is to be expected based on the simulations, the earthing contact-needle gap has
a lower breakdown strength than the pantograph-needle gap. This can be explained by the way the
simulation is performed: not all details (bolts, nuts, etc.) were included in this simulation. During testing,
all sparkovers occurred towards a bolt located close to the earthing contact, indicating that the local
electric field enhancement dominated the breakdown behaviour.

7.3. Implications for safety clearances

The rod-plane experiments showed that the CRIEPI equation consistently underestimates the strength
of the gap. Therefore, this equation is recommended to be used for safety clearances, as it will over-
come differences in results between different laboratories and still be conservative.

Experiments on the BRP busbar disconnector led to gap factors for four different gaps. The earthing
contact-needle gap has the lowest breakdown strength amongst the four studied gaps, resulting in a
gap factor of 1.05 with respect to the experimentally found rod-plane strength. As the CRIEPI equation
is preferred as a reference, the gap factor for the earthing contact-needle gap with respect to this equa-
tion is 1.20. The currently used gap factor for determining clearances is 1.1 [11]. The use of the gap
factor of 1.1 is recommended in combination with the CRIEPI equation to remain conservative.

This work led to the minimum electrical clearance of the BRP busbar disconnector of 45.6 cm. This is
in the same order of magnitude as the currently by TenneT defined 47.9 cm. The main reason for this
difference is that the clearance in this work is based on the surge arrester characteristics, leading to a
switching overvoltage distribution with a very low standard deviation, resulting in a relatively low 2% rep-
resentative overvoltage. The found safety distance is a worst-case scenario, as several conservative
assumptions were made.

The observed standard deviations for the investigated gaps indicate that 1% < o < 7%. If the Uy is
derived from the Us, with o being unknown, it is proposed to use o = 7% to remain conservative.

Next to the electrical safety clearances, the clearance related to the electric field was investigated. This
was studied using the same COMSOL model as before. This has the shortcoming that details (bolts,
nuts, etc.) are not included in the simulation, which could lead to changes in the found safety distance.
These changes are expected to be limited, as these details are rather small in size, and will therefore
only have a limited influence on the electric field strength at a distance of approximately 70 cm. Taking
into account the total risk for a flashover, this can increase based on the assumptions made (e.g. the
normal distribution of the overvoltage).

7.4. Calculating the safety clearances

Based on the findings of this work, the following procedure is recommended for calculating the break-
down strength of gaps in 110 kV substations. First, the breakdown strength of the rod-plane gap should
be described using the CRIEPI equation (Eq. ), as this consistently underestimates the experimen-
tal results and therefore provides a conservative reference. Second, the gap factor of the specific
geometry should be determined experimentally if possible. If no experimental data is available, the
conservative value of k, = 1.1 should be used. Third, when deriving U;, from Us, a standard devi-
ation of ¢ = 7% should be assumed if not known from tests. Together, these three steps provide a
consistent and conservative basis for calculating the breakdown strength of gaps encountered during
maintenance on compact 110 kV substations.



Conclusion & Recommendations

This chapter presents a conclusion and proposes recommendations based on the current work.

8.1. Conclusion

This work investigated safety clearances in the compact and modular 110 kV BRP busbar disconnector
that TenneT is currently placing in the Netherlands. The objective was to determine gap factors that
are found during maintenance and to validate a method to simulate these gap factors. This objective
has been met by performing both simulations and laboratory experiments.

The method of simulating the gap factor of Schneider and Weck was investigated. A COMSOL simu-
lation reproduced the original results from the electrolytic tank for large gaps. However, for small and
simple gaps (d < 2 m), this method fails to model the gap factor accurately.

The experiments led to the 50% breakdown voltages of different gap configurations. The Feser equa-
tion best represents short rod-plane gaps, but the CRIEPI equation should be used for clearance de-
termination to remain conservative. There is a large difference between the experimental results and
the breakdown equations when they are extrapolated outside their validity range. The experiments on
the busbar disconnector show that negative polarity impulses have a lower breakdown strength than
positive polarity impulses. It is therefore not sufficient to only consider positive or negative impulse
strength for clearance determination.

The found gap factors were in line with results from literature, and the currently used gap factor of
kg = 1.1 for clearance determination is conservative enough when being used in combination with the
CRIEPI equation. The experiments show that the gap factor can be as low as k, = 1.20 for the gap
between the earthing contact and a needle.

The experimental results led to a critical electrical clearance of Dy = 45.6 cm. Therefore, the currently
enforced critical clearances by TenneT of Dy = 47.9 cmand Dy, = 50 cm are considered to be adequate.
A simulation showed that the minimum safety clearance regarding the electric field is approximately 68
cm.
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8.2. Recommendations
Based on the findings of this work, the following recommendations are proposed:
* Maintain the currently used live working zone D = 50 cm.

» Perform both positive and negative impulse testing when determining critical breakdown voltages
for safety clearances.

» Maintain the currently used gap factor of 1.1 in combination with the CRIEPI equation.

« If the standard deviation o is not known from tests, use o = 7% when deriving Uy from U, for
determining clearances.

» The breakdown equations are only to be used inside their validity ranges.

8.3. Future work
To build on the results of this work, the following directions for future research are recommended:

* The 2% representative overvoltage for 110 kV grids is not uniquely defined, but has a large influ-
ence on the clearance determination. Future research could investigate what overvoltage best
represents switching actions in the 110 kV grids.

+ In this study, a critical time-to-crest of 100 ps is assumed for all gap configurations. However, this
value may vary depending on the gap geometry. Future research could therefore investigate the
critical time-to-crest for different gaps and the resulting implications on safety clearances.

» The concept of the critical radius is not defined for gaps with a gap distance below 2 m. This
limitation could be investigated experimentally using different rod radii and gap distances.

+ Although the method of Schneider and Weck does not apply to small gaps (d < 2 m), it may
be worth exploring whether an alternative model can be developed to accurately simulate gap
factors for small gaps.
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This appendix includes all the simulation results from Section

Simulation results

and the paper of Schneider and Weck introducing the simulation method [7].

Table A.1: Simulated gap factor compared to literature

and compares them to literature |

Gap factor £, (-)

80

Rod-plane Rod-rod
COMSOL COMSOL
d(m) | COMSOL normalised 711 171 COMSOL normalised (7} 1l
0.25 1.083 1
0.5 1.059 1 1.352 1.276
0.75 1.055 1
1 1.052 1 1.355 1.288
2 1.047 1 1 1.308 1.249 1.25 | 1.27
4 1.038 1 1 1.217 1.172 to 1.21
6 0.991 1 1 1.163 1.173 1.35 | 1.14
Conductor-plane Conductor - 2m rod
COMSOL COMSOL
d(m) | COMSOL normalised 71 171 COMSOL normalised (711l
0.25 1.282 1.185 1.437 1.327
0.5 1.233 1.164 1.558 1.471
0.75 1.215 1.142 1.585 1.502
1 1.201 1.141 1.584 1.505
2 1.189 1.135 1.530 1.461 14 | 1.47
4 1.188 1.144 1.15 1.438 1.385 to 1.40
6 1.202 1.212 1.376 1.388 1.6 | 1.25
Conductor - 4m rod
COMSOL
d(m) | COMSOL normalised 711 17
0.25 1.460 1.348
0.5 1.606 1.516
0.75 1.653 1.566
1 1.666 1.583
2 1.646 1.572 14 | 1.55
4 1.569 1.511 to 1.54
6 1.352 1.364 .6 | 1.40

1,



Experimental results

This appendix lists the experimental results of all the performed tests. It includes the measured peak
voltage of the applied impulse, the number of breakdowns and the total number of applied impulses.
The shown voltages are corrected to reference atmospheric conditions. The actual atmospheric condi-
tions are listed.

B.1. Rod - plane

Table B.1: Experimental results, rod-plane 0.5m +
Atmospheric conditions: ¢ = 17.75 °C, p = 995.71 hPa, h = 3.86 g/m3

Voltage (kV) | # breakdowns | # impulses
270.8 0 1
273.4 1 3
276.6 2 5
278.9 4 8
281.9 4 9
284.9 5 5

Table B.2: Experimental results, rod-plane 0.5m -
Atmospheric conditions: ¢ = 17.79 °C, p = 1005.83 hPa, h = 5.59 g/m3

Voltage (kV) | # breakdowns | # impulses
610.6 1

617.3
623.3
629.0
635.2
641.7
649.2
653.9
661.5
668.5
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Table B.3: Experimental results, rod-plane 0.75m +
Atmospheric conditions: t = 17.79 °C, p = 1005.86 hPa, h = 5.59 g/m?

Voltage (kV) | # breakdowns | # impulses
369.3 0 1

372.9 0 2

376.2 1 5

380.5 3 12

384.1 8 10

388.3 2 2

Table B.4: Experimental results, rod-plane 0.75m -
Atmospheric conditions: ¢ = 17.79 °C, p = 1005.83 hPa, h = 5.59 g/m3

Voltage (kV) | # breakdowns | # impulses
844.1 0 5
851.0 4 9
858.3 4 9
865.6 4 9
873.6 4 4

Table B.5: Experimental results, rod-plane 1 m +
Atmospheric conditions: t = 18.65 °C, p = 977.89 hPa, h = 7.52 g/m3

Voltage (kV) | # breakdowns | # impulses
466.8 0 2

471.8
475.6
479.6
484.7
489.3
494 1
499.0
504.2
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Table B.6: Experimental results, rod-plane 1 m -
Atmospheric conditions: ¢ = 18.65 °C, p = 977.89 hPa, h = 7.52 g/m3

Voltage (kV) | # breakdowns | # impulses
977.8 0 1

986.9
995.8
1005.1
1013.9
1023.5
1032.2
1041.4
1049.7
1059.5
1068.5
1077.3
1086.7
1097.1
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B.2. Conductor - rod

B.2.1. U;, tests
The conductor-rod Us, test was performed two times. The results of the first test are listed in Table
and the results of the second test are listed in Table

Table B.7: Experimental results, conductor-rod Usg 0.5 m +, first time
Atmospheric conditions: t = 16.96 °C, p = 993.31 hPa, h = 5.56 g/m3

Voltage (kV) | # breakdowns | # impulses
365.2 0 2

367.7 2 9

370.4 8 13

373.2 5 7

376.1 2 3

378.8 1 1

Table B.8: Experimental results, conductor-rod Usp 0.5 m +, second time
Atmospheric conditions: ¢ = 18.03 °C, p = 1006.38 hPa, h = 5.95 g/m3

Voltage (kV) | # breakdowns | # impulses
364.7 0 2
367.8 1 5
373.4 3 9
376.3 6 8
379.1 2 3
382.5 1 1

Table B.9: Experimental results, conductor-rod Usg 0.5 m -
Atmospheric conditions: ¢ = 16.96 °C, p = 993.31 hPa, h = 5.56 g/m3

Voltage (kV) | # breakdowns | # impulses
323.8 1

326.4
329.0
332.3
335.2
337.3
340.2
343.0
345.9
349.1
351.2
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Table B.10: Experimental results, conductor-rod Usg 0.75 m +
Atmospheric conditions: ¢t = 18.03 °C, p = 1006.38 hPa, h = 5.95 g/m?

Voltage (kV) | # breakdowns | # impulses
506.7 0 3

511.3 3 7

516.4 4 10

520.8 7 10

525.7 4 10

531.0 6 6
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Table B.11: Experimental results, conductor-rod Usg 0.75 m -
Atmospheric conditions: t = 17.98 °C, p = 1013.54 hPa, h = 4.16 g/m?

Voltage (kV) | # breakdowns | # impulses
453.3 0 2

457.9- 2 11

462.7 8 12

467.5 4 5

476.0 1 1

Table B.12: Experimental results, conductor-rod Usp 1 m +
Atmospheric conditions: t = 18.09 °C, p = 998.08 hPa, h = 4.33 g/m?

Voltage (kV) | # breakdowns | # impulses
632.4 0 1
639.4 1 4
645.8 2 4
652.4 2 7
658.9 4 9
665.3 4 7
671.9 2 4
679.3 1 1

Table B.13: Experimental results, conductor-rod Usp 1 m -
Atmospheric conditions: t = 18.09 °C, p = 998.08 hPa, h = 4.33 g/m3

Voltage (kV) | # breakdowns | # impulses
599.6 0 4

604.1 4 14

609.0 9 1

613.6 2 2

B.2.2. U, tests

Table B.14: Experimental results, conductor-rod Uig 0.5 m +
Atmospheric conditions: ¢ = 18.03 °C, p = 1006.38 hPa, h = 5.95 g/m3

Voltage (kV) | # breakdowns | # impulses | # accepted groups
364.4 0 42 6
367.2 5 30 7
369.9 2 3 2

Table B.15: Experimental results, conductor-rod Uig 0.5 m -
Atmospheric conditions: ¢ = 17.70 °C, p = 999.95 hPa, h = 5.93 g/m3

Voltage (kV) | # breakdowns | # impulses | # accepted groups
320.4 0 42 5
323.2 5 33 7
325.8 3 7 3
331.8 2 5 0
334.7 1 4 0
337.3 1 3 0
340.0 1 4 0
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Table B.16: Experimental results, conductor-rod Ui 0.75 m +
Atmospheric conditions: t = 17.98 °C, p = 1013.54 hPa, h = 4.16 g/m?

Voltage (kV) | # breakdowns | # impulses | # accepted groups
461.4 0 7 0
466.0 1 23 4
470.6 3 26 6
475.3 3 8 4
480.1 1 3 0
485.3 1 7 0
490.1 1 3 0
495.5 1 2 0
499.7 1 3 0
504.4 1 1 0
509.3 1 2 0
514.0 1 1 0
518.9 1 1 0
523.7 1 2 0
527.6 1 1 0

Table B.17: Experimental results, conductor-rod U;g 0.75 m -
Atmospheric conditions: ¢ = 17.98 °C, p = 1013.54 hPa, h = 4.16 g/m3

Voltage (kV) | # breakdowns | # impulses | # accepted groups
434.0 0 14 2
439.2 2 14 3
443.7 2 24 4
448.4 3 11 4
453.2 2 5 2
457.9 1 5 0

Table B.18: Experimental results, conductor-rod Uijg 1 m +
Atmospheric conditions: t = 18.09 °C, p = 998.08 hPa, h = 4.33 g/m?

Voltage (kV) | # breakdowns | # impulses | # accepted groups
599.8 0 7 0
605.8 1 10 2
612.4 1 30 5
619.3 4 28 6
625.7 3 11 3
632.2 1 6 0
639.8 1 6 0
645.6 1 2 0
653.0 1 1 0

During the execution of the Uy test for negatively stressed 1 m gaps, the resulting U;o seemed to be
very close to the found Usy. More impulses than specified by [21] were applied. Table shows a
large number of impulses and relatively few accepted groups.



B.3. Disconnector conductor - rod

Table B.19: Experimental results, conductor-rod Uip 1 m -
Atmospheric conditions: ¢t = 18.25 °C, p = 1003.09 hPa, h = 4.87 g/m?

Voltage (kV) | # breakdowns | # impulses | # accepted groups
571.1 0 7 0
575.9 0 26 0
580.4 0 14 2
585.1 1 27 2
589.8 2 28 0
594.8 2 38 3
599.4 2 37 6
604.0 4 21 5
609.0 1 1 0

B.3. Disconnector conductor - rod

Table B.20: Experimental results, disconnector conductor-rod 0.5 m -
Atmospheric conditions: t = 19.01 °C, p = 1024.12 hPa, h = 6.91 g/m?

Voltage (kV) | # breakdowns | # impulses
290.2 0 1
299.4 0 1
308.9 0 7
311.8 5 14
314.5 7 16
3171 8 17
319.9 8 14
322.4 8 13
325.0 8 12
327.8 3 4
330.5 1 1

Table B.21: Experimental results, disconnector conductor-rod 0.75 m -
Atmospheric conditions: ¢t = 19.46 °C, p = 1024.86 hPa, h = 6.26 g/m?

Voltage (kV) | # breakdowns | # impulses
4121 0 1

431.0 0 1

439.6 0 1

4446 0 3

448.9 2 13

453.4 9 19

457.8 9 15

462.5 5 9

465.7 4 4
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Table B.22: Experimental results, disconnector conductor-rod 1 m -
Atmospheric conditions: ¢ = 19.82 °C, p = 1024.30 hPa, h = 5.80 g/m?

Voltage (kV) | # breakdowns | # impulses
509.3 1

527.7
546.0
564.2
583.0
587.3
592.0
596.5
601.0
602.2
605.4
609.5
614.7
618.8
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B.4. Disconnector pantograph - rod

Table B.23: Experimental results, disconnector pantograph-rod 0.5 m +
Atmospheric conditions: ¢ = 19.10 °C, p = 1028.08 hPa, h = 5.20 g/m?

Voltage (kV) | # breakdowns | # impulses
430.7 1

4134
313.3
3221
331.3
340.5
348.9
350.4
352.6
355.4
358.1
360.6
363.4
366.2
369.2
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1
1
4
9
1
1
7
5
3
1
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Table B.24: Experimental results, disconnector pantograph-rod 0.5 m -
Atmospheric conditions: ¢ = 19.10 °C, p = 1028.08 hPa, h = 5.20 g/m?

Voltage (kV) | # breakdowns | # impulses
230.0 1

239.3
248.9
258.3
267.3
276.6
285.8
287.4
290.1
2924
293.8
295.1
297.8
300.9
303.6
306.9
309.2
312.1
314.8
317.6
320.7
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Table B.25: Experimental results, disconnector pantograph-rod 0.75 m +
Atmospheric conditions: ¢ = 19.10 °C, p = 1028.08 hPa, h = 5.20 g/m?

Voltage (kV) | # breakdowns | # impulses
461.9 1

480.9
499.0
534.6
5171
521.7
526.4
530.6
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Table B.26: Experimental results, disconnector pantograph-rod 0.75 m -
Atmospheric conditions: ¢ = 19.10 °C, p = 1028.08 hPa, h = 5.20 g/m3

Voltage (kV) | # breakdowns | # impulses
369.0 0 1

388.0 0 1

402.0 0 2

406.5 2 8

410.9 5 11

415.7 6 15

420.2 8 10

4251 2 2




B.5. Disconnector pantograph - blunt needle 89

Table B.27: Experimental results, disconnector pantograph-rod 1 m -
Atmospheric conditions: ¢ = 19.10 °C, p = 1028.08 hPa, h = 5.20 g/m?

Voltage (kV) | # breakdowns | # impulses
527.6 0 1
546.9 0 1
564.4 1 1
544.8 0 1
549.5 1 4
554.3 3 13
558.7 10 20
563.1 10 14
568.0 4 7
572.9 3 4
578.2 1 1

Table B.28: Experimental results, disconnector pantograph-rod modified multiple-level method 0.5 m -
Atmospheric conditions: ¢t = 19.29 °C, p = 1026.80 hPa, h = 4.41 g/m?

Voltage (kV) | # breakdowns | # impulses
303.7 5 10
3011 3 10
298.5 4 10
295.6 4 10
292.6 2 10
289.8 3 10
286.7 2 10
284.3 2 10
281.5 2 23
278.6 3 17
275.4 2 44

B.5. Disconnector pantograph - blunt needle

Table B.29: Experimental results, disconnector pantograph-blunt needle 0.5 m -
Atmospheric conditions: ¢ = 19.29 °C, p = 1026.80 hPa, h = 4.41 g/m3

Voltage (kV) | # breakdowns | # impulses
263.4 0 1

273.0 0 1

277.0 0 1

279.8 1 8

282.7 7 19

285.9 11 14

287.6 1 1

288.8 3 3

2921 1 1
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Table B.30: Experimental results, disconnector pantograph-blunt needle 0.75 m -
Atmospheric conditions: ¢t = 19.29 °C, p = 1026.80 hPa, h = 4.41 g/m?

Voltage (kV) | # breakdowns | # impulses
390.9 1

400.1
406.3
409.5
410.9
4141
414.9
418.1
418.9
421.5
435.7
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B.6. Disconnector earthing contact - needle

Table B.31: Experimental results, disconnector earthing contact-blunt needle 0.5 m -
Atmospheric conditions: t = 19.48 °C, p = 1028.11 hPa, h = 4.19 g/m?

Voltage (kV) | # breakdowns | # impulses
261.8 0 1

267.0 0 14

269.8 13 17

271.3 1 1

272.6 4 5

275.6 1 1

Table B.32: Experimental results, disconnector earthing contact-blunt needle 0.75 m -
Atmospheric conditions: ¢ = 19.48 °C, p = 1028.11 hPa, h = 4.19 g/m3

Voltage (kV) | # breakdowns | # impulses
412.2 0 3
415.8 3 10
419.7 6 15
421.3 1 2
423.3 9 1
4259 1 1
427.0 2 2
429.7 1 1
440.3 1 1
463.3 1 1
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B.7. Needle - plane

Table B.33: Experimental results, blunt rod-plane 0.5 m +
Atmospheric conditions: ¢ = 19.48 °C, p = 1028.11 hPa, h = 4.19 g/m3

Voltage (kV) | # breakdowns | # impulses
2315 0 1

240.5 0 1

250.6 0 4

252.8 2 10

255.7 7 15

2571 1 1

258.3 7 8

261.7 1 1

263.6 1 1

Table B.34: Experimental results, blunt rod-plane 0.75 m +
Atmospheric conditions: ¢ = 19.48 °C, p = 1028.11 hPa, h = 4.19 g/m3

Voltage (kV) | # breakdowns | # impulses
3324 0 1
337.2 0 1
341.0 0 3
343.6 1 1
344.3 2 6
348.4 3 16
351.8 11 20
355.9 8 13
359.1 5 7
364.9 2 2

Table B.35: Experimental results, hemispherical rod-plane 0.5 m +
Atmospheric conditions: ¢ = 19.48 °C, p = 1028.11 hPa, h = 4.19 g/m3

Voltage (kV) | # breakdowns | # impulses
240.9 0 1

249.9 0 2

250.7 0 1

252.4 2 6

255.3 4 14

257.6 10 19

260.5 8 8
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