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Abstract

In this thesis, the results of the research on multiple impulse energy handling capability
of metal-oxide varistors (MOVs) are described. The focus here is on repetitive impulse
stresses with a high energy density where the specimens cool down to ambient temperature
after each energy injection. The repetitive energy injection handling capability of MOVs is

compared to their single impulse energy handling capability.

It is widely known that the single impulse energy handling capability of MOVs increases
with the current density of the impulse stress. This is due to the homogeneous current
distribution within MOVs when applying higher current densities. The findings described
in this thesis suggest that the temperature dependence of electrical resistance causes a
further homogenization of the current distribution within the material of the MOVs at
higher current densities. However, the impact of this seems to be small as its influence on
the single impulse energy handling capability of the MOVs is not measurable. Furthermore,
the results of experiments conducted for this thesis show that short interruptions of long-
duration current impulse stresses up to the range of seconds do not increase the impulse

energy handling capability of MOVs.

Additionally, the research results illustrate that the repetitive impulse energy handling
capability of MOVs does not correlate with their single impulse energy handling capability.
Concerning repetitive energy injections at lower current densities, the stress handling
capability is very close to the single impulse energy handling capability. However, repetitive
impulse stresses with higher current densities cause a reduced stress handling capability
compared to the single impulse energy handling capability. Nonetheless, the energy handling
capability when applying repetitive energy injections does not drop below the characteristic
volume-related nominal energy handling capability of standard surge arresters. With regard
to these findings, it is also shown that a change in reference voltage due to prior repetitive
stressing of the MOV is not a sure sign for a pre-damage that leads to a decrease in single

impulse energy handling capability.

The results gained from this research are discussed with regard to routine tests of MOVs, the
usage of surge arresters within electric power systems and the international standardization

of surge arresters.
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1 Introduction

Concerning the protection of electrical equipment in medium-voltage and high-voltage
grids, surge arresters with metal-oxide varistors (MOVs) have become an international
standard. As a result of increasing cost pressure and major challenges related to new
network constellations (for example in ultra-high-voltage grids), surge arresters are being
designed and operated near the limit of their energy handling capability? with increasing
frequency. In order to guarantee the surge arresters’ capability of repeatedly limiting
overvoltages when stressed up to the limit of their energy handling capability, new findings

on their behavior at limiting loads are required.

Overvoltages can be caused for instance by switching operations inside the grid, errors
concerning the grid operation itself or atmospheric influences (such as lightning discharges).
Depending on the type of incident, single or — as is very often the case with lightning
discharges — multiple overvoltages can occur (see for example [Cigl3a] and [Cigl3b]). Since
surge arresters have to repeatedly limit overvoltages while being operated, the single as
well as the multiple impulse energy handling capability of MOVs matter. In addition to
the changes within the metal-oxide varistors caused by energy input, heat is generated
inside the surge arrester during the discharging process. As long as the heat has not been
emitted to the environment, the increase in temperature inside the MOVs reduces their

energy handling capability during subsequent stresses.

The strongly non-linear V-I characteristic (which is explained in detail in chapter 2.2 )
allows for a wide application range of MOVs usually without the need for serial spark
gaps, which has a positive influence on the protective effect of surge arresters. However,
a disadvantage of the strong non-linearity is that, when applying certain types of energy
injections, the electric current is not distributed homogeneously inside the MOV. This can
lead to a significantly reduced energy handling capability (as shown for example in [Bar01],
[He07] and chapter 5.2). Additional factors, such as the temperature dependency of the
V-I characteristic and microscopic changes in the distribution of charge carriers caused

by energy injections (as described for example in [Stu87]), already change the electrical

2 “Limit” in this case refers to the different types of energy handling capability as well as those types of

energy stresses (such as temporary overvoltages) that cause a particularly low energy handling capability.

17



1 Introduction

properties of the MOV even before macroscopic mechanical defects occur. Thus, a key
characteristic of metal-oxide varistors, “the energy handling capability”?, depends on many
factors, some of which are yet unknown respectively the influences and interdependencies

of which have not been sufficiently analyzed yet.

The conditions under which energy injections cause reversible or irreversible changes within
MOVs or under which energy injections cause MOVs to fatigue are not only relevant for
the design and the operation of surge arresters. They are also important for example for
routine tests at the end of the production process during which MOVs with defects are to
be identified reliably by applying a destructive energy injection while, at the same time,

MOVs without defects must not be pre-damaged.

In previous experimental research (as described in chapter 2.5), the focus (along with
the single impulse energy handling capability of MOVs) was on the mechanical fatigue of
MOVs caused by current impulses at a high current density and a high current rise time.
In this thesis, the experimental research is largely on energy injections at different current
densities and low current rise times, but with energy injections up to the electrical overload
of the examined MOVs. So far, this kind of energy injection has rarely been analyzed
systematically. However, due to the difficulties previously mentioned, research in this field

of study is of great relevance.

This thesis was developed in the context of the project “Impuls-Energieaufnahmevermdégen
von Metalloxidvaristoren fiir Uberspannungsableiter in Hochspannungsnetzen” (English:
“Impulse Energy Handling Capability of Metal-Oxide Varistors for Surge Arresters in
High-Voltage Grids”), which is supported by the Deutsche Forschungsgemeinschaft (DFG;
English: German Research Foundation). In addition to the faculty of “High Voltage
Laboratories” (Prof. Dr.-Ing. Volker Hinrichsen), the project also involves the faculties of
“Theory of Electromagnetic Fields” (Prof. Dr.-Ing. Thomas Weiland) and “Nonmetallic-
Inorganic Materials” (Prof. Dr.-Ing. Jiirgen Rédel). Furthermore, this thesis was supported
by the Cigré working group A3.25 “MO varistors and surge arresters for emerging system

conditions”, of which the author of this thesis was a member.

Firstly, in this thesis the design and function of surge arresters and of the MOVs they
contain are explained. Subsequently, a description of the state of scientific knowledge and
standardization concerning the impulse energy handling capability is given, which leads to
the derivation of the motivation for and aims of this thesis in the following section. After

that, the test set ups used for this study are described (for detailed information on the

3 Due to their different effects, different types of energy handling capability are distinguished. They are

introduced in chapter 2.3.
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applied test set-ups, measurement technique and the resulting measuring uncertainties, see
appendix chapter A). In the subsequent sections, the experimental research and the resulting
scientific findings are presented. After having described the single impulse energy handling
capability, the focus here is on the impact of repetitive multiple impulse stresses with
different types of energy injections where the specimens cool down to ambient temperature
after each injection. The behavior of the MOVs that could be observed is interpreted at
the end of each section. The final part of this thesis consists of a summary of the research
results and conclusions which can be drawn from these. In this section, the consequences
of the research results are discussed and recommendations for a further development of the

relevant international standards and future research are given, too.

In the appendix of this thesis, the test set-ups used are described in detail. It should be

noted that the bibliography is split into four separate parts for reasons of clarity.
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2 Energy Handling Capability of
MOV—~Current Scientific Knowledge

In this chapter, the characteristic design and the features of MOVs that are important for
their use in surge arresters are described. Due to reasons of space limitations, this section
cannot offer an all-encompassing illustration of the subject but has to be narrowed down
to topics that become relevant as this thesis is being developed. Subsequently, different
types of electric energy handling capability that occur in various practical applications
are introduced. After that, the current state of scientific knowledge concerning single and
multiple impulse energy handling capability is presented taking experimental studies as
well as findings gained through simulation into account. At the end of this section, the

current state of international standardization is depicted as it reflects the manufacturers

and users’ recent discussions concerning energy handling capability.

2.1 The Use of MOVs in Surge Arresters

(see [ABBL11], [Cigl3a] and [Hinll])

In order to limit overvoltages, surge arresters must absorb electric energy and convert it
into heat. In modern surge arresters, this task is accomplished by the active part of the
surge arrester that consists of a column of MOVs. These MOVs are protected against
sometimes extreme ambient conditions by a housing. It has to be noted that, depending
on the field of application and voltage level, different designs of surge arresters have been
established. Concerning air-insulated surge arresters, a basic distinction is made between
directly molded surge arresters and surge arresters with tube design* (gas-insulated surge
arresters are discussed at the end of this chapter). In figure 2.1, those two designs are

shown next to each other®. Regarding the directly molded design, the housing consists

4 Hybrids of both designs exist, too. However, it has been decided to refrain from describing them in this

basic description.
The sources were chosen randomly; Siemens as well as ABB produce surge arresters of both design

types.

5
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2 Energy Handling Capability of MOV—Current Scientific Knowledge

of a synthetic polymer, which is sprayed onto the MOVs. Concerning the tube design,
however, the column of MOVs is enclosed by a tubular housing which typically consists of
porcelain or glass-fiber reinforced plastic — in the following referred to as GFRP — with
sprayed-on synthetic polymer. For the directly molded, the desired mechanical stability is
achieved by using GFRP-rods and, according to the requirements, by additional bandages.
Looking at the tube design, mechanical stability is guaranteed by the hollow insulator. The
column of MOVs clamped with GFRP-rods, which is often fastened to a spring inside the
housing, does not contribute to mechanical stability. The housing is supposed to protect
the MOVs against environmental influences such as moisture and dirt. If the required
arcing and creepage distances (see [[EC60099-4]) require a housing longer than would be
necessary for the column of MOVs, the gap is usually filled with metal spacers®. One of
the characteristics of the tube design is that there is a space between the column of MOVs
and the housing, which is usually filled with nitrogen or dry air (rarely with solid material
or sulfur hexafluoride (SFg)) and has to be hermetically sealed off from the environment
for its entire operational life span. At the same time, in case of an overload of the active
part of the surge arrester and the resulting overpressure, the sealing system has to open

up very quickly in order to prevent the housing from bursting.

Surge arresters for medium-voltage applications are produced across all manufacturers
almost without exceptions in the cheaper directly molded design. Apart from the designs

mentioned above, special international designs and applications should also be mentioned:

Gas-insulated surge arresters are used inside gas-insulated switchgear (GIS). A GIS is
insulated by a gas or a mixture of gases, the main component of which is SFg. This
gas also surrounds the column of MOVs in gas-insulated surge arresters. Due to the
lower flashover risk when MOVs are surrounded by SFg, MOVs with higher electric

field strength can be used. This can offer constructional advantages.

Line arresters are used to limit overvoltages in overhead transmission lines. A distinction
is made between non-gapped line arresters (NGLA) and externally gapped line
arresters (EGLA). Concerning externally gapped line arresters, the AC voltage at
power frequency is not applied to the column of MOVs but instead almost solely
to the serial spark gap. For that reason, there are no thermal stability problems
(see chapter 2.3) in consequence of an overvoltage stress. Non-gapped line arresters
without a serial spark gap behave like standard surge arresters but are often provided

with ground lead disconnectors”.

8 In some particular applications, various metal spacers may be used specifically in order to increase the
energy handling capability, see chapter 2.3.1.

" For further information on line arresters, [Cigl0] is recommended.
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2.1 The Use of MOVs in Surge Arresters

Venting outlet
Sealing ring

Metal spacer

Supporting rod (GFRP)
MOV
Housing
Bandage (GFRP)

Aluminium flange

} l

-
=
T

Figure 2.1: Example of surge arresters used at the high-voltage level. On the left, a
directly molded surge arrester; on the right, a surge arrester in tube design. Source on the
left: ABB ©ABB AG, Source on the right: Siemens ©Siemens AG

Separable arresters are used for example in switchgear for the medium- and high-voltage
level and are characterized from a constructional point of view by a grounded housing

and a connection system, which allows for an easy replacement of arresters.

Surge arresters in power-electronics applications have occasionally been stressed contin-
uously with high peak currents of low energy density respectively with unconventional
types of energy. For example, considering high-voltage direct current transmission
(HVDC), surge arresters are used in converter stations to limit overvoltages inside

the converter towers or inside the filter circuitsS.

Under-oil surge arresters are used in oil-insulated transformers, the insulating oil directly
encompassing the column of MOVs. Thus, the surge arresters protect the regular
windings of the transformers. In the USA and in Japan, these surge arresters
additionally protect primary windings of transformers of the medium-voltage level (see
[Cigl3a] and [Ish04]). In both cases, the MOVs are operated at higher temperatures

(at transformer oil temperature).

8  Different fields of application and types of energy stresses can be found in [TEC-37/417/FDIS].
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2 Energy Handling Capability of MOV—Current Scientific Knowledge

Surge arresters for the protection of capacitors are used for example in flexible AC trans-
mission systems (FACTS). In case of an earth fault in a power system with a series
compensation system, the serial capacitors have to be protected from the short circuit
current at power frequency in the affected phase. This is achieved by surge arrester
banks that are connected to the capacitors in parallel and contain several parallel
columns of MOVs (in some cases up to one hundred). These columns of MOVs draw
the energy until the earth fault is shut down (or until the short-circuiting of the ca-
pacitors) respectively they provide a parallel current path (see [[EC60143-2]). In this
field of application, the MOVs are stressed almost exclusively with AC voltage energy
injections at power frequency. Concerning this kind of usage, thermal stability (see
chapter 2.3) is not a design criterion. However, especially in this field of application,

MOVs are often stressed up to the limit of their energy handling capability.

2.2 Behavior and Production Process of MQOVs

(see [Cigl3al, [Cla99], [Edag9], [Gre90], and [Gup90])

MOVs are used for limiting overvoltages due to their strongly non-linear V-I characteristic.
An example of such a V-I curve is given in figure 2.2. In this characteristic, the voltage
peak value is plotted above the logarithmically depicted current peak value. For the voltage
peak value, a voltage peak value at a discharge current impulse of the 8/20 s type with a
current peak value of 10 kA is assumed. Only the resistive parts of current and voltage are
shown here; the capacitive and inductive components are usually compensated by means
of measurement procedures (see [IEC60099-5] and [Rei08]).

The section of the V-I characteristic that shows very small amperages is called “range of
leakage current” and is characterized by its relatively linear behavior. The nonlinearity

exponent « is defined by the equation:
I~V* (2.1)

At these current densities, o is in the low single-digit range (for example, [Kle04] assumes
a~ 1, [ABB11] a < 5 and [Lev76] also assumes « =~ 1). The continuous operating voltage
V. of a standard surge arrester typically lies within this range. According to [IEC60099-5],
it is supposed to be about 5 % higher than the highest continuously applied phase-to-ground
voltage of the grid.
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Figure 2.2: Schematic diagram of a resistive V-1 characteristic of an MOV as it could be
applied in a surge arrester at high-voltage level. The voltage peak values are scaled to a
residual voltage at a current peak value of 10 kA.

In the adjacent dashed section showing the largest nonlinearity in the V-I characteristic,
o is in the double-digit range (for example, [Kle04] assumes « =~ 30 to 70, [Sch94] assumes
up to o« = 150, [ABB11] « < 50, and [Lev76] also assumes & ~ 50). As has also been
done here, the values in this range of V-1 characteristics are often approximated as the
attempt to specify these by AC or DC measurements would lead to a destruction of the
MOVs. Moreover, double-exponential discharge current circuits (see chapter 4.4) often
cannot produce such small amperages. Surge arresters are only operated in this range of
the V-I characteristic if temporary overvoltages (TOVs) at power frequency occur or for

some half-waves at power frequency when protecting series compensation systems.

Within the range of higher currents, o decreases again and approaches low single-digit
values (for example, [Kle04] assumes o ~ 1, [ABB11] « < 5 and [Lev76] also assumes
o ~ 1). In this range, the values of the V-I characteristic are usually identified by double-
exponential discharge currents. It can be seen that the voltage peak values measured are
dependent on the type of the impulse (current rise time), which will be discussed later
in this chapter. Amperages within this range can be caused during actual operation for

example by lightning discharges or switching operations.
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2 Energy Handling Capability of MOV—Current Scientific Knowledge

Cint

Figure 2.3: Equivalent circuit diagram of an MOV (see [Lev76]).

Figure 2.3 shows a simple equivalent circuit diagram® of an MOV, with the help of which
wide ranges of the V-I characteristic can already be illustrated. The capacitance Ciy
is connected in parallel to the voltage-dependent resistor Rj,:. These two components
primarily represent the characteristic features of the grain boundaries inside the MOV,
as will be discussed later in this chapter. The capacitance is voltage-, temperature- and
frequency-dependent. An overview of several publications on this topic is given for example
in [Had90]. The resistor R, and the inductance L, are serially connected to the parallel
connection of Ry and Ciy. Rg and the Ly, are also necessary in order to describe the
characteristic features of an MOV and must not be confused with equivalent components
for connection wires or the like [Lev76]. Instead, the serial components R, and Ly, reflect

the characteristics of the grains of the ceramic as will be described later.

The main component of MOVs is zinc oxide (ZnO) with approximately 90 % of the overall
mass. The remaining approx. 10 % consist of oxidic additives that adjust the nonlinearity
of the V-I characteristic, regulate grain growth, ensure electrical stability of the MOV, or
support the production process. The best known additives and their published effects and

functions are shown in table 2.1 (it is not claimed that this table is exhaustive).

Not all of the additives mentioned in table 2.1 are being used in recent MOVs. The exact
composition is, among other things, adjusted to the production process of the respective
manufacturer, which is why it differs for the various MOVs currently obtainable. The
process of production of modern MOVs (which will be described subsequently according to
[Kle04], [Mic70] and [Cigl3a]) differs from manufacturer to manufacturer. However, the

main features are identical and will be introduced in the following.

9 An overview of the various equivalent circuit diagrams mentioned in scientific publications can be found

for example in [Had90].
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Table 2.1: Overview of the best known additives and their effects/functions in MOVs

Additive

‘ Effect and Function

Al,O,

improves conductivity of the ZnO—Al,0; grain [Car82]
increases non-linearity of the V-I characteristic [Stu90]

Ag, B,04, Ni and
molten glass

improve stability [Eda88|

PrgO,;, SrO and
U308

generate or change potential barrier like Bi,O4 does (but not
with the same intensity) [Eda88]

BeO and TiO,

support grain growth [Eda88§]

surrounds the ZnO grain and causes the nonlinearity of the
V-I characteristic due to the formation of the grain boundary
[Eda88]

Biy, O4 « increases grain growth [Won80]
o as a flux, it supports liquid phase sintering [Sch94]
 causes homogeneous distribution of the dopants [Kle04]
« is not responsible for a strong nonlinearity [Kle04]
CoO and MnO o considerably improve nonlinearity [Eda88]
 improves nonlinearity [Eda88]
Cry04 « increases stability [Eda88]
o limits grain growth [FI08]
e improves nonlinearity by providing charge carriers for ZnO
Ga
[Edag8]
Nb, 0.  improves nonlinearity [Aso8§]

increases energy handling capability [Aso88]
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Table 2.1: Overview of the best known additives and their effects/functions in MOVs
(continued)

Additive ‘ Effect and Function

reduces grain growth [Eda88]
« supports merging of ZnO and Bi,O4 [Eda88]

Sb,0s e increases stability against impulse stresses [Eda8§]
o improves microstructure [Sch94]
$i0, o reduces grain growth [Eda88]

e improves microstructure [Sch94]

(f)

Figure 2.4: The production process of MOVs in strongly simplified terms (according to
[ABB11] ©ABB AG).

The production process as shown in simplified terms in figure 2.4 is divided into seven
steps. The main component of MOVs is ZnO with approximately 90% of the overall
mass. The main additives currently used are Bi,031°, Sb,O4, CoO und MnO according
to [Cigl3a]. Sometimes other additives are added within the ppm range. The first step
of the production process involves that, depending on the manufacturer’s formula, the
additives that are used are weighed, mixed and in some cases grounded in order to achieve
a more homogeneous mixing (a). The mixing process is often carried out wetly while
adding solvents and binders since this leads to a more homogeneous distribution!! of the
additives. In this case, the mass must be dehumidified (b) in order to lose a large part of
the liquid before the next step of the process. This can be done for example in a spray
drying process. Subsequently, the powder obtained is pressed into shape'? in a dry pressing

process (mostly uniaxial). At that moment, the product called green block has already

10
11

There is evidence that some manufacturers use PrgO,; instead of Bi,O,.

Achieving a homogeneous distribution of additives is a complex task as the percentage volume of the
additives in some circumstances is within the ppm range. However, a homogeneous distribution of
additives is crucial for the quality of the end product [Cigl3a).

Cylindrical shapes are common for MOVs used in surge arresters at the high-voltage level. Considering
the low-voltage level, other shapes are used, too.

12
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2.2 Behavior and Production Process of MOVs

reached 50 % to 60 % of the theoretically attainable density (c). After a pyrolyzing process
during which organic solvents and binders are removed, the green blocks are sintered in
air. The temperature profile depends on the manufacturer and can reach peak values of
up to 1450°C (d). During the sintering process, grains and grain boundaries are shaped

13

by diffusion processes. Thus, grain sizes™ in the range of 10 pm to 20 pm are achieved for

MOVs in high-voltage applications.

After a defined cooling process, the current-carrying front surfaces of the varistors are
smoothed and grinded plane parallel. Moreover, metal electrodes with good electrical
conductivity are applied (e). For this step, aluminum has gained a higher acceptance
compared to the silver mentioned in [Mic70]. The typical thickness of the aluminum layer is
about 0.1 mm (see [Bog00]). In addition to that, a passivation layer is applied to the lateral
surface, which is supposed to protect the varistor against environmental influences (for
example during storage) and to improve the flashover behavior at high discharge currents.
Generally, glasses are used here. It has to be mentioned though that the temperature
effects during the baking process might change the structure of the lateral surface of the
MOV. This is why glasses that melt at low temperatures are used. However, according to
[Dar97], a temperature of 500 °C is needed for the application of metallization and coating.
Thus, the required low melting point is often achieved by the addition of lead, which at
the same time is undesirable due to reasons of environmental compatibility in terms of

waste disposal. Occasionally, varnishes are also used as passivation layers.

At the end of the production process, quality and electrical characteristics of the MOVs
are checked in a routine test'# (f). In order to test the electrical characteristics, depending
on the manufacturer, AC and/or DC reference voltages'®, AC and/or DC power losses
(depending on the manufacturers’ definitions) as well as the residual voltage are measured
and mostly imprinted onto a varistor front surface in an encoded form. In order to test
the quality, which is essentially defined by the homogeneity of the ceramic, long-duration
current impulses, high-current impulses (both defined in [IEC60099-4]) or sinus half-waves
at power frequency are applied. The series of impulses are carried out with or without

cooling of the MOVs between the impulses and, in some circumstances, with polarity

13 For particular applications of surge arresters, so-called “high-field varistors” have been developed that
are characterized by small grains and high a breakdown field strength per height of the MOV. They
are used for example in gas-insulated surge arresters (see Kapitel 2.1; see for example [Kle04]). For
applications of the low-voltage level (for example in automation electronics), MOVs with only few
volts breakdown voltage are needed. For these applications, extra-large grains achieved in respective
production processes are used [Cla99].

Across all manufacturers, certain tests are carried out only for individual varistors of the production
lot due to their negative impacts on the MOV or the high effort required. One example for this is the
accelerated aging test according to [IEC60099-4].

15 The AC reference voltage is defined in [TEC60099-4].

14
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reversals between the impulses. MOVs with defects are supposed to fail during the routine
test for example by cracking mechanically in consequence of the energy injection. After
having passed the test, the MOVs are packed and stored. In doing so, the humidity is

controlled / reduced in most cases (g).

The microstructure of an MOV resulting from the sintering process is depicted in figure 2.5.
The image was taken with a scanning electron microscope and shows a breakage of a
commercially available MOV of the high-voltage level as used in chapter 5. Due to the fact
that a cracking of the material primarily occurs along the grain boundary (see [Den98]),
the image shows the comparatively large ZnO grains and the brightly depicted Bi,O4 triple
points (see for example [Gre86] and [Stu87]). The bismuth-rich boundary layer!'® between
the ZnO grains is responsible for the varistor effect (explained in great detail for example in
[Gre90]) that is described in the following. Inside the triple points, so-called spinel phases
can be seen (described for example in [Cigl3a]). Moreover, the MOV shown in this figure

obviously contains air inclusions like those described in [Cigl3a].

Figure 2.5: Scanning electron microscope image of a fractured surface of an MOV as
described in chapter 5 (at 1000x magnification).

Each boundary layer'” between two ZnO grains has a breakdown voltage of 3.2V or 3.6 V
depending on the structure (see for example [Ols89a] and [Ols89b]). In order to achieve

the desired breakdown voltage for the whole varistor for a given application, MOVs have

16 This boundary layer cannot be seen in an image of this kind of resolution as it is only 1nm to 2nm
thick.

7 Tt has to be mentioned that not all grain boundaries inside an MOV are active or generate a varistor
behavior (see for example [Sch94].
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to be provided with the appropriate amount of serial grain boundaries. Due to reasons
of production and testing, the height of the MOVs is limited to a value of about 45 mm
across all manufacturers. Thus, in surge arresters for high-voltage applications, many
individual MOVs are stacked on top of each other (see chapter 2.1). In order to obtain the
desired energy handling ability or a specific residual voltage at impressed currents, there
has to be the right amount of parallel paths through the MOV for the current flow. This
is achieved by choosing the appropriate diameter of the MOVs. For constructional reasons,
the diameter of MOVs is limited to about 110 mm. If a higher energy handling capability
is required, several columns of MOVs (inside one or more surge arrester housings) are

operated in parallel.

It is often assumed that the FE-J curve as an electrical characteristic is the same for equally
manufactured MOVs of different geometric dimensions. Therefore, the E-J characteristic
is derived from a measured V-I characteristic divided by the geometric dimensions of
the MOV. Since the current flow inside the MOV is not distributed homogeneously in all
sections of the V-I characteristic (see [Bar96b]), it has to be considered that, depending on
the respective section of the characteristic, the current density differs from the calculated
average value of the whole MOV. Moreover, the distribution of grain sizes varies for different
diameters of MOVs due to reasons of production, limiting the scalability when a calculated

E-J characteristic is assumed.

As already mentioned, the structure of the boundary layer is defined by the composition
of materials'® and the sintering process. During the sintering process, ZnO grains grow
due to diffusion processes. These grains are surrounded'® by a bismuth-rich liquid phase.
Due to the outer shape of the ZnO grains, the extent of the boundary layer is inconstant,
as depicted in [Eda89] and in figure 2.5. In the gussets between the grains, spinel and
pyrochlore phases accumulate. According to [Sch94], they do not contribute to the electrical
behavior of the MOV and thus will not be considered in the following. Bi is not directly
responsible for the varistor effect. However, there is no varistor effect without Bi doping
or doping with an equivalent additive [Gre90]. Bi** activates the grain boundary as its
defect states can trap electrons?’. If there is Bi*T between two ZnO grains, electrons move

from the ZnO grains to the boundary until the thermodynamic equilibrium is reached

18 As described above, it is assumed that ZnO is the main component of the MOV with approximately
90 % of the overall mass (see [Cigl3a]) and that the MOV discussed here consists mainly of the common
additives used nowadays(Bi,O5, Sb,0O5, CoO and MnO).

According to [Gre90], the necessary amount of Bi in order to generate the varistor effect inside an MOV
is only slightly higher than the amount that would be needed to surround all ZnO grains with an atomic
layer of Bi*T. [Kle04] assumes that a reason why the Bi*" ions are not built into the ZnO lattice could
be their size.

20 According to studies by [Stu87], the defects are compensated or overcompensated by 0% [Sch94].

19
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[Cla99]. The electrons that are moving away from the ZnO grains leave a section with
ionized impurities?!, which is called “depletion zone” and has a thickness in the range
of ~ 100nm ([Ein79] assumes a thickness of 34 nm per ZnO grain whereas for example
[Cigl3a] mentions a total width of ~ 200nm). The double Schottky barrier thus created

prevents a current flow and is depicted in figure 2.6 (see for example [Cla99]).

Concerning the conduction mechanisms, there are various models for the different current
ranges. An overview of this is given for example in [Eda89]. In the following, only the
basic models are introduced. In figure 2.6(a), the energy levels of the grains on both sides
of the grain boundary are depicted. Since ZnO has an excess?? of Zn?" (respectively 0%~
vacancies), it has the electrical properties of an n-type semiconductor and electrons are
the majority charge carriers (see for example [Kle04] and [Cigl3a]). The Fermi level Ep
inside the grain is located only slightly below the conduction band edge Ec. The grain
boundary containing Bi*" is a p-type semiconductor and can trap electrons. This is why
the Fermi level inside the grain boundary is only slightly above the valence band edge Ev
(see [Gre90] and [Cla99]).

Figure 2.6(b) shows the band diagram after the “recombination” of the electrons along the
grain boundary. The Fermi level Er is balanced across the whole section and the negative

122, positive depletion

charge ny has shifted into the grain boundary. The symmetrica
region with a width of 2 - d forms a potential barrier with a height of ®g, which can be
surmounted for example by thermally activated electrons or by quantum tunneling (though

the probability of this to happen is very low at ambient temperature) [Gup90].

If a voltage V is applied to the boundary layer, the bands are bent accordingly. The
result of this is depicted in figure 2.7. Conduction band, Fermi level and valence band
shift according to the voltage applied. Electrons of a higher energy level can pass the

t24

grain boundary. The potential barrier continues to exist** when small voltages are applied,

causing only a small leakage current flow [Cigl3a).

In order to explain the behavior of the MOV within the strongly non-linear section for
o > 20, another effect is needed: the “hot electron” effect (see [Pik81], [Bla86] and [Gre90]),
which is depicted in figure 2.7(b). If voltages above breakdown voltage are applied, the

21 For the sake of completeness it has to mentioned that, as depicted in [Cla99], the height of the potential
barrier also depends on the conductivity of the grain. He points out that if the electrical conductivity is
too high, the height of the barrier is reduced and that if the electrical conductivity is too low, there is
no potential barrier. Thus, there is an electrical conductivity optimum.

According to [Kle04], this excess can even be enhanced by other dopants (deep donors) that can be
easily integrated into the ZnO lattice.

Symmetry is the basis for the varistor effect being independent of polarity [Gup90].

The trapping of electrons in initially unfilled interface states (the so-called “pinning”) is the reason for
this behavior [Cigl3al.
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Figure 2.6: Band diagrams for grain boundary sections (according to [Cla99] ©1999 AIP,
see also [Pik81] and [Gre90]); (a) before and (b) after the charge balancing (for a definition
of the symbols see table 2.2).

Table 2.2: Definition of the symbols used in figure 2.6 (see also [Hall2])

Symbol | Description

d width of the potential barrier at a non-energized condition (in m)

Ec conduction band (in eV)

Ep Fermi level (in eV)

Er, Fermi level of the boundary layer (in eV)

Ev valence band (in eV)

Nt density of trapped charge carriers / interface charge

¢ distance between conduction band and Fermi level at a non-energized
condition (in eV)

op height of potential barrier (in eV)
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Figure 2.7: Band diagrams for grain boundary sections at applied voltage (according to
[Cla99] ©1999 AIP, see also [Pik81] and [Gre90]); (a) effect of the applied voltage concerning
the band structure and (b) depletion of the potential barrier by “hot electrons” (for a
definition of the symbols see table 2.3)

Table 2.3: Definition of the symbols used in figure 2.7 in addition to table 2.2 (see also

[Hal12])

Symbol ‘ Description

d

€hot

€thermal

eV
A%

34

width of the potential barrier on the left side of the grain boundary
at an applied voltage “eV” (in m)

width of the potential barrier on the right side of the grain boundary
at an applied voltage “eV” (in m)

elementary charge of an electron
abbreviation for electron with the elementary charge e

electron with sufficient amount of energy to release minority charge
carriers through impact ionization

electron the energy of which is reduced by the emittance of phonons
acceleration energy for electrons at voltage “V”

applied voltage from right to left
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electrons that are in a thermally activated state can be accelerated to such a great extent
inside the electric field that their kinetic energy is sufficient for their generating minority
charge carriers through impact ionization (see [Pik81], [Bla86]). These electrons are called
“hot electrons”. The emitted electrons flow away from where they were emitted whereas
the holes move towards the grain boundary?®, which is supported by BiyO4 a very good
oxygen ion conductor [see for example [Den98]). When reaching the grain boundary, the
emitted electrons recombine with the electrons trapped there, thus lowering the barrier
height. This leads to an increasing amount of “hot electrons” because now also thermally
activated electrons with lower energy can surmount the potential barrier. This causes an

avalanching reduction of the potential barrier?® [Cigl3a].

With increasing current density (referring to the whole MOV surface), the voltage of the
MOV is slowly rising at first. Thus, steadily more parallel paths with a slightly higher
breakdown voltage are used [Gup90]. At very high current densities, the nonlinearity o
decreases notably (as already described), due to the fact that, with rising current density,
more and more potential barriers are reduced and the current flow is increasingly influenced

by the limited conductivity of the grains [Gup90].

The reason why an “inductive” behavior of MOVs can be observed at high current densities
and high current rise times (provided that the length-dependent inductivity of an MOV,
as shown for example in [Rei08], is compensated) is explained in various ways. While
[Eda89] states that the reason for this behavior is the switching time of Bi,O5, [Bla86]
mathematically demonstrates that it can be explained with the conduction mechanism
which switches from conduction of electrons to a recombination of holes when the breakdown
voltage is exceeded (see also [Sch94]). In first-order approximation, this behavior is often
taken into consideration by introducing the inductivity Ly,, which is shown in figure 2.3
(see also [Cigl3al).

Finally, the temperature dependence of the V-I characteristic needs to be mentioned.
Within the pre-breakdown region, a negative temperature coefficient behavior of the
conductivity results from the conduction mechanism (see for example [Eda84]) since more
electrons are able to surmount the potential barrier at higher temperatures. Compared to
this effect, the temperature dependence in the high-current region is only very small [Sch94].
Within this range (as already mentioned above), the behavior is mainly determined by the
metallic conductivity of the grain. This is why there is a positive temperature coefficient

behavior within this range, shown for example in [Had05] and [FHO03].

%5 For this, according to [Cigl3a)], they need less than 1ns; [Ein82] talks about “some nanoseconds”.
26 This effect distinguishes MOVs from Zener diodes [Cla99)].
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Based on this microscopic view of the inside of an MOV, its macroscopic behavior can now

be better interpreted.

2.3 Types of Energy Handling Capability

Surge arresters are supposed to limit overvoltages?” and thus reduce the voltage stress for
electrical equipment which makes the production of the latter cheaper. As described in
chapter 1, overvoltages can occur for example due to switching operations or defects inside
the grid or due to lightning discharges. During the discharging process (combined with
the design-dependent voltage drop?®), electric energy is converted into heat. This heat
as well as the occurring forces (for example resulting from the heating) can damage the
MOYV. Moreover, the current flow can cause reversible or irreversible changes inside the
MOVs that can impair the continuation of their being operated. The limit of the energy
handling capability of a surge arrester is considered to be reached when the applied energy
has damaged the surge arrester or its MOVs so much by primary or secondary effects that
an operation of this surge arrester is no longer possible. Thus, in this thesis, a difference is
made between thermal and impulse energy handling capability. The focus of this thesis is

mainly on the impulse energy handling capability.

2.3.1 Thermal Energy Handling Capability

The thermal energy handling capability is limited by the temperature MOVs in surge
arresters can adopt without the increased power loss (at applied system voltage) exceeding
the amount of heat that can be dissipated (as described for example in [Cigl3a] and [Kle04]).
Due to the fact that the V-I characteristic of an MOV in the pre-breakdown region is
strongly temperature-dependent and has the characteristics of a negative temperature
coefficient thermistor?®, a higher leakage current at applied system voltage than before

flows through the MOV after a heating caused by an energy injection. If the energy

2T The term “surge arrester” suggests that the equipment would conduct away overvoltages. Strictly
speaking, surge arresters in high-voltage grids discharge overvoltages to the ground (for example as a
result of lightning discharges), thus making sure only small overvoltages can occur at the equipment
which is to be protected (for example transformers). Hence, they prevent (at assumed impressed currents)
the development of overvoltages.

As already described, the V-I characteristic is design-dependent (varying for MOVs from different
manufacturers) and thus, the voltage drop across the MOV at an impressed current is design-dependent,
too. As a consequence, the energy that must be handled by the MOV at an impressed current is also
design-dependent.

At higher temperatures, the V-I characteristic within the pre-breakdown region shifts to the right
towards higher currents at the same applied voltage.
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injection is so high that the injected energy causes the temperature of the MOVs to rise
to such an extent that the power loss at the applied voltage is higher than the amount of
heat that can be dissipated, the temperature inside the MOVs is constantly rising due to
the negative feedback until they are mechanically destroyed (“thermal runaway”) [ABB11].
The design of the surge arrester — especially its transient heat dissipation ability — is of
major importance for the amount of heat that can be dissipated. Furthermore, system
voltage and temperature characteristics of the V-I characteristic of the MOVs are of major
importance for their thermal stability. Since the V-I characteristic can be negatively
influenced by an energy injection (see [Hei01] und [Kle04]), the type of energy injection (the
history) can also be crucial for the thermal stability of the surge arrester. The temperature
of MOVs after an energy injection of a defined intensity can be controlled by constructional
methods, for example by the volume of the MOVs or heat sinks inside the surge arrester
such as metal spacers [Hinl1]. The heat dissipation behavior (and with it the amount of
electric power that can be added without causing thermal instability) can also be influenced
by the construction of the surge arrester (see [Cigl3a]). The thermal energy handling
capability is the design criterion for surge arresters in standard applications and is verified
by the so-called operating duty test (for example in [IEC60099-4]).

2.3.2 Impulse Energy Handling Capability

“Impulse energy handling capability” describes the energy which can be injected by an
impulse energy injection without damaging the MOV. In many publications on this subject
(for example in [Bar99] and [Rin97]), solely the different types of mechanical damages of
the MOV are taken into consideration. Changes within the V-I characteristic of the MOV
that are caused by impulse stresses and thus can influence the further operation of the
MOV (and, as already described, its thermal stability) constitute another damage criterion
(see for example [Kle04] and [Rei08]). The common feature of all of these criteria is that
they primarily depend on the MOVs and only secondarily on the construction®® of the
surge arrester. The various damage criteria might in some circumstances be intensified
by the application of repetitive stresses. This is why, in this thesis, a distinction is made
between single and multiple impulse energy stresses, the latter being divided into multiple

and repetitive stresses.

30 Apart from the flashover phenomena at the coating of the MOV that can be influenced by constructional
criteria. Moreover, if the contact pressure of the contact electrodes is too low, the energy handling
capability can be influenced [Rei08]).
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Single Impulse Energy Handling Capability

“Single impulse energy handling capability” describes the energy handling capability at
one single3! energy injection. The single impulse energy handling capability depends on
the duration and the current density of the energy injection (see for example [Rin97] and
[Cigl3a]) and is examined in detail in chapter 5.1. Since energy injections occurring in the
field can have very short impulse durations and high current amplitudes (see [Cigl3b]),
the energy injection leads to an immediate heating. Combined with inhomogeneities due
to constructional reasons (see [Hinll]) as well as uneven current sharing (see for example
[Bar96b]), this leads to thermomechanical tensions inside the MOV, which can cause its
cracking (see [Kle04]). If the energy injections are prolonged, the melting of one single
current path can be observed, which leads up to a puncture (see [Cigl3al]). This damage
symptom also appears after a thermal runaway of an MOV. The type tests of the impulse
energy handling capability in [IEC60099-4] or [IEC-37/416/FDIS] and IEEEC62.11-2012]
represent a hybrid of multiple impulse energy handling capability and handling of repetitive

impulses, as is described in chapter 6.2.

Multiple Impulse Energy Handling Capability

The multiple impulse energy handling capability expands this type of stress by several
subsequent (so-called multiple) impulse stresses where the intervals between the energy
injections are so small that no considerable amount of energy can be emitted by the MOV.
Thus, mechanical fatigue can occur due to the increased amount of impulses. However, due
to the high thermal conductivity of the MOV (see for example [Lat83]), this can also lead
to thermal balancing processes inside the volume which improve energy handling capability.
Since there are only small intervals between the energy injections, the temperature inside
the MOV or in the active current paths rises after each impulse. This is the reason why the
mechanisms that lead to a breakdown at very short intervals between the energy injections
can be compared to those of single impulses. In chapter 5.3, new findings concerning double

impulse energy handling capability at long-duration current impulses are introduced.

31 Tt has to be mentioned that, due to its waveform, an AC energy injection at power frequency AC voltage
cannot unambiguously be defined as single or multiple stress. Strictly speaking, it is a multiple stress
with alternating polarity. However, since there are only idle times in the range of milliseconds during the
current flow, an AC energy injection as a whole will be defined as a single impulse. At the same time,
since this definition is also used in earlier publication such as for example [Rin97], [Rei08], [Cigl3a] etc.,
it simplifies comparison.
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Energy Handling Capability Regarding Repetitive Impulses

The energy handling capability regarding repetitive impulses describes the capability of the
MOV to repeatedly withstand stresses where the intervals between the stresses are long
enough to allow the stressed MOV to cool down to ambient temperature. Thus, the sum of
energy of the individual stresses is not relevant, but only the amount of repetitive stresses
of a certain energy level. This kind of stress can lead to mechanical fatigue inside the MOV,
though not only energy injections but also the cooling process can influence mechanical
fatigue®?. Also, changes of the V-I characteristic of the MOV have to be observed because
reversible changes can be intensified due to repeated stresses. In chapter 5.4, new findings

regarding repetitive stresses are introduced.

2.4 Mechanical Damages

Different kinds of energy stresses can lead to different kinds of damages inside the MOV.
Changes within the microstructure (see for example [Stu90]) that lead to a change of
the V-I characteristic are one example for this. Moreover, due to high energy injections,
thermomechanical tensions can occur inside the MOV (as already mentioned) that can
lead to its cracking or individual current paths can melt if they are thermally overloaded.
In addition, not only can the varistor ceramics be damaged and cracked in consequence
of the thermal shock, but also the coating. This significantly increases the probability of
flashovers in subsequent operation (see [Kle04]). An overview of characteristic symptoms

of mechanical failure as well as crack formations is given in figure 2.8.

Mechanical tensions can lead to a cracking of the varistor ceramics or the coating, which
can result in the damage symptoms shown in figure 2.8 (a)—(c) and (g)—(i) depending on
the cause. If a current path is thermally overstressed to such an extent that the melting
temperature and subsequently the boiling temperature is reached, a melting channel can
develop through a part of the MOV as shown in figure 2.8 (e) or through the whole varistor
as shown in figure 2.8 (d). In experimental tests, if the melting channel is eccentric, the
evolving gas pressure often leads to a bursting of the ceramics, which can result in damage
symptoms such as in figure 2.8 (b). If the dielectric stress along the MOV is so high as to
trigger a flashover, the damage symptom of figure 2.8 (f) can be observed. In this case,

under some circumstances a further operation of the MOV can be rendered impossible due

32 Very fast cooling can lead to thermal tensions, which can mechanically damage the MOV. In contrast, if
the cooling is done very slowly (similar to tempering or resintering), the high temperature that is kept
for a long time can have a positive effect on the charge carrier distribution inside the MOV [Gre90].
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Figure 2.8: Characteristic damage symptoms of MOVs resulting from energetic and
impulse stresses [Kle04] ©2004 Shaker Verlag.

to conductive accumulations (see [Kle04]). Additionally, the coating can be ripped due to

the selective heat exposure, which can lead to the damage symptom in figure 2.8 (h).

2.5 Current Scientific Knowledge Regarding Single and Multiple
Impulse Energy Handling Capability

In the following, an overview of the current scientific knowledge regarding single and multiple
impulse energy handling capability of MOVs is given. However, the amount of independent
research findings is small compared to other fields of research since specific costly test
facilities are necessary to generate relevant energy injections for the investigations described
below. In the following, mostly experimental and simulative tests are introduced that were
conducted with MOVs of medium- and high-voltage level applications. Research findings
concerning MOVs of the low-voltage level can only be limitedly adapted to MOVs of the
medium- and high-voltage level because their mechanical construction differs significantly
regarding the macroscopic as well as the microscopic level. The differences in grain size,
the external diameter to height ratio of the MOV, the macroscopic contacting, and the
volume (to name but a few examples) influence the energy handling capability, as described
for example in [Eda84] and [Bar01].
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In the publication of [Hie74], the capability of the earlier MOVs to withstand stresses
is depicted and to that end, the author elaborates on energy handling capability, too.
The MOVs described (with a diameter of 56 mm) were stressed on the one hand with a
series of 20 long-duration current impulses with a virtual duration of 2ms, on the other
with two high-current impulses of the 4/10ns type with a current peak value of 150 kA
or 100kA. During the repetitive energy stresses, the author observed changes within the
V-I characteristic, which are shown in the diagram given in figure 2.9. It can be seen that,
with the increasing amount of impulses, the V-I characteristic is changed more and more
within the pre-breakdown region (measured at an impressed direct current of 1 mA with
similar or reverse polarity corresponding to the impulse energy injection). Compared to
other scientific publications, the amount of energy stresses with up to 100 stresses with a
current peak value of 40kA at a high-current impulse of the 4/10 s type or 1,000 energy
stresses at long-duration current impulses with a virtual duration of 2ms and current
peak values of 400 A or 600 A was very high. One has to be critical about the fact that
the author does not comment on the failure probabilities for the different stresses. The
observations made are limited solely to the changes of the V-I characteristic (probably
of one single MOV). Presumably, the reason for this is the early stage of development of
MOVs at the time of the publication.

Almost ten years later, [Kan83] explored the factors influencing the energy handling
capability in systematic experiments. He equally stressed 10 to 20 MOVs (with a diameter
of about 100 mm), modifying the impulse duration (double-exponential discharge currents
of about 3ms to 40ms), the initial temperature (around 50 °C to 200 °C), the amount
of impulses for a long-duration current impulse with a virtual duration of 2ms (single
impulse stresses compared to multiple and repetitive stresses) as well as the length of
AC energy injections (duration of the energy injection about 0.1s to < 100s). It has to
be mentioned that [Kan83] — unlike subsequent publications of other authors — does not
observe a difference in energy handling capability regarding different types of stresses
or durations of the applied stresses (three impulses within a time interval of 2min were
applied). The MOVs also failed at the same failure energy in a wide range of the duration
of the energy injection when stressed with AC energy injections as it was the case when
stressed with impulses. According to [Kan83|, the change of the V-I characteristic within
the pre-breakdown region caused by impulse or AC stresses is negligible except for high
currents of the 4/10ps type where changes can be observed at high current densities.
[Kan83] notices a decrease of energy handling capability at rising initial temperatures®? if
the MOVs are preheated, but not until an initial temperature of 100 °C. The differences
in energy handling capability at stresses succeeding each other without letting the MOVs

33 The type of impulse applied here was a long-duration current impulse with a virtual duration of 2 ms.
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Figure 2.10: Energy handling capability for long duration current impulses with a virtual
duration of 2ms depending on the amount of impulses [Kan83] ©1983 IEEE.

cool down?* and at stresses when letting them cool down?® are depicted in figure 2.10. A
difference concerning the energy handling capability®® at multiple and repetitive stresses
can be observed. Moreover, [Kan83] concludes that the applicable energy does not decrease

any further after an amount of about six impulses.

Within the same time period, [Eda84] published his study on the failure mechanisms of
MOVs caused by impulse stresses. In the practical tests he carried out with MOVs (with a
diameter of 10 mm to 115 mm and a height of 1 mm to 20 mm) manufactured by himself,
he evaluated the current density of the energy injection depending on the duration of
the energy injection. In doing so, he was the first to observe the approximately linear
decrease (in the double-logarithmic diagram) of the amount of time until an MOV fails when
the impressed current density increases®”. Moreover, he stated that the volume-related
energy handling capability decreases with increasing diameter (but the same height, thus

increasing volume) of the MOVs. According to [Eda84], this can be explained by the

34 Multiple stresses as described in chapter 2.3.

35 Repetitive stresses, see chapter 2.3.

36 Tt is not clear whether this publication refers to failure energy as being the energy content of a single
impulse or the sum of energy injected by the three subsequent impulses when the MOV is stressed by a
group of three impulses. Neither can one derive which of these is referred to as failure energy since the
author does not comment on the contacting of the MOVs in the specimen fixture, hence there is no
information on the heat dissipation between the impulses.

However, he carried out this investigation only with varistors of the low-voltage level with a diameter of
14 mm and a height of 1.3 mm.
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increasing inhomogeneity of the MOVs at an increased diameter. Finally, he analyzed the
failure behavior of MOVs with the help of computer simulations and found out that the
destruction energy is determined by and can be estimated based on the homogeneity of

the test specimens.

In his publication, [Swe89] describes the developing of an MOV (with a diameter of
50mm to 109 mm and a height of 18.5 mm in serial production) with an energy handling
capability® of 1000 J/cm? used for the protection of capacitors (see chapter 2.1). This is
why [Swe89] tested the single impulse energy handling capability by applying AC energy
injections at current densities®” of about 0.04 A/cm? to 0.2 A/ecm?. He concludes that such
a high single impulse energy handling capability can be achieved as peak value for MOVs
with a lower volume. However, he also states that, in serial production, the energy that

can be specified with a low risk lies significantly below this value”.

Another broad study regarding multiple impulse energy handling capability of MOVs
respectively surge arresters of the medium-voltage level was carried out by Darvenzia and
published for example in [Dar94], [Dar97], [Dar98] and [Dar00]. In his investigations, he
generated single and multiple impulse stresses (the impulses were generated at intervals of
15ms to 150 ms) with impulse currents of the 8/20 ps type (current peak values of 5kA to
10kA) as well as the 4/10 ps type (current peak values of 65 kA to 100 kA at single stresses
and 15kA at multiple stresses). Darvenzia noted that the V-I characteristic is not changed
measurably?! by these stresses. However, he observed that if multiple stresses are applied,
flashovers through (or between MOV and) the coating occur more frequently. He states
that these flashovers are independent of the surrounding gas (his studies involved SFy as
surrounding medium), its pressure as well as its humidity content. He also explained that
only optimization of the coating or direct molding of the MOVs with a polymer can improve
the flashover behavior. [Dar98] assumes that these flashovers are initiated by pre-discharges
at the electrodes which is why close attention should be paid to the contacting respectively
the design of the electrodes regarding impulse current stresses. Besides, he observed that
MOVs that are stored in rain water or MOVs that are tested wetly do not show a higher

failure risk. Darveniza did not assess energy handling capability, but he noted that, at

38 Currently, the specified energy handling capability is 200 J/cm?® to 300J/cm?® across all manufacturers
[Hin12].

39 Subsequent studies have shown that the single impulse energy handling capability at low current densities
is lower than at high current densities.

40 Moreover, he describes that a relatively high energy handling capability of the MOVs of 500 J/cm3 was
specified eventually when constructing the application.

41 He tested the V-I characteristic within the pre-breakdown region with a direct current of 1 mA, the
residual voltage at 5kA within the high-current region and the power loss at continuous operating
voltage. Changes under 10 % were considered to be uncritical.
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multiple stresses, there is a risk of thermal instability (due to the sum of energy of the

individual impulses).

In the publication of [Mar96], the author examines the single impulse energy handling
capability with double-exponential discharge currents with durations of 860 ps to 18 000 ps.
He tested 20 to 25 MOVs per waveform and evaluated the findings statistically. He also
observed that the energy handling capability depends on the impressed current density.

Another comprehensive and internationally acknowledged study was conducted by [Rin97].
He examined the single impulse energy handling capability of MOVs of the high-voltage level
by applying AC energy injections and long-duration current impulses up to mechanical
failure within a wide current range (current peak values from 0.84 A to 35200A). In
doing so, he tested 19 to 55 MOVs per current density and evaluated the results with
different distribution functions. However, none of the used distribution functions covered
all instances; thus he pursued the normal distribution. [Rin97] also notes an increase in
energy handling capability as the current density of the energy injection rises as well as a
linear dependency (within the double-logarithmic diagram) of current density and duration
of the impulse up to the mechanical failure of the MOV. Here, the kind of mechanical
failure (puncture, cracking or flashover) of the MOV depends on the current density of the

energy injection.

In the same time period, the findings of simulation tests carried out by Bartkowiak were
published for example in [Bar96b], [Bar96a], [Bar99] and [Bar01]. He simulated grain size
distributions, distributions of grain boundaries with different electrical properities*? as
well as different voltage stresses (leading to current flows of different values) of MOVs of
the medium- and high-voltage level. In doing so, he took a failure of the MOV as given
if limiting values of mechanical tensions*® (different for axial and tangential directions),
the temperature inside a channel or the mean temperature of the MOV (due to thermal
stability) were exceeded. He observed that the reason for a mechanical failure** depends
on the current density of the energy injection (these findings are compared to studies by
[Rin97]), the homogeneity of the MOV, its V-I characteristic (which can be improved by
the addition of a higher amount of Al,O4 according to Bartkowiak) and the geometry of

the MOV. According to his simulations, if the nonlinearity is very distinct, a very distinct

42 One has to be critical about the fact that it was assumed that the electrical characteristic is temperature-
independent within the high-current region.

43 [Rei08] comments critically that Bartkowiak assumes that the MOV can expand freely in axial direction,
which does not have to be true for all MOVs in surge arresters (see chapter 2.1) but influences the
mechanical tensions inside the MOV.

44 For applications of the medium-voltage level, he predicts a melting of individual channels (puncture)
for low current densities, whereas he states that a cracking of MOVs is more probable at high current
densities.
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Figure 2.11: Simulated distribution of current of an MOV at different voltage stresses
(increasing from (a) to (d)) from the pre-breakdown region to the breakdown region of
the V-I characteristic [Bar96b]. Within dark surfaces, a higher current flows. All current
densities were scaled to the total current ©1996 AIP Publishing LLC

current path formation occurs (as shown in figure 2.11), which depends on the sum of the
V-I characteristics of the individual current paths. Thus, the formation of the most distinct
current paths occur when voltage stresses within the range of the biggest nonlinearity of
the V-1 characteristic are applied. For an MOV of the medium-voltage level, he calculates
a minimum energy handling capability of about 300J/cm? at a current density of about
1 A/cm?. Furthermore, he concludes that the current distribution at high-current impulses
of the 4/10 ps type is very homogenous and thus this kind of stress is unsuitable for the
testing of the energy handling capability (for quality assessments) [Bar01].

In the dissertation of [Den98|, the author analyzes the impulse aging of MOVs of the
medium- and high-voltage level by applying double-exponential discharge currents of the
0.5/80ps, 1/20ps, 4/10ps, and 8/20 s type. In doing so, he also takes effects of the AC
voltage that is applied while the MOV is in service into consideration. One focus here is on
repetitive stresses with mostly 400 and up to 1,500 impulses. Analyzing all these variations
of stresses, he notes that the residual voltage is not influenced measurably by the stresses,
whereas the V-1 characteristic is influenced within the pre-breakdown region (he identified
the changes within the pre-breakdown region by measuring the power loss at continuous
operating voltage). Moreover, he observed that impulse currents with a higher current
rise time generate a higher increase in power loss at the same current density peak value.
Dengler showed that the first impulse of repetitive stresses generates the biggest change (the
power loss increases more strongly at monopolar stresses than at alternating polarity of the
impulse stresses) but did not observe a saturation effect. He could not determine whether
the energy content of the impulse influences the changes within the V-I characteristic.
Dengler carried out the repetitive stresses in sequences of several impulses, letting the
MOV cool down between the impulses (for about 5min). Partly, a number of days lay

between the sequences. According to his findings, however, the duration of the intervals
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between the impulses had no influence on the increase in power loss. Dengler also observed
flashovers in the consequence of repetitive stresses®® and that, comparing various impulse
types, when it comes to slower impulses (with the same energy content), flashovers can

already be observed when lower amounts of impulses are applied.

In [Bog00], the author examines the influence of the edge margin (difference between
the MOV radius and the radius of the metallization applied to the MOV) on the energy
handling capability by means of simulations. If the edge margin is too big, the current
density at the edge of the metallization rises strongly, which leads to a local heating and
thus, at high energy inputs, to a melting of the metal oxide. However, an edge margin
that is too small can cause flashovers along the MOV at high impulse stresses. [Bog00]
concludes that an optimum size for the edge margin for the geometry he analyzed (with a

diameter of 46 mm and a height of 23 mm) would be 0.3 mm to 0.6 mm?°.

In the dissertation of [Kle04], the author analyzes the influences of single and multiple
impulse currents of the 4/10ps, 8/20 s, and 30/60 s type on the V-I characteristic
of MOVs of the medium- and high-voltage level. Concerning the multiple stresses, six
individual impulses with variable polarity in time intervals of 0.05s to 10s could be
generated. As was already known, high current rise times and high current peak values of
the current density cause changes within the pre-breakdown region of the V-I characteristic.
[Kle04] additionally notes that the energy content of the impulse current also affects the
V-1 characteristic negatively. However, he also observed that the increase in temperature
inside the MOV may lead to regeneration processes that can reduce the asymmetry*? of
the reference current. He also notes that, concerning multiple stresses, the first current
impulse causes the biggest change within the pre-breakdown region of the V-I characteristic.
However, he also demonstrates that polarity reversals can reverse these changes. This is
the reason why, at multiple stresses, the order of polarities influences the reference voltage
changes of the impulse sequence. The author could not verify that the length of the time
interval between the impulses had any influence on the change in reference voltage. He
concludes that multiple stresses with impulse currents are less crucial than a single energy
injection (at a similar sum of energy of the injection) because the current density is lower
at multiple stresses. Regarding the flashover behavior, he states that multiple stresses can
be more crucial because here the behavior of the coating respectively its dielectric strength

at higher temperatures is essential. He notes that, as the heating of the coating can take

45 1f an MOV failed due to a flashover or breakdown in consequence of an impulse stress, this failure was

not preceded by a change in power loss.

The MOVs analyzed in chapter 5 predominantly do not have edge margins.

Current asymmetry is defined as the difference between positive and negative current amplitude when
applying AC voltage at power frequency.
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several 10 ms ([Kle04]), the risk of a flashover along the coating rises with increasing time

intervals between the stresses of a sequence of impulse currents.

In his investigation, [He07] exemplarily determines the single impulse energy handling
capability by applying AC energy injections, long duration current impulses with a virtual
duration of 8 ms and 2ms, as well as an impulse current of the 8/20 ps type. Furthermore,
simulations regarding current distribution and energy handling capability that are dependent
on the impressed current, the inhomogeneity of the microstructure and the inhomogeneity
of the electrical and thermal characteristics are introduced. In his publication, [He07]
mentions astonishingly low average single impulse energy handling capability values of
216 J/cm? to 575J /em? for MOVs with a height of 10 mm and a diameter of 32 mm. The
lowest energy handling capability occurred at a long-duration current impulse with a
virtual duration of 2ms. Obviously, this low energy handling capability is due to the very

inhomogeneous material (of commercial origin®®).

Very comprehensive findings on single impulse energy handling capability of MOVs are
published in the dissertation [Rei08] and also in [Cigl3al]. Since these studies are essential
for this thesis and will be elaborated on in the following, the findings are presented in the

main section (in chapter 5.1).

2.6 Current State of International Standardization Regarding
Surge Arresters in IEC and IEEE

In this subchapter, a short overview of the current state of international standardization
concerning the energy handling capability of surge arresters of the medium- and high-
voltage level will be given. In doing so, the standardization in the IEC (International
Electrotechnical Commission) as well as, due to its relevance?®, the IEEE (Institute of
Electrical and Electronics Engineers) will be taken into consideration. Regarding the IEC,
the [IEC60099-4] is to be considered and regarding the IEEE, the [IEEEC62.11-2012]. At
the moment, the [IEC60099-4] is being revised based on current research findings mainly of
the TU Darmstadt in cooperation with the Cigré working groups A3.17 and A3.25. Due to

the fact that the new version will presumably contain basic changes for the tests regarding

48 Tt can be assumed due to the authors of the publication, the location of the university where the tests
were carried out and the received funding that the sole manufacturer is Chinese.

49 The IEEE standard is a standard that is interesting for international manufacturers due to the size and
the openness of the market. Since it is very different from the IEC standard (which is not the case with
other national standards such as for example the European, Australian, Japanese standard etc.(see for
example [Hin07])), it will be discussed separately in this subchapter.
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energy handling capability, the current state of the discussion will also be presented by
reference to the [IEC-37/416/FDIS].

Since the above mentioned standards primarily cover standard applications of surge
arresters, the testing of the thermal energy handling capability plays a key role. Moreover,
the impulse energy handling capability is verified in additional tests®®. The standards
differentiate between tests for surge arresters of the medium-voltage level and tests for those
of the high-voltage level because, for these different applications, the stresses occurring
during operation can differ®'. As already described, the interaction between the housing and
the MOVs is important for the thermal energy handling capability. However, degradation
symptoms of the MOVs (that cause an increased power loss at continuous operating
voltage) can also influence the test negatively. For this reason, [IEC60099-4] as well as
[IEC-37/416/FDIS] and [IEEEC62.11-2012] include conditioning stresses of the MOVs
previous to the thermal stability tests. For surge arresters of the high-voltage level, this is
achieved in [TEC60099-4] for one thing by 20 nominal discharge currents of the 8/20 ps type
(at defined intervals) that overlap with the AC voltage at power frequency (at about 20 %
increased continuous operating voltage). Additionally, the test specimens are stressed with
two high-current impulses of the 4/10 s type with a current peak value of maximum 100 kA
(£10 %)°2. This very complex test (the influence of the discharge current impulses of the
8/20 ps type can be questioned on the basis of the findings of for example [Den98] and
[Kle04]) was reduced to the high-current impulses in [IEC-37/416/FDIS]. In the current
[IEEEC62.11-2012]%3, a conditioning with 18 long-duration current impulses (at defined
intervals) as well as two high-current impulses of the 4/10us type with a current peak

value of 65 kA is compulsory for the testing of surge arresters of the high-voltage level.

For each of the three standards, the impulse energy handling capability is verified by a
different test. In the older one [IEC60099-4], it is assumed that a impulse energy handling
capability higher than the thermal energy handling capability is only of minor relevance.
For this reason, the energy handling capability is tested by applying nominal energy. To
this end, three MOVs are stressed separately with 18 long-duration current impulses with
a virtual duration of 2ms to 3.2 ms (depending on the line discharge class) in six sequences

with three impulses each. The time interval between each impulse is 50s to 60s and the

50 Naturally, standard tests verify the manufacturer’s data for critical operating conditions. Limiting

values concerning stresses are not determined, which distinguishes these tests from scientific research.
As an example, the shielding of overhead lines is treated differently internationally for the medium-voltage
and high-voltage level.

It is possible to choose lower current peak values for surge arresters of the medium-voltage level.
Furthermore, the second high-current impulse simultaneously serves as the energy injection for the
testing of the thermal stability of these surge arresters.

The [IEEEC62.11-2012] is also applicable to surge arresters with spark gaps.
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MOVs are cooled down to ambient temperature between the sequences®®. The test is
considered to be passed if none of the MOVs fails (is mechanically damaged) or if their

change in residual voltage does not exceed 5 %.

This test has been improved significantly in [IEC-37/416/FDIS]. It is now carried out
for ten MOVs in a first run®. The impulse duration is limited (long duration current
impulses with a virtual duration of 2ms to 4 ms or monopolar sinus half-waves of the same
total duration)®® and the series of impulses is limited to ten sequences at two impulses
whereas the time interval between the impulses of a sequence is still 50s to 60s and the
MOVs are still cooled down to ambient temperature between the sequences. The statistical
significance is improved due to the fact that the test is passed even if an MOV should fail.
If two out of ten MOVs fail, the test has to be repeated and none of the MOVs must fail. If
more than two MOVs fail in the first run, the whole test is failed. The MOV is considered
to have failed if it shows mechanical damages (except for damages of the metallization), if
the change in reference voltage or in residual voltage exceeds 5% in consequence of the
stresses or if it fails mechanically in consequence of the two following discharge current
stresses of the 8/20 s type with increased current density (0.5kA /cm? or double nominal
current; the lower value is used). The change of the definition of the type of applied
stress from energy stress to charge transfer (each stress must be applied with 110 % of this
value®”) is even more far-reaching. Moreover, the charge transfer capability specified by

the manufacturer is not linked to the thermal energy handling capability®®.

The standard [IEEEC62.11-2012], which was published earlier®®, pursues the same approach
as [IEC-37/416/FDIS]|, but it only allows long-duration current impulses (of the same
length as in [IEC-37/416/FDIS]) and does not introduce a high-current impulse of the
8/20 ps type with increased current density for the exit measurement. Furthermore, surge
arresters of the medium-voltage level are excluded from this test. It has to be mentioned
again that the thermal stability test for surge arresters of the high-voltage level includes

a conditioning with 18 long-duration current impulses (equivalent to those used in the

54 For surge arresters of the medium-voltage level, virtual durations of 0.5ms or 1 ms of the long-duration
current impulses and very low current peak values of 50 A or 75 A (depending on the type) are demanded.
Line arresters (without spark gap) are stressed with a double-exponential discharge current with a total
duration of 200 ps to 230 ps.

55 The dimensions of the MOVs are defined in more detail in the standard.

56 For surge arresters of the medium-voltage level, double-exponential discharge currents of the 8/20 ps

type can be applied; for line arresters, double-exponential discharge currents with a duration of 200 s

to 230 ps.

This takes into account that, though the test is only carried out for individual MOVs, it is still supposed

to verify the specified value for the whole surge arrester.

Regarding surge arresters of the medium-voltage level, the thermal charge transfer capability.

The working groups that are responsible for the standards coordinate their work regularly. However, no

complete alignment could be achieved yet regarding the surge arrester standards in IEC an IEEE.
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testing of thermal stability). For surge arresters of the medium-voltage level, long-duration

current impulses as conditioning are not included in the thermal stability test; hence the

ability to discharge long-duration current impulses is verified in a separate test.
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3 Motivation and Aims of This Thesis

As shown in chapter 2.6, the testing of impulse energy handling capability is changing
fundamentally in international standardization (and it was changing while the investigations
for this dissertation were carried out, too). In the studies on energy handling capability
of MOVs published up to now, repetitive and multiple energy stresses have only been
researched very rarely and scarcely systematically (as described in chapter 2.5). The
multiple stresses examined have been limited mainly to impulse stresses with high current
peak values and high current rise times but low energy content although the impact of
the applied energy on the change of the V-I characteristic has already been observed (for
example by [Kle04]).

Impulse stresses with low energy content are not always applicable to stresses with higher
energy content as can be seen for example by closely looking at the microstructure of an
MOV. Fundamental differences exist concerning the damage behavior caused by impulse
stresses of different current density and rise time due to the fact that high current rise times
change the charge carrier distribution along the grain boundary, whereas higher energy
densities can lead to local thermal overloads. Furthermore, secondary effects of high energy
inputs can lead to a change for example in flashover behavior. [Kle04] observed a higher
flashover risk for multiple stresses with higher time intervals. He states that this is due to
a higher temperature of the coating (which is supposed to reduce the dielectric strength).
Moreover, this increase in temperature after stresses with high energy inputs could lead to

regeneration symptoms inside the MOV similar to “tempering” (see for example [Stu90]).

In conclusion, it can be said that multiple impulse stresses with high energy inputs have
not been evaluated systematically yet but that physical effects suggest that they differ from
multiple impulse stresses with lower energy density (which have already been examined).
Since possible interdependencies between different types of energy injections, polarity
effects, amounts of impulses, material dependencies, duration of time intervals between
the energy injections etc. have only been examined insufficiently so far, there is much
space for further research. Unfortunately, the test facilities for relevant energy injections

in MOVs of the medium- and high-voltage level are entailed with high costs and require a
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3 Motivation and Aims of This Thesis

lot of space; moreover, tests concerning multiple stresses are very time-consuming. This
limits the possibilities of testing significant samples which is why, while planning the
tests, a compromise has to be found between the amount of test specimens with the same
types of stresses (to statistically support the validity of the findings) and the amount of
different types of stresses (in order to evaluate the impact of as many influencing factors

as possible).

In order to narrow down this issue, elaborating on the following influencing factors or
questions concerning the multiple impulse energy handling capability of MOVs seems

sensible and thus they become the aims of this thesis:

e How does the energy handling capability change concerning multiple stresses that
succeed each other quickly depending on the duration of the time interval between
the stresses? Starting with what length of the time interval between the stresses can

these be regarded as separate?

e How does the temperature behavior of the V-I characteristic of MOVs influence the
internal current distribution and how does this affect the impulse energy handling

capability?

o How is the single impulse energy handling capability related to the resistance against
repetitive stresses? Is this correlation independent of current density, duration and

the type of the impulse of the pre-stress?

o Can failures of MOVs / surge arresters as a result of repetitive energy injections be

predicted by analyzing the changes in the V-I characteristic of the MOV?

By clarifying these questions, firstly, the above mentioned international standards can
be developed further with regard to more significant tests concerning the impulse energy
handling capability. This could be supported by clarification of the question on how the
length of the time interval between the energy injections and the duration or current
density of the energy injection influence the impulse energy handling capability or how
much they are to be limited in the relevant standard. The question whether failures of
MOVs at repetitive stresses are preceded by changes of the V-I characteristic is of interest

for the definition of exit measurements in standards (after corresponding stresses).

For manufacturers and operators of MOVs, the influence of pre-stresses on the features
of the MOV, such as for example on the V-I characteristic and on the impulse energy
handling capability, is important, too. A suitable routine test at the end of the production

process is supposed to unambiguously detect MOVs with defects (by failure of the MOV
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when stressed with a high energy input) with minimum effort’. At the same time, the
MOVs without defects that can be used further are to be changed or pre-damaged as
little as possible. Thus, information on what kinds of energy injections cause very little
pre-damages and at the same time are able to detect MOVs with a low energy handling

capability can help manufacturers of MOVs to choose suitable test loads.

For manufacturers of surge arresters, scientific knowledge concerning multiple impulse
energy handling capability can be useful for the design of surge arresters particularly in
special applications. Regarding these special applications (for example the protection of
capacitors in series compensation systems), some types of stresses with a high energy input
can occur at large numbers. This is why the information drawn from the above mentioned

questions can be easily applied here.

For operators of surge arresters of the medium- and high-voltage level, the answers to the
above mentioned questions could offer useful suggestions as to whether specifications of
surge arresters in special applications need to be refined. Moreover, indications as to how
failures can be predicted after repetitive energy injections are of great interest in order to,

for example, assess the state of operating surge arresters.

50 The question whether a completely different method, for example a non-electric method, would be more
appropriate to detect MOVs with defects is a separate issue, which cannot be answered with the help of
the above mentioned questions and thus cannot be discussed in the context of this thesis.
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4 Test Facilities Used

In the following chapter, the test facilities used for the investigations described in chapter 5
are introduced. Further information on the design, the measuring equipment etc. can be
found in appendix A of this thesis. Except for the aging test set-up, the test facilities have
existed already since the study described in [Rei08] and were modified and optimized for

the investigations shown in this thesis.

4.1 Specimen Fixture

The specimen fixture is of big importance as it is directly connected to the specimens
and thus is affected immediately by impulse stresses, many replacements and failures of
specimens. Moreover, parameters such as contact force of the electrodes, heat flow in axial
and radial direction, surrounding medium and ambient temperature are adjusted with the
specimen fixture. The aim for the adjustment of the specimen fixture is that it is able
to simulate not the best or the most critical case of the design of a surge arrester, but a

realistic case in order to achieve results that are as practice-oriented as possible.

The specimen fixtures inside the AC energy injection test set-up and inside the long-
duration current impulse generator are identically constructed; an inside view of this test
chamber is depicted in figure 4.1. In order to prevent a movement of the electrodes during
an energy injection, the contact electrodes are pressed® against the specimen with a surface
load of 3 N/mm? (which is generated by a pneumatic actuator). [Rei08] demonstrates that,
for an equivalent test fixture, this surface load suffices to prevent a lifting of the electrodes

even at a high-current impulse of the 4/10 s type with a current peak value of 100 kA.

In order to reduce a heat flow in axial direction away from (or, after the replacement of
specimens, towards) the specimen, a thermal insulation is applied between the test fixture

and the contact electrode. The insulation consists of the fiber silicate “Contherm FS 650”

51 The clamping force of MOVs in surge arresters lies, according to information of a manufacturer, within
a similar range. For the directly molded design, it can be higher in some circumstances, otherwise lower
than the clamping force applied in the specimen fixture.
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4 Test Facilities Used

Figure 4.1: Specimen fixture inside the AC energy injection test set-up and long-duration
current impulse generator (1 application of force of the pneumatic actuator, 2 test current
feeder, 3 thermal insulation, 4 aluminum electrode, 5 test specimen (The specimen has
been colored by image editing due to reasons of anonymization.)).

and has a thickness of 19.1 mm and a thermal conductivity of 0.3 W/(K-m). In radial
direction, no insulation is applied. The air surrounding the specimen is replaced after each
energy injection in order to reduce the influence of combustion residues (after failures of
MOVs) and of the heating of the air. In doing so, the installation situation of an MOV for

example in the middle of the active part of a surge arrester in tube design (see capter 2.1)
is simulated®?.

For the contacting, aluminum electrodes with smooth surface and rounded edges are used.
They are 5mm high and their diameter is 1 mm to 2mm smaller than the diameter of
the respectively used specimen. Before each energy injection, the contact electrodes are

replaced in order to prevent temperature and damaging influences.

The specimen fixtures for special investigations such as for example for energy injections at

increased ambient temperature or for aging tests are depicted in the respective sections.

62 Concerning directly molded surge arresters, the heat flow is higher in radial direction which is not of
relevance for the examined short energy injections. The flashover risk is lower for directly molded MOVs
(see for example [Dar98]).
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4.2 AC Energy Injection Test Set-Up

4.2 AC Energy Injection Test Set-Up

With the help of the AC energy injection test set-up, specimens can be stressed with energy
injections applied by AC voltage at power frequency. The equivalent circuit diagram of
this test set-up is shown in figure 4.2 . The test circuit is supplied directly by the 6-kV
grid and its main component is a Thoma type regulator transformer with a downstream
high-voltage transformer. With this test set-up, it is possible to infinitely adjust the voltage,
which is especially important for applying energy injections to MOVs within the range of
high nonlinearity of the V-I characteristic. The RMS value of the voltage that can be
maximally applied is 10kV due to the downstream high-voltage transformer. Thus, energy
injections with current peak values of up to 300 A can be achieved for the tested MOVs.

T'homa type
regulator transformer

I_T_

primary circuit breaker

6-kV grid secondary circuit breaker voltage divider

[o—"0ol
oo

Vovm Wies
/@

current
transducer

specimen

Figure 4.2: Equivalent circuit diagram of the AC energy injection test set-up. Vpywm is
the voltage that is transferred to the digital voltmeter for the adjustment of the target
voltage; Vies is the voltage transferred to the PC data acquisition card.

After the adjustment of the target voltage, the energy injection is started by closing the
secondary circuit breaker. The voltage drop across the specimen is measured by means of
an ohmic voltage divider, the current flowing through the specimen by means of a Hall effect
current transducer. The measuring signal is transferred via an optical transmission system
and is recorded by a PC data acquisition card. With the help of a LabVIEW%3-program,
the energy injection is evaluated and recorded. The end of an energy injection is either
determined by the expiration of the adjusted test duration or by a failure of a specimen,
which automatically leads to an opening of the secondary circuit breaker as soon as the
short circuit current is perceived by the system. Since the secondary circuit breaker is
a circuit breaker in vacuum technology, the current flow cannot be immediately stopped
but only disconnected during a current zero-crossing. The consequence of this is that

the duration of the current flow can spread for one half-wave. During the course of the

63 «LabVIEW®, short for “Laboratory Virtual Instrumentation Engineering Workbench”, is a graphic
programming system by National Instruments.
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4 Test Facilities Used

investigations, the primary circuit breaker was extended by a semiconductor switch with the
help of which a phasing-oriented switching of the unstressed transformer and a switching
off immediately after the subsequent current zero-crossing of the current (after a perceived

overcurrent) was rendered possible.

An example oscillogram of current and voltage during the stressing of an MOV with an AC
energy injection® is shown in figure 4.3. While the current flows, the voltage waveform
only roughly matches a sine. This is due to the internal resistance of the transformer (see
[Rei08]). The peak values of current flow differ from half-wave to half-wave, which is also
a result from the changes of the tested MOV. In the experiments described in chapter 5,
the lowest current peak value of one complete half-wave is taken as current peak value of
the energy injection. In the depicted case, the MOV was destroyed by the energy injection

which can be identified by the most distinct increase of the current at 360 ms.
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Figure 4.3: Oscillogram of voltage and current when stressing an MOV up to mechanical
failure by means of the AC energy injection test set-up.

Further information on this test set-up is given in chapter A.1.

61 The oscillograms depicted in the following were partly taken of MOVs of different manufacturers and
geometries. For this reason, amplitudes of the different current and voltage waveforms cannot be directly
compared to each other.
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4.3 Long-Duration Current Impulse Generator

4.3 Long-Duration Current Impulse Generator

By means of a long-duration current impulse generator, long-duration current impulses®
with various virtual durations can be generated. The equivalent circuit diagram of the test
set-up is depicted in figure 4.4. The test set-up mainly consists of 34 capacitors®® with
a capacity of 10 pF each and a nominal voltage of at least 40kV, as well as 34 coils with
different taps that lead to inductivities of 250 mH to 3920 mH.

1" stage 34" stage spark gap voltage divider
LRJ LR734
__Cra —_Cra
‘/i\/les
e o o /6\ \ 4 \ 4
= current .
specimen
transducer

Figure 4.4: Equivalent circuit diagram of a long-duration current impulse generator. Vifes
is the voltage that is transmitted to the oscilloscope.

After charging the capacitors to the selected charging voltage, the long-duration current
impulse can be triggered by actuating the spark gap. During the course of the investigations,
the spark gap was replaced by a semiconductor switch consisting of serial thyristors.
This switch enables a triggering independent of the charging voltage and suppresses a
possible current reversal after the primary long-duration current impulse. The current
that is impressed in the MOV is measured by means of a Rogowski coil and the voltage
drop across the MOV by means of a universal voltage divider and captured by a digital
storage oscilloscope. The data is transported to a PC which evaluates and documents it

automatically with a LabVIEW program.

An example for an oscillogram of current and voltage when stressing an MOV with a

65 According to [IEC60099-4], a long-duration current impulse is a “rectangular impulse which rises rapidly
to a maximum value, remains substantially constant for a specified lenght of time and then falls rapidly
to zero.” Virtual duration is defined as “time during which the amplitude of the impulse is greater than
90 % of its peak value.”

In the course of the investigations, the long-duration current impulse generator has been extended
from 20 stages to 34 stages. This was necessary in order to determine the mechanical failure energy of
MOVs of the high-voltage level by one single energy injection. At this point, we thank the Deutsche
Forschungsgemeinschaft for its financial support.
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long-duration current impulse is given in figure 4.5. This oscillogram shows the current
waveform that is quickly rising, staying approximately constant for a time interval of about
1.9 ms and then is quickly dropping to zero. The voltage waveform, which is characteristic
for this type of impulseb?, is increasing during the stress, which is supposedly due to the

increase in temperature within the MOV (see chapter 5.2.1).

16 4.0

14 e 3.5

1o J™ st 3.0

10 “ (A Ao e e g \ 2.5
s ’/NN WW\ \ 20 g
f 6 / \\ \ 15

iy NLoA

2 / \j/l/ 0.5

0 - \‘v <Y 0.0

-2 -0.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t in ms
—voltage —current

Figure 4.5: Oscillogram of voltage and current when stressing an MOV with the long-
duration current impulse generator.

For long-duration current impulses with a high virtual duration, all 34 stages are operated
serially, whereas, for short stresses or double impulses, the long-duration current impulse
generator is divided into two parallel generators (the equivalent circuit diagram is shown in
figure A.4). In addition to the long-duration current impulses, double-exponential discharge
currents®® of the 90/200 ps type are generated. For this stress, 20 capacitors are connected

in parallel and the current waveform is shaped by means of a central inductivity of 24 pH.

An example of an oscillogram of current and voltage when stressing an MOV with a
double-exponential discharge current of the 90/200 s type is given in figure 4.6. The

energy injection lies within the range of the single impulse energy handling capability of

57 The fluctuation of the current waveform is only reflected to a much lower degree in the voltage waveform
due to the nonlinearity of the V-I characteristic in the stressed range.

58 This impulse current refers to the double-exponential discharge current as it is described in the annex of
the [IEC60099-4]: it is supposed to be higher than 5% of the current peak value for a time interval of
200 ps to 230 ps.
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4.4 Double-Exponential Discharge Current Generator

the stressed MOV and thus leads to its intense heating. In the oscillogram, the current
peak is prior to the voltage peak, which is presumably due to the temperature dependence
of the V-I characteristic of the MOV (see chapter 5.2).
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Figure 4.6: Oscillogram of voltage and current when stressing an MOV with a double-
exponential discharge current of the 90/200 ps type.

Further information on this test set-up is given in chapter A.2.

4.4 Double-Exponential Discharge Current Generator

With the double-exponential discharge current generator, double-exponential discharge
currents® for the identification of the V-I characteristic within the high-current region
are carried out as well as double-exponential energy injections of the 4/10 s type. The
generator, the equivalent circuit diagram of a section of which is shown in figure 4.7,
consists of up to eight parallel sections. Each of these sections consists of a capacitor
with a capacity of 2 pF and a nominal voltage of 100kV as well as an inductance-resistor
combination (the technical data of which can be found in table A.10) for the adjustment of

the waveform.

59 The specific values and criteria for the identification of the time parameters etc. are defined in
[IEC60099-4].

63



4 Test Facilities Used
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Figure 4.7: Equivalent circuit diagram of the double-exponential discharge current gener-
ator. Vres is the voltage that is transmitted to the oscilloscope.

The current flowing through the specimen is measured with the help of an inductive current
transducer and the voltage drop™ across the specimen with the help of a damped capacitive
voltage divider. Both flowing current and voltage drop across the specimen are recorded
by the same oscilloscope used for the long-duration current impulse generator and are thus

evaluated and documented with a PC.

An exemplary oscillogram of an unfiltered lightning current impulse of the 8/20 ps type
can be found in figure 4.8 and one of a high-current impulse of the 4/10pus type in
figure 4.9. 1t can be seen that the double-exponential current curve leads to a drop of a
non-double-exponential voltage waveform across the tested MOV due to the non-linear
V-I characteristic. Moreover, during the lightning current impulse, the voltage reaches its
peak value prior to the current peak value although the inductive regions of the voltage
curve, which are caused by the geometry of the specimen, are compensated”'. Considering
the depicted high-current impulse, the energy content of which lies in the range of the
single impulse energy handling capability of the tested MOV, the voltage curve is bent
much stronger than this is the case for the lightning current impulse stress and only reaches
its peak after the current peak. From the stronger bending it can be concluded that the
MOV is stressed in a range of the V-I characteristic with a lower nonlinearity exponent.
The shift of the voltage peak now occurring after the current peak is presumably due to

the temperature dependence of the V-I characteristic. As is shown in figure A.8, regarding

7 Tt has to be mentioned that the inductive regions of the voltage curve are compensated by a compensation

coil (see [Rei08] or chapter A.3).
According to [Sch94], this is due to the protons transmission mechanism prevalent within the high-current
region.
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4.4 Double-Exponential Discharge Current Generator

a lower current peak value for another stressed MOV (with a bigger diameter), the voltage

peak lies before the current peak. This behavior is discussed in more detail in chapter 5.2.
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Figure 4.8: Oscillogram of voltage and current when stressing an MOV with a double-
exponential discharge current of the 8/20 s type.

Due to the high energy injections, the stressed MOVs are thermally decoupled from the test
fixture for stresses with high-current impulses of the 4/10 s type by thermal insulation
(with the help of the already mentioned fiber silicate) with a centered current feeder.
Between thermal insulation and specimen, an aluminum contact electrode (see chapter 4.1)

is used on each side.

In order to characterize the MOVs within the high-current region of the V-I characteristic,
the specimens are tested by means of a rotating magazine, which is depicted in figure 4.10.
In this case, the test fixture is used without thermal insulation since the energy content of
the characterization discharge currents is relatively low and does not lead to a significant
heating of the specimens. Above and below the specimens, aluminum contact electrodes

(see chapter 4.1) are used.

Further information on this test set-up is given in chapter A.3.
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Figure 4.9: Oscillogram of voltage and current when stressing an MOV with a double-
exponential discharge current of the 4/10 ps type.

Figure 4.10: Test fixture of the double-exponential discharge current circuit for the
characterization within the high current region (1 test current feeder, 2 application of force
from the pneumatic actuator, 3 aluminum electrode, 4 test specimen).
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4.5 Reference Voltage Test Set-Up

972 @
(as ﬁ)
at a current density peak value of mostly 0.12mA /em?. The equivalent circuit diagram of

The reference voltage test set-up is used to determine the “characteristic voltage

the test set-up is shown in figure 4.11. The test voltage is generated by a PC data acquisition
card, intensified by a power amplifier and stepped up by a high voltage transformer. The
voltage across the test specimen is measured by means of an ohmic voltage divider and
the current is measured by means of an ohmic shunt. Both are recorded by a PC data
acquisition card and evaluated and documented automatically by a LabVIEW program.
The bigger value of the current peak value of positive or negative amplitude is detected
and the voltage peak within the same half-wave is analyzed. Due to the fact that the signal
is generated at the PC data acquisition card, an automated adjustment of the current (or
voltage) level is possible. Moreover, an identification of the measurement parameters at the
exact same moment (for the tests described here: 5s after the application of the voltage) is
rendered possible, which increases reproducibility. Due to the principle of providing the test
voltage with a power amplifier, voltages of a defined frequency with low harmonic content
can be guaranteed, which is of big importance for the identification of the measurement

parameters within this range of the V-I characteristic.

PC card amplifier transformer specimen

T

K
N D WVes

voltage divider current shunt

Figure 4.11: Equivalent circuit diagram of the reference voltage test set-up. Vires is the
voltage that is transferred to the PC data acquisition card.

An example of an unfiltered voltage and current waveform within the range of the current
densities that will be referred to later on is depicted in figure 4.12. It can be seen that,

despite the stress, the voltage waveform is very close to an ideal sine”™. The current is

72 Tt lies within the range of typical reference voltages of surge arresters. However, since the current density
for the measurement of the reference voltage is not defined in [IEC60099-4], but instead varies between
the different manufacturers, the term “characteristic voltage” is used here (as has been done in other
publications).

™ According to [TEC60099-4], the ratio of peak value and RMS value must not differ more than 2% of
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displaying a distinctly capacitive component, which in this case is superimposed by an

asymmetrical resistive component due to the pre-stress.

N VAR [\ :
VNI [
FP [l 1,
", SN N N A
\ N/ \ N/
) N \_ /1,
N \_/

0 10 20 30 40
t in ms

I in mA

—voltage —current

Figure 4.12: Oscillogram of voltage and current within the pre-breakdown region of the
V-I characteristic of an MOV.

The test specimens are measured in a pneumatic test fixture at a clamping force of 314 N.

The ambient temperature is measured and documented™.

Further information on this test set-up is given in chapter A.4.

4.6 Aging Test Set-Up

In the aging test set-up”®, specimens are stressed with AC voltage at increased ambient
temperature over long periods of time (e.g. 1000h). There are three temperature chambers

available in each of which up to five specimens can be operated at temperatures of up

V2. In [IEC60060-1], only 5% are demanded for AC voltages at power frequency, which, however, does
not lead to reproducible results for the strongly nonlinear V-I characteristic of the MOVs. For this
reason, the limiting value of 2% is used. This limiting value has not been exceeded in neither of the
measurements described in the following.

As is shown in [Rei08], the expectable error rate within the considered current region and at a fluctuation
of the ambient temperature of 20 °C to 30 °C is lower than 1.5 %.

75 This test set-up has been developed and built up in the context of this thesis (see [Tscl1].
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4.6 Aging Test Set-Up

to 200 °C with voltages of up to 10kV. The equivalent circuit diagram resembles the one
in figure 4.11 with the exception that, in the aging test set-up, more than one specimen
can be simultaneously stressed by the central voltage supply. The voltage waveform is
generated by a PC data acquisition card, intensified by a power amplifier and stepped up
by a high voltage transformer. The voltage drop across the test specimens is measured by
means of an ohmic voltage divider and the current flowing through each of the specimens
is measured by means of an ohmic shunt. Both are recorded by a PC data acquisition
card and evaluated and documented by a LabVIEW program. The power loss is averaged
over three cycles and is measured two times per minute at the beginning of the test and
only every five minutes at the end of the test (due to the significantly lower gradient).
The LabVIEW program also takes over the adjustment of the central test voltage and the
adjustment of the temperature inside each of the temperature chambers. The temperature
of each of the test specimens is monitored by a temperature sensor inside of the aluminum
contact electrode that is connected to the ground. This temperature functions as control

variable.

In figure 4.13, the power loss behavior of an MOV is shown that was stored at a voltage
(within the range of typical continuous operating voltages) for 1000h at 115°C inside
the aging test set-up. It can be seen that voltage as well as temperature are kept very
constant”® by the test set-up and that the power loss of the MOV steadily decreases during

the test duration.

The inside view of a temperature chamber in which an MOV is inserted is depicted in
figure 4.14. The MOV is fixed between two aluminum contact electrodes by the weight
force of the upper brass contact. The temperature sensor is integrated into the bottom
aluminum contact electrode. The bottom electrode is put up insulated to be able to

measure the current waveform inside the ground connection by means of a shunt.

Further information on this test set-up is given in chapter A.5.

76 According to [TEC60099-4], the voltage must not change more than 1% and the temperature no more
than 41 K. Moreover, the value of the peak to RMS value ratio of v/2 must not deviate more than 2 %.
This has been monitored for the whole test duration; a bigger deviation than 2% occurred in none of
the described investigations.
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Figure 4.13: Recording of voltage, power loss and temperature for an MOV inside the
aging test set-up where power loss and voltage are depicted scaled to the initial value.

Figure 4.14: Inside view of one of the three temperature chambers of the aging test set-up
(1 brass contact, 2 upper aluminum electrode, 3 test specimen, 4 temperature sensor inside
bottom aluminum electrode).
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5 Impulse Energy Handling Capability of
MOVs

In the following paragraphs, the results of the experimental investigations are introduced
and interpreted. In the first section, the investigations on the single impulse energy handling
capability”” are presented that have been published for the most part in [Rei08] and will
be supplemented in this thesis by further investigations. The results serve as reference for

the subsequent investigations concerning multiple impulse energy handling capability.

There is a difference between single and multiple impulse energy handling capability, as
is shown in chapter 5.4. For one, previous impulses cause microscopic and macroscopic
changes within the MOV. Moreover, they cause a rising of the temperature inside the MOV.
In order to separate these effects, investigations on how temperature influences the energy
handling capability of MOVs are introduced in chapter 5.2. In the subsequent section, the
single impulse energy handling capability is compared to the energy handling capability at
two successive long-duration current impulse stresses with a short interval between the

stresses (< 3s).

The focus of this thesis is on the investigations on repetitive’ impulse energy handling
capability where the difference between several types of stresses (current densities of the
stresses) and the influence of the energy density of each stress can be differentiated. Since
these investigations are especially relevant for routine tests following the manufacturing
process, a conventional routine test is compared to a recommended new routine test

procedure in chapter 5.4.4.

Finally, investigations on the single impulse energy handling capability after a pre-stressing
of the MOV are introduced in chapter 5.5. Due to their high practical relevance, inves-
tigations that identify the influence of changes of the V-I characteristic on the energy

handling capability are introduced here as well as investigations on the energy handling

T The different types of energy handling capability are compared in chapter 2.3
"® The test specimens are cooled down to ambient temperature between the stresses.

71



5 Impulse Energy Handling Capability of MOVs

capability of MOVs that were being operated for several years in real surge arresters inside

the electric power system.

An overview of the aims for the investigations described in the following is given in
table 5.1.

For all of the investigations (with the exception of those in chapter 5.5.3), brand-new
MOVs were used which had not been exposed to electric stresses except for the routine

t79

test’” at the end of the production process. In order to prevent a contamination of the

surfaces of the MOVs, they were touched with white cotton gloves only.

The MOVs were provided by different international manufacturers on condition that the
published results of the investigation would be anonymized. For this reason, neutral
labels are used for the different varistor ceramics and different varistor types by different
manufacturers and the coating is colored blue in photographic depictions. Each label
represents a group of MOVs of the same type, the same manufacturer and the same
production 1ot®. On the explicit request of the manufacturers, new symbols are introduced
in each section as to make deciphering harder. There is no direct relation between the
labels S to Z (of the size 1 and 2), ceramic 1 and 2, I to III, « to 7, type 1 and 2 as well as
SA1 to SA9 used in the different sections. Partly, different sections involve MOVs of the
same production lot, which have not been labelled equally for the stated reasons. If any
new insights that exceed the individual investigations can be gained resulting from cross
connections between the different investigations, they are described explicitly. Within the
same section, no two similar MOVs by one manufacturer but separate production lots are
labelled differently. The production lots that are labelled differently usually differ in the
manufacturer of the MOVs. In exceptional cases, different types of MOVs (where not only

the geometric dimension but also the recipe differ) of one manufacturer are distinguished.
Two sizes of MOVs were analyzed:

Size 1:  The MOVs of “size 17 are 55 mm to 65 mm in diameter and 40 mm to 45 mm in
height®!. This size of the MOV is normally used in surge arresters of high-voltage
grids with line discharge class 2 or 3 (according to [IEC60099-4]).

™ Tt can be assumed that the MOVs used here resemble those that the respective manufacturers use for
the production of their surge arresters. However, since an undercover purchase of the necessary amount
of MOVs was not possible, it cannot be ruled out (although this is not to be expected) that the specific
manufacturers used special recipes or routine tests in the production process of the MOVs that were
provided for the investigations.

With exception of the labels in chapter 5.1: here, the labels used in the investigations of [Rei08] are
continued, each manufacturer is given a label and the types of MOVs are distinguished based on their
“size”.

81 One of the manufacturers provided MOVs with a height of only 26 mm.
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Table 5.1: Overview of the investigations of MOVs introduced in the following

Chapter

Aim of the Investigation

5.1

single impulse energy handling capability depending on the current density
of the stress

5.2.1

temperature dependence of the V-I characteristic within the range of
current densities that are relevant concerning energy injections

0.2.2

Influence of the temperature dependence of the V-I characteristic on
the single impulse energy handling capability

5.2.3

Change in the single impulse energy handling capability due to an increased
initial temperature

5.3

Distinction between single and multiple impulse energy handling ca-
pability

5.4.1

Determination of energy handling capability with repetitive AC energy
injections

5.4.2

Determination of energy handling capability with repetitive long-duration
current impulses

0.4.3

Comparative investigations concerning energy handling capability with repet-
itive energy injections of the same energy density but different current
density

Comparison of the impact of repetitive pre-stresses on AC energy and
long-duration current impulse energy injections

Definition of energy handling capability with long-duration current impulses
with alternating polarity

5.4.4

Comparison of selectivity and pre-damaging behavior of a routine test with
long-duration current impulses or AC energy injections

5.5.1

Investigation on the correlation between the change of the V-I character-
istic (due to pre-stresses) and the change of the single impulse energy
handling capability

5.5.2

Investigation on the reversal of the changes of the V-I characteristic
(after a pre-stress) by applying continuous operating voltage at increased
ambient temperature

5.5.3

Determination of the influence of actual stresses in electric power systems
on single impulse energy handling capability
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5 Impulse Energy Handling Capability of MOVs

Size 2: The MOVs of “size 2” are approx. 40 mm in diameter and 30 mm to 40 mm in
height. They are normally used in surge arresters of medium-voltage grids with

10 kA nominal discharge current.

5.1 Single Impulse Energy Handling Capability of MOVs

Large parts of the results concerning the single impulse energy handling capability presented
in the following were obtained during the investigations of [Rei08]. In the context of this

dissertation, these investigations have been extended and supplemented.

For the investigations of single impulse energy handling capability, over 3,000 MOVs of
seven internationally established manufacturers were analyzed. In order to anonymize
the results, a representative letter (S, T, U, V, W, X| Y and Z) is allocated to each
manufacturer of MOVs. If a manufacturer provided MOVs of both of the distinguished
sizes, the same letter is allocated to both sizes. In one case, one of the manufacturers
provided two different types of MOVs (differing in recipe) of the same size. For these two

types, two different letters are used.

Due to the limits concerning the test facilities as well as for reasons of practical relevance,
the single impulse energy handling capability is analyzed with three different types of
energy stresses for the MOVs of “size 1”7 (see above). In doing so, AC energy injections
at a current peak value of 10 A, 100 A, and 300 A, long-duration current impulses with a
virtual duration of 1.2ms, 1.9ms, and 3.9 ms as well as stresses with the double-exponential
discharge current of the 90/200 ps type are used. On the other hand, MOVs of the “size 27
are stressed with long-duration current impulses with a virtual duration of 1.2ms, 1.9 ms,

and 3.9 ms or with double-exponential discharge currents of the 90/200 ps or the 4/10 ps
type.

For the investigation of single impulse energy handling capability at stresses with AC energy
injections, these injections are carried out up to the mechanical failure of the respective
test specimen. Thus, the results can be compared very easily with previous investigations
for example by [Rin97]. The simplicity of the failure criterion “stressing up to mechanical
failure” involves the disadvantage that failure mechanisms cannot be differentiated any
further. Since changes in the V-I characteristic and pre-damages of MOVs can occur
especially when stressed with high current densities (which is explained in chapters 2.2
and 2.5), a “complex failure criterion” that takes pre-damages into account is chosen for
the investigations with long-duration current impulses. A flowchart showing a testing of

an MOV with this “complex failure criterion” is given in figure 5.1.
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5.1 Single Impulse Energy Handling Capability of MOVs

Initial Measurement
Ven at Jop = 0.12 mA /cm? (after 55)
Vies1 at I = 10kA

Impulse Energy Injection‘

Visual Inspection
mechanical damages?

Exit Measurement with AC Voltage
Ven2 at Jop = 0.12 mA /cm? (after 55)

v

Ven,2—Ven,1

Vot >0.057

Exit Measurement with Lightning Current Impulses
Vies,2 at I = 10kA
Vies3 at J = 1.5 kA /cm?

v

Visual Inspection
mechanical damages?

‘/}05727‘/;05,1

Voo >0.057

v
MOV “okay* MOV “faulty”

Figure 5.1: Flowchart of the determination of the single impulse energy handling capability
taking the “complex failure criterion” into consideration (according to [Rei08]).
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5 Impulse Energy Handling Capability of MOVs

At the beginning of the investigations, an initial measurement is carried out for each
MOV. Here, the “characteristic voltage” V82 at a peak value of the current density
of Jan = 0.12mA/cm? (£2%) is determined after the voltage has been applied for 5s.
Furthermore, the residual voltage for a lightning current impulse of the 8/20 us type at a
current peak value of 10kA (£1 %) is determined.

After the initial measurement, the energy injections within the range around the mean
failure energy of the respective type of energy injection of the MOV type of the investigated
manufacturer are carried out. In doing so, 40 MOVs® of the same MOV type of a
production lot are investigated for each type of energy injection (for example impulse
duration). Within this group, five to 20 (very often ten) MOVs are stressed with the
same energy density in order to determine the failure probability for this particular energy

density.

If the MOV fails during the energy injection (which can be gathered from the oscillogram
of the current), a visual inspection of the MOV is carried out. In the process, the failure
symptoms mechanic cracking, puncture and flashover are distinguished. If the MOV does
not fail mechanically due to the energy injection, the MOV is cooled down to ambient
temperature and an exit measurement is carried out where the “characteristic voltage” and
the residual voltage are measured again. Moreover, the MOV is stressed with an additional
double-exponential discharge current of the 8/20 ps type with a current density peak value
of J=1.5 kA /cm? in order to classify pre-damages even better. [Rei08] defined that a
varistor is regarded as having failed if an energy injection leads to its mechanical failure,
if “characteristic voltage” or residual voltage change by at least 5% due to an energy
injection or if the double-exponential discharge currents of the exit measurement lead to
its mechanical failure. This definition is adapted in this dissertation for all investigations

with “complex failure criterion”.

If a mechanical failure of a specimen happens during the energy injection, the waveform of
the energy injection matches the defined waveform only up to the failure. The resulting
shortening of the impulse duration in case of failure amounts to an average of about 10 %
due to the fact that the investigations are carried out within the narrow range around the
mean failure energy. Due to the limited variation and in order to choose the labels failure-
independent, the prospective waveform is constantly used as label in the following sections.

The current density of the energy injection represents the less intuitive, yet physically more

82 Tt lies within the typical reference voltage range of surge arresters. However, since the current density for
the measurement of the reference voltage is not defined in [IEC60099-4] but differs between manufacturers,
the term “characteristic voltage” is used here (as has been done in other publications).

83 If this amount of MOVs does not lead to a clear result, the group is expanded to up to 80 MOVs.
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5.1 Single Impulse Energy Handling Capability of MOVs

exact description of the stress and is thus used for the purpose of evaluation (for example

in diagrams).

The results of the investigation are statistically evaluated. In doing so, the mean failure
energies during destructive analyses (AC energy injections) are evaluated with the “progres-
sive stress method” and those during investigations with “complex failure criterion” (using
impulse energy injections) are evaluated with the “multi-level method”. The processes of

statistical evaluation are explained in the appendix of chapter B.

The mean failure energies®® above the amplitude of the current density as well as approxi-
mate values for the duration of the energy injections for MOVs of “size 1”7 are shown in
figure 5.2%5. Each mark in the diagram is determined by stressing at least 40 MOVs of one
production lot. For the investigations within the range of current peak values of about
0.3 A/cm? to 10 A/em?, AC energy injections are used where the test specimens are stressed
up to mechanical failure. Within the range of current peak values of about 60 A /cm? to
300 A/cm?, the MOVs are stressed with long-duration current impulses. Within the range
of the highest current densities investigated (up to 2500 A/cm?) the MOVs are stressed
with the double-exponential discharge current of the 90/200 ps type. For these impulse
energy injections, the “complex failure criterion” is applied. Hence, they are not directly
comparable to the results of [Rin97], which are depicted in the diagram for reasons of
comparison®. [Rin97] stressed all MOVs up to mechanical failure; this is why only the
results within the range of the AC energy injections can be directly compared to the results

in this thesis.

The failure mechanisms of the investigated MOVs of “size 1” are depicted in figure 5.8
for the different types of energy stresses. In doing so, failure symptoms that lead to a
cracking of the MOV are labeled “CR”, as is shown in figure: 2.8(a) to (c), (e), (g), and (i).
Flashovers such as in figure: 2.8(f) are labeled “FO”; punctures that do not cause a tearing
of the MOV such as in figure: 2.8(d) are labeled “PU”. For “100 %”, all failures of one type
of energy injection of one MOV by one manufacturer are assumed. The test series that are

not depicted (regarding “Z”) were not carried out.

8% The AC energy injections of “S”, “U” and “X” were carried out by [Rei08]. The impulse stresses of “S”,
“U” and “X” as well as the AC energy injections of “Z” were carried out by the author of this thesis in
cooperation with [Rei08] and are contained in [Rei08]. All of the remaining investigations (except for
those labeled [Rin97]) were carried out by the author of this thesis subsequent to the investigations by
[Rei08]. All of the investigations are contained in [Cigl3].

For reasons of clarity, the standard deviations of the single mean values measured are not depicted here.
On average, the standard deviation is less than 10 % of the mean value of the failure energy.

The effects of both failure criterions on the determined energy handling capability of one production lot
are depicted in figure 5.6.
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Figure 5.2: Mean single impulse failure energy above the peak value of the current density
of the energy injection for MOVs of “size 1”7 (according to [Cigl3]).

The following results can be deduced from the investigations of the single impulse energy
handling capability (as for the most part published in [Cigl3], [Hin09], [Tucl3a] and [Tuc09]
and discussed in detail in [Rei08]):

o The single impulse energy handling capability increases with increasing current

density®” from about 400J/cm? to 1200 J/cm®. Here, the failure symptoms of the
MOVs that are stressed with high current densities show a lot of residues on the
front surface caused by local thermal overloads, presumably beginnings of punctures.
On the other hand, those MOVs that were stressed with low current densities show
only one single puncture channel and no additional incomplete melting channels.
This observation seems to confirm the simulation results by for example [Bar96b],
according to which more parallel current paths are used during stresses with high
current densities than during stresses with low current densities, increasing the energy

handling capability.

By means of further evaluations, it could be shown that not only the energy increases
with increasing current peak value of the energy injection, but also the charge that

can be transferred.

87 Tt has to be mentioned again that these values must not be mistaken for the thermal energy handling
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capability of standard surge arresters (which normally lies within the range of 200 J/cm3 to 300 J/cm3
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Figure 5.3: Failure mechanisms of the impulse energy injections of MOVs of “size 1”
(according to [Cigl3]), based on the “complex failure criterion”.
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5 Impulse Energy Handling Capability of MOVs

e The increase of the mean failure energy at very high current densities is no longer
limited by the ZnO ceramic but for example by the dielectric strength®® of the coating
(as it is the case for production lots “S” and “U”). However, it has to be taken
into consideration that, also within this range, the single impulse energy handling

capability lies above the usual thermal energy handling capability.

o The residual voltage is influenced only very rarely by an energy injection (as is already
mentioned for example in [Dar97]) whereas the “characteristic voltage” seems to be

more sensitive.

e The energy handling capability of the MOVs investigated here is — within the range
of AC energy injections — about 30 % higher than it was the case with the MOVs
investigated in [Rin97]%°. This is possibly due to the further development of the
production processes, which led to an improved quality in MOVs despite the increased

cost pressure.

Furthermore, it is noted by [Rei08] that, when testing the single impulse energy handling
capability with AC energy injections for several hundreds of specimens, there are one or
more MOVs (so-called outliers) within almost every production lot that show a considerably
lower energy handling capability than the other MOVs. In figure 5.4, an example of a
measurement series with 50 MOVs is depicted. It can be seen that the MOV with the
number 31 shows a considerably lower energy handling capability than the rest of the
MOVs. 1t is possible that recent routine tests used by manufacturers cannot reliably detect

outliers for this type of stress.

The outliers can indicate inhomogeneities or inclusions inside the MOV, which can have
varying effects depending on the different types of stresses. In figure 5.5, the failure energies
of 37 MOVs per production lot are depicted. The failure energies were determined by an
energy injection up to mechanical failure with an alternating current (at a current density
of 0.35A/cm? or 3.5 A /em?) or with a long-duration current impulse (at a current density
of 185 A/cm?). It becomes clear that the failure energies for AC energy injections at a
current density of 3.5 A/cm? are much more dispersed than those for AC energy injections
at a current density of 0.35 A /cm? and those for long-duration current impulses at a current
density of 185 A/cm?. When stressing the MOVs at a current density of 3.5 A /cm?, the
failure energies spread around two energy levels: one of them around 60 % of the mean
failure energy, the other at around 120 %. It can be assumed that the MOVs that fail

88 [Rei08] demonstrated that the puncture happens between “MOV” and coating.

89 The reason why the energy handling capability appears to be almost equal for the range of impulse
energy injections is that different failure criteria were applied. A comparison of the mean failure energies
for different failure criteria is shown in figure 5.6
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Figure 5.4: Overview of the scaled failure energies when stressing the MOVs of one
production lot with the same AC energy injection (according to [Rei08]).

at the lower energy level contain defects that have a large impact on the mean failure
energy for this type of stress”. It is possible that the stressing current flow concerning
AC energy injections at a current density of 3.5 A /ecm? is most strongly focused on the
current path with the lowest resistance®® until this path is overloaded and fails. If this
applies, mechanical defects in MOVs can be detected more sensitively with this type of
stress than with other types of energy injections (current densities, durations of the energy

injection).

A comparison between the single impulse energy handling capability while using the two
different failure criteria for long-duration current impulse energy injections and the investi-
gations of [Rin97] is depicted in figure 5.6 for “T” of “size 1”. As can be seen in figure 5.3,
most of the MOVs of this production lot fail during a long-duration current impulse energy
injection with a virtual duration of 3.9ms and not during the exit measurement??. For
this production lot, the amount of MOVs that fail during the energy injection decreases
when the durations of the energy injections are decreasing (higher current densities of the
energy injection). Accordingly, the difference of the mean failure energies between the
two failure criteria that were investigated increases with increasing current density of the
energy injection within the observed range. From a current density of about 250 A /cm?

onwards (determined by long-duration current impulses with a virtual duration of about

9 Since the simulation results in [Bar01], it has been known that, at higher current densities, defects
within the MOVs do not affect the energy handling capability to such a great extent as they do at lower
current densities.

Concerning the formation of current paths, it is likely that the duration of the energy injection and the
thermal conductivity of the ZnO ceramic matter.

MOVs fail during the exit measurement due to a change of “characteristic voltage”, a change of residual
voltage or mechanical failure during the exit measurement resulting from the stress of the main energy
injection.
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Figure 5.5: Overview of the failure energy for stresses at different current densities. The
failure energy for the different current densities is scaled to the mean failure energy of the
respective current density. The current densities 0.35 A /cm? and 3.5 A /cm? are determined
by AC energy injections (“AC”) and 185 A /ecm? by long-duration current impulses (“LD”).
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Figure 5.6: Comparison of the mean single impulse energy handling capability of MOVs
labelled “T” (“size 1”) at investigations with “complex failure criterion” or stresses up to
mechanical failure, compared to the investigation results of [Rin97] (according to [Cigl3]).
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5.1 Single Impulse Energy Handling Capability of MOVs

1.2 ms), the complex failure criterion seems to lead to a failure energy decreased by 20 %.

It can be assumed that it is different for those production lots where the energy handling
capability at short energy injections is mainly limited by mechanical failure and not by
a change within the V-I characteristic. One example for this is production lot “U” (see
figure 5.3), where more MOVs fail due to a change within the V-I characteristic during
long-duration current impulses than it is the case when applying short energy injections
(which is probably due to the coating). In such cases, for short energy injections there
will be just a minor difference or none between the mean energy handling capabilities
when applying the two failure mechanisms. As becomes clear with this example, there
is no general correlation between the failure energy when applying the “complex failure
criterion” and failure energy for stresses up to mechanical failure. If one failure energy is

to be deduced from the other, the failure causes must be taken into consideration.

For the MOVs of “size 27, the mean failure energies?® are shown in figure 5.7 and the failure
mechanisms of each energy injection in figure 5.8. Concerning these MOVs, only impulse
energy injections were carried out. However, for reasons of relevance, double-exponential

discharge currents of the 4/10 ps type were carried out for MOVs of “size 27, too.

As a result from the investigation of the MOVs of “size 27, the following statements (which
are also given in the publications mentioned for the investigations of MOVs of “size 17)

can be made:

e Within the range of the stresses with long-duration current impulses, the volume-
related mean energy handling capability lies between 600 J/cm? and 1000 J/cm? and
thus is about 15 % to 25 % lower than that of the MOVs of “size 1”. As described
below, MOVs with a smaller diameter generally show a higher energy handling
capability. In this case, however, the difference can be explained by taking the
different failure mechanisms into consideration. The MOVs of “size2” fail relatively

often due to flashovers. Apparently, the coating is not designed for such high stresses.

o Regarding double-exponential discharge currents of the 90/200 us type, the mean
energy handling capability does not rise as much as for the MOVs of “size 1”. The
amount of failures caused by flashovers during the energy injections rises for the
MOVs of individual production lots. This can of course be expected due to the

increased voltage stress; nonetheless, this offers potential for optimization.

9 The investigations concerning the single impulse energy handling capability for stresses with long-
duration current impulses were carried out by [Rei08] for the production lots of the manufacturers “S”,
“U”, “V”, “W?” and “Y”. The investigations with double-exponential discharge currents were carried
out in a cooperation of both authors and are contained in [Rei08]. All investigations are presented in
[Cigl3].
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Figure 5.7: Mean single impulse failure energy above the peak value of the current density
of the energy injection for MOVs of “size 2” (according to [Cigl3]).

o Regarding double-exponential discharge currents of the 4/10us type, the energy
handling capability decreases again. This is due to an increase in failures caused by
a change of the “characteristic voltage”. However, this change does not influence the
single impulse energy handling capability for stresses up to mechanical failure, as is
described in chapter 5.5.1.

e The MOVs “X” stand out due to a very high single impulse energy handling capability,
which was true for MOVs of “size 1”7, too. Here, the coating obviously seems to be
designed for higher voltage stresses. Moreover, this manufacturer seems to be able to

achieve a very high homogeneity of the produced MOVs.

The change of the “characteristic voltage” resulting from energy injections of the 4/10 ps
type are further evaluated in [Rei08]. The depiction of the change of the “characteristic
voltage” above the current peak value® of the energy injection is shown in figure 5.9. Each

95

mark within this diagram? represents a pre-stressed MOV of one production lot. It can

be seen that the dispersion among individual MOVs is varyingly distinct for the different

9 Due to the fact that the diameters of the MOVs of “size 2” differ only marginally, the absolute presentation

is used here.
Above which current range of the respective energy injection the change of the “characteristic voltage”
is depicted depends on experimental, not specimen-related reasons.
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Figure 5.8: Failure mechanisms of the impulse energy injections of MOVs of “size 2”
(according to [Cigl3]), based on the “complex failure criterion”.
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Figure 5.9: Change of the “characteristic voltage” V¢, resulting from a double-exponential
discharge current of the 4/10ps type for MOVs of “size 2”7 (according to [Cigl3]).

”

production lots. However, for all production lots the change of the “characteristic voltage
chiefly seems to be linearly?® dependent on the current peak value of the energy injection.
Some production lots already show a strong change of the “characteristic voltage” at a
current peak value of 100 kA of the energy injection. According to [IEC60099-4], this test
is used for the verification of the thermal stability of surge arresters that typically contain
this size of MOVs. Further investigations of the influence of the change of “characteristic
voltage” on the energy handling capability and on the reversal at applied continuous

operating voltage and at increased temperature are described in chapters 5.5.1 and 5.5.2.

The single impulse energy handling capability of the MOVs of “size 1”7 and MOVs of “size 2”
differs even for one single manufacturer. This might be due to the different manufacturing
processes or optimizations of the MOVs for different application fields. [Rei08] investigated
the single impulse energy handling capability of MOVs of one manufacturer at AC energy
injections. These MOVs had different diameters and, according to the manufacturer, were
built using equal production processes. The results are shown in figure 5.10. Despite the
dispersion of these results, it can be seen that the mean failure energy decreases with
increasing diameter of the MOV, which matches the findings of [Eda84]. According to
[Cigl13], this cannot solely be attributed to the bigger volume, which generally leads to
an increased failure probability, but presumably also to a higher degree of inhomogeneity
(which is also presumed by [Eda84]).

9 Tt can be assumed that, due to physical reasons, the trend crosses the abscissa only for very low current
peak values of the energy injection.
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Figure 5.10: Single impulse energy handling capability of MOVs of different diameters
but equal production processes at stresses with AC energy injections (according to [Rei08]).

5.2 Influence of Temperature Dependencies on the Energy

Handling Capability

Energy injections can cause changes within the MOV because the current flow can change
the charge distribution along the grain boundary (see chapter 2.2). Moreover, the heat
converted inside the MOV leads to thermal tensions that can cause micro- or macroscopic
cracks or, at worst, a partial melting of the ceramic. The focus of the investigations of
impulse energy injections of a very short duration (within the range of less than 10 ms),
which were carried out often in the past, was on changes caused by the current flow or on
the dielectric strength of the coating. However, the focus of investigations of longer energy
injections with bigger energy content is on the influence of heat on the MOV. For multiple
energy stresses (with short time intervals between the stresses), not only the changes in
charge distribution that are triggered by the current flow of prior impulses are relevant,

but also the temperature or temperature distribution inside the MOV.

It is possible that an unbalanced distribution of the current flow during an energy injection
leads to differences in temperature not only inside the MOVs, but also between parallel

columns of MOVs. Furthermore, direct sunlight /shading might cause differences in
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5 Impulse Energy Handling Capability of MOVs

temperature between spatially divided columns of MOVs inside spatially extended surge
arrester banks (for example used for the protection of capacitors, see chapter 2.1). This can
lead to an unbalanced current distribution between the columns during an energy injection.
These examples help clarify the fact that not only formations of current paths inside an
MOV are of practical relevance, but also the macroscopic current distributions between
MOVs. In the following sections, the influence of temperature on the current distribution
between MOVs is elaborated on and, in turn, conclusions concerning the formation of current
paths inside an MOV are drawn from these investigations. Finally, investigations of the

temperature dependence of the single impulse energy handling capability are presented.

5.2.1 Determination of the Temperature Dependence of the
V-1 Characteristic within the Breakdown Region

It is known that the resistance of MOVs shows a negative temperature coefficient (NTC)
behavior within the pre-breakdown region of the V-I characteristic (see for example
[Eda89]). Moreover, it is assumed that, within the high-current region, a weakly marked
positive temperature coefficient (PTC) behavior of the resistance predominates (see for
example [Sch94] and [FHO03]). This is explained by taking into consideration that, within
this region, the overall conductivity of the MOV is determined not so much by the
conductivity of the grain boundaries as by the conductivity of the grains themselves. This

behavior is depicted in figure 5.11.
VA
NTC
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behavior
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>
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Figure 5.11: Chart showing the temperature dependence of the V-I characteristic of
MOVs (according to [Hall2]).
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The exact knowledge of the temperature behavior within the breakdown region of the
V-I characteristic is of great interest when it comes to modeling the energy handling
capability by computer-aided simulations. In order to support this interest, to answer the
question in which part of the V-I characteristic the temperature behavior changes and
to better classify thermal effects, the investigations concerning the determination of the
temperature dependence within the breakdown region of the V-I characteristic of MOVs

are introduced in this section.

To quantify the temperature dependence within the range of high non-linearity of the
V-1 characteristic is a big challenge because the change in voltage (at constant current
density) at temperature jumps in the range of several 10K varies only in the percent
range and thus lies within the measuring uncertainty of commonly used measuring systems.
For this reason, [Had05] suggests applying the current sharing measurement in order to
determine the temperature dependence within this range of the V-I characteristic. This

measurement technique is used for the investigations®” introduced in the following.

The equivalent circuit diagram of the test set-up for the current sharing measurement is
shown in figure 5.12 and a picture of the applied specimen fixture in figure 5.13 . For the
investigation, two MOVs, “specimen 1”7 and “specimen 27, are simultaneously stressed with
a discharge current. In doing so, the voltage?® along the specimens as well as the single

t99

current” and differential current'%’ through both specimens are measured.

The investigation is carried out for two different production lots of MOVs that are labelled
ceramic 1 and 2 in the following. In doing so, the respective current sharing between
two MOVs (of the same ceramic) is measured, specimen 1 being stressed at a defined

0

increased temperature'®! inside the tempered test chamber and specimen 2 being stressed

at ambient temperature!®?. Due to the mechanical setup as well as the different ohmic

97
98
99

These investigations are also documented and evaluated in the diploma thesis [Hall2].

For the measurement of the voltage, the voltage divider described in table A.8 is applied.

For this measurement, the current transducer by “Pearson Electronics Inc.”, model “410”, with a

frequency range of 0.120kHz to 20000kHz and an accuracy of the transmission ratio of 1% and the

current transducers of the “CWT30” and “CWT150” type shown in table A.7 are used depending on
the measurement range.

100 For this measurement, the current transducer by “Pearson Electronics Inc”, model “110”, with a
frequency range of 0.001kHz to 20000 kHz and an accuracy of the transmission ratio of 1% is used for
all the investigations.

101 The temperature is controlled by the temperature measurement system described in table A.14 with the
temperature sensors described in table A.15 and are kept constant inside the range of 1 % around the
target value for the investigation. The MOVs are preheated for at least eight hours inside a conventional
temperature chamber.

102 Dye to the fact that the discharge currents used for this investigation only contain energy densities of a

few J/cm® and that the specimens are not stressed thermally insulated, it is only very rarely necessary

to externally cool down specimen 2. Furthermore, a 60-seconds wait is kept between the discharge
currents.
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Figure 5.12: Equivalent circuit diagram of the current sharing measurement. I; and I
show the single currents through the specimens, Ao the differential current and Viges the
voltage that is transferred to the oscilloscope.

Figure 5.13: One side of the symmetrical specimen fixture for the current sharing
measurement that is used for investigations of the temperature dependence within the
breakdown region of the V-I characteristic.
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resistances of the connection wires (at different temperatures), the two parallel strands of
the specimen fixture show impedance differences. As could be demonstrated, regarding
comparatively high-ohmic MOVs, these differences are negligible and thus influence the
measuring uncertainty only secondarily. Changes of the MOVs due to discharge current
stresses can largely be compensated by using the same comparison specimen 2 in a specimen

pair and applying conditioning impulses prior to the evaluated discharge currents.

The results of the investigation are shown in figure 5.14(a) for ceramic 1 and in figure 5.14(b)
for ceramic 2. In both diagrams, the percentage of the current difference at ambient
temperature between the tempered specimen 1 and specimen 2, both being stressed
simultaneously with a discharge current'® of the 30/60 pis type, is plotted on the ordinate.
On the abscissa, the current density of the MOV with ambient temperature (specimen 2)
is plotted. The investigated current density range extends from 0.3 A/cm? to 200 A /cm?.
The nonlinearity exponent (see chapter 2.2) drops from about 60 to 30 within this range of
the V-I characteristic. The temperature range of the respective specimen 1 lies between
20°C and 200 °C. Further investigations have shown that the discharge currents for the
investigations of the V-I characteristic condition the MOV once the temperature rises
above 200 °C, leading to an irreversible change of the current difference of the specimen
pair of more than 5% at ambient temperature. For this reason, the temperature range of

this investigation is not extended any further.

Regarding the MOVs of ceramic 1, it can be seen that the difference in current density
between the tempered specimen 1 and specimen 2, which is at ambient temperature,
initially increases with rising temperature. Here, the depicted reduction of the current
density by 50 % is equivalent to a halving of the current inside the warmer MOV caused
by the increased temperature. The percentage of the current density difference between
the two specimens drops with increasing current density of the current that flows through
specimen 2 (with ambient temperature). This comes close to a vertical shift of the V-
I characteristic due to the higher temperature, the nonlinearity exponent decreasing at
higher current densities. This can be seen in the depiction of the temperature-dependent
V-1 characteristic in figure 5.15. At high temperatures, a minor change in the reduction of

the current density between the temperature levels can be observed.

According to figure 5.14(b), the investigated ceramic 2 initially shows a rise in current
difference with increasing current density of the stress for all temperatures, up to the

moment where a slight declining tendency can be observed for the highest investigated

103 For metrological reasons, the measurement points with the highest current density were determined by
measurement with a discharge current of the 8/20 ps type. It could be shown that the influence of the
current waveform is negligible within the observed range.
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Figure 5.14: Change of current difference at different temperatures for the MOVs of
ceramic 1 (a) and ceramic 2 (b).
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Figure 5.15: Depiction of the temperature dependent V-I characteristic of ceramic 1
within the investigated current density range.

current density. The temperature dependence within the investigated current range is less

marked for this ceramic than for MOVs of ceramic 1.

Both ceramics show a negative temperature coefficient of the resistance within the pre-
breakdown region of their V-I characteristic. For this reason, it can be presumed that,
at low current densities, a sign conversion and a subsequent rise in change of the current
density takes place for MOVs of ceramic 1 as can be observed for the investigated current
density range of ceramic 2. It cannot be verified by the investigations carried out here
whether both MOV ceramics follow the same tendency that shifts according to the current

density or whether different mechanisms take effect.

Within the investigated range of current density and temperature, a positive temperature
coefficient of the resistance of the MOVs can be noted for both ceramics. This could be
explained by the increasing influence of the positive temperature coefficient behavior of
the grain but also by a rising of the potential barrier (as is also described in [Hall2]).
Concerning the latter, free charge carriers could be generated due to the temperature rise;
the negative charges compensating defect states inside the grain boundary and the positive
charges staying inside the grain. With rising temperature, the remaining positive charges

expand the depletion region and thus the potential barrier. Hence, with rising temperature,
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a higher voltage is necessary for the charge carriers to surmount the potential barrier. On

a macroscopic level, this generates a PTC behavior of the resistance!%4

. There is only a
limited number of defect states within the grain boundary, hence the changes are becoming
less frequent with rising temperature and finally come to a halt at high temperatures. For
MOVs of ceramic 1, this can be observed at 200 °C. For MOVs of ceramic 2, it cannot be
verified within this investigation whether almost all defect states are already entirely filled
and thus another mechanism takes effect or, on the contrary, not all defect states are filled

until 200 °C is reached and thus no saturation effect can be observed.

It must be pointed out that not only does the density of free charge carriers inside the MOV
increase at higher temperatures, but that there is also a decrease in mobility concerning
the charge carriers, which leads to a rise in resistance (see for example [FH03|). This could
be a reason for the decrease in current difference within the range of 100 A/cm? of the
MOVs of ceramic 2. Moreover, the amount of free charge carriers does not only rise with
the temperature, but also with the applied voltage (and thus with the current density of
the stress), which is another indication for the effect that the temperature dependence

must decrease with increasing current density.

The results of the investigation confirm that, within the breakdown region of the V-
I characteristic, there is a sign conversion in the temperature coefficient of the resistance and,
with this, the MOV changes from NTC to PTC behavior. Furthermore, the temperature
dependence of the current density is not a constant, but depends heavily on the MOV
ceramic and probably on temperature, as the investigations for ceramic 2 and additional

investigations at higher temperatures show.

If further investigations confirmed the temperature dependence of the V-I characteristic
and the zero-crossing of the temperature coefficient are dependent on the MOV ceramic,
this could offer another indication for the explanation of the differences in the single
impulse energy handling capability of MOVs of different manufacturers. A ceramic with a
distinct positive temperature coefficient of the resistance should be more able to even out
an inhomogeneous current distribution than a ceramic with a lower positive temperature
coefficient. The energy handling capability of the investigated ceramics points into the

same direction. However, the sample is too small to interpret this any further.

104 Within the pre-breakdown region of the V-I characteristic, a higher leakage current develops due to the
increased amount of free charge carriers. This is interpreted macroscopically as NTC behavior of the
resistance.
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5.2.2 Current Sharing between Parallel Stressed MOVs

So far, changes of the MOVs due to an energy injection (such as the above mentioned
temperature dependence within the breakdown region of the V-I characteristic) are not
considered in computer-aided simulations of current distributions inside MOVs, as for
example in [Bar96b] (see chapter 2.5). An experimental measurement of individual current
channels inside a single MOV during an energy injection is possible only with a lot of
effort. However, an impression of the development of the current distribution between
parallel current paths inside an MOV can be gained by observing the current sharing
between parallel stressed MOVs. Also, this set-up is of practical relevance because, in some
circumstances, several parallel columns of MOVs (with production-related uneven current
sharing of up to 10 %) are used in surge arresters in order to enhance the energy handling
capability. So far, the development of the current sharing during an energy injection inside

such a set-up is unknown and is to be analyzed with the following investigation'%.

In this investigation, three MOVs of “size 1” of one production lot are stressed simultaneously
with a long-duration current impulse. The current sharing during the energy injection
is evaluated. Production-related, the three MOVs show small differences regarding the
V-I characteristics that lead to an uneven current sharing between the MOVs. This
way, three parallel current paths with slightly different V-1 characteristics are simulated

macroscopically.

The modified test fixture with three clamped MOVs can be seen in figure 5.16. The current
flow through the MOVs is recorded by a separate current transducer'®® for each MOV. It
could be demonstrated that small impedance differences between the current paths of the

test fixture only have a minor influence on the current sharing.

The current characteristic of three simultaneously stressed MOVs of “size 1” when stressing
them with a long-duration current impulse with a virtual duration of 1.2 ms is shown in
figure 5.17; the characteristic when stressing the same MOVs with a virtual duration of
5ms is depicted in figure 5.18'97. In both figures, the arrows indicate the tendency of the
amperage characteristic during the energy injections. During the energy injection with
the virtual duration of 1.2ms, about 220J/cm?® are applied to MOVs 1 and 2 and about
340 J/em? are applied to MOV 3. This leads to temperature rises of the MOVs (taking the

195 This investigation is also documented and evaluated in the bachelor thesis [B&110].

106 Bach of the three currents is recorded by a current transducer of the type “HAT 1500-S”, manufactured
by “LEM”, with a precision of +1 %, linearity of +1 % and a frequency range of 0 kHz to 25kHz.

107 The same three MOVs are stressed with a long-duration current impulse with a virtual duration of
about 1.2ms and 5ms. In order to better illustrate the effects, higher differences in current density
between the MOVs were applied than it would be the case in practical set-ups where differences in
current density can amount to 10 % between the columns of MOVs.
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Figure 5.16: Test set-up for the parallel stressing of three MOVs.

material parameters according to [Lat83] as a basis) of about 77 °C or, concerning MOV 3,
116 °C. On the other hand, due to experimental reasons, for the longer energy injection
with a virtual duration of 5ms only about 150.J/cm? are applied to MOV 1, 170J/cm3
to MOV 2 and 290J/cm? to MOV 3. This leads to temperature rises of about 54 °C or,
concerning MOV 3, 100°C. It can be seen in both diagrams that the current sharing
between the MOVs changes during the energy injection. The current density through
MOVs 1 and 2 shows an increasing tendency during the energy injection (see figure 5.17),
whereas the current density through MOV 3 displays a slightly decreasing tendency. It can
be seen in figure 5.18 that, here, the current density inside MOVs 1 and 2 only increases
a little during the energy injection, whereas the current density inside MOV 3 clearly
declines, which is also the case for the current sum provided by the long-duration current

impulse generator.

Looking at the converted energy!'®® in the individual sectors of the energy injection, it
becomes clear that 80 % more energy is converted inside MOV 3 compared to MOV 1
within the first quarter of the long-duration current impulse depicted in figure 5.17 whereas
only 45 % more energy is converted inside MOV 3 compared to MOV 1 within the last
quarter. The energy intake during the long-duration current impulse shown in figure 5.18
changes similarly. Here, about 117 % more energy is converted inside MOV 3 compared to
MOV 1 within the first quarter whereas only about 52 % more energy is converted inside
MOV 3 compared to MOV 1 within the last quarter.

198 Tt must be taken into consideration that (as can be seen in figure 4.5) the voltage inside an MOV rises
during an energy injection with a long-duration current impulse.
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Figure 5.17: Current characteristic of three parallel stressed MOVs at a long-duration

current impulse with a virtual duration of 1.2 ms.
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current impulse with a virtual duration of 5 ms.
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Obviously, the difference between the current densities of MOV 1 (or MOV 2) and MOV 3
becomes smaller in the course of the investigated energy injections. It must be observed
that the rise of the current density of MOVs 1 and 2 presumably cannot be attributed to
a negative temperature coefficient of the resistance, but rather to the changed resistance
behavior of the MOVs among themselves. Since the current density decreases inside
the hotter MOV 3, the percentage of current density inside the colder MOVs 1 and 2
increases. Depending on the total current impressed by the long-duration current impulse
generator, this can lead to an absolute increase of the current inside the MOVs with a

lower temperature rise.

The results of this investigation support the findings of chapter 5.2.1, according to which
higher voltages are necessary within the breakdown region of the V-I characteristic in
order to impress the same current on a heated MOV as it would be the case for the same
MOV in a cool state. This effect can be observed independent of whether the thermal
energy is applied from the outside (as it was the case in chapter 5.2.1) or, as it is the case
in this chapter, by an electrical energy injection that also induces other changes inside
the MOV. However, this cannot be seen as being a distinct “self-protection effect” where
small current differences would be balanced by the temperature effect during an energy
injection as the temperature effect has too little impact on the V-I characteristic. Thus,
it can be assumed that the temperature dependence of the V-I characteristic only has a
small positive impact on the energy handling capability when several parallel columns of

MOVs or several parallel paths inside an MOV are operated.

5.2.3 Single Impulse Energy Handling Capability of MOVs at Increased
Ambient Temperature

In addition to the influence of the temperature dependence on the current distribution
inside the MOV during an energy injection, the influence of the prevailing temperature of
an MOV on the energy handling capability matters. Surge arresters can take several hours
to cool down again to ambient temperature after a high energy injection'®?, which reduces
the ability to withstand multiple stresses. In order to be able to estimate the influence the
initial temperature of the MOV has on the energy handling capability depending on the

0

current density of the energy injection, the following investigation'!? is carried out.

1091 [ABB11], a cool-down time of 45 min to 60 min is assumed for surge arresters of the medium-voltage
level, depending on the construction and the ambient conditions. The cool-down time for surge arresters
at higher voltage levels is much longer, as is suggested in the student papers [Mus09], [Diirl0], [Kacl1]
and [Nurll].

10 This investigation is also documented and evaluated in the bachelor thesis [Sch13].
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Figure 5.19: Test fixture for the investigation of the single impulse energy handling
capability of tempered MOVs.

The single impulse energy handling capability is determined for three different initial
temperatures (27°C, 126 °C, and 213°C) and two current densities: at 3.6 A/cm? with
an AC energy injection and at 177 A/cm? with a long duration current impulse. The

11 gtored

temperature levels are selected in such a way that the difference of the heat energy
inside the MOVs always amounts to the same value of 290 J/cm?® between two subsequent

temperature levels.

+290J/cm? +290J/cm?
_— _—

27°C 126°C 213°C

All energy injections are carried out up to mechanical failure of the MOVs. For each
temperature level of one current density, 24 MOVs are stressed. The MOVs (as well as
the aluminum contact electrodes) are pre-heated in a conventional temperature chamber
for at least eight hours and stressed in the tempered specimen fixture, which is shown in
figure 5.19. Inside the specimen fixture, the temperature of the specimen is controlled with

an infrared sensor!!? (

in figure 5.19, the sensor is hidden by the specimen). The energy
injections are carried out when the air temperature of the specimen fixture as well as the

specimen temperature lies within an interval of 45K around the target value.

In figure 5.20, the results of this investigation are compared to the results concerning the
MOVs of production lot “T” (using the same failure criterion) that were introduced in
chapter 5.1. The standard deviation of the failure energies at increased initial temperature

lies within the range of 10 % of the respective mean failure energy. It can be seen that the

11 In order to determine the heat stored inside the MOV, the heat capacity (the material parameters are
taken from [Lat83]) of the MOVs is integrated via the temperature range of the pre-heating phase of the
investigation.

112 The infrared sensor used here (type “optris CS”, manufacturer “Optris”) has an accuracy of £1.5%
respectively +1.5°C.
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mean failure energy decreases with increasing initial temperature. Thus, as was expected,
pre-heated MOVs can handle less electric energy of a single impulse energy injection than
colder MOVs. Moreover, it can be observed that the mean failure energy for an initial
temperature of the MOVs of 213 °C is reduced by about half during an AC energy injection
with a current density of 3.6 A/cm?. On the other hand, the mean failure energy is only
reduced by around 20 % during a long-duration current impulse energy injection with a
current density of 177 A/ecm?. These results are similar to the results of [Kan83], where
there was no reduction of the single impulse energy handling capability detectable for
long-duration current impulses with a virtual duration of 2ms up to 100 °C and a reduction
of about 40 % between 100 °C and 200 °C could be observed.

For comparison, the mean failure energy plus the thermal energy stored inside the MOV
(starting from ambient temperature) is shown in figure 5.21 for both types of energy
injection!'3. As already mentioned, the stored thermal energy is determined by integration
of the heat capacity of the MOVs (according to [Lat83]) via the temperature range starting
from ambient temperature. It can be seen that the sum of thermally stored and electrically
applied energy in all cases exceeds the single impulse energy handling capability that has
been determined for ambient temperature. For AC energy injections with a current density
of 3.6 A/cm?, the sum of thermally applied and electrically applicable energy at an initial
temperature of 213 °C is about 28 % higher than the electric energy that can be applied at
ambient temperature. For the long-duration current impulse energy injection with a current
density of 177 A/cm?, this value amounts to about 33 %. The failure symptoms of the
stressed MOVs are not significantly different from failure symptoms regarding investigations

with different initial temperatures.

If the MOV is thermally heated constantly for several hours, the energy is distributed
evenly inside the MOV, whereas the distribution of energy is inhomogeneous for electrical
energy injections due to current path formation etc. The duration of the energy injections
is very short with a virtual duration of 1.9 ms for the long-duration current impulse and
about 100ms for the AC energy injection, leading to a very limited heat equalization!'4
inside the MOV. The percentage difference between the sum of the thermally applied energy
plus the additionally electrically applicable energy at an initial temperature of 213 °C as
well as the electrically applicable energy at ambient temperature lies within the same range
(28 % or 33 %) for both investigated current densities. It can thus be concluded from the

investigations in this section that, concerning the single impulse energy handling capability,

113 In figure 5.20 and 5.21, the colors of the edges mark the temperature of the specimens before the energy
injection and the colors of the surfaces mark the respective type of energy injection.

114 By computer-aided simulations, it could be shown that a heat front can only spread distinctly less than
1mm in 100 ms inside an MOV.
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Figure 5.20: Mean failure energies of the tempered MOVs compared to earlier investiga-
tions (see chapter 5.1) at ambient temperature.
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Figure 5.21: Mean failure energy plus the thermally stored energy for: (a) AC energy
injections and (b) energy injections with long-duration current impulses.

101



5 Impulse Energy Handling Capability of MOVs

the current distribution is relevant due to the microstructure of the MOV whereas the

temperature dependence of the V-I characteristic only plays a minor part.

5.3 Double Impulse Energy Handling Capability of MOVs

During operation, surge arresters can be stressed with multiple energy injections (see
chapter 2.3) in time intervals of < 1ms (see for example [Cigl3a] and [Cigl13b]), for example
due to stresses caused by lightning re-strike or re-strike of circuit breakers. Also in standard
testing, such as according to [IEEEC62.11-2012], [IEC60099-4] and [IEC-37/416/FDIS],
long-duration current impulses are injected in time intervals of less than 60s. Despite the
high practical relevance, publications on multiple impulse stresses are mainly limited to
stresses with double-exponential discharge currents that are especially relevant for surge
arresters used for the medium-voltage level (see for example [Dar97], [Den98] and [Kle04]).
These stresses are characterized by high current densities and high current rise times but
relatively low energy contents. Long-duration current impulses with high energy content
are of greater importance for MOVs that are used for the high-voltage level. In order to
differentiate multiple impulse energy injections from single impulse energy injections with

long-duration current impulses, the following investigation is carried out.

For this investigation, the long-duration current impulse generator of chapter 4.3 is split
into two parallel generators. Each of these can independently generate a long-duration
current impulse with a virtual duration of 1.9 ms. The schematic diagram of this set-up is

shown in figure A.4.

An example of a double impulse of two long-duration current impulses at an interval of
about 80 ms thus generated is depicted in figure 5.22. Here, the MOV fails mechanically
during the second energy injection, which results in a voltage collapse and nearly a doubling

of the current!15.

In order to investigate double impulse energy handling capability, MOVs are stressed
with two long-duration current impulses with a duration of 1.9 ms each and at an interval

between the triggering!'®

of 80ms or 3s. Since it is generally unknown whether the double
stresses have a greater influence on the V-I characteristics of the stressed MOVs than a

single stress, the first of the test series introduced in the following is carried out applying

15 The current does not die away after the destruction of the MOV since the second long-duration current
impulse is triggered through a semiconductor switch consisting of thyristors. The semiconductor switch
prevents the polarity reversal of the current.

16 Intervals exceeding 3s were not investigated so as to limit the influence of the heat emission behavior of
the MOV towards its surroundings and the test set-up.
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Figure 5.22: Oscillogram of current and voltage (each anonymized) of an MOV during a
destructive stress using a double impulse consisting of two long-duration current impulses
at an interval of about 80 ms.

the “complex failure criterion” (as shown in figure 5.1). Here, MOVs of “size 2” of one
production lot are stressed. For the investigations up to mechanical failure of the MOVs,

MOVs of “size 2” of another production lot are used.

The results of the investigation of the double impulse energy handling capability as compared
to the single impulse energy handling capability (both when applying the “complex failure

17 in table 5.2. The mean current density of the individual energy

criterion”) are shown!
injections has the same value (70 A /cm?) for each of the double impulses. With 75 A /cm?,
the value of the current density of the single impulse with a virtual duration of 3.9 ms is a
little higher than that of the double impulse stresses. With 131 A/cm? however, the mean
current density of the long-duration current impulse with a virtual duration of 1.9 ms is
of a value almost twice as high because here a little less than half the virtual duration is
used to inject the energy. The sum of the first and second energy injection is given for the
mean failure energy of the double impulse stresses. It draws on the mean failure energy
of the long-duration current impulse with a virtual duration of 3.9ms. For the double
impulses, this mean failure energy differs only slightly from that of the single impulse
energy injections with a virtual duration of 1.9 ms. Taking the coefficients of variation!!®

into consideration, the difference regarding an energy injection with a virtual duration of

17 The results are documented and evaluated in the research paper by [Giell], too.
18 The coefficient of variation is a statistical parameter that is defined as standard deviation divided by
the mean value (see for example [Leh85]).
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Table 5.2: Overview of the double impulse energy handling capability of MOVs using
long-duration current impulses compared to the single impulse energy handling capability.
For the investigations, the “complex failure criterion” (as shown in figure 5.1) has been
applied.

double impulse single impulse
virtual duration /time interval 1.9ms/3s 1.9ms/80ms | 3.9ms/- 1.9ms/-
mean current density in A /cm? 70 70 75 131
mean (sum of) failure energy in p.u. | 0.95 0.95 1.00¢ 0.94
Coefficient of variation 0.21 0.15 0.17 0.11

reference value

Table 5.3: Overview of the double impulse energy handling capability of MOVs using
long-duration current impulses compared to the single impulse energy handling capability.
For the investigations, the MOVs were stressed up to mechanical failure.

double impulse single impulse
virtual duration /time interval 1.9ms/3s 1.9ms/80ms | 3.9ms/- 1.9ms/-
mean current density in A /cm? 106 111 111 233
mean (sum of) failure energy in p.u. | 1.04 1.02 1.00° 1.02
Coeflicient of variation 0.09 0.12 0.07 0.10

reference value

3.9ms is small, too. In this investigation, no difference between double and single impulse
stresses (as shown in figure 5.8) can be observed for the same production lot when looking

at the failure mechanisms.

As an interim result, it can be stated that the differences that could be observed between
the failure energy of single and multiple impulse stresses are so little that they could
not be rendered visible at a coefficient of variation from 0.11 to 0.21. Since the double
impulse stresses lead to similar failure symptoms as single impulses do, the application of
the “complex failure criterion” does not seem to generate any additional information. In
order to verify the results of the investigation for a second production lot (which shows
a higher failure energy) as well as to reduce the coefficient of variation, the test series is
repeated for another production lot without applying the “complex failure criterion”, but
instead by stressing the MOVs up to mechanical failure. The results of this investigation

are documented!!? in table 5.3.

119 The results are also shown in [Tucl3a].
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In this test series, too, the mean impressed current of the double impulses with 106 A /cm? to
111 A /em? lies within the same range as that of the single impulse stresses with 111 A /cm?
for a long-duration current impulse with a virtual duration of 3.9 ms. However, the mean
current density of the single impulse stresses at a virtual duration of 1.9 ms is again twice
as high, amounting to 233 A /cm?. Taking the coefficient of variation of 0.07 to 0.12 (which
is reduced a little due to the changed failure criterion) into consideration, the mean (sums
of) failure energies differ only marginally. Also, in this investigation, the failure symptoms
of those MOVs that were stressed with different time intervals do not differ significantly.

Thus, the second investigation confirms the first investigation in this section.

It can be concluded from both investigations that, within the observed range, the energy
handling capability for long-duration current impulses does not vary significantly for
single and double impulse stresses for triggering intervals of up to 3s. The results of the
investigations suggest that the heat distribution inside the MOV - caused by an uneven
current distribution after a first long-duration current impulse stress (with the considered
current density) - is not improved within a time interval of 3s. The reason for this could
either be that the time interval is too short or that the heat distribution is not so distinct as
to have a significant influence. The findings of chapter 5.2.3 indicate that the uneven heat
distribution after a long-duration current impulse pre-stress within the respective range
of the current density is only slightly marked and thus the difference in energy handling
capability between double and single impulse stresses within the same range of the current

density is very little.

Consequently, the individual energy injections must be added for investigations on the
energy handling capability for multiple impulses with short time intervals within the
observed range of the current density. It can be assumed that this approach is valid for any
time interval between the stresses as long as the MOV is not able to dissipate a considerable
amount of heat!'?’. In the “single impulse withstand rating test” in [[EEEC62.11-2012]
and in the “test to verify the repetitive charge transfer rating” in [IEC-37/416/FDIS]'?!,
the MOVs are tested by two successive impulses with a time interval of 50s to 60s. The
results described here indicate that, dependent on how much heat the specimen fixtures!??
dissipate from the tested MOVs, the MOVs in this testing according to the standard are

exposed to a stress that is within the range of two individual energy injections up to a

120 At which point of time this is the case depends less on the MOV but rather on the design of the specimen
fixture or the surge arrester in operation. For this reason, the exact point of time cannot be investigated
further in this general consideration.

121 T [TEC60099-4], the impulse handling capability is tested with 18 energy injections split into six groups
with three impulses each that are carried out at an interval of 50s to 60s. The MOVs are cooled down
to ambient temperature between the stresses.

122 The specimen fixture is not specified further within the mentioned standards.
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single energy injection with twice the specified energy content. Recommendations on the

further development of the standard are introduced in chapter 6.2.

5.4 Energy Handling Capability of MOVs Concerning Repetitive

Energy Injections

After outlining the single impulse energy handling capability and showing the differences
compared to the multiple impulse energy handling capability with the help of investigations
on the double impulse energy handling capability, the focus in this section is on investiga-
tions of the energy handling capability of MOVs concerning repetitive energy injections.
Repetitive stresses are repeated stresses where the test specimens cool down to ambient
temperature between each stress. The properties of energy injections that cause a fatigue

or a degradation of MOVs at repetitive stresses are to be defined in this section.

The variances of repetitive stresses are big if the different kinds, interdependencies, amount
of stresses, heights, polarities (polarity reversal) of the current density as well as different
exit measurements, which might influence each other or can also be destructive sometimes,
are taken into consideration. Since the investigation of repetitive stresses (especially for
high numbers of stresses) is very complex, only lower numbers of specimens and less

123 compared to the testing of the single impulse energy handling capability

production lots
can be investigated. This limits i.a. the evaluation possibilities of the failure symptoms of

the stressed MOVs.

In the following, the behavior of MOVs at repetitive stresses with the same properties (type
of stress, current density, polarity etc.) is fundamentally investigated with up to 100 stresses.
Afterwards, individual parameters are modified in order to determine their influence. For
the characterization of the fatigue behavior, the “characteristic voltage” is determined (as
for the single impulse energy handling capability) within the pre-breakdown region of the
V-I characteristic and, in some cases, the residual voltage within the breakdown region of
the V-I characteristic of the pre-stressed MOVs. Additionally, the single impulse energy
handling capability is evaluated by applying stresses up to mechanical failure subsequent
to the repetitive stresses. All investigations introduced here (with the exception of the

investigations in chapter 5.4.4 and 5.5) are carried out for MOVs of “size 1”.

123 The number of specimens used and the number of production lots are pointed out in the respective
sections.
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5.4.1 Repetitive Impulse Energy Handling Capability Concerning AC Energy
Injections

Repetitive AC energy injections can occur particularly in surge arresters for the protection
of serial capacitors (see chapter 2.1). However, surge arresters of the UHV level are
also increasingly considerably stressed with temporary overvoltages and thus with AC
energy injections (see for example [Hinl2]). The reason for this is that, in this field of
application, extremely low protection levels are used that shift the whole V-I characteristic
towards higher leakage currents (see for example [Hin12]). The aim of the investigation!?*
introduced in this section is to increase the knowledge of the stress handling capability of

MOVs concerning AC energy injections.

For the investigation of the stress handling capability, ten MOVs per production lot of
three different production lots!?® (labelled “I”, “IT1” and “III”) are stressed with 100 AC
energy injections each. The flowchart of the investigation is depicted in figure 5.23. From
this, it can be seen that, at the start, all MOVs undergo an initial measurement where
the “characteristic voltage” is determined at a current density peak value of 0.12mA /cm?.
Since the lightning current impulses used for the measurement of the residual voltage show
relatively high current rise times and current peak values compared to the AC energy
injections used for the pre-stresses, a measurement of the residual voltage could change the
MOV to a higher degree than the applied pre-stresses. For this reason, no measurement of
the residual voltage for the initial and exit measurement is carried out in this measurement

series.

Following the initial measurement, a pre-stress with an AC energy injection at a power
frequency of 50 Hz at a current density of 3.5 A /cm? is carried out. The duration of the
energy injection is chosen so that the injected energy of the pre-stress amounts to about
80 % of the mean single impulse energy handling capability'2® of the respective MOVs
(see chapter 5.1). This leads to energy injections of the pre-stress of about 600 J/cm? to
700 J/cm? that are applied with AC energy injections with a duration of 200 ms to 300 ms.
After the pre-stress, the MOVs are cooled down to ambient temperature by forced cooling
within about 15 min. The cool-down time is relatively long compared to the heating-up

time by the energy injection. Thus, it can be presumed that the mechanical tensions inside

124 The results of this investigation are also described in [Tucl3a].

125 The results of one production lot are also documented and evaluated in the research paper [Gol09)].

126 80 %of the mean single impulse energy handling capability are used because further evaluations of the
results of chapter 5.1 show that, for this amount, the failure probability at a single energy injection lies
below 0.01 % for the whole production lot.
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Figure 5.23: Flowchart of repetitive stresses with AC energy injections (according to
[Tucl3al)

the MOV caused by the cool-down process are negligible in comparison to those caused by

the heating-up process.

After every fifth pre-stress'?”, the change of the “characteristic voltage” due to the pre-
stresses is determined with the help of an intermediate measurement. Subsequently, the

next pre-stress is applied.

After 100 pre-stresses, the energy handling capability is determined for MOVs that show no
mechanical macroscopic damages after these stresses. It is determined with an AC energy

injection with a current density of 3.5 A/cm?. In doing so, the MOVs are stressed up to

127 An intermediate measurement is only carried out after every fifth pre-stress because the gain of knowledge
of carrying out an intermediate measurement after each pre-stress cannot justify the effort.
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mechanical failure and the determined energy injection is compared to the energy handling
capability of brand-new MOVs. An AC energy injection with a current density of 3.5 A /cm?
is used because, according to the investigations in chapter 5.1 (see figure 5.5), it can be
rated as being especially sensitive. Moreover, for low current densities, the single impulse
energy handling capability is relatively close to the nominal energy handling capability of
standard surge arresters. This is why changes in the energy handling capability within this

range of the current density are rated as being particularly crucial.

The mean value and the standard deviation of the change of “characteristic voltage” due
to repetitive AC energy injections at an energy injection that amounts to 80 % of the mean
single impulse energy handling capability is shown in figure 5.24 for the MOVs of the three
investigated production lots. For all three investigated production lots, the “characteristic
voltage” increases as a consequence of the pre-stresses, meaning that a higher voltage
within the pre-breakdown region of the V-I characteristic is necessary so that the MOVs
carry the same current density. This is an improvement of the V-I characteristic in terms
of thermal stability of a surge arrester. This increase of “characteristic voltage” seems to
approach a limiting value after a certain amount of stresses (depending on the production
lot). After 100 pre-stresses (depending on the production lot), this limiting value seems
to be in the range of 1% to 4%. Even though it has not been proven yet, it can be
assumed that, due to the repetitive AC energy injections or the heat thus generated, the
changes of the V-I characteristic of the MOVs that were caused by the routine tests by
the manufacturers are reduced. Here, the degradation in the form of oxygen migrations
that was caused by high current peak values and high current rise times (for example by
the measurement of the residual voltage) is reversed by diffusion processes (see [Den98|
and [Stu90]). The latter process is supported by the increased temperature resulting from

an energy injection (see also chapter 5.5.2).

None of the ten MOVs of production lot “I” fails during the 100 AC energy pre-stresses.
On the other hand, three MOVs out of ten of production lot “II” (during pre-stresses
4, 45 and 50)12® and one MOV out of ten of production lot “ITI” (during pre-stress 40)
fail. None of the MOVs that failed showed peculiarities such as significant changes of the
“characteristic voltage” or the like before failing. However, it must be added that also none

of the MOVs failed in a pre-stress directly after an intermediate measurement.

Table 5.4 shows the single impulse energy handling capability after 100 pre-stresses (of those
MOVs that withstood the pre-stressing) referred to the single impulse energy handling
capability of brand-new MOVs (see chapter 5.1) and tested with an AC energy injection at
a current density of 3.5 A/cm?. The mean failure energy is about 10 % to 20 % higher than

128 One MOV had to be removed during the test series due to inappropriate handling.
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Figure 5.24: Changes of “characteristic voltage” due to repetitive AC energy injections
(according to [Tucl3al).

that of brand-new MOVs of the same production lot, the coefficient of variation ranging
from 0.014 to 0.038. The evaluation of the failure symptoms of the stressed MOVs show no

significant differences compared with the failure symptoms after single impulse stresses.

It cannot be assumed that the pre-stresses actually increased the energy handling capability
of the stressed MOVs. Rather it can be presumed that the supposed increase can be
attributed to the failing of the MOVs with lower energy handling capability during the
pre-stresses. Such MOVs lower the determined mean energy handling capability during
the investigations on the single impulses in chapter 5.1. However, comparable MOVs fail

during pre-stresses with AC energy injections, which is why they do not reduce the mean

Table 5.4: AC energy handling capability of MOVs after 100 AC pre-stresses compared
to the single impulse energy handling capability of brand-new MOVs of the same current
density (according to [Tucl3al).

production lot “17 “I17 “I117
amount of tested MOVs 10 6 9
mean failure energy in p.u. | 1.1 1.1 1.2
coefficient of variation 0.038 0.014 0.029
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failure energy of the pre-stressed MOVs. Doubtlessly it can be said that the investigated
AC energy injections with energy contents of about 80 % of the mean single impulse energy
handling capability do not affect the energy handling capability of the MOVs. Obviously,
the low current rise time and current density of the pre-stresses damage the MOVs only
very little so that the handling capability concerning those repetitive stresses comes very

close to the single impulse energy handling capability.

5.4.2 Repetitive Impulse Energy Handling Capability Concerning
Long-Duration Current Impulses

Energy injections with repetitive long-duration current impulses are even of a higher
relevance for manufacturers and operators of surge arresters than repetitive AC energy
injections. Long-duration current impulses simulate line discharges that can lead to
high energy-related stressing of surge arresters in high-voltage grids (see for example
[IEC60099-5]). For this reason, they constitute a standard stress for MOVs in surge arresters
of the high-voltage level and thus are used in [IEC60099-4] (respectively [IEC-37/416/FDIS]
and [IEEEC62.11-2012]) in order to test the energy handling capability of MOVs. Moreover,
routine tests at the end of the manufacturing process are often carried out by applying

long-duration current impulses.

Regarding the long-duration current impulses normally used, current rise time and current
peak value usually are higher whereas the duration of the energy injection is lower then
that for the AC energy injections used in chapter 5.4.1. In addition, the stress caused
by a long-duration current impulse is monopolar, which might influence the distribution
of charge carriers inside the MOV (see chapter 2.2). In order to determine the energy
handling capability of MOVs concerning repetitive long-duration current impulses, the

following investigations are carried out.

In a pre-investigation, one MOV of each of the five production lots was exposed to repetitive
long-duration current impulse pre-stresses at an energy level of 50 % of the mean failure
energy determined in chapter 5.1 (applying the “complex failure criterion”). Depending
on the production lot, this led to energy injections with a pre-stress of about 450 J/cm?
to 550 J /cm?. During this repetitive pre-stress, four of the five investigated MOVs failed
mechanically before reaching the 20th pre-stress. Obviously, the energy level that can be
applied using repetitive long-duration current impulses is lower than for repetitive AC

energy injections.
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However, in another pre-investigation, in four out of five production lots, one MOV could
be found that withstood 100 repetitive long-duration current impulses'? at an energy
level of 300J/cm?. It can be assumed that the limit of the repetitive long-duration current
impulse handling capability lies within this energy range. In order to determine the energy
level of various production lots where none of the investigated MOVs fails mechanically

130 "a testing program was developed in cooperation with the Cigré

during 20 pre-stresses
working group A3.25 and carried out by the author of this thesis. It is described in the

following.

Within this testing program, 20 MOVs each out of three production lots (labelled “a”,
“B8” and “47), are pre-stressed with 20 long-duration current impulses of one energy level.
If there is at least one mechanical failure during the pre-stresses, the test is repeated
for 20 other brand-new MOVs at an energy level 50J/cm? lower than the energy level
tested before. This process is carried out for the MOVs of each production lot until an
energy level is reached where 20 MOVs do not fail mechanically during the pre-stress of 20

long-duration current impulses.

The flowchart of each single measurement series where 20 MOVs are pre-stressed with 20
long-duration current impulses is shown in figure 5.25. In order to sort out MOVs with
an especially low energy handling capability, all investigated MOVs are pre-stressed in
advance with an AC energy injection with a current density of 3.5 A/cm? at an energy

level of about 80 % of the mean single impulse failure energy!3!.

For 20 MOVs that withstand this pre-stress, an initial measurement is carried out during
which the “characteristic voltage” is determined at a peak value of the current density of
0.12mA /cm?. Subsequently, the 20 pre-stresses with a long-duration current impulse with
a virtual duration of 1.9 ms are carried out. The energy level is regulated by the current
density of the energy injection, the current densities of the pre-stresses being adjusted to
about 25 A /cm? to 60 A/cm?. After each pre-stress, die MOVs are cooled down to ambient

temperature.

After 20 pre-stresses, an exit measurement is carried out during which the “characteristic
voltage” again is measured at a peak value of the current density of 0.12mA /cm?. The
“characteristic voltage” is not determined after each energy injection because the gain of

knowledge has turned out to be low in the pre-investigations.

129 The “characteristic voltage” of the pre-stressed MOVs increased by about 1% to 4% during the
pre-stresses.

130 This amount of 20 pre-stresses is particularly interesting due to the energy tests according to
[IEEEC62.11-2012], [IEC60099-4] as well as [IEC-37/416/FDIS].

1311t can be concluded from the investigations in chapter 5.4.1 that this stress does not lead to any
pre-damage inside the MOV.
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Figure 5.25: Flow chart of repetitive stresses with long-duration current impulses (ac-
cording to [Tucl3a]).

At the end of each test series, the single impulse energy handling capability of those MOVs
that withstood the pre-stresses without being mechanically damaged is determined by
a stress with an AC energy injection with a current density of 3.5A/cm?. The same
energy injection is chosen as described in chapter 5.4.1 and not for example a destructive
long-duration current impulse so that the results can be compared directly with those of

the repetitive AC stresses.

The highest energy level of the pre-stress where none of the MOVs fail during the investi-
gations due to pre-stresses as well as the energy level where the first MOVs fail is depicted

in table 5.5. Since only one of the MOVs of production lot “a” failed at an energy level of
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Table 5.5: Energy level and MOV failures during 20 pre-stresses of 20 MOVs with repetitive
long-duration current impulses (according to [Tucl3a]).

production lot ‘ “a” ‘ “B” ‘ “r?
energy level in J/cm? 150 200 | 250 300 | 300 350
amount of failures (out

of 20 MOVs) 0 1 0 2 0 8

number of the impulse 1, 1, 3, 4,
during which the MOVs | - 5 - 3,6 |- 4, 4, 19,
failed 20

200J /cm3, the low energy level of this production lot should not be overestimated. The
other energy levels, lying between 250 J/cm? and 300 J/cm?, are at around 1/3 to 1/2 of
the energy that can be applied during pre-stresses with repetitive AC energy injections
(see chapter 5.4.1). This means they are very close to or partly lower than the typical

132 of standard surge arresters. However, all in all, it

nominal energy handling capability
can be noted that the energy that can be applied during repetitive long-duration current
impulses lies clearly below the mean single impulse energy handling capability. According
to chapter 5.1, this mean single impulse energy handling capability lies between about
800J/cm? and 1200 J/cm?® when applying the same impulse duration but higher current

densities.

In table 5.6, the change of the “characteristic voltage” and of the single impulse energy
handling capability is given for the energy level of the MOVs of each of those investigated
production lots where none of the 20 MOVs failed during the 20 pre-stresses. The
“characteristic voltage” only increases marginally within the range of 0.5 % to 2.2 % due to
the pre-stresses. However, since the MOVs investigated here differ from those investigated
in chapter 5.4.1, no direct comparison can be drawn. Since “characteristic voltage” also
rises during repetitive stresses with long-duration current impulses, neither is the thermal
stability of standard surge arresters threatened by this type of stress. Hence, exposing
the MOVs to repetitive long-duration current impulses prior to the testing of the thermal
stability as suggested by [IEEEC62.11-2012] seems to be inadvisable.

Those MOVs that withstood 20 pre-stresses are stressed with an AC energy injection with
a current density of 3.5 A /em? up to mechanical failure at the end of the investigation. The
failure symptoms of these MOVs resemble those of brand-new MOVs that are stressed up

to mechanical failure by applying an AC energy injection of the same current density. The

132 According to [Hin12], the nominal energy handling capability usually is within the range of 200 J/cm3
to 300 J/cm?.
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Table 5.6: Change of the “characteristic voltage” and the mean single impulse energy
handling capability due to 20 pre-stresses with repetitive long-duration current impulses of
the mentioned energy level (according to [Tucl3al).

[N} (1)

production lot ‘ « “B” v

energy level of the pre-stress without
failing of the MOV in J/cm?

rise of the “characteristic voltage” due
to the pre-stresses in %

150 250 300

0.5 1.3 2.2

mean single impulse energy handling
capability in p.u.
coeflicient of variation 0.078 0.032 0.044

1.09 1.07 1.05

mean failure energy of the MOVs that were stressed by 20 long-duration current impulses
is compared to that of brand-new MOVs in table 5.6. Just as it is the case for repetitive
AC energy injections, it rises slightly for repetitive long-duration current impulses. Here,
however, the MOVs of those test series that showed no failures during the pre-stresses
with long-duration current impulses are investigated. On the other hand, those MOVs
with a low energy handling capability were sorted out by a pre-stress with an AC energy
injection. For this reason, also this case, the rise in mean failure energy can be attributed
to missing “outliers” with lower energy handling capability. Considering the coefficient
of the variation, however, this rise is very low. Regarding the MOVs of production lot
“~” one MOV failed at the 19th and one at the 20th pre-stress during the pre-stresses at
an energy level of 350J/cm3. This could indicate that during this kind of pre-stress, a
pre-damage of the MOVs takes place, which, on the other hand, is not supported when
considering the determination of the single impulse energy handling capability (as described
above). Neither does the evaluation of the failure symptoms suggest a pre-damage. Thus,
it can be stated that no symptoms of fatigue can be detected for the energy levels (of
the respective production lots) mentioned in table 5.6 for repetitive long-duration current
impulses. Higher stresses seem to fatigue the material, which however cannot be classified

with this investigation!33.

As a result of the investigation, it can be concluded that, in contrast to AC energy injections,
the energy that can be applied repetitively with long-duration current impulse stresses
is significantly lower than the single impulse energy handling capability. One reason for

this could be the distinctly higher current peak value, the higher current rise time or

133 The evaluation of the AC energy injections of those MOVs that were pre-stressed with energy levels
that led to primary failures (the higher energy level of those depicted in table 5.5), also does not show a
reduction of the mean energy handling capability or noticeable features in the failure symptoms.
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the significantly shorter duration of the energy injection, which might lead to mechanical

tensions and thus to a progressing crack formation inside the MOV.

5.4.3 Comparison of the Repetitive Impulse Energy Handling Capability
Concerning Different Types of Impulses of the Same Energy Density

The investigations of repetitive impulse energy handling capability when applying AC energy
injections and long-duration current impulses introduced above show that the repetitive
impulse energy injection bears no relation to the single impulse handling capability but is
dependent on the kind of impulse or the current density / current rise time of the energy
injection. In the following, the influence of the energy injection of the repetitive stresses
is to be investigated comparing different types of impulses'?*. The aim here is to further

narrow down the fatigue behavior and the parameters that lead to fatigue.

The types of stresses analyzed here are, like in the previous investigations, AC energy
injections, long-duration current impulses with a virtual duration of 1.9 ms and, additionally,
double-exponential discharge currents of the 90/200 ps type. On the basis of the results
of the investigation with repetitive long-duration current impulses, the following energy
stress levels are determined: 200J/cm?®, 300J/cm3, and 400J/cm?. Furthermore, the
duration of the energy injection for the different energy levels is kept constant for all
types of impulses; solely the current density (and thus the voltage stress) is varied. The
amount of 20 comparable specimens is maintained due to statistical validity, the amount of
investigated production lots however is limited to two (labelled “1” and “2”). The previous
investigations show differences for MOVs of different production lots. However, the gain of

information does not seem to justify the additional effort.

The flowchart of the investigation that was carried out for 20 MOVs per energy level, type
of stress and production lot is shown in figure 5.26. First of all, an initial measurement is
carried out for each MOV, where the residual voltage!3® at a lightning current impulse
with a current peak value of 10kA and a “characteristic voltage” at a peak value of the
current density of 0.07mA /cm? is determined. The reduction of the current density has

practical reasons and, additionally, it reduces the influence of the determination of the

134 Qince the current density is linked to the energy injection via the current waveform of the applied
impulse, the influence of the waveform cannot be separated from the current density / current rise time
of the energy injection.

135 In the initial and exit measurement, a measurement of the residual voltage is carried out because changes
in residual voltage are of big importance for the protection characteristics of surge arresters. In order
to limit the stress caused by the residual voltage measurement, it is not repeated for the intermediate
measurements.
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initial measurement
Ven1 at Jop = 0.07 mA /cm? (after 55)
Vies1 at I = 10kA

v

pre-stress with
AC energy injection,
1.9 ms long duration current impulse or
90/200 ps double-exponential discharge current

cool-down
to ambient temperature

v

intermediate measurement
Ven,i at Jop = 0.07 mA /cm? (after 5s)

v

further pre-stress?

< exit measurement <

‘Zes,Z at f = 10kA

v

determination of
AC energy injection handling capability

Figure 5.26: Flowchart of the repetitive stresses with AC energy injections, long-duration
current impulses and double-exponential discharge currents with the same energy density.

“characteristic voltage” (carried out after each stress in this investigation) on the charge
distribution inside the MOV.

The subsequent pre-stress with an AC energy injection (with a duration of eight half-waves
independent of the chosen energy level), a long-duration current impulse with a virtual
duration of 1.9ms or a double-exponential discharge current of the 90/200 ns type are
carried out at an energy level'3® of 200.J/cm?, 300J/cm? or 400 J/cm3. For the energy
level of 300J/cm?, this results in an energy density of about 5A/cm? for AC energy

injections, about 50 A /cm? for long-duration current impulses and about 550 A /cm? for

136 The pre-stresses with long-duration current impulses at an energy density of 200 J/cm3 and, for
production lot “2”, the AC energy injections at 200 J/cm® and 300 J/cm® are not carried out.
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double-exponential discharge currents of the 90/200 us type. For this energy level, the
transferred charge was about 3.8C for AC energy injections, about 3.5 C for the long-
duration current impulses and about 2.8 C for double-exponential discharge currents of
the 90/200 ps type. The energy level is determined for all types of energy injections by
variation of the current density of the stress (and thus also by variation of the voltage

stress), not its duration.

After each pre-stress, the specimen is cooled down to ambient temperature within about
15 min by forced cooling. Subsequently, an intermediate measurement is carried out where
the “characteristic voltage” is determined. The “characteristic voltage” is determined after
each energy injection in order to further narrow down the failure mechanism of a failure
during the pre-stresses. The contact electrodes are replaced after each pre-stress. It could
be demonstrated that this replacement has only little influence on the metallization of the

MOVs and does not have an impact on the results of the investigation.

After 20 pre-stresses, an exit-measurement is carried out for those MOVs that mechanically
withstood the pre-stresses. Here, the residual voltage during a lightning discharge current
with a current peak value of 10kA is determined and, subsequently, the single impulse
energy handling capability during an AC energy injection up to mechanical failure with an

energy density of 3.5 A /cm?.

Each test series for one energy level and one kind of stress of one production lot is begun
with 20 MOVs and the amount of failures as well as the impulse number of any occurring
failure is documented. In figure 5.27, an overview of how many MOVs of the different
measurement series withstood how many pre-stresses is given for the MOVs of production
lots “1” (a) and “2” (b). For the MOVs of production lot “2”, the pre-stresses with AC
energy injections at the energy leveles of 200J/cm? and 300J/cm? are not carried out
because no failure did occur at an energy level of 400.J/cm?, thus no failures are expected

for lower energy levels.

For the MOVs of production lot “1” it can be observed that four, respectively three, MOVs
fail already at the first pre-stress when pre-stressed with AC energy injections at an energy
level of 300J/cm?® and 400 J/cm?, whereas only one MOV in total fails at the eighth
pre-stress at 200 J/cm3. Moreover, additional MOVs fail when pre-stressed with AC energy
injections at an energy level of 400 J/cm?, with the result that, at this energy level, only
thirteen MOVs withstand the 20 pre-stresses.

For the pre-stresses with long-duration current impulses with a virtual duration of 1.9 ms
it can be observed that, at an energy level of 300 J/cm?, only two MOVs fail (both at
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Figure 5.27: Amount of MOVs (out of 20) that withstood the pre-stresses with the
double-exponential discharge current of the 90/200 s type, the long-duration current
impulses (“LD”) with a virtual duration of 1.9ms or the AC energy injections (“AC”).
(a) production lot “1”; (b) production lot “2”.
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the eighth pre-stress) whereas, at an energy level of 400J/cm3, continuous failures can be

observed the amount of which decreases towards the end of the test series.

For the pre-stresses with the double-exponential discharge current of the 90/200 ps type,

a failure at the 15th pre-stress occurs at the energy level of 200.J/cm3

. Regarding the
energy level of 300 J/cm3, there is no failure. However, at an energy level of 400 J/cm?, a
great many MOVs fail after the 12th pre-stress, leaving only four MOVs that withstand 20

pre-stresses.

The results for the MOVs of production lot “2” confirm the results of the investigations of
production lot “1”. Yet, they show some particularities. For MOVs of production lot “2”,
there are no failures for AC energy injections with 400 J/cm?, particularly not during the
first pre-stress. During the pre-stresses with long-duration current impulses, less MOVs fail
compared to production lot “1”. The pre-stresses at an energy level of 400 J/cm? lead to
three failures between the fourth and seventh pre-stress. Also for the MOVs of production
lot “2”, the pre-stress with the double-exponential discharge current of the 90/200 ps type is
the kind of stress that leads to the highest amount of failures. Here, however, a marked rise
in failures can already be observed at an energy level of 300 J/cm? starting with the 13th

pre-stress. This tendency is even intensified by increasing the energy level to 400 J/cm3.

The change of the “characteristic voltage” during the pre-stresses is depicted in figure 5.28
for the MOVs of production lot “1” for the different kinds of stresses at an energy level of
400 J/cm?®. Each line represents a pre-stressed MOV. The last value of the “characteristic
voltage” before a failure is marked red. It is noticeable that, in contrast to the AC
energy injections, for the stresses with the double- exponential discharge current and
the long-duration current impulse, a marked decrease of the “characteristic voltage” can
often be observed immediately before a failure. This behavior of a distinctly decreasing
“characteristic voltage” before a failure can also be observed for MOVs of production
lot “2” that were stressed with double- exponential discharge currents. Moreover, the
MOVs of both production lots show “black spots” on the metallization before failing during
the pre-stresses with double- exponential discharge currents and long-duration current
impulses. These “black spots” as well as the reduction of “characteristic voltage” suggest
the beginning of the forming of melting channels inside the MOV, which might perhaps
lead to a puncture through the MOV during the pre-stresses.

The mean change of the “characteristic voltages” and the residual voltage after 20 pre-

stresses of the MOVs that withstood these pre-stresses is depicted in table 5.7 for both

production lots. For the evaluation of these parameters it has to be noted that the coefficient
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Figure 5.28: The change of the “characteristic voltage” Vi of MOVs of production lot “1”
resulting from the pre-stresses at an energy level of 400 J/cm? for (a) double- exponential
discharge current of the 90/200 us type, (b) long-duration current impulse with a virtual
duration of 1.9 ms and (¢) AC energy injections.

of variation of the mean values lies within the range of 0.01 and 0.02. Thus the deviation

between the different stresses is mostly lower than a standard deviation.

The “characteristic voltage* changes only little (as in the previous investigations) due to
the pre-stresses. Moreover, the change has a positive sign (with one exception), which
leads to a lower power loss at constantly applied voltage. A rise of the “characteristic
voltage” can probably be attributed to a recovery (caused by diffusion processes, which are
supported by the rise in temperature) of the degradation resulting from the routine test. It
can be stated that the thermal stability of standard surge arresters is not threatened by the
repetitive stresses investigated here. The only negative value was measured at a pre-stress
with double-exponential discharge currents at an energy level of 400J/cm? for MOVs of

production lot “1” and can be attributed to statistical dispersion of the measurement, as is
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Table 5.7: Mean change of “characteristic voltage” and residual voltage during repetitive
pre-stresses with the double-exponential discharge current of the 90/200 ps type (“DEDC”),
the long-duration current impulse with a virtual duration of 1.9 ms (“LD”) or an AC energy
injection (“AC”).

production lot “1” production lot “2”

energy level | change of change of change of change of

A, A

t f st . ~ i i i
ype of stress in J/em® Vahnin % Viesin% Vapyin % Vies in %

pre-stress with 200 1.3 0.5 1.5 1.5
90/200 ps 300 0.6 0.7 1.4 1.2
“DEDC” 400 0.3 0.1 0.3 0.7
pre-stress with 300 1.1 1.9 1.1 0.6
1.9ms “LD” 400 0.8 0.8 1.5 0.4
) 200 2.3 -1.5 not carried out

E)j:e(;itress with 300 24 -0.1 not carried out
400 2.1 0.6 3.5 2.8

illustrated in figure 5.28 (a) (the figure showing exactly this measurement series).

If the mean changes of the “characteristic voltages” for the different pre-stresses are
compared, it is apparent that the pre-stresses with double-exponential discharge currents
and long-duration current impulses lead to a mean change that is 1% to 2 % lower than for
pre-stresses with AC voltages. One explanation for this could be that the V-I characteristic
is changed within the pre-breakdown region during the routine test after the production
process. A change within the pre-breakdown region due to impulse current stress is
characterized (see for example [Kle04]) by a current asymmetry during the measurement of
the “characteristic voltage”, as is the case in this investigation, too. According to [Kle04],
this current asymmetry is only changed marginally by impulse current stresses of the same
parameters, especially of the same polarity. An evaluation of the current waveforms of
the “characteristic voltage” after pre-stresses with double-exponential discharge currents
of the 90/200 ps type shows that the current asymmetry is changed only insignificantly
by these pre-stresses. Thus, it can be assumed that the charge carrier distribution is not
changed any further by this kind of stress and that, consequently, no further change of
the “characteristic voltage” occurs. In contrast, the current asymmetry decreases slightly
after AC energy injections, which suggests that the predominant direction due to the
charge carrier distribution along the grain boundary is partly reversed by the pre-stresses
with alternating polarity. This could be the reason for the “characteristic voltage” to rise

stronger concerning this type of stress.
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The evaluation of the mean changes of the residual voltage shows that it is influenced
only marginally by the pre-stresses, which was to be expected on the basis of the results
concerning the single impulse energy handling capability in chapter 5.1 (where changes in

residual voltage are detected only very rarely).

The failure symptoms of the stressed MOVs show no particularities after pre-stresses with
AC energy injections. At higher current densities of the pre-stress (at higher energy levels
of the pre-stress much more often than at lower energy levels), residues of local thermal
overloads (commencing melting channels) can be detected on the front surfaces of the
MOVs. The amount of meltings increases with rising energy level. However, there seems
to be no system as to how they are distributed on the front surface. If the meltings occur
during the pre-stresses, their amount and size rises with increasing amount of pre-stresses,
until, in some circumstances, the MOV fails mechanically (puncture that leads to a cracking
of the MOV) during one of the subsequent pre-stresses. If meltings can be identified on the
front surfaces before the final destructive stress with an AC energy injection, the biggest of
them seems to trigger the failure during this destructive stress'”. For those MOVs that
seemingly show no meltings on the front surfaces after the pre-stresses, it is noticeable that
the failure channel always occurs close to the edge at a destructive AC energy injection
after pre-stresses with AC energy injections (no difference compared to the failure symptom
of brand-new MOVs), whereas the failure channel spreads unsystematically on the front
surface after pre-stresses at higher current densities. All in all, the evaluation of the
failure symptoms suggests a pre-damage of the MOVs by energy injections at higher current

densities where higher energy levels of the pre-stresses seem to lead to worse pre-damages.

At the end of the investigation, the single impulse energy handling capability is determined
with an AC energy injection for those MOVs of both production lots that withstood the

138 The evaluation of the single impulse energy handling capability after 20

pre-stresses
pre-stresses is depicted in figure 5.29 for the MOVs of both production lots, each mark
representing one investigated MOV. The failure energies are scaled to those of brand-new
MOVs of the respective production lot at the same stress. It can be seen from the diagrams
that the failure energies marked green after the pre-stresses with the double-exponential
discharge currents of the 90/200 ps type spread very intensely and drop with increasing
energy level. On the other hand, the failure energies after AC energy pre-stresses (marked
blue) spread much less (except for the outliers of the MOVs of production lot “1” at
an energy level of 200J/cm?) and lie within the range of failure energies of brand-new

MOVs. The failure energies after pre-stresses with long-duration current impulses show an

137 A more precise statistical evaluation is not possible since the amount of investigated MOVs is too small.
138 Two MOVs per test series of production lot “1” were not destructed but kept for further material
analysis.
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inhomogeneous behavior. The MOVs of production lot “2” spread only very little and are
within the range of brand-new MOVs, whereas, concerning the failure energies of the MOVs

of production lot “1”, there are several outliers with very low energy handling capability.

During the pre-stresses of the MOVs of production lot “1” with AC energy injections,
three to four MOVs per energy level fail at the first pre-stresses at the energy levels
300J/cm? and 400J/cm®. On the other hand, for the energy level 200J/cm3, none of
the MOVs failed during the first pre-stresses. However, it can be seen in figure 5.29
that five MOVs that withstood the pre-stress show a lower energy handling capability
than the other MOVs'3?. This suggests the assumption that approximately 20 % of the
MOVs of the investigated production lot “1” have a lower single impulse energy handling
capability. These MOVs seem to fail mechanically during the pre-stress at the energy levels
of 300J/cm3 and 400 J/cm?® whereas they withstand the pre-stresses at 200 J/cm?®. The
investigated production lot “2” on the other hand does not seem to contain equivalent

outliers with lower AC energy handling capability.

Concerning the pre-stresses of the MOVs of production lot “1” with long-duration current
impulses, MOV fail during the first pre-stresses only at the energy level of 400J/cm?.
During the pre-stresses with double-exponential discharge currents, only one MOV fails
at an energy level of 400J/cm? and none during the first pre-stresses at the other energy
levels. It can be concluded that, since the groups of MOVs of production lot “1” that
were stressed with long-duration current impulses or double-exponential discharge currents
probably contain the same amount of MOVs with low AC energy handling capability,
these MOVs are not destroyed mechanically by the pre-stresses with long-duration current
impulses and double-exponential discharge currents. It can be assumed that the MOVs
with a lower AC energy handling capability contain defects or inhomogeneities!4", which
obviously lead to a reduction of the AC energy handling capability. On the other hand,
these defects or inhomogeneities apparently have no or only little effect on the impulse

handling capability for quicker energy injections with higher current densities.

It can be summarized that, evidently, AC energy injections — in contrast to long-duration
current impulses and double-exponential discharge currents — fatigue the MOVs less strongly
and that MOVs with defects can probably be better detected by means of AC energy

injections (by a mechanical failure). For this reason, the hypothesis is developed that AC

139 A correlation between the failure symptoms of the destructive AC energy injections and the energy
handling capability of the MOVs cannot be identified.

140 An investigation of the failure channels of MOVs with low AC energy handling capability by means of a
scanning electron microscope does not lead to definite results concerning the failure cause. Only for one
MOV a higher bismuth concentration (compared to the remainder of the ceramic) could be detected at
one spot of the failure channel. It is possible that that the electric arc in consequence of the failure
changes the defect too intensely so that the failure cause cannot be determined anymore afterwards.
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Figure 5.29: Single impulse energy handling capability (AC energy injection) during
stressing of those MOVs that withstood 20 pre-stresses of the different kinds and energy
levels. Each mark describes the failure energy of an MOV. (a) production lot “1” and (b)
production lot “2”.
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energy injections are more suitable for a routine test (after the manufacturing process) than
shorter energy injections such as long-duration current impulses, which are commonly used
currently. Possibly, concerning energy injections with lower energy density and longer stress
duration (see [Bar96b] and [Bar01]), there is a higher concentration of the current flow
towards current paths with defects due to the more inhomogeneous current distribution
than this is the case for quicker energy injections with a higher current density. A direct

comparison of two routine test procedures is introduced in chapter 5.4.4.

Comparison of the Failure Energies of AC Energy Injections with Long-Duration

Current Impulses after Repetitive Stresses

In the investigations described so far, the single impulse energy handling capability of MOVs
that withstood repetitive stresses had always been determined by AC energy injections.
Since different stresses (stress durations or current densities) can be critical for different
failure mechanisms, in this section, the single impulse energy handling capability for an
AC energy injection is compared to that for a long-duration current impulse for MOVs

that were stressed repetitively.

To this end, the investigations concerning repetitive energy handling capability in chap-
ter 5.4.3 are repeated for MOVs of production lot “1”. The types of stresses used for this are
AC energy injections or energy injections with double-exponential discharge currents of the
90/200 ps type at an energy level of 300 J/cm?. Those are chosen because they are the two
extremes of the pre-stresses regarding current density and stress duration. The energy level
of 300 J/cm? is used due to the fact that, at a higher energy level of the double-exponential
discharge current, only very little test specimens withstand the pre-stresses and that, at a
lower energy level, potential pre-damages are probably less strongly marked. The process
of the investigation is similar to that shown in figure 5.26. The only difference is that the
single impulse energy handling capability is not determined with an AC energy injection,
but with a long-duration current impulse with a prospective peak value!*' of 1.9 ms and
a current density of about 180 A /ecm?. Since the amount of available test specimens is
limited and the investigations regarding the comparability have to be carried out for the
same production lot, the amount of investigated MOVs per type of stress is reduced to

ten.

The failures during the pre-stresses do not show any significant differences compared

to those depicted in figure 5.27. The changes in “characteristic voltage” and residual

141 The MOVs are stressed up to mechanical failure, thus the actual stress duration is determined by the
energy handling capability of the respective specimen and is therefore shorter than 1.9 ms.
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Figure 5.30: Single impulse energy handling capability of the MOVs of production lot “1”
when stressed with an AC energy injection (“AC”) or a long-duration current impulse
(“LD”) up to mechanical failure after repetitive stresses.

voltage also do not differ from the changes introduced in chapter 5.4.3. Neither is there any
significant difference between the failure symptoms resulting from the final determination of
the single impulse energy handling capability after 20 pre-stresses and those after stressing
brand-new MOVs. Just as it is the case for destructive AC energy injections, no correlation
between failure symptom and energy handling capability of the MOVs can be detected for

a stressing with a destructive long-duration current impulse.

In figure 5.30, the results of the final determination of the single impulse energy handling
capability with a mechanically destructive long-duration current impulse are compared to
the results of the investigations of the previous chapter, where a mechanically destructive
AC energy injection was used. The failure energy of each single MOV is scaled to the mean

failure energy at the same stress.

For the pre-stresses with double-exponential discharge currents of the 90/200 ps type at an
energy level of 300.J/cm3, the same behavior can be observed for both failure types. The
failure energies for stresses up to mechanical failure with a long-duration current impulse also
spread within a very broad range. However, here the absolute values of the failure energies

lie above typical nominal energies of surge arresters in standard applications because the
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reference value, the mean single impulse energy handling capability of brand-new MOVs,

is about 25 % higher for this failure type compared to AC energy injections.

The failure energies that are determined with long-duration current impulses after pre-
stresses with AC energy injections disperse much more than might have been expected
after the previous investigations (especially after that shown in figure 5.5 ). According to
the results of the investigation introduced here, it could be assumed that the pre-stresses
with AC energy injections cause pre-damages inside the MOV that affect the failure energy
for stresses with long-duration current impulses but not the failure energy for stresses
with AC energy injections. So far, however, there is no model concept for this behavior.
Nonetheless, one result is that the failure energies for this type of stress lie significantly
above the typical nominal energy of surge arresters in standard applications and thus the
worst case scenario is tested by the determination of the failure energy by means of an AC

energy injection.

Repetitive Impulse Energy Handling Capability Concerning Energy Injections with
Alternating Polarities

In the investigations described above, fundamental differences concerning the fatigue
behavior occurred between AC energy injections and impulse energy injections with
long-duration current impulses or double-exponential discharge currents. In addition to
differences concerning current density and waveform, these types of stresses also differ in
the polarity of the stresses. While the impulse stresses put a monopolar stress on the MOVs
(at repetitive energy injections, the MOVs are always stressed with the same polarity), an
AC energy injection is a bipolar stress. In order to determine the influence of the polarity,
the following investigation is carried out. Here, the repetitive impulse stresses are carried
out with alternating polarity and compared to the monopolar stresses already described

above.

The process of the investigation is similar to that shown in figure 5.26 with the exception
that consecutive pre-stresses have a reverse polarity since the test specimens are assembled
in reverse order inside the test fixture. This is called “alternating” in the following. The
handling of the MOVs is equal for both investigations. The monopolarly stressed specimens

were also removed from the test fixture after each energy injection to let them cool down.

Figure 5.31 shows how many of the MOVs withstood the given amount of pre-stresses with
monopolar or alternating polarity. Since the monopolar stresses were carried out for 20

MOVs per test series, whereas (due to the shortage of test specimens) only ten specimens
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per test series could be used for the alternating stresses, the percentage of MOVs that

withstood the stresses is depicted.

It can be seen that the MOVs of production lot “1” fail earlier when applying alternating pre-
stresses with repetitive long-duration current impulses at an energy level of 400 J/cm? than
when applying monopolar pre-stresses. None of the ten MOVs pre-stressed alternatingly
and repetitively withstands more than ten stresses, whereas 13 of the 20 MOVs that were

pre-stressed monopolarly withstand 20 stresses.

The investigations for the MOVs of production lot “2” confirm this result. At an energy
level of 400 J/cm3, these MOVs also withstand monopolar long-duration current impulses
much better than alternating long-duration current impulses. For pre-stresses with double-
exponential discharge currents at an energy level of 300J/cm?, however, a significant

difference could not be determined anymore.

The failure energies (determined by a mechanically destructive AC energy injection) of the
MOVs of production lot “2” that withstood the pre-stresses with monopolar or alternating
polarity are depicted in figure 5.32 (referring to the failure energy of brand-new MOVs).
It must be pointed out again that only ten MOVs per energy level and type of energy
injection were stressed with alternating polarity. Thus, the failure energies of MOVs can
only be determined accordingly. The failure energies of the MOVs show a similar behavior,
too, if the low sample size is taken into consideration. The failure symptoms of those MOVs
stressed with alternating polarity are similar to those stressed with monopolar polarity.
Hence, the result ist that, all in all, no clear tendency can be observed as to which polarity

variant leads to the higher fatigue.

The results gained so far suggest that the lower fatigue behavior observed for AC energy
injections in chapter 5.4.3 is not caused by the change of polarity of this kind of energy
injection2. Tt rather seems that, concerning the long-duration current impulses, repetitive
pre-stresses with alternating polarity lead to a stronger fatigue of the MOVs. On the
basis of the investigations carried out so far, it cannot be fully determined whether
repetitive stresses with alternating polarity lead to a stronger fatigue concerning stresses

with double-exponential discharge currents with the investigated parameters.

From the results of chapter 5.4.3, it can be said that MOVs are obviously more heavily
pre-damaged by energy injections with higher current density and shorter duration of
the stress than by energy injections of lower current density and longer duration of the

stress. At the same time, the pre-damage has an effect on the failure rate during repetitive

142 However, it cannot be ruled out that the current density of the pre-stresses has an impact on the fatigue
behavior and therefore on the observed effects.
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Figure 5.31: Percentage of the MOVs that withstand the monopolar or alternating
pre-stresses with the double-exponential discharge current of the 90/200 s type or the
long-duration current impulse (“LD”) with a virtual duration of 1.9ms. (a) production
lot “1”, (b) production lot “2”.
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Figure 5.32: Single impulse energy handling capability of the MOVs of production lot
“2” when stressed with an AC energy injection up to mechanical failure, after repetitive
pre-stresses of monopolar or alternating polarity with double-exponential discharge currents
of the 90/200 ps type or long-duration current impulses (“LD”) with a virtual duration of
1.9ms. The failure energy is depicted referring to that of brand-new MOVs.

pre-stresses and on the single impulse energy handling capability during destructive AC
energy injections. A difference between repetitive pre-stresses with alternating or monopolar
polarity can only be observed for the investigated long-duration current impulses; the
investigations concerning double-exponential discharge currents do not lead to a clear
result. Regarding the long-duration current impulses, the pre-stresses with alternating
polarity seem to lead to a stronger fatigue and thus to a heavier pre-damage of the MOVs.
Moreover, it becomes apparent that MOVs with a low single impulse energy handling
capability can be detected by repetitive AC energy injections through mechanical failure.
For this reason (and also taking its low pre-damage behavior into consideration), this type

of stress seems to be particularly suitable for routine tests after manufacturing processes.

The marked differences between different kinds of stresses (current density or duration
of the energy injection) at the same energy level regarding fatigue behavior clearly show
that the choice of the types of stresses in order to determine the impulse energy handling
capability has to be limited, as has been done in [IEC-37/416/FDIS]. Additionally, it

seems to be sensible that the type of stress used to determine the impulse energy handling
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capability complies with the stresses expected during operation (for example concerning

line arresters).

5.4.4 Comparison of Two Routine Test Procedures

All of the investigations introduced so far were carried out for MOVs that had undergone a
routine test by the manufacturer. The impact these stresses during routine tests have on
the MOVs is unknown and the amount of failures during the routine tests (outliers) usually
a company secret. The aim of the investigation introduced in the following is the direct
comparison of a routine test with long-duration current impulses, which has been carried
out up to now, with a routine test procedure where MOVs that have not yet undergone
any routine test are stressed with an AC energy injection. Thus, knowledge is to be gained
about which routine test separates out MOVs with defects most selectively and at the same

time pre-damages the MOVs as little as possible.

For this purpose, a manufacturer was found who would provide a production lot that
consists of 2133 MOVs of a much bigger diameter'*? than those of “size 1” mentioned
above. About half of those MOVs were tested routinely inside the factory with long-
duration current impulses within the current density range of 15 A/cm?. The other half
was tested by the TU Darmstadt with an AC energy injection with a current density
of about 1.5 A/cm? and at the same energy level (above the typical nominal energies of

standard surge arresters).

Out of the 1129 MOVs that are tested with long-duration current impulses, five MOVs fail
mechanically during the routine test. Out of the 1004 MOVs that are tested with an AC
energy injection, five MOVs fail mechanically, too. Likewise, there are no differences con-
cerning the energy handling capability when the single impulse energy handling capability
is determined for a group of 100 tested MOVs per procedure with an AC energy injection

at a current density of 1.5 A /cm?.

The MOVs that failed during the routine test show different failure symptoms. The MOVs
that failed during long-duration current impulses fail due to a puncture close to the edge,
whereas for those MOVs that failed during destructive AC energy injections, the puncture

channel spreads across the front surface. The comparison of the failure symptoms of the

143 The reason why MOVs with a bigger diameter were used is that, according to the results of chapter 5.1
(see figure 5.10), they are more likely to contain inhomogeneities. Moreover, this type of MOV is used
for the protection of series compensation systems and thus is stressed with AC energy injections while
being operated.
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destructive AC energy injections after the two routine test procedures does not show any

difference between the MOVs that were pre-stressed differently.

The investigated production lot contains only a very small number of MOVs that fail
during the respective routine test with a low energy handling capability. Additionally, it is
unknown whether equivalent MOVs are detected as outliers by the different routine test
procedures or whether about 0.5 % outliers would be detected, too, if the MOVs that had
already been tested were each tested again with the respective other of the two procedures.
Moreover, it is not known whether there are additional outliers (such as those shown in
figure 5.4) in either group of MOVs.

Finally, it can be concluded that in this investigation, which is limited but has been
carried out on such a large scale for the first time, no differences concerning selectivity and
pre-damage were found between the two routine test procedures with long-duration current
impulses or an AC energy injection. Thus, no final recommendation can be given as to
which routine test procedure should be carried out under which conditions. Due to the
results of the investigation of chapter 5.4.3, however, within the considered current density
range, the routine test procedure with AC energy injections still seems to be an alternative.
Furthermore, a routine test with AC energy injections is more efficient regarding the
amount of time and energy needed for the test. Therefore, this routine test is interesting

for the manufacturers of MOVs and should be further investigated!'44.

5.5 Energy Handling Capability of Pre-Stressed MOVs

With the help of the investigations introduced in chapter 5.4.3, the repetitive impulse
energy handling capability with repetitive pre-stresses of the same type can be narrowed
down. So far, the correlation between different consecutive energetic stresses has only
been marginally considered. The aim of the following investigations is to narrow down the

correlations between different stresses.

Concerning correlations between consecutive energy injections, the impact of temperature
has already been discussed in chapter 5.2 and the impact of mechanical pre-stresses in
chapter 5.4. The influence of charge carrier shifts due to an energy injection, which lead,
for example, to a change of the V-I characteristic, has not yet been considered. As is

already known from previous investigations (see for example [Dar94], [Den98], [Kle04]

14414 has to be observed that a transformer of the required size (up to 10kV test voltage and about 450 kVA
apparent power) that has been stressed single-phase non-linearly must often not be operated in existing
grids.
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and [Rei08]), double-exponential discharge currents with high current density and high
current rise time lead to changes of the V-I characteristic within the pre-breakdown region.
Whether these changes also have an impact on the energy handling capability, whether and
how these changes reverse during operation with AC voltage at an increased temperature
is determined in the investigations of the following section. In the final section, the energy
handling capability of MOVs from surge arresters that were being operated in the electric
power system over longer periods of time (and thus were exposed to realistic stresses) is
compared to that of brand-new MOVs.

5.5.1 Impact of the Degradation of the V-I Characteristic on the Impulse
Energy Handling Capability

In the investigations of [Rei08], the main reason that causes the MOVs of “size 2” (which
were stressed with double-exponential discharge currents of the 4/10ps type) to fail is
that the change of the “characteristic voltage” amounts to more than 5%. This limiting
value was defined because, according to [Rei08], it was assumed that a change of the
“characteristic voltage” above 5% leads to a “permanent change in the ZnO material”. In
the following investigation, it is to be determined whether changes of the “characteristic
voltage” can be reversed respectively whether these changes are a measure for mechanical

pre-damage.

For these investigations, MOVs of “size 2” of three production lots are used that showed
significant changes of the “characteristic voltage” during the investigations of [Rei08] (see
figure 5.9). The flowchart of the investigation is shown in figure 5.33. Firstly, all MOVs
undergo an initial measurement where the “characteristic voltage” is determined at a peak
value of the current density of 0.12mA /cm? (like in [Rei08]). After this, the MOVs are
stressed with a double-exponential discharge current of the 4/10 ps type. For the MOVs of
each production lot, three current densities are defined individually, the highest current

density thus chosen that none of the MOVs fail during the pre-stresses.

After the pre-stress, the MOVs are cooled down to ambient temperature within about
15 min by forced cooling. Subsequently, the exit measurement is carried out during which

the “characteristic voltage” is determined again.

At the end of the investigation, the energy handling capability is determined by means of a
long-duration current impulse with a virtual duration of about 3.9 ms, stressing the MOVs
up to mechanical failure. As this long-duration current impulse is a monopolar stress with a

relatively low current density of about 60 A /cm?, it helps to detect any polarity-dependent
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Ven,1 at Jp = 0.12 mA /cm? (after 55)
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pre-stress with
double-exponential discharge current of the 4/10 s type

cool-down
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v

< exit measurement <

< initial measurement <

Ven,2 at Jag = 0.12 mA /cm? (after 55)

v

determination of the energy handling capability
with a 3.9 ms long-duration current impulse

Figure 5.33: Flowchart for the determination of the failure energy after pre-stresses with
double-exponential discharge currents of the 4/10 ps type.

effects. The energy handling capability is determined for ten MOVs per production lot and
current density level of the pre-stress with a long-duration current impulse of the same

polarity as the pre-stress and for ten other MOVs with reverse polarity.

As depicted in chapter 5.1, figure 5.9, the MOVs of different production lots show significant
differences concerning the changes of the “characteristic voltage” for the same amperage
of the pre-stress. Moreover, since the failure limit during the pre-stress (referred to
the amperage of the pre-stress) varies between MOVs of the different production lots,
the changes of the “characteristic voltage” generated for this investigation show distinct
differences between the production lots. The results of the determination of the energy
handling capability depending on the change of the “characteristic voltage” due to the
pre-stress are depicted in figure 5.834. The mean failure energies are scaled to those of
brand-new MOVs, the standard deviation of brand-new MOVs being plotted at a change
of Vi of “0%”. Failure energies, for which the destructive long-duration current impulse
has the same polarity as the previous pre-stress, are marked with “equal polarity”, those

with reverse polarity accordingly with “reverse polarity”.

For the MOVs of the production lots with the investigation results shown in the diagrams
of figures 5.34 (a)and (c), there is no significant reduction of the energy handling capability.

This holds true even for pre-stresses that lead to a change of the “characteristic voltage’

within the range of 20 %. Concerning the MOVs of the production lot the investigation
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Figure 5.34: Failure energy (determined with long-duration current impulses with a
virtual duration of 3.9ms) for pre-stresses with double-exponential discharge currents of
the 4/10 s type that lead to a significant change of the “characteristic voltage” Vg, for
the MOVs of three different production lots (a), (b) and (c). The failure energies depicted
here are referred to the failure energies of the respective brand-new MOVs (“without
pre-stress”).

results of which are depicted in figure 5.34 (b), there is an unspecific behavior. Two
measurement series, the change of the “characteristic voltage” of which was about 32 % or
about 23 % in consequence of the pre-stress, show a mean failure energy that is about 27 %
or 17 % lower than that of new MOVs of this production lot. However, it must be observed
that these reductions are lower than the respective coefficients of variation and that the
latter are comparatively high concerning the mentioned measurement series. The reason
for this is that, for each of these measurement series, one MOV had a particularly low
energy handling capability after the pre-stress, which has a strong influence on mean value
and standard deviation considering the group size of ten test specimens. Additionally, the

evaluation of the failure symptoms after the destructive energy injection does not suggest
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a difference between the MOVs that were pre-stressed varyingly strong.

In another investigation, the MOVs of one production lot are pre-stressed with double-
exponential discharge currents of the 4/10 ps type, which lead to significant changes of the
“characteristic voltage” and, subsequently, the energy handling capability is determined
during a stress with an AC energy injection at a current density of 3.5 A/cm?. The pre-
stress causes an asymmetric current in the course of the energy injection, the asymmetry
staying rather constant. The polarity of the half-wave during which the MOVs fail is
equally distributed independent of the intensity of the pre-stress. Thus, the pre-stress does
not seem to influence the failure behavior. It applies to this investigation, too, that there
is no significant reduction of the energy handling capability due to a pre-stress with a

double-exponential discharge current of the 4/10 ps type.

It can be said, that even when pre-stresses with double-exponential discharge currents of
the 4/10 ps type that lead to changes of the “characteristic voltage” within a range of 20 %
to 35 % are carried out, a reduced energy handling capability can only be observed for
individual MOVs. Thus, a reduced “characteristic voltage” does not necessarily indicate
pre-damages that have an impact on the single impulse energy handling capability during an
energy injection of the investigated kinds. However, if the reduction of the “characteristic
voltage” is of such intensity as could be observed here, this has an impact on the thermal
energy handling capability. This must be taken into consideration when determining
continuous operating and rated voltage (see [IEC60099-4]). Nevertheless, this problem
apparently can be solved as MOVs that are identical in construction to those investigated
here are being operated successfully in surge arresters of the medium-voltage level and
that the operating duty tests according to [IEC60099-4] and [IEEEC62.11-2012] are passed
with these MOVs.

Monitoring systems for standard surge arresters often evaluate the leakage current during
operation (see for example [Hei01]). The assumption that the resistive component of the
leakage current is a measure for the degradation of MOVs inside surge arresters will not be
challenged at this point. However, the investigations introduced above show that the leakage
current does not necessarily have to be a measure for the single impulse energy handling
capability. Thus, evaluating the condition of the single impulse energy handling capability
by means of “characteristic voltage” (meaning the change of the V-I characteristic within

the leakage current range) does not seem to be possible.
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5.5.2 Reversal of the Changes of the V-/ Characteristic during Operation at
Applied Continuous Operating Voltage

As shown in the previous section, the MOVs that are pre-stressed with double-exponential
discharge currents of the 4/10 ps type in some circumstances might not display a change
in single impulse energy handling capability although there is a significant change of the
V-1 characteristic within the pre-breakdown region. For this reason, it can be assumed that
changes of the V-I characteristic within the pre-breakdown region after these pre-stresses
are solely attributed to charge carrier migration and not to mechanical defects, such as
beginning melting channels. If this is true, it should be possible to reverse the change of the
V-I characteristic because charge carrier migration, in contrast to mechanical defects, is a
reversible change in material. The aim of the following investigation is to find out whether
these changes are indeed reversible and, if this applies, to narrow down the parameters for

the reversal.

As is known from previous investigations such as [Den98] and [Kle04], changes of the V-
I characteristic within the pre-breakdown region might in some circumstances be reversed
if the MOVs are stored at an increased temperature and at applied voltage (in the range of
the continuous operating voltage). In each of these investigations, however, the influence of
voltage was rated differently and no such extreme changes of the V-I characteristic were

analyzed as in the following section.

The flowchart of the investigation is shown in figure 5.35 . MOVs of “size 2” are investigated,
which all undergo an initial measurement in the first place, where the “characteristic voltage”
is determined at a peak value of the current density of Jon = 0.12mA /em?. Subsequently,
a pre-stress is carried out with a double-exponential discharge current of the 4/10 ps type
at a current density that might occur in an operating duty test according to [IEC60099-4]
and that leads to a change of the “characteristic voltage” of the MOVs in the range of
12.5%. This is checked in an intermediate measurement after cooling the MOVs down to

ambient temperature.

In order to reverse the degradation, the MOVs are stored/ operated at increased temperature
respectively at a voltage in the range of the continuous operating voltage over a 1000 h to
1200 h period. The continuous operating voltage is not a fixed value bearing a relation to a
feature of the MOV, but a design value of surge arresters. For this reason, manufacturers
can choose the value freely and they can also decide to use the same MOV in different surge
arresters. Regarding the choice of continuous operating voltage, manufacturer’s information

was considered. For non-stressed MOVs at ambient temperature, the voltage applied here
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Figure 5.35: Flowchart for the determination of the reversal of changes of the “character-
istic voltage” in consequence of pre-stresses with double-exponential discharge currents of
the 4/10 ps type.
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leads to a resistive component significantly (by factors) lower than the capacitive component

of the current.

The temperature level used is 30 °C respectively 115°C in order to get an indication of
how the test specimens behave within the range of ambient temperature and within the
temperature range that is prescribed in the accelerated aging test according to [ITEC60099-4]
and [IEEEC62.11-2012] . According to [IEC60099-4], storage at a temperature of 115°C
for 1000 h can simulate an operating time of at least 110 years at a maximum temperature
of 40°C. This projection, however, implies the applicability of the Arrhenius law, which is
highly controversial'4® in IEC itself. Since no reliable acceleration factor could be identified

so far, this projection of the operating time can only serve as a reference point.

Due to the fact that, depending on the converted power loss, the temperature of those MOVs
that are stressed with voltage is higher than the air temperature inside the temperature
chamber, only one MOV per temperature chamber is operated at voltage. The temperature
of the MOV itself is monitored and kept constant within a range of 0.2 K (without taking
the measuring uncertainty of the temperature measurement system into consideration)

around the target value.

In figure 5.36, an example of the reversal of the “characteristic voltage” is given for four
MOVs, the change being referred to the value of the pre-stress with a double-exponential
discharge current of the 4/10 ps type. The time range depicted here shows the duration
of the stress at increased temperature / continuous operating voltage. One MOV each is
operated at a temperature of 115 °C respectively 30 °C as well as without respectively with
a voltage within the range of continuous operating voltage. Every 220 h, the “characteristic
voltage” is determined. To this end, the MOVs are cooled down to ambient temperature.
In order to check whether the intermediate measurements have an impact on the reversal
behavior, a comparative investigation without intermediate measurement is carried out.

Here, no noticeable difference concerning the reversal behavior could be detected.

In another pre-investigation, MOVs that were not pre-stressed with a double-exponential
discharge current of the 4/10 s type are operated for 1000 h at a voltage within the range of
continuous operating voltage at 30 °C respectively 115°C. Due to the “aging”, those MOVs
show a change of the “characteristic voltage” in the range of 1% to 2 %, the asymmetry of
the current waveform decreasing at applied “characteristic voltage” in the course of the

“aging”.

145 For example, it is discussed in [Cigl3a] that the power loss behavior of long-term stable MOVs does not
follow the Arrhenius law.

140



5.5 Energy Handling Capability of Pre-Stressed MOVs

2.5 L
(] ) [
0.0 @

X
8 25 'S A A A 4

5
> 50
[T

o

& -7.5 .
g
£

© -10.0

a
-12.5 7
-15.0
0 200 400 600 800 1000 1200
tin h

@® 115 °C and "continuous operating voltage" 30 °C and "continuous operating voltage'
A 115 °C without voltage 30 °C without voltage

Figure 5.36: Reversal of the “characteristic voltage” when stored at increased temperature
and operation at a voltage in the range of continuous operating voltage. The change of the
“characteristic voltage” is referred to that of the unstressed state of the respective MOV.

The change of the “characteristic voltage” shown in figure 5.36 for point “Oh” represents
the change resulting from the energetic pre-stress. The MOV that is stored without applied
voltage at a temperature of 30 °C shows only a very low reversal of the “characteristic
voltage” in the course of the storage. However, the MOV that is operated at the same
temperature at a voltage in the range of continuous operating voltage displays a much
more significant reversal in the course of the stresses. On the other hand, it has to be

considered that the most distinct change occurs within the first 400 h.

Those MOVs that were stored at 115°C show a much more significant reversal of the
“characteristic voltage”, the biggest reduction in this case taking place during the first 200 h,
too. During operation at voltage, the reversal is bigger than without voltage. However,
the difference is less significant than for those MOVs stored / operated at 30°C. For the
MOV that is operated at a temperature of 115 °C, the change of the “characteristic voltage”
reaches positive values after only 200 h compared to the “characteristic voltage” before the
pre-stress with a double-exponential discharge current of the 4/10 s type. This means
that, from this point in time, the “characteristic voltage” is higher than it was before the
pre-stress, which can be explained by the reversal of the changes of the V-I characteristic
that were impressed by the routine test (as has already been discussed in the previous

chapters).
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After the storing / “aging”, the single impulse energy handling capability is determined
with a long-duration current impulse with a virtual duration of 3.9 ms up to mechanical
failure. Due to the small number of tested MOVs that were equally stressed, however,

there is no clear result.

The results introduced here!46 confirm the assumption that changes of the V-I characteristic
of MOVs caused by routine tests (for example measurement of the residual voltage with a
lightning current impulse) or other pre-stresses with high current peak values or current
rise times can only be reversed to a very low degree by storing the MOVs without voltage at
ambient temperature. Storage at higher temperatures and / or applied voltage accelerate
the process, the values chosen for the temperature having a much bigger impact than those
for the applied voltage. According to [Den98], this can be thus explained: the process of
reversal / recovery is attributed to a diffusion process that is accelerated more strongly
by higher temperatures than by the applied voltage. According to this, the oxygen ions

that migrated from the grain into the grain boundary during an impulse stress!4”

migrate
into the opposite direction during the recovery phase until the initial balance is established
again. Here, the temperature-dependent oxygen ion conductivity of the Bi,O4 (see [Stu90])

is of the biggest importance.

The changes of the V-I characteristic within the pre-breakdown region that were caused by
pre-stresses with double-exponential discharge currents of the 4/10 ps type (with the chosen
values) obviously are reversible and do not reduce the single impulse energy handling
capability (see chapter 5.5.1). In the reversal process, the duration of the reversal depends
heavily on the temperature of the MOVs and the applied voltage during the recovery
process. It should be noted that the cooling process for surge arresters in electric power
systems after an energy injection takes longer than during the investigations described
above that were carried out in a laboratory. For one thing, this is because the surge
arresters are usually still operated at system voltage during the cooling process and thus
electric power loss is converted inside them that is bigger than in an unstressed state due
to the increased temperature of the surge arrester. Additionally, the housing of the surge
arrester has a thermally insulating function, which slows down the cooling process. Thus,
it can be assumed that, due to the cooling process taking longer concerning a surge arrester
in the power system, the reversal of the V-I characteristic within the pre-breakdown region

is higher for these surge arresters than for those tested under laboratory conditions, too.

It can be assumed that the stress investigated here is an extreme stress and that surge

146 The tendency of these investigations could be confirmed in further investigations where the values were
varied.
147 This effect is described in chapter 2.2 under the heading “hot electrons”.
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arresters inside electric power systems most likely are not stressed with such high current
peak values (see [Cigl3b]). Consequently, surge arresters in electric power systems probably
are not operated with such significant changes of the V-I characteristic (as investigated
here).

5.5.3 Energy Handling Capability of MOVs Aged During Operation

In the previous investigations, the impacts of energy injections on MOVs and particularly
on the single impulse energy handling capability have been investigated. However, since
stresses concerning surge arresters in electric power systems are mostly only fragmentarily
documented, it is hard to assess the practical relevance of the investigations described above
if there are no additional considerations concerning this matter. In this section, MOVs
used in surge arresters are investigated, which have been operated for several years and
thus were subjected to real stresses. The aim of this investigation is to gain knowledge of
whether the single impulse energy handling capability is reduced by the stresses occurring

during operating time.

The actual stresses that occurred during the operating time of a surge arrester cannot be
easily traced back afterwards. Only very few of the available monitoring systems for surge
arresters evaluate energy injections or they are documented inconsistently. Moreover, the
procedure concerning the evaluation of monitoring systems is different for the different
transmission system operators. For this reason, energetic stresses due to overvoltages of
the investigated surge arresters (that were equipped with, for example, monitoring spark
gaps) can only be given with a great uncertainty. The only thing that can be presumed is

that the surge arresters were stressed with system voltage during the operating time.

For the investigation, MOVs of surge arresters of the extra-high-voltage level (240kV
respectively 380kV) with a one-column active part are provided by three different manufac-
turers. Each of the respective transmission system operators has also provided information
on operating time, removal from service, site of the surge arresters, as well as, often,
monitoring systems. The investigated surge arresters are labelled “SA1” to “SA9” in the
following. Here, concerning “SA1” to “SA5” and “SAS8”, the three identically constructed
surge arresters of one three-phase-system are each subsumed under one label. All of the
22 surge arresters that were investigated were inconspicuous during operation without
exceptions; none of the surge arresters was removed from operation due to conspicuities

(not even surge arrester “SAT”).
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Table 5.8: History of the investigated surge arresters according to the information provided
by the respective transmission system operator.

| SA1|SA2 | SA3 | sSA4|sAs SA6 | SAT | sAs | sA9
amount 3 3 3 3 3 1 1 3 2
year of 1988 | 1992 | 1994 1994 | 1997 1997 1997 | 1997 | 1998
manufacture
years of 14 19 17 15 13 12 6 9 12
operation
stress? none | none | unknown | 1-2 unknown | unknown | 1¢ none | none

Due to the year of manufacture and the date of removal from service, it must be assumed that this surge
arrester was being operated for much longer than one year.

The actual stress is unknown. It can be presumed that the surge arresters were stressed more often
than is given in the table above.

The stress led to an undiscovered mechanical failure of individual MOVs of the surge arrester.

The information that was provided concerning the history of the investigated surge arresters
is depicted in table 5.8. It can be seen that the majority of the investigated surge arresters
was produced in the 1990s and that they were operated six to 19 years until they were
removed from service according to the respective transmission system operator'®. The
information on previous stresses gained with the help of the monitoring systems are shown
in the last row of the table. They entail a big uncertainty as can be taken from the previous
section on monitoring systems. It is very unlikely that the surge arresters were only exposed
to so few stresses during so many years of operation. The surge arrester labelled “SA7”
contained individual MOVs that had failed and where the failure symptoms hint at an

electrical overload.

In order to determine the single impulse energy handling capability of the MOVs inside the
surge arresters and to compare it to that of brand-new MOVs, the investigation introduced
in chapter 5.1 is carried out. Accordingly, the flow chart is to be found in figure 5.1. The
amount of MOVs inside the surge arresters is different for the surge arresters “SA1” to
“SA9” (depending on the rated voltage of the surge arresters and the V-I characteristic of
the MOVs inside them). Out of most of the surge arrester sets, about 100 MOVs each can be
used for the investigations. However, due to the test facility, not all types of MOVs can be
stressed with all waveforms up to the limit of their energy handling capability. Hence, not
all stresses mentioned in chapter 5.1 are carried out but only AC energy injections with a

peak value of the current density'*? of about 3.5 A /cm? and long-duration current impulses

148 Older surge arresters could not be provided.
149 The single impulse energy handling capability of the MOV of the surge arresters “SA4” is also determined
by an AC energy injection with a peak value of the current density of about 0.35 A/cm?.
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Figure 5.37: Mean single impulse energy handling capability of the investigated surge
arresters compared to the mean energy handling capability of brand-new MOVs of “size 1”
(see chapter 5.1).

with a virtual duration of 1.9 ms. In doing so, just as this was the case in chapter 5.1, the
“complex failure criterion” is applied for the long-duration current impulses, whereas the
MOVs are stressed up to mechanical failure regarding the AC energy injections. For the
AC energy injections, 50 MOVs are stressed per current density of each surge arrester set,

whereas, regarding the long-duration current impulses, 40 MOVs are stressed.

The mean single impulse energy handling capability of MOVs from the described surge
arresters compared to that of brand-new MOVs of “size 1” is depicted in figure 5.37. There
is no information given as to how high the mean single impulse energy handling capability of
those MOVs taken out of the surge arresters was when they were brand-new. In chapter 5.1
(see figure 5.2), the single impulse energy handling capability of production lots “S” to
“Z” was discussed in comparison to the investigation results presented in [Rin97]. Here, it
was assumed that the single impulse energy handling capability of the MOVs that were
manufactured in the 1990s (see [Rin97]) was probably a little lower than that of production
lots “S” to “Z”. However, since it lies within the same range in both cases, the single
impulse energy handling capability of production lots “S” to “Z” in figure 5.37 is used as

reference point for that of the MOVs that were taken from the surge arresters.
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5 Impulse Energy Handling Capability of MOVs

It can be seen that the mean single impulse energy handling capability concerning the AC
energy injections basically lies within the spread of the brand-new MOVs investigated before.
Merely the MOVs of the surge arresters “SA2” display a lower energy handling capability.
They show a similar behavior to that depicted in figure 5.5: the MOVs fail at two different
energy levels that are clearly distinguishable, about 350 J/cm? and about 700J/cm3. Also
in this case it can be assumed that the reason for this could be inhomogeneities that lead
to a current path concentration at this current density. Here, the evaluation of the failure
symptoms does not display any conspicuities and especially no correlation between the

energy handling capability and the failure symptom either.

In additional investigations, no significant conspicuity can be detected between the MOVs
of different construction units of the surge arrester concerning the single impulse energy
handling capability for stresses with the AC energy injections described above. For this
type of stress, differences regarding the energy handling capability of MOVs of different

surge arresters of one set can neither be measured.

Concerning the stresses with long-duration current impulses, the MOVs of those six surge
arresters where this type of stress was applied show a significantly lower single impulse
energy handling capability than brand-new MOVs, which, however, is still way above the
typical nominal energy handling capability of standard surge arresters. Here, the reduction
of the “characteristic voltage” is by far the most dominant failure cause. As can be seen
from figure 5.3, for the brand-new MOVs this is the case much more rarely. Presumably,
the stressing with system voltage during operation inside the power system has reversed
the changes of the V-I characteristic that resulted from the routine tests carried out for
these MOVs. As is known (see for example [Den98| and [Kle04]), the first impulse causes
the biggest change of the V-I characteristic if consecutive impulse stresses are applied. For
this reason, the energy injections applied to the brand-new MOVs that still contain charge
carrier shifts in consequence of the routine test cause a lower reduction of the “characteristic
voltage” than when applied to the MOVs of surge arresters “SA1” to “SA9”.

Those surge arresters that had been exposed to energetic stresses during operation according
to the monitoring systems did not display any conspicuities with regard to the single impulse
energy handling capability. Even the MOVs without optically noticeable failure symptoms
that were taken from surge arrester “SA7” (that contained mechanically failed MOVs)
show the same behavior concerning the single impulse energy handling capability as those

of the other surge arresters.

The amount of investigated surge arresters can certainly not be considered a representative

sample and there is too little information on the energetic pre-stresses of the surge arresters.
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However, it can be said that even at a stress!® that leads to a mechanical failure of
individual MOVs in a surge arrester, no reduction of the single impulse energy handling
capability at AC energy injections within the investigated range can be detected. For the
range that is investigated with long-duration current impulses, a clear reduction of the
single impulse energy handling capability can be observed indeed. However, this can be
attributed to changes of the “characteristic voltage”. Within this range, too, the failure
criterion and the height of the mean failure energies point to the fact that a safe operation

of these surge arresters has never been disputable.

Only surge arrester “SA7”, which had obviously been exposed to a high energetic stress
during operation and, as a result, supposedly contained individual MOVs that had failed
mechanically, was limited in its functionality due to the failed MOVs. Nonetheless, it is
remarkable that this surge arrester was inconspicuous inside the power system despite the
failure of a little less than 10 % of the built-in MOVs. Due to its limitations concerning
functionality and thus that the failure cause could not be narrowed down, it should be

investigated whether other similar cases can be found inside electric power systems.

150 Type of the energy injection, current density, waveform etc. could not be reconstructed.
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6 Summary

Structure and conduction mechanism of MOVs have been extensively investigated even
though not all effect mechanisms of the used additives etc. are known in every detail. Addi-
tionally, the single impulse energy handling capability has been experimentally determined
and verified with simulations for wide current ranges in previous investigations. According
to these investigations, the single impulse energy handling capability increases with rising
current density of the stress within the breakdown region of the V-I characteristic until, if
very high current densities are applied, the breakdown / flashover behavior of the coating
limits the stress handling capability. Concerning stresses with double-exponential discharge
currents, alongside mechanical aspects, changes of the V-I characteristic of the stressed

MOVs have been noticed to an increasing extent.

The multiple stresses that have been investigated so far were limited mainly to multiple
double-exponential discharge currents at high current densities and high current rise times.
Here, alongside the changes of the V-I characteristic already mentioned, an increasing
amount of breakdowns through the coating of the MOV could be observed at increased
stressing of the MOVs.

In the investigations introduced in this thesis, it could be shown that there is a positive
temperature coefficient of the resistance at high current densities, meaning the V-I char-
acteristic of MOVs shifts towards higher voltages at a higher temperature and the same
current density. It was also possible to develop a physical model for this behavior. The shift
of the V-1 characteristic is marked only weakly, not constant at different temperatures

and, additionally, it is different for the two MOV ceramics investigated here.

The temperature dependency of the V-I characteristic only has a small impact on the
energy handling capability of MOVs at energetic stresses. When several MOVs, the different
V-1 characteristics of which led to current densities of the stress that differed by about
a third, were stressed parallel, only a relatively low assimilation of the current densities

during the stress with long-duration current impulses could be observed.
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6 Summary

The investigation of the energy handling capability of pre-heated MOVs displays differences
concerning the energy that can be applied electrically at different initial temperatures.
However, within the investigated current density range, no impact of the temperature
dependency of the V-I characteristic on the energy handling capability could be detected.
Obviously, the current distribution depending on the microstructure of the MOV is crucial
for the single impulse energy handling capability whereas the temperature dependency of

the V-I characteristic only plays a secondary role.

The energy handling capability concerning double-impulse stresses was investigated within
the time span of single impulse stresses and repetitive stresses with an interval between
the stresses of up to 3s. In doing so, the same energy handling capability was detected
for single impulse stresses as well as for double impulse stresses with the time intervals
mentioned above at the investigated current density. Hence, it can be assumed that the
heat distribution inside the MOV cannot be improved considerably concerning double
impulse stresses within the time intervals between the impulses. For this reason, the
stresses of energy injections that occur in quick succession (up to time intervals where
a considerable amount of heat is dissipated from the MOV to its surroundings) must be
added up in order to determine the equivalent overall stress for the MOV. This has been
known with regard to the impact on the thermal stability of surge arresters, but, so far,

not for the single impulse energy handling capability.

The focus of the investigations introduced here is on repetitive energy injections where the
MOVs are cooled down to ambient temperature between the energy injections. Here, it
could be demonstrated that there is no clear relation between repetitive and single impulse
energy handling capability. During the investigation, MOVs of three different production
lots (of different manufacturers or different types) were stressed with 100 repetitive AC
energy injections at a peak value of the current density of 3.5A/cm?. This range of
the current density was used because it can occur for example in surge arresters for the
protection of capacitors inside series compensation systems for this type of stress. During
the pre-stresses, individual MOVs of two of the three investigated production lots failed.
However, in the exit measurement, the pre-stressed MOVs did not display any pre-damages
that would influence the energy handling capability. Thus, it can be presumed that, if
anything, AC energy injections at the mentioned current density fatigue MOVs only to
a small degree (individual failures during the pre-stresses can probably be attributed to
defects inside the MOVs).

Concerning repetitive long-duration current impulses with a higher current density and a
lower duration of the energy injection, it could be observed that the percentage difference

between the single and the repetitive energy handling capability of the MOVs is bigger
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than for the AC energy injections mentioned before. In contrast, the energy levels at which
individual MOVs of one group of for example ten MOVs fail during repetitive stresses lies

within a similar range for both types of energy injections / current densities.

For this reason, a systematic investigation of the energy handling capability of MOVs was
exemplarily carried out by applying AC energy injections with a duration of about 80 ms,
long-duration current impulses with a virtual duration of 1.9 ms and double-exponential
discharge currents of the 90/200 ps type. In doing so, the energy level was varied within
the same range of 200J/cm? to 400 J/cm? for all types of energy injections. It became
apparent that shorter stresses at higher current densities pre-damage the MOVs to a larger
extent than the AC energy injections. This can be taken from the failure rate during
the pre-stresses and the single impulse energy handling capability after 20 pre-stresses.
Obviously, the degree of the current distribution inside the MOV is of minor relevance
concerning these repetitive stresses. Whether mechanical tensions, which occur at shorter

energy injections, lead to mechanical pre-damage inside the MOVs could not be proven.

Furthermore, the evaluation of the failure rates and the single impulse energy handling
capability after repetitive pre-stresses indicate that stresses with a lower energy density
are more suitable for the detection of MOVs with a low single impulse energy handling
capability, so-called outliers, than stresses with a high current density. For outliers, the
AC energy injections applied here probably already lead to failures at smaller amounts of
impulses (often even at the first one). In addition, they seem to pre-damage the MOVs to
a lesser extent than energy injections at higher current densities and the same energy level.
It is assumed that one reason for the selective failure behavior is the more favorable ratio
of current path concentration and heat equalization inside the MOV during the energy
injection at the applied current density. This is supported by the analysis of the spread
of the single impulse energy handling capability of MOVs of one production lot, some of
which display a considerably lower energy handling capability. These MOVs were stressed
with different current densities. Here, the most distinct differences regarding the energy

handling capability can be detected at a current density of about 3.5 A /cm?.

For this reason, the stress mentioned above seems to be particularly promising for routine
tests. However, in a direct comparison of a conventional routine test procedure with
long-duration current impulses and with AC energy injections of the same energy level,
no significant difference between the two procedures with regard to selectivity could be
detected. This was due to the small amount of MOVs with low energy handling capability.
Thus, the final evidence for the advantage of a routine test procedure with AC energy

injections has yet to be provided.
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Apart from mechanical pre-damages, pre-stresses, particularly those with high current
densities and high current rise times, can cause changes of the V-I characteristic within the
pre-breakdown region. In previous investigations, a correlation between the current peak
value of a pre-stress with a double-exponential discharge current of the 4/10 s type and
the change of the “characteristic voltage” (comparable to the reference voltage) caused by
this pre-stress was detected. However, further investigations introduced here do not suggest
a correlation between the change of the V-I characteristic and the single impulse energy
handling capability. Obviously, the migration of oxygen ions resulting from discharge
current stresses at a high current density and high current rise time (which is known from
the technical literature) does not cause a reduction of the energy handling capability. In
other words, the investigated pre-stresses do not cause pre-damages that would contribute

to a reduction of the energy handling capability.

Those changes of the V-I characteristic that are caused by double-exponential discharge
currents of the 4/10 ps type might in some circumstances be reversed by storing the MOVs
at increased temperature and at AC voltage at power frequency. It became apparent
during the investigations that, at the chosen values (which are of high relevance in power
systems), temperature probably has a bigger impact than voltage, which is in accordance

with findings that were previously published.

Exemplarily, the single impulse energy handling capability of MOVs that had been taken
from surge arresters of the high-voltage level were investigated after they had been operated
in real electric power systems for years. Compared to brand-new MOVs, these MOVs
do not display any considerable differences concerning the energy handling capability
when stressed with AC energy injections within the investigated range of current density.
When stressed with long-duration current impulses, they already show changes of the
V-I characteristic at lower energy levels. However, this is not to be considered crucial
due to the previously mentioned investigation results. MOVs that had been taken from
surge arresters that were exposed to distinct energetic stresses during operation showed an

inconspicuous behavior concerning the single impulse energy handling capability, too.

6.1 Consequences for the Operation of Surge Arresters

Multiple impulse stresses with long time intervals between the stresses seem to be uncritical
for surge arresters in standard applications at the specified nominal energies commonly
used today. The energy injections that lead to symptoms of fatigue and were identified

in the investigations introduced above lie almost exclusively higher and only rarely lower
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than typically used specified nominal energies. Since the energy levels from which a fatigue
of the MOVs can be assumed to start are only a little above the commonly specified energy
handling capability, a lifting of this specified energy handling capability does not seem to
be possible. In special applications of surge arresters, such as when used as line arresters
or in series compensation systems, special stresses can occur, which is why these have to

be taken into consideration separately.

Line arresters are possibly increasingly exposed to energy injections with high current rise
times and current peak values. In the investigations introduced above, this kind of energy
injection has already led to symptoms of fatigue at lower energy levels. This should be

considered when designing and operating line arresters.

Surge arresters for the protection of capacitors in series compensation systems are mostly
exposed to stresses with AC energy injections. According to the introduced investigations,
these stresses with low current peak values and low current rise times either seem to
fatigue MOVs to a lesser extent or not at all. Thus, for these surge arresters, it would be
possible to specify higher energy densities inside the MOVs. However, it has to be observed
that, at low current densities, inhomogeneities inside the MOVs have a particularly big
impact on the current distribution inside the MOV during stresses and therefore reduce the
energy handling capability. Hence, with regard to these stresses, outliers with a low energy
handling capability affect the overall energy handling capability to a much higher degree.
In other words, a lifting of the specified nominal energy can lead to a higher failure risk
despite the lower fatigue risk because it is more likely that the limit of the single impulse
energy handling capability of individual MOVs is reached. Since the latter depends on the
particular manufacturer respectively the production lot, a general statement cannot be

made here.

During the application in series compensation systems, the spatial extension of surge
arrester banks can cause temperature changes between columns of MOVs. Within the range
of the investigated current densities, these changes only lead to small changes concerning
the current distribution between the columns. Thus, with regard to the current distribution
within the investigated range, temperature changes do not have to be considered any
further.

For surge arresters used in medium-voltage grids, significant changes of the V-I characteris-
tic within the pre-breakdown region at stresses with double-exponential discharge currents
with high current densities and high current rise times were observed in the previous
investigations. It can be assumed that surge arresters in power systems are not exposed to

such significant changes. Moreover, it could be verified in the investigations introduced
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here that such changes can be reversed during operation and that these changes do not

necessarily influence the single impulse energy handling capability.

This result also has an effect on the determination of pre-damages inside surge arresters
for example by means of monitoring systems. It does not seem to be possible in all cases
to unambiguously determine a pre-damage of MOVs that leads to a reduction of the single
impulse energy handling capability on the basis of a change of the V-I characteristic within
the pre-breakdown region!®!.

From the finally introduced investigation on the single impulse energy handling capability
of MOVs which were taken out of surge arresters that had been operated in power systems,
it can be concluded that their energy handling capability had not been reduced by the
stresses that occurred during operation. Thus, a replacement of surge arresters after a
certain amount of years of operation simply out of concern about their energetic stress

handling capability does not seem to be necessary!°?

. However, the surge arrester that
was identified as contained failed MOVs indicated that, in some circumstances, it is not

easy to determine from the outward appearance whether the MOVs are intact or not.

6.2 Recommendations for International Standardization

The international standards for surge arresters of the medium- and high-voltage level in
IEC and IEEE have developed a lot in recent years also with regard to the verification of
the impulse energy handling capability. If the general validity of the investigation results
introduced in this thesis is verified, it is suggested that the following recommendations are
taken into consideration when [IEC-37/416 /FDIS]| (respectively IEC 60099-4, which would
then be up-to-date) and [IEEEC62.11-2012] are revised again. These recommendations are

to be seen from a scientific point of view.

Concerning the “test to verify the repetitive charge transfer rating” in [IEC-37/416/FDIS],
for NGLA and surge arresters of the medium-voltage level, a choice of the type of stress
for a very wide time range of the stress is provided. This does not seem to be expedient
because, according to the investigations introduced here, short stresses (with the same
energy content) fatigue MOVs much more than longer stresses with lower current density.

If the investigations are confirmed also for the same charge transport of the stresses (which

151 On the other hand, the impacts changes of the V-I characteristic have on thermal energy handling
capability are indisputable.
152 Other negative impacts such as, for example, leaks inside the housings were not investigated here.
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can be assumed), this option should be reconsidered. In doing so, due to the application,

it seems to be sensible to limit the choice to shorter energy injections.

The results of the “test to verify the repetitive charge transfer rating” in [IEC-37/416 /FDIS)]
and the “single impulse withstand rating test” in [[EEEC62.11-2012] are influenced by the
test fixtures used. In both standards, the series of stresses consists of ten groups with two
impulses each with a time interval between the impulses of 50s to 60s, the test specimens
being cooled down to ambient temperature between the groups. The test fixture has a
significant impact on the temperature of the MOVs prior to the beginning of the second
impulse of a group. However, a standardization of the test fixture that is reasonable is
very difficult to achieve. Due to the fact that the temperature prior to the second impulse
influences the energy handling capability during the second energy injection, it is more
expedient to cool down the specimens to ambient temperature after each energy injection.
Since this method increases the test duration, a comment in the standard would be useful
that clarifies that an initial temperature of the specimens above ambient temperature when
the second energy injection is applied represents the more critical case. When taken into
consideration, this comment would lead to a reduction of the cool-down time. Overall, the
cooling down of the test specimens to ambient temperature reduces the influence of the

text fixture and thus helped to render the test results more repeatable.

Moreover, the validity of the exit measurement of the tests concerning the repetitive stress
handling capability mentioned above in [IEC-37/416 /FDIS] as well as in [EEEC62.11-2012]
has to be reconsidered. It becomes clear from the investigations introduced above that a
change of the reference voltage is not a sure sign for mechanical pre-damage. Furthermore,
it is known that thermal stability is in some circumstances dependent on additional factors.
In the investigations introduced here, it could not yet be entirely verified whether the
non-standardized routine test after the manufacturing process has an impact on the change
of the reference voltage due to the applied energy injections. It can be assumed that the
V-1 characteristic of MOVs that were exposed to a routine test with an energy injection
with a high current peak value and a high current rise time changes to a lesser extent than
in a routine test that leads to a lower charge carrier migration. Thus, it is possible that
a change of reference voltage depends on the type of routine test but has only a minor

influence on the operation of the MOVs.

In the exit measurement of the “test to verify the repetitive charge transfer rating” in
[IEC-37/416/FDIS], the testing at a double-exponential discharge current of the 8/20 ps
type is prescribed. The investigations introduced here suggest that, with this type of
energy injection, pre-damages of MOVs cannot in all cases be identified. This stress should

be complemented with a testing of the single impulse energy handling capability with an
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energy injection that can be regarded as particularly critical in order to increase the validity
of the test. According to the introduced investigations, an AC energy injection with a
current density of < 10 A/cm? seems to be especially sensitive for defects and pre-damages
inside the MOV. It is possible that an energy injection only up to the nominal energy
handling capability suffices as evidence, which would reduce the strains on the test facility.
Moreover, it has yet to be clarified to which extent the current density would have to
be limited and whether the testing equipment of the manufacturers can be used for the
“Power-frequency voltage-versus-time test” of [IEC-37/416/FDIS] for this investigation.

The latter would considerably enhance the acceptance of such a test.

The conditioning of the MOVs in the beginning of the “switching surge energy rating test”
of [[EEEC62.11-2012] with 18 long-duration current impulses seems to be unrewarding
because it does not affect the V-I characteristic negatively within the pre-breakdown region
according to the investigations introduced above. For this reason, it might be possible
to omit this conditioning as it is the case in [IEC-37/416/FDIS] for non-gapped surge

arresters.

According to the investigations introduced here, the power loss behavior of the “test to verify
long-term stability under continuous operating voltage” according to [IEC-37/416/FDIS]
and the “accelerated aging test of varistors” according to IEEEC62.11-2012] is influenced
by changes of the V-I characteristic resulting from the non-standardized routine test.
Since the power loss behavior is influenced during the first hours at the temperatures and
common voltages used in these standards, the routine test has an impact on the reference
value of the criterion for passing this test. The reference value should be placed in a
time interval of the aging test that is not influenced by the applied routine test. In the
investigations described above, the resolution of the range of the first 200 h of the aging

test is too low to give a more precise recommendation.

If this recommendation is not implemented, the time for the reference value in the standard
[IEEEC62.11-2012] should be narrowed down more exactly than the time span “after 2h
to 5h” given so far. Due to the dynamics of the power loss behavior in the first hours,
which can be strong in some circumstances, in [IEC-37/416/FDIS], the reference value is
narrowed down to 15 min before resp. after 3h. This should be easily achievable with the

measurement technology available today and thus transferred into [[EEEC62.11-2012].

Due to the investigations on the regeneration of degradations inside the MOVs mentioned
above, it seems to be sensible to limit the maximum pre-heating time after the conditioning
in the “thermal recovery test” according to [IEC-37/416/FDIS]|. So far, [[EEEC62.11-2012]

lacks such a guideline and should be amended.
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6.3 Perspectives for Future Research

By carrying out the above mentioned investigations, a lot of questions could be answered
and tendencies could be pointed out. A few questions, however, could not be answered
in detail due to the limited resources. For this reason, the author of this thesis is of the
opinion that it would be promising to carry out further investigations on the following

issues:

In this thesis, the temperature dependency of the V-I characteristic was investigated
for two different MOV ceramics within a limited temperature and current density range.
It remains unresolved which factors influence the temperature dependency within the
breakdown region. It would be interesting to find out whether a correlation exists between
the temperature dependency of the V-I characteristic and the single impulse energy

handling capability of different MOV ceramics.

Moreover, it is yet unresolved which criteria lead to a reduced single impulse energy
handling capability of individual brand-new MOVs of a production lot. As soon as this
can be narrowed down, one would have to investigate which test procedures respectively
types of stresses could identify such MOVs with low effort and at the same time keep the
pre-damages of the other MOVs as low as possible. This could be of relevance for routine

tests of MOVs after the manufacturing process.

For the operators of surge arresters, on the other hand, it is important to identify pre-
damages, ideally during operation. The investigations introduced above show that signifi-
cant changes of the V-I characteristic are no sure sign for practice-oriented pre-damages
of MOVs. The question remains to be answered which type of commercially applicable

procedure would make it possible to identify these.

In the investigations carried out so far, different ranges of current density were tested with
different types of impulses. It is still to be examined at which ratio of the current peak
values the single impulse energy handling capability of an AC energy injection is equivalent

to that of, for example, a DC energy injection.

In this context, the question of polarity effects of repetitive stresses has been analyzed
insufficiently so far, too. The investigations on repetitive stresses of alternating polarity
introduced here show differences regarding the pre-damage behavior. These investigations
should be expanded with regard to other current density ranges and types of stresses. The
results gained from this could be of help when figuring out whether a certain series of

polarities should be prescribed or precluded in standardization.
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Resulting from this, there is the question of the correlation between different stresses. So
far, it has not been analyzed systematically whether there are certain combinations of
energetic stresses that lead to a particularly low energy handling capability of MOVs. It is
conceivable that special pre-stresses cause for example mechanical pre-damages that have

a very big impact on the energy handling capability at certain stresses.

It could also be demonstrated that, in some circumstances, changes of the V-I characteristic
are reversible. It remains to be investigated whether this type of change of the V-
I characteristic is of practical relevance and whether a procedure for an accelerated reversal

could increase the operating safety of surge arresters.
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A Additional Information Concerning the
Test Facilities Used

In this chapter, additional information concerning the test facilities used is given that
exceeds the information necessary to understand the investigations described above. To
that end, the measuring equipment is introduced and a deeper insight into the test facilities

is given in the following sections.

A.1 AC Energy Injection Test Set-Up

Figure A.1 presents an overview of the test facility. Here, the primary and secondary circuit
breakers, the testing transformer as well as the control cabin'®® are depicted. The power
unit of the test set-up (including control and protection) was installed by HIGHVOLT.
For the most part, it consists of the single-phase Thoma type regulator, the technical

specifications of which are given in table A.1.

Table A.1: Technical specifications of the single-phase Thoma type regulator inside the
wiring used for the investigations.

label |
manufacturer: HTT (Hochspannungstechnik und Transformatorbau)
rated power: 450 kVA

rated frequency: | 50 Hz
rated voltage: 0kV to 10kV (continuously adjustable)
rated current: 45A

The equivalent circuit diagram can be taken from figure 4.2. The voltage drop across the

test specimen is measured with an ohmic voltage divider with a high voltage resistor of

153 Geen from the observer, the specimen fixture is arranged in front of the secondary circuit breaker.

161



A Additional Information Concerning the Test Facilities Used

secondary

_circuit breaker

Figure A.1l: Overall presentation of the AC energy injection test set-up [Rei08].

50 MQ and an intermediate voltage resistor of 3.3kQ'%4. Depending on the current peak
value of the energy injection, the current flowing through the specimen is measured by two
different current transducers. The technical specifications of these current transducers are
given in table A.2 respectively table A.3. In order to achieve a galvanic isolation between
test set-up and PC data acquisition card, the transformed voltage and the transformed

current are transferred by an optical transmission system!5® (

the technical specifications
of which are depicted in table A.}). The measurement data is recorded by a PC data
acquisition card with the technical specifications mentioned in table A.5 and evaluated and
documented by a LabVIEW program. With this program, beginning and end of the energy
injection are detected by evaluation of the current and voltage waveform and the energy

injection for this time span is calculated.

The inductive voltage drop across the test specimen is not compensated inside this test
set-up due to the current rise time of the AC energy injections being comparatively low.
One example of an unfiltered voltage and current waveform during the stressing of a metal
test specimen!®® with the geometric dimensions of MOVs that are typically used for the
high-voltage level is given in figure A.2. It can be observed that the voltage signal lies
within the same range for the entire test duration and particularly during the current flow.

This is why a compensation is not required.

154 The transmission ratio (including FOC transmission etc.) was set to 15779:1 with the help of a reference
measurement where the measurement system was calibrated to the voltage range used.

155 The zero point and the amplification of the transmission system are adjustable.

156 This refers to the test fixture introduced for the tests in chapter 5.2.3 at a temperature inside the test
chamber of about 210 °C because this test chamber is the worst case concerning ohmic and inductive
voltage drops.
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Table A.2: Technical specifications of the Hall effect current transducer used for AC
energy injections with current peak values of < 15 A in the AC energy injection test set-up.

label |
manufacturer: LEM (Liaisons Electroniques-Mécaniques)
type: PCM 10-P

current measurement range:
accuracy:

linearity (0 A to £20A):
max. temperature drift:
frequency range (—3 dB):

ambient temperature:

0A to £20A
+1%

+0.2%
+0.03mA/K
0kHz to 1kHz
—25°C to 55°C

Table A.3: Technical specifications of the Hall effect current transducer used for AC
energy injections with current peak values of > 15 A in the AC energy injection test set-up.

label |

manufacturer: LEM (Liaisons Electroniques-Mécaniques)
typ: LF 1005-S

current measurement range: | 0 A to £1500 A

accuracy: +0.4%

linearity: <0.1%

max. temperature drift: +0.5mA

frequency range (—1dB):

ambient temperature:

0kHz to 150kHz
—10°C to 85°C

Table A.4: Technical specifications of the optical transmission system used in the AC
energy injection test set-up.

label

manufacturer: Nicolet Instrument Technologies
type: ISOBE 3000

frequency range (—3dB): 0MHz to 15 MHz

input impedance: 1M, 30 pF

DC drift: < 2.5mV/K

accuracy of the DC amplification: | £3 % at 23°C (£5°C)
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Table A.5: Technical specifications of the PC data acquisition card used in the AC energy
injection test set-up, in the reference voltage test set-up and in the aging test set-up.

label |

manufacturer: NI (National Instruments)
type: PCI NI 6221
ADC resolution: 16 bit

max. sampling rate: 250kS/s

max. input voltage: +10V

max. output voltage: +10V

max. output current: +5mA

input impedance: > 10GS2, 100 pF
output impedance: +0.2Q

absolute accuracy (at Viax): | 3.1mV

4 200

A .
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, |
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Figure A.2: Oscillogram of voltage and current applied to a metal test specimen in the
AC energy injection test set-up.
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A.2 Long-Duration Current Impulse Generator

A.2 Long-Duration Current Impulse Generator

In figure A.3, the long-duration current impulse generator is depicted at a very early stage
of the setting up with ten stages. During the investigations of [Rei08], the generator was
designed and set up with 20 stages and was extended to 34 stages for the investigations
introduced in this thesis. The charging unit used here is also put to use for the double-
exponential discharge current generator and is revised during the course of the investigations.
The equivalent circuit diagram of the generator can be seen from figure 4.4. Each stage
consists of a capacitor with a capacity of 10 pF with a nominal voltage of at least 40kV and
an inductance the technical specifications of which can be found in table A.6. By combining
the individual coil sections inside the different stages of the long-duration current impulse

generator, long-duration current impulses of different virtual durations can be generated.

Figure A.3: The long-duration current impulse generator during the setting up with ten
stages.

Table A.6: Technical specifications of the individual sections of one inductance of a
stage inside the long-duration current impulse generator in figure A.3 (the sections of the
inductance are numbered bottom-up).

Coil section ‘ L R
1 and 2 300pH | 125 mS2
3 1430 uH | 349 mS)
4 250 pH | 107m$
5 500 uH | 186 mS2
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Depending on the expected current peak value, the current flowing through the specimen
is measured with one of the current transducers depicted in table A.7. The universal
voltage divider with the technical specifications given in table A.8 is used to determine the
voltage drop across the specimen. The measurement data is gathered by an oscilloscope
the technical specifications of which can be seen from table A.9. The data recorded
by the oscilloscope is read by a PC and evaluated and documented on by a LabVIEW
program on this PC. In order to protect the equipment, especially concerning the quick
double-exponential discharge currents of the 90/200 ps type that are also produced by this

generator, a galvanic isolation is applied between oscilloscope and PC.

The long-duration current impulse generator is also used to generate the double impulses
(see chapter 5.3) that consist of two long-duration current impulses. To this end, the
long-duration current impulse generator is split into two generators that can be triggered
independently. The equivalent circuit diagram of this set-up'®” can be seen from figure A.4.
In order to prevent a self-triggering of the second half of the generator due to voltage
fluctuation caused by the first energy injection (an example of such an energy injection is
given in figure 5.22), only the first energy injection is triggered by a spark gap; the second,

on the other hand, by means of a semiconductor switch!'®8.

In this test set-up, too, the inductive voltage drop across the specimen is not compensated.

In figure A.5, the unfiltered voltage and current characteristic during the stressing of the

159 with the geometric dimensions of an MOV of “size 17 (as is used for the

metal specimen
high-voltage level) is depicted. This long-duration current impulse with a virtual duration
of about 1.9 ms was produced with the long-duration current impulse generator that had
been extended to 34 stages. It can be seen that the voltage is not influenced by the current

characteristic. This is the reason why a compensation of the voltage is not required!6V.

157 At the time at which the investigations regarding the double impulse energy handling capability were
carried out, the generator consisted of two times ten stages. At the time of completion of this thesis, it
consists of two times 17 stages.

158 Such a semiconductor switch is not commercially available and was designed and built by Thomas
Wietoska, Dr.-Ing. (employee at the High Voltage Laboratories of the TU Darmstadt) for this application.

159 The test fixture used here is the one introduced for the tests in chapter 5.2.3 with a temperature of
about 130 °C inside the test chamber as this is the worst case regarding the ohmic and inductive voltage
drop.

160 The zero shift of current and voltage at the end of the energy injection are of no relevance for the
calculation of the energy injection.
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A.2 Long-Duration Current Impulse Generator

Table A.7: Technical specifications of the three Rogowski coils used inside the long-
duration current impulse generator depending on the expected current level.

label

manufacturer:

upper cutoff frequency:

accuracy:
type: CWT30
max. current peak value: 6kA

sensitivity:

lower cutoff frequency: 0.9Hz

Power Electronic Measurments

16 MHz
+1%
CWT150 | CWT600
30kA 120 kA

1mV/A | 0.2mV/A | 0.05mV/A

0.3Hz 0.1Hz

Table A.8: Technical specifications of the voltage divider used inside the long-duration

current impulse generator for the investigations.

label

manufacturer: HILO-TEST
type: HVT 40 RCR
max. AC voltage: 30kV

max. impulse voltage: | 100 kV
transmission ratio: 2500:1
accuracy: +1%

HYV resistor 150 MS2

HV capacitor: 50 pF
bandwidth: 20 MHz

Table A.9: Technical specifications of the oscilloscope used inside the long-duration current
impulse generator and inside the double-exponential discharge current generator.

label

manufacturer: Tektronix

type: TDS3034
bandwidth: 300 MHz

max. sampling rate per channel: | 2.5 GS/s

max. record length: 10000 points
vertical resolution: 9 bit

vertical accuracy: +2%

max. input voltage: 150 Vris

input impedance: 1M, 13 pF or 500
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1% stage 10 stage spark gap
Lr Lr.10 voltage
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Figure A.4: Equivalent circuit diagram of the long-duration current impulse generator
for the generating of double impulses. Vires is the voltage that is transmitted to the
oscilloscope.

7 7
6 6
/_AMN N 5

Vin kV
w
\
/
w

Iin kA

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0

t in ms

—voltage —current

Figure A.5: Oscillogram of voltage and current along a metal test specimen stressed by
the long-duration current impulse generator.
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A.3 Double-Exponential Discharge Current Generator

The double-exponential discharge current generator, the equivalent circuit diagram of
which can be seen in figure 4.7, was installed by the HIGHVOLT company including
control and charging unit (in the original condition). The impulse generator (as shown
in figure A.6) consists of up to eight parallel sections, with a 2-pF-capacitor as well as
an inductance-resistor combination!6! each (the parameters of which can be seen from
table A.10).

Figure A.6: The double-exponential discharge current generator when configured in order
to test the residual voltage with a lightning current impulse of the 8/20 s type.

Table A.10: Parameters of the inductance-resistor combination used inside the double-
exponential discharge current generator for the different types of impulses.

label | waveform | amount | L | R

steep current impulse 1/<20ps 5 0.3pH | 10Q
high-current impulse 4/10ps 8 1.44pH | =09
lightning current impulse 8/20 ps 5 32uH | 1.3Q
switching current impulse | 30/60 s 2 380pH | 2.1Q

Depending on the expected current peak value, the current flowing through the specimen

is measured by means of the current transducer shown in table A.11 or the one shown in

161 The inductance-resistor combinations from [Rei08] were not used for the high-current energy injections.
Instead, new ones were designed and manufactured that allow for a quicker modification of the generator.
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table A.12; the voltage is measured with the help of the voltage divider 152 from table A.13.
The measurement data is recorded by the oscilloscope already mentioned (see table A.9),
transmitted to a PC via radio connection (in order to protect the equipment) and evaluated
and documented by a LabVIEW program. The voltage peak value is located by determining
the maximum that is averaged over 4 % of the record length, while the current peak value

is only averaged over 2% (due to the higher gradient).

In this test set-up, the inductive voltage drop across the MOV must be compensated. The
procedure of compensation with an inductance inside the measurement path through which
the magnetic field of the main current path flows is documented in detail in [Rei08]. As
shown in the equivalent circuit diagram in figure A.7, the voltage that is induced by the
magnetic field of the main current path, Vinp, is mostly compensated by the voltage inside
the compensation coil (with negative polarity,) Vocomp, that is induced by the magnetic
field of the main current path, too. The compensation of the inductive voltage drop
thus gained is independent of the amperage of the main current path. Figure A.8 shows
the unfiltered oscillogram of a voltage and current waveform when stressing a metal test
specimen'%3 with a high-current impulse of the 4/10 1s type and a current peak value of
about 100kA in the compensated test set-up in comparison to the voltage waveform of an
equivalently stressed MOV. It can be observed that, concerning the compensated voltage

signal, there is only a very small inductive share left.

According to [IEC60099-4], no further compensation of the voltage is necessary if the
inductive share of the voltage when stressing a metal test specimen is < 2% of the voltage
peak value of the object that is to be tested. This limiting value has also been applied here
as the measuring error thus generated is smaller than the measuring uncertainty of the
overall system. Regarding the stressing of the specimens with high-current impulses of the
4/10 ps type and at current peak values in the range of 100 kA used in chapter 5, a further

compensation is unnecessary because the voltage peak value is clearly above 15kV.

162 Tn order to monitor the deviations of the measurement system, a measurement of the residual voltage is
carried out for a “calibration MOV” before each measurement series. Additionally, this measurement is
carried out each year for another MOV.

163 With the same geometric dimension as that of an MOV used for the high-voltage level.
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Table A.11: Technical specifications of the current transducer for measurements with cur-
rent peak values < 120kA used inside the double-exponential discharge current generator.

label |

manufacturer: | Stangenes Industries
type: 3.5-0.005

sensitivity: 0.005V/A

accuracy: +0.02%

Table A.12: Technical specifications of the Rogowski coil for measurements with current
peak values > 120 kA used inside the double-exponential discharge current generator.

label |

manufacturer: PEM (Power Electronic Measurments)
type: CWT1500

max. current peak value: | 300 kA

sensitivity: 0.02mV/A

lower cutoff frequency: 0.03 Hz
upper cutoff frequency: 16 MHz
accuracy: +1%

Table A.13: Technical specifications of the voltage divider used inside the double-
exponential discharge current generator.

label

manufacturer: HIGHVOLT

type: MCR 0.5/200-100/4C
nominal lightning impulse voltage: | 200 kV

scale factor: 226

measuring uncertainty voltage: 3%

measuring uncertainty time: 10 %
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Figure A.7: Equivalent circuit diagram for the compensation inside the double-exponential
discharge current generator (according to [Rei08]). The voltage Vinp induced by the
magnetic field of the main current path is compensated for the voltage of the compensation
coil (with negative polarity) Voomp-
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Figure A.8: Oscillogram of voltage and current of a high-current impulse of the 4/10 ps
type through a metal test specimen in comparison to a voltage waveform of an equivalently
stressed MOV. The high-current impulses are produced by the double-exponential discharge
current generator.

172



A.4 Reference Voltage Test Set-Up

A.4 Reference Voltage Test Set-Up

The reference voltage test set-up as shown in figure A.9 was developed largely!6

during
the investigations of [Rei08]. As can be taken from the equivalent circuit diagram in
figure 4.11, the voltage waveform is generated by a PC data acquisition card (the technical
specifications of which are given in table A.5). This voltage waveform is amplified by
a linear amplifier with a maximum output power of about 300 VA and stepped up by a
high-voltage transformer. The current flowing through the specimen is measured with the
help of a shunt with 495 and the voltage drop across the specimen by means of an ohmic
voltage divider!%® with a high voltage resistor with 50 M) and an intermediate voltage
resistor with 25 k(). The measurement data is gathered by a PC data acquisition card (the
technical specifications of which are given in table A.5) and evaluated and documented by
a LabVIEW program. As can be seen from the previous sections, a compensation of the

inductive voltage drop is not necessary and thus is not carried out.

Figure A.9: The reference voltage test set-up used for the testing of the characteristic
voltage.

164 Contrary to the investigations in [Rei08], a pneumatic test fixture is used here for the clamping of the
test specimen.

165 The transmission ratio of the ohmic voltage divider has been set to 1990:1 with the help of a comparative
measurement with a measuring system that was calibrated within this voltage range.
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A.5 Aging Test Set-Up

The aging test set-up has been developed and installed in the course of the investigations
introduced here. The equivalent circuit diagram resembles that of the reference voltage test
set-up, except that, in the aging test set-up, up to 15 specimens can be tested simultaneously.
A total view of the set-up is given in figure A.10. For the tests, three temperature chambers
of the “FED 115” type are provided by the “BINDER” company and controlled by a
LabVIEW program. For the temperature measurement, an optical measurement system
is used. The technical specifications of the evaluation unit of this system are given in
tableA.14 and those of the temperature sensors used in table A.15. The output signal
generated by the evaluation unit is recorded by a PC data acquisition card, the technical

specifications of which can be found in table A.5.

Figure A.10: Total view of the aging test set-up.

For the voltage stress, the voltage waveform is generated by the PC data acquisition card
mentioned above, amplified by a power amplifier (by the company “the t.amp”, type “D3400”
with a maximum output power of 2 kW) and stepped up by a high-voltage transformer. The

current flowing through each individual specimen is measured with the help of one shunt
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Table A.14: Technical specifications of the temperature measurement system used inside
the aging test set-up.

label

manufacturer: FISO Technologies

type: TMI 4

accuracy: 0.025% of the maximum value
resolution: 0.01 % of the maximum value
sampling rate: 20Hz

switching time between two channels: | 150 ms

output voltage: +5V

Table A.15: Technical specifications of the temperature sensor used inside the aging test
set-up.

label

manufacturer: FISO Technologies
type: FOT-L-SD
measurement range: | —40°C to 300°C
accuracy: 0.1°C

resolution: 0.1°C

response time: <1.5s

each with about 1k{2. These shunts were installed outside of the temperature chambers.
The voltage drop across all specimens is measured by means of a central voltage divider!%
with a high voltage resistor with 150 M) and an intermediate voltage resistor with 9.93 k(.
The measurement data is gathered by the PC data acquisition card mentioned above
and evaluated and documented by a LabVIEW program. High voltage generation, safety
circuit, PC and temperature measurement system are supplied via an uninterrupted power
supply (UPS), which ensures further operation during interruptions of the supply voltage
of < 1h.

As described in the previous sections, a compensation of the inductive voltage drop across

the specimens is unnecessary and thus is not carried out.

166 The transmission ratio of the voltage divider has been set to 15000:1 with the help of a comparative
measurement with a measuring system that was calibrated within this voltage range.
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B Statistical Basis

In this chapter'%7, an overview of the mathematical principles that are necessary for the
evaluation of the investigations described in chapter 5 is given. It is assumed that the
reader is familiar with the basic concepts of statistics. For this reason, the distribution
functions used for similar issues are only briefly described. After this, this chapter goes into
detail about the estimation procedures necessary for the calculation of the mean failure
energies carried out later on. In the end of this chapter, a description of the determination
of the confidence interval with the help of the classical estimation method as well as with

the maximum likelihood method is given.

B.1 Density and Distribution Functions

(see [Hau84] and [Har95])

With the help of density functions, continuous random processes can be described. Density
functions can be adjusted to specific problems by choosing density-specific parameters (for
example in the case of the normal distribution p and o). The different progressions can be

reproduced with different density functions.

B.1.1 Normal Distribution

The most commonly used distribution is, according to [Har95], the normal distribution. As

a function of the expected value p and the standard deviation o, the density function is:

1
_a-\/27[.

167 This chapter has been taken to a great extent from the diploma thesis of the author.

N0 i) (B.1)
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The distribution function is:

F(@) = - 1%./;(3—%(?‘)2& (B.2)

The normal distribution is symmetrical to its expected value and is often used in mathe-
matics as it offers the possibility to assume a normal distribution of the sum of a finite
number of independent and normally distributed random variables by applying the central

limit theorem.

Moreover, the normal distribution is very highly developed in mathematics and there is a

high number of robust estimators!6®.

B.1.2 Log-Normal Distribution

If the logarithm of a random variable is normally distributed, this random variable is
labelled “log-normally distributed”. A log-normal distribution is a continuous right-skewed
distribution. The density of the distribution is:

1 _(ln(t)—2u)2 f2 0
. 20

At) = { Varor ' © > (B.3)

0 t<0

The distribution function is:
1 T 1 (n@)-—w?

Fi(x) = / —-e 202 dt B4
=T b 7 (B4)

B.1.3 Double Exponential Distribution

The double exponential distribution is a symmetric continuous function and has the shape
of two exponential distributions put together. It is often called Laplace distribution (named

after Pierre-Simon Leplace). Its density function is defined by:

I |

fa(t) = 25 (B.5)

with t, u € R, 0 € RT

168 Robust estimators are estimators that are insensitive to deviations from the distribution.

178



B.1 Density and Distribution Functions

The distribution function is:

1 ez
=e o X <
Fa(z) = { 2° 7 o F (B.6)

B.1.4 Weibull distribution
The Weibull distribution is widely used for the description of durability and quality
distributions. The two-parameter density function is defined by:

fur(t) = ap 1771 7ot (B.7)

with a >0, >0 and ¢t > 0.

Correspondingly, the two-parameter distribution function is constituted by:
Fua(t) =1 — e’ (B.8)

with « > 0, 8 >0 and ¢t > 0.

It can be seen that, if & and S are known, the distribution function of the two-parameter

Weibull distribution can be calculated easier than for example for the normal distribution.

A special case of the Weibull distribution is the exponential distribution. It results from

equation B.7 and equation B.8 for 5 = 1.

Along with the two-parameter Weibull distribution, the three-parameter Weibull distri-
bution is used. The distinction between the two is that the distribution function of the
latter has a defined starting point ¢y that describes a value below which the criterion (for

example a flashover) cannot occur.

The three-parameter density function is:

af - (t—tg)P~1.e—alt=t)" 45 ¢
Fus(t) = { B ( 0) 0
0 t < to

with a« > 0, 8 >0 and ¢t > 0.
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The distribution function is defined by:

1 —e—o(t=t0)" ¢ ¢

(B.10)
0 t<to

Fys(t) = {

with a >0, 8 > 0 and t > 0.

B.2 Maximum Likelihood Estimator

(see [Fin02] and [Car90])

The maximum likelihood estimator is used to estimate the unknown parameters of a
distribution (for the normal distribution p and o) based on a sample for a known (or
assumed) distribution. According to [Car90], the relevance of this method increases with
the spreading of personal computers as this method is, to some extent, very CPU-intensive.

In this chapter, basic ideas and equations are introduced.

The basic idea of the maximum likelihood method is to generate a function from the
measurement data gathered based on which the likeliest pair of values of expected value
and standard deviation of the distribution can be determined. Thus, #; and 6 of the
maximum of the maximum likelihood function are most likely the expected value and the

standard deviation of the basic distribution of the investigated sample.

The described maximum likelihood function for a density function fy(z) (for example one

from chapter B.1) for a measurement series 1, ...,z is:

L(91,92,$1, ...,l‘n) = fg(fbl) et f@(l‘n) (Bll)

The maximum of this function is achieved by zeroing of the first derivative of the maximum
likelihood function with respect to one of the parameters wanted (the second derivative

must be positive for the same position).

According to [Wil62], it is not only possible to calculate the likeliest pair of values 6, and
05 (the pair belonging to the distribution function due to the measurement values) with
the help of the maximum likelihood function, but also to indicate confidence regions. In
figure B.1, a maximum likelihood function scaled to its maximum is plotted above the
expected value as well as the standard deviation. It holds true for all L/Lyax > K(r;C)

that the related distributions are inside the confidence region C'. In descriptive terms it
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means that if the graph is intersected at the height K (r;C'), with a certainty C' the pair of

values 01 and 6, of the wanted distribution lies inside the intersected surface.

L/L max

confidence region

th

Figure B.1: Example of a maximum likelihood function scaled to Lyaxabove 61 and 65
(see [Car90])

K can be calculated with the help of the y? distribution. The most important values for
the degree of freedom r (number of unknown parameters) and the confidence region C' can

be seen from table B.1.

If, for example, one wants to find the combinations of 6; and 62 that belong to the
distribution searched for with a certainty of 95 %, the maximum likelihood function is
intersected at the height of K(2;0.95) = 0.05. The parameters wanted are all inside the 6;

and 6y that lie inside the intersected surface.

By means of the collected points 61 and 65, confidence limits can be drawn onto a normal
probability plot. It is shown in figure B.2 how the confidence region of a distribution function
can be drawn into a graph with the extremes taken from figure B.3. The distribution

function M is the point estimation with él and ég. The dashed lines indicate the lower as
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Table B.1: Constant K for point estimations [Car90]

degree of freedom || K values for confidence regions
r C=090|C=09|C=099
1 0.258 0.147 0.0363
2 0.100 0.050 0.0100
3 0.044 0.020 0.0034

well as the upper limit of the confidence region of the distribution. The distributions A-D
are the distribution functions that result from the extremes A-D (figure B.3).

For the statistical evaluations of the investigations introduced in chapter 5.1, two different
approaches must be distinguished due to the execution of the measurements. One is the
“Progressive Stress Method” (PSM), the other one is the “Multiple Level Method” (MLM).
With the help of the PSM, investigations are evaluated where each specimen is tested up
to the occurrence of the event (mechanical failure of the specimen). The MLM is used for
the evaluation of those investigations where groups of specimens are exposed to the same

stress and where it is observed how high the failure rate of the groups is.

For the investigations carried out in chapter 5.1, the difference between the different
distribution functions is very low. This is, above all, due to the low number of investigated
units. In his investigations of the energy handling capability of MOVs, [Rin97] has also
noticed that the difference between the different distributions (he used the normal, the
Gumbel and the Weibull distribution) is only very low and thus, for reasons of simplification,
settled for the normal distribution. In this thesis, a comparable amount of test specimens is
used and the normal distribution is chosen to evaluate the single impulse energy handling
capability, too. For this reason, the maximum likelihood estimator for a normal distribution

is introduced in the following.

B.3 Multiple Level Method

Concerning the MLM, the failure probability is to be described by a binomial distribution
according to [Car90]. The maximum likelihood function for n groups of specimens where
one class j was exposed to a stress E; and contained m; specimens, k; of which failed and

thus w; = m; — k; withstood the stress Ej, is:

Lyipwm (61, 62) = ﬁ (TZ]> (FN(Ej))kj (1= Fn(Ej))™ (B.12)
j=1 \"J
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Figure B.2: Confidence region of a distribution function. The distributions A—D describe
the distributions towards the extremes in figure B.3. The distribution function M is the
likeliest distribution with the expected value 6; and the standard deviation 6y (see [Car90]).

6

o

th

—

Z

1

Figure B.3: Example of a confidence region with the extremes A-D. #; and 65 describe
the likeliest combination of expected value and standard deviation (see [Car90]).

183



B Statistical Basis

The prefactor of the binomial distribution (",ZJ) can be crossed out here because it drops
out due to the later performed normalization to the maximum value of the maximum

likelihood function. Thus, the maximum likelihood function becomes:

Lniean(61,02) = [T (Fw(E)Y - (1 — Fo(B;)™ (B.13)
j=1

The test series in chapter 5.1, in which the complex failure criterion is applied, are evaluated
with the help of the MLLM 6.1 software developed by the company HIGHVOLT. One example

of such an evaluation is given in figure B.4. In the chosen measurement series, five groups

Approximation by the normal distribution

Maximume-Likelihood-Estimation:
Point estimate Confidence estimate (eps=95%)
Lower limit Upper limit
Mean value: 1031,975 981,849 1073,433
Standard deviation: 88,993 54,456 190,072
1% | Quantil 824,946 573,436 918,955
Likelihood-ratio: 0,480639
77
99,8 // /
99 7
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Figure B.4: Example of an evaluation of a measurement series of chapter 5.1 with the
MLM 6.1 software developed by the company HIGHVOLT.
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B.4 Progressive Stress Method

of specimens, each consisting of five respectively ten MOVs, were each stressed with a
different energy level. The failure rate inside each group as well as its energy level (referred
to the varistor volume) is depicted in the diagram by means of “energy levels”. From this
data, the likeliest distribution function as well as the confidence intervals, which can also
be seen in the diagram, are determined with the help of the point estimation. The point

estimation is always used for any further evaluations in chapter 5.

B.4 Progressive Stress Method

The maximum likelihood function for the PSM for n tested specimens each withstanding
an energy injection E; and m < n of which withstanding an energy injection higher than

E; (they do not fail during the tests) is:
m

Lpsm(01,02) = H IN(E;) - T = fix(ED) (B.14)

=1

Concerning this thesis, as all measurement series that are evaluated with the PSM fail

during the energy injection, the equation can be simplified as follows:

Lpsm(61,02) = H In(E)) (B.15)

The maximum of this function for the expected value reveals the arithmetic mean of

L1y ooy Tyt

. 1 &
01(x1,...,xpn) = ﬁan (B.16)
i=1

The equation for the standard deviation is:

A

92(:111, ...,xn) =

Z(mi —0,)? (B.17)

Here, the only advantage of choosing the maximum likelihood estimator over a classical
estimation is that it is possible to indicate confidence regions with the help of the maximum

likelihood function.

The measurement series of chapter 5.1 that were carried out up to the mechanical failure

of the specimen during the energy injection are evaluated with the PSM 6.1 software
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B Statistical Basis

developed by the company HIGHVOLT. One example of such an evaluation is given in

figure B.5 . Each measurement point describes the failure energy of a stressed specimen

Approximation by the normal distribution

Maximume-Likelihood-Estimation
Point estimate: Confidence estimate (eps=95%)
Lower limit Upper limit
Mean value: 724,295 711,273 737,318
Standard deviation: 43,633 35,965 54,471
1%| Quantil: 622,789 593,758 644,047
Kolmogorov test: Test quantity: 0,0885  Critical value: 0,2024 => admissible
99,8 /’
99,5 4
/‘
99
=) E—— i
0 A
90 /
80
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c 70
> 60
% 50
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< 30
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2 = / / . = Empirical distribution -]
1 // /, == Distribution function |
05 1/ / === Confidence region distribution _|
02 / /, === Confidence region Quantiles |
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energy density in J/cm?

Figure B.5: Example of an evaluation of a measurement series of chapter 5.1 with the
PSM 6.1 software developed by the company HIGHVOLT.

referred to the MOV volume. These measurement points are entered into the normal
probability plot sorted by size. The expected value (arithmetic mean of the measurement
points) as well as the standard deviation used for further evaluations is determined from

the failure energy densities.
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