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Abstract
The protection of power transmission systems against voltage surges relies on station class surge
arresters. The core of an arrester consists of a stack of metal oxide resistors. The highly nonlin-
ear U-I-characteristic of these resistors allows the arrester to clip voltage surges by conducting
current to ground and thereby absorbing large amounts of energy. The most important arrester
design objectives are, first, to ensure a balanced distribution of the field and temperature stress
along the arrester column, and, second, to guarantee the thermal stability of the arrester after,
e.g., a lightning strike. Standard laboratory test procedures for evaluating thermal stability are
limited to worst case surrogate models of the full-scale arrester. Hence, numerical finite element
simulation is increasingly valuable for analyzing full-scale surge arresters as an alternative to
conventional design based on laboratory or field testing approaches.

The analysis of arresters, as presented in this thesis, requires transient and coupled finite el-
ement simulation of the mutually-dependent electric and thermal fields employing an accurate
electrothermal model. This includes detailed knowledge of both, the field- and temperature-
dependent metal oxide material characteristics, and the relevant thermal parameters determin-
ing the convective and radiative heat transfer properties of the system. The main difficulty for
solving this coupled problem, however, lies in the strong nonlinearity of the metal oxide resistor
material. This nonlinearity leads to extremely short electrical time scales, whereas the thermal
transients are several orders of magnitude longer. Therefore, this thesis adopts a dedicated
multirate time integration technique in order to solve the coupled problem efficiently.

The proposed numerical approach is applied to the study of graded and ungraded station
class arresters in continuous operation as well as under voltages surges. The simulation re-
sults are compared to laboratory measurements. An electrothermal simulation-based procedure
for the optimization of the arrester’s field grading systems is introduced employing the devel-
oped numerical approach. Here, a modeling and optimization approach to avoid the extremely
cumbersome solution of the 3-dimensional and transient nonlinear electric field problem is pro-
posed. The optimization procedure uses an equivalent 2-dimensional-axisymmetric arrester
model that can reproduce the electric field stress in the resistor column with high accuracy.
This is realized by introducing a virtual electrode geometry whose shape and position are deter-
mined by a multi-parametric optimization procedure. Subsequently, the grading system of the 3-
dimensional station class arrester is optimized efficiently based on transient, electro-quasistatic
simulations of the axisymmetric equivalent model. The detailed electrothermal analysis shows
that an immense improvement of the field and thermal stress distribution in the resistor column
can be obtained.

The most serious limitation in the performance of surge arresters is posed by thermal stability.
Overvoltages inject electrical energy that heats up the metal oxide resistors. As a result, the
point of operation in the U-I-characteristic is shifted towards a higher electrical conductivity,
thus, causing a further increase of the power loss. If not sufficiently compensated by an increase
of the heat transfer, this process leads to a thermal runaway which is a catastrophic failure of the
arrester. To assess thermal stability, the cooling rate is introduced as a key performance indicator.
Finite element simulations provide detailed insights in this complex electro-thermally coupled
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problem. A station class arrester and its commonly used laboratory surrogate are simulated
when subjected to the standard overvoltage stress test procedure. Moreover, various thermally
stable and unstable scenarios are analyzed to derive a precise and computationally efficient
stability criterion. This criterion allows for the identification of the relevant arrester parameters
that influence the thermal stability limit. In the thesis, the effect of the electric characteristics
of the resistors on the thermal stability of the arrester as well as selected thermal parameters
are investigated. Finally, in order to optimize future arrester designs, a prediction function is
introduced to estimate the thermal stability limit based on an affordable set of finite element
simulations. Throughout this thesis, the focus lies on the practical applicability of the developed
methods to address typical surge arrester design problems.



Kurzfassung
Der Überspannungsschutz von Energieübertragungssystemen basiert auf Überspannungsableit-
ern der Stationsklasse. Im Kern besteht ein Ableiter aus einem Stapel von Metalloxid-
Widerständen. Die hochgradig nichtlineare U-I-Charakteristik dieser Widerstände ermöglicht
es dem Ableiter, Spannungsspitzen durch Absorption großer Energiemengen zu begrenzen.
Die wichtigsten Konstruktionsziele für Ableiter sind, einerseits, die Sicherstellung einer aus-
gewogenen Verteilung der Feld- und Temperaturbelastung entlang der Ableitersäule, sowie,
andererseits, die thermische Stabilität des Ableiters nach bspw. einem Blitzeinschlag. Stan-
dardlaborprüfverfahren zur Gewährleistung der thermischen Stabilität beschränken sich auf
Worst-Case-Ersatzmodelle des Gesamtableiters. Daher wird die numerische Finite-Elemente-
Simulation zunehmend als wertvolles Werkzeug zur Analyse des gesamten Ableiters als Alterna-
tive zu konventionellem Design auf der Grundlage von Labor- oder Feldversuchen angesehen.

Die Analyse von Ableitern, wie sie in dieser Arbeit vorgestellt wird, erfordert eine transiente
und gekoppelte Finite-Elemente-Simulation der voneinander abhängigen elektrischen und ther-
mischen Felder auf der Grundlage eines genauen elektrothermischen Modells. Dazu gehören
detaillierte Kenntnisse der feld- und temperaturabhängigen Materialeigenschaften des Metal-
loxids, sowie der relevanten thermischen Parameter des Systems. Die wesentlichen Wärme-
übertragungsmechanismen sind hierbei natürliche Konvektion und Wärmestrahlung. Die größte
Schwierigkeit bei der Lösung dieses gekoppelten Problems liegt jedoch in der starken Nicht-
linearität des Materials der Metalloxid-Widerstände. Diese Nichtlinearität führt zu extrem
kurzen elektrischen Zeitskalen, während die thermischen Transienten mehrere Größenordnun-
gen länger sind. Daher nutzt diese Arbeit eine spezielle Multiraten-Zeitintegrationstechnik zur
effizienten Lösung des gekoppelten Problems.

Der vorgeschlagene numerische Ansatz wird auf gesteuerte und ungesteuerte Ableitern der
Stationsklasse im Dauerbetrieb, sowie unter Überspannungen, angewendet und die Simulation-
sergebnisse werden mit Labormessungen verglichen. Auf der Grundlage dieses numerischen
Ansatzes wird ein simulationsbasiertes Verfahren zur elektrothermischen Optimierung der
Feldsteuerungssysteme von Ableitern vorgestellt. Hierbei wird ein Modellierungs- und Opti-
mierungsansatz zur Vermeidung der extrem aufwendigen Lösung des dreidimensionalen und
transienten, nichtlinearen elektrischen Feldproblems vorgeschlagen. Das Optimierungsver-
fahren basiert auf einem äquivalenten zweidimensional-achsensymmetrischen Ableitermodell,
das die elektrische Feldbelastung in der Widerstandssäule mit hoher Genauigkeit reproduzieren
kann. Dies wird durch die Einführung einer virtuellen Elektrodengeometrie realisiert, deren
Form und Position durch ein multiparametrisches Optimierungsverfahren bestimmt wird. An-
schließend wird das dreidimensionale Steuerungssystem des Ableiters basierend auf transien-
ten, elektroquasistatischen Simulationen des achsensymmetrischen Äquivalents effizient opti-
miert. Die detaillierte elektrothermische Analyse zeigt, dass eine deutliche Verbesserung der
Feld- und Temperaturverteilung in der Widerstandssäule erreicht werden kann.

Die größte Einschränkung im Betrieb von Überspannungsableitern ist die thermische Stabil-
ität. Überspannungen injizieren elektrische Energie, die die Metalloxid-Widerstände erwärmt.
Dadurch wird der Arbeitspunkt in der U-I-Kennlinie in Richtung einer höheren elektrischen
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Leitfähigkeit verschoben, was zu einer weiteren Erhöhung der Verlustleistung führt. Wenn
dieser Prozess durch Wärmeübertragungsprozesse nicht ausreichend kompensiert wird, führt
dies zu einem thermischen Davonlaufen, was einen Totalausfall des Ableiters zur Folge hat. Um
die thermische Stabilität zu beurteilen, wird die Abkühlrate als wichtiger Leistungsindikator
einge-führt. Finite-Elemente-Simulationen liefern einen detaillierten Einblick in dieses kom-
plexe, elektrothermisch gekoppelte Problem. So werden ein Stationsklasseableiter und sein
üblicherweise verwendetes Laborersatzmodell unter dem Überspannungs-Stresstestverfahren
gemäß Standard simuliert.

Weiterhin wird nachgewiesen, dass ein gängiges Laborersatzmodell in Bezug auf sein Küh-
lverhalten nach Überspannungsbeanspruchungen eine Worst-Case-Darstellung des jeweiligen
Gesamtableiters ist. Darüber hinaus werden verschiedene thermisch stabile und instabile
Szenarien analysiert, um ein präzises und rechnerisch effizientes Stabilitätskriterium abzuleiten.
Dieses Kriterium ermöglicht relevante Ableiterparameter, die die thermische Stabilitätsgrenze
beeinflussen, zu identifizieren. In der Arbeit wird der Einfluss der elektrischen Eigenschaften
des Metalloxids, sowie ausgewählte thermische Parameter, untersucht. Um zukünftige Ableiter-
designs zu optimieren, wird schließlich eine Vorhersagefunktion eingeführt, um die thermische
Stabilitätsgrenze anhand weniger und rechnerisch günstiger Simulationen zu schätzen.

Der Schwerpunkt dieser Arbeit liegt auf der praktischen Anwendbarkeit der entwickelten Me-
thoden zur Lösung typischer Probleme beim Design von Überspannungsableitern.
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1 Introduction
Electric power transmission systems evolved since the end of the 19th century. Most of the
system network is built as three-phase systems. The grids have been continuously optimized
from an economic point of view, and a structure has developed which can be roughly divided
into extra-high voltage and high voltage grids (for transmission) (in Germany: 380 kV, 220 kV,
110 kV), medium voltage grids (for distribution) (in Germany: 10 kV, 20 kV, 30 kV) and low volt-
age grids (<400 V). At the extra-high voltage level, all European grids grew together to form the
synchronous grid of Continental Europe, which is one of the largest interconnected power grids
in the world. In any electrical network, transient overvoltages occur as soon as the stationary
state changes. These overvoltages can be classified as follows. First, switching overvoltages arise
from the electric and magnetic field energy stored in capacitances and inductances of the power
grid whenever the stationary operation is changed. These changes can be, on the one hand,
intended switching operations for grid configuration and for load flow control or, on the other
hand, unintended faults, such as short-circuits or ground faults. Second, atmospheric overvolt-
ages occur due to direct lightning strikes in overhead line conductors, lightning strikes in towers
and shield wires, and lightning strikes close to power lines (i.e. induced overvoltages). These
overvoltages are many times higher than the continuous operating voltage. Thus, the power
system equipment cannot withstand these events. This is because a suitable insulation of the
components cannot be achieved at all or is economically not feasible. Electrical power transmis-
sion systems of all voltage levels, therefore, cannot be operated without overvoltage protection
by surge arresters [HN12; Hil99; OO11; Hin11].

Today’s surge arresters are metal oxide arresters without spark gaps. Arresters of the highest
German system levels 220 kV and 380 kV have overall lengths of 2 − 3.5 m, in the (interna-
tionally also common) 800 kV level of even approx. 5− 7 m, and in the developing ultra-high
voltage levels (China, 1100 kV, India, 1200 kV) well above 10 m. Arresters of these dimen-
sions are affected by stray capacitances causing nonuniform electric field stress in the internal
arrester elements. To mitigate this unwanted phenomenon, a field grading system is often in-
stalled [Cig13; HGT15]. For the extra- and ultra-high voltage systems, these systems become
extremely large and increasingly represent a space problem in substations. Moreover, an opti-
mal grading system for an ultra-high voltage station class arrester would have to be mounted
so lowly that an external flashover from the grading ring to the ground occurs in the case of
switching overvoltages. This poses the problem that, on the one hand, the grading system
systems should be reduced as much as possible. On the other hand, this implies that the ar-
resters are no longer optimally graded, and, thus, may suffer from increased field stress and
temperatures [HGT15; Gie18; Cig13; Hin+08; Göh+10].
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Moreover, after an energy injection resulting from an overvoltage, thermal instability, a so-
called thermal runaway can occur, causing a catastrophic arrester failure. Hence, standard IEC
60099-4 [IEC14] defines the operating duty test in order to guarantee safe and reliable opera-
tion of arresters over the lifetime. However, laboratory tests on full-scale station class arresters
are impossible [Hin11; HGT15]. Tests are, thus, restricted to laboratory surrogates, which
are conservative reduced-scale models and thermally represent a worst case scenario [Hin11].
These are important reasons why the high-voltage engineering community is increasingly turn-
ing its attention towards numerical simulations as an alternative to conventional design and
testing.

Among all power transmission system equipment, surge arresters pose one of the greatest
challenges for numerical field simulation due to following aspects: First, surge arresters protect
other equipment and have, thus, extremely high reliability demands [Ric11]. Second, the core
of a surge arrester consists of a metal oxide material, that features a strongly nonlinear field
and temperature dependence [Cig17; Cig13]. This nonlinear coupled electrothermal problem
requires dedicated numerical simulation approaches. Third, the large dimensions of extra-high
and ultra-high voltage arresters must be finely resolved in the mesh of the discretized arrester
model. This leads to high computational costs. Hence, an efficient implementation of the nu-
merical problem utilizing the specific properties of the arrester simulation model are absolutely
required to keep the computational costs manageable.

This dissertation is dedicated to the investigation of the nonlinear electrothermal station class
surge arrester problem based on coupled numerical simulation. The numerical field simulation
enables a prediction and optimization of the real-life behavior of a station class arrester under
various operating conditions. Furthermore, arrester grading systems can be optimized in order
to reduce the space required in a substation. The coupled simulation of operating duties, such
as lightning strikes, provides detailed insights to the reasons of device failure. It overcomes the
current status of cumbersome laboratory investigations on worst case surrogates to obtain a test
passed/test failed information.

This introduced field grading problem, furthermore, is not restricted to surge arresters. Load
fluctuations and the reduction of safety margins require field stress grading of power transmis-
sion equipment, as for example in bushings, cable joints, and cable terminations. Nonlinear
field-grading materials and metallic grading-electrodes are used to balance electric field stresses
(see e.g. [SHH17; DGC11; YCS13]). Besides, elevated operating temperatures of equipment
like power transformers, instrument transformers, cables and cable accessories can occur for
different operating conditions. Coupled electrothermal field simulation provides insights to the
thermal stresses of the equipment already during the design process (see e.g. [Koc+18; Fro+18;
SPB15; Cle+06]). The developed concepts for the nonlinear electrothermal arrester problem
can be transferred without difficulty to other equipment of power transmission and distribution.
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2 Fundamentals of Surge Arresters

2.1 Station Class Surge Arresters

2.1.1 Insulation Coordination

Insulation coordination determines the required dielectric strength of power system equipment.
The expected dielectric stresses are estimated based on a calculation procedure provided in the
IEC standard [IEC17]. This procedure takes the system parameters and the planned installation
site into account. Stresses on the system arise from overvoltage events, such as lightning strikes
or switching operations. These overvoltage events are classified by time duration and amplitude
in per unit (p.u.) [Hin11]. The p.u. expression describes overvoltage magnitudes as multiples of
Ubasis =

p

2/3Us, where Us is the system voltage, as shown in Fig. 2.1. Fast-front overvoltages
are caused by single or multiple lightning strikes and are characterized by very short rise times
in the range of microseconds and high impulse amplitudes. Slow-front overvoltages occur due
to switching operations and have longer rise times in the range of milliseconds and lower am-
plitudes. The voltage amplitudes that occur at the equipment due to fast-front and slow-front
overvoltages must be limited, as these are above the withstand voltage of the equipment (see
blue and yellow lines in Fig. 2.1). For this reason, surge arresters are installed in the power
system. Arresters clip voltage amplitudes above a critical threshold voltage. In the figure, this
is indicated by the green line, the arrester protection level. Temporary overvoltages are caused
by load rejection or earth fault events. As shown in the figure, the withstand voltage of the
equipment exceeds the expected amplitude. Thus, this class of overvoltages is not critical for
the power system equipment. However, temporary overvoltages are characterized by long tran-
sients in the range of several seconds, which cannot be limited by arresters. This can thermally
overload the installed arrester causing a catastrophic failure. Thus, surge arresters are designed
to, on the one hand, provide protection to the power system equipment in the case of fast-front
and slow-front overvoltages. On the other hand, they must be constructed such that they can
withstand temporary overvoltages without failure.

2.1.2 Arrester Setup

Before the 1990s, so called gapped arresters with silicon carbide resistors were widely used. This
type had the disadvantage that spark gaps had to be connected in series with the silicon carbide
resistors, as, otherwise, the leakage current under continuous alternating current (ac) operation
was too high [Ric11].
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Figure 2.1.: Classification of overvoltages in a high-voltage electrical power system. Surge ar-
resters limit the amplitude of fast-front and slow-front overvoltages caused by light-
ning or switching events in order to protect the installed power system equipment.
Arresters and power system equipment withstand temporary overvoltages caused
by e.g. earth fault events. (Adapted from [Hin11] with permission).

The discovery of metal oxide (MO) nonlinear resistors, namely zinc oxide (ZnO) resistors
by Matsuoka [Mat71], lead to a completely new design without spark gaps – the gapless surge
arrester. Due to their simple design and mechanical robustness, this type of arrester nearly
completely replaced gapped arresters. Today, gapless MO station class surge arresters are the
standard devices for the protection of power transmission system equipment. This development
created need for more research on the fundamentals of the MO material to improve its relia-
bility, achieve a high nonlinearity, and reduce effects like electrical aging of the MO material
characteristics [Cig17; Hin11].

Figure 2.2 shows the principle setup of a gapless MO station class surge arrester. Arresters
for the transmission system level consist of a MO resistor core, the so-called active part, and
a housing [Hin11; Ric11; Cig17]. A number of single MO resistors are stacked in a column.
The total height of the active part is determined by the protective requirements and can be
elongated by metallic spacing elements. The diameter of the MO resistors is determined by
the desired energy handling capability and the protection level according to the admissible
current density. For production reasons, the MO stack can be divided in separate units [Hin11].
The active part is inserted into the porcelain or polymeric housing. Commonly with porcelain

16



housing and often with polymeric housing, there is an air gap between the housing and the
MO column. As a side effect, this gas-filled volume thermally insulates the MO column from
the environment, similarly to the well-known thermos flask. A different design avoids this air
gap and is already very common – the injection-molding surge arrester with a silicone-rubber
housing, (see [Hin11; Ric11; Cig17]). The MO column is in direct contact with the housing.
This design is not further considered in this thesis, as from a simulation perspective, it is simpler
than an air gap type arrester (see Sec. 5.2). Metallic flanges connect the single units and the
external feeder conductors, respectively. Grading ring systems can be attached to the high
voltage terminal. The IEC standard 60099-4 [IEC14] defines admissible arrester operation and
test procedures. According to the standard, different characteristic voltage levels are relevant
for dimensioning surge arresters (see Table 2.1).

Figure 2.2.: Principle setup of a four-unit station class surge arrester with porcelain housing and
grading ring system. The MO active part consists of single MO resistors, metallic
spacers, and a glass-reinforced plastic (GRP) support structure. It is inserted into a
porcelain housing. The gas-filled volume between the MO stack and the housing,
the arrester air gap, is insulated from the environment. Metallic flanges for the top
and bottom electrodes of the arrester interconnect the single units. (The annotated
cross-section zoom is adapted from [Hin11] with permission).
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Table 2.1.: Voltage levels characterizing a surge arrester [IEC14].

Notation Name Description

Uc continuous operating
voltage

designated permissible root mean square (rms) value
of power-frequency voltage that is applied contin-
uously between the arrester terminals, commonly
Uc,min = 1.05Us/

p
3 [Hin11; Gie18].

Us system voltage highest admissible three-phase rms continuous power-
frequency voltage of the transmission system.

Ur rated voltage maximum permissible rms value of power-frequency
voltage, at which an arrester is designed to withstand
temporary overvoltage conditions up to 10 s, com-
monly Ur = 1.25 Uc [Hin11; Gie18].

Ures residual voltage peak voltage during the passage of a discharge impulse
current (typically several hundred to several thousand
of Amperes).

2.1.3 Electric Field Grading

If an arrester was isolated in space, it is a simple series-connection of plate capacitors, i.e. the
electric field stresses are uniform in all MO resistor elements. In Fig. 2.3, this case (1) is shown
for a typical station class surge arrester. As an example, the IEC [IEC14] three-unit arrester
is adopted (see detailed description in Sec. 4). A potential is adopted at the top electrode.
Between each unit, isolated metallic flanges are positioned. Inside each flange, the electric
field strength is zero. For clarity, these parts are removed from the curve. An isolated arrester
is, of course, a purely theoretical case, as this is equivalent to setting the permittivity of the
surrounding air to ε = 0. The introduction of a ground potential plane at, e.g., the bottom of
the computational domain leads to a distortion of the electric field stresses along the arrester
axis due to the stray capacitances (see [Cig13; Küc17]). As Fig. 2.3, case (2) shows, the electric
field stresses are increased by a factor of three in the top unit compared to the bottom unit. This
field inhomogeneity factor is determined by the ratio of self-capacitance (i.e. the ZnO resistor’s
capacitance) to stray capacitances. An increase of the self-capacitances (e.g. by increasing the
radius of the ZnO resistors) reduces the influence of the stray capacitances and, thus, the field
inhomogeneity factor. In contrast, the influence of the stray capacitances is increased if the
arrester is positioned, e.g., close to grounded surfaces.

The arrester’s MO material, fortunately, reduces this field stress imbalance due to its nonlinear
field- and temperature-dependent conductivity, σ, case (3). This self-grading behavior is one of
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the key aspects of the arrester operating principle and, thus, of this dissertation and is explained
in detail in the Sec. 2.2, Sec. 5.1.3, Sec. 5, and Sec. 6.1. Moreover, station class arresters of
more than 2 m in length are additionally equipped with electric field grading systems ([Hin11;
Cig13]), such as metallic rings connected to the high voltage potential (see Fig. 2.2) or grading
capacitors [Cig17; HGT15; Sjö+10]. The grading system further balances the electric field
distribution along the arrester axis, as Fig. 2.3 case (4) shows. The mean field in the top unit is,
in this case, still increased by 40% compared to the bottom unit.
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Figure 2.3.: Typical axial electric field distribution in p.u., i.e. |~E|/|~Euniform|, in a three-unit sta-
tion class arrester. Four cases are considered: First, the isolated arrester is a linear
capacitor. The electric field stress is uniformly distributed along the arrester axis,
|~E(z)| = |~Euniform|. Second, the environment, in combination with a ground poten-
tial assumption, introduces a field distortion due to the stray capacitances. Third,
adopting a nonlinear resistivity reduces the electric field stresses in the upper units.
Fourth, a grading ring system further balances the electric field.

2.2 Zinc Oxide Material

ZnO resistors are typically ceramic cylinders with lower and upper metallic electrodes (see
Fig. 2.4, left side). The resistor consists of compressed and sintered ceramic powder. This is
primarily composed of ZnO and different additives, typically, among others, Bi2O3 in powder
form [Eda89; Mat71; Cla04]. To minimize the risk of external flash-over and protect the ZnO
material from the environment, a glass coating covers the surface of the cylinder (except the
electrodes). The dimensions of a resistor are limited due to manufacturing reasons [Hin11] and
are, typically, in the range of up to 5 cm in height and up to 10 cm in diameter [Ric11].
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Figure 2.4.: Single ZnO resistor element. The metallic coating on the top is the electrode (left).
Etched microscope image of the grain structure within a typical ZnO resistor (zoom,
right). (Microscope image is taken from [Cig17]).

The most important feature of a ZnO resistor is its nonlinear voltage-current, i.e. U-I-
characteristic. The very strong nonlinearity causes a switch-like behavior that clips voltages
above the threshold or breakdown level. This switching is remarkably fast, as the transition
from the resistive to the highly conductive state happens in nanoseconds [Cla04]. The term
breakdown is confusing as the switching is reversible without hysteresis [Cla04]. However, un-
der high electrical loading, the material can degrade [Cla04; Cig17]. ZnO resistors belong to
the class of varistors, which stands for variable resistors.

The switching behavior is attributed to the microstructure of the ZnO polycrystal [Cla04]. As
the microscopic image on the right of Fig. 2.4 shows, the intrinsic structure of the varistor is
composed of ZnO grains with sizes of the order of µm. Electrically, the grain boundaries can
be described as double Schottky barriers. These barriers show an effective electrical response
of a pair of back-to-back Zener diodes [Cla04; Cig17]. The investigation of ZnO on the micro-
level has been a broad research area. It covers, on the one hand, the physical description and
observation of ZnO ceramics, see e.g. [Eda89; LP75; LP77]. On the other hand, (coupled)
simulation approaches are developed to mathematically describe the observed behavior and
establish a theory for the ZnO grain boundary effects, see e.g. [BGW14; TGD19; BG86; VC97;
Bar+96].

The overall U-I-characteristic of a ZnO resistor is governed by the interconnection of the vast
number of grain boundaries in series and parallel. Figure 2.5 shows the nonlinear temperature-
dependent resistive U-I-curve of typical station class ZnO material. The characteristic can be
divided into two regions [Hin11]. First, the impressed voltage mode is the regime for normal
operation with U = Uc at power frequency fexc = 50− 60 Hz. The resistive current is in the µA
to mA range. Thus, only a small current, the leakage current, develops, and the conductivity is
in the leakage region of several 10−7Sm−1. In this region, the current is temperature-dependent
and increases with temperature.

Second, the impressed current mode is active when an overvoltage event occurs. Electrical
energy is injected in form of current pulses in the range of several kA. The ZnO becomes highly
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conductive, the conductivity is of several Sm−1 in the breakdown region. Thus, the voltage is
clipped to the residual voltage, Ures. In this region, the temperature dependence is negligible.
From the continuous operating voltage to the residual voltage (which differ by a factor of two
only), the ZnO current varies by eight orders of magnitude with respect to the applied voltage.
In the breakdown regime, it can be described by,

îres = kûα, (2.1)

where k is a material dependent factor, and α is the nonlinearity exponent, which is in the range
of 30− 80 for many commercial ZnO resistors [Cla04]. Based on the relationship between the
resistive current and the applied voltage, a nonlinear conductivity can be derived (see Sec. 5.1).
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Figure 2.5.: Principle nonlinear temperature-dependent resistive voltage-current-characteristic of
ZnO material. The peak values of the applied voltage û are normalized by the resid-
ual voltage Ures for 10 kA. In continuous operation, with applied continuous op-
erating voltage, Uc, the ZnO material operates in the leakage current region. The
resistive current is in the µA to mA range. The current increases with rising temper-
ature, from ambient temperature 293 K (dark blue line) up to 463 K (yellow line). In
the case of an operating duty, i.e. during a lightning or switching energy impulse, the
discharge current flows (typically several kA) and the voltage is limited to the resid-
ual voltage, Ures. In this range, the temperature dependence is negligible (purple
line).

In the leakage to early breakdown region, the current response of ZnO to an ac excitation
voltage is predominantly capacitive [Hin11; Ric11]. The capacitive effects are, also, nonlinear

21



with respect to the excitation voltage and the temperature [LP77; Den14; Bla15]. Furthermore,
a frequency- and pressure-dependence is reported [LP75; TGD19]. The relative permittivity that
quantifies the capacitive behavior is comparably large and lies in the range of several hundreds
(see Sec. 5). This is much larger than the relative permittivity of pure ZnO (i.e. 8− 10) [LP75;
LP77]. In the literature, this is partially attributed to the extremely thin grain boundaries and
to depletion layers adjacent to intergranular layers or trapped electrons.

2.3 Thermal Stability

2.3.1 Physical Phenomenon

To protect power system equipment, surge arresters can almost instantaneously and repeatedly
absorb enormous amounts of electrical energy injected by overvoltage events. Arresters with-
stand thermal and mechanical stresses caused by these pulses without suffering damage. This
requires suitable energy handling capabilities [Hin14]. In the literature, two main aspects of
energy handling capability are distinguished [Hin12; Tuc15].

First, the single or multiple impulse energy handling capability of a single ZnO resistor is of
interest. It is investigated which impulse magnitudes and scenarios are withstood by the ZnO
element mechanically. The impulse energy handling capability is a fundamental property of a
ZnO material configuration and was extensively studied in e.g. [Tuc15; Rei09; BCM96; VC97].

Second, thermal energy handling capability defines the injected energy, for which the arrester
is still able to cool down while connected to the power frequency voltage. It is a characteristic of
the respective arrester design and only partly determined by the ZnO resistors used (see [Hin11;
Ric11; Cig17; Lat83]). It is governed by the interplay between the temperature-dependent
power loss and the overall heat flow rate in the arrester, as illustrated in Fig. 2.6(a). The power
loss, Q̇p, of a ZnO resistor typically rises exponentially with temperature. The arrester cooling is
determined by the thermal energy dissipation from the ZnO resistor stack to the environment,
which is described by the heat flow rate, Q̇. It is nonlinear with respect to temperature due to the
temperature dependence of the convective and radiative heat transfer processes and – to a lesser
extent – due to the temperature dependence of the thermal conductivity of ZnO (see Sec. 5.2).
The two intersections of the curves represent operating points at which the arising power loss
is exactly compensated by the heat transfer to the exterior. The left one is a stable and the right
one an unstable operating point. For Q̇p < Q̇, in between the two intersection points, the heat
dissipation is dominant. Thus, the arrester cools down towards the stable operating point with
a characteristic time constant. Beyond the thermal stability limit, the heat transfer capability of
the arrester is smaller than the power loss. Thus, the temperature in the resistors increases until
a device failure, e.g. by mechanical fracture, occurs. This is called thermal runaway.

Figure 2.6(a) is, of course, a strongly simplified schematic of the complex electrothermal
stability phenomenon of large station class arresters. It does not take into account that the com-
ponents of the arrester operate at very different temperature levels (see Sec. 8). Furthermore,
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due to the various arrester materials involved, such as ZnO, metallic elements, and porcelain
or polymeric composites, different thermal time constants are present. A delayed instability
can occur, where the arrester cools down only in the first minutes before becoming unstable.
This is the reason why thermal stability is not assessed immediately after the energy injection
in a laboratory experiment. It is, instead, monitored for 30 min to exclude a delayed instability
[IEC14].
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Figure 2.6.: (a) Electric loss, Q̇p, of the ZnO resistor stack and heat flow power, Q̇, from the
arrester surface to the environment as a function of the temperature, T . As long
as the cooling heat flow power exceeds the power losses after an energy injection,
the arrester is thermally stable and will cool down to the stable operating point.
At and beyond the thermal stability limit, the thermal dissipation capability of the
arrester is smaller than the power losses. A destructive thermal runaway occurs. (b)
Temperature T over time for stable and unstable scenarios. An operating duty is an
energy impulse that increases the arrester temperature instantaneously by∆T . Due
to the different time constants of the arrester materials, a delayed instability can
occur. In this case, the arrester initially cools down until the thermal runaway starts
after several minutes.

Figure 2.6(b) shows exemplary transient temperature developments after an instantaneous
energy injection. Initially, the arrester is connected to the grid and is operating at its steady
state temperature, T1. For simplicity, the temperature distribution in the arrester is disregarded
for the moment. The overvoltage injects the electrical energy, Wimp, causing an instantaneous
temperature rise, ∆T = (T2 − T1), in the ZnO elements. It can be calculated by

Wimp = Vzno

∫ T2

T1

cv,zno(T )dT, (2.2)
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where the ZnO volume is Vzno and the volumetric heat capacity is cv,zno. The heat capacity of
ZnO increases with temperature [Lat83]1. For a negligible temperature dependence of the heat
capacity, (2.2) simplifies to

∆T =Wimp(Vznocv,zno)
−1. (2.3)

In order to minimize the risk of a thermal runaway, manufacturers commonly refer to the IEC
60099-4 standard operating duty test [IEC14], an experimental procedure for estimating the
thermal energy handling capability. However, this test is limited to single arrester units or to
a thermally prorated arrester section. Hence, the temperature distribution, which determines
the thermal self-grading effect of large station class arresters, is omitted. Consequently, there
is a strong interest in the numerical simulation of surge injection scenarios. This thesis covers
thermal stability assessment and investigates sources of instability by coupled numerical field
simulation.

1 The technical brochure [Cig17] provides a figure to directly obtain the temperature increase based on the
energy per volume assuming the temperature-dependent heat capacitance of [Lat83].
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2.3.2 Operating Duty Test

2.3.2.1 General Remarks

The operating duty test evaluates thermal stability of a surge arrester by emulating transient
overvoltage scenarios. The experimental procedure requires large impulse energies. Available
test circuits with line discharge generators, however, are limited to residual voltages of the test
samples of far less than 50 kV [HGT15]. This is not enough to inject the specified impulse energy
into a complete station class arrester. Therefore, operating duty tests in the laboratory are lim-
ited to thermal equivalents (or thermally prorated equivalent sections) representing the station
class arrester. These configurations consist of, generally, two MO resistors placed in a housing
(see Sec. 7.2). It must be guaranteed that the thermal behavior is a worst case approxima-
tion of the complete station class arrester [Cig17; IEC14; Hin11]. Already in 1990, Hinrichsen
[Hin90] criticized that executing the operating duty test on thermal equivalents excludes the
dynamic longitudinal electrothermal behavior of complete station class surge arresters. To fur-
ther investigate this issue, in this dissertation, a thermal equivalent and a complete station class
arrester subjected to the operating duty test are compared in Sec. 8.3 by means of coupled
electrothermal simulations.

The operating duty test is defined by the IEC standard 60099-4, [IEC14]. Recently, major
changes of the operating duty test were introduced in the Edition 3.0 of [IEC14] compared to
the previous Edition 2.2, [IEC09]. In this thesis, both editions of the standard are considered
and, thus, summarized in the following, focusing on a station class arrester for the 550-kV-
system (see Sec. 4).

2.3.2.2 IEC 60099-4, Edition 2.2

The main concept of IEC 60099-4 Edition 2.2 for selecting the required impulse energy is the
assignment of arresters to different line discharge classes. The line discharge class defines the
energy handling capability of a surge arrester on a scale from one to five and is defined by
the manufacturer. For the considered 550-kV-station class arrester of line discharge class 5 and
designed for a nominal discharge current of 20 kA, the following experimental procedure is
defined (see Fig. 2.7):

1. Initial measurement: An 8/20-lightning impulse2 is applied to obtain the residual voltage.

2. Conditioning: Four groups of five 8/20-impulses each are applied while the specimen is
connected to an ac voltage of u = 1.2Uc. Subsequently, two 4/10-100 kA-impulses3 are
applied.

2 The standard [IEC09] defines the shape of the lighting current impulse, with a virtual front time of 8 µs ± 1 µs
and the time to half-value with 20 µs ± 2 µs.

3 The peak value of the discharge current having a 4/10-impulse shape is 100 kA.
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Figure 2.7.: Operating duty test procedure of the IEC standard 60099-4, Edition 2.2 [IEC09]. The
test consists of four phases, an initial measurement to obtain the lightning current
residual voltage, Ures, a conditioning procedure of the material, the actual switch-
ing surge operating duty test (see also Fig. 2.8), and the final measurement and
examination procedure. (adapted from [Sch16]).
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Figure 2.8.: Switching surge operating duty test (stage 3) according to IEC standard 60099-4,
Edition 2.2. After the energy injection with rectangular high-current impulses, the
specimen is connected to the rated voltage, Ur, for 10 s and, subsequently, to the
continuous operating voltage, Uc, for 30 min. (adapted from [Sch16]).

3. Switching surge operating duty test: The actual switching surge operating duty test
is applied to the preheated (333K ± 3K) specimen. Two rectangular long duration cur-
rent impulses4 are applied with a time interval of 50s to 60 s. These two impulses inject
the impulse energy and instantaneously heat up the arrester. Right after the second im-

4 A rectangular impulse is defined by polarity, peak value, virtual duration of the peak and virtual total duration
[IEC09].
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pulse (within 100 ms), the rated voltage, Ur, is applied for 10s. Subsequently, continuous
operating voltage, Uc, is applied for 30 min.

4. Test Evaluation: The residual voltage measurement of step (1) is repeated, and the speci-
men is examined visually. The test is passed if:

• the arrester cools down and is, thus, thermally stable,

• no physical damage, e.g. fracture of a ZnO resistor element, is found,

• the change of the residual voltage is less than±5 % before and after the test procedure.

The energy, Wimp, injected by the long duration current impulses is given by,

Wimp = Usres (UL − Usres)
T
Z

. (2.4)

The parameters of (2.4) are summarized in Table 2.2. The standard requirement on UL for a
complete arrester would be 1121 kV, which cannot be generated by the laboratory equipment.
This the reason why the test cannot be performed on a full-scale station class arrester. The
switching impulse residual voltage, Usres, is in the standard named Ures. It must, however, not
be confused with the residual voltage of a lightning discharge. It is, thus, defined in the context
of this thesis:

• Ures arises at the nominal lightning discharge current of, for the considered 550-kV-arrester,
20 kA. This value is defined by the manufacturer, i.e. Ures ≈ 13 kV for a single ZnO resistor
or ≈ 1000 kV for the complete arrester.

• Usres is the voltage of the switching impulse residual voltage test [IEC09]. It is Unorm ≈
0.8 · Ures [Hin11], as the current is in the range of 1 kA to 2 kA.

Table 2.2.: Parameters for the impulse energy calculation of (2.4) defined in [IEC09] for a 550-
kV-station class surge arrester.

Parameter Value

Uc continuous operating voltage 345kV
Ur rated voltage 431 kV
Ures lightning impulse residual voltage 992 kV
Usres switching impulse residual voltage 794 kV
UL charging voltage of the generator 2.6 · Ur

Z surge impedance of the power line 0.8 · Ur
kV in Ω

T virtual duration of the current peak 2.8ms
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For the 550-kV-station class arrester, the impulse energy of one impulse based on (2.4) is
Wimp = 2.11 MJ. The total injected energy for two impulses is, then, Wtot = 4.22 MJ. The
expected temperature rise in the ZnO volume (Vzno = 1 · 10−3 m3) is 150 K, based on (2.2)
assuming a volumetric heat capacity of cv = 3.11J cm−3 K−1 [Lat83; Cig17].

2.3.2.3 IEC 60099-4, Edition 3.0

The current IEC 60099-4 Edition 3.0 of the standard [IEC14] drops the concept of line discharge
classes. Instead, the test procedure depends on the type of arrester (station or distribution) and
the designated energy handling capability (high, medium or low). The rated thermal energy
Wth can be calculated or is predefined by the manufacturer. The operating duty test procedure
covers the following steps (see Fig. 2.9):
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Figure 2.9.: Operating duty test procedure of IEC 60099-4, Edition 3 [IEC14]. The test consists
of four phases. The lightning current residual voltage, Ures, is measured. This is
followed by the 100-kA-conditioning impulses. Subsequently, the switching surge
operating duty test (see also Fig. 2.10), and the final measurement and examination
procedure is carried out. (adapted from [Sch16]).

1. Initial tests for sample characterization: A 4/10-20 kA-impulse is applied to obtain Ures.

2. Conditioning: Two 4/10-100 kA-impulses are applied. Subsequently, the specimen is pre-
heated to the initial temperature of 333 K or higher.

3. Switching surge operating duty test: Multiple rectangular, long-duration or half-
sinusoidal current impulses of 2 − 4 ms time duration are applied within 3 min (see
Fig. 2.10). Each impulse injects a fraction of the rated thermal energy Wimp. The num-
ber of impulses is defined based on the desired energy handling capability. The subsequent
procedure is adopted from the previous version of the standard.
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Figure 2.10.: Switching surge operating duty test (stage 4) according to IEC 60099-4 Edition 3.0.
After the energy injection with rectangular or half-sinusoidal high-current impulses
of 2 − 4 ms time duration, the specimen is connected to the rated voltage, Ur,
for 10 s and, subsequently, to the continuous operating voltage, Uc, for 30 min.
(adapted from [Sch16]).

The requirement for the rated thermal energy normalized by the rated voltage for the SH-
classified 550-kV-station class arrester is,

Wtot

Ur
≥ 10 kJ kV−1, (2.5)

where Wtot is the rated thermal energy obtained by (2.4)5. For the 550-kV-arrester, this yields,

Wtot

Ur
=

4.22MJ
431kV

≈ 10kJ kV−1. (2.6)

In the next step, the number of impulses that each inject a portion of Wtot is selected, based on
the result of (2.5). For the 550-kV-arrester, typically two to five 10 kJ kV−1-impulses are applied
in the third phase of the operating duty test. This procedure differs from the previous edition,
in which two long duration impulses with a gap time of 50 s to 60 s are applied. The current
edition, in contrast, defines the total thermal energy, which is injected with a specific number
of impulses within 3 min. The number of impulses depends on the arrester designation and the
total thermal energy per rated voltage.

2.4 Literature Review

The first investigations of the electrothermal arrester behavior were based on lumped element
circuits. Already in 1983, Lat [Lat83] presents a thermal network of resistances and capac-
itances to obtain the stationary temperature distribution of a medium-voltage arrester. The
5 For comparability, the rated thermal energy of both standard editions should be the same.
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model assumes constant electric power losses as heat source. Due to the small dimensions of
the considered arrester no axial temperature differences are considered.

Hinrichsen [HP89; Hin90] extends this approach to describe high-voltage arresters by con-
necting several thermal sub-networks of lumped elements, that represent an arrester unit, in
series. The introduced thermal parameters are based on detailed experimental studies and the-
oretical approximations and are, in part, still valid for today’s porcelain-type arresters. The
electric model describes the capacitive-resistive behavior of the MO resistors and, additionally,
includes stray capacitances. For the first time, a coupled electrothermal model based on lumped
element circuits is presented and each subsystem is computed separately with a suitable time
step. Both systems are periodically coupled by exchanging power loss and temperature data.
The simulation results are validated by comparison to measurements.

Stockum [Sto94] investigates a thermal equivalent by means of a numerical Finite Difference
approximation of the transient heat conduction equation. The thermal model includes heat
conduction in the solids, convection and radiation in the air gap, as well as convection at the
outside of the housing. The source term, the electric losses, is provided by an empirically
determined power dissipation function. Due to the small dimensions of the considered arrester,
no axial temperature differences (and thus no self-grading along the axis) are considered.

Later, the finite element (FE) method was applied for surge arrester simulation by
e.g. [DMM97; Net+04; Cos+14; ZR05; FLD11]. Often, the complexity of the transient surge
arrester problem is reduced to a linear problem that can be solved in the frequency domain
[DMM97; Cos+14; ZR05; FLD11]. All investigations consider only geometrically small ar-
resters, for which the influence of stray capacitances (and, thus, axial self-grading) can be
neglected.

The arrester problem is reduced to a purely electrical problem by e.g. [HN98; Ste+06;
Ste+08; He+09; Zha+10; Sjö+10]. These investigations cover, on the one hand, efficient nu-
merical schemes for the nonlinear electro-quasistatic (EQS) problem in time domain [Ste+06;
Ste+08]. On the other hand, they analyze the field grading system of large station class ar-
resters [He+09; Zha+10]. Haddad et al. [HN98] present the FE computation of an equiva-
lent capacitance network to consider an arrester’s stray capacitances. Sjöstedt et al. [Sjö+10]
simulate the capacitive-resistive behavior of ultra-high-voltage arresters with grading systems.
The authors compare the traditional single grading ring structure with systems that comprise
external grading capacitors. Hinrichsen et al. [Hin+08] formulated the coupled electrother-
mal FE problem in order to determine the voltage and temperature distribution of the IEC
standard arrester [IEC09]. The temperature distribution of the benchmark arrester is com-
puted. However, the nonlinear ZnO material characteristic provided in the IEC standard is
not temperature-dependent and the permittivity is assumed constant. Thus, the capacitive and
thermal self-grading that is expected for real-life arresters is not taken into account.

Zheng at al. [ZB02; ZB03; Zhe+10] establish a numerical simulation procedure for the non-
linear EQS arrester problem based on an envelope ansatz [ZB02]. Subsequently, heat sink effects
of ZnO arresters are investigated based on a small-scale arrester model [ZB03]. Furthermore, in
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[Zhe+10], the authors apply energy impulses, according to the IEC operating duty test [IEC09],
to a small distribution class arrester. This arrester has no air gap and, thus, a simple thermal
model, which is fitted from measurements, is sufficient. In these publications, the simulations
are not validated against experimental data.

Denz [Den14] aims at the coupled electrothermal FE simulation of station class arresters.
Therefore, he develops a method to obtain the nonlinear field- and temperature-dependent con-
ductivity and permittivity of a ZnO material from measurements. Furthermore, he formulates
a fully coupled electrothermal system based on the EQS equation and the stationary heat con-
duction equation. Due to the full coupling, the computations are extremely cumbersome. This
is why he turns to an envelope equation model for simulating the heating and cooling behavior
of arresters.
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3 Scientific Contribution and Overview

3.1 Scientific Contribution

The scientific contributions of this thesis are summarized as follows:

• Modeling:
The electrothermally coupled problem for the simulation of station class arrester is formu-
lated based on the electro-quasistatic equation and the transient heat conduction equation.
The electrothermal model allows for field- and temperature-dependent material character-
istics obtained from measurements. In particular, the electro-quasistatic problem considers
a field- and temperature-dependent permittivity. A detailed thermal model is developed
including the temperature-dependent conductivity and permittivity of the ZnO resistor ele-
ments, thermal radiation, external convection and convective and radiative heat exchange
in the arrester air gap.

• Numerical Solution:
A multirate time integration scheme is applied in the solution of the 2-dimensional (2D)-
axisymmetric FE electrothermal problem. The multirate scheme efficiently deals with the
strongly different time constants of the electric and thermal sub-problems. Furthermore,
the local electrical stationary state due to the ac excitation is exploited, and an adaptive
update scheme based on the nonlinear conductivity is developed.

• Analysis of Steady State Operation:
The self-grading effect for large station class arresters due to nonlinear field- and
temperature-dependent ZnO material characteristics is demonstrated by simulations. The
steady state temperature distribution of a station class arrester and a thermal equivalent
are compared to measurements.

• Optimization of Continuous Operation with Grading Systems:
An optimization procedure for surge arresters with grading system is introduced. For this,
a modeling approach is developed that allows for an optimal description of the full 3-
dimensional (3D) non-rotational symmetric problem by means of a 2D equivalent arrester
model including virtual grading elements. Then, the grading ring system of a station
class arrester is electrothermally optimized based on the introduced 2D equivalent model.
A suitable goal function is defined to balance the electrothermal stresses over all ZnO
resistors.
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• Investigation of Thermal Stability:
A simulation approach for the IEC operating duty test [IEC14] is proposed and applied to
a station class arrester and a thermal equivalent. A criterion to assess the thermal stability
limit based on the cooling rate of the arrester after impulse surge application is derived.
Different electrothermal parameters are investigated to increase the thermal stability limit
of a station class arrester. A function to predict the thermal stability of a station class
arrester by extrapolation from simulations far from the stability limit is introduced.

Cooperation Work
The results of this dissertation have been developed in a joint project of the Institute for

Accelerator Science and Electromagnetic Fields (TEMF) with the High Voltage Laboratory at the
Technische Universität Darmstadt. The dissertation of Moritz Gießel was finalized in Dec. 2018
[Gie18]. All measurement data used in this thesis for validating simulation results as well as
for deriving the ZnO material characteristics used in the simulations were obtained in the High
Voltage Lab.
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Hinrichsen, Shinji Ishibe, Bengt Johnnerfelt, Li Fan, Yvonne Späck-Leigsnering, Masatoshi
Nakajima, and Ragnar Österlund. Paris: Cigré, 2017
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• Yvonne Späck-Leigsnering, Erion Gjonaj, Herbert De Gersem, Thomas Weiland, Moritz
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• Yvonne Späck-Leigsnering, Erion Gjonaj, Herbert De Gersem, Thomas Weiland, Moritz
Gießel, and Volker Hinrichsen. “Investigation of thermal stability for a station class surge
arrester”. In: IEEE Journal on Multiscale and Multiphysics Computational Techniques 1
(2016), pp. 120–128

• Laura A. M. D’Angelo, Yvonne Späck-Leigsnering, and Herbert De Gersem. “Electroqua-
sistatic quasi-3D finite element simulation of a graded surge arrester”. In: International

34



Journal of Numerical Modelling: Electronic Networks, Devices and Fields (2019), e2575. DOI:
10.1002/jnm.2575

• Yvonne Späck-Leigsnering, Erion Gjonaj, and Herbert De Gersem. “Electrothermal Opti-
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betriebszustandes eines 550-kV-Freiluftableiters. In: URSI Kleinheubacher Tagung (KHB
2015). Miltenberg: U.R.S.I. Landesausschuss in der Bundesrepublik Deutschland e.V., Sept.
2015

• Yvonne Späck-Leigsnering, Robin Scheich, Moritz Gießel, Erion Gjonaj, Herbert De
Gersem, and Volker Hinrichsen. “Impulse Operating Duty Simulations for a Thermal Equiv-
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Miltenberg: U.R.S.I. Landesausschuss in der Bundesrepublik Deutschland e.V., Sept. 2017

• Yvonne Späck-Leigsnering, Erion Gjonaj, and Herbert De Gersem. “Optimization of Grad-
ing Ring Systems for Station Class Surge Arresters”. In: 18th International IGTE Sympo-
sium. Graz: Graz University of Technology, Sept. 2018

• Yvonne Späck-Leigsnering, Erion Gjonaj, and Herbert De Gersem. “Field Grading System
Optimization of Station Class Surge Arresters”. In: URSI Kleinheubacher Tagung (KHB
2018). Miltenberg: U.R.S.I. Landesausschuss in der Bundesrepublik Deutschland e.V., Sept.
2018

• Yvonne Späck-Leigsnering, Erion Gjonaj, and Herbert De Gersem. “Electrothermal Opti-
mization of Grading Ring Geometries for Station Class Surge Arresters”. In: VDE ETG –
Fachtagung Hochspannungstechnik 2018. Berlin, Nov. 2018
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• Yvonne Späck-Leigsnering, Maren Greta Ruppert, Erion Gjonaj, Herbert De Gersem, and
Volker Hinrichsen. “Thermal Instability Analysis of Station Class Arresters based on Elec-
trothermal Finite Element Simulation”. In: 20th Proceedings of the International Symposium
on High Voltage Engineering (ISH). Budapest, Aug. 2019

• Moritz Gießel, Volker Hinrichsen, Reinhard Göhler, Yvonne Späck-Leigsnering, Erion
Gjonaj, and Herbert De Gersem. “Einfluss unterschiedlicher Steuerringkonfigurationen
auf die thermische Stabilität von Überspannungsableitern”. In: VDE-Fachtagung Hochspan-
nungstechnik 2016. Nov. 2016

• Moritz Gießel, Volker Hinrichsen, Reinhard Göhler, Yvonne Späck-Leigsnering, Erion
Gjonaj, and Herbert De Gersem. “Electro-Thermal Simulations of High Voltage Metal-
Oxide Surge Arresters with and without installed Grading Rings with regard to Thermal
Stability”. In: CIGRÉ Winnipeg 2017 Colloquium. 2017

• Moritz Gießel, Volker Hinrichsen, Reinhard Göhler, Yvonne Späck-Leigsnering, Erion
Gjonaj, and Herbert De Gersem. “Electro-Thermally Coupled Finite-Element Simulations of
High Voltage Station Arresters with and without Grading”. In: 2017 INMR World Congress.
Nov. 2017

3.2 Thesis Overview

The thesis is structured as follows. Chapter 1 provides an introduction to the challenges for
numerical field simulation in high voltage engineering. Chapter 2 summarizes the fundamentals
of overvoltage protection and of surge arresters. Section 2.3 is partly adopted from [Spä+16b].
The thesis project of Scheich [Sch16] contributed to Section 2.3.2. Chapter 3 summarizes the
scientific contribution of this thesis and gives an overview of the structure of the work.

Chapter 4 introduces the selected lead examples of station class surge arresters and a thermal
equivalent thereof. The presented material is partly taken from [Spä+16a; Spä+16b; SGD19;
Spä+19; Sch16].

Chapter 5 introduces the electrothermal modeling for the simulation of surge arresters. First,
the electric model is introduced, which is based on the electro-quasistatic approximation of
MAXWELL’S equations. The self-grading effect of the nonlinear ZnO resistors that balances the
electric field stresses in large station class arresters is explained. Second, the heat transfer
mechanisms are reviewed based on [VDI10], and a full electrothermal model of a station class
arrester is presented. The section is partly based on [Spä14; Spä+19]. Results from the thesis
project of [Alj16] are included. Third, the FE discretization of the coupled problem is derived.
The nonlinear coupled electro-quasistatic-thermal (EQST) problem for the considered class of
applications was first formulated in [Den14], on which this work is based. Fourth, the multirate
time integration scheme is presented. The material presented in this section is partly taken from
[Spä+16a; Spä+16b; SGD19; Spä+19]. The thesis projects of [Sch16; Rup19] contributed to
the numerical parameter analysis subsection.
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Chapter 6 analyzes the electrothermal steady state of station class arresters and is partly
obtained from [Spä+16b]. Subsequently, Sec. 6.2.1 validates the FE simulation models of
the investigated station class arresters against measurements conducted at the High Voltage
Laboratory of the Technische Universität Darmstadt. The material presented in this section is
partly taken from [Spack_2015ab; Spä+19]. The thesis project of [Sch16] contributed to the
validation of the thermal equivalent.

Chapter 7 presents the optimization of an arrester’s grading system for continuous operation.
First, a method to represent arbitrary 3D arrester geometries by an equivalent 2D-axisymmetric
model is introduced. Subsequently, the grading system of the IEC standard arrester is optimized
with respect to electric field and temperature stresses. The material presented in this chapter is,
in part, an excerpt of [SGD19].

Chapter 8 investigates thermal stability of surge arresters. First, the IEC operating duty test
is emulated by double temperature impulse simulations. The material presented in this section
is partly taken from [Spä+16b]. Second, the thermal stability of the thermal equivalent is
investigated for single impulse scenarios. The thesis project of [Sch16] contributed to this
section. Third, an approach to detect thermally unstable impulse scenarios directly after the
impulse injection is presented. Subsequently, parameters that increase the thermal stability
limit are investigated. Finally, a function to predict the thermal stability limit based on a small
number of simulations is presented. The thesis project of [Rup19] contributed to this section,
and the material is partly published in [Spä+19].

Conclusions are drawn in Chapter 9 and an outlook for future work is given.
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4 Station Class Surge Arrester Lead
Examples

4.1 IEC Station Class Surge Arrester

The IEC standard [IEC14] defines a station class arrester with a grading ring system to test
and validate simulation procedures. This model is, in this work, used for the validation of the
EQS simulation tool. Furthermore, the derivation of a 2D-axisymmetric equivalent model and
the electrothermal optimization of the grading ring system for continuous operation is shown
for the IEC model. The IEC arrester geometry is depicted in Fig. 4.1. It consists of three elec-
trically connected units of 1.2 m height each. Each unit contains a number of ZnO resistors
that are enclosed within a porcelain housing with an outer radius of 115 mm. In between the
ZnO stack and the housing is an annular air gap of width δair = 40 mm. The whole setup is
mounted on a grounded pedestal of height 2 m. Appendix A, Tab. A.4 and Fig. A.2 summarize
the electrothermal materials parameters. The electrical material characteristics are defined in
the standard [IEC14]. The thermal material parameters are obtained from literature. The non-
linear ZnO conductivity of [IEC14] depends on the electric field, only. Therefore, it is extended
by a temperature-dependence obtained from the measurement data of [Gie18; Den14]. The
nonlinear conductivity of the ZnO resistors in the region of interest of these data can be ex-
pressed by (5.22) and is introduced in Sec. 5.1.2. The parameters of the conductivity model are
fixed to a1 = 405 kV m−1,α= 16.9, a2 = 1.68 · 10−7 S m−1, a3 = 300 K and a4 = 0.02 K−1. These
values are chosen such that the electrical characteristic of the ZnO resistors at room temperature
fits to the one defined in the IEC standard [IEC14].

39



Figure 4.1.: Geometry of the IEC surge arrester, [IEC14]. The station class surge arrester con-
sists of three units, which are interconnected by metallic flanges. The ZnO column
is inserted into a porcelain housing. The setup includes a grading ring and four sus-
pension rods and is placed on a grounded pedestal. Further details can be found in
[IEC14], Annex L.
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4.2 Outdoor Arrester of Station Class

A 550-kV-station class arrester measured at the High Voltage Laboratory of Technische Univer-
sität Darmstadt is introduced (see Fig. 4.2(a)) [Dür10; Gie18]. It is designed for the 550-kV-
transmission system, thus, Us = 550 kV. Its rms continuous operating voltage is Uc = 345 kV, the
rated voltage is Ur = 431 kV, and the residual voltage is Ures = 992 kV with a nominal discharge
current of 20 kA. This arrester is investigated with two setups. First, the arrester is operated
without a grading system and a regular station class ZnO filling [Dür10]. Second, the arrester
is equipped with ZnO resistors that feature a smaller diameter. This specimen is investigated
with and without a grading ring system. In the following, this configuration is referred to as
reduced-diameter 550-kV-arrester [Gie18].

4.2.1 550-kV-Station Class Surge Arrester

The first case considered is that of an ungraded arrester, i.e. the field grading ring seen in
Fig. 4.2(a) is removed from the system. The vertically piled high voltage ZnO resistor blocks
(diameter 7 cm), metallic spacers and flanges compose a total stack height of 420 cm. There are
four identical ZnO resistor columns, each of them being enclosed within a porcelain housing
(Fig. 4.2(b-c)). The air gap between the resistor column and the arrester housing has a width
of 3.5 cm. The computational domain spans 12 m in radial- and 9 m in z-direction, respectively.
The floor is grounded, and the arrester is positioned directly on the ground, and no pedestal
is considered. The most important figure for arrester operation is the electrical characteristic
of its ZnO resistors. For the analyzed specimen, the U-I-curves for different temperatures were
obtained by measurements on a single ZnO resistor. The relative permittivity is, initially, as-
sumed constant, εr = 700. The nonlinear material characteristics are shown in Fig. 4.3, and are
obtained from [Den14].

4.2.2 Reduced-Diameter 550-kV-Station Class Surge Arrester

In the second case, the 550-kV-station class surge arrester is equipped with ZnO resistors
that have a comparably small diameter of 47.8 mm (see [Gie+16]). This setup increases
the influence of the stray capacitances (see Sec. 2.1) and, thus, the uneven electric field
and temperature distribution along the arrester axis (see explanation in Sec. 5.1.3). In this
setup, the arrester’s rms continuous operating voltage is Uc = 300 kV, the rated voltage is
Ur = 375 kV, and the residual voltage is Ures = 960 kV [Gie18]. In each unit, the arrester
is filled with four distributed metallic heat sink elements and six temperature measurement
disks. In this scenario, the porcelain sheds are neglected. In the simulation, the arrester
is energized with the ac voltage (50 Hz) of 330 kV (rms). The computational domain spans
8 m in radial- and 9 m in z-direction, respectively. The floor is grounded. Further dimensions
and material characteristics are summarized in Appendix A, Tab. A.3. The electrical ZnO ma-
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Figure 4.2.: a) 550-kV-station class arrester equipped with a field grading ring and four suspen-
sions. b) Ungraded four-unit arrester, as considered in the simulations, with the
ZnO resistor column that is inserted into a porcelain housing. c) Schematic view of
a unit composed of ZnO resistors, air gap, porcelain housing and metallic flanges
[Spä+16b].

terial characteristics are provided by the analytical, field- and temperature-dependent func-
tions for the permittivity, (5.23), and (5.22). Their respective coefficients are obtained by
fitting measured U-I-T-curves of the ZnO resistors used in [Gie18]. The fitting coefficients of
(5.22) are a1 = 4.00 · 105 Vm−1, a2 = 1.00 · 10−7 Sm−1, a3 = 290 K, a4 = 0.02 K−1. For (5.23)
b1 = 2.61 ·10−5 mV−1, b2 = 943, b3 = 2.90 ·10−4 K−1 and b4 = 0.99 is adopted. The nonlinearity
exponent of the resistors is, in a first step, α = 20. The resulting material characteristics are
shown in Fig. 4.5.

4.2.3 Thermal Equivalent

A thermally equivalent prorated section, in the following referred to as thermal equivalent, of a
surge arrester is a geometrically reduced section of a full-scale station class arrester1. In contrast
to the entire station class arrester, it can be subjected to the operating duty test of [IEC14] in a

1 According to the current version of [IEC14], Edition 3, the thermal equivalent does not necessarily consist of a
slice of the full-scale arrester (i.e. with the same cross section). However, it is required that the cooling process
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Figure 4.3.: Field- and temperature-dependent material characteristics of the ZnO resistor, ob-
tained from [Den14]. Electric conductivity, σ (left) in p.u., normalized with Ubasis =
U(I = 10 kA) in kV and relative permittivity, εr (right) (adapted from [Spä+16b]).

Figure 4.4.: a) Reduced-diameter station class surge arrester setup. b) Detail of single unit ZnO
column with distributed heat sink elements and temperature measurement disks. c)
Schematic view of the arrester model (without grading system) with detailed view
of the ZnO column with centered heat sink element, air gap and porcelain housing
[Spä+19].

has the same dynamics compared to the full-scale arrester. In this work, a thermal equivalent as specified by
the previous edition of the standard, [IEC09], Edition 2.2 is investigated. 43
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Figure 4.5.: Analytical nonlinear field- and temperature-dependent ZnO material characteristics.
Relative permittivity (a) based on (5.23) and electric conductivity (b) based on
(5.22) (adapted from [Spä+19]). The conductivity varies by four orders of magni-
tude in the field strength region of interest.

laboratory. Measurements and simulation results obtained for arbitrary electrothermal scenarios
can be compared in order to validate simulation models. The thermal equivalent of the 550-
kV-station class arrester is composed of two ZnO resistors (see Fig. 4.6, Fig. 4.7), which are of
the same material as used for the 550-kV-arrester (see Fig. 4.3). Cork and wood plates on the
top and bottom impede longitudinal heat transfer. Thus, heat dissipates mainly radially via the
porcelain housing. The voltage is applied to the two copper conductors at the top and the bottom
of the equivalent setup. The specifications and material properties of the thermal equivalent are
summarized in the Appendix A, Tab. A.5 and Tab. A.6, respectively. The heat transfer in the air
gap is modeled with the proposed effective material approach (see Appendix A, Fig. A.3). The
external heat transfer coefficient is αht = 3W m−2 K−1.
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(a) (b)

Figure 4.6.: (a) The thermal equivalent in the laboratory without and (b) with the porcelain
housing, as assembled in the high voltage laboratory. Two ZnO resistors are ver-
tically stacked, inserted into a porcelain housing and clamped between insulating
cork plates in a wooden frame. [Sch16].

Figure 4.7.: Cross section of the thermal equivalent model (left) and table of the used materials
(right), [Sch16]. The gas-filled volume between the ZnO stack and the housing, the
thermal equivalent air gap, is insulated from the environment. To account for natural
convection and radiation in this air gap, an equivalent nonlinear material, modified
air, with a temperature-dependent thermal conductivity is introduced.
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5 Electrothermal Modeling

5.1 Electro-quasistatic Field Problem

For sufficiently low frequencies, electric fields are irrotational and can be described by a scalar
potential, φ. The electro-quasistatic approximation of MAXWELL’S equations is motivated by prob-
lems where capacitive-resistive effects are present, but propagation effects of electromagnetic
(EM) waves through the region of interest are negligible. The divergence operator is applied to
AMPÈRE’S law to obtain the charge conservation equation as,

∇ ·
�

∂

∂ t
~D
�

+∇ · ~J =∇ ·
�

∇× ~H
�

, (5.1)

∇ ·
�

∂

∂ t
~D
�

+∇ · ~J = 0, (5.2)

where the magnetic field strength is ~H, the electric displacement field is ~D, and the current
density is ~J . In the next step, ~D, and ~J are substituted using the constitutive material relations,

~D = ε ~E, (5.3)

~J = σ~E, (5.4)

where the permittivity is ε, the electric field is ~E, and the conductivity is σ. Furthermore, the
electric scalar potential, φ, is defined as,

~E = −∇φ. (5.5)

For surge arrester problems, the equation is strongly nonlinear due to the electrical characteris-
tics of the ZnO material. The relative permittivity and the conductivity depend on the magnitude
of the electric field, |~E|, and the temperature, T , ε = f

�

|~E|, T
�

and σ = g
�

|~E|, T
�

, respectively.
Finally, the EQS equation is obtained as,

∇ ·
�

∂

∂ t
ε∇φ

�

+∇ · (σ∇φ) = 0. (5.6)

Equation (5.6) is subjected to boundary conditions specifying either the electric potential or the
normal component of the total current density at the boundary. Due to the resistive current,
resistive losses or JOULE losses, occur

q̇p = σ
�

|~E|, T
�

~E2 = σ
�

|~E|, T
�

|∇φ|2. (5.7)
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5.1.1 Capacitive Resistive Circuit Model

A single cylindrical ZnO resistor element of height, h= z2− z1, volume, V , radius, %zno, and the
upper and lower conductor cross section, ~Azno = π%2

zno~ez, is considered (see Fig. 5.1). To the
upper and lower electrode surface, the voltage, u, is applied,

u= −
∫ z2

z1

~E(~r, t) · d~z = φ1 −φ2, (5.8)

where φ2 and φ1 are the local potentials at the upper and lower surface. At the radial boundary
of the ZnO resistor, ∂ φ∂ n |%=%zno

= 0 is assumed. Thus, the field has only a tangential, i.e. ~ez,
component at the radial boundary. This assumption is justified due to the very high relative
permittivity of the ZnO resistor (εr ≈ 800, see Sec. 2.2) compared to air (εr ≈ 1)1. The voltage

Figure 5.1.: Geometry of a single ZnO element with height, h, and the cross section, Azno. The
voltage, u, excites the current, i. By integrating the EQS equation (5.6) over the
volume, V , the circuit elements, C and R, can be derived. The surface of V , ∂ V (the
green dashed line shows the 2D cut of the volume), can be split in a surface outside,
Ao, (orange line) and a surface inside, Ai, (yellow line) of the ZnO resistor.

excites the current, i. Equation (5.6) is integrated over the, in principle, arbitrary volume, V ,
which spans around the conductor surface ~A2 (see Fig. 5.1). Applying the GAUSS’s theorem, the
integral reduces to the surface integral over ∂ V ,

∫

∂ V

�

∂

∂ t
ε(|~E(~r, t)|)~E(~r, t) +σ(|~E(~r, t)|)~E(~r, t)

�

· d~A= 0. (5.9)

(5.10)

1 This assumption simplifies calculation and guarantees that only the field contribution of the ZnO material is
obtained. Otherwise, a small contribution of the air resistance and capacitance that is connected in parallel is
included.
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In the following, the dependencies of ε,σ,φ, ~E, ~J on ~r and t are not written explicitly for clarity.
The surface splits in a part, ~Ao, outside and a part, ~Ai, within the ZnO domain,

∫

Ao

�

∂

∂ t
ε(|~E|)~E +σ(|~E|)~E

�

· d~A
︸ ︷︷ ︸

−i

= −
∫

Ai

�

∂

∂ t
ε(|~E|)~E +σ(|~E|)~E

�

· d~A (5.11)

The evaluation of the integral on the exterior surface, ~Ao, results in the excitation current, i.
Thus, the integral on the inner surface is equal to −i. In general, for a nonlinear field- and
temperature-dependent material, ~E is obtained in a post-processing step, after solving (5.6) for
the boundary condition of the applied voltage (5.8). The general formulation of (5.11) allows
for arbitrary, inhomogeneous fields inside the ZnO resistor, e.g. conduction channel formation
or inhomogeneities due to an internal temperature distribution. From outside, the domain can,
finally, be described by a global capacitance, C , and resistance, R, by evaluating the integral of
(5.11) for an arbitrary surface, Ai.

In order to show the derivation of C and R for a nonlinear field- and temperature-dependent
conductivity and permittivity, σ(|E|, T ), ε(|E|, T ), no netto charges are allowed inside the do-
main. It is assumed that the electric field inside the ZnO resistor is homogeneous and points in
vertical direction between the two electrodes, ~E = −E~ez. Thus, (5.8) simplifies to,

u= Eh. (5.12)

Equation (5.14) is evaluated on a surface in z-direction, ~Ai = Azno~ez,

∫

Azno

�

∂

∂ t
ε(|E|, T )E +σ(|E|, T )E

�

dA= i (5.13)

(5.14)

Due to the uniform field, the integral can be simplified. Combining (5.14) and (5.12) yields,
then,

Azno

�

d
dt
ε(|u|, T )

u
h
+σ(|u|, T )

u
h

�

= i (5.15)

d
dt
(C (u, T )u)

︸ ︷︷ ︸

icap

+
1

R (u, T )
u

︸ ︷︷ ︸

ires

= i, (5.16)

where the nonlinear capacitance, C(u, T ), and nonlinear resistance R(u, T ), are defined by,

C(u, T ) = Aznoε(|u|, T )h−1, (5.17)

R(u, T ) = h [σ(|u|, T )Azno]
−1 . (5.18)
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The total current, i, splits into a capacitive, icap, and a resistive component, ires, which are
represented by the circuit elements. Due to the nonlinearity of ε (u, T ), a differential capacitance
Cd (u, T ) [Den14] can be introduced,

icap =
d
dt
(C (u, T )u) (5.19)

=
du
dt

�

dC (u, T )
du

u+ C (u, T )
�

(5.20)

= Cd
du
dt

. (5.21)

The nonlinear and, in general, temperature, T , dependent EQS equation is interpreted as a
parallel circuit of a nonlinear capacitance, C (u, T ), and a nonlinear resistance, R (u, T ) (see
Fig. 5.2(a)). In a station class arrester, many ZnO resistors are stacked to a column of several
meters in height. Thus, in the circuit representation, the external field effects must be taken
into account by parasitic stray capacitances as shown in Fig. 5.2(b).

R(u, T ) C(u, T )

(a)

Rx−1(ux−1, Tx−1) C x−1(ux−1, Tx−1)

Ce,x−2

Ce,x−1

Rx(ux , Tx) Cx(ux , Tx)

Ce,x

(b)

Figure 5.2.: Electrical circuit representation of a ZnO resistor as nonlinear capacitance and resis-
tance connected in parallel (a). Detail of the electrical circuit representation of a
surge arrester including stray capacitances Ce (b).

5.1.2 Characterization of Nonlinear Zinc Oxide Material

In Fig. 2.5 the nonlinear U-I-characteristic of a ZnO resistor was introduced and the nonlinear
behavior, including capacitive effects, was discussed. The EQS equation (5.6) that describes the
electric problem of a surge arrester is, thus, governed by the nonlinear ZnO conductivity, σ,
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and permittivity, ε. Based on (5.16), the respective nonlinear material characteristics can be
extracted from U-I-measurements on single ZnO resistors, as it represents a plate capacitor with
a nearly uniform field distribution.

Many investigations assume, first, a constant permittivity in the region of interest [Bla15;
Den14; All16; Gie18]. The material parameters are extracted from sinusoidal ac U-I-
measurements of different voltage amplitudes, û. The main idea of this approach is that the
resistive and capacitive currents are decoupled at the peak and the zero crossing of the ac exci-
tation voltage. At the ac voltage peak, the capacitive contribution in (5.16) is zero, as du

dt = 0,
and from the purely resistive total current at this time instant, the conductivity, σ(u), is ex-
tracted. At the zero crossing, the resistive contribution in (5.16) is zero and the permittivity,
ε, is computed. In order to take the temperature dependence into account, the procedure is
repeated for the temperatures of interest. However, for arrester ZnO material, the obtained
material characteristics fail in reproducing the measured U-I-curves for different voltage levels,
[Bla15; Den14; All16; Gie18].

Due to the nonlinearity of the permittivity, the decoupling of the capacitive and resistive con-
tribution is not trivial (see (5.16)). Furthermore, this dissertation shows that the steady state
temperature stresses in large station class arresters are correctly reproduced only by assuming
a nonlinear permittivity [Spä+16b; Gie18]. This nonlinear capacitive self-grading effect is par-
ticularly important if an arrester is operated without a grading ring system (see Sec.6). An
accurate material description is, thus, decisive for coupled arrester simulations.

Different advanced methods to improve the material characterization have been introduced
and discussed in [Den14; Bla15; All16; Gie18]. A comparison of these approaches is presented
in [All16; Gie18]. The methods consist of two steps and, first, extract the conductivity at the
time instant of the ac voltage peak. At this point, the current described by (5.16) is still purely
resistive. Second, to obtain the capacitive contribution, the resistive contribution is subtracted
and an integral formulation of (5.16) is solved. The same idea is pursued by the introduction of
a complex permittivity that combines the resistive and capacitive current resulting in an effective
flux density ~Deff [CDG10]. The capacitive contribution is extracted by drawing the ~Deff = f (~E)
curve and computing the mean value at every point2.

However, the authors [Den14; Gie18] reported that even the advanced methods are not suf-
ficient to exactly reproduce the measured U-I-curves. In [Den14], a mean deviation of more
than 12% of measured and simulated current density is reported. This indicates that the ZnO
behavior is not described completely by a nonlinear field- and temperature-dependent conduc-
tivity and permittivity. Denz [Den14] reduced the error (down to less than 10%) by adopting a
relaxation model. Relaxation effects have been reported in the literature by e.g. [Mor73; EA03;
ABL91]. Additionally, errors are introduced by the measurement and the numerical solution
of the extraction method. In particular, the measurement requires an extremely fine time- and
amplitude-resolution due to the strong nonlinearity [All16]. Furthermore, it must be guaran-

2 The curves have a shape that is reminiscent of a magnetic hysteresis B-H-curve. ZnO resistors, however, have
no hysteretic behavior [Cla04], as no remanence is observed.

51



teed that a constant temperature of the test object is maintained during the measurement, even
in the breakdown region where the power loss heats up the specimen.

In this thesis, the electrical ZnO material characteristics are obtained from measured U-I-T-
curves of the ZnO resistors used in the arresters. The influence of the material’s dependencies
on the coupled arrester behavior is investigated. Therefore, analytical material-data functions
are introduced. These function are field- and temperature-dependent and consider, thus, the
main dependencies of ZnO material, as reported in the literature. Their respective coefficients
are obtained by fitting measured U-I-T-curves in the leakage and early breakdown region, as
only this region is relevant for coupled arrester simulation (see example for the conductivity in
Fig. 5.3). The nonlinear conductivity of the ZnO resistors in the region of interest is defined as,

σ(|~E|, T ) =

��

|~E|
a1

�α

+ a2

�

exp[(T − a3)a4], (5.22)

where the fitting coefficients are a1, a2, a3 and a4. The nonlinearity exponent of the resistors,
α, in (5.22) is the most important parameter, as it defines the switching point and determines
the steepness of the switching of the arrester. The relative permittivity is, furthermore, approxi-
mated by,

ε(|~E|, T ) =
�

exp(b1|~E|) + b2

�

exp[b3T − b4], (5.23)

where the fitting coefficients are b1, b2, b3 and b4.

5.1.3 Transient Current Densities in Station Class Surge Arresters

The transient axial distributions of the electric field, ~E, and current density, ~J , in a station
class surge arrester determine the overall EQST behavior. The electric response to an excitation
voltage of a station class arrester is described by the EQS equation (5.6) (see Sec. 5). The
total current density, ~J , is composed of a capacitive, ~Jcap, and a resistive, ~Jres, contribution
(see (5.16)). The overall electrical behavior of a station class arrester is very complex, as it is
determined by three aspects:

• The strongly nonlinear electric field dependence of the conductivity, σ, and permittivity, ε,
of the ZnO material, which clips overvoltages (see Sec. 5.1.2);

• The strongly nonlinear temperature dependence of the ZnO material, which requires a
detailed thermal model to update the operating point in the material distributions for a
transient computation (see Sec. 5.1.2);

• the large axial dimensions which introduce an imbalance of the axial field stresses due to
the stray capacitances (see Sec. 2.1).
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Figure 5.3.: Nonlinear temperature-dependent conductivity curve of a ZnO resistor (left). In
continuous ac operation, the arrester operates in the leakage to early breakdown
region. The current, here, increases with rising temperature T . In the case of an
energy impulse, the arrester operates in the upturn region and is highly conductive.
For EQST simulations, the boxed region of the material curve is important and can
e.g. be provided by an analytical function (right). (adapted from [Rup19]).

In the following, the effects of these aspects on the transient E-J -characteristic are introduced
step by step. For the moment, the temperature dependence of the arrester materials is neglected
and the permittivity is assumed constant.

First, a single nonlinear field-dependent ZnO resistor element, which represents a plate ca-
pacitor, is considered (see Sec. 5). The electric field, ~E, and current density, ~J , are, thus, uniform
in space (i.e. no stray capacitances are present). The material characteristics defined in the IEC
standard [IEC14] are adopted (see Sec. 4). The resistor element is excited with a sinusoidal
50-Hz-voltage of û = 20 kV and û = 22 kV in Fig. 5.4(a) and (b), respectively. The figures show
the excitation field and the nonlinear current density, which is calculated based on (5.6). The
resulting transient current density in Fig. 5.4(a) is predominantly capacitive. A small resistive
current contribution arises at the position of the positive and negative ac field peak, at 5 ms and
15 ms. The conductivity (see Fig. 5.3) is thus in the leakage current region of ≈ 0.1µSm−1. In
Fig. 5.4(b), the excitation field is increased by 10%. The resistive current density peak rises by
a factor of five compared to Fig. 5.4(a). The current density is, now, mainly resistive. At the ac
voltage peak, the conductivity rises by nearly two orders of magnitude compared to the previous
case, σ̂ = 7.5µSm−1 .

Second, the long axial dimensions of station class arresters cause an uneven distribution of
the electric field stresses along the arrester axis. Therefore, the IEC standard arrester [IEC14]
is exemplarily considered. It consists of three units that are positioned on a 2 m pedestal and is
3.6 m high (see Sec. 4). In a first step, a linear material with εr = 800,σ = 1µSm−1 is adopted.
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Figure 5.4.: Electric field, ~E, in p.u. of the ac field peak, Ê and current density, ~J , in Am−2 of a
single ZnO resistor element with a sinusoidal 50-Hz-excitation voltage of 20 kV and
22 kV in (a) and (b), respectively. εr = 800 and the nonlinear conductivity defined
in the IEC standard (see Sec. 4) is assumed.

Figure 5.5 shows the electric field, ~E, at various axial positions in the IEC standard station class
arrester. Due to the stray capacitances, the electric field stress is unevenly distributed along the
arrester axis and, additionally, phase-shifted. The system can be interpreted as a capacitive-
resistive voltage divider (see Sec. 5.1)). The electric field stress at the lowest unit position
(~E(z = 2.8 m)) is by 70% smaller than the stress at the highest unit position (~E(z = 5.2 m)).
This is an unwanted phenomenon, as an uneven field stress distribution over the resistors can
cause overloading and may induce thermal aging in the highly stressed regions [Cig17; Tuc15].
The transient electric field response is, due to the linearity of the problem, sinusoidal3. The stray
capacitances cause a phase shift of the electric field with respect to the excitation voltage. The
resulting current density is mainly capacitive and due to the linearity of the problem, sinusoidal
(see Fig. 5.6).

Third, the nonlinear IEC conductivity (based on (5.22)) is assumed. Figure 5.7 shows the
electric field at various axial arrester positions. In comparison to the previously shown linear
model, the upper ZnO resistors clip the local electric field and, thus, limit the voltage stress
locally. This means that the conductivity in these resistors strongly increases and operates, at
the time instants of the clipping, close to the breakdown region, as shown for the plate capacitor
(see Fig. 5.4(b)). The conductivity of the lower resistors stays in the leakage current region. This
means that the local electric field stress in the upper resistors is reduced. The total voltage drop
along the arrester is maintained so that the lower resistors are exposed to increased field stress.
This is the self-grading behavior of station class surge arresters, which balances the field stress
along the arrester axis. The electric field of the highest and lowest position (~E(z = 2.8 m) and

3 Thus, this problem allows for an efficient solution in frequency domain.
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Figure 5.5.: Local electric field, ~E, p.u. at various axial positions in the IEC standard station class
arrester (see Sec. 4 and [IEC14]) assuming linear material, i.e. εr = 800,σ = 1µSm−1.
A sinusoidal 50-Hz-excitation voltage of 333 kV is applied.
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Figure 5.6.: Local electric field, ~E, p.u. and current density, ~J , in Am−2 at the axial position z =
5.2 m in the IEC standard station class arrester assuming linear material, i.e. εr =
800,σ = 1µSm−1. A sinusoidal 50-Hz-excitation voltage of 333 kV is applied.

~E(z = 5.2 m)) differs by 30% (compared to 70% in the linear case). The transient electric field
response is clearly nonlinear4. Figure 5.7 shows the respective total current densities. Up to
4 m, the current density is mainly capacitive (this corresponds to the lower two units). With
increasing axial position, the resistive contribution rises strongly and limits the local electric

4 Now, a time domain solution is required.
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field. The maximum current density at 5.2 m is by a factor of five higher compared to the
current density at the lowest position (2.8 m).
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Figure 5.7.: Local electric field, ~E, in p.u. (a) and current density, ~J , in Am−2 (b) at various axial
positions in the IEC standard station class arrester assuming εr = 800 and the nonlin-
ear conductivity defined in the IEC standard. A sinusoidal 50-Hz-excitation voltage
of 333 kV (rms) is applied.

In Fig. 5.8, the total current density at the axial position z = 5.2 m, (in the top unit of the
arrester) is split into its capacitive and resistive contribution. The total current density is, in
the first 5 ms, dominated by the resistive contribution, as the element is in the voltage-limiting
mode. This means that the operating point in the ZnO material characteristic is in the first
milliseconds shifted to the breakdown region. Note that the resistive peak is not at the ac
excitation voltage peak due to the phase shift and the field clipping. In the time span from
5− 10 ms, the local field decreases and so does the resistive current density. This change of the
excitation field (i.e. a large ∂ |~E(t)|

∂ t , see Sec. 5) excites the capacitive contribution, which governs
the total current density.

Figure 5.9 shows the total current density at the axial position z = 2.8 m (in the bottom
unit of the arrester). In contrast to the previously discussed top unit case (see Fig. 5.8), the
total current density is almost exclusively capacitive. This means that the operating point in
the ZnO material characteristic is in the leakage current region over the complete ac cycle. The
voltage limitation in the upper units during the first milliseconds of the ac excitation leads to
the capacitive current density peak see (at t = 1.5 ms). Thus, the axial interplay of the ZnO
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resistors mitigates the influence of stray capacitances, as it clips the local increase of the electric
stresses caused by the stray capacitances. The field stresses are, then, transferred to the lower
resistors which are not critically affected by stray capacitances.

In summary, the transient electric field and current density response of a station class surge
arrester to a sinusoidal ac voltage excitation is nonlinear and involves complex interactions of
all ZnO resistor elements along the arrester axis. The nonlinear field dependence of the ZnO
material characteristic mitigates the effect of the stray capacitances, which cause an axially
uneven electric field stress distribution. The temperature dependence and the nonlinearity of
the permittivity of ZnO, which were excluded from the discussion, have a similar effect and help
to further balance the stresses along the arrester axis (see Sec. 6.1).
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Figure 5.8.: Local electric field, ~E, in p.u. and current density, ~J , in Am−2 at the axial position z =
5.2 m in the IEC standard station class arrester assuming εr = 800 and the nonlinear
conductivity defined in the IEC standard. A sinusoidal 50-Hz-excitation voltage of
333 kV (rms) is applied.

5.1.4 Modeling of Station Class Arrester in Various Operating Conditions

Section 5.1.2 introduced a suitable material characterization for the electrothermal FE simu-
lation of station class arresters. Depending on the specific operating mode, the arrester is at
different operating points in the U-I-curve of Fig. 2.5.

In the leakage current region, the arrester current is dominantly capacitive. This is the regime
of an arrester in normal power-grid operation. If the arrester is small, i.e. of distribution class,
or equipped with a large grading ring system, the electric field stresses are uniformly distributed
over all ZnO elements. The influence of stray capacitances is small and, hence, no self-grading
due to the nonlinear resistive-capacitive coupling occurs. Furthermore, the excitation voltage
must be well below the breakdown voltage. Only in this case, the leakage region resistance of
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Figure 5.9.: Local electric field, ~E, in p.u. and current density, ~J , in Am−2 at the axial position z =
2.8 m in the IEC standard station class arrester assuming εr = 800 and the nonlinear
conductivity defined in the IEC standard. A sinusoidal 50-Hz-excitation voltage of
333 kV (rms) is applied.

the ZnO resistors can be neglected in (5.16). It represents a purely capacitive circuit (σ → 0)
which is the first limiting case of (5.16). This approximation is e.g. used in [Zha+10; He+09].

The second limiting case of (5.16) is obtained for ∂ /∂ t = 0 or if C � 1/R. Then, capac-
itive effects are neglected and the solution is a stationary current field governed by the ZnO
resistances. This case is not considered in this thesis.

A different regime occurs if the arrester is operated at higher voltage levels. The operat-
ing point in the ZnO characteristic of Fig. 5.3 is, then, shifted towards the breakdown region.
This regime applies to station class arresters in continuous operation, in particular if they are
equipped with a reduced or even without a grading ring system. In this case, the stray capaci-
tances strongly affect the voltage distribution, as shown in the previous Sec. 5.1.3. An accurate
approach to model the capacitive-resistive behavior of these scenarios is the transient nonlinear
EQS equation (cf. [Hin+08; IEC14; WSC09; Sjö+10]). The material characteristics are specified
in terms of the nonlinear permittivity and electrical conductivity, ε = ε(|~E|) and σ = σ(|~E|).

Moreover, as Fig. 2.5 shows, the ZnO conductivity also depends on temperature. Thus, ther-
mal processes in arresters must be taken into account (see e.g. [Lat83; Hin90]). The mate-
rial characteristics are, in this case, nonlinear field- and temperature-dependent, ε(|~E|, T ) and
σ = σ(|~E|, T ). In this work, it is shown that the resulting coupled electro-quasistatic-thermal
system of equations is a valid model to accurately describe the electrothermal behavior of surge
arresters.
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5.2 Thermal Problem

5.2.1 Heat Transfer Mechanisms

When a surge arrester is connected to the power grid, heat is generated due to the resistive
losses according to (5.7). This heat is eventually dissipated along the top and bottom flanges
and along the housing to the surrounding air. Three fundamental heat transfer mechanisms are
distinguished and briefly recapitulated based on [VDI10]: conduction, convection and thermal
radiation. The heat flux density is defined as,

q̇ =
dQ̇
dA

, (5.24)

and describes the heat energy, Q, that is transferred per unit of time and per unit area, A.
Heat conduction describes the thermal energy transfer by microscopic interactions between

particles due to random movements. The nonlinear transient heat conduction equation de-
scribes the evolution of the temperature, T , by,

∂ cv(T )T
∂ t

−∇ · (λ(T )∇T ) = q̇. (5.25)

Herein, the temperature-dependent specific volumetric heat capacity and the thermal conduc-
tivity are λ(T ) and cv(T ), respectively.

The heat transfer due to convection is attributed to microscopic interactions in a fluid, i.e. dif-
fusion and, additionally, the fluid flow, i.e. advection. Two types of convective heat transfer are
distinguished: First, natural convection describes fluid motion driven by buoyancy forces, which
are caused by temperature variations in the fluid. Second, forced convection describes fluid mo-
tion induced by an internal source, e.g. wind or a cooling fan. The convective fluid flow is
described by the Navier–Stokes equations. To numerically compute the convective heat transfer
by solving this set of nonlinear partial differential equations is extremely cumbersome. Most
computational fluid dynamics (CFD) simulations, therefore, are based on simplified models in
particular if the flow is turbulent.

The thermal heat flux density that is transferred from a surface at temperature T1 and to the
surrounding fluid at temperature T2 due to convection can be approximated by,

q̇ = αht(T1 − T2) = αht∆T. (5.26)

Herein, the heat transfer coefficient is αht. In order to obtain αht, the natural and forced convec-
tive heat transfer from a boundary surface to a fluid can be described by the NUSSELT number,
Nu. It describes the ratio of convective to conductive heat transfer normal to the solid-to-fluid
boundary and is defined as,

Nu=
αhtlc
λ
=
λeff

λ
. (5.27)

59



Herein, the characteristic convection length is lc, the thermal conductivity of the fluid is λ, and
effective thermal conductivity is λeff. The latter describes the total heat transfer in the fluid
including convective effects.

In general, the NUSSELT number for natural convection depends on the fluid and flow prop-
erties and the geometrical dimensions of the problem, Nu = f (Gr, Pr). The GRASHOF number,
Gr, and the PRANDTL number, Pr, describe the kinematic and intrinsic properties of the involved
fluid. They are defined as,

Gr= g β(T )∆T l3
cν(T )

−2, (5.28)

Pr= νa−1. (5.29)

Herein, the characteristic length is lc, the temperature difference is ∆T = T1 − T2, the accel-
eration due to earth gravity is g, the volumetric thermal expansion coefficient is β , and the
kinematic viscosity is ν. The thermal diffusivity is a = λ(ρcp)−1, the specific material density is
ρ, and the constant pressure specific heat is cp.

Finally, thermal energy is transferred by radiation emission and absorption from hot body
surfaces. The emissive heat flux per unit surface area is given by,

q̇r = εradCST 4. (5.30)

Herein, the emissivity is εrad and the Stefan-Boltzmann constant is CS. The heat flow power
between two parallel surfaces of area, A, and the surface temperatures T1 and T2 is given by,

Q̇12 = AεradCS(T
4
1 − T 4

2 ). (5.31)

5.2.2 Thermal Model of Surge Arresters

To model the thermal behavior of arresters, three different cases are distinguished. First, heat
is generated and transferred in the solid materials of the arrester. Second, heat dissipates from
the arrester surface to the environment. In this work, this is referred to as external heat transfer.
Third, heat is transported through the arrester air gap. This is referred to as internal heat
transfer.

Heat Transfer in Solids
In surge arresters, the solid parts include the ZnO resistors, the aluminum flanges, heat sinks,

and the housing. In these regions, a thermal conductivity, λ(T ), is defined. Electric losses arise
based on (5.7). The heat transfer in the vertical direction is small due to the rather low thermal
conductivity of the ZnO resistors. The material characteristics used in this work were measured
in collaboration with the High Voltage Lab at the Technische Universität Darmstadt [Gie18] or
were obtained from [Hin90; VDI10].
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External Heat Transfer
The accurate modeling of the external heat transfer is important to study the arrester’s steady

state. It is of minor importance for thermal stability investigations, which focus on short-time
transient processes after impulse injection events (see Sec. 8), as in station class arresters an air
gap commonly separates the ZnO column and the housing. This significantly slows down the
transient radial heat transfer to the environment due to the insulating properties of air and the
housing material.

The heat transfer from the housing surface to the gaseous environment is modeled by con-
vective and radiative boundary conditions. The boundary condition is defined for each unit
and metallic flange, separately. The ambient temperature of the laboratory is constant [Gie18].
The radiative boundary condition parameters are the emissivity of the porcelain housing and
the emissivity of the metallic flanges and connectors. They are obtained from [Gie18; Hin90].
The free convection heat transfer coefficient is assumed constant. It is based on selected NUS-
SELT number correlations obtained from [Boe14; VDI10]. The shed-structure of the porcelain
housing is neglected.

In the following, NUSSELT correlations and the resulting heat transfer coefficients from various
authors are compared.

A criterion indicates if Nu-approximations correlated from flat-plate scenarios can be applied
[Boe14]. It is defined as,

2%out

lc
≥

35
Gr0.25 . (5.32)

Herein, lc is the critical length, in this case the height of the unit or flange. The outer radius of
the flange and housing is %out. This holds for the unit case as well as for the flange case. Thus,
the heat transfer correlations of vertical flat plates are applicable. In this case, the boundary-
layer thickness of the resultant buoyant flow is small compared to the diameter of the cylinder.

Another commonly applied correlation was calculated by [CC75] as,

NuChu = 0.68+
0.67(Gr Pr)1/4

[1+ (0.492/Pr)9/16]9/4
. (5.33)

It applies to laminar or turbulent flow-cases for a vertical planar surface. Popiel [Pop08] calcu-
lated the following correlation,

NuPop = NuChu

�

1+ 0.3
�

320.5Gr−0.25 lc
2%out

�0.909�

. (5.34)

In 2013, [Day+13] presented the following correlation, that can be applied if 102 < Gr Pr< 109,

NuDay =

(

[−0.2165+ 0.5204 Gr Pr0.25+0.8473] for 0.1≤
�

lc
2%out

�

≤ 1,

[−0.06211+ 0.5441 Gr Pr0.25+0.6123] for 2≤
�

lc
2%out

�

≤ 10.
(5.35)
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Kreith et al. [KBM11] calculated the following correlation,

NuKre =

(

[0.555 (Gr Pr)0.25] for 105 < Gr Pr< 109,

[0.021 (Gr Pr)2/5] for 109 < Gr Pr< 1012.
(5.36)

McAdams [McA54] presented the following correlation,

NuMcA =

(

[0.59 (Gr Pr)0.25] for 104 < Gr Pr< 109,

[0.13 (Gr Pr)1/3] for 109 < Gr Pr< 1012.
(5.37)

Eigenson [Eig40] calculated the following correlation,

NuEig =















[0.48 (Gr)0.25] for 106 ≤ Gr≤ 109,

[51.5+ 0.0000726 (Gr)0.63] for 109 ≤ Gr≤ 1.69 · 1010,

[0.148 (Gr)1/3] for Gr≥ 1010.

(5.38)
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Figure 5.10.: Comparison of different literature NUSSELT numbers (a) and heat transfer coeffi-
cients (b) with respect to temperature for the arrester flange h= 0.2 m. The corre-
lations agree well, only the correlation given by [McA54] is slightly above the other
curves and yields the highest heat transfer coefficient.

Fig. 5.10(a) compares the different Nu correlations for the arrester flange geometry. A typical
flange height for station class arresters of h = 0.2 m is assumed. Fig. 5.10(b) compares the
resulting heat transfer coefficients αht. All literature correlations agree well. The correlation

62



20 30 40 50 60 70 80

50

100

150

200

temperature T in K

N
U

S
S

E
LT

nu
m

be
r

N
u

Popiel Churchill
Day Kreith
McAdams Eigenson

(a)

20 30 40 50 60 70 80
1

2

3

4

5

temperature T in K
he

at
tr

an
sf

er
co

ef
fic

ie
nt
α

ht
in

W
m
−

2
K
−

1

Popiel Churchill
Day Kreith
McAdams Eigenson

(b)

Figure 5.11.: Comparison of different literature NUSSELT numbers (a) and heat transfer coeffi-
cients (b) with respect to temperature for the arrester unit with h = 1 m. The
correlation of [McA54] does not fit well to the other curves and seems to overesti-
mate the heat transfer.

of [McA54] is slightly above the other curves and yields the highest heat transfer coefficient.
The convective heat transfer coefficient is in the range of 3 − 5 W

Km2 over the relevant temper-
ature range. Thus, this range is adopted for the convective heat transfer boundary condition
of arrester flanges. Fig. 5.11(a) compares the introduced Nu-correlations and Fig. 5.11(b) heat
transfer coefficients for a typical arrester unit of h = 1 m. Again, the correlation of [McA54]
seems to largely overestimate the heat transfer. In contrast to the flange case, a greater spread
of the curves is observed. This can be attributed to the fact that the curves are commonly cor-
related from experiments on smaller cylinders or plates. The adopted convective heat transfer
coefficient for an arrester unit is in the range of 2− 4 W

Km2 .

Internal Heat Transfer

The air gap of a station class arrester unit is, basically, a gas filled vertical annulus (see Fig.
5.12). Its outer surface, A2, at %2, is assumed to be isothermal. The inner surface, A1 at %1, is
assumed to be uniformly heated by a heat source. The arrester unit height h defines the length
of the annulus. The critical length, lc for the calculation of Nu is the air gap width, δ = %2−%1.

A numerical computation of the convective heat transfer contribution in the air gap based on
CFD simulations is unrealistic for the purpose of simulating and, moreover, optimizing surge
arresters.
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Figure 5.12.: Cut of the geometry of an arrester unit. The gas-filled volume between the ZnO
stack and the housing, the arrester air gap is shown. It has the form of a vertical
annulus. To estimate the radial convective heat transfer in the air gap, the NUSSELT

number is computed assuming a isothermal inner boundary at the ZnO stack and
outer boundary at the porcelain housing.

An effective, temperature-dependent thermal conductivity, λgap(T ) is defined that approxi-
mates the total internal air-gap heat transfer of a station class arrester unit. It accounts for
conductive, convective and radiative heat transfer effects by,

λgap(T ) = λair +λconv +λrad(T ). (5.39)

Herein, the conductive contribution is λair, the convective contribution is λconv, and the radiative
contribution is λrad(T ). Conductive and convective contributions are combined in the linear heat
conductivity λcc and described by the mean NUSSELT number for a closed annular gap,

λcc = λair +λconv = Nuλair. (5.40)

In [Spä14], different models to evaluate the NUSSELT number for a station class arrester air
gap were compared. The models were obtained from [VDI10; Hin90; Cam80; RN08] and
agreed well. In this work, the Nu correlation of [VDI10], is selected based on the comparison of
[Spä14]. It is given by,

Nu=
c1

�

h
δ

�2

h3%1
%24 + c2

�

h
δ

�9/4
. (5.41)

Herein c1 and c2 are obtained, as,

c1 = 5.62 · 10−4Gr(T1 − T2)Pr, c2 = [Gr(T1 − T2)Pr]3/4 854−1, (5.42)
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where the temperature at the inner and outer air gap surface is T1,2, respectively.
The radiative heat transfer contribution in the air gap is approximated by a temperature-

dependent equivalent thermal conductivity λrad(T ). The emissive power that is exchanged
between the air gap surfaces is based on (5.31). It is given by,

Q̇12 = A1 C12(T
4
1 − T 4

2 ), (5.43)

where the radiation exchange factor is,

C12 = Cs (ε
−1
rad,1 +

%1

%2
· ((ε−1

rad,2 − 1)))−1, (5.44)

and the emissivity of each surface is εrad,1,2, respectively.
A priori, the surface temperature is unknown and (5.43) cannot be applied directly. Further-

more, due to the nonlinearity of (5.43), the radiative heat transfer contribution must be updated
iteratively in order to accurately compute coupled arrester behavior. Thus, a FE implementa-
tion of the temperature-dependent equivalent thermal conductivity was proposed in [Spä14].
This conductivity, λrad(T ), is established such that the heat transfer described by the Stefan-
Boltzmann-law for an annular cylinder equals the conductive heat flux within the equivalent
material filling the gap. To derive the conductivity, the space between the air gap surfaces is ra-
dially filled with N thin metal foils at % = %i at temperature Ti, with i ∈ [1, N]. The position of
the inner plate and outer annulus surface is %1,N , respectively. The radiative heat flow between
foil i and foil i + 1 is given by,

q̇i→i+1 = C12(T
4
i − T 4

i+1). (5.45)

Writing out Ti+1 = Ti −∆T yields

q̇i→i+1 = C12

�

T 4
i − (Ti −∆T )4

�

(5.46)

= C12(T
4
i − T 4

i + 4T 3
i ∆T − 6T 2

i ∆T 2 + 4Ti∆T 3 −∆T 4) (5.47)

= C12(4T 3
i ∆T − 6T 2

i ∆T 2 + 4Ti∆T 3 −∆T 4). (5.48)

At first order in ∆T , one gets

q̇i→i+1 = C12

�

4T 3
i ∆T + O(∆T 2)

�

(5.49)

≈ C12(4T 3
i ∆T ). (5.50)

Combined with (5.26), (5.48) yields,

αht,i = 4C12T 3
i . (5.51)

In the limit of a continuous medium, ∆T → 0, the equivalent thermal conductivity

λrad(T ) = αht (5.52)

= δ4C12T 3δ. (5.53)
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is obtained. Finally, the equivalent thermal conductivity (5.53) for the cylindrical annulus is
given by,

λrad(T ) = 4C12T 3%1 ln
�

%2

%1

�

. (5.54)

The validity of this approach for the circular annulus case can be easily verified. By applying
Fourier’s law, one can write the radiative heat transfer as,

Q̇
A
= −λrad(T )∇T, (5.55)

Q̇ = −2π%hλrad(T )
∂ T
∂ %

. (5.56)

With (5.54), the same heat transfer as by directly solving (5.43) is obtained after integrating
both sides of (5.56) over the air gap and inserting the temperature-dependent conductivity
(5.54),

∫ %2

%1

Q̇
%

d% = −
∫ T2

T1

2πhλ(T )rad dT (5.57)

ln
�

%2

%1

�

Q̇ = C12(T
4
1 − T 4

2 )2πh%1 ln
�

%2

%1

�

, (5.58)

which is the same as (5.43).

Validation of the Model for Radiative Heat Transfer in the Air Gap
The radiative heat transfer contribution in the air gap can, alternatively, be computed based

on a surface-to-surface radiation exchange model. This model was applied in [Gie18]. How-
ever, the method requires a dedicated solver to compute the surface-to-surface interaction of all
surface-FE cells. The approach is computationally expensive, as the heat exchange of all surface-
FE elements is computed in every time step. It is, in this work, used to validate the proposed
nonlinear conductivity model for thermal radiation in the arrester air gap. The Surface-To-
Surface Radiation module is provided by COMSOL Multiphysics®.

The validation model is set up as follows: A single arrester unit is modeled. The ZnO block is
preheated to typical arrester column temperatures after impulse injections. The ambient tem-
perature is Tamb = 293 K. The ZnO block cools down via radiative heat transfer over the air
gap to the porcelain housing. Fig. 5.13(a) shows that the temperature within the ZnO block de-
creases over time. A very good agreement between both models is obtained (see Fig. 5.13(b)).
The relative deviation is always below 0.24%. The deviation reaches the highest values within
the first hour, which is attributed to the involved heat capacities of the ZnO and the porce-
lain material. Consequently, the nonlinear equivalent material model is considered suitable for
modeling radiative heat transfer for long annular cylinders such as air gaps of porcelain housed
station class arresters.
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Figure 5.13.: Comparison of the temperature decrease for the developed nonlinear material
model (Model A) and the COMSOL model (Model B). (a) shows the temperature de-
crease for the start temperatures T0 = [450 400 350 310]K. (b) plots the relative
deviation between the two models (adapted from [Spä+16a]).

5.2.3 Contribution of the Heat Transfer Mechanisms

The contribution of each heat transfer mechanism to the overall heat transfer is visualized in a
Sankey diagram (see Fig. 5.14). The diagrams were presented in the Bachelor thesis of [Alj16].
The thesis was part of a cooperation project together with the Institut für Technische Thermo-
dynamik of the Technische Universität Darmstadt. The heat transfer to the environment and
within the air gap was computed based on a steady state heat transfer analysis for a typical 4-
unit station class arrester. Fig. 5.14(a) shows the external heat transfer, and Fig. 5.14(b) shows
the internal heat transfer in the air gap of a single arrester unit. In Fig. 5.14(a), the radial heat
transfer from the arrester surface to the environment is proportionally distributed to radiation
(172 W), natural convection (154 W), and forced convection (39 W). In the scope of [Alj16],
forced convection due to wind in the laboratory environment was considered. The heat transfer
is further separated into a contribution that is dissipated from the porcelain unit housing (Porc.)
and the aluminum flange (Al.). It is observed that for the heat transfer to the environment, ra-
diation and convection have a similar contribution. The distribution is different in the arrester
air gap (see Fig. 5.14(b)). The radial heat transfer within the air gap is divided into radiation
(57 W), convection (36 W), and conduction (15 W). A small share is dissipated longitudinally
(all mechanisms combined = 0.5 W). Radiation dominates the heat transfer in the arrester air
gap.

To model the convective heat transfer in the air gap, λcc is calculated only once and is kept
constant throughout the entire simulation. The reference temperature at the inner surface is
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obtained, if available, from the experiment or from the steady state temperature of each unit.
Fig. 5.15 shows the radiative and convective contribution to the heat transfer of the air gap over
the relevant temperature range. For high temperatures, the radiative heat transfer exceeds by
far the convective contribution. Above 310 K, the convective contribution saturates. This implies
that a constant a priori estimation of the convective heat transfer is a valid approximation to
study the heat transfer behavior in the air gap, in particular, after impulse injections.
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(a)

(b)

Figure 5.14.: Sankey diagram of the external heat transfer (a) and internal air gap heat heat
transfer in a single unit (b) of the ungraded 550-kV-station class arrester in steady
state. The heat transfer contributions are: radiative heat transfer contribution,
natural convection, forced convection and heat conduction. The heat is dissipated
from the porcelain unit housing (Porc.) and the aluminum flange (Al.). All quanti-
ties are given in W (adapted from [Alj16]).
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Figure 5.15.: Convective and radiative heat transfer contribution in the arrester air gap. The
radiative heat transfer increases nonlinearly ∝ T 3 according to (5.54). The con-
vective heat transfer contribution based on the NUSSELT number of (5.41) quickly
saturates. The radiative heat transfer exceeds by far the convective contribution
for higher temperatures.
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5.3 Discretized Formulation

The simulation procedure can be divided into different steps. First, pre-processing stages are
undertaken. Then, the physical model of the problem is defined, the geometry and material
distributions are modeled, and boundary conditions are specified. These steps introduce as-
sumptions and simplifications to the physical problem. Second, the selected set of differential
equations is discretized, and the numerical solution of the discretized problem is computed.
Third, the quantities of interest are obtained in the post-processing stage. The arrester behavior
is described by a time-dependent and strongly nonlinear EQST system of equations. The finite
element method (FEM) is a well known discretization method for this kind of time domain
problems. The method transforms the partial differential equations to a matrix system that is
numerically solved on the basis of algebraic operations.

5.3.1 Time Discretization

The nonlinear field- and temperature-dependent EQS equation (5.6) is a stiff problem and re-
quires, thus, special care for the selection of the time integration scheme [Den14; SGW11;
Str04]. For this reason, an implicit time integration approach is adopted. First, (5.6) is inte-
grated over one time step as,

[∇ · (ε∇φ)]t
n+1

tn +

∫ tn+1

tn
∇ · (σ∇φ)dt = 0. (5.59)

This yields,

∇ · (ε∇φ)
�

�

�

�

tn+1

−∇ · (ε∇φ)
�

�

�

�

tn

+

∫ tn+1

tn
∇ · (σ∇φ)dt = 0. (5.60)

In the next step, the equation is discretized in time by adopting the backward Euler scheme as,

(∇ · (ε∇φ) +∆tel∇ · (σ∇φ))
�

�

�

�

tn+1

=∇ · (ε∇φ)
�

�

�

�

tn

, (5.61)

where, ∆tel = (tn+1 − tn) is the electric time step.
The nonlinear transient heat conduction equation (5.25) describes the time evolution of the

temperature depending on the nonlinear material parameters, the volumetric heat capacity,
cv(T ), and the thermal conductivity, λ(T ), respectively. For the time discretization, the same
procedure as for the EQS problem is adopted. This yields,

(cvT −∆tth∇ · (λ∇T )−∆tthq̇)

�

�

�

�

tn+1

= (cvT )

�

�

�

�

tn

, (5.62)

where, ∆tth is the thermal time step.
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5.3.2 Finite Element Ansatz for the Electroquasistatic Problem

The time-discretized EQS problem (5.61) is discretized in space based on the FEM. For a de-
tailed discussion on the derivation and fundamentals of the FEM refer to e.g. [SF96; Haf87;
Kos94; Ste98]. In the following, the FEM formulation of the 2D-axisymmetric EQS problem is
introduced.

A FEM study follows a fundamental scheme that starts with the discretization of a computa-
tional domain Ω into a set of mesh cells referred to as finite elements. In each of these cells the
solution φ(~r, t) is approximated by linear basis functions as

φ(~r, t)≈
∑

j

w j(~r)u j(t). (5.63)

Herein, w j(~r) are nodal FE shape functions (local piecewise linear hat functions) associated
with the nodes of a triangular mesh constructed for the computational domain Ω and u j(t) are
the Degrees of Freedom (DoFs). The Ritz-Galerkin method determines a solution for the DoFs
such that the error, i.e. the residual, of the approximated and exact solution is minimized. The
discretization of the resistive term in (5.6) is exemplarily shown. Starting with the conductivity
term of the EQS equation (5.6), the following transformations are performed,

∫

Ω

∇ · (σ∇φ)widΩ=

∫

Ω

∇ · (σ∇φwi)dΩ−
∫

Ω

(σ∇φ · ∇wi)dΩ, (5.64)

=

∫

∂Ω

σ
∂φ

∂ n
widΓ −

∫

Ω

(σ∇φ · ∇wi)dΩ. (5.65)

The solution is approximated by the basis functions, as defined in (5.63), and becomes,

≈
∑

j

u j

∫

∂Ω

σ
∂ w j

∂ n
widΓ

︸ ︷︷ ︸

boundary term

−
∑

j

u j

∫

Ω

(σ∇w j · ∇wi)dΩ
︸ ︷︷ ︸

:=ki j

. (5.66)

The first term is determined by the boundary conditions of the problem at hand. In the case of
homogeneous Neumann boundary conditions, this term vanishes. At boundaries with Dirichlet
boundary conditions the FE test functions, wi are zero and boundary terms vanish as well. The
second term corresponds to line i of the n×n stiffness matrix Kσ. Thus, neglecting the boundary
terms, the spatially discretized EQS system of equations is obtained from (5.61) as,

(Kε +∆telKσ)u

�

�

�

�

tn+1

= Kεu

�

�

�

�

tn

, (5.67)

Kn+1
ε un+1 −Kn

εu
n +∆telK

n+1
σ un+1 = 0, (5.68)

where Kε is defined analogously using the permittivity, ε, instead of the conductivity, σ. The
superscripts indicate the time steps at which the variables are evaluated.
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5.3.3 Finite Element Ansatz for the Transient Heat Conduction Problem

The procedure to obtain the FE-discretized transient heat conduction problem follows the pro-
cedure to deduce the EQS problem. Again, the solution for the temperature is approximated
as,

T (~r, t)≈
∑

j

w j(~r)ϑ j(t), (5.69)

where ϑ j(t) are the DoFs for the unknown temperature. The integral of the first term of (5.62)
becomes,

∫

Ω

(cvT )widΩ≈
∑

j

ϑ j

∫

Ω

cvw jwidΩ
︸ ︷︷ ︸

:=mi j

. (5.70)

This corresponds to line i of the mass matrix Mcv
. The source term of the electric losses yields a

source term vector, q̇ . Finally, the discretized heat conduction equation is obtained from (5.62)
as,

�

(Mcv
+∆tthKλ)ϑ−∆tthq̇

�

�

�

�

�

tn+1

=Mcv
ϑ

�

�

�

�

tn

. (5.71)

Herein, q̇ is the source term corresponding to the heat sources q̇i. Dirichlet, and Neumann
boundary conditions are considered, respectively. The homogeneous Neumannn boundary con-
dition is equivalent to the electrical case and resembles a thermal insulation. Additionally, the
inhomogeneous Neumann boundary condition (i.e. a Robin-type boundary condition) is con-
sidered, resembling convection, or radiation, respectively. The Dirichlet boundary condition
imposes a fixed temperature on the boundary cells of the computational domain. The Neumann
boundary condition imposes a normal heat flux density q̇n on the boundary cells. Thus, in (5.73)
additional boundary terms, the vector b and the matrix B arise on the left hand side as [Den14],

�

(Mcv
+∆tth(Kλ +B)ϑ−∆tth(q̇+ b)

�

�

�

�

�

tn+1

=Mcv
ϑ

�

�

�

�

tn
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Each element of b is obtained as,
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. (5.74)
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A convection or radiation boundary condition is regarded as a heat flux in the direction normal
to the boundary surface. Both conditions are temperature-dependent. Thus, for the convective
case, it is obtained from (5.26) as,

∫

Γ

q̇nwidΓ =
∑

j

∫

Γ

αht(w jϑ j − ϑ0)widΓ , (5.75)

where, ϑ0 is the constant ambient temperature. This is separated to contributions that enter B
and b, respectively, by,

Bi j =

∫

Γ

αhtw jwidΓ , (5.76)

bi = −
∫

Γ

αhtϑ0widΓ . (5.77)

The radiative boundary condition is obtained from (5.31) as,
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In [Den14], this expression is linearized, using the temperature solution of the previous time
step, ϑn−1,
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5.4 Multirate Time Integration

A weakly coupled electrothermal system of equations is defined to study arrester behavior. To ef-
ficiently solve the coupled FE problem, a multirate time-integration scheme is adopted. The idea
to exploit the extremely different time constants of the electrical and thermal sub-problem was
introduced in [Hin90]. In this work, the coupled electrothermal arrester problem was solved
based on separated electrical and thermal lumped element circuits. In this thesis, this approach
is extended to the computationally much more involved FE discretization of the coupled prob-
lem. This requires a detailed numerical analysis to guarantee accurate simulation results, and
sharp termination conditions to minimize the computational costs. This basic procedure was
presented in [Spä14]. It is, in the following, recapitulated and extended.

5.4.1 Electrothermal Problem Formulation

The discretized fully-coupled electrothermal problem is based on (5.68), (5.73), and given by,
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where superscripts indicate the time step at which the variables are evaluated. The EQS and
transient heat conduction equation are coupled by the power losses, q̇p, which are evaluated
based on the EQS electric field solution by,

q̇p = σ(|E|, T )E2. (5.82)

The term q̇ on the right hand side of the thermal sub-problem is, then, composed of the power
losses and, if present, further heat sources. Furthermore, the electric conductivity and the
relative permittivity of the stiffness matrices, Kε,Kσ, depend on the temperature, respectively.

5.4.2 Multirate Time Integration Scheme and Implementation

A critical simulation issue is the implementation of the coupling between the two problems.
The transients of the electrothermal system are governed by the electrical and thermal time
constants, τel, τth, respectively. A multirate time stepping approach is implemented in order to
exploit the large difference between the electrical and thermal time constants. The electric time
constant, i.e. the charge relaxation time, is defined by [HM89],

τel =
ε(|E|, T )
σ(|E|, T )

. (5.83)

For surge arresters connected to the grid, the electric conductivity varies by six orders of mag-
nitude during a single ac period. The smallest value for the time constant is obtained in the
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ac excitation voltage peak. Then, the conductivity reaches its maximum, σ(|bE|, T ) = bσ. The
electrical time constant is typically in the range of τel ≈ 100µs for continuous operation and
τel ≈ 1µs after an impulse energy injection (see Tab. 5.1). The thermal time constant for a
cylinder-symmetric configuration is defined as [LNS04],

τth =
%2cv(T )
λ(T )

. (5.84)

Hereby, % is the radius of the ZnO resistors. Typically, the thermal time constant for a station
class arrester is in the minute to hour range. Tab. 5.1 shows exemplary results based on typical
ZnO parameters from station class arresters.

Table 5.1.: Time constant calculation based on typical parameters for station class arresters in
continuous operation (adapted from [Spä14]).

electrical parameters ε in As/Vm bσ in S/m τel in s
6.2 · 10−9 4.0 · 10−3 1.6 · 10−6

thermal parameters λ in W/Km cv in J/Km3 Radius % in m τth in s
23 3 · 106 4 · 10−2 160

(a)

tel

tth

q̇p = σ| grad(φ)|2

∆tth

∆tel

(b)

Figure 5.16.: (a) EQST problem with the coupling parameters, the power loss density q̇p and
the electrical material parameters of the ZnO resistors. (b) Multirate time stepping
scheme assuming a local EQS stationary state within every thermal time step. For
an ac-excited problem, the stationary time-harmonic electric state is obtained after
several ac periods. When this state is reached, the average power losses per period
can be computed based on (5.85). Then, the thermal solver can advance in time
(adapted from [Spä+16b]).

Due to the long thermal transients in arresters, a fully-coupled solving routine for (5.81) is
computationally extremely cumbersome and impossible for optimization purposes. However,
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the following condition holds for electrothermal surge arrester problems, τel � τth. Thus, a
multirate time integration is adopted. A multirate ansatz is classified as an extension of the
modular approach (cf. [SAC12]). Two time steps, the electrical and thermal ∆tel, ∆tth are
distinguished based on the electric and thermal time constants, respectively. The procedure,
furthermore, exploits the sinusoidal voltage excitation by assuming an intermediate electrical
stationary state. The main idea of the multirate time integration is illustrated in Fig. 5.16. The
EQS problem (5.68) is solved with an electric time step of ∆tel < 100µs. Due to the nonlinear
material properties, a fully transient solution is required. For an ac excitation, however, a sta-
tionary time-harmonic electric state is obtained after a short settling time. The arrester currents
and voltages are computed for several periods of the sinusoidal voltage until this stationary state
is reached (see Fig. 5.16). Then, the average power loss density per ac period, Tp, is computed
by

q̇p =
1
Tp

∫

Tp

σ(|E|, T )E2dt. (5.85)

Subsequently, the thermal solution (5.73) is advanced in time with a large thermal time step,
∆tth, where the total power loss during ∆tth is predicted from the previous computation of the
power loss within one ac-period in the electric stationary state. The new temperature distri-
bution is used to recalculate the material properties and, thus, obtain a new electric stationary
state.

The simulation of the steady state for a station class arrester connected to the power grid is
still computationally expensive. This is mainly caused by the many electric solver calls for the
long-time simulations. Therefore, the calculation time of the EQST steady state can further be
reduced significantly by adopting an adaptive update scheme. The update scheme is illustrated
in Fig. 5.17. If the change in the electric conductivity is below a problem specific threshold

|σ−σold|
σold

< ξ, (5.86)

the change of the power loss distribution is negligible. The electric conductivity computed in
the last run of the electric solver is σold. As long as this condition is fulfilled, no electrical up-
date is required and the thermal solver steps forward in time. If the threshold is exceeded, the
updated material properties are passed to the electric solver to recalculate the loss distribution.
The procedure is repeated until the simulation is finished. In the case of steady state computa-
tions, the conductivity-adaptive scheme significantly reduces the computation time by skipping
unnecessary evaluations of the electric problem.

The multirate time stepping procedure is formally first order accurate. In order to resolve the
strong nonlinearity of the materials involved, however, extremely small time steps are needed.
The formal order of accuracy of the time stepping procedure is, thus, less relevant for the overall
simulation accuracy. For the solution of the electrical and thermal problems (5.68) and (5.73),
respectively, an in-house, MPI-parallel 2D FEM code based on nodal triangular elements is used.
A fixed-point iteration is applied in every time step to handle material nonlinearities.
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run electric solver

tel = tel,end? tel + ∆tel

update loss density q̇p

run thermal solver tth + ∆tth

end tth = tth,end?
update material

character-
istics σ, ε

|σ−σold|
σold

< ξ?

no

yes

yes
no no

yes

Figure 5.17.: Structural diagram of a coupled electrothermal simulation procedure. First, the
electric solver advances in time with the extremely fine electric time step,∆tel until
the local ac stationary state is reached after several power-frequency periods, i.e.
tel = tel,end. Then, the power loss density is computed based on the last ac sta-
tionary state period (5.85). Second, the thermal solver advances in time with the
thermal time step, ∆tth until the end of the simulation, tth = tth,end is reached.
After each thermal time step, the electric material characteristics σ and ε are up-
dated. If the change in the conductivity is above the predefined threshold ξ, the
electrical solver is restarted in order to update the power losses.
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5.5 Numerical Validation

5.5.1 Analysis of the Numerical Parameters

The proposed EQST multirate time integration scheme is numerically tested and the EQS prob-
lem is validated according to [IEC14]. For each arrester investigated in this thesis, a detailed
convergence test was performed (see e.g. [Spä14; Sch16; Rup19]). In the following, excerpts
adapted from [Rup19] show typical convergence tests. The convergence test indicate how to set
the parameters of the algorithms in order to simulate numerically the thermal stability of the
550-kV arrester with a sufficient accuracy and an affordable computation time.

The convergence test is set up as follows. An impulse injection of ∆T = 200 K is applied to
the ZnO resistors of the arrester. The arrester is connected to the power grid and is, initially, in
steady-state. To compute the local relative electric field deviation,

ei,rel =

�

�

�

�

Ei − Ei,ref

Ei,ref

�

�

�

�

, (5.87)

a very fine reference solution is simulated with the local electric field, Ei,ref. The error is evalu-
ated along the arrester axis, where i is the index of the FE elements along the axis. The mean
relative deviation, erel, is the relative deviation averaged along the arrester axis.

Fig. 5.18(a) shows the mean and maximum relative deviation for different electric time step
sizes. A first order convergence of the time integration is observed. The thermal time integration
error shows the same behavior (cf. [Sch16]). To obtain an error below 3 · 10−6, an electric time
step of ∆tel = 10µs for impulse simulations is selected. Higher impulses require an adjustment
of the electric time step size. This is due to the high impulse temperatures, which shift the
operating point in the ZnO conductivity characteristic to the strongly nonlinear region.

The multirate procedure computes the electric losses per period of the sinusoidal voltage
excitation when the intermediate electrical stationary state is obtained. The number of electrical
periods until this stationary state is reached is, nperiod,el. Fig. 5.18(b) shows that, in this example,
steady state is reached already after two ac periods. The mean relative deviation between this
period and reference period is erel = 0.027%.

Table 5.2 lists the investigated numerical parameters, electrical time step, ∆tel, thermal time
step, ∆tth, numerical solver precision, and size of the FE mesh cells in the different materi-
als. The values are given for the impulse injection simulation and steady state simulations,
respectively. The mesh resolution is valid for the impulse and steady state simulation case,
respectively.

5.5.2 Validation of the Electro-Quasistatic Problem

The electric part of the proposed approach is validated by following the procedure defined
in the IEC standard [IEC14]. The IEC standard three-unit arrester including its grading ring
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Figure 5.18.: Mean and maximum relative deviation for different electric time steps ∆tel (a)
and different numbers of computed electrical periods nperiod,el (b), (adapted from
[Rup19]).

Table 5.2.: Numerical parameters for simulations of the arrester under impulse operation and
for stationary state operation, (adapted from [Rup19], [Spä14]).

Type of simulation impulse injection steady state

parameter value –

∆tel 10µs 70µs

nperiod,el 2 2

thermal time step ∆tth 60 s 100 s

solver precision 10−10 10−10

material maximum mesh size

ZnO 5 mm

air (surrounding) adaptive

porcelain 20 mm

aluminum (flange) 5 mm

aluminum (heat sinks) 5 mm

system is considered. The continuous operating voltage of the arrester is Uc = 333 kV (rms).
The nonlinear electrical conductivity and the permittivity of the ZnO elements are provided in
the standard. The maximum voltage stress and the maximum ratio Uct/Uc resulting from the
simulations are summarized in Tab. 5.3. Herein, the ratio of Uct/Uc is determined by dividing
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the calculated maximum voltage stress (here named Uct) along the total length of the arrester
axis column by the mean voltage stress along the same length [IEC14]. The standard defines
case A as a purely capacitive arrester with a grading ring. Cases B and C correspond to a two-
grading ring arrester including capacitive and capacitive-resistive currents, respectively. In both
cases, a 2D-axisymmetric model is considered. Fig. 5.19 shows the normalized voltage stresses
along the resistor column for the cases B and C. The results are in perfect agreement with the
IEC reference data with deviations being well below 1%.

Table 5.3.: Comparison of simulation results (EQS-MR) with the IEC reference data [Spä+16b].

Case Source Max. voltage stress (%/m) Max. Uct/Uc

Top Middle Bottom
A EQS-MR 49.8 38.6 26.6 1.43
A IEC 50 39 26 1.44
B EQS-MR 43.7 40 27.6 1.26
B IEC 44 40 27 1.27
C EQS-MR 41.4 39.3 28.8 1.19
C IEC 41 39 29 1.18

Figure 5.19.: Simulated voltage stress along the resistor column for B and C [Spä+16b].

5.5.3 Validation of Adaptive Multirate Time Integration

The electrothermal steady-state temperature distribution of an arrester is efficiently computed
with the adaptive multirate time integration scheme. Fig. 5.20 shows the steady state tempera-
ture along the axis of the reduced-diameter 550-kV surge arrester. The steady state is obtained
after approximately 6 h. The distribution obtained by the non-adaptive and by the adaptive mul-
tirate time integration scheme are compared. The numerical parameters for both simulations
are summarized in Tab. 5.4. The threshold of the adaptive conductivity update is ξ = 0.03.
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An excellent agreement of both curves is achieved (maximal relative error ε = 0.0021%). The
calculation time of the steady state is reduced by a factor of five if the adaptive update scheme is
used. In this example, the simulation time is 2 h (adaptive) compared to 10.5 h (non-adaptive).

Table 5.4.: Numerical parameters for the adaptive and non-adaptive simulations of the steady
state temperature distribution.

electric time step, ∆tel 80µs thermal time step, ∆tth 100 s

number of ac periods, nperiod,el 2 solver precision 10−10
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Figure 5.20.: Steady state temperature distribution along the arrester axis obtained by the non-
adaptive and adaptive multirate time integration scheme.
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6 Station Class Surge Arrester in
Continuous Operation

6.1 Self-Grading of an Ungraded Arrester in Steady State

In continuous operation, the ungraded 550-kV-station class arrester is energized with Uc at
power frequency, i.e. uc(t) = ûc sin(2π f t) with ûc = 488 kV =

p
2Uc. The arrester’s field

and temperature distribution at the continuous operation electrothermal steady state is com-
puted with the fully-parallelized multirate FE solver, as introduced in Sec. 5.4. The simulation
time of the transient coupled arrester behavior until steady state is in the (low) range of hours
for a problem size of tens of thousands of FE nodes. The adaptive conductivity-update scheme
significantly reduces the computational costs, as the coupled multirate, non-adaptive scheme
takes several tens of hours to complete the calculation (see [Spä14]).

Figure 6.1 shows the electric field stress (top) and temperature (bottom) distribution within
the arrester. The electric field stress is unevenly distributed along the arrester axis. The lower
two units remain at nearly ambient temperature, whereas the top unit temperature rises by
more than 80 K. This is caused by the strong influence of the stray capacitances in the upper
units as shown in Sec. 5.1.3.

Figure 6.2(a) shows the electric field strength along the resistor column in the initial and in
the steady state. At steady state, the self-grading effect of the ZnO resistors in the top unit can
be observed (see Sec. 5.1.3). Due to the higher local field stress and, moreover, the elevated
temperature of this unit, the ZnO conductivity and permittivity increase. This results in a re-
duced field stress in this unit compared to the initial (unheated) arrester state. Consequently,
the lower units are exposed to increased electric field stress compared to the initial state, as, in
total, the ac excitation voltage drops over all ZnO resistors in the arrester from zmin to zmax to
fulfill,

uc =

∫ zmax

zmin

~E(z, t) · d~z. (6.1)

As shown in Fig. 6.2(b), the axial power loss density in steady state differs largely from the one
in the “cold” arrester at constant ambient temperature. As discussed in Sec. 5.1.3 and Sec. 5.4,
due to the nonlinear ZnO conductivity, the average power loss cannot be obtained directly from
the rms electric field in the resistors. The electric field stress and resulting current density for
the actual temperature are computed for several periods of the sinusoidal voltage until the local
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Figure 6.1.: Electric field strength (top) and steady temperature distribution in continuous oper-
ation (bottom) in the computational domain (detail). The electric field and tempera-
ture stress is increased in the upper units due to the influence of stray capacitances.
The lower two units remain at nearly ambient temperature, whereas the top unit
temperature rises by more than 80 K [Spä+16b].

electrical stationary state is reached and the losses are evaluated and averaged per ac period
based on (5.85).

As the power line voltage is switched on, the arrester units heat up until an electrothermal
steady state is reached after approximately 260 min (see Fig. 6.3). Hereby, steady state is defined
by a temperature increase of no more than 1 K per hour. Simulations not using a heat conduction
model for the arrester air gap (such as presented in Sec. 5) do not converge to a thermal steady
state. This indicates that an accurate and complete modeling of thermal phenomena is essential
for arrester simulations. Figure 6.1 (bottom) shows the temperature distribution in the arrester
at steady state. Due to the uneven distribution of the electric power losses, the temperature
stress is concentrated in the upper arrester units.

Figure 6.4 shows the simulated axial steady state temperature distribution in the arrester.
The temperature difference between the bottom and top unit of the arrester in steady state is
approximately 80 K. The mean axial temperature in each unit (from bottom to the top unit)
is (295,297, 317,356)K. Thus, the ZnO resistors in the arrester units operate at very differ-
ent operating points on the electrical characteristic. The temperature results are compared to
measurements in Sec. 6.2.1. The measured steady state temperature distribution (see Fig. 6.5)
shows an excellent agreement to the simulated distribution.

The electrothermal simulation provides additional information on the local field and temper-
ature stresses compared to a traditional, solely electric field stress distribution based, electrical
analysis. Small variations in the electric field distribution will result in extreme changes in the
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Figure 6.2.: Normalized rms electric field strength (a) along the arrester axis in the initial state at
ambient temperature and in steady state continuous operation. Power loss density
(b) along the arrester axis, at initial and steady state. The heat sinks are not shown
in the curves. The self-grading effect improves the balancing of the field stress along
the axis in steady state operation when the upper units operate at elevated temper-
atures. (adapted from [Spä+16b])
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Figure 6.3.: (a) Temperature over time and (b) temperature increase rate over time of each ar-
rester unit in continuous operation. The thermal steady state (defined by∆T/∆t <
1 K/h) is reached after approx. 260 min (adapted from [Spä+16b]).
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temperature distribution. Moreover, the self-grading effect, as discussed in Sec. 5.1.3, clearly
helps to balance the electric field stress in the ZnO resistors. This becomes particularly impor-
tant for grading ring design studies, where a purely electrostatic analysis overestimates the field
stress increase in the top unit. Considering the temperature distribution of large station class
arresters may, therefore, be much more important than just looking at the electric field stress
distribution [Cig13; HGT15].
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Figure 6.4.: Steady state temperature distribution of the ungraded 550-kV-arrester after 260 min
along the center axis of the surge arrester. The mean axial temperature in each unit
(from bottom to the top unit) is (295,297, 317,356)K. The lower two units do
not heat up significantly. The upper two units are exposed to elevated operating
temperatures.

6.2 Comparison to Experiments in Continuous Operation

6.2.1 Station Class Surge Arrester Analysis

550-kV-Station Class Arrester
The simulated steady state temperature distribution of the ungraded station class arrester is

compared to a measurement conducted at the High Voltage Lab of the Technische Universität
Darmstadt (see Fig. 6.5). The measurements were conducted using fiber optic temperature
sensors inserted into aluminum spacing elements between the ZnO resistors. The spacers are
3− 5 mm high. Steady state is defined by a temperature increase of no more than 1 K per hour,
as this is the resolution of the optical temperature measurement sensors (see [Gie18]). Two
cases are simulated. First, a constant relative permittivity of εr = 700 is considered. Second,
a nonlinear field- and temperature-dependent relative permittivity, εr = f (|~E|, T ), is assumed,
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based on [Den14]. Overall, both curves show a good agreement between the simulated and
measured temperature profile. The relative error shown in Fig. 6.5(b) is obtained by,

ε=
|Tsim,i − Tmeas,i|

Tmeas,i − 273.15 K
, (6.2)

where i ∈ [1, N] is the index of the temperature sensors, N . The nonlinear permittivity model
shows a slightly better agreement to the measurement, especially in the top unit, compared to
the constant-permittivity model (see Fig. 6.5(b)). The mean error is reduced from 11% to 9.8%.
The maximum error of the nonlinear permittivity model is 22%. The deviation of measurement
and simulation is attributed to the following aspects1:

• A generic material characteristic, obtained from [Den14], was used. These characteristics
do not necessarily correspond to the ZnO material used in the experiment. In addition,
there is a spread of the material characteristics for the individual resistors. This was not
taken into account. Moreover, at the time of the measurements obtained in [Den14], the
knowledge on measurement requirements was not yet available (see Sec. 5.1.2).

• Little care was given to the laboratory conditions, including:

– Uncertain air flow conditions in the laboratory, such as forced convective processes
like air breezing, influence the cooling of the arrester and are not considered in the
simulation.

– Influence of the stray capacitances of neighboring laboratory equipment, such as the
generator, voltage divider, connector and e.g. other specimens is unknown and, thus,
not considered.

Reduced-Diameter 550-kV-Station Class Surge Arrester
The second model is the experimental station class surge arrester setup with the reduced-

diameter ZnO resistor column considered in [Gie18]. The measurement data are taken from
[Gie+16; Gie18]. Two FE models are simulated. First, the model is equipped with distributed
heat sink elements, as shown in Fig. 4.4(b) (likewise to the experimental setup of [Gie+16]).
In a second model, all heat sink elements are combined and centered in each unit, as shown in
Fig. 4.4(c). After approximately six hours, the arrester reaches the steady state in the experiment
and the simulation, respectively. The computation time is, again, in the (low) range of hours for
a problem size of tens of thousands of FE nodes.

Figure 6.6 shows the comparison of the measured and simulated steady state temperature dis-
tribution. An excellent agreement between measurement and simulation with the distributed
heat sink model is obtained (mean relative error ≤ 5.8%). The deviations are lower compared
to the previous model, as special care was given to measure the ZnO material data. The material
1 This comparison was conducted at the beginning of the dissertation project and uses a measurement obtained

in the student project [Dür10].
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Figure 6.5.: (a) Simulated and measured steady state temperature distribution along the center
axis of the surge arrester. (b) Relative temperature deviation in %. A constant rel-
ative permittivity of εr = 700 and a nonlinear relative permittivity εr = f (|~E|, T ) is
assumed. The generic material characteristics are adopted from [Den14]. The devia-
tion of measurement and simulation can be attributed to the use of generic material
characteristics and unknown laboratory conditions.

characteristics were obtained from accurate, high-resolution U-I-T-measurements. A nonlinear
permittivity, εr = f (|~E|, T ), was extracted from the measurements [All16; Gie18]. The spread
of the material characteristics was minimized by selecting ZnO resistors with respect to the
residual voltage [Gie18]. Furthermore, special care was given to the laboratory conditions such
that they could be reproduced by the simulation. The remaining discrepancies are attributed to
the simplified thermal boundary conditions. In addition, material uncertainties in the used ZnO
resistors are not taken into account. It is assumed that the statistical spread of the material char-
acteristics stemming from single block measurement data are much larger than the numerical
simulation accuracy (see [Gie18; Den14; TH14]).
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In Fig. 6.6, the simplified second model with centered heat sinks yields an increased peak
temperature, of 419 K. Thus, even for this simplified model, the temperature deviation in the
simulation is not larger than 16 K (mean error 10%). The mean temperature of both simulation
models is 327 K. In the following, the simplified model with the centered heat sinks is used
to study thermal instability as it allows for faster simulations and simpler variation of multiple
parameters.
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Figure 6.6.: (a) Simulated and measured steady state temperature distribution along the center
axis of the surge arrester (adapted from [Spä+19]). The steady state is reached af-
ter ≈ 6 h. (b) Relative temperature deviation in %. A first model is equipped with
distributed heat sink elements likewise to the experimental setup of [Gie+16]. In a
second model, all heat sink elements are combined and centered in each unit. Com-
pared to the initial validation of the 550-kV-station class arrester (cf. Fig. 6.5), special
care was given to reduce measurement uncertainties stemming from the material
characteristics and the laboratory conditions.
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6.2.2 Thermal Equivalent of the 550-kV-Station Class Arrester

The simulated and measured electrothermal behavior of the thermal equivalent for the 550-kV-
station class arrester is compared. First, the purely thermal behavior is investigated. Therefore,
the ZnO stack is initially preheated to 421 K and 464 K.

Figure 6.7 compares the measured and simulated cooling process of the thermal equivalent.
The temperature distribution in the ZnO is nearly uniform, due to the small dimensions of the
thermal equivalent ZnO stack. The relative error of measurement and simulation for all time
instants is ≤ 3.2%. Thus, with the established thermal model (see Sec. 5 and Sec. 4), the
transient thermal behavior of the arrester equivalent can be accurately simulated.
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Figure 6.7.: Measured and simulated cooling of the thermal equivalent for an initial ZnO stack
temperature of 421 K and 464 K, (a). The relative error of measurement and simula-
tion with respect to time (b).

Subsequently, Fig. 6.8 compares the temperature evolution of two electrothermal scenarios.
The ac rms voltage U1 = 9.2 kV, Fig. 6.8(a), and U2 = 11.074 kV, Fig. 6.8(b), is applied until
an operation close to the electrothermal steady state is reached after 7 h. Subsequently, the
voltage is switched off and the specimen cools down to the ambient temperature. Figure 6.8
shows a very good accordance of the measured and simulated scenarios (discrepancy ≤1 K).
Slightly different steady state temperatures of measurement and simulation are obtained, and
the simulated temperature decreases faster compared to the measurement. This is attributed to
the convection assumed in the models. In this temperature range, which is close to the ambient
temperature, radiative heat dissipation is small compared to the convective heat transfer contri-
bution. The estimation of the convective heat transfer based on a NUSSELT number, which is kept
constant throughout the simulation time, may cause an overestimation of the convective heat
transfer. This is confirmed by the fact that a smaller deviation of measurement and simulation
is observed at the higher excitation voltage and steady state temperature (see Fig. 6.8(b)).
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Figure 6.8.: Measured and simulated temperature response of the thermal equivalent with ap-
plied ac voltages U1 = 9.2kV, (a), and U2 = 11.074 kV, (b) (adapted from [Sch16]).
The ac excitation is applied until the electrothermal steady state is reached after 7 h.
The voltage is, then, switched off and the purely thermal cooling is computed until
the ambient temperature is reached.
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7 Optimization of Continuous Operation

7.1 Station Class Surge Arresters with Grading Systems

Station class arresters are typically several meters high. Thus, their performance is affected by
stray capacitances to earth causing a nonuniform electric field stress, power loss and temper-
ature distribution in the resistor column. In order to compensate for this effect, one or more
field grading rings are often used [Cig13; HGT15; He+09]. The field grading system is carefully
designed such that the electrothermal stresses are as much as possible evenly distributed among
the ZnO resistors in the column [Göh+10; Sjö+10] (see Sec. 2.1).

The ring is attached to the high voltage terminal by several suspensions (see Figure 4.1). The
suspension rods cancel the rotational symmetry of the arrester configuration. At first sight, the
asymmetry requires 3D simulations which are computationally expensive. Different numerical
approaches have been discussed to reduce the high computational complexity of a full 3D EQS
simulation, cf. [Ste+08; Han+05], and to study new designs of graded arresters [Sjö+10],
respectively. The main challenge of 3D arrester simulation is posed by the high number of DoFs
compared to 2D-axisymmetric arrester simulation. This is, furthermore, severed due to the
strongly nonlinear ZnO material characteristic that requires a very fine spatial resolution within
the arrester. In particular, the 3D approach is totally unrealistic for the purpose of optimizing
the field grading system, as this task would involve several hundreds of transient simulations
for different arrester geometries.

One way to overcome this problem is the derivation of suitable equivalent models, as, in
principle, suggested in the arrester standard [IEC14]. In this model, the suspension rods are
replaced by a virtual ring electrode such that the electric field of the equivalent model in the
resistor column coincides with that of the original 3D arrester geometry. This model, however,
is tailor–suited to the IEC standard arrester. It will, generally, not work for other arrester and
field grading configurations. Moreover, it is not guaranteed that this model reproduces the
correct field stresses for operating conditions other than the ones described in the arrester stan-
dard [IEC14]. In [Gie18] the method of the standard was adopted, and a scheme to manually
improve the reconstruction based on parameter studies was presented. This dissertation intro-
duces a systematic procedure to automatically construct an axisymmetric arrester equivalent.
The shape and position of a virtual electrode are obtained by numerical optimization for an ar-
bitrary surge arrester configuration. The approach employs a single solution of a capacitive 3D
problem that is numerically easy to obtain. Subsequently, the field grading system of a station
class arrester can be optimized based on the equivalent arrester model.
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Another way to circumvent 3D simulations is the reduction of the 3D problem to a quasi-
3D problem [DSD19]. This method exploits the partial symmetry of the arrester grading ring
in the azimuthal direction. The quasi-3D field simulation approach reduces the number of
required DoFs compared to a conventional 3D simulation. The main idea of the technique
is to extend the standard axisymmetric 2D FE formulation with trigonometric functions along
the azimuthal coordinate while preserving the possibility to carry out all calculations on the
2D computational mesh. The suspensions are included in the quasi-3D model by asymmetric
Dirichlet boundary conditions, which are incorporated into the computation by a collocation
approach. Thus, the asymmetries arising from the support rods in the model are taken into
account and, therefore, allow to reproduce the true 3D field distribution. However, the idea
was until now only presented for a model with linear and temperature independent material
characteristics, allowing for an EQS formulation in frequency domain. The approach has not
yet been successfully extended to the nonlinear time-domain problem and is, therefore, not
adopted in this work.

7.2 Equivalent Model for Surge Arresters with Grading Systems

7.2.1 Virtual Electrode Configurations

The basic idea of the equivalent arrester model consists in replacing the suspension rods with
an axisymmetric virtual electrode that produces essentially the same electric field stress on the
arrester axis as in the original problem. The equivalent arrester model is axisymmetric and can
be easily handled in numerical simulations. The electric field of the equivalent model far from
the arrester axis will generally be different from that of the original arrester. The electrothermal
response of the system, however, is determined by the electric field and temperature in the
resistor column only. Due to the small radius of the column, the azimuthal field variation in the
ZnO resistors can be neglected. Thus, matching the electric field of the equivalent model with
that of the true arrester on its axis is fully sufficient for the analysis.

In order to determine the shape and position of a virtual electrode, a reference solution for
the electric field of the full arrester geometry including its suspension rods is needed. The 3D
reference solutions can be easily obtained by purely electrostatic field simulations. This is due to
the fact that a field grading electrode does not carry resistive currents and that it only modifies
the stray capacitances of the arrester. Thus, in order to determine an equivalent arrester model,
it is sufficient to consider the capacitive field problem only.

With this observation, an equivalent model can be derived by solving the optimization prob-
lem,

min
X∈RN
‖E2D(X )− E3D(X )‖2, (7.1)

where, E3D and E2D denote the 3D electrostatic field along the axis of the arrester and its 2D
equivalent, respectively. Furthermore, X denotes N unknown parameters characterizing the
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shape and position of the virtual electrode. The solution of this problem yields an optimal
axisymmetric equivalent model for any given surge arrester geometry.

Three different configurations for the arrester equivalents are considered (cf. Fig. 7.1). In
equivalent model (A), the virtual electrode is a conical screen that is kept at the same potential
as the high voltage electrode. The model parameters to be optimized are the distance of the
electrode midpoint from the top electrode and the screen length, X = (dm, l), as shown in
Fig. 7.1 (middle). Herein, the electrode midpoint is constrained to be along the shortest path
connecting the high voltage electrode to the grading ring indicated as a blue line in Fig. 7.1
(middle). Equivalent model (B) uses a virtual ring electrode that is characterized by its radius
and height, X = (%v, hv), as depicted in Fig. 7.1. The thickness of the virtual ring is fixed and
is the same as that of the main grading ring. Finally, an equivalent model (C) is considered
consisting of a virtual ring placed at half-way along the line connecting the grading ring to the
high voltage electrode. This model uses a fixed ring radius and position. Thus, a solution of the
optimization problem is not required. Model (C) is considered for comparison purposes only.
This model is suggested in the arrester standard [IEC14] and is commonly applied in surge
arrester simulations [Hin+08; Gie+17a; Ste+06].

Each of the two equivalent models, (A) and (B), represent a two-parameter optimization
problem. Such problems can be solved with standard gradient-free algorithms such as the
pattern search or simplex method [Tor97; Lag+98]. The solution procedure is depicted in
Fig. 7.2. In each optimization step, the geometry of the virtual electrode is modified, a new FE
mesh is generated and the electric field distribution of the 2D model is computed. The result is
compared with the 3D reference solution. Then, a set of parameters for the new geometry of the
virtual electrode that minimize the goal function (7.1) is generated. This procedure is repeated
until the minimum in (7.1) is found.

7.2.2 Equivalent Model for the IEC Arrester

The above approach is applied to the IEC standard arrester equipped with a single field grading
ring. The field grading ring is attached to the high voltage electrode by means of four suspension
rods. In order to demonstrate the effect of these suspension rods on the field distribution,
Fig. 7.3 shows the electrostatic potential of the arrester when a dc voltage of 333 kV is applied
at the high voltage electrode. The potential distribution is clearly not axisymmetric.

The electrostatic 3D field distribution for the full arrester geometry, including the four suspen-
sion rods, is simulated with CST EM STUDIO® to obtain the reference solution E3D for different
positions of the grading ring. For the calculation of the electric field of the 2D equivalent, E2D,
the simulation tool described in Sec. 5.4.2 is used.

Figure 7.4 shows the resulting optimal parameters for the equivalent model (A). The bounds
for the optimization are defined by the suspension geometry. Hence, the midpoint distance dm is
constrained (along the suspensions, see the blue line in Fig. 7.1 (middle)) s.t. dm ∈ {0, ls(%, h)}.
Herein, ls(%, h) is the length of the suspension for the current grading ring radius and height
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Figure 7.1.: Left: original 3D surge arrester with grading ring and suspensions. Middle: equiva-
lent model (A) using a virtual conical screen. Right: equivalent models (B) and (C)
using a virtual ring electrode [SGD19].

(%, h). The length l of the screen is constrained s.t. l ∈ {0,0.5ls(%, h)}. The optimal midpoint
distance and the screen length are shown for different radii and heights of the grading ring,
respectively. The position of the virtual screen depends nearly linearly on the grading ring
height and radius. The length of the virtual screen, however, appears to be more sensitive to the
variation of the grading ring radius.

For all investigated cases, the global field error,

ε(X ) =

Ç

N−1ΣN
i=1

�

Ei,2D(X )− Ei,3D(X )
�2

N−1ΣN
i=1Ei,3D(X )

, (7.2)

of the optimal 2D equivalent model (A) is below 3.8% (cf. Fig. 7.5). However, the parameter
region of largest error (yellow/red areas in Fig. 7.5) is not of interest in practice, as it corre-
sponds to cases where the grading ring is positioned too close to the upper mid flange. Such
configurations could lead to an electrical flash over. For all realistic grading ring parameters,
the global field error of the equivalent model is less than 2%.

In order to compare the accuracy of the three proposed equivalent models (A)-(C), a fixed
grading ring configuration with (%, h) = (0.6 m, 4.3 m) is considered. This choice corresponds to
a grading ring with long suspensions that is mounted comparably closely to the stack. In Fig. 7.6,
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Initialize optimization problem
Reference

solution, E3D

Initialize 2D
FE model,

X = (x1, x2)

2D FE equivalent model simu-
lation with given parameters X i

Evaluate electric field, E2D(X i)

Evaluate goal
function

(7.1)

Optimal 2D equi-
valent model, Xopt

Update model X i+1

and remesh geometry

no minimum
minimum reached

Figure 7.2.: Flow chart of the optimization procedure for the axisymmetric equivalent arrester
model (adapted from [SGD19]). After initializing and simulating the 2D FE model
with the current virtual electrode parameters X i, the axial electric field is evaluated.
The goal function did not reach a minimum, until the difference of the electric field
stresses of the 3D reference and current 2D solution are minimal. The equivalent
model is updated by adopting new virtual electrode parameters X i+1 and the simu-
lation and evaluation is repeated until the optimal virtual electrode parameters Xopt

are found (adapted from [SGD19]).

the electrostatic field distribution of the original 3D arrester and those of the corresponding,
optimal equivalents are plotted along the arrester axis. Obviously, equivalent model type (A)
yields by far the best results. As expected, the largest field errors occur in the top units where
the influence of the suspension rods on the field distribution is stronger.

Figure 7.7 shows the global field errors of the three models for various grading ring radii and
heights. Again, model (A) yields the best approximation compared to the other two models. For
large and low-sitting grading rings, models (B,C) are generally not applicable since they produce
large errors of more than 15%. Only for large and highly mounted grading rings, (A) and (B)
are equivalent in terms of the resulting error. In all cases, the standard approach used in model
(C) fails to reproduce the arrester field with sufficient accuracy. This model yields substantially
high errors and is, therefore, not recommended. It works well only for a very limited range of
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Figure 7.3.: Electrostatic potential distribution in the xz-plane and the xy-plane when a dc volt-
age of 333 kV is applied to the high voltage electrode [SGD19]. Within the ZnO
resistors, no azimuthal variation of the electric field strength is observed. Thus, an
equivalent 2D-axisymmetric approach can be introduced.

parameters, such as, e.g. for the particular grading ring configuration used in the IEC standard
with (%, h) = (0.6 m, 4.8 m).

The equivalent model is validated for the EQS problem. Therefore, Figure 7.8(a) compares
the electrostatic and EQS (rms) 3D field distribution along the arrester axis. The self-grading
effect due to the nonlinear conductivity of the ZnO resistors equalizes the field stress in all three
units. Figure 7.8(b) shows that the EQS field distribution of the 3D and the equivalent model
(A) agree very well (mean relative error < 1.6%). Again, the maximal deviation (< 6%) occurs
in the top unit, as shown in Fig. 7.8(c). Thus, the 2D equivalent model is suitable to compute
the EQS solution of a 3D surge arrester configuration.
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Figure 7.4.: Optimal parameters for the equivalent model with a virtual conical screen. (a), mid-
point, dm(%, h), and (b), screen length, l(%, h), for various grading ring configura-
tions %, h, respectively (adapted from [SGD19]).
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Figure 7.6.: Comparison of the 3D electric field distribution along the arrester axis to the
equivalent models (A), (B) and (C), respectively. The grading ring sits at (%, h) =
(0.6 m, 4.2 m). Of all three models, model (A) reproduces the 3D field stress best,
the mean relative error is smaller than 1.6% (adapted from [SGD19]).
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(a) grading ring radius ρ = 0.465 m
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(b) grading ring radius ρ = 0.865 m
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(c) grading ring radius ρ = 1.365 m
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Figure 7.7.: Comparison of the relative errors (referred to the 3D case) for the equivalent (A), (B)
and (C), respectively, for different grading ring configurations, (%, h). With model
(A), the best reproduction of the 3D field strength along the axis is obtained. If the
ring is large and has a low axial position, the deviation of models (B,C) and the 3D
field is large (adapted from [SGD19]).
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Figure 7.8.: (a) Comparison of the electrostatic and EQS (rms) 3D field strength distribution
along the arrester axis. (b) Comparison of the EQS field distribution of the 3D and
the equivalent model (A) respectively. (c) Relative field error in %.
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7.3 Electrothermal Steady State Optimization of a Graded Surge Arrester

In a next step, the field grading system of the IEC standard arrester [IEC14] is optimized with
respect to the field stress distribution in the resistor column using the previously established
equivalent arrester model. It is shown that for the optimized arrester design, the electric field
stress and, respectively, the power loss is nearly uniformly distributed across the ZnO resistors.
Finally, using coupled EQST simulations, it is shown that the steady state thermal condition of
the arrester can be greatly improved.

Initialize optimization problem
Initialize

EQS model,
Y = (%, h)

Determine equivalent model
with current parameters

Yi = (%i, hi) and dm(Yi), l(Yi)

2D FE EQS simulation

Evaluate electric field on axis, E2D(Yi)

Evaluate goal
function

(7.3)

Optimal grading ring
parameters found, Yopt

Update model Yi+1

and remesh geometry

no minimum
minimum reached

Figure 7.9.: Arrester grading system optimization for ac steady state operation. After the initial-
ization with arbitrary grading ring radius and height, Y = (%, h), the virtual screen
parameters dm(Y ), l(Y ) are determined. For a large set of grading ring position
Y = (%, h), the respective equivalent model was computed a priori and stored in
an equivalent model map. The 2D EQS simulation is performed and the axial field
stress is computed. The grading ring parameters are updated and the procedure is
repeated, until a minimum is obtained, i.e. the optimal grading ring position, Yopt is
found. (adapted from [SGD19]).

The aim of this optimization is to ensure a balanced distribution of the electric field stress
over all ZnO resistors by choosing a proper design for the field grading system. Denoting the
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optimization parameters by Y = (%, h) corresponding to the grading ring radius and height,
respectively, the constrained optimization problems is written as

min
Y∈R2
‖Erms(Y )− Ērms(Y )‖2, (7.3)

s.t. Y ∈ [%min,%max]× [hmin, hmax]. Herein, Ērms is the spatially averaged rms electric field along
the arrester axis. Hence, goal of the optimization is to minimize the spatial variation of the
electric field stress in the ZnO resistor column.

A flow chart of the optimization scheme is depicted in Fig. 7.9. In each optimization step, the
procedure requires the steady state field distribution of the arrester under ac operating condi-
tions to evaluate the goal function (7.1). If this distribution was obtained from a 3D FE model,
each solution of the transient 3D EQS problem would take several tens of hours. This approach
is not feasible. The key idea of the proposed method is that any given 3D arrester geometry
can be replaced with a corresponding axisymmetric equivalent. The FE solution of such a 2D
EQS problem can be efficiently computed (in the range of seconds to minutes) even for large
surge arresters. Thus, instead of solving the 3D solution of the current grading ring configura-
tion, Yi = (%i, hi), two steps are carried out. First, the respective equivalent model of type (A)
with the virtual electrode parameters, dm(Yi), l(Yi), are determined. This can, in principle, be
done by performing the electrostatic equivalent model optimization, as described in Sec. 7.2,
on-the-fly. Another, more efficient way that is adopted in this thesis, is to compute the equiv-
alent model for any possible grading ring configuration in the given range of parameters Y a
priori. The equivalent models are, then, assembled in a discrete map of data points dm(Y ), l(Y ).
Any arbitrary equivalent model in terms of dm(Yi), l(Yi) can be obtained by interpolation on the
discrete map based on the current grading ring parameters Yi. Thus, the optimization procedure
implicitly takes the 3D effect of suspension rods into account.

In the following, the standard IEC arrester with an applied continuous operating voltage of
U = 333 kV (rms) is considered as it represents a general arrester setup including a standard
grading ring configuration. Fig. 7.10 shows the resulting goal function (7.3) for different grad-
ing ring configurations. In this work, the parameter domain is scanned initially (see Fig. 7.10)
and provides the bounds for the optimization, % ∈ [0.5, 2]m and h ∈ [3.7, 5.1]m. In general,
there is, of course, no detailed evaluation of the goal function available. However, the high
voltage engineering community provides initial parameters based on experimental research and
practical experiences, see e.g. [Hin11; Cig13; IEC14] which can be used as (initial) bounds for
the optimization. The optimization applies standard gradient-free optimization methods, such
as the pattern search or simplex algorithm [Tor97; Lag+98].

Obviously, there exists a unique optimum for the field grading problem that is represented by
the global minimum at (%, h) = (1.29 m, 4.41 m). As seen in Fig. 7.10, this optimum appears to
be quite sensitive to the ring’s height. Contrary, the radius of the ring seems to be less important
for the field grading purpose, since the slope of the goal function with respect to radius is rather
small.
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Figure 7.10.: Optimization goal function based on(7.3) for various ring configurations featuring
a global minimum at (%, h) = (1.29,4.41)m. This means that the field is optimally
balanced over all ZnO resistors along the axis (adapted from [SGD19]).

The resulting optimal 3D arrester design and its corresponding 2D equivalent are depicted in
Fig. 7.11. The grading ring in the optimized configuration is mounted considerably lower than
in the IEC standard arrester. Furthermore, the resulting electric field stress on the arrester axis
in the optimized case is nearly uniform. The peak field strength is reduced by approximately
10% compared to the standard IEC arrester, and the field flatness is improved from 30% to less
than 0.5% in the optimized arrester configuration (see Fig. 7.12).

In order to validate the optimization procedure, the optimized arrester configuration is sim-
ulated in 3D using the transient EQS solver of the simulation software CST EM STUDIO®.
Fig. 7.13 shows a comparison between these 3D simulations and 2D simulations of the cor-
responding equivalent for two different voltage levels. The excellent agreement of the field
stresses on the arrester axis indicates that the optimization procedure based on axisymmetric
equivalent arrester models is reliable.

The effect of grading system optimization on the power loss distribution in the ZnO resistors is
depicted in Fig. 7.12. The peak power loss density in the optimized configuration is up to three
times lower than in the standard design. Thus, much lower thermal stress in the optimized case
is expected.

The comparison between the optimized and standard arrester temperature distributions at the
EQST steady state is depicted in Fig. 7.14. A significant reduction of the overall temperature in
the optimized case is obtained (see Fig. 7.15). The peak temperature of the optimized arrester is
by more than 30 degrees lower than that of the standard arrester. Furthermore, the temperature
distribution between the units is uniformly distributed compared to the standard case, where a
much larger thermal stress in the top arrester units is observed. These results are supported by

105



Figure 7.11.: Optimized arrester design. Left: optimal 2D equivalent. Middle: optimized 3D
arrester geometry. Right: rms potential distribution at steady state (adapted from
[SGD19]).
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Figure 7.12.: Electric field stress (rms) along the arrester axis (a) for the standard IEC ar-
rester (%, h) = (0.60 m, 4.80 m) and the optimized arrester design (%, h) =
(1.29 m, 4.41 m). Average power loss density (b) along the arrester axis for the
standard and the optimized grading ring configurations, respectively [SGD19].

laboratory investigations, which reported the beneficial temperature-balancing effect of large
grading ring systems [Cig13; HGT15; Gie+16]. It illustrates the importance of grading system
optimization, in particular, concerning the issue of degradation of the ZnO resistors due to the
thermally induced aging [HGT15].
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Figure 7.13.: Electric field stress (rms) for the optimized case with excitation voltages (rms),
U = 222 kV, U = 333 kV, respectively. The 2D axisymmetric equivalent model is
compared with the results of a full 3D transient simulation using CST EM STUDIO®.
An very good agreement of the axial field stresses for both excitation voltage levels
is observed. (adapted from [SGD19]).

Figure 7.14.: Steady state temperature distribution in the arrester for the standard (top) and
optimized (bottom) grading ring configurations, respectively. The overall temper-
ature is significantly reduced with the optimized arrester grading system design
[SGD19].
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Figure 7.15.: Steady state temperature distribution along the arrester axis in the standard and
optimized grading ring configurations. The thermal steady state is reached for the
optimized configuration after 7 h and for the standard configuration after 12 h,
respectively. For the optimized grading system, the temperature is uniformly dis-
tributed compared to the standard design, where large thermal stresses occur in
the top arrester unit (adapted from [SGD19]).
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8 Thermal Stability Analysis

8.1 Arrester Cooling Rate

Overvoltage events inject energy impulses to station class surge arresters in the power grid. The
thermal stability of arresters subjected to energy impulses is studied. Therefore, the arrester
cooling rate is defined. As schematically shown in Fig. 2.6, thermal stability involves two com-
peting effects (see Sec. 2.3). The cooling rate summarizes the, in total, three aspects that cause
thermal instability: the injected impulse energy, the temperature-dependent power loss and the
temperature-dependent heat dissipation.

The injected heat power is dissipated via the air gap and the housing to the ambient air. For
a thermally stable case that takes only convective heat dissipation into account, an exponential
temperature decay after the impulse injection back to the steady state temperature, Ts, may be
expected,

T (t)− Ts =∆T exp(−ηt), (8.1)

where the cooling rate, η, is approximately constant.
Another way to express this is by considering that the effective heat flow rate, Q̇eff, is given

by the difference between the power loss, Q̇p, and the heat transfer rate to the ambiance, Q̇,

Q̇eff = Q̇− Q̇p∝−
dT
dt

. (8.2)

The arrester is thermally stable if Q̇eff(t,~r) ≥ 0 in the long term, which means that the cooling
process dominates or balances the electric heat generation.

The right hand side of (8.2) becomes zero when the arrester is in steady state. Thus, the
effective heat flow rate at longer times can be approximated as,

Q̇eff∝ (T − Ts), (8.3)

with the steady state temperature, Ts. By combining (8.2) and (8.3), the cooling rate η, is
obtained,

η= −(T − Ts)
−1 dT

dt
, (8.4)

which is equivalent to (8.1). A ZnO element is stable if η(z, t) ≥ 0. If this holds for all ZnO
elements for t → ∞, the surge arrester is thermally stable. If the injected energy is above
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the arrester’s thermal stability limit a thermal runaway occurs, i.e. T (%, z, t → ∞) → ∞.
Otherwise, the arrester cools down to the previous steady state T (%, z, t →∞)→ Ts(%, z, t =
0).

Figure 8.1 shows the principle shape of an arrester’s cooling rate curve with respect to tem-
perature. The injected impulse energy increases the ZnO temperature instantaneously, based
on (2.2). Three regions of the curve can be distinguished. First, the cooling rate rises with
increasing temperature. In this regime, the increase of the heat dissipation processes due to
temperature-dependence radiative processes is stronger than the increase of the power losses
with temperature (cf. Sec. 2.3). This part of the curve is investigated in a first step. For this pur-
pose, energy is injected based on the procedure defined in the IEC operating duty test [IEC14].
The 550-kV-arrester is subjected to double energy injection impulses leading to temperatures
far from the thermal stability limit.

In the second part of the curve, the increase of the cooling rate with respect to impulse energy
diminishes. The curve reaches a tipping point before it decreases. This is the regime close to
the thermal stability limit. It is analyzed by subjecting the arrester thermal equivalent to single
energy impulses injected to the ZnO resistors.

The arrester cooling rate becomes negative if the thermal stability limit is exceeded. The in-
vestigation of thermally unstable scenarios for the reduced-diameter 550-kV arrester is covered
in the last part of this chapter. An efficient detection approach of thermally unstable scenarios
is presented. Improvements of the thermal stability limit are achieved. Moreover, a function to
predict the thermal stability limit based on few simulations is derived.
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Figure 8.1.: Schematic cooling rate curve of a station class arrester.
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8.2 Multiple Impulse Injection Scenarios

In the following, the IEC standard operating duty test is simulated, and the effect of double
impulse injections is investigated for the ungraded 550-kV surge arrester. In the IEC standard
[IEC14], energy is injected by applying several current impulses to the specimen. Since the
impulse duration is much shorter than the thermal time constants involved, the temperature
rise, ∆T , in the ZnO resistors is considered to be instantaneous.

The impulse injection procedure of the standard [IEC14] is emulated by applying a two tem-
perature steps separated by a time interval to the ZnO resistors (see Fig. 8.2(a)). The principle
temperature profile of the arrester over time is shown schematically in Fig. 8.2(b). Initially, the
arrester is in steady state, connected to the grid. The energy impulses cause an instantaneous
increase of the ZnO temperature up to Timp,1 and Timp,2, respectively. The time interval, tgap, be-
tween the impulses varies between 0 s and 4 min. Subsequently, the arrester cools down while
connected to the rated voltage, Ur, for 10 s. Finally, the continuous operating voltage, Uc, is
applied until the end of the test at tend = 60 min is reached.

The simulations are simplified by the following assumptions. First, the small Positive Temper-
ature Coefficient (PTC) of the ZnO resistance [Fer+03] is neglected. Simple estimations show
that for a PTC < 10−3, the temperature of all ZnO resistors in the arrester after energy injection
is increased by approximately the same amount. For larger PTC values, the nonuniform temper-
ature distribution of the arrester in steady state continuous operation (see Fig. 6.2) would have
to be taken into account. Second, the temperature dependence of the ZnO thermal capacitance
is not taken into account for the calculation of the temperature impulse (see (2.2)). The error in
the temperature distribution due to this assumption after the impulse injection is less than 3%
(see [Gie18]). Third, due to the short impulse duration and small power loss in aluminum, the
temperature of these parts is assumed to remain unchanged during energy injection [ZB03].

Figure 8.3(a) depicts the spatially averaged temperature of the top unit after pairs of impulses
separated by various impulse intervals are applied. The cooling process starts at t = tUc = 0 s. As
all scenarios are thermally stable, the arrester cools down to the initial steady state temperature.
Fig. 8.3 (b) shows the temperature a few seconds after impulse injection for tgap = 0 s. Two
positions, at the heights h = 346 cm and h = 385 cm, are selected, respectively. In contrast
to the temperature at these positions in the ZnO column, the mean unit temperature increases
within the first time instants (until 20 s). This is due to transient heat transfer from the ZnO
resistors to the aluminum spacing elements causing the temperature of the latter to increase
even after energy injection. Since the arrester cools down in the interval between two impulses,
this transient effect is less important for duty tests with large tgap.

In Fig. 8.4(a), the cooling rate (8.4) is computed at t = 0 s for different time intervals between
the impulses. In order to investigate the thermal stability properties of the arrester, the cooling
rate of each unit is computed separately. As discussed above, the arrester temperature increases
initially, which explains the negative cooling rates shortly after energy injection. This effect is
stronger for small tgap.
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Figure 8.2.: (a) Schematic of the IEC operating duty test [IEC14]. The two current impulses are
separated by the time interval tgap. Then, for timp,2 ≤ t ≤ tUc, U = Ur is applied. Sub-
sequently, the arrester returns to continuous operation at the power line voltage,
Uc. (b) Averaged arrester temperature after the double impulse energy injection for
thermally stable scenario (adapted from [Spä+16b]).
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Figure 8.3.: (a) Average temperature of the top unit after energy injection for different impulse
intervals, tgap. (b) Mean unit temperature and temperature at the measurement
positions at the height h = 346 cm and h = 385 cm for tgap = 0 s (adapted from
[Spä+16b]).
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At t = 140 s (see Fig. 8.4(b)), the cooling rates of each arrester unit reach their asymptotic
positive values. The cooling rate varies strongly between the different arrester units. This is
partially caused by the nonuniform temperature distribution in steady state continuous opera-
tion, before the energy injection is applied (cf. Fig. 6.1). Besides, the heat conduction towards
the large aluminum top and bottom flanges leads to enhanced cooling in the respective units.
Consequently, the middle units exhibit the lowest cooling rates. The highest η is observed in the
top unit, which features the highest steady state temperature as well.

In Fig. 8.5, the time evolution of the cooling rates in the different units is shown. After the
decay of the initial transients (see Fig. 8.5(a)), each arrester unit cools down with a nearly
constant rate. Furthermore, the cooling rates in the long time limit are independent from the
time interval, tgap, between the current impulses (see Fig. 8.5(b)). Thus, the asymptotic cooling
behavior is determined by the arrester geometry and electrothermal parameters, rather than
by the particular energy injection scheme. This is an important conclusion and validates the
approach of the arrester standard [IEC14], since the standard allows a broad range of energy
injection scenarios.

In summary, the arrester cooling rate includes the overall effects of the heat transfer capa-
bility as well as the local power loss in ac operation. All investigated scenarios considered in
this section feature positive cooling rates after energy injection and are, thus, thermally stable.
Moreover, the top unit, which exhibits the highest temperatures, is less likely to cause thermal
instability. This result supports experimental observations indicating that it is the mean rather
than the peak arrester temperature which determines thermal stability [HGT15; Gie18].
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Figure 8.4.: Cooling rates in each arrester unit vs. the time interval between the impulses at (a)
t = 0 s and (b) t = 140 s (adapted from [Spä+16b]).
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Figure 8.5.: (a) Time evolution of the arrester cooling rates for tgap = 0 s (b) Difference of cooling
rates in each arrester unit for the impulse interval tgap = 0 s and tgap = 480 s (adapted
from [Spä+16b]).
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8.3 Thermal Equivalent

8.3.1 Comparison of Thermal Equivalent and Surge Arrester

The ungraded 550-kV station class arrester and the thermal equivalent are subjected to the im-
pulse simulation procedure based on the IEC operating duty test [IEC14] (see Sec. 2.3.2). In this
case, a single temperature step of ∆T = 100 K, corresponding to an impulse energy of 113.8 kJ
(i.e. W

Ur
= 10 kJ

kV), is adopted. The specimens are excited with Ur for 10 s and subsequently con-
nected to Uc. Initially, the thermal equivalent is preheated to 333.15K [IEC14], whereas the
arrester is in steady state continuous operation.

Fig. 8.6(a) shows the transient temperature and the cooling rate (b) after the impulse in-
jection. For this comparison, the average temperature along the axis of the top arrester unit
(including heat sinks) is shown. The thermal equivalent temperature is averaged along its axis.
The deviation of the starting temperature of the arrester unit and the equivalent is caused by the
different initial conditions. The arrester temperature increases in the first seconds and, thus, the
cooling rate is negative (not shown in the figure). Nevertheless, the scenario is thermally stable,
as the cooling rate converges to a positive value. This behavior was, as well, observed in the
previous section 8.2 and is attributed to transient longitudinal heat transfer processes within the
unit that contains aluminum heat sinks. If only temperature data points in the ZnO resistors are
considered, Fig. 8.6(b) shows that this effect is not observed (see dotted yellow line). To obtain
the dotted yellow curve, the evaluation path is of the same length as the thermal equivalent and
defined in the hottest region of the unit.

Based on the results of Fig. 8.6, the investigated thermal equivalent is a worst case approxi-
mation of the full-scale surge arrester. The steady state value of the cooling rate for the thermal
equivalent and the surge arrester is in the range of 1× 10−4 s−1 and 2.5× 10−4 s−1, respectively.
However, the gradients of both curves are different. The cooling rate of the thermal equivalent
decreases quickly to its steady state value. The cooling rate of the arrester shows the short term
heat capacity processes in the beginning. Afterwards, the cooling rate converges much slower
to the steady state value compared to the equivalent.

8.3.2 Cooling Rate for Different Impulse Amplitudes

The influence of the step amplitude on the cooling rate is investigated. Figure 8.7(a) shows the
temperature over time of the thermal equivalent after steps of ∆T = [100K, ..., 150 K], corre-
sponding to impulse energies of [113.8kJ, ..., 170.6 kJ] (i.e. [10 kJ

kV , ..., 15 kJ
kV]). The temperature

curves of the lower step levels (∆T ≤ 130K) have the same shape and are shifted by 10 K
each. For higher steps, no further increase of the cooling rate is observed. This is attributed
to a strong increase of the temperature-dependent losses. Furthermore, for the 160K step, a
thermally unstable scenario is observed.
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Figure 8.6.: A temperature impulse of 100K is applied to the thermal equivalent and the surge
arrester. The temperature decreases over time after the impulse, (a), and the cooling
rate over time, (b). The cooling rate of the thermal equivalent is below the cooling
rate of the arrester unit if only the ZnO resistor cooling (excluding the aluminum heat
sinks) is taken into account. The initial transients of the overall arrester temperature
are attributed to the heat sinks which heat up in the first time instants after the
energy impulse.

Figure 8.7(b) shows the cooling rate ηzno(t) with respect to the temperature step ∆T that is
calculated at successive time instants. Two conclusions are drawn from the results. First, for
all impulse scenarios, the cooling rate converges over time. This behavior was also observed
in the previous section (see Sec. 8.2). Second, the cooling rate decreases with respect to the
magnitude of the impulse. Thus, the impulses are close to the thermal stability limit, as the
further increase of the heat dissipation processes barely compensates the increase of the electric
losses. This, finally, leads to thermally unstable scenarios. The cooling rate becomes negative if
the thermal stability limit is exceeded (in this case by the 160K impulse).
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Figure 8.7.: Temperature over time of the thermal equivalent subjected to increasing tempera-
ture impulse amplitudes, (a), the cooling rate η over the impulse amplitude evalu-
ated after increasing periods of time, (b). The 160K scenario is thermally unstable, as
the temperature increases after some 200 s and the cooling rate becomes negative
(adapted from [Sch16]).
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8.4 Efficient Detection of Unstable Energy Injection Scenarios

A criterion to detect a thermally unstable scenario is derived for an arbitrary full-scale sta-
tion class arrester model. Therefore, stable and unstable energy injection scenarios, which are
very close to the thermal stability limit, are analyzed using the reduced-diameter 550-kV-surge
arrester.

In a first step, the steady state electric field and temperature distribution are simulated, which
is required for the calculation of the cooling rate (8.4) (see Fig. 8.8(a) and Fig. 8.8(b), respec-
tively). In this section, η= ηzno is evaluated only in the ZnO resistors of each unit, the aluminum
spacers are excluded. Additionally, Fig. 8.8 shows the field and temperature distribution imme-
diately after a temperature step of 250 K, corresponding to 3 MJ (i.e. W

Ur
= 8 kJ

kV). The electric
field (see Fig. 8.8(a)) within the arrester is redistributed compared to the initial state. Unlike
in the initial steady state, the highest field stress is, now, observed in the lower units. This
is attributed to the self-grading effect of the ZnO resistors leading to an increase of the per-
mittivity and conductivity in the units subjected to the highest temperatures (see Fig. 8.8(b)).
Consequently, an increased part of the overall excitation voltage drops along the lower units.
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Figure 8.8.: Electric field distribution (a) and temperature distribution (b) of the initial steady
state and 2 min after the impulse injection of∆T = 250 K.

Figure 8.9 shows the electric field (a,b), loss density (c,d), and temperature (e,f) distribution
after an impulse of 250 K and 270 K (corresponding to 3 MJ and 3.3 MJ, i.e. 8 kJ

kV and 8.8 kJ
kV),

respectively. In both scenarios, the maximum electric field stress is located in the lower parts
of the arrester immediately after the impulse injection (see Fig. 8.9(a,b)). A high variation of
the electric stress in each ZnO section is observed. The field stress increase close to the heat
sinks is caused by the temperature drop due to longitudinal heat transfer. In the middle of
each ZnO section, the temperature is at its maximum (see Fig. 8.9(e,f)), and thus, the field
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is reduced locally. With increasing time in the 250 K case, the electric field balances along
the axis, as, initially, the maximum field is increased by nearly a factor of four compared to
the minimum field. After ten minutes, this factor is reduced to less than two. This is, again,
attributed to the capacitive and resistive self-grading of the ZnO material. The power loss of
both scenarios develops differently (see Fig. 8.9(c,d)). In the 250 K scenario, the power loss
density decreases over time from a mean value of initially 750kW m−3 to 230kW m−3. This
corresponds to a total power loss of 3.5 kW and 1 kW after 10 min (more than a factor of three).
In contrast, the mean value in the 270 K scenario remains almost constant (with 1.2MW m−3

and 1.1 MW m−3, corresponding to 5.6 kW and 5.1 kW). The same trend is observed in the
temperature development (see Fig. 8.9(e,f)). The 250 K scenario shows an axial balancing of
the temperatures over time. The mean temperature decreases. In the 270 K scenario, the entire
arrester continues to heat up – a thermal runaway occurs.
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Figure 8.9.: Electric field, loss density, and temperature distribution along the arrester axis sev-
eral minutes after an impulse of 250 K (a,c,e) and 270 K (b,d,f), respectively. Maxi-
mum electric field stresses are located in the lower parts of the arrester. The mean
loss density in the 250 K case quickly drops by more than a factor of three. In the
270 K case, all units are in the breakdown mode. The highest temperatures are ob-
served in the upper parts. In (e), the mean temperature decreases, whereas, in (f),
the entire arrester heats up – a thermal runaway occurs.
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The cooling rate of the ZnO resistors, ηZnO, of (8.4) along the arrester axis is studied. The heat
sink elements are not considered for the calculation of the cooling rate, as thermal instability
is caused by a thermal runaway in the ZnO resistors. Furthermore, Sec. 8.2 shows that initial
heating effects in the aluminum elements are superimposed on the ZnO behavior which is of
interest.

First, Fig. 8.10 shows ηZnO along the arrester axis. Immediately after the impulse injection,
the cooling rate varies along the axis. Close to the aluminum heat sinks, the resistors cool down
quickly, as they axially transfer thermal energy by heat conduction and heat capacity effects to
the aluminum heat sinks and flanges. Thus, a highly positive cooling rate is observed close to the
aluminum parts (which are, in the figure, shown as gaps). The balancing effect of the nonlinear
ZnO self-grading and the attenuation of the heat sink influence diminish the variance in the
cooling rate over time. In Fig. 8.10(a), the cooling rate attains positive values after 6 min. This
scenario is, thus, thermally stable. In contrast, an unstable scenario is observed in Fig. 8.10(b),
as the cooling rate attains negative values after 10min.
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Figure 8.10.: Cooling rate along the arrester axis for the stable scenario (250 K) (a) and for the
unstable scenario (270 K) (b). The aluminum heat sink regions and flanges are not
shown in the figure. Immediately after the impulse injection, the cooling rate varies
strongly in each ZnO region. Locally, the ZnO resistors cool down (highly positive
cooling rate) close to the aluminum heat sinks, as heat is transferred axially to the
heat sinks (see e.g. at 1 m). The self-grading effect and the attenuation of the heat
sink influence balance the cooling rate with time along the axis.

The aim is to detect a thermal instability shortly after the energy injection. A first approach
is to analyze the median cooling rate per unit. In the first scenario of Fig. 8.11(a), the lower
two units heat up initially and, from 2 min on, start cooling down. All other units cool down
from the beginning. In the scenario of Fig. 8.11(b), the lower units heat up continuously at
all time instants (η ≤ 0). The top unit cools down initially, but finally, all units heat up. A
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detection by just looking to, e.g., the top unit after the first time step fails to correctly detect
thermal instability. This is due to the self-grading behavior of the temperature-dependent ZnO
conductivity and permittivity, which balance the field stresses over all units.
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Figure 8.11.: (a) Cooling rate in each unit (i.e. from bottom (B), lower mid (Lm), upper mid
(Um), to top (T)) for the stable scenario (250 K). (b) Cooling rate in each unit for
the unstable scenario (270 K). The self-grading effect is clearly visible, as the cool-
ing rate is balanced with time over all units. Thermal stability cannot be detected
immediately after the impulse injection by analyzing a single unit. All units interact
and balance field stresses due to the nonlinear behavior of the ZnO material.

Fig. 8.12 shows the mean (averaged over all units) ZnO temperature, T , and mean cooling
rate, η(t), for both scenarios. It can be observed that the mean cooling rate, which is evaluated
immediately after the energy injection, seems to be a suitable estimator of the long term cooling
rate development and, thus, for the thermal stability. This observation is confirmed by Fig. 8.13,
which shows the distribution of the cooling rate for the stable (a) and unstable (b) scenario in a
histogram. Both figures show that, immediately after the impulse injection, the distribution of
the cooling rate is widely spread. With increasing time, the distribution narrows due to the dis-
cussed balancing processes. In the figure, the circles drawn below the distributions indicate the
respective mean value. This mean value predicts, already immediately after impulse injection,
the converged cooling rate behavior correctly, i.e. positive (stable) for Fig. 8.13(a) and negative
(unstable) for Fig. 8.13(b). The observation that the mean ZnO cooling rate, η, immediately
after the impulse injection is a suitable estimator for the converged cooling rate behavior is im-
portant, as the numerical simulation of unstable scenarios is computationally expensive. This
is because the operating point of the ZnO resistors at very high temperatures is shifted to the
severely nonlinear region. In the following, different parameters that affect the thermal stability
limit of the arrester are analyzed. Therefore, η is evaluated after a single thermal step.
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Figure 8.12.: Mean temperature (a) and mean cooling rate (b) of the stable (250 K) unstable
scenario (270 K) over time. The mean cooling rate, calculated immediately after the
impulse injection, correctly predicts the long time stability behavior of the arrester.
In the stable case, it is positive and in the unstable case, it is negative. (adapted
from [Spä+19]).
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Figure 8.13.: Distribution of the ZnO cooling rate for the stable (250 K) (a) and unstable (270 K)
(b) scenario over time. The initially large spread of the cooling rate converges with
time due to the balancing effect of the self-grading behavior. The circles indicate
the computed mean cooling rate for the shown time instants. It can be observed
that the mean cooling rate is a suitable estimator for the converged long-time cool-
ing behavior, as it correctly predicts the stability of the scenario.

8.5 Improvement of the Thermal Stability Limit

How can the thermal stability limit of the arrester be increased? The thermal stability limit is
defined as the critical temperature limit above which the dissipated heat of the arrester is smaller
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than the power losses (see Fig. 2.6). It may, thus, be possible to improve the thermal stability
limit by modifying the thermal and electrical parameters of the arrester configuration. In the
following, the influence of various model parameters on thermal stability is investigated. The
investigated parameters are shown schematically in Fig. 8.14 and are summarized in Table 8.1.

Figure 8.14.: Overview of the investigated model parameters to increase the thermal stability
limit. The air gap heat transfer is increased by improving the convective and radia-
tive heat transfer capability. The external heat transfer is improved by assuming
perfectly emitting surfaces.

Table 8.1.: Overview of the investigated parameters and their influence on the thermal stability
limit compared to the initial model (adapted from [Rup19]).

improved parameter influence on stability limit

air gap radiation +8 K

air gap convection +14 K

air gap convection and radiation +20 K

flange radiation 0 K

nonlinearity exponent, α α= 18: −45 K

α= 19: −19 K

α= 21: +14 K

α= 22: +25 K

Thermal Modifications
A first approach is to improve the heat transfer in the air gap. Therefore, the arrester unit

air gap is divided in separate sub-units of each h = 0.2 m (see Fig. 8.15(a)). This enhances the
convective heat transfer according to (5.41). Furthermore, the inner surfaces of the air gap ves-
sel are considered to be perfectly heat absorbing (εrad,1,2 = 1). The increased effective thermal
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conductivity in the gap is shown in Fig. 8.15(b). Fig. 8.16 shows that these measures are very
effective. The maximum steady state temperature is decreased by 15 K, and the thermal stability
limit is shifted by more than 20 K. This corresponds to an increase in the energy absorption ca-
pability of the arrester by 0.37 MJ (i.e. 7.5% and 1 kJ

kV). Both modifications may be implemented
easily. Non-conducting sheets could be inserted in the units to subdivide the air gap in separate
compartments (see Fig. 8.15)1. Theoretically, a black coating could be applied to the ZnO col-
umn and the inner surface of the housing, respectively. In practice, this may be, however, hardly
feasible for conventional glass-coated ZnO resistors and glazed porcelain housing.
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Figure 8.15.: (a) Modified air gap with sub-compartments to increase the natural convection.
(b) Comparison of the effective conductivity in the air gap of the initial and the
improved model (adapted from [Rup19]).

Third, the external heat transfer is analyzed. The radiative heat transfer from the aluminum
flanges to the environment is improved. The flanges are assumed to be perfect emitters (εrad =
1). This could be realized by applying a black coating to the flanges. However, also this measure
has a negligible effect on the thermal stability limit (see [Rup19]).

Electrical Modifications
Moreover, the electric material nonlinearity influences the thermal stability limit strongly. For

the investigated degrees of nonlinearity, the mean and maximum steady state temperatures vary
in a range of 16 K and 20 K, respectively (see Fig. 8.17(a)). Fig. 8.17(b) shows the cooling rate
for different degrees of nonlinearity, α, in the ZnO conductivity characteristic σ(α, |~E|, T ) of
(5.22). The stronger the nonlinearity with respect to |E| in (5.22) is, the higher is the thermal

1 A suitable pressure relief design must be considered.

125



0 1 2 3 4

300

350

400

height z in m

te
m

pe
ra

tu
re

T
in

K

initial model
improved air gap model

(a)

230 240 250 260 270 280 290

−2

0

2

impulse temperature ∆T in K

m
ea

n
co

ol
in

g
ra

te
η

Zn
O

in
h−

1

initial model
improved air gap model

(b)

Figure 8.16.: (a) Comparison of the steady state temperatures of the initial and improved air gap
heat transfer model, respectively. The maximum temperature of the improved air
gap model is decreased by 15 K. (b) Comparison of the cooling rate of both models.
The thermal stability limit is improved by 20 K (adapted from [Rup19]).

stability limit. The difference of the stability limit amounts to 70 K between the lowest (α= 18)
and highest (α = 22) degree of nonlinearity considered in the investigation. The reason is that
α determines the resistive current contribution during the ac voltage excitation after the impulse
injection. In this mode of operation, the current is predominantly capacitive. An increased α-
value further reduces the resistive component. Thus, the losses generated by the ac voltage are
minimized. Fig. 8.18, additionally, shows that the instability limit cannot be increased indefi-
nitely. A saturation of the critical temperature for high α is observed. An optimization could,
thus, aim for an α that balances three aspects: Optimal ac operation, requirements regarding
the impulse switching point and the thermal stability limit.

Furthermore, in [Rup19] it is demonstrated that the observed improvements are generally
valid for arbitrary arrester configurations, such as e.g. a station class arrester with attached
grading ring system.
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Figure 8.17.: Steady state comparison, (a), and cooling rate comparison, (b), for increasing
degrees of nonlinearity α of the ZnO conductivity characteristic, σ(α). With in-
creasing α, the steady state temperature is reduced and the thermal stability limit
increased [Rup19].
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Figure 8.18.: Thermal stability limit over increasing degrees of nonlinearity α of the ZnO conduc-
tivity characteristic, σ(α) (adapted from[Rup19]).
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8.6 Prediction of the Thermal Stability Limit

The numerical solution of the EQST arrester problem after an energy injection corresponding to
a temperature step close to the thermal stability limit is numerically expensive. This is due to
the severe nonlinearity of the ZnO resistors at elevated operating temperatures. The electrical
time step must be very small (in the range of µs) in order to maintain numerical stability and
accurately resolve the nonlinearity. Consequently, the computation time of several seconds after
impulse injection is in the range of tens of hours. The demands on the electrical time step are
less severe for lower energy impulses. The computational costs, in this case, are by two orders of
magnitude lower. Therefore, the aim is to predict the stability limit based on just a few impulse
injection simulations far from the stability limit at lower temperatures.

Figures 8.16 and 8.17 show the same basic course of the cooling rate curves. Thus, an ana-
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Figure 8.19.: The cooling rates for different degrees of nonlinearity, α (cf. 8.18) are translated
such that the stability limits are shifted to the origin.

lytical fitting function to predict the thermal stability limit based on just a few simulation data
points can be introduced. From the results of the previous section, it is observed that modifica-
tions of the thermal heat transfer shift the cooling rate curve on the abscissa and on the ordinate
axis. The principle shape of the curves is retained (see e.g. Fig. 8.16). The electrical modifica-
tion of the nonlinearity exponent, α, simply shifts the cooling rate curves on the abscissa. The
shape of the curve is, again, retained (see Fig. 8.17). The prediction function is fitted based on
the presented cooling curves of the previous section. In a first step, the principle shape of the
curve is fitted to an analytical curve, independent horizontal and vertical shifts along the axis.
Therefore, the nonlinearity-coefficient cooling curves are fitted, as these curves can be super-
imposed by shifting the thermal stability limit, ∆Tstab, to the origin (see Fig. 8.19). A suitable
function to fit the curves of Fig. 8.19 is given by,

ηfit(∆T,α, c1, c2) := c1(α)
�

e[c2(α) (∆T−∆Tstab)] − 1
�

, (8.5)
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where∆T is the impulse temperature in K and c1 and c2 are the fitting coefficients in h−1 and in
K−1. In this first step, the fitting coefficients, ci, are obtained for each set of α data points (see
Fig. 8.19) separately and summarized in Table 8.2. The fitting coefficient c1, varies less than
3.5% and c1 varies less than 8%. The mean value of each fitting coefficient over all α is given in
the last row of Table 8.2. Now, for each α, the general shape of the fitting curve is known.

Table 8.2.: Fitting coefficients of (8.5) for various nonlinearity exponents α.

α c1 in h−1 c2 in K−1

18 -3.621 0.0235

19 -3.657 0.0246

20 -3.729 0.0247

21 -3.760 0.0245

22 -3.750 0.0255

mean -3.703 0.0246

In the next step, the obtained fitting curve can be used to predict the thermal stability limit
by extrapolating the development of the cooling curve based on just two simulation data points.
Now, the defined shape of the curve can be shifted on the abscissa and on the ordinate axis by
the free parameters, d1 (in K) and d2 (in h−1). These parameters describe the horizontal and
vertical translation of the fitting curve for a given set of simulation data. The prediction curve
is, now, given by,

ηfit(∆T, d1, d2) := c1(α)e
[c2(α) (∆T−d1)] + d2, (8.6)

Based on, at least, two data points, the two free parameters, d1 and d2 of (8.6) are obtained.
The estimated stability limits are, then, compared to the previously simulated stability limits.

The procedure to predict the thermal stability limit on simulation data points is exemplarily
shown for the reference model of α= 20. In this case, the principle shape of the fitting function
is given by2,

ηfit(∆T, 20, d1, d2) = −3.73e[0.025 (∆T−d1)] + d2. (8.7)

To obtain d1 and d2, (8.7) is solved for the two data points shown in Fig. 8.20, i.e. (∆T1,η1) =
(175, 3.36) and (∆T2,η2) = (200,3.0). The resulting fitting function is, then,

ηfit(∆T, 20) = −3.73e[0.025 (∆T−264)] + 3.78. (8.8)

Now, the thermal stability limit can be estimated by extrapolating the cooling rate beyond the
two simulated data points. The zero crossing is the thermal stability limit, in this case, 265 K
2 For readability, the number of digits of the fitting coefficients is reduced.
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(see Fig. 8.20). In the figure, this extrapolation result (dashed red curve) is compared to the
previously simulated data points (dark blue circular markers). The simulated thermal stability
limit is 266 K. The difference of prediction and simulation is less than 0.4%, which is an excellent
agreement.
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Figure 8.20.: Comparison of ηfit for α = 20 to the simulation data (blue dots). The ηfit curves
and simulation data are represented as lines and markers, respectively. Only two
simulation data points are considered in the fitting process for determining d1 and
d2 of (8.7) and are highlighted in red.

The procedure is repeated for all investigated α. The estimated and simulated stability limits
are listed in Table 8.3 and agree very well (absolute deviation ≤ 3 K). Figure 8.21 compares the
estimated and simulated cooling curves.

Table 8.3.: Comparison of exact thermal stability limits,∆Tinstab, and estimated thermal stability
limits,∆Tinstab,fit, for different degrees of nonlinearity, α.

α ∆Tinstab ∆Tinstab,fit |∆Tinstab −∆Tinstab,fit| d1 d2

18 218 K 218 K 0 K 219.5 3.595

19 248 K 251 K 3 K 250.7 3.93

20 266 K 265 K 1 K 264.1 3.779

21 281 K 278 K 3 K 276.3 3.83

22 293 K 293 K 0 K 292.2 3.814

In general, the nonlinearity exponent, α, of a ZnO material characteristic may be unknown.
Thus, predicting the thermal stability limit independent of α is desirable. The fitting parameters,
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Figure 8.21.: Comparison of ηfit for all investigated α to the simulation data. The ηfit curves
and simulation data are represented as lines and markers, respectively. For each
estimation of α cooling curve, two simulation data points are considered in the
fitting process to determine d1 and d2. They are highlighted in red.

ci, of the thermal stability estimator function vary only slightly with respect to α (see Table 8.2).
Thus, a robust estimator function is proposed by adopting the mean fitting coefficients as3,

ηfit(∆T, d1, d2) = −3.7e[0.025 (∆T−d1)] + d2. (8.9)

At least two simulation data points are required to obtain the remaining parameters d1 and d2.
These points should be close enough to the (unknown) thermal stability limit. Based on the
presented examples, the following criterion is proposed: The slope between these points should
be negative and ≤ −0.01 (Kh)−1.

Two energy injection simulations far from the thermal stability limit (and, thus, computa-
tionally less expensive) are sufficient for an accurate prediction of the thermal stability limit
of a station class arrester. Differences in the thermal or electrical arrester design do not affect
the shape of the cooling rate curve. The observed horizontal and vertical shifts in the cool-
ing rate curve are taken into account by two free parameters in the prediction function. Thus,
the predicted thermal stability limit can be used directly, e.g. for optimizing an arrester de-
sign. Furthermore, it can reduce the number of required simulations or cumbersome laboratory
experiments for determining the exact stability limit.

3 Again, the digits of the fitting coefficients are reduced, the full coefficient is listed in the last row of Table 8.2.
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9 Conclusion and Outlook

9.1 Conclusion

This thesis was dedicated to the electrothermal FE simulation of station class surge arresters,
which play an indispensable role in the protection of electric energy transmission components.
The core of an arrester consists of ZnO resistors, that absorb impulse energies due to a switch-
like conductivity characteristic. The challenge of arrester simulation, thus, lies in accurately re-
solving the nonlinear electric field and temperature dependence of the ZnO resistors. Therefore,
the transient coupled electrothermal problem must be solved in order to optimize an arrester’s
design and understand its behavior under extreme operating conditions.

Advances in arrester simulation were achieved by introducing a detailed electrothermal
model. The electric model is based on the electro-quasistatic approximation. It was shown
that, for accurately reproducing measured arrester behavior, the electrical conductivity and, in
particular, the permittivity of the ZnO resistors must be represented by nonlinear field- and
temperature-dependent material characteristics. Analytical material functions were proposed,
which were obtained by fitting measured U-I -characteristics of ZnO resistors in the leakage and
early breakdown region. For thermally modeling station class arresters, natural convection and
thermal radiation effects in the air gap were considered. A major problem are the long thermal
transients in arresters in comparison to the required extremely fine electric resolution due to the
nonlinear ZnO characteristic. The multirate time integration scheme used in this thesis exploits
the strongly different time constants and the periodicity of the alternating current excitation.
The scheme reduces the computational costs by several orders of magnitude compared to a fully
coupled routine.

Simulations and measurements were performed for an arrester installed directly on ground
and without the grading ring in order to better demonstrate the effects of severely non-uniform
field, power loss, and resulting temperature distributions. The simulations accurately repro-
duced measured steady state arrester operation. On the basis thereof, a systematic procedure
for the optimization of the field grading system of surge arresters based on numerical simu-
lations was proposed. In order to obtain a numerically suitable model for the optimization
procedure, a 2-dimensional axisymmetric equivalent arrester model was introduced. Hereby,
different virtual electrode configurations, which can properly reproduce the electric field stress
on the arrester axis, were compared. In particular, the equivalent model using a conical screen
as a virtual electrode yields an highly accurate approximation of the arrester field along the axis.
In the second step, the grading ring configuration was optimized with respect to the field flat-
ness on the arrester axis. The optimization procedure is based on fast transient EQS simulations
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of the 2-dimensional equivalent. It was demonstrated that a huge improvement of the steady
state field and temperature distribution in the arrester can be obtained.

In order to determine the thermal stability under energy impulses, the cooling rate was intro-
duced as indicator of thermal stability. Using this criterion, first, the operating duty test of the
IEC standard was simulated for an ungraded 550-kV-station class arrester. Thermal stability for
various energy injection scenarios was approved.

Subsequently, a thermally prorated equivalent of the station class surge arrester was modeled
and validated against measurements. The thermal equivalent and the full-scale arrester were
compared when subjected to single impulses. Based on the cooling process, the investigated
thermal equivalent can, indeed, be classified as a worst case approximation of the full-scale
arrester.

On the one hand, simulations close to the stability limit become numerically extremely cum-
bersome. On the other hand, it is desired to optimize the thermal stability limit of arresters
as accurately as possible. Thus, a precise stability criterion that identifies thermally unstable
scenarios after the shortest simulation time possible is required. For the 550-kV-arrester, it was
demonstrated that the mean ZnO resistor cooling rate allows for the detection of thermal insta-
bility immediately after the impulse injection. Based on this criterion, the influence of different
arrester design parameters on the thermal stability limit was investigated. It was shown that
by improving the heat transfer of the arrester air gap the thermal stability limit was increased
by 20 K. Furthermore, the degree of nonlinearity of the ZnO conductivity characteristic influ-
ences the thermal stability limit strongly. The stability limit differs by 70 K between the lowest
(α = 18) and highest (α = 22) investigated nonlinearity exponent. Finally, the computational
costs for determining the thermal stability limit can be significantly reduced by the introduction
of a prediction function. The predictor proposed in this thesis is based on the fact that the shape
of the cooling rate curves over impulse temperature differ only very slightly for all investigated
arrester parameters. It was shown that two simulation data points far from the stability limit
are sufficient for a very accurate prediction of the thermal stability limit. The computation costs
of these data points were, for the investigated example, by a factor 80 lower compared to the
cost of a simulation close to the thermal stability limit. This reduced the simulation time from
several hours to only a few minutes.

9.2 Outlook

The analytical material-data functions of this thesis consider the field and temperature depen-
dence of ZnO material. As discussed in Sec. 5.1.2, additional physical phenomena may influence
the ZnO behavior, such as e.g. frequency or mechanical-stress dependency of the material prop-
erties. In order to consider these effects, in a first step, the electric modeling approach of this
thesis must be extended. In a second step, new methods to extract even more complex material
characteristics from laboratory U-I-measurements on single ZnO resistors must be developed.
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When ZnO material is operated in and above the breakdown region, the current is not ho-
mogeneously distributed (cf. literature provided in Sec. 2.2) and flows in channels along the
conductive grain boundaries. Thus, it is expected that, also, the power loss and temperature
is not uniformly distributed in the ZnO resistor. Different researchers work on simulating this
phenomenon on the micro-scale level (see Sec. 2.2). A coupling of the macroscopic coupled
simulation model of this thesis and the microscopic level of the grain boundary theory would be
a promising and challenging approach to gain new insights on arrester behavior.

Recent developments in computational approaches for uncertainty quantification (see
e.g. [Lou19]) could be applied to surge arrester simulation. Large station class arresters are
composed of several tens of single ZnO resistors. Each resistor has a slightly different material
characteristic. Due to the strong nonlinearity, this spread can lead to substantial deviations of
expected and measured behavior. Uncertainty quantification could be used to investigate this
effect and take it into account for arrester optimization.

Regarding the thermal model, a computational fluid dynamics simulation can contribute to a
better understanding of the external flow conditions at the flanges and the shed structure of the
ceramic housing. It can be used to validate the Nusselt number approximations of the external
heat transfer to the surrounding air.

Surge arresters of ultra-high-voltage systems are composed of several separated ZnO stacks
connected in parallel [Gie18]. It is not clear how these arresters can be represented in a 2D-
axisymmetric simulation. Future research can, on the one hand, aim for an equivalent model
of these configurations. On the other hand, quasi-3D simulation schemes can be developed to
solve the electrothermal multi-column ultra-high-voltage arrester problem.

The positioning, volume and number of the heat sinks in the arrester stack is mainly based
on experience of high voltage engineers (see [ZB03; Gie18; Hin11]). An optimization, which
can handle discrete numbers, of the heat sink distribution can lead to an improvement of the
electrothermal arrester design and can aim for the increase of the thermal stability limit.

In this thesis, parameters that increase the thermal stability limit were identified. Further-
more, the prediction function reduced the number of required simulations for determining the
exact stability limit. However, the presented predictor is only a first attempt and may be further
improved. Based on this two ingredients, an optimization can, then, aim for an arrester design
that balances continuous ac operation and the thermal stability limit.

Last but not least, the modeling, simulation and optimization schemes that were developed
in the context of the arrester problem can be transferred without difficulty to other equipment
of power transmission and distribution. In the design phase of, e.g., cables, cable accessories or
bushings, coupled FE analysis and optimization of the overall electrothermal and field grading
design is desired to reduce the development costs and the number of laboratory experiments.
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A Appendix

A.1 Outdoor Arrester of Station Class

A.1.1 550-kV-Station Class Surge Arrester

Table A.1.: Material properties of the 550-kV-station class arrester.

Material λ in W m−1 K−1 εrad

ZnO λ= 23.868− 0.0269 · T , [Hin90] 0.96, [Hin90]
Porcelain 4.0 0.85, [Hin90]

vol. heat cap. cv in J cm−3 K−1 εr

ZnO cv = 2.59+ 0.0044 · T , [Lat83] Fig. 4.3
Porcelain 2.34 5.0

Table A.2.: Air gap parameters of the 550-kV-surge arresters.

unit T in K λair,conv in W m−1 K−1

Top 357.1 0.104
Mid 1 316.3 0.084
Mid 2 296.4 0.044

Bottom 295.2 0.036
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Figure A.1.: Nonlinear radiative equivalent thermal conductivity λrad of the 550-kV-station class
arrester.
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A.1.2 Reduced-Diameter 550-kV-Station Class Surge Arrester

Table A.3.: Material properties of the reduced-diameter 550-kV-station class arrester (see
[Gie18]).

Name Unit Value

total arrester height mm 4216

height of single unit, h mm 902

height of ZnO stack per unit mm 652

ZnO stack radius, %1 mm 23.9

housing, inner radius, %2 mm 68

housing, outer radius mm 100

ZnO thermal conductivity W m−1 K−1 21.5

ZnO volumetric heat capacity J cm−3 K−1 2.63

ZnO emissivity, εrad,1 – 0.96

porcelain relative permittivity – 6

porcelain thermal conductivity W m−1 K−1 1.6

porcelain volumetric heat capacity J cm−3 K−1 2.16

porcelain emissivity, εrad,2 – 0.85

flange emissivity – 0.25

external convection coefficient W m−2 K−1 3
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A.2 IEC Station Class Surge Arrester

Table A.4.: Material properties of the IEC surge arrester.

Material εr λ in W m−1 K−1 εrad cv in J cm−3 K−1

ZnO 800 23 0.96 2.59
porcelain 5.0 4.0 0.85 2.34

external heat transfer αht in W m−2 K−1 εrad

porcelain 5 0.77
aluminum flange 3 0.25
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Figure A.2.: Equivalent conductivity of the IEC arrester unit air gap.
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A.3 Thermal Equivalent

Table A.5.: Specification of the thermal equivalent.

Name Value

height of the porcelain housing 72 mm
height of a zinc oxide resistor 35.7 mm
height of an aluminum disc 5 mm
inner diameter of the porcelain housing 141 mm
diameter of the zinc oxide resistor and the aluminum disc 70 mm
continuous operating voltage Uc 9.1 kV
rated voltage Ur 11.375 kV
residual voltage Ures 26 kV

Table A.6.: Material data of the thermal equivalent.

Material εr σ in Sm−1 Cv in J cm−3 K−1 λ in W m−1 K−1

copper 1 ∞ 3.45 401
aluminum 1 ∞ 0.87 160
ZnO Fig. 4.3 see Fig. 4.3 4.1 λ= 23.868− 0.0269T
air 1 0 0.001297 0
cork 1.23 1.2× 10−10 0.4 0.04
wood 2 1× 10−13 1.2 0.16
porcelain 5 0 2.34 4
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Figure A.3.: Effective conductivity λeff for the thermal equivalent air gap.
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List of Acronyms and Symbols
Acronyms
2D 2-dimensional

3D 3-dimensional

ac alternating current

dc direct current

DoFs Degrees of Freedom

EM electromagnetic

EQS electro-quasistatic

EQST coupled electro-quasistatic-thermal

FEM finite element method

FE finite element

MO metal oxide

rms root mean square

mr multirate

p.u. per unit

ZnO zinc oxide

CFD computational fluid dynamics

Symbols
A surface
a thermal diffusivity
B finite element thermal boundary matrix
b finite element thermal boundary vector
C capacitance
Cd differential capacitance
Cs Stefan-Boltzmann constant
cp,v specific heat and volumetric heat capacity

155



~D, D continuous and discrete electric displacement field
~E, E continuous and discrete electric field strength
erel relative electric field deviation
fexc excitation frequency
g acceleration due to gravity
Gr GRASHOF number
~H magnetic field strength
h height along z
~J , J continuous and discrete current density
Kσ,Kε stiffness matrices
l length of the virtual screen
lc convection length
ls length of the suspensions
McV

mass matrix
dm midpoint from the top electrode of the virtual electrode
nperiod,el number of periods until an electric steady state is reached
Nu NUSSELT number
Pr PRANDTL number
Q thermal energy
Q̇ heat flow rate
Q̇eff effective heat flow rate
Q̇p electric loss of a zinc oxide resistor
q̇ heat flux density
R resistance
T temperature
t time
∆T temperature difference, T1 − T2

Tamb ambient temperature
tgap interval between to impulse energy injections
Ts steady state temperature
∆tel,th electric and thermal time step, respectively
Ubasis voltage level basis for per unit computation
Uc continuous operating voltage of a surge arrester
Uct corrected maximum continuous operating voltage of a surge arrester
u j DoFs for unknown potential
UL charging voltage of the impulse generator
Ur rated voltage of a surge arrester
Ures lightning impulse residual voltage
Us system voltage of a power grid
Usres switching impulse residual voltage of a surge arrester
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V volume
Wimp injected electrical energy
Wth rated thermal energy
Wtot total injected energy
w j nodal shape function
X virtual electrode parameters
Y grading system parameters
Z surge impedance of the power line
z z-coordinate in cylindrical coordinates

Greek Symbols
α nonlinearity exponent
αht heat transfer coefficient
β volumetric thermal expansion coefficient
Γ line on the surface of a computational domain
δ arrester gap width, %1 −%2

ε electric permittivity
εr relative permittivity
εrad emissivity
η cooling rate
ϑ j DoFs for unknown temperature
λ thermal conductivity
ν kinematic viscosity
ξ threshold of adaptive conductivity update
ρ material density
% radius in cylindrical coordinates
σ electric conductivity
bσ maximum sigma of an ac cycle
τe charge relaxation time constant
τel electro-quasistatic time constant
τth thermal time constant
φ electric potential
Ω computational domain
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