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Zusammenfassung

Waiéhrend die Anzahl elektrischer Verbraucher in modernen Fahrzeugen, vor allem in Elektro-
und Hybridautos, stetig anwéchst, bleibt der verfiighare Platz gleich oder wird mitunter
sogar geringer. Verkniipft mit dieser Entwicklung ist der Anstieg an elektrischen Verbin-
dungsstrukturen wie Kabeln, Kabelbiindeln, Stromschienen und Stromverteilerboxen. Da
all diese Gerdte und Verbindungen bei Stromfluss aufgrund des Joule-Effekts Wéarme er-
zeugen, erweist sich die thermische Belastbarkeit bei Dimensionierungsfragen haufig als
Flaschenhals. Einerseits mochten Hersteller Kabelquerschnitte und elektrisch leitendenes
Material reduzieren, um Kosten, Gewicht und Platz zu sparen und um den COs-Ausstofd
zu verringern, auf der anderen Seite diirfen die Komponenten wegen der Gefahr von Uber-
hitzung und Hotspot-Bildung sowie des Anstiegs der thermischen Verlustleistung nicht zu
klein dimensioniert werden.

Deshalb sind in der Automobilindustrie und bei ihren Zulieferern derzeit einige Anderun-
gen im Gange. Uber viele Jahre eingesetzte Normen miissen wegen der neuen Gegebenhei-
ten Uberarbeitet werden. Bei der Frage nach der richtigen Dimensionierung von Kabeln und
anderer Verbindungsstrukturen wurde bislang fast ausschliellich auf Erfahrungswerte und
aufwindige Messungen zuriickgegriffen. Erfahrungswerte konnen bei vielen Neuentwicklun-
gen jedoch nur bedingt weiterhelfen, Messungen sind extrem teuer und bieten lediglich ein
sehr beschrianktes Spektrum an Untersuchungsméoglichkeiten. Finite Elemente Simulationen
kommen in vielen Firmen zum Einsatz, sind aber mitunter auch so aufwéandig, dass ihre
Verwendung in diesem Bereich hdufig nicht rentabel genug ist. Ein weiteres, nicht zu unter-
schéitzendes Hindernis stellen, insbesondere in der Kabelindustrie, mangelnde Kenntnisse
iiber passende Modellierungen und die entscheidenden bzw. vernachléssigharen Einfliisse
dar.

Die vorliegende Arbeit présentiert neue, problemspezifische Verfahren zur adiquaten
Berechnung thermischer Belastungen in Verbindungsstrukturen. Die Simulation mit Fi-
niten Elementen ist dabei wesentlicher Bestandteil, vorwiegend werden aber Simulations-
methoden entwickelt, die eine vereinfachte thermische Analyse erlauben. Sie zeichnen sich
durch einen weit geringeren Berechnungsaufwand aufgrund qualifizierter Reduktion von
Eingabedaten und geschickter Diskretisierungsstrategien aus. Es werden Modellierungs- und
Berechnungsansétze fiir einfache, isolierte Kabel, abgeschirmte Leitungen der Automobil-
Hochvolttechnik, Leitungsbiindel, Stromschienen und Sicherungen hergeleitet. Vergleiche
mit Finite Elemente Rechnungen liefern Abschitzungen zur Genauigkeit der Methoden und
helfen mogliche Schwéchen der Ansétze zu identifizieren. Zur Sicherstellung der praktischen
Anwendbarkeit werden Messungen herangezogen und Ubereinstimmung bzw. Diskrepanzen
dieser mit den Simulationen aufgezeigt.

An einer Vielzahl von Beispielen wird demonstriert, wie Hersteller von Kabeln und ande-
rer Komponenten die problemspezifisch entwickelten Methoden gewinnbringend einsetzen
und damit den zeitlichen und materiellen Aufwand drastisch reduzieren kénnen. Optimie-
rung der Leitungsquerschnitte, der Stromschienendicken und Anordnung von Einzelleitun-
gen in Leitungsbiindeln sind dabei wesentliche Themen. Des Weiteren soll ein Designvor-
schlag das Ausloseverhalten von Schmelzsicherungen hinsichtlich préziserer Voraussagbar-
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keit verbessern. Auf thermische Wechselwirkungen zwischen verschiedenen Komponenten
wie Stromschienen und Leitungen oder Leitungen und Sicherungen wird ebenso eingegan-
gen wie auf Fragen nach Konvergenz und mathematischer Plausibilitdt der Verfahren. Dabei
ergibt sich ein direkter Zusammenhang zwischen der Existenz einer Losung der Problem-
klasse und der Konvergenz von darauf angewandten Iterationsverfahren.
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Abstract

The amount of electric consumers in modern automobiles, especially in hybrid and electric
cars, is growing more and more in the recent years, whereas the available space remains the
same or even decreases. Closely related is the increase of connecting structures like cables,
cable bundles, current bars and current distribution boxes. As all these devices and their
connections generate heat by the Joule effect, thermal loads often represent a bottleneck
in the dimensioning of components. On the one hand, manufacturers would like to reduce
cable diameters and the amount of electric conducting material to save costs, weight and
space and to decrease COy emission. On the other hand, they must not design them too
small due to the danger of overheating and hotspot generation as well as the rise of thermal
losses.

For these reasons, car industry and automotive suppliers are faced with numerous changes
at the moment. Old norms used for the layout of components for many years are called into
doubt due to the recent developments. The question of how to correctly dimension cables
and other connecting structures has mostly been answered with the help of past experience
and very elaborative measurements. Experience can hardly help in many cases concerning
new developments; measurements are extremely expensive and offer only a limited spectrum
of investigation opportunities. Finite element simulations are used in some companies,
but due to the great effort involved, their application is often not sufficiently profitable.
Moreover, there often exists, especially in the cable industry, a lack of necessary knowledge
for adequate modelling and of the decisive or negligible influences.

The goal of the present work is to develop new specific methods for the computation
of thermal loads in electric connecting structures. Although the simulation with finite
elements constitutes an important part of this thesis, calculation methods that allow a
simplified thermal analysis and excel by an enormous decrease of computational efforts
thanks to qualified reduction of input data and smart discretization strategies represent the
core issue. Problem specific modelling and computational approaches for insulated single-
core cables, shielded cables of the automotive high voltage technology, cable bundles, current
bars and fuses are derived. To obtain estimations for the accuracy respectively for possible
weaknesses of the approaches, they are compared to finite element simulations. In order to
ensure practical applicability, external measurements for each considered connection type
are provided and accordance respectively discrepancies of those to simulations are analysed.

In addition, we demonstrate on a large number of examples how manufacturers can apply
the developed methods in a profitable way and thus may reduce the amount of time and
material. Optimization of cable cross sections, thickness of current bars and configuration
of single cables in cable bundles are the main subjects of this thesis. Moreover, a design
improvement of fuses that results in a more accurate and reliable blowing mechanism is
proposed. We answer questions on thermal interaction between different components like
current bars and wires or wires and fuses as well as on convergence and mathematical
plausibility of our methods. It turns out that there is a close relation between the existence
of solutions to the specific problems and the convergence of applied iterative methods.
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1 Introduction

1.1 Problem Definition

In 1905, Nikola Tesla claimed that in future, communication and electric energy would be
transmitted through air without material [126]. Obviously, e.g. in telecommunications, his
hypothesis can be confirmed to the largest extent. In contrast, in the domain of energy
transport in on-board systems of vehicles, we definitively still have to deny his assertion
[46]. In today’s cars, more and more electric components exist which have to be supplied
by electric current (cf. Figure 1.1). Newer product innovations like advanced driver assis-
tance systems, novel drive concepts and recent comfort or security functions increase this
development. Thus, completely equipped vehicles can contain more than 2.5 kilometres of
wire in the harness with a weight of more than 100 kilograms [93].

The trend of car electrification is reinforced in hybrid and electric cars where electric cur-
rent is indispensable even for the main drive. The proportion of electrical systems in present
vehicles, driven by a combustion engine, is, dependent on the vehicle category, already be-
tween 20 — 35 %. For electric cars, this value rises up to 70 % [9]. Despite the continuous
growth of the amount of electrical systems, the available space remains the same or even
decreases. Both tendencies — increase of electrical components on the one hand, shortage
of available space on the other hand — result in a higher risk to exceed permitted tempera-
tures in connecting structures. They possibly contribute to the generation of hotspots and
overheating of essential components, which could result in irreparable damages.

Consequently, thermal energy management is one of the most important aspects in the
production of cars. The two keywords downsizing and rightsizing, used by the Leoni AG [37],
describe the challenges manufacturers are faced with today. The term downsizing means
to reduce technical quantities (e.g. weight or cylinder capacity) and costs of the systems
while maintaining equal efficiency and capability. The correct design and positioning of all
components without affecting security and proper functioning is summarised in the word
rightsizing. Both strategies have to be considered in order to reduce material, volume and
weight and thus to save costs and energy.

Additionally to the right dimensioning and composition of the entire systems, an adequate
design of the single components is of great importance. Apart from cables, cable bundles
and cable harnesses, hubs of the on-board power supply like current distribution boxes and
current bars (cf. Figure 1.2) have to sustain high currents. Their correct dimensioning is
directly related to the cable designs and has to be considered in a holistic approach for
thermal car management.

Another group of components that plays a major role in the heat generation of vehicles
are fuses. Although e.g. semiconductor fuses have the advantage to be usable several times,
their production costs are comparatively high. In this work, we restrict to investigations
on fuses that interrupt the circuit due to a partially higher resistance in a thinner interior
fuse element. This fuse element melts in case of too intense electric loads before damages at
other components are caused by too high temperatures. Hence, the blowing characteristics
of fuses have to be adapted to the properties of attached devices, wires and cable bundles.
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Fig. 1.1: Modern car and its main electric components (image source: Coroplast Leitungskatalog

[21]).

(a) Current bar. (b) Thermal image.

Fig. 1.2: Current bar with four attached cables and thermal image of the current bar with electric
loads (image source: Drdzlmaier Elektrotechnik GmbH).



1.1 Problem Definition

The aforementioned developments by electrification lead to a rethinking in the automo-
tive industry. Whereas hardly any importance was attached to the design of cables, cable
harnesses and connecting structures some years ago, it is now one of the essential parts
in construction of vehicles. Moreover, measurements and experiments have formerly been
performed nearly exclusively to investigate the (thermal) influence of connecting structures
and to dimension those appropriately. Since measurements are very time-consuming, costly
and rather limited concerning the spectrum of investigations, computational methods and
simulations gain more and more importance. The complex physical and mathematical
contexts represent a problem in this subject, because they require deeper insight to find
adequate models, simulations and optimization strategies. Especially the described devel-
opment to electric cars and, associated, the change from low to high voltage technology
make old norms and standards obsolete. Consequently, we are forced to revise old methods
and instructions, using appropriate models and sophisticated simulation and optimization
methods. This is the point where the present work targets to.

Before going into detail about the main objectives of this work, we summarize general
results of existing literature to the present topic. Literature to specific subjects is indicated
at the beginning of each chapter and at corresponding points in the text.

The first mentionable calculations on heat transfer in electrical power cables were pub-
lished by Neher and McGrath [101] in 1957 which form the fundamentals of many cable
application guidelines and regulations. Based on Simmons’ introductory work on under-
ground cables [121], they describe a method to estimate the steady state temperature in
underground cables. In 1964, Neher expanded his findings to corresponding transient com-
putations [100]. The IEC Standards 60287 [60-64] and 60853 [65, 66], based on the work
of Neher and McGrath, serve throughout the world as references for stationary respectively
dynamic cable ratings. They provide principles of heat transfer for buried cables and equa-
tions for their computations. Many of them were developed empirically. But there is, to
the largest extent, a lack of explicit derivations, explanations and numerical methods for
their solution.

Anders’ textbooks [3, 4] allow a deeper understanding of the basic theory behind the
computing of cable ratings. They describe fundamental approaches for modelling these
problems and analytical respectively numerical methods to solve corresponding equations
or systems of equations. Thus, these works represent main sources and reference books for
our calculations. Further profound knowledge to principle modelling and computation of
temperatures is explained in [104, 124, 127]. In contrast to Anders, these presentations are
not specific to cable ratings, but kept general for the calculation of heat transfer processes.
Moreover, the references [68, 83, 128, 134] explain heat transfer by conduction, convection
and radiation, presented in a physical and engineering way. The VDI Wérmeatlas [131] is
essential in this context, since it provides formulas and empirical data for the determination
of a temperature dependent heat transfer coefficient. The procedure is explained in detail
in Section 2.3.

The Ph.D. theses of Dvorsky [35], Ilgevicius [67] and Schulz [118] mainly influenced
the present work. Whereas Schulz and Ilgevicius describe first engineering approaches to
compute heat transfer in certain connecting structures, Dvorsky mathematically analyses
assumptions often made for thermo-electric calculations. Especially [35] and [67] are cited
several times, as the direct cooperation with both authors inspired the present work.
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1.2 Objective of this Work

In this work, we are interested in providing and evaluating models, methods and algorithms
to perform thermal analysis of essential connecting structures, used in modern cars. These
methods have mainly been implemented in calculation tools for dimensioning of cables and
cable related components. Thus, one objective of these considerations is to show advantages
and drawbacks, possibilities and limitations of our computations.

The practical applicability always represents one of the main aspects. Nevertheless,
most of the problems and their numerical solution are also considered from a mathematical
point of view. We investigate different electric components and model, simulate and/or
optimize their structure concerning thermal aspects. To guarantee transferability on real
world processes, most simulations are validated by comparison to measurements. Based
on fundamental physical and mathematical principles, we derive appropriate algorithms. If
further assumptions and simplifications are applied, we try to estimate their influence as
far as possible.

The main objective is finally to improve the production and dimensioning procedure of
manufacturers, working in the automotive sector. Thus, as one of the primary industrial
needs is a high computational speed, we develop efficient calculation methods that are
reliable in their specific application area. Furthermore, our algorithms help manufacturers
to choose — in a thermal sense — the right cable types and their cross sections and to optimize
dimensions of cable related components. One question often discussed in this context at
present is whether to prefer aluminium or copper cables [112, 125]. With the aid of our
algorithms, this question can be answered concerning thermal aspects.

Moreover, this thesis can also be considered as a preliminary work for the automatic
dimensioning of complex on-board supply systems. To estimate the thermal loads of e.g.
current distribution boxes with several electrical inputs and divers exterior influences is
even more difficult. We illustrate fundamental components of the on-board system and
show their thermal and electrical interaction.

Most of the findings in this work have been gained as a result of the cooperation with our
project partners Acome GmbH, Autecto GmbH, Coroplast GmbH, Daimler AG, Dréaxlmaier
GmbH, TAV GmbH, Labco GmbH, Leoni AG, Nexans AG, Systech GmbH and VW AG.

1.3 Scientific Novelty

Of course, the thermal analysis of electric components in the automotive sector is not new.
The papers of Neher and McGrath [100, 101] and the IEC norms [60-66] show that the
subject has been of interest for several years, albeit in weakened form than today. The
difference of our work compared to other articles is the more profound analysis of the prob-
lem with an engineering and mathematical insight. Whereas the approaches of mentioned
textbooks remain general and in consequence often superficial, we try to derive our systems
of formulas as far as possible rigorously and to provide suitable numerical methods. Nev-
ertheless, practical applicability remains a primary objective. For most applications, we
present a suggestion how to optimize the involved components.
Further novelties of the present work are listed below:

1. To analyse the problem of Joule heating by electric current, we state general prob-
lem formulations for domains consisting of one homogeneous material and for do-
mains composed of several subdomains. A particularity of the problems represents
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the consideration of the influence by surrounding air with temperature dependent heat
transfer coefficients. Using available literature allows to state a so-called subresonance
condition which implies the existence and uniqueness of a weak solution of the general
problems.

. We derive a fixed point scheme for the determination of temperatures at characteristic
points of insulated single-core and shielded cables. It turns out that the condition
for the convergence of an applied fixed point iteration is related to the mentioned
subresonance condition. Moreover, we present a fast and simple algorithm that enables
to create ambient temperature—electric current diagrams based on the fixed point
iteration scheme to characterize the thermal loading capacities of different cable types.

. Our computational approach for transient temperature evolution in insulated single-
core and shielded cables has not been published, yet. Assuming that the ratio of
temperatures in the cable core and the exterior insulation remains approximately
constant over time, we derive a fast computational scheme for the transient calculation
of temperatures at relevant points in the cable. It is of special interest for cables of
the high-voltage industry, since there exist many current profiles that vary quickly
over time.

. Nearly all publications to the present topic suppose an infinite length of cables, which
simplifies the computations. In fact, this reduction is not always adequate. In case
of short cables, attached objects influence the cable temperature immensely, whereas
long cables can be located in different sections of the car with large differences in the
ambient temperature. We introduce a computational approach that takes the axial
temperature dependency into account by subdivision of the cable into three sections.

. The calculation of heat generation in cable bundles has only been possible in the last
years since suitable models were developed. However, they have never been com-
pared in detail and tested, e.g. concerning the influence of cable positions. We show
when and why different approaches are applicable and which advantages respectively
disadvantages they have.

. A main result of the analysis of cable bundles is that the positioning of the single ca-
bles has an essential influence on the temperature distribution. In order to optimize
the cable layout, which allows estimation of worst and best cases, we derive an opti-
mization algorithm that combines a gradient based strategy with a genetic algorithm
for shape optimization.

. The linking of several cables by current bars requires the knowledge of temperature
distributions in cables and in the current bars themselves. There is a lack in the
literature for the computation of this application, which is filled by this thesis.

. The last components analysed in this work are fuses. Many approaches have been
applied to compute their blowing characteristics. With the help of experiments, we
observe that, dependent on the amount of the current load, different physical and
chemical processes essentially influence the blowing times. We present computational
methods to determine those a priori, depending on the material and on attached
cables. Furthermore, we propose a design extension that enables more precise predic-
tions.
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1.4 OQOutline

The next chapter, Chapter 2, starts with the physical and mathematical basics necessary for
a thermo-electrical analysis of connecting structures. Based on the law of conservation of
energy, power balances and partial differential equations (PDEs) respecting the Joule effect
in electric components are derived. Appropriate boundary, interface and initial conditions
enable to formulate general problems for the stationary and transient case. Notes about
existence and uniqueness of a solution for each problem complete the modelling and analysis.

Numerical methods to solve the presented problems are introduced in Chapter 3. Appli-
cation of the finite element method is explained, as well as further numerical procedures to
solve problem specific equations.

As the optimization of connecting structures is one of the main aspects of this work, we
give an introduction to (mathematical) optimization and provide basics for shape optimiza-
tion and a genetic algorithm in Chapter 4.

Chapter 5 is dedicated to the investigation of insulated single-core cables. Taking advan-
tage of the rotational symmetry and supposing infinite length of the cable, our fundamental
procedures for thermal analysis of electric components are introduced.

In Chapter 6, we consider shielded cables of finite length. In contrast to insulated single-
core cables, they possess a further metallic layer in the insulation that carries electric
currents. Those cables are widely used in the field of high-voltage technology. As quickly
varying current profiles are common in that area, a specific approach for the transient
analysis which also respects axial temperature dependency in the cable core is proposed.

Several insulated cables packed together are called a cable bundle, which is subject of
Chapter 7. As the concrete positions of the single cables are not known a priori, we present
two different approaches for their simulation and compare them. It turns out that the posi-
tioning of the single cables has an influence on the temperature distribution. An algorithm
to optimize cable bundles is derived and applied to several examples.

In order to connect different cables, current bars are used. To dimension them cor-
rectly, an adequate simulation method is introduced in Chapter 8. Contact resistances are
respected as well as the influence of length, height and width of each subsection of the
current bar on the internal heat distribution.

To ensure that cables and connected devices are not overloaded, fuses are widely used. In
Chapter 9, we investigate their blowing characteristics, directly coupled to the thermody-
namic processes taking place in attached cables. Apart from reduced simulation approaches
involving modelling assumptions, we present finite element simulations that allow estima-
tions of influences by the fuse design and by the environment. Furthermore, we propose an
improved fuse design to optimize the predictions about the time when fuses blow.

Finally, we summarize the results of our work and give an outlook to potential future work
in Chapter 10. Moreover, each chapter is concluded by a brief discussion of the proposed
techniques.

1.5 Research Approval and Publications
Most parts of this thesis have been presented at the following international conferences:

- K. Dvorsky, F. Loos, H.-D. Lie, Simulation der elektrischen Belastbarkeit von Bord-
netzen und threr Komponenten, Bordnetzkongress 2013, Landshut, Germany, 2013;
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2 Modelling and Analysis

In this chapter, thermal processes in connecting structures carrying electric currents are
described. They are modelled in two different ways in this work, both based on the law of
conservation of energy. On the one hand, we derive partial differential equations for sta-
tionary and transient problems, describing the full problem on three-dimensional domains,
on the other hand, we introduce reduced computational models for different applications
in Sections 5-9, yielding simplified (systems of) equations on one- or two-dimensional do-
mains. Heat generated by Joule losses in the considered components dissipates from solid
material to surrounding air by convection and radiation. Both processes are summarized
in a heat transfer coefficient which represents a main ingredient of the governing nonlinear
boundary condition. Interface conditions and initial conditions for the time-dependent case
are introduced and allow to state general formulations for stationary and transient prob-
lems. Finally, we analyse the general problems mathematically and examine existence and
uniqueness of solutions.

2.1 Energy Balance

In physics, the law of conservation of energy is one of the main principles. We consider
a closed system, e.g. a small cable section or a volume element. At any time, there holds
a balance for the amount of (thermal) energy. The energy Ej, entering the system and
E, generated inside by Joule losses must be equal to the energy E,,: which dissipates by
conduction, convection and radiation and the change of energy AFEg' stored within the
system [3, 68, 128]. Thus, we obtain

Ein + Eg = Loyt + AEsta (21)

with AFEg > 0 representing an increase, AFg < 0 a decrease in energy of the system in
the time interval At. For the stationary case, there holds AFy = 0. This energy balance is
fundamental for our reduced modelling approaches and also for the derivation of the PDEs.

2.2 Governing Equations

We derive the governing equations which determine the temperature of devices carrying
electric currents. In contrast to the standard Poisson and heat equation, an additional
energy source term is incorporated which depends on the temperature itself. It involves the
rise of electrical resistivity for increasing temperatures in conductive material [71, 127].
Consider the heat conduction problem in a three-dimensional, bounded domain © C R?
and time ¢t > 0 for the temperature T' = T (x,t) = T (x1, z2,x3,t) with space dimensions
z1, T2, r3. On the cylinder @ = V x At* consisting of the volume element V C  with

!Note that in this context, the symbol A does not represent the Laplacian, but the change of a quantity
which is not necessarily infinitesimal.
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Fig. 2.1: Heat power balance in a volume element V = Az} x Azl x Axj.

centre P = (z],25,2%) and edge lengths Az}, Axy, Axi (cf. Figure 2.1) respectively the
time interval At* = [t1, 2], t1,t2 > 0, the equation of heat balance holds:

AEy = —Equt + Ej. (2.2)

The quantity AFEg denotes the amount of change of heat energy in Q. It depends on the
specific heat capacity 7(x) per volume, i.e. the product of the specific heat capacity c(x)
per weight and the density o(x), and the change of temperature in all points x € V' in time:

AEg = /fy(x) (T (x,t2) — T (x,t1)) dx. (2.3)
1%
The heat energy Fqut := Fout — Fin flowing across the boundary S = 0V in the time interval

At* summarizes the entire heat energy entering and leaving the volume element during At*.
According to Fourier’s law?, the heat flux o;, i = 1,2, 3, in direction z; is

oT
o; = —)\287, 7= 1,273.

(2

We assume V to be of homogeneous, isotropic material. Thus, the heat conductivities are
)\1:)\2:)\3::)\{111(1

to to
T
Esurf:_//)\gx‘det:—//()\VT) ‘ndsdt,
t1 S ’ t1 S

2 We suppose the considered volume element to be an inner cubic without free surfaces. Hence, all energy
is supplied respectively emitted via conduction instead of convection and radiation.

10



2.2 Governing Equations

with n the outer normal to S in the corresponding points. Application of Gauss’ theorem
yields

to
Egut = — / / V- (AVT) dxdt. (2.4)
t1 V

Heat energy in conductive material is generated by the Joule effect due to resistive losses.
We assume the current density in V' to be constant. Thus, the heat energy E, generated by
the electric current I flowing through V with electrical resistance R is, according to Joule’s
first law,

to
R-I?
Eg:/ o dxdt, (2.5)
t1 'V

The rise of electrical resistivity p for increasing temperatures is taken into account by a
linear approximation via the temperature coefficient «,, starting from the resistivity pg at
reference temperature 7yp. Furthermore, the electrical resistance R depends on the length ¢
and the cross sectional area A of the electro-conductive material

l 14
:P'Z:PO(1+ap(T—TO))Z-

E, = 7/ <p0 a, (2)2 T+ po(1—a,Tp) (fl)z> dx dt. (2.7)
t1 V

Furthermore, we assume A € C1(Q), A > 0, const., T € C1([0,00),C?*(Q)) and replace
AEg, Egy and Eg according to (2.3), (2.4) and (2.7) in (2.2). Multiplying by <= and
m, taking At* to zero (At* — 0), contracting V' to the point P (Az} — 0, Azl —

R (2.6)

We obtain

0, Azi — 0) and applying the mean value theorem for a function of several variables
provides

* ok 2 2
169 ZE) _ g (v 1)) 4 g0 Cl) T(x", ")+ po (1 — a, To) <i> (2.8)

with x* = (27, 25, 2%). To simplify the notation, we replace x* by x,t* by ¢t and leave out
the dependency of the functions on space and time. At first, the domain 2 is supposed to
consist of homogeneous material with equal parameter values on the entire domain. Since
(2.8) is valid for all x € Q and t € [0, tmax] With tmax the last time of consideration, we
finally obtain the heat equation with a source on the cylinder £ x [0, tmax] [110]:

or

I\? I\?
T = V- (AVT) + po o <) T+ po(1—a,To) () in  x [0, tmax]- (2.9)

A A

Neglecting the dependency of the temperature on the time (%—{ =0, t — o0) yields the

inhomogeneous Helmholtz equation on the domain :

V- (A\VT) + poa, <i>2T — po(1—a,Ty) (DQ in Q. (2.10)

11



2 Modelling and Analysis

If the domain 2 = Ul]{\;lﬂk consists of N subdomains, the parameters vy, A, po, o, I, A
are defined piecewise. Using the indicator function

Io — 1 ifx € Qy,
o 0 else,

we define e.g. the heat conductivity by A := U,ivzl Ailq, . Appropriate interface conditions
between different subdomains are given in Section 2.3.2.

2.3 Boundary and Initial Conditions

In order to determine a (unique) solution of (2.9) and (2.10), we define adequate bound-
ary conditions describing the physical processes at the surface of our simulated objects.
Furthermore, for the transient case, suitable initial conditions need to be introduced.

2.3.1 Exterior Boundary Condition

The surrounding media in our applications is air, so the condition

oT
on
describes the heat transfer at the exterior boundary I'™* = 9Q). We identify Aex with the
heat conductivity of the (exterior) solid, 9T /dn with the derivative of T in direction of the
outer normal n, T, with the ambient temperature and a with the heat transfer coefficient.

In many simulations of engineering, the nonlinear quantity « is estimated a priori by a
fixed value and supposed to be constant. However, especially for higher temperatures, it
is indispensable to respect the dependency of a on the temperature, since a wrong value
for a can completely falsify the results. We demonstrate this by an insulated single-core
cable with core of copper and an exterior diameter of 7.75 mm, which carries an electric
current of 55.29 A. The simulation results obtained with constant heat transfer coefficients
varying from a = 5 — 30 W/(K - m?) are compared to those computed with a temperature
dependent one.

Figure 2.2 shows that the maximum temperatures in the cable vary from 92.3°C (a =
30W/(K -m?)) to 289.8°C (a = 5W/(K - m?)) for constant and fixed values of o, whereas
the temperature in the core for a temperature dependent « is 106.8 °C (black dotted, vertical
line in Figure 2.2). Since its actual value is unknown a priori, we have to apply appropriate
formulas which are presented in the following. Thus, condition (2.11) becomes nonlinear by

— Aex =a (T —Taymp) on I'™ (2.11)

— Aex ZZ: =aT) - (T — Tymp) on ' (2.12)

CFD simulations are subject of many research projects. They can give precise informa-

tion about fluid behaviour and thermal extension. As we do focus on the heat generated

inside of the electric devices, we use the simplified, but established concept of heat trans-

fer coefficients that summarize the effects of convection by aeony and radiation by ayaqg
[59, 67, 83]:

QO = Qeony + Orad - (2.13)

Since the temperature on the exterior boundary I'** is not always constant, the heat transfer
coefficient implicitly depends on the position. For a local heat transfer coefficient, we use

12



2.3 Boundary and Initial Conditions

Temperature in °C

Heat transfer coefficient in W/(mZEK)

Fig. 2.2: Influence of the heat transfer coefficient o on the mazimum temperature (Tyaz), the tem-
perature (T3) in the core and the temperature (Ty) at the exterior surface of an insulated single-
core cable (cf. Section 5). The black dotted line shows the value for a temperature dependent
(= 19.25 W/(m - K) in this specific scenario), using the formulas presented in the following para-
graphs and evaluating the numerical value a posteriori, after having computed the temperature dis-
tribution.

the same formulas as for the global one, but the temperature at every evaluation point as
well as the ambient temperature is considered for each position of the boundary x € I'®*.

Determination of Convective Heat Transfer Coefficients

Although fluids do not conduct heat very well, they transport it by thermal convection.
Convection is defined as transfer of thermal energy from one place to another by the move-
ment of molecules in fluids. Heat transfer by free convection is caused by density differences
as consequence of temperature differences. In our simulations, heat is transported from a
(normally hotter) boundary surface of solid material by a fluid in motion [43, 68].

To describe convective heat transfer, we summarize the formulas in [8, 17, 18, 113] and
mainly [131]. As the exact mathematical determination is complicated and not always
possible, we make use of similitude where experimental data and formulas are transformed
from simpler geometries to more complex ones. Based on dimensionless quantities, Nusselt’s
similitude enables to give a statement about the fluid behaviour without solving a coupled
system of partial differential equations, namely the Navier-Stokes equations. Similitude of
the two systems, original and model, is only possible if geometrical similitude of the systems,
the physical processes and all involved quantities in spaces and time, is fulfilled [118].

First, we introduce the dimensionless quantities

e Nusselt number Nu = ai\onv Ly = f(Gr, Pr),
a

943
e Grashof number Gr = - BAT,

2

13



2 Modelling and Analysis

e Rayleigh number Ra = Pr - Gr.

The Nusselt number represents the ratio of the convective to conductive heat transfer across
the boundary of length ¢y with the convective heat transfer coefficient acony and the heat
conductivity A, of the fluid. It depends on the Grashof number and the Prandtl number Pr
of air. The Grashof number is influenced by the gravitational acceleration g (= 9.81m/s?),
the kinematic viscosity v of air, the thermal extension coefficient 8 of air and the tem-
perature difference AT between the temperature T at the boundary of the solid and the
temperature T, of the surrounding fluid. The Rayleigh number Ra allows to distinguish
between a laminar and turbulent surrounding airflow.

In general, there are different geometrical forms of boundaries which influence the calcu-
lation procedure of the heat transfer coefficient. The most important ones are

e vertical surfaces,

e horizontal surfaces, subdivided in upper and lower sides, and
e horizontal cylinders.

4 N\ 4 )\ 4 N\
— — - Airflow Airflow

. J . J . J

(a) Vertical surfaces. (b) Horizontal surfaces. (c) Horizontal cylinders.

Fig. 2.3: Surface types for the computation of heat transfer coefficients.

For each case, another function f and a characteristic length ¢y are defined. The charac-
teristic length possesses the dimension of a length, indeed it represents in general the three
dimensional geometry of the considered system.

Vertical Surfaces

The Nusselt number for vertical surfaces, surrounded by either laminar or turbulent
airflows (0.1 < Ra < 10'2), is given by

2

NI

Pr-G
0.825 + 0.387 A —

1+ ()] 7

Resolving the Nusselt number for the heat transfer coefficient, we obtain

Nu =

1
6

o P
oy = 4 0.825 1/ 5% + 0387 /A, bobr
0

9

i )

VAT

(2.14)
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2.3 Boundary and Initial Conditions

The characteristic length ¢y corresponds to the height h of the vertical surface (cf. Figure
2.3a).

Horizontal Surfaces

To describe the heat transfer coefficient for horizontal surfaces, we have to distinguish
between upper and lower sides. For upper sides, different formulas for laminar and turbulent
flow need to be applied. The condition

B (T — Topp) < 4.5¢-5 (2.15)

allows to check for practical applications whether the flow is laminar or turbulent [17].
In case of laminar flow at the upper side, the Nusselt number is

S

P .
Nu = 0.766 r-Gr

20

1+ (o) 0]

and the convective term corresponds to

=

g br 5|2 (2.16)

2
SEICORES

Qconv = 0.766 A\g

V]
o

For turbulent flow at the upper side, we have

Pr-G
Nu = 0.150 A —

1+ () 0]

and

BgPr

1

21+ (o) s]

At the lower side, only formulas for laminar flow are available and necessary, by

Qconv = 0.150 A, VAT, (2.17)

1
5

Pr - Gr

1+ ()]

Nu = 0.600

olz

and

=

B gPr AT

Qeony = 0.600 A, o —. (2.18)
o2 [+ (042 7]

ol
[
oN

W
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2 Modelling and Analysis

The characteristic length for horizontal surfaces, both upper and lower sides, is computed
by £y = % with A the surface area of the considered object and U its perimeter. Thus,
there holds

a-b d
by = m respectively  fg = 1
for rectangular respectively circular surfaces. The quantities a and b represent the length
and width of the rectangle (cf. Figure 2.3b), d the diameter of the circle.

Horizontal Cylinders
The Nusselt number for horizontal cylinders reads as

1y 2
6
Pr -
Nu = { 0.752 + 0.387 r-Gr -
ERaCk
Thus, the convective heat transfer coefficient is
1 2
6
A P
Ccony = § 0752 5% + 0.387 /A, Bolr 4 i (2.19)
0 9 0559\ 15| ¢
v L+ ( Pr )
and
d
EO = 571',

with d the diameter of the cylinder (cf. Figure 2.3c).

Approximation of Temperature Dependent Quantities

Obviously, the thermal extension coeflicient 3, the heat conductivity A,, the kinematic
viscosity v and the Prandtl number Pr of air mainly determine the convective heat transfer
coefficient. All these quantities are temperature dependent and only empirical data are
provided in [131]. In order to obtain adequate formulas for these quantities, we fit the
empirical data by polynomials of fourth degree or lower. A similar procedure was first
performed in [67], but different fitting formulas were applied. In the following, the parameter
T,, denotes the average value of the temperature T at the corresponding position on the
boundary and the temperature Ty, of the surrounding fluid (7, = (T + Tamb)/2):

0.993048
B(Tm) =  T,+273.15°

Aa(T) = —1.0648¢-14 T,‘fl + 3.1098e-11 TSL —4.0303¢-8 T,%l + 7.6575e-5 T}, + 2.4340e-2,
v(Tm) = 1.3466@-17Tf7‘l — 4.0352¢-14 T,?,’L + 1.0979¢-10 T; + 8.8761e-8 T}, + 1.3520e-5,

Pr(T,) = 21796e-13T2 —6.1980e-10 T3 + 5.8848¢-7 T2 + 1.5775¢-4T,, + 7.1091e-1.
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2.3 Boundary and Initial Conditions

Determination of Radiative Heat Transfer Coefficients

In contrast to conduction and convection, thermal radiation requires no matter. Conse-
quently, heat transfer in a vacuum is possible by radiation. Heat from a hotter to a colder
body is transferred by electromagnetic waves, emitted from a heat or light source as a con-
sequence of its temperature [120, 134]. The radiation rate ¢, per unit surface area and unit
time is, according to the Stefan-Boltzmann law,

@ =0 (Tox — Tik) - (2.20)

Therein, we denote Tig, Tox the absolute temperatures3 of the surface and ambient air,
o the Stefan-Boltzmann constant (o = 5.67e-8 %) and €, the emissivity of the radiating
element. Furthermore, Equation (2.20) can be expressed with the help of the radiative
heat transfer coefficient oy,q, which allows to summarize the convective and radiative heat

transfer according to (2.13) by

o = &o- (T5x+ i) (T5x — Tik)
= o (T3 + Tik) (Tox + Tik) (Tox — Tik)
=Qrad :T:r,ramb
= G = rad (T — Tamp) - (2.21)

Both effects, convection and radiation, have to be taken into account simultaneously.
Normally, for lower temperatures of surface and environment (< 100°C), the convective
term is more relevant. As both temperatures affect the radiative heat transfer coefficient
in power of three, radiation dominates for higher values. In forced convection of gases,
Qeony Might well be larger and «;.q is negligible. As in our considerations the convection is
natural, we always include both terms [83].

2.3.2 Interface Conditions

The set of interface boundaries at the transition of two different materials and subdomains
is denoted by I'™ C . The notation [], abbreviates the difference of the traces of a
function at an interface boundary, approaching the boundary from exterior and interior
respectively. On ¢ € '™, there hold the conditions

or ;
[)\ ] =0 on (€™ (2.22)
On |,
[T]. =0 on .eT™, (2.23)

Equation (2.22) reflects the equality of heat fluxes, Equation (2.23) the equality of temper-
atures on both sides of the interface. We point to the jump of the temperature gradient on
v € 't that is of special interest for the optimization of multicables in Section 7.

Equation (2.23) is valid for perfect thermal contacts [68, 104] which we suppose in this
work if not mentioned otherwise. At the point where different (metallic) materials meet,
an electric contact resistance R. may appear. The heat power P. generated at the contact
by Joule losses is

P.=R(T)I* = Ry [1 + a, (T — Tp)] I,

3The absolute temperatures are indicated in K, all other temperatures in °C.
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2 Modelling and Analysis

with electric current I crossing the contact of cross sectional area A. [40]. The decrease of
the electrical resistance R, at reference temperature Ty for higher temperatures is approx-
imated linearly by the temperature coefficient «,,. Adding the heat power term to (2.22)
yields

orT P, ;
— === rint, 2.24
[)\ 8n} LT A on € (2.24)

2.3.3 Initial Condition

The temperature distribution at the initial time ¢y = 0 is specified for transient processes
by
T = Tiniy in Q2 x {0}. (2.25)

This condition is required to obtain a unique solution of the transient boundary value prob-
lem. In our simulations, we normally require the known temperature 7Ti,; to correspond to
the ambient temperature T,y on the entire domain Q [68, 104]. If the ambient tempera-
ture varies for different subsections, e.g. in shielded cables of finite length in Section 6, a
continuous initial temperature profile is applied.

2.4 General Problem Formulations

General boundary value problems (BVP) for the thermal analysis of connecting structures
that carry electric currents are stated in this paragraph. We distinguish between stationary
and transient considerations as well as domains that are either homogeneous or composed of
several subdomains (of possibly different materials). As contacts between different metallic
materials appear only in a few of our considered applications, boundary condition (2.24)
is not part of the general problem formulations. Where necessary (e.g. in current bars in
Section 8), it is mentioned explicitly.

2.4.1 General Problem Formulation for Homogeneous Domains

We first assume the entire domain to consist of only one conductive material. Then, the tem-
perature in the stationary state is determined by the following PDE and exterior boundary
condition:

\? \?
—V - (AVT) — po )y <A> T =po(1—a,Tp) <A> in Q,

8£
on

(2.26)

—Aex =a(T) - (T — Tamb) on ['**.

For time-dependent problems on homogeneous domains, the constituting PDE is expanded
by an additional term and we require an initial condition:

oT I\? IN? |
o T V- (AVT) + po ap <A> T+ po(1—a,Th) <A> in Q2 x [0, tmax],
oT ex 2.2
ex = AT+ (T = To) on T, (2.27)
T = Tomb on  x {0}.

18



2.5 Existence and Uniqueness of a Solution

2.4.2 General Problem Formulation for Composed Domains

Now, we suppose the entire domain to be composed of several subdomains Q = Ui\le Qp

and the values of parameters to vary for different subdomains.
Due to discontinuous parameters, the temperature

profile has kinks at the interfaces ¢« € T of differ-
ent materials (cf. Figure 2.4 with interface boundaries
I'Y and FZ at the exterior and interior boundary of
subdomain ). Although an explicit mentioning of
these conditions is not necessary for a concise problem
presentation, we state them as they are essential for
the Hadamard presentation of the shape gradient for
multicables in Section 7. Thus, the entire problem for Fig. 2.4: Continuous temperature profile
stationary considerations reads as follows: with kinks at interface boundaries.

I\’ I\’ :
-V ()\VT) — Po Oép <A) T = Jo) (]_ — ap To) (A) in Q \ Fmt,

oT .
—>\ex 8711 = O[(T) . (T — Tamb) on Fe 5 (228)
{AaT] =0, [T],=0 on (€™M,
On |,

We emphasize once more that all parameters, including e.g. I and pg, are defined seperately
on each subdomain.
In case of transient considerations on composed domains, we apply

T I\? IN? | -
VE:V-()\VT)—Fpoap 1 T+ po (1 —a,Tp) 1 in Q\IT"™ X [0, tmax],
orT
—Aex on = a(T) - (T = Tamp) on I',
{AaT] =0, [T],=0 on eI
on|,
T="Tomb on 2 x {0}.

(2.29)

2.5 Existence and Uniqueness of a Solution

The primary objective of this work is to simulate heating processes in electric connections.
Nevertheless, mathematical considerations are indispensable in the field of simulations and
application of numerical methods. Thus, we state main results about existence and unique-
ness of a solution of the problems. Deeper insight and analysis are subject of Dvorsky’s
thesis [35].

As mentioned, the stationary problems (2.26) and (2.28) are of Helmholtz type with non-
linear boundary conditions on the exterior insulation. A proof of existence and uniqueness
of a strong solution of problem (2.28) goes beyond the scope of this thesis. Instead, we
investigate a weak formulation which is easier to handle.
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2 Modelling and Analysis

First, we suppose {2 to be of homogeneous and to have constant material parameters in
the entire domain. Using standard notation for Sobolev spaces [1], we introduce the Hilbert
space H' () of functions with square integrable weak derivatives. To simplify notation, we
define

&= poay (j) 3(T) = a(T) (T — Tam), = po (1 - 0, Ty) (j)

After multiplication with test functions v € H'(Q2) and integration over (2, a weak formu-
lation of (2.26) reads as follows:

Find T € H'(Q) such that
a(T,v) = b(v) Yo € H(Q) (2.30)
with

a(T,v) :=

b(v) == /
Q

—

[AVT-W - ETU] dx + /i(T) v ds,
Fex

vdx.

Sy D

We truncate the monotone and continuous heat transfer coefficient o in our problem by

if T <T,
ATy =4 mEsTn (2.31)
a(T) iET>T

where 0 < oy = «a(T}) is a lower bound for the heat transfer coefficient, determined by a
fixed temperature 7; (for applications, normally 7} = T,np,). According to [35], there exists
a unique solution 7' € H'(Q) of problem (2.30), if

o (1) < (2.32)
7\ 4 po dex '

The parameter dex = max |x — y| denotes the maximum distance of two arbitrary points

)

x,y € € in the considered domain. The sufficient condition (2.32) is called a subresonance
condition. It might be surprising that for heat transfer processes, the term ’resonance’ is
employed. In physics, resonance is the response of a system that develops oscillations with
large amplitudes under certain characteristic frequencies. In this setting, we use the term
resonance as a criterion which distinguishes between well posed and ill posed problems in the
theory of elliptic partial differential equations [22, 35, 76, 90]. The subresonance condition
(2.32) ensures that a unique solution of our considered problem exists.

We denote the current for which the subresonance condition is fulfilled with equality the
limiting current. There might exist cases with a unique solution for higher currents than
the limiting current. Thus, we additionally introduce a resonance current, denoting the
lowest known current load for which no stationary temperatures are attained.

Additionally, condition (2.32) ensures the existence and uniqueness of a time-dependent
evolution of T, converging to the solution of the stationary problem. Therein, a constant
current profile over the entire time horizon is supposed. For currents varying in time,
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2.5 Existence and Uniqueness of a Solution

a successive interpolation scheme is introduced in Section 6.4, taking advantage of the
uniqueness of a stationary solution lower than the limiting current. However, for even
higher currents, we cannot guarantee the existence of a unique solution.

If the domain Q = U]k\[:1 Q. consists of several subdomains and the parameters are de-
fined piecewise with index k in the subdomain €2, the subresonance condition has to be
formulated more restrictively. We recall an adapted theorem in [35] whose proof exploits
the main theorem on monotone operators by Browder and Minty [141]%:

Theorem 1. Let o,y (i—’z)z < Z‘ld” hold for all k =1,...,N. Then there exists a unique

solution T € HY(Q) of problem (2.30).

Analogously to a homogeneous domain §2, a time-dependent evolution of 7" to the solution
of the stationary problem is given for composed domains if Theorem 1 is fulfilled for each

subsection. Assume that condition av, j, (#)? < —2L_ holds for all k, a limiting current
PR\ A P0,k dex

o7}
himpg = Apy | ——————
L0,k dex Qp k

can be defined locally for each subdomain.

4Note that if a so called scaling condition is not fulfilled, the subresonance condition has to be slightly
modified [35]. As these cases are far from practical relevance, we restrict to the situations fulfilling the
condition, without explicitly mentioning it.
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3 Simulation Methods

This chapter is dedicated to simulation methods necessary to solve heat transfer problems
in electric connections. Since analytical and numerical approaches are applied in this work,
advantages and drawbacks of both types are discussed.

Most of our computations are either performed or at least verified by finite elements
(FE). We give a short introduction to the principles of the finite element method (FEM) as
well as the finite difference method (FDM) and their application to our concrete problems.
Due to the nonlinearity in the exterior boundary condition, iterative techniques have to be
applied for both — the numerical solution by FEM and for adequate simplified approaches.
We show basics of the employed methods, namely the Newton-Raphson method and fixed
point iteration.

3.1 Analytical versus Numerical Methods

To solve heat transfer problems in electric connections, in particular (2.28) and (2.29),
one can either use numerical or, with some simplifications, analytical methods. Analytical
methods have been applied more frequently in the present field for several reasons. Men-
tionable in this context is a historical one, as most calculations are based on the analytical
formulas of Neher and McGrath [100, 101] and the standard IEC norms (e.g. [60]). With
growing computation powers, numerical methods have been gaining more importance [3, 4].

Analytical methods excel in general by
e shorter calculation times because no iterations are necessary to solve (nonlinear) sys-
tems and no expensive geometry or mesh generations as with e.g. FEM is needed,
e more manageable storage of information, since an extensive amount of data is avoided,
e better visualizability of physical laws that describe the processes and
e casier recognizability of new (scientific) contexts and correlations.

In contrast, the advantages of numerical methods are

e higher precision, since e.g. more (nonlinear) effects can be respected and
e greater flexibility concerning the consideration of complex geometries.

In this work, we never use solely analytical methods because of the nonlinearity on the
exterior boundary condition. This requires the application of iterative methods. Never-
theless, we always simplify the equations of the model as far as possible and adapt our
specific problems by analytical means. We have to keep in mind that our methods shall be
applied in industry where saving time represents a main objective. Hence, finite elements
often serve to validate whether assumptions and analytical formulations hold or to carry
out investigations that are not possible with simplified approaches.
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3 Simulation Methods

3.2 Solution Methods for Nonlinear Systems

The (discretized) nonlinear systems obtained in this work are solved via a fixed point
iteration or the Newton-Raphson method which can also be interpreted as a fixed point
iteration. They represent standard methods and are introduced briefly in the following
section.

3.2.1 Fixed Point lteration

There is often no possibility to solve nonlinear systems by elimination techniques. Thus,
we have to apply another solution strategy, the concept of iteration [23]. An initial step in
this context is to formulate a corresponding fized point equation. Instead of searching the
root x* of a function F : R" — R™, the problem F(x) = 0 is reformulated equivalently by

x = F(x). (3.1)

The following procedure enables to determine a solution x* of Equation (3.1). Therein, we
denote ipmax the maximum number of iterations and € > 0 a small real constant:

Algorithm 1

(* Fixed point iteration )

Input: F, €, imax

Output: x*

1. Choose an initial guess x(©) (in the vicinity of x*) and set 7 = 0.
2. while |[F(x®) — x| > ¢ and i < imax

3. Set x(tD) = F(x(®),

4. Set i =14+ 1.

5. return x(*

Application of Algorithm 1 generates a sequence (x(i))igi* with ¢* representing the minimum
of imax and the smallest iteration number i, for which the condition |[F(x®) — x®)| < ¢
holds. The convergence of the sequence (x(*));ey to a fixed point of the mapping F of (3.1)
is ensured in a general setting by

Theorem 2 (Banach’s Fixed Point Theorem). Let (X, d) be a complete metric space with
a contraction mapping F : X — X, i.e. there exists 0 < q < 1 such that d(F(x),F(y)) <
qd(x,y) for all x,y € X. Then, there holds:

a) The mapping F has a unique fized point x* € X.

b) For every initial value x(0) e X, the iterative sequence (x(i))ieN converges by

«(+1) — ﬁ(x(i))’ 1=0,1,2,...

to the fixed point x*.
c) For the speed of convergence, there holds
qi

d(x®,x*) < 4

d(xM, x@).

Proof. Cf. [119, 141].
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3.2 Solution Methods for Nonlinear Systems

3.2.2 Newton-Raphson Method

Another iterative procedure to solve nonlinear systems is the widely used Newton-Raphson
method. It is based on the idea of linear approximation and shows, if applicable, faster
convergence properties than the previously presented fixed point iteration. For its imple-
mentation, we need information about the derivatives of the function F : R — R™. A more
detailed description in the context of finite elements can be found in e.g. [77, 119].

We begin with the (nonlinear) system F(x) = 0, x € R™. Furthermore, let an ap-
proximation x(9 of the solution of F be given by x*. It is the objective to find an im-
proved approximation x(t1) of the solution x* of the system of nonlinear equations. The
idea of the Newton-Raphson method consists in approximating F(x) in the vicinity of x(*)
(F(x*) =~ M(x*;x")) such that the system M(x*;x()) = 0 represents an equation or a
system of equations that is solved easily. The solution of this system yields the improved
approximation x("t1) of the solution of the original system F(x) = 0. If no termination
criterion like e.g. Hx(iﬂ) - x(i)H < € with a given norm || - || and tolerance ¢ > 0 is ful-
filled, x("*1) plays the role of x(Y) and represents the new initial approximating of the next
iteration step.

The system F(x) = 0 is approximated in the vicinity of x(*) by a linear function M (x; x(%)):

M(xix) = Fx¥) + I(x) - (x = x0),

with J = VF the Jacobian of F. With F = (F,..., F,)! and x = (x1,...,2,), the entry
(u,v) of J corresponds to the expression 9Fu/dz,. Thus, to determine a further approxi-
mation x0+D via M(x(+1);x()) a linear system with J as coefficient matrix has to be
solved.

Summarized, this yields the following algorithm:

Algorithm 2

(* Newton-Raphson method )

Input: F, €, tax

Output: x*

1. Choose an initial guess x(©) (in the vicinity of x*) and set i = 0.

2. while ||[F(x®)|| > ¢ and i < imax

3. Solve the linear system J(x(?) 6x(+1) = —F(x®)) w.r.t. 6x0+1),
4. Set x(1+1) = x(1) 4 5x(+1),

) Set i =1+ 1.

6. return x®

The Newton-Raphson method belongs to the class of fixed point iterations because the
inner core of Algorithm 2 can be formulated equivalently (if J is regular) by

Thus, we have a fixed point mapping
F(x) = x — 7 (x) F(x) with F(x*) = x".

The drawback of the Newton-Raphson method is that, in contrast to the general fixed
point iteration, we have to determine the Jacobian of F and must solve a linear system
(instead of computing the inverse of J) in every iteration step. A main advantage of the
Newton-Raphson method is a better convergence speed given by
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Theorem 3. Let in a vicinity U of x* the function F be twice continuous differentiable and
F(x*) = 0, J(x*) regular. Then, for x®) € U and x(*1 .= xO) — J-1(xO) F(x®), there
holds with € € U and H the Hessian of F:

1 . . .
= LI ) HED) () - 7))

This means that the convergence of the Newton-Raphson method is locally quadratic.

X(i—i—l) —x*

Proof. Cf. [23, 119].

3.3 Numerical Methods for Heat Transfer Simulation

To solve the full BVPs (2.28) and (2.29) without reduction, numerical standard methods
can be applied. The most important ones in this context are

Finite Differences,

Finite Volumes,

Finite Elements,

Boundary Elements.

All have in common that an infinite set of values of the solution is transformed to a finite
set of values by discretization. These are finally obtained by solving a system of algebraic
equations.

The idea of Finite Differences is to approximate a differential operator by a differ-
ence quotient. Introducing a mesh or grid yields nodal points and values of the sought-for
function at the nodes. They represent the unknowns of the discretized problem. Finite
differences are easy to understand and to implement, even for complicated equations. Dis-
advantages are that the application of standard finite difference techniques is cumbersome
in domains of complex shape, especially the treatment of boundary conditions on curved
boundaries. Moreover, problems arise for steep gradients, especially for discontinuities.
Finite differences are often used for the discretization of time in parabolic or hyperbolic
systems, combined with other numerical methods for the space discretization as e.g. in
the methods of lines. Further information about finite differences, also in context of heat
transfer, can be found in the relevant literature [47, 105].

The Finite Volume Method (FVM) is the most natural discretization scheme of the
mentioned methods, because it makes use of the conservation laws in integral form. Sub-
dividision of the domain into cells (finite volumes) and application of the conservation rule
to every finite volume cell yields the set of algebraic equations with respect to the nodal
values of the field. In contrast to finite differences, finite volumes are conservative, as the
flux entering a given volume is identical to that leaving the adjacent volume. Therefore,
it is more adequate from a physical point of view and widely used in the field of compu-
tational fluid dynamics. Furthermore, it is easily formulated on unstructured meshes and
discontinuities can be handled with less difficulties. The disadvantage compared to finite
differences is, of course, that the implementation is more complex [38, 80, 106].

In addition to the decomposition of the domain into smaller subdomains, the field of
interest is, in the Finite Element Method (FEM), approximated by a linear combination
of known functions, the test, ansatz or trial functions. The unknowns of the algebraic
systems are the coefficients of the ansatz functions. We describe the finite element method
with more details and specific to our problem in the next subsection. Like finite volumes,
finite elements excel by a great flexibility in the discretization of complex geometries. Due to
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3.3 Numerical Methods for Heat Transfer Simulation

the use of integral formulations and the reduced requirements on the regularity, it provides
a more natural treatment of Neumann, Robin and nonlinear boundary conditions as well as
discontinuous source terms. On the other hand, its implementation is the most complex and
expensive one of the presented methods. And it is still a comparatively slow process due to
the need to define and redefine meshes in the domain under study. Of the seemingly endless
wealth of literature, we mention books of introductory character [11, 71, 74, 77, 104].

Instead of discretizing the entire domain, Boundary Element techniques restrict to
the surface. Thus, the dimension of the problem is reduced by one. Formulating BVPs
as boundary integral equations describes problems only by equations with known and un-
known boundary states. A basic feature of all boundary element methods is their use of
fundamental solutions, which are analytical solutions of the governing differential equa-
tion. Boundary element methods have emerged as a powerful alternative to finite elements,
particularly in cases where the domain extends to infinity, e.g., acoustics or soil-structure
interaction. Due to the fact that creation and modification of the meshing of the complete
domain is not necessary, time can be saved for complex geometries. It is often more effective
in terms of computational resources for problems where there is a small surface/volume ratio
or if minor design changes take place. On the other hand, boundary element formulations
typically give rise to fully populated and non-symmetric matrices. This means that the
storage requirements and computational times tend to grow with the square of the problem
size. Furthermore, boundary element methods depend on the knowledge of a suitable fun-
damental solution which is not always obtainable. And, the treatment of inhomogeneous
and nonlinear problems often requires meshing of more than the surface, which can neglect
the main advantage of boundary element methods. We refer to [5, 58, 115, 139] for deeper
insight to boundary methods.

In this work, we mainly use finite elements and, in parts, finite differences. We give short
introductions to both methods.

3.3.1 Finite Differences

Finite differences are used within this work in two different contexts. Firstly, they help to
control the correctness of gradients for shape optimization in Section 7.6.4 by an auxiliary
method. Secondly, we use them for discretization of time in transient problems, e.g. to
compute the non-stationary temperature and blowing characteristics of fuses in Section 9.
Forward, backward and central differences are presented in the following paragraph and
application to general time discretization is demonstrated.

Forward, Backward and Central Differences

Let a function 7 : R® — R, T' € C*, depending on the (space) variable x, be given. The
(partial) derivative of T to x; — the i-th component of x — is defined by
0 T(x+ he;) —T(x)

R

(3.2)

with e; the unit vector pointing in direction of the i-th coordinate axis. The first kind of
finite difference class we introduce is the so called forward difference approximation of first
order. It approximates the derivative defined in (3.2) by

0 _T(x+he)—-T(x)
amiT(x) ~ 5 =: (D} T) (x), (3.3)
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with h > 0 the step length of the discretization and D;r the corresponding difference
operator.

Further approximations of the first derivative and corresponding difference operators are
given by the backward difference approximation of first order

0 _T(x)-T(x—he;)
a:IZZ‘T(X) - h

= (D; T) (%) (3.4)

and the central difference approzimation of second order

8T _T(x+he;)—T(x—he;)

oz, )~ 27 = (DIT) =

%(DjTJrD; T) . (3.5)

Derivatives of higher order can also be approximated by finite differences. We renounce
their explicit introduction and refer to [79].
Derivation of Finite Difference Methods and Local Errors

The basis for the derivation of the stated finite difference approximations is the Taylor
expansion of the function 7. As known, the function value T at the points x + he; and
x — he; can be computed by

h 0T (x) iﬁ 0T (x)

T(x+ he;) =T(x) + 1 oz, o 0a? (3.6)
N h OT(x) = h?9*T(x)
T(x — he;) =T(x) — 1 oz, or 922 (3.7)
Reordering (3.6) provides
oT(x) T(x+ he;) —T(x) _h 0T (x) B h7283T(x) B (3.8)
ox; h 20 Ox? 3l oz} ) '

Summarizing the terms including derivatives of second or higher by O(h), one obtains

0 -~ T(X + hei) — T(X)
8xiT(X) - h

+O(h), (3.9)

the formula for a finite difference approximation of first order. Decisive for the size of O(h)
is the step length A and its power in the dominant term of the rest, denoted by the local
error order Opye. For that reason, the method has the local error order Oy,.(h).

The local error of the backward finite difference procedure is of the same order, obtainable
by an analogous derivation, starting from (3.7). The error order of the central difference
approximation is, as already mentioned, one degree higher. We get the formula by sub-
tracting (3.7) from (3.6) and solving the resulting equation with respect to the first partial
derivative of T to z;:

0T (x) T(x+ he;) —T(x— he;)

2
o = o +O(h?). (3.10)
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3.3 Numerical Methods for Heat Transfer Simulation

Time Discretization and Line Methods

As mentioned, we apply finite differences for time discretization of transient problems like
(2.29). The time intervall [0, tyax] is divided equidistantly into n; + 1 time steps and n,
intervals [t;,tj41], 7 =0,...,ny — 1, with ¢y = 0 respectively t,, = tmax.

For example, if a backward difference approx-

imation is applied to 07/0t, we have to solve 7(0) (1) T(ne=1) p(ne)
a sequence of elliptic boundary value prpblems to t
with unknown (continuous) functions 7 (x) in

time step j. The described procedure corre- Fig. 3.1: Time discretization scheme.
sponds to a horizontal method of lines.

tnt —1 tTLt

In contrast, applying the vertical method of lines provides a system of ordinary differential
equations (ODEs), as the system of equations is discretized in the space variable x. Finally,
equations depending solely on the time t remain [15, 47]. We show the application of the
vertical method of lines in the next section.

The horizontal method of lines (often denoted by Rothe’s method) is commonly combined
with the f-rule. The equation 97 /0t = G is approximated by

TG — 7G-1)

5 =06V +(1-0)GVY, 0<h<1,

with & = ¢; —t;_1 the time step size, T) abbreviating T'(x,t;) = T(x,j §) and GU) respec-
tively GU—D the value of function G at time step t; respectively t;_1.

Obviously, for special values of 6, we obtain different procedures:

e 0 =0: explicit Euler method (forward Euler method),
e 0 =0.5: Crank-Nicolson method (midpoint rule),
o 0 =1: implicit Euler method (backward Euler method).

Note that the explicit Euler method can entail stability problems. Hence, the value 8 =0
should be chosen with caution. In contrast, the backward Euler and Crank-Nicolson schemes
are unconditionally stable!. An additional advantage of the Crank-Nicolson method is that
the error in the time approximation is of order 62, whereas it is of one order lower for the
other schemes [77].

3.3.2 Finite Elements

Explaining the Finite Element Method in detail lies beyond the scope of this thesis. Nev-
ertheless, basic ideas and notations will be highlighted and the effects of particularities of
our model problems are presented.

Solving BVPs like (2.28) analytically is often too difficult. Instead, one tries to find a
discrete solution of a corresponding weak formulation. The approximation of the (infinite
dimensional) solution is described with a finite number of parameters, the so-called degrees
of freedom (DOFs). The insertion of the approximated solution in the weak form finally
generates a system of algebraic equations for the DOFs [95].

For # = 0.5, unconditional stability is only guaranteed in the Euclidean norm. In the maximum norm,
further conditions concerning space and time discretization have to be fulfilled [6].
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Starting from a variational formulation of the classical problem like in (2.30), we apply
Ritz-Galerkin’s idea of replacing the infinite dimensional space of test functions respectively
the set of feasible solutions V (here: V = H'(2))? by a finite dimensional subspace V}, C V:

N
Vi =< vy @ vp(x) = Zvj ©;(x)
j=1
Note that the prescribed ansatz functions {(pj};-vzl represent a basis of V},. Characteristic

for the finite element method is to choose for V}, a function space consisting of piecewise
polynomial functions. Thus, if T is approximated by

N

T~T,= ZTJ ©;(x),
j=1
we have to solve the following discrete problem w.r.t. the coefficients T}, j = 1,..., N:
Find T}, € V3, such that a(Th,vp) = b(vy) Vo, € V. (3.11)

If a(-, -) were a bilinear form, we could explicitly state the corresponding Galerkin system
of our problem at this stage. Due to the nonlinearities in a(-, -), caused by «(7T), it is more
complex. We examine the system of equations in detail later.

First, we note that for solving the system (3.11),
it is of advantage to apply functions ¢; with a
small local support

supp ¢; = {x € Q: p;(x) # 0}.

It results in a sparse (stiffness) matrix and the
entries of the matrix and right hand side can be
evaluated element by element [71]. To this end,
we divide the domain €2 into a finite number of
subdomains respectively elements M (e.g. Fig-
ure 3.2 shows a triangulation of the cross section
of an insulated single-core cable). Triangular
and quadrilateral elements are usually used for
two dimensional geometries, tetrahedrons, hex-
ahedrons, prisms, or pyramids in three dimen-

sions. The corresponding finite element mesh
M, consists of non-overlapping elements M such
that the following conditions hold:

Fig. 3.2: Triangulation of the cross section
of an insulated single-core cable.

ﬁ: U Mv Mkli:@VMkaMlth,k#l
MeMy,

In general, continuous, piecewise polynomial ansatz functions are applied which fulfil [77]:

2In general, the set of test functions and feasible solutions may be different. As in our model problem they
are equal, we restrict to this special case.
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1. ¢; is polynomial over each element and uniquely determined by its value at the nodes.

2. pi(xPl) = 6y

Therein, x/! denotes the j-th node of the finite element mesh and 0;; represents Kronecker’s
delta. The second property implies that the variable T; corresponds to the value of T}, at

node 7:
N ' N
=Y TipiGlh) =3 1365 = T
=1 =1

Throughout this work, we use linear or quadratic triangular Lagrange elements (cf. Figure
3.3 in two dimensions). In case of linear Lagrange elements, piecewise polynomials of first
degree are used on mesh elements of the form depicted in Figure 3.3a; for quadratic Lagrange
elements, piecewise polynomials of second degree are applied on mesh elements depicted in
Figure 3.3b.

o ° -—
(a) Triangular Lagrange ref- (b) Triangular Lagrange ref-
erence element of order 1. erence element of order 2.

Fig. 3.3: Triangular Lagrange reference elements of first and second order.

For further details about the finite element method like numerical integration to evaluate
matrices and right hand sides, mapping between local and global coordinates in mesh ele-
ments, assembling, isoparametric elements for curved shapes, convergence properties, etc.,
we refer to [11, 12, 47, 71, 77].

We return to the fact that a(-,-) is not a bilinear form, but only linear in the second com-
ponent. As mentioned, nonlinear problems are solved by application of iterative methods.
Concretely, we use the Newton-Raphson method introduced in Section 3.2.2. As {gpz}f\i 1
represents a basis of V}, it is sufficient to have one equation with test function ¢; in (3.11)
for each basis function. Thus, we obtain a nonlinear system

Fy(Ty,...,Ty) =0, i=1,...,N (3.12)
with
N N
Fi= AV T Voi- e Tgyeidxt [3Tgids— [Feax  (313)
9] Jj=1 Jj=1 Tex Q
N N _
ZZKijCFj—ézMijTj+/7(Th)s0¢ ds—/ftpi dx, (3.14)
j=1 j=1 Lo pa
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where
Kij = /)\V(,Dl . V(,Dj dX,
Q

(3.15)
Mij = /QDZ‘ QOj dX.
Q

The matrix M;; is often called the mass matriz. It is the objective to solve the equations

F,=0,t=1,...,N, wr.t. the coefficients T1,...,Tn. We denote Tj(k) the approximation
)

of T in the k-th iteration of the Newton iteration, corresponding T,Ek
of Ty, with

the approximation

N
k k
=31 s
j=1

In each iteration, the (Newton) corrections & Tl(kﬂ), .0 Tékﬂ) are obtained by solving
a linear system. When evaluating the Jacobian J;; and —F; as indicated in Section 3.2.2,

the previous iteration (Tj(k)) is employed. The entries in the Jacobian are

OF;
T,

dTy,
(T S22y dx
holar;

4

Jii = T,

://\V%'W?j—é%@j dX+/
)

r (3.16)

dTj
Tex

. a3
Q

The formula for the right-hand side is simply —F; with T} replaced by T; ,Ek). Obviously,

Ji; is in each iteration a sparse, symmetric matrix due to g? = 8—5’ (cf. Figure 3.4). This
J

T;
is of great advantage for the solution of the linear system.

The application of finite elements within
this work for two and three dimensional
simulations is done with the help of COM-
SOL Multiphysics 3.5a and 4.1-4.3 [95].
With these commercial software tools,
we can generate precise geometries via a
graphical interface or Matlab scripts. Fur-
thermore, it allows to automatically create
meshes and adaptive refinements, to adjust
nonlinear solvers (based on a modified New-
ton method [28]) as well as to choose dif-
ferent linear solvers. Various direct and it-
erative solvers are available within the pro-
grammes. As in all our simulations, there
are less than one million DOFs and suffi-

clent memory is available, we apply the di- Fig. 3.4: Sparsity pattern of a symmetric ma-
rect solvers UMFPACK [24, 25] or PAR- triz with 388 non-zero elements, obtained in

DISO [48, 116]. the Newton-Raphson iteration to perform the
FFE analysis for an insulated single-core cable.
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3.3 Numerical Methods for Heat Transfer Simulation

Solving time-dependent problems with FEM

In COMSOL Multiphysics, time-dependent problems like (2.29) are discretized via the
vertical method of lines, mentioned in Section 3.3.1. We apply finite elements to the tran-
sient problem, which results in a system of ODEs. Multiplication of (2.29) by test functions

{(pz}f\i 1, integration over 2, application of integration by parts and approximation of T' by

T3, with
N

T(x,t) = Ty(t) = ) Tj(t) j(x)

j=1
yields, analogously to the stationary case, a system of spatially discretized and time-dependent
equations:

N N N
vy MyTi(t) =Y KyTi(t) — &) MyTj(t) + /ﬁ(Th(t)) ;i ds — /fw dx,
i=1 i=1 j=1 e A
i=1,...,N

(3.17)

Therein, the matrices M;; and K;; are defined identically as in (3.15) and we denote Tj(t)
the derivative of function 77 to t.

Now, we can either continue with discretization by the #-rule and afterwards solve a com-
pletely algebraic systems, or apply other methods for the solution of ODEs. In COMSOL,
the two solvers IDA? [14, 56] and generalized-a [16, 70] are available. IDA uses backward
differentiation formulas (BDF), whereas generalized-« is an implicit, second-order method.
Throughout this work, we apply IDA coupled with the Newton-Raphson method.

3Implicit differential-algebraic solver.
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4 Optimization

Optimization of components, especially of cable bundles, is a main subject of this thesis.
Thus, we give a short overview of optimization by mathematical means. This includes the
presentation of shape optimization and genetic algorithms.

4.1 General Optimization Problem

Most (mathematical) optimization problems can be formulated as special case of the fol-
lowing general optimization problem! [42]:

Definition 4. (General optimization problem)
Let X be an arbitrary set and K1 C X, f : X — R a functional, Z an arbitrary set and
Ko CZ, g: X = Z a mapping. An optimization problem for the data is given by

Mz’n}i{mize f(x) (1)

subject to x € Ky, g(x) € Ka.

In (4.1), the function f is called objective function, the mapping g mapping of restrictions,
the condition x € Ky implicit restriction or restriction set and the restriction g(x) € Ko
explicit restriction. The set

S:={xeX:xeKj,gx) Ky}

is called feasible set. Each x € S corresponds to a feasible solution. Furthermore, we call
w:=inf {f(x) : x € Ky, g(x) € Ka}

minimum value of the problem and x* optimal solution, if x* is feasible and

f(x*) =inf{f(x) : x € K1, g(x) € K2}
=min{f(x) : x € K1, g(x) € Ka}.

There exist various types of optimization problems summarized in (4.1), e.g. shape opti-
mization problems (cf. Section 4.2), as well as a great number of optimization methods. In
general, we distinguish between gradient based and non-gradient based strategies. Basics for
gradient based shape optimization are introduced in Section 4.2 and a general non-gradient
based strategy via a genetic algorithm is explained in Section 4.3.

"We restrict to minimization problems. Maximization problems can be transformed to equivalent mini-
mization problems by multiplying f with —1.
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4 Optimization

4.2 Shape Optimization

A part of the important branch of computational mechanics called structural optimization
is shape optimization. It is the objective of structural optimization problems to improve
the behaviour of a structure until optimal (desired) properties are achieved [52].

A general shape optimization problem looks as follows:

Mgilléigize J(92) = Q/j1 (x,T (x),VT (x))dx + F/jQ (x,T (x),VT (x))do 02

subject to AT = f; in Q, BT = fy on T.

Herein, the functional J represents the function to be optimized, dependent on the domain
Q which is contained in the set of admissible domains O.4q. The function 7" : Q — R is
the solution to the PDE with the (second order) differential operator A and the boundary
condition described by the operator B. The functions ji,jo : DXRXR™ = R, f1, fo: D - R
are sufficiently smooth, and the set D C R" is called the holdall which is assumed to always
contain the (varying) domain ). For a general overview on shape calculus, we refer the
reader to [26, 109, 122].

As the roots of the gradient of the objective function J taken to zero yield stationary
points and thus candidates for local minima, we have to determine the corresponding gradi-
ent. In order to compute the derivative of a function with respect to the geometry, we apply
the perturbation of identity [98]. A bounded reference domain Q¢ is fixed and Q € O,q
correspond to transformations of €.

For a smooth perturbation field V : D — R"™, we consider the perturbed domain

Q[V]:={x+eV(x):x € Q},

with € > 0 sufficiently small [98] (cf. Figure 4.1). This enables the definition of the shape
derivative of the shape functional J at €2 in direction of a vector field V by

6J(Q) [V] := lim J Qe [V]) = J (@)

e—0 €

(4.3)

Qe

Q

Fig. 4.1: An arbitrary domain Q and a corresponding perturbed domain €.

The shape functional J is shape differentiable at €2, if the Eulerian derivative §.J(Q2) [V]
exists for all directions V and the mapping V +— 6.J(€2) [V] is linear and continuous. In the
following, we abbreviate the scalar product in R™ by (-, -). To compute the shape derivative
efficiently, we state the Hadamard-Zolésio structure theorem [26, 117, 122]:
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4.3 Genetic Algorithm

Theorem 5 (Hadamard-Zolésio structure theorem). Let J be shape differentiable according
to definition (4.3) and T € C**1, k > 0. Then, the relation

0J(Q)[V] = 6J(I') [(V,n) n]
holds for all vector fields V € C*(D;R™).
Proof. Cf. [122], proposition 2.26, pages 59-60. O

In the following, we explain the notation 4.J(I") [(V,n) n], with D~%(-) the function space
of scalar distributions:

Remark 6. In reference [122], the Hadamard-Zolésio theorem actually states the existence
of a scalar distribution

9(l) € DH(I),
such that the shape gradient G(Q) € D~F(Q,R") is given by

G(Q) = 7(g - n),

where vy is the adjoint of the trace operator on I'. Here, however, it is always assumed that
G(Q) is an integrable function, i.e. Q has piecewise smooth boundaries. Then, the shape
gradient g is much more conveniently expressed by

SI(Q)[V] = / (V. n) gdo.
I

Furthermore, we shall introduce the local shape derivative §T = §T[V] that describes the
sensitivity of the PDE solution with respect to domain variations. It is defined pointwise
by

STV i= tim =) =T cana,,
e—0 €
with the solution of the boundary value problem on the perturbed domain denoted by 7.
The local shape derivative 7' = §T[V] and the shape gradient §.J(Q2) [V] are essential for

the sensitivity analysis of the problem of an optimal multicable in Section 7.6.3.

4.3 Genetic Algorithm

A certain class of optimization methods is summarized in the term genetic algorithm. We
describe how a genetic algorithm generally works, based on [52, 53, 92].

A genetic algorithm is a stochastic method that can be used to approximately solve
optimization problems, e.g. to find a function’s minimum. However, it is not as precise as a
gradient based method, as it does not study the function to be minimized. It only evaluates
the function for a given number of optimization variable values (individuals).

The algorithm employs the concept of natural evolution (cf. Figure 4.2): an initial popu-
lation of individuals evolves in several generations, using the simulated genetic operations
crossover and mutation, which let the fittest individuals survive and reproduce. The initial
population is made up of the M individuals, obtained e.g. via specific heuristics, and can
be completed by random individuals.

We evaluate the fitness (i.e. the value of the corresponding objective function) of each
individual in order to determine which individuals are the ‘better’ ones. To simulate the
transition from one generation to the next, we use the following steps:
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4 Optimization

- The reproduction is subject to the fitness: the k£ best individuals are directly trans-
mitted to the next generation as elite and the parents are selected stochastically or
by a certain strategy in the current population.

- Some parents are crossed and mutated to produce the ‘children’.

- The new population replaces the old one.

) 1 2 3 4 5 M-2 M-1 M
Generation 1 ) ]
1 M 5 M-1 3 4 M-2 2
I - I I I
Elilte Crossover | Mutation
h 4 Y h 4 A 4
1 2 3 4 5 M-2 M-1 M
Generation i ) J
3 1 5 M M-1 2 4 M-2
4 7
P I I
Fy S h 4 A 4
1 2 3 4 5 M-2 M-1 M
Last generation ) ]
3 4 1 M-2 M-1 M 2 5

Fig. 4.2: Diagram of the general procedure of a genetic algorithm.

Crossover

Crossover children are created by combining a pair of parents: we randomly select com-
ponents from both parents (here: p; and p2) and create the child (here: k) with these
components. For example, for two parents

pP1 = [1727374757677}
b2 = [avb7cad7eafag]7

one child could be

k=11,2,c,4,¢, f,7].

Mutation

Mutation children are created by randomly modifying a certain number of components of the
parent. We pick some components of the parent and take the average of these components
with a random number 7;. For example, a mutation of

b+mry e+ry f+rs3

= 1 =
p [aab7 c, da €, f?g] could be k a, 2 » Gy da 2 ) 2 Y

Each created individual (by crossover or mutation) has to be tested to ensure that it respects
the constraints of the optimization problem. If however it does not, we have to modify it
until it respects the given criteria, or if adaptation fails, the non-conform individual is erased
and a new one is created.

Stopping criterion

Since there is no natural stopping criterion for this algorithm, it is interrupted in general
either after a certain number of generations or if there is no improvement in the fitness of
the best individual in the population for several steps.
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5 Insulated Single-Core Cables

Our first application considered in the context of Joule heating of connecting structures
is an insulated single-core cable. We show the principles of our calculations of tempera-
ture in cables, using problem specific approaches and validate those by finite elements and
measurements. In all following chapters, we present computations of temperatures that
refer to those of insulated single-core cables. In case of shielded cables and cable bundles,
the computational models are reduced to that of an insulated single-core cable, in case of
current bars and fuses, single cables are attached and thus, they have a direct impact on
the heat distribution in the devices.

5.1 Problem Formulation

Since cables are often quite long such that the ratio length to diameter of the cable is
huge, we suppose the cable to have infinite length with equal heat distribution in each
cross section. Hence, we neglect temperature differences in axial direction. This enables a
reduction to a two dimensional problem.

1
2 , I
OO0
(a) Insulated single-core cable with (b) Insulated single-core cable con-
a massive core. sisting of several conductors.

Fig. 5.1: Massive and composed cross sections of insulated single-core cables.

In Figure 5.1, two cross sections of insulated single-core cables are depicted. On the left,
there is an insulated cable with a massive cable core, on the right, the cable core consists
of several metallic conductors of the same diameter. By introducing a filling factor 3; that
indicates the ratio of the sum of conductor cross sectional areas to the cross sectional area
of the entire core, we transform a cable of n. conductors into a cable with a massive core.
Hence, the cable on the left can be interpreted to have a filling factor 3y = 100 %, consisting
of n. = 1 conductor.

Throughout this thesis, we index quantities specific to cables from exterior to interior in
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5 Insulated Single-Core Cables

ascending order, starting with ’1’ for the ambience and ’2’ for the exterior insulation. In
case of a massive cable core, '3’ represents the core, whereas for cables consisting of several
conductors, ’3” denotes the area between the conductors (air or a solid insulation material)
and ’4’ the conductors themselves. Index ’0’ is always used for the reference temperature
To that has a standard value of 20 °C.

It is the objective of this chapter to provide formulas to calculate temperatures in the
cable core and in the insulation. We suppose the insulated cable to be suspended in free
air and the current to be equally distributed in the core. Possible imbalances of the current
distribution — e.g. by the skin effect [75] — that occur frequently in the high voltage area,
especially for alternating currents, are not respected. Thus, we assume the heat distribution
to be rotationally symmetric, which allows a further reduction of the problem to only one
dimension. In fact, it is even sufficient to determine the temperatures 75> at the exterior
insulation boundary respectively T3 at the interface of cable core and insulation. Cables
must not exceed the melting point of the insulation material and the temperature in the
insulation normally decreases for larger distances from the centre of the cable. Hence, the
most interesting quantity for cable manufacturers concerning thermal loads is the temper-
ature T3 which normally represents the hottest one in the entire insulation. As the heat
conductivity of the core is huge, the temperature profile in the core can be considered as
approximately constant. The ambient temperature 77 is given, so we determine 75 and T3
dependent on the parameters

e electric current I,
heat conductivities A9, A3,
diameters da, ds,
electrical resistivities ps, p073,1
linear temperature coefficient of electrical resistivity c,
specific heat capacities y2, 3 per volume (solely transient case).

Note that like in (2.6), the temperature dependency of the electrical resistivity is linearly
approximated by

P3 = 0,3 (1—}-01/, (Tg —TO)). (5.1)

For the transformation of a cable with core consisting of n. conductors into a massive
one, we additionally introduce the heat conductivity A4, the diameter dy, the specific heat
capacity 4 per volume and the electric resistivities p4 respectively pg 4 of each of the (equal)
conductors. At first, we restrict to the stationary case, secondly, we apply an interpolative
recursive scheme for transient computations.

Transformation of a Composed to a Massive Cable Core

As mentioned, the cable core consists in most cases of several metallic conductors to guar-
antee a better mechanical flexibility. The rest of the core is filled with air or solid insulation
material. We define a physical cross sectional area Agh and a geometrical cross sectional
area A§° of the core by

h dy e . (ds
A= nc(?)Qﬂ', ASP = (=

) (5.2)

n spite of the electrical resistivity p, we sometimes indicate the electric conductivity x. It is converted
one to another by p = 1/k.
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5.2 Heat Power Balance Approach

Thus, we introduce the filling factor [67]

dy

AP
By &

= )?, (5-3)

:nc(

that indicates a measure for the packing density of the cable core.

In the problems (2.28) and (2.29), the filling factor has an influence on the squared current
density (I/A3)? and the heat conductivity A3 of the core. We replace A2 in the current
density term by Agh-Age. In the derivation of this term, the cross sectional area refers in one
case to the area Agh carrying electric current, in the other case to the area A% conducting
heat. Furthermore, we apply an appropriate heat conductivity of the core (including air
gaps) by

)\3 :ﬂf )\4+(1*Bf) )‘aira (54)
with \air denoting the heat conductivity of the air gaps®. In case of transient considerations,
we propose to neglect the influence of air on the specific heat capacity s per volume of the
core and to restrict to the solid part.

Since the filling factor of insulated single-core cables is usually large (> 75 %), we do not
always state it explicitly. To keep the notation easier, we generally use the variable As for
the physical cross sectional area of the cable.

5.2 Heat Power Balance Approach

Based on Equation (2.1), we establish heat power balances for insulated single-core cables
and derive formulas to compute temperatures at essential points for the stationary and
non-stationary case.

5.2.1 Stationary Computations

At first, we state formulas for temperatures in the cable for the stationary case that are
solved by a fixed point iteration. Its convergence is ensured under certain conditions,
specified in the following section. Finally, we provide an algorithm to create a diagram
indicating how intensively a cable may be loaded with electric currents for given ambient
temperatures and a maximum temperature of the insulation.

In the stationary case, the rate of change of energy AFE, = 0 vanishes. Consequently,
by cancelling out At for the remaining terms, the energy balance is equivalent to the heat
power balance

Pin + Pg = Pouta (55)

with heat power P, entering into, heat power Py, emitted from and heat power P, gener-
ated in the system. First, we derive formulas for the temperature 75, stating a heat power
balance for the cross section of the entire cable at the exterior insulation boundary. The
heat power emitted via the surface on a reference length ¢ reads as

Pout = Oz(Tz) dQ m (T2 - Tl) L. (56)

Since the outer surface is part of the insulation and consequently does not carry any current,
P, = 0 applies inhere for the generated heat power. Furthermore, the heat power entering

2For solid insulation material between the conductors instead of air, a corresponding heat conductivity for
the filling material has to be applied.
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5 Insulated Single-Core Cables

each insulation ring around the centre C' of the cable (cf. Figure 5.1) and thus the exterior
insulation boundary, is equal to the heat power generated in the core

1%:Rﬂ:m§ﬂ=mﬂuﬂAﬂ—%»§F. (5.7)

3 3

Replacing the heat power terms in (5.5) by (5.6) respectively (5.7) and reorganizing yields

the implicit equation

pos(1+a, (T3 —Tp)) I?
Az a(T2) do

If we consider an arbitrary circle inside the insulation around the cable centre C, there

applies P; = 0 for the generated heat. Moreover, according to Fourier’s law, for the heat

power entering the considered surface in the insulation at distance s from the cable centre

C by conduction, it holds

Ty =T + (5.8)

dT

Py, =257l ) T (5.9)
s
Reorganizing, replacing P, by (5.7) and integrating both sides from d3/2 to da/2 provides
da/2 da/2
/ ar . / po3 (1+a, (T3 —Ty)) I? ds — _ [P0 (140 (T3 — Tp)) r sl
ds N 2 om A3 s N 2 o As d3/2.
dz/2 d3/2

(5.10)

Finally, we obtain

pos (1+ a, (T3 — Tp)) I?
2)\27TA3

We summarize the nonlinear system for the determination of T and T3 by

T3 =T + ln(dg/dg). (5.11)

_ 2
7y =1 4 P31 (T —Th) I
m Az a(Ts) da (5.12)
£0.3 (1+Oép(T3—TQ)) I2
T3 =T : In(ds/d3).
3 2+ 9\ 7 As n(ds/ds)

Fixed Point lteration for the Computation of Characteristic Temperatures

In order to determine the temperatures 7 = (T%, T3)* by a vector valued fixed point iteration,
we define the temperature mapping h € C'(R? R?) by

Tl + P0,3 (H‘O‘p (T3—Tp)) I?

h(T) = mAsall)d , (5.13)
(1t (Ta— 2
Ty + P03 (1-; /\;32(7’;’“;‘3%))1 In(ds/ds)

with corresponding Jacobian Vh = (hy,)i<y <2 and hy,(7T) = 61;7(;7’). Furthermore, we

set the iterative sequence (7);ey by
7ﬁ+D::h<7ﬁ0 (5.14)

. . N
with 7() = ((Tg)(’) , (Tg)(z)) , the matrix norm ||[Vh(7)|| :== sup %Tl)'xl and apply
x€R2\ {0}

a variant of Banach’s fixed point theorem.
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5.2 Heat Power Balance Approach

1
[VR(TWM + (T - TW)) ds
0

Theorem 7. Suppose that q = sup < 1.
T, 7@ eR?

Then, the following assertions hold:

1. There exists a unique solution T* € R? of h(T) =T.

2. For every initial vector T € R2, the recursively defined sequence Tt = h(T(i)),
i € N, converges to the solution T* with the following rate of convergence:

. @ 7@ 7|,

‘T(i)_T* ~ 1—gq

Proof. The Mean Value Theorem for vector valued mappings implies
1
h(T®) — h(TW) = / Th(TW + 5 (T — Ty ds | - (7@ - 7)
0

and application of the Cauchy-Schwarz inequality yields
‘h(T(Q)) _ h(Tu))‘ <q ‘Tm) _ T(l)‘ '
Thus, with ¢ < 1, the assertions follow by Banach’s fixed point theorem. O

At this stage, two difficulties remain. We have to identify ¢ with physical quantities
and have to examine, when the condition ¢ < 1 holds. To this end, we provide a sufficient
condition for the convergence of (T(”))neN in physical terms and determine an upper bound
for the constant of contraction ¢, depending explicitly on the essential quantities.

Let Thin and Tyax denote lower and upper bounds for the temperatures in the insulated
cable, set a priori. We truncate the heat transfer coefficient a by (2.31) with 7; = Ty, and
Py, in (5.7) at T3 = Tiax with the upper bound P, (Timax). Using these quantities for the
fixed point mapping h in (5.13), we obtain

i 2
Proposition 8. If % < wdo oy, the mapping h is contractive with the constant of
contraction
_ o, l” (5.15)
1= Asagds’ '

Proof. We define an auxiliary fixed point mapping

po.3 (1+a, (T3—To)) I?
Tl + 7w A3 a(Timin) d2 ’

h(T) = (5.16)

) o 2
T2+Po,5(1+r;p/\(27;mz; To)) 1 In(ds/ds)

which provides an upper bound on the Lipschitz constant of h.? In the first component,
we replace «(7T%) by the smallest heat transfer coefficient oy = a(Tnin), in the second, we
evaluate the heat power term P;, for T3 = Tiax. Due to the monotonicity of Py, in T35 and

3Note that at this point, a rigorous justification is outstanding. We give a sketch of the plausibility of our
Proposition.
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5 Insulated Single-Core Cables

« in T, these replacements yield a larger iterative rise of the components of h. Hence, for
1
q:=  sup [VR(TW +s(T® - T7W))ds
T 7@ er2 |0
The definition of h in (5.16) implies

_ 0 C; . po,3 ap I?
h = h h O = 222
v (1 0 > wit Ch 7TA30éld2

, there holds ¢ < q.

Observe that Vh is constant and diagonalizable. The eigenvalues of Vh are \; o = + (3
and there holds R? = E), @ E),, with E), the eigenspace to the eigenvalue \. Consequently,
each vector x € R?\ {0} represents an eigenvector, either belonging to A1 or Ay. Thus, we
obtain

IVh(T) - x| A-z|

P — IVh(TD)l = su — = max |\ =M.
q=| (Tl xeRZ{){O} x| Ae{d,he} |z )\G{Al,M}’ | 1

Consequently, the constant of contraction ¢ is given by the largest eigenvalue of Vh, which
reads as ¢ = /Cj,. Identifying ¢ with the upper bound ¢ yields the result. O

The sufficient condition for the contractivity of h in Proposition 8 is already implied by
the subresonance condition (2.32):

Proposition 9. Suppose that the subresonance condition (2.32) is fulfilled. Then there
holds q < 1, i.e. the fixed point iteration in Theorem 7 converges to the unique solution T*

of h(T)="T.

Proof. The subresonance condition (2.32) applied to an insulated single-core cable reads as

2 2
po3ap I po3ap o) : 2 _
Ay AT T d <0 Since d5m =4 Ay >

Af°, there holds

< % and the contractivity of h is ensured by

po3 ap I? P0,304p12<ﬂ
T A Ay AF Cdy

which implies the assertion. O

Remark 10. For applications, it makes sense to set Typ = T1 and T < 200°C because
the cables normally are at least as hot as the environment and insulation parts do not sus-
tain temperatures higher than 200 °C.

Determination of an Ambient Temperature versus Current Diagram

Car manufacturers are often interested in knowing how intensely cables may be loaded for
different ambient temperatures or inversely, which ambient temperatures are acceptable for
given currents. To this purpose, cables are characterized by a curve illustrating ambient
temperatures versus electric current loads, the Tj-I-diagram. In contrast to the task in
(5.12), the temperature T3 in the core, which then corresponds to the maximum temperature
the cable can endure, is fixed. Normally, it is set slightly below the melting point of the
insulation. We provide a simple algorithm for the determination of the T3-I-curve.
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5.2 Heat Power Balance Approach

Rearranging Equation (5.11) yields

00,3 (1 + Q) <T3 — To)) I2 _ (Tg — TQ) 2)\2 (5 17)
7TA3 In (dg/dg) ’ .

and replacing the left hand side in (5.17) by the corresponding term in equation (5.8)
provides

(T5 —Tp) 2 Xy
In (dg/dg) OZ(TQ, Tl) dg '

Note that Equation (5.18) is implicit for the determination of T} because the heat transfer
coefficient a depends on the ambient temperature. To emphasize this, we exceptionally
mention this dependency explicitly in (5.18).

Solving the fixed point equation (5.18) is essential to obtain the Tj-I-curve of a given
cable type in the current interval Z := [Inin, Imaz] With T1 := [T1(Imin), 71 (Imaz)]:

T =T, — (5.18)

Algorithm 3

(* DetermineT1IDiagram )

Input: Z, T3, ng

Output: T7-I-diagram

1. Discretize Z equidistantly in ng points to obtain the set of currents Z.
2 for I j € 14

3. Determine (73); by solving Equation (5.11).

4. Solve the fixed point equation (5.18) iteratively to obtain (77);.
5. Interpolate between the values (I}, (1T1);), j =1,...,nq.

Application of Algorithm 3 with melting temperature Ty,er = T35 = 120 °C of the insula-
tion yields the following T7-I-curves for the cable types FLRY-B 4, FLRY-B 6, FLRY-B 10
and FLRY-B 16:

12,

10

T

FLRY-B 16
FLRY-B 10

FLRY-B 6

Electric current in A
o
T

FLRY-B 4

0 1 1 1
=20 0 20 40 60 80 100 120
Ambient temperature in °C

Fig. 5.2: Ti-I-diagram of cable types FLRY-B /, FLRY-B 6, FLRY-B 10 and FLRY-B 16.
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5 Insulated Single-Core Cables

The number in the designation of each cable type indicates the nominal cross sectional
area of the cable core, which corresponds approximately to the physical cross sectional area.

5.2.2 Transient Computations

The objective of this section is to derive formulas for the temperature evolution in insulated
single-core cables over time t € [0,tmq,]. Herein, we suppose the electric current to be
constant, thus [ is independent of £. In Section 6.4.2, we introduce a calculation scheme for
the determination of temperatures in shielded cables with current loads varying over time.
This could be transferred to insulated single-core cables with only minor modifications. To
compute the transient temperature profile, we introduce a resonance current that allows to
distinguish between quasi-stationary and instationary dynamics®. Dynamics converging to
a stationary state are denoted by quasi-stationary within this thesis, dynamics exceeding
any upper temperature limit are called instationary.

Time Discretization

As described in Section 3.3.1, the interval [0, 4] is divided equidistantly into n; + 1 time
steps 0 = tg < t1 < ... < tp, with t; = j tm‘” ,7=0,...,n, and time step size § = ”7”1”.
The temperature at the exterior boundary of the 1nsulator at time step j is abbreviated by
T( D= T»(t;), the corresponding temperature in the core by 7. ( )= T3(t;), j=10,...,n
The ambient temperature T3 is supposed to be constant in time.

In this context, we apply the explicit Euler. By experience, it works well for the consid-
eration of the cross section of insulated single-core cable, as no fine discretization in space

is required.

Definition of the Resonance Current

We remind to the formulas (5.8) and (5.11) for the determination of the temperatures T4
of the exterior cable insulation and T3 of the cable core in the stationary case. Resolving
Equation (5.8) into I? yields

7['A3 a(Tg) (TQ — Tl) d2

I’ = .
po3 (1+ o, (T3 —Tp))

(5.19)

Replacing 223 (Haﬁ ngO))p in (5.11) by the corresponding term in (5.8) provides an ex-

plicit form for the core temperature

a(Ty) (T —T1) da ln(dg/dg)

T3 ="1T:
3 2+ 2\

(5.20)

We define P, (Ts) := a(T3) (Ty — T1) do and state

T
TlgnmP (T) = oo as well as Tlgnoo 7 (2 ) =0
Both assertions are obvious, since the radiative heat transfer coefficient ay,q (cf. (2.13))
depends on T5 in the power of three due to the Stefan-Boltzmann law.

4Both terms — quasi-stationary and instationary — refer to non-stationary temperature evolutions. As
we derive different computational approaches for currents below and above the resonance current, we
introduce this terminology.
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5.2 Heat Power Balance Approach

Inserting Equation (5.20) into (5.19) yields the dependency of the electric current on the
temperature of the exterior insulation

7 Az Pl (Ty)
£0,3 (1 + (TQ — T+ % PO/[(TQ)))

I(Ty) = (5.21)

Finally, we define the limit of I(T5) for 75 — oo by the resonance current

e ::\/ 2m A3 Az (5.22)

po,3 0 In (da/d3)

Hence, the current I..s is the smallest for which no stationary temperatures exist. For
I < Iies, the temperature profile converges to the distribution of the steady state which
is attained approximately after sufficiently long time. In the present situation, we have a
necessary and sufficient condition for the convergence of the temperature to a stationary
state.

Quasi-Stationary Dynamics
If I < I,es, we obtain stationary temperatures 75 and 73 at the exterior boundary of the
outer insulation and in the core. We define a temperature ratio for the stationary case by

5 -T1 1

Ns = = .
T ST 14 a(Ty) dp )

(5.23)

Furthermore, we suppose the temperature ratio to be invariant in time, formulated by

Assumption 11. Let 1, be given as the temperature ratio of the exterior insulation and the
core in the stationary state by (5.23). For the transient temperature ratio n(t) := %Eg:g ,
we postulate

U(t) =1Ts Vte [Oatmax] .

The range of validity of this assumption for practical applications is discussed in detail
in the Sections 5.3 and 6.4.3 as well as in [36]. Therein, we show that it holds especially
well for thin insulation layers and not too small time intervals.

The energy balance in the cable reads for an infinitesimal period of time dt as

dES + dE = Pydt — Poy dt, (5.24)

with dES = 9 Ay £dTy and dES = 3 A3 £ dT3 the increase of stored energy in the insula-
tion and in the core and 72, 3 the corresponding specific heat capacities per volume. The
heat power generated in the core is P, = 22 AI;K and the heat power emitted via the surface
is again given by formula (5.6). Herein, the temperatures T5 and T3 are time-dependent, in

contrast to the previous considerations. Thus, we obtain

p(Ta(t) I*
As

Applying an explicit discretization scheme yields

Y2 Ao dTy + Y3 Az dTs3 = < a(TQ(t))(Tg(t) — T1)7T d2> de. (5.25)

o A (T2(j+1) _T2<j>) g Ag <T§j+1) _T§j>) _ (P(Ti) ro (Tgm) (TQ(j) —Tl) . d2> 5

(5.26)
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5 Insulated Single-Core Cables

for j=0,...,n; — 1 and TQ(O) = Tg(o) = T1. Moreover, we define

N =0 (t;) =ns, j20.

Since nU*h =@ j=0,... ny — 1, there holds for 9 # 0 and T:,fjﬂ) # T:

G+ ) _ L () )
7 ) =5 (4 ) . (5.27)

Reordering the definition of n() yields

()

h T 1

TV = 22 (1 - ) . (5.28)
77(.7) n(ﬂ)

We summarize (5.26) and (5.28) in an explicit recursion scheme for j =0,...,n; — 1:

AL (1) (1)

T2(j+1) _ TQ(J) +
Y2 A2 + ’Yf;(?)S

I

(5.29)
T(j‘f'l)

(G+1) _ +£2 _ 1
=it <1 n(jﬂ)) 11

Since the electric current is supposed to be constant over time in this setting, we could
replace 79 and nU*Y by 7,. As mentioned, the calculation rule could be applied with
minor changes for electric currents varying over time. Then, the value of the temperature
ratio 7 could change from one time step to the next.

Instationary Dynamics

For I > I,.s, no stationary temperatures T» and T3 exist. Consequently, the quasi-stationary
assumption 7t = ) =y, j > 0, cannot be applied in this situation. In practical
applications, electric currents higher than Ies can only occur for very short times because
else, temperatures high above the upper limit of the materials are exceeded, immediately.
In this context, estimations with shorter heating times than those obtained respecting all
quantities are sufficient. Hence, we neglect the capacity term of the insulation, namely
dE® and the emission via the surface P, dt. Thus, we obtain a simply integrable equation
dESY = Py dt respectively 73 A2dTs = pos (1+ a,(Tz —Tp)) 1 2dt. Separation of variables
and integration of both sides yields an estimate for the heating time by

j+1
pos(1+ o, (T — Ty))

tiv1 — 1y =

With T:,EO) = T1, we obtain the explicit heating evolution by

, 1 , a, I?
T3(J+1) _ ;p <<1 + a, (T3(]) _ TO)) exp <p0”;31:§(t]+1 — tj)) — 1) —+ TO . (531)

Since for currents higher than the resonance current no stationary temperatures exist,
no 7, is available. To get at least an orientation for the temperature at the surface of the
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insulation, we define a temperature ratio 7.5 for currents higher than the resonance current
at current I* := 0.99 - [.s and set

I = o Y. (5.32)

In summary, we apply the following mapping in the instationary case for j =0,...,n;—1:

' 1 4 a, I?
T = <(1 +ay (17 —T0)) exp <m(tj“ R tj)) B 1) T s

vos T Y.

T

We suppose that the temperature ratio for a current slightly below the resonance current
yields a better approximation of the actual temperature ratio for an electric current above
the resonance current than that of a small electric current. Hence, we choose I* as indicated
for the determination of the temperature ratio in case of currents larger than or equal to
the resonance current. However, improving this formula will be a subject of future research.

Summary of the Transient Computation Scheme

We summarize our explicit calculation scheme for arbitrary, constant currents I as follows:

o A
If [ < Lo = m Az Ao :
p0’3 Ozp In (dz/dg)

ATV (1) (1 - )

(3+1) ()
Ty =1y + e 5,
Y2 A2 + ’Y;(?)d
(F+1)
G+1) _ Iy 1
Ty = e} + (1 n(j“)) Ty, (5.34)

else:
v =1 (14a, (19 -1 sl Y S1)
3 —;p Qp 3 — 4o ) exp TA%(JH— i) ) - + 1o,
T2(j+1) _ 7+ i—0,.

= Thes L3 > J = .oong — L

5.3 Comparison to Finite Element Simulations

In order to validate our cable specific approaches for heat distributions in insulated single-
core cables, we first compare our computational results to calculations with finite elements,
afterwards in Section 5.4, to measurements performed by the Leoni AG [138].5

Since no analytical means to evaluate the error of our 7, calculation have been applied
yet, we use finite element computations, supposing they are sufficiently accurate in this
context.

For numerical experiments with finite elements, we apply linear Lagrange elements, the
standard Newton-Raphson solver with relative accuracy € = 1.0e-6 respectively maximum

®Note that the measurements and computations of this section refer to the same scenarios.
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5 Insulated Single-Core Cables

number of iterations imax = 25 in Algorithm 2, UMFPACK as linear solver and, for the
non-stationary case, IDA with step size § = 1s for time discretization.

In Tables 5.1 and 5.2, the parameter values used in the computations, explicitly given in
[78, 138], are summarized. The time-dependent measurements were performed with a con-
stant electric current below the resonance current and were interrupted when a stationary
state had been approximately reached.

Tab. 5.1: Parameter values in computations of temperatures in insulated single-core cables.

Parameter name Symbol Value Unit
Heat conductivity of the exterior insulation A2 0.23 W/(m - K)
Heat conductivity of the metallic conductors A4 386 W/(m - K)
Heat conductivity of air Aair 2.6le-2 W/(m-K)
Electr. resistivity of the conductors resp. core at reference temperature po 3, pos 1.75e-8 Q-m
Temperature coefficient of the electr. resistivity of the core p 3.93e-3 1/K
Specific heat capacity per volume of the insulation Y2 1.82¢6 J/(K-m?)
Specific heat capacity per volume of the cable core resp. conductors Y3, V4 3.50e6  J/(K-m?)
Emission coefficient €r 0.93

Ambient temperature T 25 °C

Tab. 5.2: Properties of insulated single-core cable types and specific parameters of performed scenarios.

Cable type d2 (mm) d3 (mm) d4 (mm) Ne I(A) tmax (8)
FLRY-A 0.35 1.40 0.80 0.26 7 10 220
FLRY-B 2.5 3.00 2.20 0.26 50 40 430
FLY 4 4.40 2.75 0.30 56 50 800
FLY 6 5.00 3.30 0.30 84 65 800
FLY 10 6.50 4.50 0.37 7 69 740
FLY 16 7.30 6.30 0.37 128 108 1400
FLY 25 10.0 7.80 0.37 200 144 5200
FLY 35 11.3 9.00 0.37 276 184 3500
FLY 50 13.9 10.5 0.37 400 228 4000

The computed resonance current I, the stationary temperatures 75 and T3, the tem-
perature ratio 7s and the constant of contraction ¢ are listed in Table 5.3. Figure 5.3
shows that, although our approaches based on energy balances use some heuristics, their
results correspond nearly perfectly to those obtained with finite elements. In all cases, the
temperature curves nearly coincide or the heat power balance approach (in the following
abbreviated by HBA) provides slightly higher temperatures and shorter heating times. The
difference in temperature between both approaches is for all cable types and at any time
never larger than 2K and the relative deviation is always less than 5%. This allows to
conclude that the proposed simplified approach is very adequate in the context of thermal
analysis of insulated single-core cables with currents below the resonance current. More-
over, the computation times are extremely fast (< 1s in Matlab, version 7.10.0.499, on
an Intel Core 2 Duo processor with 2.67 GHz and 3.00 GB RAM) and hence, several times
faster than the finite element calculations (> 5s with COMSOL on the same system).

The constant of contraction ¢ is in all cases small enough (< 0.519) to guarantee a fast
convergence of the method. This is due to the fact that all applied currents are quite low,
far from the resonance current I,.. It might be surprising that the resonance current of
cable type FLY 16 is higher than that of FLY 25, although the metallic cross sectional area

50



5.4 Comparison to Measurements

is larger. Considering Equation (5.22), we can explain it by the ratio dy/ds that mainly
influences the resonance current and this ratio is for FLY 16 much smaller than for FLY
25.

Tab. 5.3: Computational results for insulated single-core cables.

Cable type Les (A) T5(°C) T5(°C) s q

FLRY-A 0.35 116.4 69.5 71.7 0.953 0.352
FLRY-B 2.5 417.7 86.4 89.3 0.955 0.519
FLY 4 414.4 74.7 79.2 0.918 0.419
FLY 6 539.8 75.9 80.4 0.919 0.429
FLY 10 714.2 56.1 58.8 0.921 0.255
FLY 16 1417 68.1 69.8 0.961 0.361
FLY 25 1328 65.6 69.1 0.921 0.333
FLY 35 1674 66.2 69.8 0.920 0.336
FLY 50 1768 64.1 69.0 0.888 0.313

To investigate the validity of 7, for different heating times, we take one specific scenario
and compare the results obtained by FEM to those computed via the HBA. In Figure
5.4, the temperatures in the stationary state, after ten seconds and after one second are
depicted for different constant current loads. The considered cable is of type FLY 16 and
the ambient temperature 77 = 25°C. We notice that the accordance in the stationary
state is excellent, for T3 as well as for Ty (cf. Figures 5.4a and 5.4b). Whereas for T3
the agreement in case of electric current during ten seconds is nearly perfect, we have a
discrepancy in Ty (cf. Figures 5.4c and 5.4d). This discrepancy is even more obvious for
one second with very large electric currents. In this case, the computation of T5 is no more
adequate (cf. Figures 5.4e and 5.4f). For currents below the resonance current, our HBA
corresponds very well to the finite element simulations concerning T3. At the transition of
quasi-stationary to instationary case, we have a jump in temperature, which is non-physical.
Moreover, the temperatures computed for current loads higher than the resonance current
are overestimated.

We conclude that our specific computational approaches yield good results for 'normal’
currents below the resonance current. Checked by finite elements, the proposed methods
work perfectly if the considered heating times are not too small. For currents above the
resonance current, we obtain temperatures 713 hotter than those of the finite element cal-
culation. Thus, they provide an orientation. The formulas for 75 concerning short time
heating must be improved, but since the most important quantity our interest is T3, it is
not subject of this thesis.

5.4 Comparison to Measurements

To show the validity of our calculation approaches for practical applications, we validate
the computations with experimental data. We use the same parameters as given in Tables
5.1 and 5.2. Since in the measurements only the temperatures of the core were measured,
we renounce indicating the temperature 75 and restrict to 75.

Figure 5.5 depicts the heat evolution of measurements and simulations for nine different
cable types. The qualitative shape of the curves are very similar, except for the cable types

5The same argumentation is applicable for the resonance currents of cable types FLRY-B 2.5 and FLY 4.
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Fig. 5.3: Comparison of computed temperature evolutions for different cable types. In each subfig-
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calculations via the HBA, the solid lines depict the results of the finite element approach.
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FLY 16 and FLY 25. The maximum deviations in temperatures over time remain below 8 K
and the relative errors below 10 %. We need to mention that an accordance of 100 % cannot
be expected in this framework due to several reasons, explained later in this section. Thus,
we claim that the simulations are to the largest extent confirmed by the measurements.

Some observations and particularities of the computational and measuring results are
listed in the following:

The discrepancy between simulation and measurement for the cable types FLRY-B
2.5 and FLY 4 is quite large (> 5K) concerning the maximum temperature after suf-
ficiently long times. Even though in the derivation of the computational approach all
reduction were applied such that higher maximum temperatures and shorter heating
times might be expected, we obtain lower temperatures and longer heating times in
the computations for these examples.

The curves belonging to cable type FLY 16 show an unusual behaviour by crossing
after about 800s. The computed stationary temperature lies beneath the maximum
temperature of the experiment, however, the computed heating times are shorter in
the beginning of the calculations.

In the graphs for FLY 25, the heating times differ significantly, although the final
temperatures correspond well within the limits of numerical accuracy. Whereas in
the simulations, the stationary state is reached within an accuracy of 5% after less
than 2000 s, the temperature in the measurement still increases after more than 4000 s.

By tendency, we notice that for thinner cable types, in particular for FLRY-B 2.5, FLY
4 and FLY 10, the maximum temperatures in the simulations are underestimated,
whereas for thicker ones, they represent an upper bound (cf. FLY 25, FLY 35) or
correspond very well (cf. FLY 50).

Possible reasons for our observations are:

As mentioned, our specific approaches include some computational simplifications, es-
pecially the introduction and application of the temperature ratio 7, is rather heuris-
tic. Nevertheless, we showed in the previous section that the results coincide very
well with those obtained via FEM. Consequently, the influence due to the simplified
simulation approach is estimated to be rather small in the context of low current loads
as they are applied in the present scenarios.

Simulation results always depend on the quality of the material parameters. The
employed parameter values in our computations represent standard values of the
corresponding materials. It is often hard or impossible to say, if the materials are
completely pure and if their state is as good as supposed for the parameter value.
Differences between the assumed material parameters and their real values could re-
sult in larger deviations. Especially the progress of the curve in FLY 25 allows to
draw the conclusion that the supposed heat capacities in the simulation are too small.
This would explain the much faster convergence to the stationary temperatures than
in the measurements.

In addition to the previous argument, the data provided by cable manufacturers are
often not very precise. Wongyala [138] already noticed in his work that the conductor
diameters in reality sometimes deviate more than 10 % from the information given
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by the cable manufacturers. Since the cross sectional areas represent an essential
part of the source term in our equations, these variances have a strong impact on the
simulation results.

- A further reason which may not be forgotten in this context is that the measurements
are not free of inaccuracies and errors, too. The integration of thermocouples into
the experimental setup falsifies the real temperature evolutions and the accuracy of
measurement devices is limited.

5.5 Choosing the Best Cable

A question currently often discussed in the on-board supply industry is whether to replace
copper by aluminium cables [112, 125]. In fact, the price of copper has increased much faster
in the recent years than the price of aluminium (cf. Figure A.1). Furthermore, the price
of copper (5396.2€/LME Rolling”) is at the moment nearly four times higher than that
of aluminium (1376.1€/LME Rolling” [10]). On the other hand, copper excels by good
physical properties like the electrical conductivity (ko ~ 5.7¢7S/m in contrast to 3.5¢7S/m
of aluminium). We demonstrate a study which explains how car producers can apply our
simulation approaches in order to choose the 'right’ cable.

Given a specific scenario - a worst case scenario - in which the manufacturer has to choose
between several available cable types. We restrict the stock of cable types to the size of eight
— four cable types with core of copper (FLY 16, FLY 25, FLY 35, FLY 50, cf. Table 5.2),
four cable types with core of aluminium (denoted by FLY 16-Al, FLY 25-Al, FLY 35-Al,
FLY 50-Al%). The scenario is the same as presented in Section 5.3 for cable type FLY 50
with ambient temperature 25°C and electric current I = 228 A. Furthermore, we assume
that the melting point of the insulation must not be exceeded, else the corresponding cable
is not adequate in this situation. The aluminium cables have the same insulation materials
and diameters like their copper pendants, but the parameter values of the core are

e heat conductivity of the conductors Ay = 235 W /(m - K),

o clectrical resistivity of the core at reference temperature pg3 = pg4 = 2.65¢-8€2 - m,
e temperature coefficient of electrical resistivity o, = 4.04e-3 K1,

e specific heat capacity per volume of the cable core v3 = 4 = 2.42¢6 J/(kg - m?).

If we suppose the melting temperature of the insulation to be 130 °C, too high temper-
atures would definitely be generated in cables of types FLY 16 and FLY 16-Al (cf. Figure
5.6a). In contrast, the diameters of cable types FLY 50 and FLY 50-Al (cf. Figure 5.6d)
are far too large and thus, these cable types would be too expensive in this context. FLY
25-Al must also be rejected for the first reason (cf. Figure 5.6b), FLY 35 for the second (cf.
Figure 5.6¢). Consequently, there only remain the cable types FLY 25 and FLY 35-Al. In
a cable FLY 25, the metallic part in each cross section amounts according to [78] about
21.5mm?, in FLY 35-Al about 31.3 mm?2. Thus, the copper cable would be 2.69 times more
expensive (2.69 ~ gig 222 . ?g?g:fé), if we just consider the metallic part.

From this point of view, we would recommend the manufacturer to employ the aluminium
cable FLY 35-Al because it is much cheaper. On the other hand, we may not forget to take
into account that aluminium has other 'worse’ properties than copper, e.g. less mechanical
stability, lower tensile strength and, from a practical point of view, it is more complicated

"State: 27th September 2013 [10], LME Rolling: London Metal Exchange - indicator for price of metals.
8These cable types of aluminium do not really exist, at least they do not have these names. We introduce
them just for our theoretical study.
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for soldering [112]. Our hypothesis confines to the fact that, taking thermal aspects and
costs into account, it would definitely make sense for this scenario to replace copper cables
by thicker aluminium wires. Furthermore, the weight would decrease, since aluminium has
a more than three times smaller density than copper (2700kg/m? vs. 8920kg/m3), but the
volume would of course increase.

It is difficult to give a general answer to this question. In cars, the available space is often
rare and the circumstances avoid an integration of thicker cables. Hence, this question can
only be answered for specific cases as shown by our example.

5.6 Conclusion

In this chapter, we proposed computational approaches (called HBA) specific to the deter-
mination of temperatures in insulated single-core cables. The derived system of equations to
calculate temperatures at essential positions in the cable is nonlinear and solved via a fixed
point iteration. It was shown that for certain conditions and currents below the resonance
current, the existence of a unique solution for the stationary case is ensured. Furthermore,
we compared the solutions of our HBA to measurements and simulation results obtained
via finite elements. Whereas some acceptable discrepancies to the measurements exist due
to uncertainties of parameter values, measurement inaccuracies and simplifications in the
computations, the accordance to finite elements is excellent for current loads of lower and
normal intensity. Nevertheless, improvements for short times and very high currents have
to be added in future investigations.

Moreover, useful operations like creating diagrams that ilustrate the properties of cables
and comparison of different cable types concerning heat generation can be performed easily
by the given approaches. The introduced computational methods can now be applied to
other cable types and connecting structures.
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6 Shielded Cables

Shielded cables, i.e. wires with a metallic, current carrying layer in the insulation, find
practical use in the high frequency technology, especially in high voltage on-board systems.
In the automotive context, the term ’high voltage’ refers to voltages above 60V DC [37].
It is the task of the shielding to ’separate’ the cable from the environment, regarding
both, the radiation from exterior into the cable and from inside to outside. Radiation like
electromagnetic induction by alternating current or radio waves is concerned.

We present specific approaches, developed in cooperation with our industrial partners,
to compute the main temperatures in shielded cables of finite length for stationary and
transient considerations. Therein, we respect different ambient temperatures in subsections
of the cable and influences of connected objects. Our approaches are validated by com-
parison to measurements and finite element simulations. Some methods trace back to the
computational approaches for insulated single-core cables. Moreover, we show how cable
manufacturers can apply our methods for right dimensioning of shielded cables.

6.1 Problem Formulation

There exists a great number of publications concerning shielded cables, e.g. [31-33]. Most
of them are focused on other aspects than the thermal analysis, especially electromagnetic
compatibility (EMC) is the subject of many investigations. However, the importance of the
heat generation in shielded cables has increased over the last years because today, cable
cores and sometimes shieldings carry higher currents in the high voltage technology.

Our aim is to approximate the axial temperature distribution at characteristic points in
shielded cables of finite length. These temperatures are essentially determined by the electric
currents in the core (I) and shielding (I3), the material of the cable and its dimensions.
Moreover, the attached devices at the ends of the cable and the ambient temperatures in
different subsections influence the temperature profile. Figure 6.1a shows the cross section
of a shielded cable in radial direction with its main physical and cable specific parameters.

In order to be applicable to very short cables of only a few centimetres of length and also
to longer wires of several metres distributed over the entire car, we keep our computational
methods general. For shorter conductors, the temperatures of attached devices play a main
role, whereas for longer cables varying ambient conditions in different cable subsections
essentially influence the temperature profile. We first confine to the stationary case with
a constant direct current over the complete time period, afterwards we investigate the
transient one. In our non-stationary considerations of this chapter, the current loads vary,
in contrast to Section 5.2.2, in time, meaning that the current I(t) in the core depends on
time ¢ € [0, tmax]-

The entire chapter has been published in two articles of scientific journals. The first
concerns the stationary case [86], the second describes the transient [85].
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6 Shielded Cables

(a) Radial cross section of a shielded cable. (b) Volume element of length dzx.

Fig. 6.1: Radial cross section and volume element of a shielded cable.

6.2 Notation and Annotations

Throughout this chapter, the temperatures and material parameters for the different cable
cross section areas are indexed by 1 for the environment, 2 for the exterior insulation, 3 for
the shielding, 4 for the inner insulation and 5 for the core.

We denote T the ambient temperature, T5 the temperature at the exterior boundary of
the outer insulation layer, T3 the temperature in the shielding, T the temperature in the
inner insulation layer and 75 the temperature in the core'. Since Tj is the main quantity
of our interest, it is abbreviated by 7' later in this chapter.

The geometrical properties of the cable cross section are determined by the diameters
d;, i = 2,...,5, and the cross sectional areas A;, ¢ = 2,...,5. The thermal identification
of the system requires the heat conductivities A;, ¢ = 2,...,5 and specific heat capacities
73, 5 per volume for core and shielding (see all parameters describing the cable in Figure
6.1a). Furthermore, the important electric quantities are the electrical resistivity pg of the
core at reference temperature Tp, the temperature coefficient «, of the electrical resistivity
for the cable core and the resistivity ps of the shielding. The rise of the electrical resistance
in the cable core for higher temperatures is approximated linearly by

p=poll+a,(Ts5—1Tp) (6.1)

The temperature of attached devices can either be known, which finally results in a
Dirichlet boundary condition, or the heat flux is approximated by an approach presented in
Section 6.3.2 (Boundary and Interface Conditions), yielding a Robin boundary condition.
For the first case, depicted in Figure 6.2a, the fixed temperatures 7% at the left and 7"
at the right end are given. The attached objects in the second case, cf. Figure 6.2b, are
characterized by the heat conductivities )\fl 4 Tespectively A7 ;. the asymptotic temperatures
Téd respectively 77, and the contact resistances Rfc respectively Rj. This general model
for attached components allows to take a great number of devices into account. However,

!The temperature in the core in radial direction is approximately constant because of the large heat
conductivity of metals.
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6.3 Stationary Case

each has to be identified by the mentioned quantities, which is not always elementary in
practice, especially for complex geometries.

Tl TII T12 Tl]

[ Insulation
Shielding; ¢ >i< >e

v

Shielding

connector b b 4
(a) Cable with fixed temperatures at both ends.

R} Ty, T, T3 Ry

Contact g < »i Attached

resistance 0 (53 3 object

(b) Cable with attached objects at both ends.

< >
< »

>
»

Fig. 6.2: Azial cross sections of shielded cables with different boundary conditions.

A shielded cable can be placed in the entire car with varying ambient temperatures for
different subsections. Herein, we restrict the model to three different sections, which is,
according to our industrial partner, sufficient. An extension to more subsections is easily
possible. The subsections with lengths ¢1, ¢5, £3 have the ambient temperatures 711, 112,
Tis.

6.3 Stationary Case

We assume the electric current to be constant and the entire system to reach an equilibrium.

6.3.1 Heat Power Balance Approach

In order to derive appropriate equations for the stationary heat distribution in the shielded
cable, we consider a volume element of infinitesimal length dx, shown in Figure 6.1b.

An adapted heat power balance in the volume element reads as

dP,+dP, = dP,+dP, (6.2)
—_—— —_———
produced heat power conducted heat power

with d P the heat power generated by current flow in the core, d Ps the heat power produced
in the shielding, d P, the conducted heat power in axial direction and dP, the heat power
conducted in radial direction.

For d Py, there holds

I? (1 T5 — T,
5
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6 Shielded Cables

To reduce the complexity of our system, we neglect the dependency of the electrical resis-
tance of the shielding on the temperature 73 and obtain

p3 I3
As

dP; = dzx. (6.4)
This simplification is justified by significantly smaller current densities and consequently
lower produced heat power in the shielding compared to the core. Indeed, the shielding
mainly serves to avoid radiation, which is already fulfilled by low currents.?

We identify dP, via Fourier’s law by

5
dT;
dP, = — A —L. .
> N (6.5)
7=2
dT1s

Since the main contribution of dP, is given by A5 As ", because of the disproportionately
greater heat conductivity and cross sectional area, it is reasonable to approximate % =

% j=2,...,4. Thus, we obtain

dT:
_AZES

dP, = — :
e (6.6)
with A := Z?:Q Aj A;. Assuming Ts twice differentiable, we get
dp, d*Ts d*Ts
=—A P, =—-A . :
dz ez d dz (6.7)

The heat power conducted in radial direction in a cable of length £, is also given by Fourier’s
law via

T
P = —/A(s)gs do, ds/2 <5< dy)2. (6.8)
As

The quantity As = 27 sf, denotes the surface area with distance s to the centre of the
conductor. Since we assume a constant temperature profile in the core (0 < s < d5/2), the
interval (0, d5/2) makes no heat power contribution in radial direction. The space dependent
quantity A = A(s) represents the different heat conductivities in the layers of the main, i.e.

/\4 for d5/2§8§d4/2,
A(s) =< A3 for dy/2 <s<ds/2, (6.9)
)\2 for d3/2§8§d2/2.

Rotational symmetry of the geometry and of the temperature profile yields

P, =— A5 \(s) ({;f

oT P,
:%__27[')\(8)5&5. (6.10)

In the recent past, the shielding is sometimes ’abused’ to carry high electric currents. The actual idea
to prevent the generation of electric and magnetic fields is thus reduced to absurdity. The increase of
electrical resistance for higher electric currents has to be taken into account for these cases, which will
be subject of future investigations.
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6.3 Stationary Case

Integration over s € (ds/2,da/2) provides

4
P, 1 d;
I — 1 J ) 11
SR ;277)‘3‘ n<dj+1> (610

In order to respect the heat transfer from the surface of the insulation to the environment,
we consider the difference of temperatures 1o — 17, given by

P out

Ty — Ty = —out
2 ! alymdy’

(6.12)
where a denotes the heat transfer coefficient and P, the heat power emitted to the envi-
ronment. The second quantity is equal to the heat power P, conducted from the centre to
the surface. Hence, we get

4
P, 1 d; 1 P,
-1, = -~ 1 J =" ju. 6.13
5 1 ly Z n(d >+ 7r€$p ( )

Therein, the parameter
1 11
pui=—r Tt > X In(d;/dji1) (6.14)

denotes the heat resistance of the core to the environment in radial direction.
Replacing /4, in (6.13) by the infinitesimal length dz, we finally obtain

Ty — T
dxziﬂ(5 )

1 1 4 1 d; Pw
Ozdg + § 22 E n dj+1
j:

™ (T5 — Tl)

dp, = dz . (6.15)

For simplification, we suppose constant values of « in the subsections 1, £ and ¢3, which
represents an idealizing assumption, enabling an explicit resolvability of (6.2). The heat
transfer coefficients are determined by an a posteriori mean value iteration over the surface
temperatures, described in Section 6.3.2 (Mean Value Iteration).

Replacement of the infinitesimal heat powers in (6.2), substitution of 75 by 7" and division
by —A dx provide the stationary equation for heat transfer in axial direction:

d*7(x)
5~ BT@)+C =0, (6.16)
with
1 /7  po apI2
B (L _ 1
L (rTy  po(1—a,To)I? psI3
= = . 1
C A(pw+ T 5 (6.18)

6.3.2 Computational Method

In the following, we divide the cable into three parts and assume piecewise constant coeffi-
cients. For the subsections of length ¢1, 5, 3 and ambient temperatures 111, 112, T3, we
define the axially variable core temperatures 7, 732), 7G),
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6 Shielded Cables

T,, T/z T”
T"-B,T"+C,=0 ' T”"-B,T”+C,=0 i T¥"-B,T”+C,=0

- -

=T TUL)=TL) TVL)=TL)  TOL)=T
TL)=T7(L) T%(L)=TV(L)

(a) Cable with fixed temperatures at both ends.

Tll TIZ Tl]
G -B,T"+C,=0} T”"-B,T?+C,=0} T""-B,T"+C,=0 :

TV O=AT"(0) TV(L)=T(L) T(L)=T"(L) T(L)AT (L)
TL)=17(L) T%@L)=TV(L)

(b) Cable with attached objects.

Fig. 6.3: Shielded cables with governing equations, boundary and interface conditions.

Piecewise Constant Approximation of Equation Defining Coefficients

We refer to the coefficients B and C in (6.17) and (6.18) for each subsection by B; and C;:
Bi :B(az) and Cl:C(Th), 1= 1,2,3.

A general solution of the inhomogeneous linear differential equation in (6.16) provides

T (z) = 91 exp(y/By z) + V2 exp(—v/B ) —1, xz € (0,Ly),
C’
T () = 95 exp(y/By @) + U4 exp(—/By ) + B—Q, z € (L1, Lo), (6.19)
2

C
T®)(2) = 95 exp(\/Bs z) + V¢ exp(—/Bs z) + B% z € (L, Ls),
3

i
with 91,...,9 to be determined and L; := ) ¢;.
j=1

Boundary and Interface Conditions

To get a unique solution of (6.19), appropriate boundary and interface conditions have to
be formulated. As in some applications the temperatures of adjacent objects are known, we
use Dirichlet boundary conditions for the first case (cf. Figure 6.3a). In the second case, we
prescribe the heat flow at both ends of the cable by Robin boundary conditions (cf. Figure
6.3b).
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6.3 Stationary Case

The interface conditions read as
TO(L;) = T (L), (6.20)
7O (L) = T (L) (6.21)

for i = 1,2. Equation (6.20) represents the equality of the temperatures at the interface,
Equation (6.21) is a result of the equality of the heat fluxes and equal heat conductivities
at both sides of the interface.

The boundary conditions for the first case are

TWO) =1 TO(L3)=1T". (6.22)

With (6.19), this results in a system of linear equations

;9 = by, (6.23)

with unknown vector ¥ = (91,...,9)7 € RS, matrix II; € R®*6 respectively right hand
side by € R®. Defining the abbreviations

Tij = eVBili T_j = e~ VB LJ',

Y
0ij =/ B; 7ij, o—ij =/ Bi 7_ij,

the matrix Iy and the right hand side by write as follows:

1 1 0 0 0 0
Ti1 T-11 —T21 —T—21 O 0
011—0-11—021 0—21 O 0
m, — , 6.24
! 0 0 79 T_29 —T32—T_32 ( )
0 0 099 —0_99—032 0_32
0 0 0 0 733 T—-33

T
by = G o S @,O,TT - C‘°’) . (6.25)

By’By By’ 'Bs B Bs

|
A~
=
Q
S

For the second case, we consider contact resistances and the attached objects at the
exterior boundary of the cable, i.e. at * = 0 and x = Ls, yielding the following power
balance? (cf. Figure 6.4a):

Pcab_Pclzd = Pli (626)

We denote P,y the heat power emitted by the cable at the contact boundary, Péd the heat
power absorbed by the attached material and P,i the heat power generated by the contact
resistance (the shielding current is excluded):

Peap = _AT/(O)v (627)
Ply = =g Ak Tpq(0), (6.28)
P, =Rl I% (6.29)

3We restrict to the boundary condition at # = 0. The one at = = L3 is derived analogously.
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6 Shielded Cables

Resolving (6.26) into T7"(0) provides

l l
P B

“TO =30 )

(6.30)
In order to formulate Equation (6.30) explicitly, we have to determine Pfld dependent on
the asymptotic temperature T éd and the temperature 7(0) at the contact. We suppose a
spheric heat expansion in the attached material (cf. Figure 6.4b). Fourier’s law implicates

[ l dTéd

Conductor

T=T(x) A, T(0)
Py | P
T=Tha(x)  PY
(a) Heat power bala:unce at the left ex- (b) Attached object characterized
terior boundary. by M.y and T!,.

Fig. 6.4: Heatl power balance and modelling of attached objects for shielded cables.

Hence, the isotherms are located on hemispherical shells with A = 2R?w. Separation of
variables provides

—P!,dR
dT = —s— (6.32)
2 Ay R
and integration over R € (Rp, 00) results in
Pl
Tolzd - T(O) = lad
27,4 Ro
= Ply = 2m\.g Ry (T}y — T(0)). (6.33)
Inserting (6.33) into (6.30), we obtain
27\, R Rl I?
T'(0) = =222 (1(0) — Thy) — —5—. (6.34)

Using a function f for the heat flux description at both ends (cf. Figure 6.3b) and Ry = da/2,
the boundary conditions read as follows:

l ! 72
FEO©) = T (100 - 1i,) - T (6:35)
r T T2
FEO (L)) = P (77,70 1)) Bl (6:36)

Thus, the system of linear equations for the second case is
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6.3 Stationary Case

L9 = ba, (6.37)
with
My Mgy 0 0 0 0
Tl T—11 —T21 —T—21 0O 0
011 —0-11—021 0-21 0 0
I, = 6.38
2 0 0 T2 T_92 —T32—T_32 ( )
0 0 092 —0_20—032 0_32
0 0 0 0 T Mg
Cy Cp  C3 (O T
by = (b, 22 — 2L 0,22~ 22 0p .
2 < (1)7 B2 B1707 B3 B2707 (6) (6 39)
and
1) =71 Aygda — A /By, II(19) =71y dy+ A/By,
Tl(g5) = (n A0 do —|—A\/Bg> a3, Tl(g6) = <7r AL d —A\/Bg) a3,
Cl CS
by =R.IP+7X\ dy (T, — = by =REIP+ 7N\, d ——a
(1) L7+ T AL d2 ( ad = p | (6) L7+ T A d2 | Log Bs

By solving the linear system (6.23) respectively (6.37), we obtain 1, ..., and determine
the temperature profile in the core by 7MW, 73 7).
Mean Value lteration

For an explicit solution of (6.16) in the three subsections, indexed by i = 1,2,3, we have
to define a constant value for the heat transfer coefficient o in each subsection. To get
adequate values aq, as and ag, we compute

L;
. 1 :
7@ — - / T(Z)(x) dx
'L

i—1 (6.40)
= Ell <192ZB?3 (Tn' - Ti(i—l)) - 79252 (Tfii - T—i(i—l))) + gz
with Ly = 0. This enables the determination of average temperatures at the exterior
insulation according to [123] by
S0 _ o L[y 1 d; po(L+ap(TY —Ty)) I* | ps i}
R =T - ;)\jln<dj+l> < e + A3> (6.41)
and
a; = a(T). (6.42)
Starting with T, Q(fs)tart, we solve the system of linear equations (6.23) respectively (6.37),

obtaining the temperature profile defined piecewise in (6.19). The Equations (6.40), (6.41)
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6 Shielded Cables

and (6.42) then provide TQ(ZI) respectively «;. Repetition of this process leads to iteratively

defined sequences (Télli)k; oy converging to final mean temperatures. The desired temper-
ature profile is obtained as soon as the following stopping criterion with fixed € > 0 is
fulfilled:

T3 — Tapal < (6.43)

To get favourable initial values for the fixed point iteration, we calculate asymptotic temper-
atures Téfs)t art =T 2(25 at the surface by a procedure described in [123]. Therein, methods
for the temperature determination of shielded cables without axial temperature profile are

presented.

Convergence of the iterative procedure

We want to derive a sufficient condition for the convergence of the iterative procedure
described in the previous paragraph. To this end, we define an auxiliary fixed point mapping
F for the piecewise constant mean value temperatures T(*) via the considerations in (6.3),
(6.4) and (6.13) by

Q)

TO = Ty, + P2 (p(T0) + p.) = BT, (6.44)
T
with
WP -T) _mB
P = A CoPe= T (6.45)
and
1 1<\
@ .- - 4 = - .
w ay d2 =+ 9 ]2 )\J ln(d]/d]+1)’ (646)

We identify pg) by (6.14) in the subsection i, evaluated for the lowest heat transfer
coefficient «y, defined in (2.31). By analogy to (5.16), the function F provides an upper
bound on the Lipschitz constant of the actual mapping of the mean value iteration with
. (%)
stopping criterion (6.43). The mapping F is a linear function in T () with slope %

Hence, the mapping F is contractive, if

a, I? T
PO Cp <

A S

(6.47)

i.e. if B; > 0. On the other hand, B; > 0 is the condition for a consistent evaluation of the
temperature profiles in (6.19). Thus, by Banach’s Fixed Point Theorem, B; > 0 yields a
sufficient condition for the convergence of the iterative procedure.

Following [35], Equation (6.47) is equivalent to a subresonance condition which ensures
existence and uniqueness of solutions of the full stationary heat transfer problem. If con-
dition (6.47) is not fulfilled, the electrical currents yield temperatures far from practical
relevance in the stationary case. We explain this in detail in Section 6.4 and emphasize the
similarity to our subresonance condition in (2.32).
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6.3 Stationary Case

6.3.3 Numerical Results

To check if our proposed computational approach is applicable in practice, we first perform
a comparison to measurements. Afterwards, we present some examples on how to use it for
thermal analysis. Finally, we show the validity and limitations of the approach in relation
to finite elements.

Comparison of Measurements and Simulations

To test the calculation method concerning practical applicability, measurements were per-
formed in the laboratories of the Labco GmbH. Therein, four different shielded cable types
were loaded by constant electric currents in the core and the shielding for a sufficiently
long time such that stationary temperatures were approximately attained. The four cable
types with their geometrical, thermal and electrical properties are listed in Tables 6.1 and
6.2. They are labelled with respect to the cross sectional area of their core*. To compute
the physical cross sectional area Agh of the core and the geometrical A8, we introduce the
diameter dg of the n. conductors. This distinction is omitted for the shielding.

Tab. 6.1: Properties of shielded cable types.

Cable type d2 (mm) ds (mm) d4 (mm) ds (mm) de (mm) Ne

FLR2GB2G 16 9.90 7.54 6.90 5.80 0.21 512
FLR2GB2G 25 11.90 9.34 8.50 7.20 0.21 790
FLR2GB2G 35 14.10 11.00 10.15 8.50 0.21 1070
FLR2GB2G 50 15.50 12.69 11.85 10.50 0.21 1600

Tab. 6.2: Parameter values in computations of temperatures in shielded cables.

Parameter name Symbol Value Unit
Heat conductivity of the exterior and interior insulation A2, A4 0.23 W/(m - K)
Heat conductivity of the shielding A3 193 W/(m - K)
Heat conductivity of the cable core As 310 W/(m - K)
Electr. resistivity of the cable core at reference temperature Po 1.75e-8 Q-m
Temperature coefficient of the electr. resistivity in the cable core ap 3.93e-3 1/K
Electr. resistivity of the shielding 03 4.96e-8 Q-m
Specific heat capacity per volume of the conductors 5 3.43e6 J/(K-m®)
Specific heat capacity per volume of the shielding v3 2.92¢6 J/(K -m?)
Emission coefficient €r 0.93

Ambient temperature T 25 °C

Via thermocouples, temperatures of the core, the shielding and the environment were taken
in the laboratories with Ty = 117 = T2 = T13 = 25°C. An axial temperature distribution
has not been measured, only temperatures at one position were examined. Thus, the
comparison of our method is performed with a long cable (> 10m) to neglect external
influences by attached objects. Verifying the results of axial temperature distribution is
subject of the next subsection (Comparison to Finite Element Simulations).

“The entire names of the cable tpyes are ’Coroplast 16 mm? FLR2GB2G / T180’, ’Coroplast 25 mm?
FLR2GB2G / T180’, *Coroplast 35 mm? FLR2GB2G / T180’ and ’Coroplast 50 mm? FLR2GB2G /
T180"
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13 _ OA I3 _ 2OA IS:OA ISZZOA
I TmC TCOm E e TSIHC T§Om E e 250 _1:3:;" 250t = = _T(;Om II
(A) (0 (°C) (K) (%) (°C) (°C) (K) (D)€ g o /
0 25 25 0 - 28 30 2 718, B /
80 36 37 1 28 37 41 4 1058 g /
160 69 72 3 44 70 75 5 713 g 100 o
240 129 133 4 3.1 132 137 5 3.8§ 50 5 50 /f/'
295 196 196 O O 198 199 1 0.5 Pt
345 286 270 16 5.6 287 273 14 4.9 0 100 200 300 0 100 200 300
Electrical current (A) Electrical current (A)
Fig. 6.6: Measurements, calculations and deviations for FLR2GB2G 25.
I3 =0A Iz =20A L 5= 2A
I Tme com e Tsme Té:om E e 20| — 1:: 200{[ = - - 72" I“
(4) (0 (0 K (%) (O (O &) (e PP " r
0 25 25 0 - 27 29 2 748 8 s
87.5 33 35 2 6.1 36 38 2 5.6§ 100 § 100 d',/
175 57 63 6 105 60 66 6 10.% H 7
2625 100 111 11 11.0 104 113 9 87 £ 2%
350 172 186 14 8.1 177 188 11 6.2 __,;f”'
400 233 243 1 0 4 ) 3 237 246 9 3 ! S 0 18(Ijectrica1288rrent (2{)30 0 0 lgljeclricalzggrrent (i?o 0
Fig. 6.7: Measurements, calculations and deviations for FLR2GB2G 35.
IS _ OA Ig _ 20A IS—OA ISZZOA
I Tme TCOm E e Tsme Té}om E e _1::“ - _Tgnm /
(A)  (°C) (°C) (K) (%) (°C) (°C) (K) (%) €™ gl J
0 2 25 0 - 27 28 1 378w 8 10 i
125 34 37T 3 88 37 40 3 8lg g . Fa
250 65 71 6 92 68 73 5 T74% g 7
375 122 132 10 82 124 134 10 812 = F s ,9/'
500 220 228 8 3.6 227 230 3 1.3 __‘@«"
535 261 263 2 0.8 268 265 3 1.1 0O 100 200 300 400 500 0 100 200 300 400 500

70

Electrical current (A)

Electrical current (A)

Fig. 6.8: Measurements, calculations and deviations for FLR2GB2G 50.



6.3 Stationary Case

For comparison, we restrict to material parameters given by our industrial partners who
have standard specifications for each cable type. All these material parameters have to be
treated with caution. Consequently, relative errors of less than 10 % can hardly be expected.

Figures 6.5-6.8 show measurement and calculation results for the four cable types. Therein,
we denote T™€ the measured temperature, 7°°™ the computed temperature, E the absolute
difference between measurement and calculation and e the relative error®. Furthermore, e
represents the measured temperature in the core with a shielding carrying electric current
and T§°™ the corresponding computed temperature. The curves illustrate the differences
of the measured and computed temperatures to the ambient temperature.

A maximum absolute difference of 16 K and a maximum relative error of 11 % confirm
good accordance of the calculations and the measurements. As mentioned, an even better
agreement cannot be expected because of the absence of exact material parameter values.
Furthermore, the inaccuracies of the measurements essentially influence the listed errors.

By tendency, the calculated temperatures are higher than the measured ones, except for
cable of cross sectional area 25mm? and I = 345 A. For this case, measurement problems
or deviations of the actual conductor diameters to the indicated ones seem likely.

Further Calculation Results

To illustrate the possibilities our method offers, we calculate temperature profiles with
varying parameters. First, we examine the influence of different electrical currents (cf.
Figure 6.9). We suppose the temperatures of the attached objects to be T = 80°C and
T" = 70°C and the ambient temperatures 177 = 60°C, T12 = 10°C and T13 = 90°C with
cable lengths ¢; = 1m, ¢, = 1.50m and ¢3 = 1m. The cable type is FLR2GB2G 16 and
the shielding carries a current of I3 = 40 A.

Core temperature (°C)

Current (A) Axial cable position (m)

Fig. 6.9: Azial core temperatures of a shielded cable for varying electric currents.

Assumed that the cable would not endure temperatures above 200 °C, current loads higher
than 170 A would be unfavourable for this type of cable and the specific scenario. Note that
in the middle section with lower ambient temperature T'o, the cable is colder than in the
other parts. Taking this into account is important in the dimensioning of concrete on-board
systems and cable harnesses. Furthermore, upper bounds for electric current loads can be
determined by these kinds of simulations.

°In this context, the measure e represents the ratio of the difference between measured and computed
temperature in K to the measured temperature in °C.
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6 Shielded Cables

We consider a second scenario. If the manufacturer wants to choose the appropriate
cable type for fixed currents, the temperature distribution in different cable types can be
compared (cf. Figure 6.10). We take the same parameters as in the precedent case with a
fixed current of I = 200 A in the core. As expected, the temperature increases for smaller

n
o
o

[
o
o

Core temperature (°C)
I
o

50

I
I
I
L L A L
1

15 2 25 3 35
Axial cable position (m)

Fig. 6.10: Temperature distribution in different types of shielded cables for an equal scenario with
fixed boundary temperatures.

cross sections of the cables. Supposed the temperature in the cable must not exceed the
critical value of 150 °C — possibly corresponding to the melting temperature of the insulation
— the manufacturer shall choose the cable type of cross sectional area 35 mm?.

Since the connected electric components only work at specific voltages, information about
the voltage drop on the core of the cable is necessary. It is calculated via Ohm’s law
AU = R - I, with R denoting the temperature dependent resistance (cf. Equation (6.1) for
its calculation). For the previous example and each cable type, the voltage drop is shown

in Figure 6.11.

14

Voltage drop (V)

0.2+ I o
0
16mm2 25mm2 35mm2 50mm2

Cable type

Fig. 6.11: Voltage drop in different types of shielded cables for an equal scenario.

Figures 6.12 and 6.13 show a variation of the temperature 7" at the left end in a longer
and a shorter cable. Note that the parameter values are nearly the same as in the previous
examples, except for the current Is = 35 A in the shielding. This explains the slightly lower
temperatures in the second part of the cable with entire length ¢ = 3.5 m. Observe that the
influence of the boundary temperature in the shorter cable is more significant, whereas the
varying ambient temperature has a stronger impact on the heat distribution in the longer
cable.
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6.3 Stationary Case

It is interesting that in Figure 6.12 the curves for different temperatures at the left end
cross each other. This effect can be explained by the heat transfer coefficient. As mentioned
in Subsection 6.3.2 (Mean Value Iteration), its value is computed depending on the mean
temperature of the surface in each subsection. Thus, a lower temperature at the left end
of the cable implies a lower mean temperature in this subsection and thus a smaller value
of a. This in turn means that less energy can dissipate from the cable, resulting in higher
temperatures. Near the left end, the effect of the smaller temperature at the boundary
dominates, whereas at the right end of the cable section (in our example at z = 1m), the
second effect is more important.
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Fig. 6.12: Variation of the temperature of the left object for a long shielded cable.
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Fig. 6.13: Variation of the temperature of the left object for a short shielded cable.

One expects that higher current densities imply higher temperatures at the boundaries.
Hence, the temperature profiles with Dirichlet conditions in Figure 6.10 are rather non-
physical at the boundaries. Therefore, the same simulations are performed with respect to
Robin boundary conditions discussed in Section 6.4.2.

In Figure 6.14, we apply asymptotic temperatures Téd = 80°C, T;, = 70°C, con-
tact resistances R = 1mQ, R, = 1m{, and heat conductivities A\, = 10W/(m - K),
Al =10W/(m - K), of the two attached objects. The modified boundary conditions hardly
influence the inner temperature profile, but yield more realistic results at both ends of the
cable. The reason for the minor influence in the middle section is the great length of the
cable. Note that the resulting temperature at the point of contact is lower for the cable type
of 16 mm? than in the core of the cable, which results in decreasing temperatures towards
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Fig. 6.14: Temperature distribution in different types of shielded cables for an equal scenario with
exterior Robin boundary conditions.

the exterior ends. In contrast, the temperature at the point of contact is higher for the
other cable types, which results in increasing temperatures towards the boundaries.

Comparison to Finite Element Simulations

In order to check the validity of our heat power balance approach (HBA), but also to
demonstrate its limitations, we performed some numerical experiments with finite elements
on the scenarios of the previous Paragraph 6.3.3 (Further Calculation Results). Special
attention is paid to the question whether the axial temperature distribution in the core is
modelled adequately.

For the finite element computations, we apply quadratic Lagrange elements, the standard
Newton-Raphson solver with relative accuracy ¢ = 1.0e-6 respectively maximum number of
iterations imax = 25 in Algorithm 2. Moreover, we use the direct solver PARDISO for the
solution of resulting systems of linear equations.

Figures 6.15a, 6.16a and 6.17a depict the simulation results obtained via FEM in solid
lines and those computed via the HBA with dashed lines, Figures 6.15b, 6.16b and 6.17b
show the deviations between the results of both computational methods.

The qualitative progressions of the heat distributions, obtained with the HBA and with
finite elements, coincide well (cf. Figures 6.15 — 6.17). Nevertheless, some deviations are
obvious. In Figure 6.15, the maximum deviation is more than 10 K. Apart from some com-
putational simplifications like the equating of temperature gradients in axial direction (cf.
Equation (6.6)), the main contribution to this error is the application of constant values for
« in each subsection. If we consider cable type FLR2GB2G 16 in Figure 6.10, the maximum
temperature (248.4 °C) in the third cable subsection is much higher than the lowest (70 °C at
right end of the cable) and the mean value (219.4°C). Since the heat transfer for fixed char-
acteristic lengths and constant ambient temperatures is a monotonically increasing function
with respect to the temperature at the surface, the local heat transfer coefficient (which is
computed in the finite element simulations) at the position with maximum temperature has
a higher value than the average heat transfer coefficient in the third subsection. Hence, in
the finite element simulation, more heat power is emitted to the environment than in the
simulation of the HBA, which finally yields lower (maximum) temperatures in the finite
element calculations. Consequently, the temperatures in the third subsection are overesti-
mated via the HBA. Obviously, the discrepancy in the second subsection is much lower due
to a smaller difference between minimum and maximum temperature. A subdivision into
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6.3 Stationary Case
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(a) Temperature distributions computed with finite
elements for different types of shielded cables. The
dashed lines show the temperatures obtained via the
HBA (cf. Figure 6.10).
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Fig. 6.15: Temperature distribution computed with finite elements for the same current loads and
exterior temperatures like in Figure 6.10, and absolute deviations to results of the HBA.
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Fig. 6.16: Temperature distribution computed with finite elements for the same current loads and
exterior temperatures like in Figure 6.12, and absolute deviations to results of the HBA.
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(a) Temperature distributions computed with finite
elements for a short shielded cable. The dashed
lines show the temperatures obtained via the HBA
(cf. Figure 6.13).
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Fig. 6.17: Temperature distribution computed with finite elements for the same current loads and
exterior temperatures like in Figure 6.13, and absolute deviations to results of the HBA.
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6 Shielded Cables

more subsections would reduce this error, but requires higher computational effort.

The mentioned effect is also observable in the first subsection of the cable in Figure 6.16.
For a low temperature (e.g. T' = 0°C) at the left end of the cable, the temperature in the
subsection varies more intensely than for a high one (e.g. 7' = 150°C) and thus, a mean
heat transfer coefficient is less adequate. The smaller deviations in Figure 6.17 with less
than 7K can be explained by the generally smaller temperatures in the shorter cable, but
the relative error is approximately of the same magnitude.

6.4 Transient Case

In the following, we extend our computational model to the non-stationary situation. In con-
trast to the considerations in Section 5.2.2, the current in the core may be time-dependent.
This requires some additional modifications, although we mostly resort to the previously
introduced approaches.

6.4.1 General Modelling

Applying our model of (2.29) to a shielded cable, the evolution of temperature 7' = T'(x, t)
is determined by the following initial boundary value problem:

T
v(x) %—t — V- -(AX)VT) = f(x,t) +r(x,T) with x € ZX, t € [0, tynaz), (6.48a)
T
—A2 g—n =ao(T)(T-T) with x € 9By, x [0, L], t € [0, tmag],
(6.48D)
T(x,0) = Thnit with x € ZZ. (6.48c¢)

Therein, the set Z4 := By, x [0, L] represents the cable cylinder of length L = {1 + {5 + {3
and diameter do. The temperature independent power densities in the core Z5L and the
shielding Z¥ \ ZI' of the cable are defined piecewise by

po I? p3 13
fx,t) = Az Ie(x)+ Tg’g L7121 (%). (6.49)
The temperature dependent part of the power density in the core is
I*(T - Tq
r(x,T) = 200 (T = T0) Iy (). (6.50)

A3

At By, x {0, L}, which represents the tails of the cylinder, the temperature 7" fulfils the
boundary conditions specified in Section 6.3.2 (Boundary and Interface Conditions).

Remark 12. Like in the stationary case, we neglect the temperature dependence of the
resistivity of the shielding and with this, its temperature dependent part of the power density.
This is admassible, since the heat produced in the shielding is low compared to the heat
generated in the core. Furthermore, the shielding current is usually constant in time.

5Tn contrast to the previous subsection, 7(-,-) now denotes a function and not a radius.
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6.4 Transient Case

Remark 13. The electrical currents in core and shielding are supposed to be equally dis-
tributed. Hence, we get a rotationally symmetric heat distribution, characterized by Ta(x,t),
Ts(z,t), Ty(x,t), Ts(x,t). Note that the temperatures Ts, ..., Ts depend in space on the ax-
ial coordinate x € [0, L]. As the temperature in the core is the most relevant in practice, we
restrict to the computation of Ts.

6.4.2 Computational Method

In order to distinguish between a quasi-stationary and instationary case, we first derive a
limiting current Ij;y,. An efficient method to determine temperatures via interpolation in
case of quasi-stationary dynamics is presented as well as an approach for the instationary
dynamics. Both cases are summarized in a general recursive scheme. Finally, we specify
the trisection of the cable and the boundary conditions at its tails.

Determination of the Limiting Current

Due to the specific form of the governing Equation (6.48a), there exist (constant) current
loads for which no stationary temperature will be reached. Hence, there holds tlim T(t) =
—00

o0. According to the theory of elliptic PDEs [22, 76, 90], this is a resonance effect. Anal-

ogously to the definition (5.22) for insulated single-core cables, the resonance current Ieg
for shielded cables is given by

A
poa, I, = T . (6.51)
% Z A% In (di/d;1)

1=2

The resonance current, and in most cases (slightly) smaller currents, would not yield a
reasonable solution for the temperature 7' in Equation (6.16). This is due to the fact that
the solution depends on v/B (cf. (6.19)) with B introduced in (6.17). Thus, we define a
limiting current Ij;y, < Iies for which B = 0 holds. This is equivalent to
™ A5
po ip I = y : (6.52)

Hence, the condition I < Ij;, yields a sufficient condition for the existence of a stationary
temperature profile (¢ — oo) of (6.48). The condition B = 0 distinguishes between a
concave (B > 0) and convex (B < 0) temperature evolution close to t = 0.

Quasi-Stationary Dynamics

First, we consider constant electric currents below the limiting current [j;,,. In order to
compute temperature evolutions in the core of shielded cables, we reduce the full prob-
lem to the core. Afterwards, we derive an interpolation approach for the calculation of
temperatures.

Reduction of the Initial Boundary Value Problem to the Cable Core
We obtain stationary temperatures Ts5 and Ty in the core and at the exterior boundary of
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6 Shielded Cables

the outer insulation, if I < [};;, holds. Analogously to (5.23), we define a temperature ratio
for the stationary case, with 77 assumed to be constant:

T52 - Tl

== 6.53
s Tes — T} ( )

This temperature ratio is supposed to be invariant in time. Hence, for the transient
temperature ratio n(t) := %8:2, we postulate again n(t) = ns Vt € [0, tmax]. Note that
at this stage, the electric current is supposed to be constant in time. Later, it will vary in
time and thus, the value of 7(t) can change from one time step to the next.

Our assumption holds especially well for thin insulation layers. We discuss it in detail
for shielded cables in Section 6.4.3 (Discussion). It allows a reduction of the full problem in
(6.48) to the core ZL of the cable. To this end, we transform the outer boundary condition
in (6.48b) to a condition of the boundary of the core.

An entire heat power balance for insulation and shielding of a shielded cable is given by

I? oT oT oT (x,t
pf’423 dx + / A5 In do = / A2 In do + / ~(x) gz) dx. (6.54)
2k ozt oz} 7Rz

As stated in Remark 12, the source term of the shielding does not depend on the temper-
ature in our model. Hence, according to [35, p. 51-52], it is not relevant for the dynamics,
and consequently, we neglect it. Furthermore, we do not take into account the capacitive
absorption of the heat power. This yields an estimate from below for the corresponding
heating times, relevant for applications. Thus, conservation of energy with the mentioned
simplifications provides equality of the emitted heat power of the core and the exterior
boundary of the outer insulation:

oT oT
/)\58ndo- = /)\Qando. (6.55)

ozZE ozk

We approximate the axial temperature profile by piecewise constant functions (which cor-
responds to a discrete L approximation of the temperature profile) and state a heat power
balance like (6.55) in each axial subsection. Summing up the heat power balances of all
subsections yields”

oT oT (6.48b)
7Td5LA5%’aZé:ﬂ'd2L/\287n|8Z2L = —7Td2LOé(T2>(T2—T1>
oT  ds
< _)\5 87[]_ = d75 a(TQ) <T2 — Tl) on 825%

The temperature ratio 7(t) provides a modification of (6.48b):
or  ds
R a
We rewrite (6.56) with 3(Ts) := a(n(t) Ts + (1 — n(t)) T1) n(t) by
oT  dy

—A5 ain = 675 ﬂ(T5) (T5 — Tl) on 8Z5L

(n(t) Ts + (1 —n(t) T1) n(t) (Ts — T1) on 9ZE. (6.56)

"Note that the neglect of the axial dependence of the heat power change is only used to project the boundary
condition of the insulation to the core. However, in the final formulas for the temperatures in the core,
the axial dependency is respected.
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6.4 Transient Case

Interpolation between Initial and Stationary Temperature
Problem (6.48) reduced to the core of the cable reads as

oT .
V57 ~ V-(A\sVT) = f+#T) with x € ZZ, t € [0, timaz),
T
As gn — B(T)(T - T) with x € dBa, x [0,L], t € [0,tmas],  (0-57)
T(x,0) = Thnit with x € ZZ.

poap[2(T7T0) and f: pOIZ

Therein, we define 7 := . Thus, the stationary temperature in

A3 A3
the core Ts; =: T fulfils the equations
s AT, = f + #(Ty) with x € ZZ,
oTs d 6.58
—A5 an = f 5 (TS) (Ts — Tl) with x € 8Bd5 X [0, L]. ( )
5

Dvorsky’s thesis [35, p. 54] provides the convergence of the dynamic solution of (6.57) to
the stationary solution of (6.58) by

ITy(2) — Tz, t)] < e~ |Ty(2) — Tonie|, 2 € [0,L], ¢ € [0, tmal, (6.59)

~ 2 2 ~
with ¢ = %(%—%) f = B(T).

Remark 14. We apply an interpolation factor

! <7r do f — W) (6.60)

T Ass As

that is larger than the interpolation factor 6. It improves the rather pessimistic estimation
of ¢ and is more relevant for practical applications. The formulas (6.12) and (6.13) of the
stationary case for Tso — 11 and Tss — 11 yield

4 _1
1 1
Ns = (1 + ad B 2_2 x In (di/diﬂ)) . (6.61)

This and B from (6.17) provide ¢ = ﬁB. Consequently, the enlargement of ¢ to ¢ is
justified by the plausibility condition ¢ > 0 < B > 0. The convergence to a stationary state
is fulfilled (¢ > 0), if and only if a stationary state exists (B > 0).

Condition (6.59) yields an upper bound for the difference between the sought-for temper-
ature T'(z,t) at time ¢ and the temperature T for the stationary state. If we additionally
assume that the temperature increases over time, we identify 7'(x,t) by the following ap-
proximative interpolation:

T(z,t) = e ' Tige(x) + (1 — e ®) Tu(x) x €0, L], t € [0, tmaz]- (6.62)

Hence, an interpolation in [t t1] C [0, tmagz], with T(tg) := T, T(t;) := TW, yields

TO = ¢=¢ti—to) PO) 4 (1 — g=¢(ti—to)) T, (6.63)
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6 Shielded Cables

Instationary Dynamics

For constant electric currents I > Iy, the presented interpolation approach is no more
reasonable, as the existence of a stationary temperature Ty in the core is not ensured. Due
to very short heating times, we neglect the capacity term of the insulation and the heat
power emitted via the surface of the cable. Furthermore, we set d7T" = d715 = d713. Thus,
we obtain

dE,,, =dP,, . dt (6.64)

73,5 P3,5

with the stored energy dE,, ; := (73 A3+ 75 As) dT" and the generated heat power dP,, , :=

ply | p(MI%Y d shielding during dt. Finall 1 ider the two t
Az As In core and snie lng urlng . ma y, we on y consiaer e TwWO terms

dEy, ; and dP,, ; dt, as the energy stored in the core and the shielding as well as the energy
generated by electric current in core and shielding represent the most relevant parts for the
short time heating with intense currents.

Separation of variables and integration of (6.64) over [to,t1], to,t1 € [0, tmax], provide

(1)
1
t1 —to = (13 A3 + 75 As) / YRGS (6.65)
T A3 As
Hence, we obtain
p(rM) 1° psly  p(TO)I*\  ps I3
_ o (ty —t — . 6.66
A5 exp (¢ t( 1 0)) Ag + A5 A3 ( )

Therein, ¢inst =

2
poopl ) denotes the instationary interpolation factor. Conse-
quently, we get

As (73 Az+75 As

Aspali (4 (0)
1— D)4+ (1+a,(T\" —T5)) e1 — 1
7(1) — Aspol® ( )+ ( ol ) + T, (6.67)
Qp

with e1 := exp (Ginst (t1 — to)). The current I = 0 is excluded because of the condition for
the instationary case I > Iy, > 0 as well as a, = 0, since there is no resonance effect.

Recursion for Arbitrary, Time-Dependent Current Loads

We consider an arbitrary electric current I = I(t), t € [0,%max], in the core, a constant
current I3 in the shielding and a time-dependent temperature T = T'(z,t) in the core.
We divide the interval [0,t,q,] equidistantly by 0 = ¢ty < t; < ... < ty, = tmax into
ny intervals [t;_1,t;], 7 = 1,..,ns. Thus, the length of the time steps is given by § :=
t; —t;_1 = tmax/n;. We define the associated temperatures in the core by T = T(z,t;), i =
0,..,n;. The current I is approximated by a piecewise constant current I(t) = I) for t €
[ti—h ti] with I(®) = I(tic1), i=1,...,n4.

Using (6.63) and (6.67), we now deploy a recursive scheme for the evolution of the core
temperature (T(i))?io. We define the initial axial temperature profile T with I = 0
according to the results of the stationary case. Then, the temperature profiles (T(i))?;1 are
given by the following recursion:
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Fig. 6.18: Recursive scheme for the calculation of temperatures with time-dependent currents.

1. Quasi-stationary case (I(i) < Liim):

T = 070D L (1 — =T =1, . n (6.68)

with ¢; = A;% (7r ds B (T(ifl)) - W). Note that 7, included in 5(-), has to be

evaluated for each current 7).
2. Instationary case (I) > Ij):
(4) . . )
As ps (I3)? (€@ —1) + (1 + a,(TED — Ty)) e — 1

7@ — Az po (11))2 ~ + Ty, i=1,..,n; (6.69)
P

. i i i 100))2
with e(®) = exp (0 ¢§n)st) and d)l(.n)st = %.

Trisection and Boundary Conditions

The initial (stationary) temperature profile T©) = Ti; results from the calculation pro-
cedure for I = 0 presented in Section 6.3. Therein, the cable division in three sections is
included. The temporal continuation of the trisection is given by the quasi-stationary (6.68)
and instationary (6.69) interpolation for all z € [0, L].

Note that the distinction between quasi- and instationary case is given by B > 0 resp.
B < 01in (6.17). For each cable section, we have a specific B;, j = 1,2,3. If B; < 0 for
at least one j, we apply the instationary recursion (6.69) for the entire cable. This ensures
the continuity in space of the temperature profiles for every time step i.

The temperatures at the tails of the cable are well defined via the boundary conditions
discussed in Section 6.3.2 (Boundary and Interface Conditions). Their evolution is given by
the Equations (6.68) respectively (6.69).
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6 Shielded Cables

6.4.3 Numerical Results
Comparison of Measurements and Simulations

In order to test our simulation method, the industrial partners performed measurements
on several shielded cables with different current profiles. We compare these experimental
results to our computations.

For four cable types (see physical properties in Table 6.1), the same as used in the
comparison for the stationary case, simulations and temperature measurements were taken.
Measuring the voltage drop in the core of the cable enables the identification of its electrical
resistance and thus the experimental determination of present temperatures in the core.

Ipeak [

Current in A

|
perm

0 100 200 300 400 500 600
Timeins

Fig. 6.19: Schematic current profile for comparison of measurement and simulation results in the
first 10 minutes with permanent current Iperm and peak current Ipeqk.

We apply a specific current profile to the core of each cable, illustrated schematically in
Figure 6.19. The current profile repeats with a period length of 30s and includes a peak
current after 10s of each cycle, lasting 5s. The intensity of the constant current Iperm is
50 A (for the cable type of cross sectional area 16 mm?), 80 A (25 mm?), 87 A (35 mm?) and
125 A (50 mm?); the strength of the peak current Ie,x amounts to 350 A (16 mm?), 400 A
(25mm?), 500 A (35mm?) and 600 A (50 mm?). All current profiles are chosen such that
the constant current is below the cable’s limiting current, the peak current above it. The
current in the shielding remains constant for all cases with 400 mA.

In the measurements, the ambient temperatures were recorded and the electrical resis-
tances of core and shielding were determined by the voltage drop on a length of 4 m for each
cable. Moreover, the periodic current profile was repeated until the temperature change
from one period to the five previous ones was lower than 2 K.

In the simulations, a length of 6 m was supposed for the cables such that the temperatures
at the ends only have a minor influence. We compare the measured temperatures to those
computed in the middle of our simulated cables. Measured ambient temperatures varying
over time are also respected in the simulations. This explains the non-smooth behaviour of
some computed curves, especially in Figure 6.21.

The crucial factor for the correct dimensioning of cables is the maximum temperature.
We state the maximum temperatures obtained in our simulations and measurements as
well as their deviations in Table 6.3. Therein, the quantity 7.2 denotes the measured

max

maximum temperature, 752 the computed maximum temperature, AT},.x the difference
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Fig. 6.20: Measured and computed temperatures of cable type FLR2GB2G 16.
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Fig. 6.21: Measured and computed temperatures of cable type FLR2GB2G 25.

between both maximum temperatures and €, their relative deviation compared to the
absolute maximum temperature minus ambient temperature.

Tab. 6.3: Measured and computed maximum temperatures in shielded cables.

Cross sectional area of cable type

16 mm2 2 2 2

50 mm

Tmes (°C)  100.1  80.7  80.1 76.9
C

25 mm 35mm

Teom (°C)  93.1 83.6 74.1 78.3
ATpax (K) 7.0 2.9 6.0 1.4
€rel (%) 8.4 4.1 9.6 2.4

Furthermore, Figures 6.20-6.23 show the curves of temperature over time for our simu-
lations and measurements. In each case, the curves of measurement and simulation have
the same qualitative form and maximum temperatures do not differ vastly. The widths of
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Fig. 6.22: Measured and computed temperatures of cable type FLR2GB2G 35.
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Fig. 6.23: Measured and computed temperatures of cable type FLR2GB2G 50.

oscillation also correspond well. Nevertheless, there are discrepancies as indicated in Table
6.3. For example, for the cable type of cross sectional area 16 mm?, the deviation of maxi-
mum temperatures is 7.0 K, which means a relative error of 8.4 %. It is mainly explained by
imprecise data distributed by the cable manufacturers. In particular, the core diameter of
the cables is indicated with a tolerance of +5 %. As the current density J = I/A represents
the main quantity for the produced heat power, these variations essentially influence the
simulation results, especially the computed maximum temperatures.

Our computational approach reflects the inaccuracies of the given data and yields pre-
dictions that are reliable in a range of 10%. In addition to the input errors, the output
deviations are not only caused by the made assumptions and computational errors, but also
by inaccuracies of the measurements. Nevertheless, the comparison of computations and
measurements provides a positive conclusion if we keep the mentioned limitations in mind.
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6.4 Transient Case

Further Calculation Results

In the following, we apply the presented approach in two examples. They show how the
method could be used by manufacturers to dimension cables for given current loads and
illustrate differences between the quasi-stationary and instationary case.

Example 1
We suppose the cable to have a length of L = 4.0m with subsections of {1 = 0.5m, /{5 =
3.0m and ¢3 = 0.5m. The ambient temperatures in the subsections are T7; = 65°C,

T2 = 85°C and 113 = 55 °C. The attached device at the left end has a heat conductivity
of )\éd = 150 W/m K, reaches an asymptotic temperature of Téd = 20°C and the contact
resistance to the cable is Ré = 5mf). At the right end, the attached device has a heat
conductivity of A/, = 300 W/mX, reaches an asymptotic temperature of 7, = 50°C and
the contact resistance to the cable is R}, = 10m{2.

We compare the temperature evolution in four different types of cables. Their geometrical
properties are summarized in Table 6.4, for the physical properties, we refer to Table 6.2.
The current profile in the core is shown in Figure 6.24. It was provided by a car manufacturer
and was recorded at a racing test. The current in the shielding is constant with 10 A.

Tab. 6.4: Properties of further shielded cable types.

Cable type d2 (mm) d3 (mm) d4 (mm) ds (mm) de (mm) Ne
FLR2GB2G 4 5.50 4.49 3.55 2.30 0.21 120
FLR2GB2G 6 6.25 5.06 4.15 2.84 0.21 183
FLR2GB2G 10 8.50 6.72 5.70 3.76 0.21 320
FLR2GB2G 12 9.20 7.32 6.20 4.09 0.21 380
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Fig. 6.24: Current profile for a shielded cable in ten minutes of time.

Figure 6.25 depicts the temperature distribution in the core over the length of 4.0 m and
the time of 10 min for the indicated cable types. Furthermore, the temperature profile over
the cable length is depicted at the moment when the global maximum temperature appears.

With the given current profile, the maximum temperature is reached after 546.9s for the
cables of cross sectional area 4 mm? and 6 mm?, after 547.0s for those of cross sectional area
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Fig. 6.25:
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(h) Temperature profile after 547.0's for
cable type FLR2GB2G 12.

FLR2GB2G 12 over time and length of the cable for a specific scenario.
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10mm? and 12mm?. Its value is 168.2°C (4mm?), 140.2°C (6 mm?), 117.3°C (10 mm?)
respectively 112.6°C (12mm?).

If we suppose the given situation to be a worst case scenario and the insulation to have a
melting point of 130 °C, the manufacturer would have to choose the cable type FLR2GB2G
10. If the cable is able to sustain overheating for a short time, he could take the cable
type FLR2GB2G 6. The types FLR2GB2G 4 and FLR2GB2G 12 have to be rejected in
this context, as the first exceeds maximum temperatures the insulation could sustain, the
second is too wide and thus too expensive.

Fach of the presented computations took less than 10s in Matlab, version 7.10.0.499, on
an Intel Core 2 Duo processor with 2.67 GHz and 3.00 GB RAM. With time step size § =
0.1, the current profile consisted of 6 000 intervals. The space was discretized equidistantly
in 100 points. Hence, the temperature was evaluated at 6 001 x 100 = 600 100 points.

Example 2

In the second example, we suppose the electric current in the core to be constant, but the
ambient temperatures to vary significantly from one section to another. We first apply a
constant current below the limiting current, afterwards one above it. The lengths of the
three subsections are /1 = f5 = f3 = 1.0m with ambient temperatures T7; = 80°C, T15 =
10°C and 113 = 40°C. The attached devices have the following properties:

- A, =100W/mk, T!, = 70°C and R} =5mQ,
- A, =100W/mK, T, = 30°C and R}, = 5mQ.

The cable has a cross sectional area of 16 mm? with properties listed in Table 6.1. The
currents in core and shielding are constant in time ¢ € [0,2700]s with I = 160 A and
Is=5A.

Figure 6.26 illustrates the temperature distribution in the core over time and length.
Obviously, the maximum temperature of 166.2 °C is reached in the first subsection with the
highest ambient temperature. The temperature profile shows an asymptotic behaviour and
converges to a stationary state.
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(a) Temperature profile in the first 2 700s. (b) Temperature profile in the first 2 700's, view

from above.

Fig. 6.26: Temperature profiles for cable type FLR2GB2G 16 over time and length of the cable for a
specific scenario in the quasi-stationary case.
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In contrast, the temperature profile in Figure 6.27 does not converge for time ¢ — oo.
The constant current in the core I = 270 A is above the limiting current of I;, = 267.3 A.
Figure 6.27a shows that after already 100s, the cable heats up to a maximum temperature
of ~ 200°C. Opposed to the quasi-stationary case, there is no saturation. Hence, any
desired temperature is exceeded after sufficiently long time. In Figure 6.27b, temperatures
higher than 1000000 °C are obtained theoretically, which, of course, is no more realistic.
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(a) Temperature profile in the first 100s. (b) Temperature profile in the first 2500s.

Fig. 6.27: Temperature profiles for cable type FLR2GB2G 16 over time and length of the cable for a
specific scenario in the instationary case.

As mentioned, one great advantage of our method is the short computational time. Each
calculation took less than 10s on the same computer system as described in the previous
example. With time step size § = 1, the current profile consisted of 2 700 intervals for the
quasi-stationary case. The space component was discretized equidistantly in 100 points.
Thus, the temperature was evaluated at 2701 x 100 = 270 100 points.

Discussion and Comparison to Finite Element Simulations

In this paragraph, we discuss some assumptions made in our heat power balance approach
and compare our results to those of finite element simulations.

The main task of the shielding is to reduce electric and magnetic fields generated by
the flow of electric current through the core. Small currents in the shielding, constant in
time, are sufficient to fulfil this task. This justifies our simplification in Remark 12 to
neglect the temperature dependency of the shielding and thus simplifies the derivation of
the interpolation approach in (6.68) and (6.69).

The fundamental assumption concerning the interpolation approach represents the re-
duction of the full problem (6.48a) — (6.48¢c) to the core. It is motivated by much better
approximation properties in (6.59) and (6.62) for homogeneous materials (cf. [35]) than for
heterogeneous materials. For this reduction, the definition of the temperature ratio 7, in
(6.53) respectively 7(t) is essential. The stationary ratio 7y is well defined by (6.61). In
the following, we compute the evolution of temperatures T5(t) and T5(t) for varying initial
temperatures via FEM for a specific scenario. We choose the cable type FLR2GB2G 6
and consider a single cross section with ambient temperature 77 = 40°C and the constant
current I = 90 A (cf. Figure 6.28).
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Fig. 6.28: FEvolution of temperatures and temperature ratios for cable type FLR2GB2G 6 with varying
initial temperatures.

Afterwards, we enlarge the exterior insulation of cable type FLR2GB2G 6 to a diameter

do = 12mm. The same simulations are performed for this new (imaginary) cable and 7(t)
is evaluated (cf. Figure 6.29).
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Fig. 6.29: Fuolution of temperatures and temperature ratios for modified cable type FLR2GB2G 6 of
exterior diameter 12 mm with varying initial temperatures.

Note that scenarios with (d2 — ds)/2 > ds are unusual (cf. Tables 6.1 and 6.4), hence

the assumption n(t) =n Vt € (0,tmax] is admissible for most practical applications in this
context.

Observe that for thin insulation layers which are common in applications, the value of
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n(t) hardly changes over time (cf. Figure 6.28b). However, for thick insulation layers (cf.
Figure 6.29b), we have large deviations.

6.5 Conclusion

In this chapter, we presented new methods specific to the calculation of stationary and
transient temperature profiles in shielded cables of finite length, applicable in the high
voltage domain of electric and hybrid vehicles. In these approaches, the influence of varying
ambient temperatures and attached objects is respected. The computational methods for
the stationary and transient case work extremely fast — calculation times for the stationary
case were less than one second, those for instationary scenarios less than ten seconds —
and are very flexible. Changes in geometry can be handled much more easily compared to
standard methods like e.g. the finite element method.

Good agreement between measurements and calculations was observed, which qualifies
the methods for direct industrial application. The presented approaches have been applied
in the implementation of a calculation tool. Despite some simplifications and heuristics,
the approaches work well. This is not only confirmed by comparison of measurements
and simulations, but also by the feedback of our industrial partners. Cables previously
dimensioned with far too large diameters can now be reduced more easily. Moreover, costly
measurements can be replaced to a great extend by the introduced calculation procedures.
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7 Multicables

In this chapter, we present two approaches to simulate stationary Joule heating of current
carrying multicables. Multicables are wires that consist of several single cables (see an
example in Figure 7.1), which are stuck together by an exterior layer of insulation. Although
the single cables might be insulated single-core cables or shielded cables, we restrict the
multicable to contain exclusively insulated single-core cables in our considerations.

A main result of one simulation approach, confirmed by measurements, is that the posi-
tioning of the single cables has a significant effect on the heat distribution and especially on
the maximum temperature in a multicable. Thus, we developed an optimization algorithm
that minimizes the maximum temperature in a multicable by varying the positions of the
single cables. The optimization algorithm is subject of the second part of this chapter.

Fig. 7.1: Real multicable consisting of fifteen single cables.

Both main parts of this chapter, the comparison of two simulation approaches [87] and
the optimization of multicables [50], have been summarized in two research papers.

7.1 Problem Formulation

For the simulation, we use a stationary, two dimensional model of a cable. Due to the
great length of the cables (¢ — o0) and the implicated minor temperature changes in
axial direction, we consider the heat generation in a single cross sectional area QMC C
R2. Interested in the long time behaviour (+ — oo) and the maximum temperatures, we
investigate the stationary case. These equilibrium temperatures give an upper bound for
the time-dependent case with constant currents.

One problem in the simulation of the heat distribution is that, by now, the cables are
positioned more or less arbitrary during the production process. Consequently, it is difficult
to forecast precisely how the multicable will be designed. We consider this aspect in our
simulations and thus propose two different simulation approaches.
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In the first approach, we simulate the production process of multicables, i.e. the squeezing
of the cables until a fixed layout is obtained. We then calculate the temperature distribution
T(z), z € QM€ on the prescribed domain by solving numerically a nonlinear system of
PDEs. With the help of finite elements, we determine an entire temperature profile with
respect to the complex geometry of the cross section. Our second approach is again based
on the law of conservation of energy. We apply a heat power conserving isotropization
technique which allows to reduce the complex geometry to the simpler one of an insulated
single-core cable. Afterwards, we apply a fast vector valued fixed point iteration.

Before going into detail, let us state some results from literature. In [34], a cable model
and basic procedures for the analysis of currents and temperatures by using FEM are pre-
sented. Numerical and analytical approaches for the calculation of temperatures in electric
power cables are subject of [84]. Both mentioned references give fundamental information
about the computation of temperatures in cables, but their main focus is not to compute
the heat distribution in multicables. Closer to our subject is the article [20]. It describes the
practical problem of correct dimensioning of cable bundles, the occurring physical effects
and a mathematical model for the instationary case, solved via a FVM. To determine the
heat conductivity in the air gaps between the single cables, an inverse solution method is
proposed additionally in [19].

A combination of analytical and numerical formulas is applied in [81], resulting in the
possibility to reduce the great number of data necessary for the calculation of cables. These
simplified formulas can describe the heat generation in cables with limitations, for example
a temperature dependent heat transfer coefficient was not entirely respected. But this is the
case for our two approaches. Motivated by the above-named works and the collaboration
to cable manufacturers, it is our main interest to present opportunities and limitations of
our methods.

This chapter is organized as follows: In Section 7.2, we define the physical problem
and describe it mathematically by a corresponding model with PDEs. A cable squeezing
algorithm (CSA) to set up the layout and finite elements to calculate the temperature profile
are applied in Section 7.3. In Section 7.4, we derive formulas for temperatures at specific
positions in the cable, based on the law of conservation of energy and evaluated by a fixed
point iteration. Section 7.5 provides numerical results of both approaches and compares
those to measurements, which were carried out on real multicables. Finally, we present an
optimization algorithm for the design of multicables in Section 7.6, which combines gradient
based shape optimization and a genetic algorithm.

7.2 PDE model

By introducing the physical problem with PDEs, varying parameter values for different
subsections, boundary and interface conditions, we state the classical formulation of our
model.

7.2.1 Notation and Governing Equations

Starting point of our considerations for the temperature T is the elliptic equation

—V-(AVT)=f in QMC (7.1)
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with heat conductivity A and heat power density f varying for different subdomains of the
two-dimensional domain QMC of the cross section. All heat conductivities are assumed to
be isotropic and not temperature dependent. Consequently, constant values for A in the
subdomains are adequate.

Figures 7.1 and 7.2 show cross sections of multicables. A multicable consists of NV single
cables, indexed by k € {1,...,N}. In each single cable, metallic conductors (orange in
Figure 7.2) and small air gaps (yellow) are surrounded by insulation (pink). The single
cables are stuck together by an outer layer of insulation (grey). Spacing between single
cables and outer insulation is filled by air or a solid insulation material (blue).

Fig. 7.2: Schematic cross section of a multicable and a single cable.

Consecutively, each quantity characterizing the k-th cable is indexed by k, e.g. ), denotes
the domain of the entire single cable k. We assume - to be an arbitrary quantity. If it
concerns the metallic conductors (orange in Figure 7.2) of single cable k, it is denoted by

10t for the inner part (orange and yellow) of single cable k by -{°™, for the insulation (pink)

of single cable k by -}fo, for the spacing between (blue) by -82P% and for the exterior insulation
(grey) by -**. We omit the designation of quantities in ascending order from exterior to
interior by numbers starting with 1, because it might be confusing in this context. Only the

reference temperature Ty and the ambient temperature 77 retain their ’old’ designation.

Modelling of Conductor Domains

Integration of the heat power density f over volume Vi := Q" x [0, £] yields the electrical
power Uy - I, generated in single cable k on length ¢. Application of Ohm’s law results in

¢
/ fdr = Uply = RyI? = %1,3, (7.2)
Vki:ore k

with physical cross sectional area Agh denoting the sum of cross sectional areas of all metallic
conductors in single cable k and A%° the corresponding geometrical one.
Assuming a constant heat power density f in the core of single cable k, we obtain

Pk 14 2 Pk 2 (73)

f Qcorc = = I .
T e A A A
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It remains to take into account the air gaps of a single cable with respect to the heat
conductivity. A CFD analysis in this context is not worthwhile because the air gaps are
too small. Instead, a filling factor S, proposed in [81], is introduced analogously to (5.3)

for each single cable by
ph

A
Bk = Tlgpa 0 S /Bk: S 17 (74)
k
and the core of a single cable including air gaps is treated like homogeneous material with
heat conductivity

)\Eore = [ - /\glet + (1 - /819) * Aair- (75)

The metallic conductors are, in contrast to the single cables in a multicable, of identical
material and have the same cross sections. The parameter A, identifies the heat conduc-
tivity of air. In summary, the equation describing the heat distribution in the core of single
cable k is

_[2

core _ k
— V(X VT) = (Age.A}gh

) (Po)k (1 + ()i (T —Tp)) in Q. (7.6)

Modelling of Insulation Domains

Insulation domains are source free, thus in the exterior insulation layer 2°° and in the
insulation of all single cables Qfo, k=1,...,N, there holds

N
—AT =0 in Q™uU | ]9, (7.7)
k=1

with A the Laplacian. Figure 7.1 shows that in practice, the single cables are often pressed
together, such that the air gaps in between nearly disappear. Thus, convective and radiative
effects are reduced enormously. The conductive effect of the air gaps depends on their size.
Therefore, we also apply Equation (7.7) in the domain Q8PS of the air gaps with the heat
conductivity approximated by

air | |(Hgaps N iso
— A |Q ‘ + Zk:l Ak: ‘Qk| in (8aps (78)

)\gaps
|QMC \ Qex‘

By this heuristic means, the size of the air gaps relative to that of solid domains is respected.

7.2.2 Boundary Conditions

The surrounding medium of a multicable is assumed to be air, so the condition governing
heat transfer at the exterior boundary I'** of the exterior insulation to ambience corresponds
to (2.12).

7.2.3 Particularities of a Cylindrical Multicable

The general modelling in Section 7.2.1-7.2.2 does not make use of the round form of the
cable cross section. Hence, application of the formulas to devices of different shape would
be possible. In this context, the entire multicable and all single cables are cylindrical. Thus,
introducing for single cable k the exterior diameter dg*, the interior diameter d}cn (without
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insulation), the number of metallic conductors nj and their diameter dy, Equation (7.6)
results in

1 ([ 4 . oore
_v'(Aiore vT) = nik <din(;]€g7r) (po)k (1 + (ap)k (T —Tp)) in Q" k=1,...,N, (7.9)
k

and

h 2
Br A =ny <5k> : (7.10)

T i
Furthermore, for the heat transfer coefficient «(7"), we apply the formulas for a horizontal
cylinder of Section 2.3 (Horizontal Cylinders).
7.2.4 Classical Formulation

We summarize our boundary value problem:

Find a piecewise differentiable function T' € C(QMC) such that
or

—V-AVT) +¢(T) = f in QMC, )\ T = A(T) on I'*™¥,

N
A=Y (A;Ofe Tggore + A Hﬂk) A Tgex + ABP Igaps

k=1 (7.11)
N 2
c@w=—g%;($ﬁ;)umu%mmwmaawzmn-@—ﬂm

L1 (4 \?
P (i) o @) T

f d}y&m

7.3 Finite Element Approach

After the derivation of a weak formulation, we give some remarks about existence and
uniqueness of a weak solution of problem (7.11). The necessity of a fixed geometry for the
solution with finite elements requires the application of a modified circle packing algorithm.

7.3.1 Existence and Uniqueness of a Weak Solution

A weak formulation of (7.11) reads as follows:

Find T € H'(QM°) such that
a(T,v) = / f-vdz Yo e HY(OMO), (7.12)
QMC
a(T,v) :== A / VT -Vuvdzr + / c(T)-vdx + /?(T) v ds.
QMC QOMC Tex

In order to get a bounded and coercive form a in (7.12), we apply &(T") defined in (2.31).
We formulate analogously to Theorem 1
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(PO)k (ap)k I]% < 7] hOldS.

I Then there exists a unique

Theorem 15. Assume that max L5
I<k<N  (APY)

solution T € HY(QMC) of (7.12).

7.3.2 Generation of the Geometry

Unlike the heat power balance approach (HBA) in Section 7.4, the finite element approach
(FEA) necessarily needs a precise geometry of the multicable cross section. In the produc-
tion process of a multicable, the single cables are placed in a template (see Figure 7.3) and
pressed together. This makes it hard to determine the exact layout of the cross section of
a multicable in advance.
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Fig. 7.3: Template for initial positions of single cables to generate a multicable.

To obtain an approximating geometry, we extend the circle packing algorithm in [7] to
a cable squeezing algorithm. It computes the geometrical data of the multicable, starting
from an initial configuration, and imitates the squeezing of the single cables. The objective
of this preprocessing algorithm is not to optimally solve the circle packing problem or the
layout optimization problem as in [140], proven to be NP-hard [41], but to quickly compute
a realistic geometry. In the following, we briefly describe the main subroutines of this
algorithm.

The k-th single cable is geometrically defined by a ’double circle’ ¢, = (a:k,yk, r}cn,rzx)
with centre (zy,yx) in the Cartesian coordinate system, its inner radius r}cn and the outer
radius 77°. Moreover, we define a multicable with N single cables by

MC = ((ZL‘(],yO,T‘%)n,’I“SX,) NG P 7CN) )

where (o, 1) corresponds to the coordinates of its centre, ri' = d"/2 to the interior
radius of the exterior insulation Q° and r§* = d**/2 to the corresponding exterior radius.
The abbreviations ¢y, ..., cy denote the N single cables in the multicable (cf. Figure 7.4a).
Furthermore, we introduce tuples R and C' consisting of all exterior radii of the single cables
and of the entire single cables by R = (r{*,...,7%), C = (c1,...,¢en) .

An initial configuration C for the single cables is obtained via a simple procedure init( R, P).
Therein, the mapping P assigns a position number of the template (cf. Figure 7.3) to every
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(a) Model of a multicable consisting (b) Model of the k-th single cable.
of three single cables.

Fig. 7.4: Model of a multicable and a single cable with geometrical parameters.

single cable. The squeezing of the single cables is interpreted as a repeated pushing to the
centre (herein towards the origin of the coordinate system). Via a fixed damping factor
0 < 6 < 1 and the maximal exterior radius rmax : = i max 7 of the single cables, the new

=1,...,

position of single cable ¢, is computed in a routine pushToCenter(cy, d, 'max):

ex
<xk> - (f”’f) (1—5—k ). (7.13)

Yk Yk T'max
Thus, all single cables are pushed towards the centre with respect to their distance from
the origin. A sufficiently small parameter  guarantees the smoothness of the repeated
application of the routine, higher values provide better packing densities. The effect of
factor ™. /rmax is that single cables with larger exterior diameter move more quickly to the

centre than thinner ones, also in order to get a better packing density.

It happens that circles overlap after application of the routine pushToCenter() to every
single cable. To reduce overlappings, we calculate the distance of each cable to the centre by
the procedure dist(cy). Additionally, we introduce a single cable sorting function L : N — N
that fulfils

dist(cy) < dist(c;),

, . (7.14)
dist(cy) = dist(c), k < I.

L(k) < L(), if {

To separate overlapping circles ¢, and ¢; symmetrically on the connecting line of their
centres, the following routine is applied:

separateCircles(cy, ¢, dist)

{
7= T — T Tk _ Tk +L: re+r—|7] Z] _ Ty T re+r—|7]
ye =) \ Yk Yk 19 2 7 \u Yl B 2

Output(cy, c;)

Having found all positions of the single cables, the radius 7 of the surrounding circle and
the coordinates (zg, o) of the centre are computed by solving the following optimization
problem:
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i — min!
s. t.
(wo—wk)2+(yo—yk>2§(T%)H—sz) , k=1,...,N,

0o < max (y/a} + g7+ (), (7.15)

=1,...,

. _ ex < < ex
pin (@ =) S 2o < max (@ + i),

. o ex < < ex .
Qi (yr —75) < 9o < pJnax (yr +15")

The exterior insulation radius r§* of the multicable is prescribed by the thickness of the
insulation and the interior insulation radius.

Finally, we state the Cable Squeezing Algorithm 4, abbreviated by CSA, that returns
the geometrical data of multicable M C. Therein, the parameter jp.x indicates the number
of iterations for pushToCenter() and separateCircles() and 0 < Jp < 1 an initial damping
factor.

Algorithm 4

(x CSA x)
Input: 7%, k=1,...,N, P, jmax, 00
Output: MC
1. Initialize:
2 Tmax = max X, C = Init (R, P).
k=1,..,N

3. Squeeze:
4 for j=1,..., jmax
5. 5:50/log(j+1).
6 for k=1,....N
7 ¢, = pushToCenter (¢, 0, Tmaz)-
8 Compute L and dist such that (7.14) is fulfilled.
9 for (k,01) e{1,...,N} x{1,...,N} and k <1

7 — [ TL(k) ~ TLO) — _ 17
10. U= vi — vz ) A=rrgy +rr — |9
11. if A>0
12. (eL@k)»cLay) = separateCircles (CL(k), cL(l),dist).

13. Minimize the surrounding cable radius:
14. Solve (7.15).
15. return MC = ((xo,yo,r%)n,rgx,) ;cl,...,cN).

We define the radius r(ifj of the surrounding circle after the j-th iteration of the squeez-
ing in Algorithm 4. The repeated application of the procedures pushToCenter() and
separateCircles() provides a monotonously decreasing sequence (r(ifj)jeN, bounded from
below by Tmax. The proposed choice of the damping factor § ensures that the algorithm
converges to a fixed layout. Hence, the algorithm is convergent with respect to the radius
of the surrounding circle. For reasons of efficiency, we renounce the computation of r(ifj
in every iteration step. Instead, the number of iterations jmax is chosen depending on a
satisfying packing density, and the surrounding radius is solely computed at the end of the
algorithm.
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7.4 Heat Power Balance Approach

7.3.3 Numerical Solution and Implementation Details

To resolve problem (7.12) on a fixed domain QM€ obtained via Algorithm 4, we use the finite
element solver COMSOL Multiphysics 3.5a in combination with Matlab, version 7.10.0.499.
The spatial discretization of the geometry is performed with the help of an automatic
mesh generator in COMSOL, dividing the domain into triangular Lagrange elements with
quadratic basis functions. To solve the nonlinear problem, a damped Newton method is
applied. The Newton iteration stops as soon as the estimated relative error of the current
solution is less than a predefined relative accuracy (1.0e-6). For the linear systems solved
in each Newton iteration, we employ the direct solver PARDISO.

7.4 Heat Power Balance Approach

We briefly repeat the formulas to determine the differences of temperatures at characteristic
positions of an insulated single-core cable with solid interior conductor. Afterwards, these
results are transformed to the multicable by mean value formulas. Finally, we derive an
adequate fixed point equation for the determination of the unknown temperatures.

7.4.1 Model for a Cable with Solid Conductor

For an insulated single-core cable with solid conductor (cf. Figure 7.5), we apply the tem-
perature formulas derived in Section 5.2. As notation is different in this section, we rewrite
the final formulas with the new names of the variables.

air

insulator

conductor

in,

(a) Volume element. (b) Cross section.

Fig. 7.5: Single cable with solid interior conductor.

The difference in temperature 7™ — T°* of the interior and exterior insulation boundary
for a cable with diameter d°* of the insulation and diameter d™ of the core is obtained by

in ex pIQ e
™ - T = ———— In| — | . 1
27 A Aln n<dm> (7.16)

Therein, we identify A™ with the cross sectional area of the core, p with its resistivity.
Moreover, at the exterior boundary, there holds

pI?

T -1, = —.
1 T dex a(Tex) Aln

(7.17)
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b

Fig. 7.6: Geometrical model for the determination of a mean heat conductivity.

7.4.2 Adaption for Application to a Multicable

To transform the formulas of Section 7.4.1 to a multicable, we derive a mean heat con-
ductivity in the multicable and a heat power specific to the length, that depends on the
distance from the centre of the multicable. By this procedure, in the following denoted by
isotropization, we are able to compute temperatures 1T°* at the exterior boundary of the in-
sulation, T™ at interior boundary of the insulation and 7°" in the centre of the multicable.
We define the following heat power specific to the length:

N 2
p=p(r) = pjr =y 2O (718)
k=1 k

Furthermore, a mean heat conductivity A™¢*" for the inner part of the multicable, similar
to [81], is obtained via isotropization. We define the auxiliary diameters

(7.19)

and the auxiliary cross sectional areas

N
Acond — Z Aie’ Aiso —
k=1

™

1 ((DeX)z B (Din)2) and A% — m ((dm)Q B (Dex)2> .

4

(7.20)
First, we calculate the auxiliary heat conductivities A and A% as the weighted arithmetic
means of the heat conductivities (A{™)&_, and (AS°)N_,:

N N ) o\
> Af e > ((d)? = (d@)?) A
yeond . k=1 \lso . T k=1
: Acond ) | Also

(7.21)

Next, we define a mean heat conductivity A\¢/! for the composite material conductor-
insulator. We assume a rotationally symmetric heat propagation from the centre of the
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7.4 Heat Power Balance Approach

multicable. Hence, a part of the heat is conducted through the insulation and the conductor
material of the single cables, whereas the remaining part conducts solely through insulation
(cf. Figure 7.6). Thus, we consider a unidirectional heat conduction, preserving the cross
sectional areas A" =: g2, A —=: b2 — g2, To obtain the entire heat conductivity in
vertical direction of the left stripe in Figure 7.6, the inverse single resistivities are added by

L1 1 1 b—a ..
X = = . + 2, (7.22)

Using the arithmetic mean, weighted with respect to the corresponding cross sections, we
finally obtain
iso cond air
A+ A / A

AT = Attl A+ Attl

)\air with Attl :Aiso_i_Acond_‘_Aair‘ (723)

After this preliminary work, it is possible to apply the formulas (7.16) and (7.17):

in _ gex __ p(T) e
T = e In <dm , (7.24)
ex p(T)
T T = 2 2
LT rdesa(Te) (7.25)

For geometrical reasons, the length specific heat power in the cross sectional area A, depends
2 in
on the radius r via p(r) = %p(T) = (3;)2 p(T), r < dT. On the other hand, there holds

p(r) = — 27 A2 T'(r). Thus, integration over r € [0,d™ /2] finally yields

i p(T)
T8 =T = 4 7 \mean’

(7.26)

with T°" the temperature in the centre of the homogenized cable.

7.4.3 Temperature Dependent Parameters

In the calculation of p(T') in (7.24), (7.25) and (7.26), we assume the electrical resistivities
pie(T™") = (po)i (1 + (o) (T™*™ —Tp)) to depend only on the mean temperature
Teen Tin
qmean _ 1 T2 (7.27)
2

in the core of the multicable. In contrast, the heat transfer coefficient «(7") depends on
the boundary temperature 7°*. Consequently, its temperature dependency is completely
incorporated.

7.4.4 Deployment towards a Fixed Point Mapping

In order to determine the temperatures 7 = (71,72, T3)! := (T, T™, T°")! via a vector
valued fixed point iteration, we define the temperature mapping h € C'(R3 R3) by

(Tmcan)
To + ecarres

h(T) = | 7ox 4 2720 1 (42 | (7.28)
Tln —"_ p(Trnean)

4 - \mean
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We set Vh = (h;;)1<; <3, hi;(T) = 8}57(.:—), the Jacobian of h. Furthermore, we define the

iterative sequence (7(™),en by T = h (T™) with 7" = ((Tex)(") , (Tin)(n) , (Tcen)(")),

IVhﬁ) 4

the matrix norm ||[Vh(T)|| = sup
2€R3\ {0}

and apply a variant of Banach’s fixed point

theorem to this case.

1
[VR(TW + 5 (T — 7)) ds
0

Lemma 16. Suppose that q = sup < 1.
T, T@eR3

Then, the following assertions hold:

1. There exists a unique solution T* € R® of h(T) =T.

2. For every initial vector T € R3, the recursively defined sequence Tt = h(T™),
n € N, converges to the solution T* with the following rate of convergence:

‘Tm) < ‘T@) _Tu)‘.

Proof. Cf. Theorem 7 with h € C'(R3,R?) instead of h € C*(R?,R?). O

7.4.5 Physical Identification of the Constant of Contraction

We provide a sufficient condition for the convergence of (7)), cy in physical terms and
determine an upper bound for the constant of contraction ¢, depending explicitly on the
essential quantities.

Let Tinin and Tiax denote lower and upper bounds for the temperatures in the homoge-
nized multicable, set a priori. We truncate a by (2.31) with 7} = Tinin and p(T) in (7.18)
at T = Tpax with the upper bound p(Tiax). Using these quantities for the fixed point
mapping h in (7.28), we obtain

N 2
Proposition 17. Assume ) % < md®a;. Then the mapping h in Lemma 16 is
k=1 k

contractive with

N
q= (Z (pO)k (ap)lc I]%) /(7‘( dexal) <1. (729)

ph
k=1 Ak

Proof. We define an auxiliary fixed point mapping h which gives an upper bound on the
Lipschitz constant of h':

_ T de¥ o

h(T) = [ 73+ 2lmad 1y (42) | . (7.30)

p(Tmax)
7-2 + 4 v \mean

In the first component, we replace «(77) by the smallest heat transfer coefficient a; =
a(Tmin). Moreover, we evaluate the heat power term p = p(73), where 73 > T™"  The
remaining components h; and hy are evaluated at the largest temperature Ty,.x. Due to
the monotonicity of p and «, these replacements yield a larger iterative increase of the
components of h.

!Note that at this point, like in Proposition 8, a rigorous justification is outstanding.
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Hence, we have ¢ < g = sup
T, T R3S

1
[VR(TW 4+ s(T® —7W))ds||. The definition of

h in (7.30) implies

00C; (o) 12
Vh = (100 where C; = P [(md™ ).
010 " (kz Aph >

Observe that Vh is constant and diagonalizable. It has one real eigenvalue \; = {’/CT; and
two complex ones g 3 with [y 3] = €/C>E There holds C3 = Ey, ® E\, ®E,,. Consequently,
each vector x € C3\ {0} represents an eigenvector, belonging to A1, Ay or As.

We define

_ Vh(T) - x
= [VR(T) = swp VBT X|
x€R3\ {0} x|

As R?\ {0} c C3\ {0}, there holds on the one hand

ey TR x]

= ax ’)\z| = )\1,
xeC3\ {0} x| ne{A, Ao Na}

on the other hand

q:

[Vh(T) - x| _ [Vh(T) - x| _ |Ai - x|

> :|)\z‘ = A1, with )\Z'E{)\l,)\g,)\g}.
xer3\{0} x| x| x|
Thus, ¢ is given by the real eigenvalue of Vh, ¢ = &/ (5. Identifying ¢ with the upper
bound ¢ yields the result. O

Note that the sufficient condition for contractivity of h in Proposition 17 is already
implied by the non-resonance condition in Theorem 15.

Proposition 18. Suppose that the non-resonance condition in Theorem 15 is fulfilled. Then
there holds q < 1, i.e. the fixed point iteration in Lemma 16 converges to the unique solution

T* of h(T)=T.

" . 12
Proof. The non-resonance condition in Theorem 15 reads as max (po)k(p% < do‘l
1<k<N (A1) ex

N 2
and the contractivity of h is ensured by 7rcll? > (PO)& ﬁp)l’“ Ii < 7+ . There holds
ex k=1 k ex

N
Z (po)k (@p)k Ik Z )k (Qp)k I/? APh
d2 APh 2 1SKEN (Aph) K

ex k=1
ZAph
mdZ, 1<k<N (Aih)z = 1<k<N (Agh)Q ’

which implies the assertion. ]
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7 Multicables

Remark 19. (i) For applications, it makes again sense to set T = Tamp and Thap <
200°C, because the cables are at least as hot as the environment and insulation parts would
not sustain temperatures higher than 200 °C.

(ii) The a priori estimate on q given by Proposition 17 may be too rough, i.e. there are cur-
rents violating the contractivity condition, nevertheless yielding convergence of (T(”))neN.
Therefore, we introduce indicators of contractivity:

- ‘h(fr(n)) - h(T(l))] ’7‘(n+1) — 7'(2)‘
= e T T T
| | | |

If (T(n))neN converges, q, provides at least an a posteriori information about the conver-
gence speed.

7.5 Comparison of Calculations and Measurements

To compare the simulation results of both approaches, we determine the heat distribution in
multicables consisting of 33 single cables.? The single cables are of different types Tp;, and
each metallic part of a single cable consists of nj conductors with diameter d;. The total

number N ];Ib of single cables of the corresponding type, their currents I in the multicables

and the physical current density J,E " are listed in Table 7.1. All diameters are indicated in
mm. More detailed information can be found in the Appendix in Table A.1.

Tab. 7.1: Properties of single cables and currents in simulations and measurements of multicables.

Tp, Name dr dF ne & NP L (A)[JPM (A/mm?)]

=

1 FLRY-A10.0 430 58 80 040 1  1x53.0[5.30]

2 FLRY-A60 325 415 8 030 3  1x37.0[6.17], 1x 12.0[2.00], 1 x 0.10[0.02]

3 FLRY-A40 270 355 56 030 4  1x23.0[5.75], 1x 16.2[4.05], 1 x 14.9[3.72],
1 % 0.10[0.03]

4 FLRY-A25 210 285 50 025 5  2x18.0[7.20], 1x 12.0[4.80], 2 x 0.10[0.04]

5 FLRY-A10 130 200 32 020 6 1x120[12.0], 2% 9.50[9.50], 3 x 0.10[0.10]

6 FLRY-A0.75 1.15 1.80 24 020 2  2x0.10[0.13]

7 FLRY-A 050 093 160 16 020 2  1x7.00[14.0], 1 x 4.50[9.00]

8 FLRY-A0.35 080 135 12 020 10  2x4.00[11.4], 2 x 3.80[10.9], 1 x 2.10[6.00],
3% 0.40[1.14], 2 x 0.34[0.97]

In order to examine the influence of the cable layout, we distinguish three scenarios with
different initial configurations, dependent on the current density J,S " of each single cable:

1. Inner Layout (INL):

Assignment of the single cables to template positions in descending order w.r.t. J,Sh.
2. Outer Layout (OUL):

Assignment of the single cables to template positions in ascending order w.r.t. J}; b
3. Monte Carlo Layout (MCL):

Stochastic placement of single cables in the template.

Furthermore, thermal measurements of the three multicables, composed for industrial appli-
cation, were carried out in the laboratories of the Labco GmbH. One temperature for each
single cable was measured via thermocouples. The exact layout of the cable cross section has

2The single cable data were provided by the automotive supplier Sumitomo Electric Bordnetze. The
currents represent a current feed of a main strand in a VW Golf 5.
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7.5 Comparison of Calculations and Measurements

not been provided by the laboratory, only the initial positions for the production process,
attached in Table A.1. Thus, we applied Algorithm 4, illustrated for MCL in Figure 7.7,
to obtain an approximating cable configuration. In all three scenarios, the computed cable
layouts are sufficiently realistic after 60 iterations of squeezing and separating for dy = 0.5.
Finally, a cable layout like in Figure 7.8a is obtained. We apply FEM to this geometry,
beginning with an automatic mesh generation (see Figure 7.8b).
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Fig. 7.7: Cable Squeezing Algorithm 4 applied to 33 single cables with starting configuration MCL.

In the simulations via both approaches, identical parameter values were used, cf. Table
7.2. The metallic parts of the single cables consist of copper, their insulation of PVC and
the exterior multicable insulation of PET fleece. The parameter values were provided by
the industrial partners. Since the measurements were carried out in different environments,
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(a) Computed geometry for MCL. (b) Automatically generated mesh for MCL.

Fig. 7.8: Computed geometry and generated mesh for Monte Carlo Layout.

the ambient temperatures vary with respect to the three scenarios. This is considered in
the evaluation of the results.

Tab. 7.2: Parameter values in computations of temperatures in multicables.

Parameter name Symbol Value Unit
Heat conductivity of metallic conductors Apet 401 W/(m - K)
Heat conductivity of single cable insulation — \i° 0.19 W/(m - K)
Heat conductivity of outer insulation A 0.08 W/(m - K)
Heat conductivity of air NPT 2.61e-2 W/(m - K)
Electr. resistivity at reffemperature (o) 1.71e-8 Q-m
Temp. coefficient of the electr. resistivity (ap)k 4.04e-3 1/K
Emission coefficient €r 0.93

Reference temperature To 20 °C
Ambient temperature T 33.2(INL), 25.8(OUL), 36.5(MCL) °C
Inner cable diameter dn 1.86 (INL), 1.79 (OUL), 1.79 (MCL) cm
Outer cable diameter d= 2.30 (INL), 2.23 (OUL), 2.23 (MCL) cm

A summary of the calculation results for the three scenarios compared to the measure-
ments (MES) is listed in Table 7.3 and further details are stated in Tables A.2 and A.3.
Therein, we denote @(T) the average temperature of the single cable cores, @*(T) the
average temperature in the single cable cores weighted with respect to the cross sectional
area, max(7') the maximum and min(7") the minimum temperature in all single cables. We
indicate these measures minus ambient temperatures to have a better comparability of the
different scenarios. The varying ambient temperatures have an influence on the results,
even on the differences of temperatures, but it is comparatively small. The finite element
approach yields a detailed temperature profile of the multicable as depicted in Figure 7.9.
For the HBA, we obtain temperatures at three characteristic points in a cable. We com-
pare T°" to the average temperatures and 7™ to the minimum temperature. A maximum
temperature cannot be provided, since we have no adequate quantity.

Both, the average and minimum temperature differences in the three layouts for HBA,
hardly vary, cf. Table 7.3. This is not surprising, as HBA is invariant with respect to
the configuration of the single cables. The minor differences can be explained by different
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Fig. 7.9: Temperature distribution in a multicable with starting configuration MCL.

Tab. 7.3: Measured and computed temperature differences for multicables in K.

Inner Layout Outer Layout Monte Carlo Layout

MES FEA  HBA MES FEA  HBA MES FEA HBA

@MT) = Tamb 61.6 65.6 60.8 63.0 61.7 61.8 61.0 63.6 62.2
max(T) — Tamb 69.7 74.2 - 66.6 65.2 - 64.5 67.2 -

min(7T) — Tamb 55.0 57.2 53.5 57.4 58.0 55.1 54.6 57.9 55.2

ambient temperatures and the larger exterior diameters of the multicable for INL compared
to OUL and MCL. Obviously, in OUL and MCL, the same exterior diameter is used, but the
average temperature in QUL is slightly lower than in MCL. The reason is that the warmer
ambient temperature in MCL effects a higher electrical resistivity of the metallic parts via
(ap)k- The slightly larger diameter of the multicable in INL yields a smaller packing density
and a larger surface, which both result in comparatively lower temperatures?.

Regarding the results of FEA, we notice that the maximum temperature in the multicable
for INL is significantly higher than for the other scenarios. This observation is confirmed,
albeit in weakened form, by the measurement results for the three scenarios. It is explained
by the fact that single cables with higher values for J,f h, positioned closer to the exterior
insulation, emit more heat to the ambience than in the centre. Consequently, the positioning
of the single cables in the multicable essentially influences the maximum temperature.

Another consequence of this observation is the larger size of the temperature interval
[min(7), max(7T")] for INL in FEA (17.0K) and the measurements (14.7 K) than in OUL

3Comparatively lower in this context means in comparison to the same scenario with smaller diameters; it
shall not mean compared to the other scenarios OUL and MCL.
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(7.2 K respectively 8.8K) and MCL (9.3 K respectively 9.9 K).

Tab. 7.4: Absolute and relative deviations of simulations and measurements for multicables.

abs. deviation (K) rel. deviation (%)
INL OUL MCL INL OUL MCL
FEA HBA FEA HBA FEA HBA FEA HBA FEA HBA FEA HBA

|2 (-) — @ (MES) | 2.7 23 12 08 34 34 43 36 19 13 58 58
|o® () — @™ (MES) | 40 08 1.3 12 26 1.2 65 1.3 21 19 43 20

|max () — max (MES)| 4.5 - 1.4 - 27 - 6.5 - 21 - 42 -
|min (-) —min (MES)| 22 15 06 23 33 06 40 27 1.0 40 6.0 1.1
|on (AT) | 41 39 16 26 27 25 6.7 63 25 41 44 4.1

| maxy, (AT) | 85 - 51 - 65 - 135 - 81 - 111 -

In Table 7.4, the deviations of our simulations and measurements are shown. The mea-
sures with (MES) give the corresponding quantities of the measurements. Additionally,
we denote maxy (AT) the maximal deviation in temperature of all single cables between
measurement and simulation and @ﬁ (AT) the corresponding mean value. The relative
deviation in Table 7.4 shows the ratio of deviation in temperature between measurement
and computed temperature (in K) to the measured temperature (in °C).

Obviously, good agreement between measurements and simulations is obtained by FEA
and HBA (cf. Tables 7.3 and 7.4). Keeping in mind that measuring inaccuracies, numerical
errors and uncertainties in the parameter values are included, we see that both methods
are appropriate for simulations, but they have different focuses. An absolute deviation of
8.5K and a relative one of 13.5% for |maxy (AT)| in INL is rather large. It is due to
the fact that the cable squeezing algorithm can only provide an approximation of the real
multicable cross section. Since we were not able to obtain the cross section of the measured
cable, we cannot validate how well the computed layout corresponds to the real one. Single
cables with very large current densities J};h, positioned in a cold multicable region for the
measurement and in a hot region for the simulation or vice versa, can imply deviations of
this magnitude.

The isotropization in HBA suits ideally for cases where only small variations of J};h
occur. This is the normal case for practical applications with current loads over long
periods. In Figure 7.10, the heat distribution of a multicable with only one single cable
of higher current density (J}jh = 44.2 A/mm?) is depicted. The finite element simulation
yields a maximum temperature of 178.8 °C. The fixed point approach provides only useless
information (7°°" = 95.8°C, T™ = 88.2°C) for such an extreme case.

In both approaches, we observe fast convergence. The mentioned stopping criterion
for FEA is in all cases reached after four to six Newton iterations. HBA requires about
20 iterations to fulfil ‘T(”) — T*‘ < le-6 with a posteriori contractivity indicators about
0.82%. Table 7.5 shows that calculation times for FEA on an Intel Core 2 Duo processor
with 2.67 GHz and 3.00 GB RAM are short compared to the complexity of the calculation
(= 60000 — 100000 DOFs). Nevertheless, in context of applications, great numbers of
parameter variations in complex parameter studies are necessary to find appropriate cable
compositions. This effects a considerable increase of calculation times up to several hours.
In contrast, the HBA allows extensive studies with several hundreds of variations in a few
seconds, which makes the approach particularly interesting for industry.

4The a priori contractivity indicators are larger than 1 in this example and thus not helpful.
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- INL OUL MCL
150 tsqz (s) 4.83 4.92 4.85
140 trEM (S) 22.7 24.9 18.6
- trEA (8) 27.6 29.8 234
" tupa (s)  0.0103 0.0093 0.0094
b0 NOE 43652 51069 30900
10 DOFs 87363 102196 61857
%0 an 0.8209 0.8241 0.8246

-0.01 -0.008 -0.006 -0.004 -0.002 0 0.002 0.004 0.006 0.008 0.01
x/m

Fig. 7.10: Heat distribution in a multicable with Tab. 7.5: Calculation times, degrees of free-
large variations in the current densities. dom and contractivity indicators for the three
test scenarios.

7.6 Optimization

In the previous section, the dependence of the heat distribution in multicables on the
configuration of the single cables was shown by numerical experiments and measurements.
Figure 7.11 depicts two different multicables consisting of 33 single cables with the same
current and cross sectional area for each single cable in both cases. Furthermore, the
diameters of the multicable, ambient temperatures and all other parameters are equal. Both
only differ in the positioning of the single cables in the multicable. Obviously, although
the ambient temperature 77 = 33.2°C and outer diameter d** = 1.86cm are equal, the
maximum temperature in the left multicable is lower than in the right one. It is 98.8°C in
the left multicable (created with OUL) and 107.4°C in the right one (created with INL).

110 110

95 95

80 80

001 -0005 B °70005 001 °° 001 -0005 0 0005 001 °°
(a) Cable layout 1. (b) Cable layout 2.

Fig. 7.11: Temperature distributions for equally composed multicables varying in single cable positions.

In this section, an algorithm to find an optimal multicable layout is developed. For each
single cable, the current and the diameters are fixed a priori. Dependent on the number
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of single cables and available space, different strategies are recommended. Whereas for
rather loosely packed cables the exclusive application of gradient based shape optimization
is sufficient, we additionally have to couple it to a genetic algorithm for densely packed
cables. For the shape optimization part, we point out the derivation of an adjoint system
and the shape gradient as well as the local shape derivative. In addition, we present our
genetic algorithm adapted to the problem.

We start by summarizing literature on the optimization of bundle wires and shape op-
timization. In [19], algorithms for the minimization of the total weight of cable bundles
by given maximum temperature were developed. Therein, parallel multilevel methods are
applied to heuristic strategies based on greedy type search methods. Our optimization
problem is related. In contrast, we couple a non-gradient based strategy, namely a genetic
algorithm, to a gradient based shape optimization approach. For introductions to the shape
calculus and mathematical background, we recommend [26, 109, 122]. To derive the shape
gradient and an adjoint system, we present two approaches. The alternative one attached
in the Appendix A.2.4. Therein, like in [72], we formally obtain optimality conditions via
the Lagrange technique (cf. [130]). The particularity in the Hadamard representation of our
shape gradient is due to the jumps in the coefficients of different materials at the interfaces.
In [49, 51, 54], methods to derive the corresponding shape gradient are explained.

This chapter is organized as follows: In Section 7.6.1, we formulate the optimal multicable
layout problem. Our general optimization strategy combining the Cable Squeezing Algo-
rithm 4, heuristics for good initial positions, shape optimization and a genetic algorithm is
explained in Section 7.6.2. To perform gradient based shape optimization, we derive the
local shape derivative, the shape gradient and an adjoint system for a sensitivity analysis
in Section 7.6.3. Section 7.6.4 describes further numerical and computational details. Nu-
merical experiments are carried out in Section 7.6.5 and we finally discuss our results and
the practical applicability in Section 7.6.6.

7.6.1 Setting of the Problem

In this section, we introduce some additional mathematical notation and formulate the
optimal multicable layout problem.

Notation

All vector valued functions are indicated by bold letters, e.g. the space variable x = (x,y)? €

R? with norm [x|g. = (332 + y2)1/ % and inner product (x1,x2). The operator Div denotes
the tangential divergence of a tangential field and V, the tangential (surface) gradient
of a scalar valued function. We identify n = n, with the unit outer normal that points
outward of the considered object, n; the inner normal pointing into the object (cf. Figure
7.4). Consequently, the notation a@n corresponds to the normal derivative of a quantity in

outer direction.

The interfaces between core and insulation of each single cable as well as between single
cable insulation and surrounding gaps play an important role in the calculation of the shape
gradient. Thus, we introduce the interface boundaries F}C and I'j for k = 1,...,N. They
are depicted in Figure 7.4b as well as corresponding normal vectors on the boundaries.
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State System

Let the two dimensional cross sectional area of the multicable QM€ be a connected, bounded
domain in R? with regular exterior boundary 9QMC = I'*™* and interface boundaries '™ =
Ui\le (F}c U PZ) UT®. Therein, the boundary I'8' represents the interface between the exte-
rior insulation and the core.

Due to the jumps of the heat conductivity, the temperature profile is continuous across
the interface « € I'™ of different materials, but has kinks. We repeat the governing system
that determines the temperature in the multicable and call it the state system. Although the
mentioning of the interface conditions is not necessary for a concise problem presentation,
we explicitly indicate them, since they are important for the Hadamard representation of
the shape gradient:

—V-(AVT)—c-T=f in QMC\ it
ex 8T _ ex
T .
7], =0 and [/\8] =0 on.e€I'™.
On |,

Optimization Problem

Let the dimensions of the exterior insulation and the single cables be given. The material
parameters and the electric current of each single cable are fixed and known, such that
A, ¢ and f are determined a priori. What we vary is the positioning of the single cables,
summarized by the domain

N N
Q= Ju =] @ v, (7.32)
k=1 k=1
with € the domain of single cable k. As the position of each single cable is determined
by its centre, our optimization variables are the centre coordinates of the single cables
(1,v1),.-.,(xN,yn). Consequently, the optimal multicable layout problem (OptMC) with
dependent domain €2 reads as

N
J(Q) = Z /j (x,T (x)) dx + / Jj(x,T(x)) dx— min!
k=1 QO QMC\Uszlgk
with
—~V-AVT)—c-T=f in QMC\ pint,
oT
XSt a(T) - (T =T1) =0 on T,
oT .
[T], =0 and [A] =0 on ¢ € It
On|
(g —x0)2+ (Y —yo)2 < (TZX —r(i)n)2, ke K={1,...,N},
(@k — 20" + (e —w0)* > (7" + 172, (k,1) € (K x K)\{k=1},
z1 =0, 0<y <rd, 0 <z < il
(7.33)
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It is the objective to minimize the functional J(£2) respectively the function j (x, T (x)) over
the domain QM€ subject to the state system (7.31) and geometrical constraints. We require
that each single cable has to be inside the multicable and single cables must not overlap.®
This problem is rotationally symmetrical because we apply the same boundary condition
to the entire exterior boundary. Thus, we allow the first cable to be positioned only on
the vertical upper line segment connecting the multicable centre and the point (0, 7). To
avoid axial symmetry, the second cable has to be in the right sector of the multicable.

Note once more that the domain Q of the single cables is composed of the subdomains
O, k=1,..., N, which themselves depend on the subdomains 27°*° and Q}j‘o. We introduce
the notation

B,(c) = {x € R?|d(c,x) <1},

describing the open ball of radius r > 0 centered at a point ¢ € R2. Thus, the core and the
insulation of single cable k are determined by

Q5 = By ((wxm)')  OF° = Brsx (o )") \ 5.

The dependence of the single cable k on the coordinates (zy, yx) is obvious and consequently
the dependence of the entire domain 2 of the single cables on all centres, abbreviated by

Q=Q((z1,1),-..,(@N,YN)) -

We summarize the set of admissible domains by
Oad = {Q = Q((xlayl)a"w(x]\fvy]\f)) € R2|
X in\ 2
(z — 20)” + (yk —90)” < (X =), ke K ={1,...,N},
(2 — 20 + (g — )% > (4192, (kD) € (K x K)\ {k =1},
x1 =0, O<y1<7“6n, 0<x2<r(i]n .

The exterior insulation and thus the exterior boundary of the domain QM€ is fixed in this
setting. However, we do not consider the domain entirely, but as a composition of several
subdomains. Thus, the interface boundaries of QM€ vary for different shapes of the domain
Q of the single cables, which is indicated by the notation QMC(Q).

Throughout this chapter, we assume that all interface boundaries I'i , Iy, k=1,...,N,
I'8" and the exterior boundary I'®* are Lipschitz continuous and C?-smooth.

7.6.2 Optimization Algorithm

Dependent on the number of single cables in the multicable and the available space, dif-
ferent optimization strategies have to be applied. In this section, we describe our general
optimization strategy and how to find good initial positions.

Optimization Strategy

To solve the optimal multicable layout problem (7.33), we combine different algorithms and
optimization techniques as shown in Figure 7.12. To approximate a global minimum, we
use M different initial positions, obtained by heuristics and the application of the Cable
Squeezing Algorithm 4.

®To avoid problems in the calculation with finite elements, we require in the numerical implementation
that the distance between each single cable and the multicable insulation respectively pairwise between
two single cables has to be larger than §,, > 0. The parameter d,, is chosen such that there is sufficient
space in between to create a feasible mesh.
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1 2 M
Squeeze Squeeze Squeeze
A Y A
Shape Shape Shape
Optimization Optimization | . | Optimization
A
| Genetic
"] Algorithm

( Bests‘c')Iution )

Fig. 7.12: Optimization strategy to solve the optimal multicable layout problem.

Using a gradient based strategy like shape optimization (cf. Section 4.2) does not always
provide a satisfying solution, since for multicables consisting of a large number of single
cables several local minima may exist. Therefore, we give our M local minima to a genetic
algorithm (cf. Section 4.3) which tries to find an even better solution. The coupling of these
different algorithms is adequate, as an exclusive use of the genetic algorithm is too time
extensive and expensive. Furthermore, we obtain much better results in our simulations
with the mixed strategies.

Initialization

As mentioned, different local minima can exist, especially for more than three single cables.
In order to ensure feasibility of the cable configurations, we apply Algorithm 4. After a
fixed number of squeezing steps, the diameter of the surrounding circle including all single
cable circles has to be smaller than or equal to the given inner diameter of the exterior
insulation. If this is not fulfilled, this initial template configuration cannot be used for the
optimization.

The initial cable configuration has an important influence on the computed local minimum
and is mainly determined by the initial assignment of single cables to template positions.
Thus, we propose different heuristic strategies, dependent on the geometrical current density
J,fe = Ik/A%e, k=1,...,n, to create good assignments of the single cables to their template
positions®:

- The single cables are assigned to the template positions in descending order w.r.t.

J2¢, denoted by INL;

- The single cables are assigned to the template positions in ascending order w.r.t. J&°,
denoted by OUL;

5The physical current density could also be chosen as criterion for the template assignments and would not
change those in our example.
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- The single cables are ordered ascendantly w.r.t. J°, but assigned to the template
positions in steps of 2, 3, 4 respectively 5, denoted by OUL2, OUL3, OUL4 and
OUL5. For example, in case of OUL2, we assign the cable with the lowest current
density to position 1, the cable with the second lowest current density to position 3,
etc. As soon as a single cable would be assigned to a template position larger than
the number of all single cables, we start to fill the lacunas, meaning that the present
single cable is assigned to position 2, the next to position 4, etc.;

- The single cables are assigned to template positions such that two cables following each
other in order dependent on er have the greatest possible distance in the template
layer, denoted by OPP;

- Further template configurations are completely arbitrary and denoted by MCLI,
MCL2, etc.

By tendency, hotter single cables can give more thermal energy to the ambience if they
are nearer to the exterior border. Hence, especially OUL, OUL2-OUL5 and OPP seem
promising to give good configurations, but they need not necessarily. As there exist cases
for which other template configurations yield our best solution, we added INL and the
arbitrary assignments.

7.6.3 Sensitivity Analysis

In the following, we apply an adjoint method to compute the shape gradient. Thus, we
derive an adjoint system, the Hadamard representation of the shape gradient and the local
shape derivative of the problem. An alternative approach which is only formal is attached
in the Appendix A.2.4.

Local Shape Derivative

Before deriving the shape gradient, we state the system holding for the local shape derivative
ST[V] of (OptMC). To this end, let V € C?(©2;R?) be a smooth domain variation of Q.
Then, there holds:

V- (AVOT[V]) 4+ ¢- 6T[V] = 0 in QMC\ 1int,
A %giv] + (o (T) (T = T1) + (T)) 6T [V] =0 on '™,
[)\85T V]

on

| =DMV LT + (LT ) V) @30

and [5T [V]]jE = —(V,n) [gi]i on (€ I,

Proof. The pointwise evaluation of the boundary value problem for T respectively T.[V] on
the domains QMC(Q) respectively QMC(Q.[V]) in a point x € QMC(Q) provides

i Y OVEV]) b TV = (V- OVT) eeT)

e—0 €

i.e. the partial differential equation

V- (AVOT[V]) 4+ ¢- 6T[V] =0 in QMC\ Tint,
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The boundary condition on the exterior boundary is

OT[V
e Con g alLV)(TV] = T) — a(D)(T = T1)
e—0 € e—0 € '

Here, the term on the left hand side yields

OLelV] _ oT ST [V
lim A\ on On __ \ex 9 [ ]7
e—0 € on

while the term on the right hand side provides
L A(TVI)(TIV] = Th) ~ a(T)(T ~ Ti)

e—0 €

iy (AT =0 (137 gy 4 oy VLT

e—0 € €

= (/(T) (T - Th) + (T)) 6T [V].
Putting the latter two identities together yields the desired boundary conditions at I"**.
Finally, for the interface conditions of the local shape derivative, we refer to [54, 55]. O
Shape Gradient
For an optimal interior point, the necessary optimality condition
0J(Q)[V]=0

has to be fulfilled for all directions V. The Hadamard representation of the shape gradient
for (OptMC) reads as follows:

V= 3 [, n>{vfpevTTe[A1i
ety e 1o (7.35)
e e _\e pe 7T
P ([ T+ [f]y) — X n [8n]i}da.
with adjoint system
—V-(/\VQD)—c-p:—ﬁ (-,T) in QMO pint
aT Y Y
ex O ex
Ao T (o/ (T)(T—T1)+a(T))p=0 on '™, (7.36)
ap in
[p]izo and /\an] =0 on.ent,

Proof. Following [26], differentiation of J(2) in the direction V leads, in terms of the local
shape derivative (7.34), to
9j
3J(Q)[V] = 37 (x,T)-0T [V] dx

QOMC

+ /<V7ne>j(XvT)+<V,ni>j(X,T)dU.

Lerint

115



7 Multicables

With the adjoint system (7.36), we get

5J(Q)[V] = / (V - (AVp) + cp) 6T [V] dx

QMC

+ /<V=ne>j(X=T)+<V7ni>j(X,T)da.

Lelint Y

As n, = —n;, the integrals over the interfaces 1 € I'™ cancel out each other. Application
of Green’s formula then provides

5J(Q)[V] = / (V- (AVST[V]) + ¢ 6T [V]) p dx

OMC =0
ex 9P ex 00T [V]
+/<)\ a—n(ST[V] A n p> do
Fex
=0
0P ;00T [V]
+ Z /(AaniéT VI -N=5, p) do
LeNint .
e% 5} eaéTe [V] €
—l—/()\ ane5T [V]— A “on. p) do

-y /)\e?:[éT [V]Lda—/pe [AaégiV]L do

int
el . L

Replacing the jumps in the Dirichlet data and the Neumann data by the interface conditions
in (7.34) results in

=5 [ ],

Leint L

e (Div (V,n) N2 V-T9) + ([ds T° + [f12) (V, n>) do.

Integration by parts on the interface boundaries
- /peDiv ((V,n) [A\]+V,T°) do = /VTpeVTTe (V,n) [N+ do

finally implies the desired Hadamard representation of the shape gradient. O

7.6.4 Algorithmic and Numerical Implementation

We present how we calculate the objective function numerically, control the computation of
our adjoint method by a finite difference approach and give insight to computational details
of our implementation.
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Shape Functional

Aim of our calculations is to minimize the maximum temperature in a multicable. As the
functional

min ||7|; = min su T(x

Juin 1Tl oo (e 2y qin }_{EQME(Q) T(x)|

is not differentiable and thus the shape optimization approach would not be applicable, we

define J by
SN q ol q
J(Q) = nggid q ||THLQ(QMC(Q)) = Qrél(lorid q / |T(x)|? dx

OMC (Q)
for fixed values of ¢ > 0. In (7.36), the derivative of the objective function appears on the
right hand side of the PDE. For the sake of simplicity, we introduced the factor 1/¢q, which

does not influence the optimization routine. As for too high values of ¢, the right hand side
could explode and result in numerical problems, we use values of ¢ = 2,3,4 or 5 in general.

Computation of Jumps in Neumann Data and Control of the Gradient

In order to ensure the correctness of the gradient implementation based on the adjoint
method, we verify it by a non-adjoint method. To simplify notation, we introduce the
reduced objective functional J, being explicitly dependent on z1,¥y1,..., TN, yN:

J(xlaylr"?xNayN) = J<QMC (Q($17y17"‘7$N7yN)))

with the gradient
= NYA
- oJ oJ
V= —,....,— | .
(83:1’ ’ 8yN)

The partial derivative of J to xj, is approximated via finite differences by

8j ~ lim j("'axk+€,-..)—j(...,xlﬁ...)’
al'k e—0 €

where € is a fixed and small value. In fact, the partial derivative of J to z, corresponds to
a local translation of the position of single cable k in direction of the z-axis. For J, this
could be described by the shape derivative §.J(2)[V] in direction of the (local) vector field

V:R? - R? x i+ V(x) =g, (x) ((1)8> X, (7.37)

with I(-) the indicator function.

We show the control of the gradient for one example in which the number of single cables
is N =7 and ¢ = 3. Figure 7.13 illustrates the main quantities computed in the necessary
steps to determine the jumps in the Neumann data (cf. Figure 7.13c) with COMSOL Mul-
tiphysics 3.5a. Apart from the calculation of the temperature profile (Figure 7.13a) and
the adjoint (Figure 7.13b), we have to project the temperature distribution on the single
cable core (Figure 7.14a), its complement (Figure 7.14b), the single cable insulation (Figure
7.15a) and its complement (Figure 7.15b) onto separate domains. This is required because
we obtain completely wrong results if we directly compute the temperature distribution
and the difference of the derivatives to the outer and inner normal in COMSOL. It is due
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Temperature Adjoint Temperature gradient
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(a) Temperature. (b) Adjoint solution. (c) Temperature gradient on

boundaries of a single cable.

Fig. 7.13: Temperature distribution and associated adjoint solution in a multicable, and temperature
gradient on the boundaries of a single cable.

to an internal smoothing of the function in the software. To deal with the problem, the
derivative to the outer normal is computed for the projected temperature on the domains
(core respectively insulation of the single cable) and to the inner normal on their comple-
ments. Finally, this procedure yields correct gradients and has to be performed for every
single cable.

Temperature Temperature
120 120
0.01 0.01]
110 110
0.005 0.005|
100 100
0 ' 90 90
80 80
-0.005 -0.005
70 70
-0.01 -0.01|
60 60
001 0005 0 0005 0.01 001 0006 0 0005 0.01
(a) Temperature on single cable core. (b) Temperature on core complement.

Fig. 7.14: Temperature distribution in the core of a single cable and its complement.

The partial derivatives obtained in this example, computed via the adjoint method, are

oJ oJ
s~ —498.2, 5000~ 2123, S5 ~ 1660, 5215~ —1668,

9J 9J
ooy A 5088, s ~ 6201, 5Pls ~ —181.4, 58 ~ —1070,
oI oI 0
oy & —2334, 5t ~ 2245, 58~ —1650, 52l &~ —1844,

oJ ~
oy & —911.9, 580 ~169.2,

Note that the correct notation for the local translation aﬂa( 5 of single cable k in direction

10

00

of the z-coordinate is 6.J(2) []ng (x) < 01

) X:| . Furthermore, the translation 6.J(2) |:HQk (x) <00> x]
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(a) Temperature on single cable insulation. (b) Temperature on insulation complement.

Fig. 7.15: Temperature distribution on a single cable insulation and its complement.

of cable k in direction of the y-coordinate is abbreviated by %.

In Table 7.6, the parameters h and hnumedg represent measures for the mesh refinement
on the entire domain of the multicable and for the refinement on the edges. Smaller values
for h and larger values for hnumedg” result in finer grids and higher numbers of DOFs. The
maximum of absolute discrepancies max(erraps) between adjoint and finite difference method
is obtained in the partial derivative to the component Comp. The maximum relative error
max(erry,;) does not have to occur in the same component. It represents the maximum
of deviations divided by the value of the derivative obtained via finite differences in all
components. The quantities taApy and tgp specify the time in seconds necessary for the
gradient determination with each method, At their difference in time.

h (hnumedg) DOFs  max(erraps) [Comp] max(errrel) tapsls]  tep[s] At(s]
5 (10) 26 002 6.712 [x5] 1.06e-2 25.8 560.4 534.6
5 (20) 70842 2.050 [y] 3.75-3 447 1059.1 10242
4 (30) 148730 1.332 [y4] 1.25e-3 98.9 2704.2  2605.3

Tab. 7.6: Statistics for the mesh refinements, degrees of freedom, absolute resp. relative discrepancies
between adjoint and non-adjoint method as well as calculation times for the specific example with
seven single cables.

We observe a good accordance of the gradients, calculated via the adjoint method and
finite differences with e = 1.0e-4, especially for larger numbers of DOFs®. Thus, to have a
reliable gradient approximation, we have to use fine meshes. Furthermore, the calculation
times by the adjoint method are much shorter than those of the FDM. We have to admit that
in the latter, neither the method itself, nor the implementation is optimized. Nevertheless,
it is obvious that the adjoint method works much faster in this scope because, in addition
to the one solution of the state system, the adjoint system, which is only linear, has to be
solved once, independent of the number of single cables. In contrast, the nonlinear state

"The measure of refinement is a convention used in COMSOL Multiphysics 3.5a.

8When estimating sensitivities using FD, we are faced with the step-size dilemma, i.e. the desire to choose
a small step size € to minimize the truncation error, while avoiding the use of a step so small that errors
due to subtractive cancellation become dominant [44]. By experience, ¢ = 1.0e-4 yields a satisfying
accordance of the gradients obtained via the FDM in this context.
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system must be solved twice for each optimization variable with central differences (once if
we used forward or backward instead of central differences), which corresponds to solving
the PDE 28 times in this example.

Computational Algorithm

The implementation of the algorithm was performed in Matlab, where the entire optimiza-
tion procedure is guided (cf. Fig 7.16). First, geometrical and physical parameters are read
from input files and convergence criteria of the algorithm, if necessary of the shape opti-
mization procedure and the genetic algorithm, are defined. Depending on the filling factor
of the multicable and the number of single cables, different strategies are proposed.

Read input data Define convergence criteria Compute filling factor f

optimization strategy
dependent on filing factor
and number of single

Squeezing Squeezing {parallel) Squeezing {parallel}

v

Shape optimization ( parallel)

¥

Genetic algorithm +
Shape optimization Squeezing +
T Shape optimization

Y A 4
Genetic algorithm +

Squeezing

v

o= === > Optimal Solution < -------- !

Fig. 7.16: Entire optimization procedure for multicables.

In case of low numbers of N and enough space in the multicable, we use only one initial
template configuration. By experience, we recommend OUL. After the squeezing algorithm
(implemented in Matlab), one shape optimization procedure in IPOPT is performed (cf.
Figure 7.17), yielding the (approximately) best solution.

For cables that are packed very densely (filling factors larger than 90%), gradient based
shape optimization does not make sense. Instead, we apply the presented initial template
configurations to produce initial multicable configurations by running several instances of
the squeezing algorithm in parallel. They are given to the genetic algorithm where new
configurations are produced and made feasible by squeezing. This procedure, implemented
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in Matlab, takes a long time and in some cases, it does not provide a better solution than
the best initial configuration.

Moderately packed multicables, which are common in practice, require a quite complex
procedure. Initial configurations, generated by the proposed heuristics for template con-
figurations, by application of the squeezing algorithm and finally by shape optimization,
are passed on to the genetic algorithm. Therein, new configurations and the approximated
global minimum are created by means of squeezing and shape optimization. The initial con-
figurations, but also several ones during the genetic optimization, are evaluated in parallel
in order to save time.

Implementation of Shape Optimization

The shape optimzation procedure, controlled via a Matlab script, for a given configuration
of single cables first requires solutions of the state system (7.31) and the adjoint system
(7.36). Both are computed with the help of COMSOL Multiphysics 3.5a.

Afterwards, the shape gradient (7.35) is evaluated for variations of each single cable in
directions of the z- and y-axis (except for single cable 1 that only varies in the y-coordinate).
The corresponding mapping V for variation of single cable k in the z-coordinate is indicated
in (7.37), the mapping for variations in the y-coordinate was mentioned in Paragraph 7.6.4
(Computation of Jumps in Neumann Data and Control of the Gradient).

Shape gradient, solution of the state respectively adjoint system, the geometrical con-
straints of the optimization problem, defined in O,q, the constraints’ derivatives and the
initial configuration of the multicable are passed to IPOPT which normally computes a
local minimum (cf. Figure 7.17).

Shape gradient

Solution of Adjoint System Constraints and derivatives

Solution of State System Initial point

> IPOPT <

v

Best Solution

Fig. 7.17: Input and output of the gradient based shape optimization algorithm.

IPOPT is a software package for large-scale nonlinear optimization that implements an
interior-point line-search filter method (cf. [135-137]). In our options, we use a monotone
strategy for the barrier parameter p of the logarithmic barrier function. If this barrier
parameter is small enough and the KKT conditions are fulfilled satisfactorily, an optimum
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is reached. Else, if no (local) minimum is attained after a given number ny,,x of iterations,
the procedure is interrupted.

Implementation of the Genetic Algorithm

We briefly state the main aspects of the implementation of the genetic algorithm for the
second strategy (combination of shape optimization and genetic algorithm):

- Initialization:
As shown in Section 7.6.2, several initial configurations are generated by squeezing
of the single cables, which are positioned in the template of Figure 7.3. If for one
of the presented assignment strategies the squeezing does not yield a feasible config-
uration after a fixed number of squeezing steps, the assignment strategy is skipped
and replaced by a further stochastical one. If after trying a certain number of initial
strategies, no feasible configuration is attained (e.g. if the exterior diameter is too
small for the single cables), the algorithm is interrupted and the problem cannot be
solved. However, if the number of computed feasible configurations is less than the
intended number of individuals of each generation, we continue with fewer individuals.

- Selection:
The best individual — the configuration with the smallest value of the objective func-
tion — is directly passed to the next generation as the elite. 70 % of the population of
the next generation are created by crossover, the rest by mutation.

- Genetic operators:
For crossover, we take the coordinates of two randomly selected parents of the previous
generation. To generate one child of the next generation, we select a part of the genes
(coordinates) from parent 1, the others from parent 2. To generate a certain coordinate
of a child by mutation, we select a random number of individuals and compute the
mean of this coordinate of the chosen individuals, supplemented by further, randomly
generated coordinates. This procedure is performed for each coordinate of the child.

Both, crossover and mutation, normally provide multicable configurations that are not
feasible. Either, single cables are situated outside of the multicable domain (which is
rather rare), or single cables overlapped (very frequent). Algorithm 4 does not only
squeeze the single cables, but also reduces overlappings of single cables. Thus, after
generation of coordinates by crossover and mutation, we apply the Cable Squeezing
Algorithm to create feasible, hopefully better configurations.

- Termination:
Normally, many generations are produced within a genetic algorithm. In our approach,
a good solution is already approximated after a few generations in most cases. This
is due to the combination with shape optimization. For that reason, our genetic
algorithm finishes after a (small) number of generations (< 10).

7.6.5 Numerical Results

To test our proposed algorithm, we optimize the shape of different multicables, consisting
of 1, 3, 15 and 33 single cables. In case of 1 and 3 single cables, the first strategy with
exclusive application of shape optimization is sufficient. These two examples rather serve
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7.6 Optimization

to confirm that the algorithm works as it should. In case of 15 and 33 single cables, we use
the second strategy. An example for the third strategy is not presented because it employs
no gradient based shape optimization and it is only applied to very specific multicables.
All the following examples were carried out in Matlab, version 7.10.0.499, on a Pentium III
Xeon processor with 4 cores (each 2.50 GHz) and 32 GB RAM.

First Example

We first optimize the position of only one single cable in the multicable with solid insulation
material of low heat conductivity inside and the exterior insulation of PVC. This single cable
carries a current of I; = 102 A and its geometrical cross sectional area is A$® ~ 14.5 mm?
(Tpy = 1 in Table 7.1). We suppose the ambient temperature to be 33.2°C and the
diameters di' = 18.6 mm, d$* = 23.0mm. In the shape functional, we set ¢ = 2.

15 ‘ ‘ Iter F-count J(Q) Ax
1.4 0 1 1.4438692
% 13l 1 1 0.8963279  3.93e-2
£ 2 1 1.2103676  8.38e-3
§12 3 1 1.0596074  1.20e-3
§ 1.1 4 1 0.9627317  7.63e-4
§ 1 9 4 0.8868828 1.17e-5
0.9y 10 4 0.8868126  1.03e-5
08 11 1 0.8865531  1.45e-7
0 2 4 6 8
y-coordinate cable 1 x10°
Fig. 7.18: Objective function values for variation Tab. 7.7: Optimization progress for a multicable
of the y-coordinate of one single cable. with one single cable.

As the z-coordinate of the midpoint of the first single cable is fixed to zero and the y-
coordinate > 0, the objective function value is monotonically decreasing for larger values
of the y-position of the first single cable (cf. Figure 7.18). The highest value is obtained
at the origin of the coordinate system (J =~ 1.4439), the lowest at the exterior boundary
(J ~ 0.8866). Table 7.7 shows the optimization progress in IPOPT with Ax denoting the
Fuclidean norm of the step size of the optimization variable in each iteration Iter. F-count
indicates the number of function evaluations in each iteration. The computational time was
about 328 s with ~ 45000 DOFs in the linear system of every Newton iteration.

Temperature Temperature Temperature
150 150 e 150
0.01r 0.01 0.01
0,005/ 120 0.005 120 0.005 120
0 r {90 r {90 0 190
-0.005 50 -0.005 50 -0.005 50
-0.01¢ -0.01 -0.01
30 . 30 ; ; 30
-0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01

(a) Initial configuration. (b) Configuration iteration 3. (c) Optimal configuration.

Fig. 7.19: Multicables with one single cable generated during the optimization process.
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7 Multicables

Obviously, the optimization works very well. During the optimization process, the single
cable, starting from the origin of the coordinate system (Figure 7.19a), moves towards the
exterior boundary (Figure 7.19¢). Figure 7.19 depicts the temperature distribution for three
different configurations, each generated during the optimization process.

Although with ¢ = 2, our objective function J(€2) does not approximate the L>°(Q)-
norm very accurately, the maximum temperature is much lower in the optimized multicable
(=~ 111.8°C) than in the initial configuration (=~ 147.9°C). Indeed, if the single cable
is situated nearer to the exterior boundary, more heat is emitted to the environment by
convection and radiation than it is the case if the hotspot is situated in the centre of the
multicable.

Second Example
Our algorithm is applied to multicables with three single cables. In the first multicable,

the current densities are equal for the three single cables, in the second, they vary.

Multicable with Three Single Cables under Equal Current Loads

In our second example, we investigate a multicable of diameters f)n = 23.8mm and d§* =
28.2mm, consisting of three single cables with equal currents Iy = I3 = Is = 89 A and cross
sectional areas A%° = AS° = A%° = 14.5mm?. We set ¢ = 3.

Temperature Temperature Temperature
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(a) Initial configuration. (b) Configuration iteration 1. (c) Configuration iteration 2.
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(d) Configuration iteration 5. (e) Configuration iteration 9. (f) Configuration iteration 30.

Fig. 7.20: Cable configurations generated during the optimization process for a multicable which con-
sists of three single cables that carry equal currents.

Starting with an almost regular positioning, such that the midpoints of the single cables
nearly form an equilateral triangle (cf. Figure 7.20a), the single cables move towards the
exterior boundary (cf. Figures 7.20b-7.20d). Having reached the boundary (cf. Figure 7.20e),
they are forced to find a configuration for which the cables have the largest possible distance
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7.6 Optimization

from each other, i.e. an equilateral triangle of the midpoints with each single cable situated
at the boundary of the multicable (cf. Figure 7.20f).

Iter F-count J(Q) Ax
0 1 5.0743619e+02
1 2 3.0311155e4+02  5.32e-01
2 1 3.6448495e4+02  9.96e-03 600
3 1 2.0319573e+02  3.25¢-03
4 1 2.1952290e+02  3.87e-04 o 500
5 1 1.9638202¢+02 4.28¢-04 &
: : : g 400
1 1.3197190e+02  5.74e-05 %
9 1 1.3202247e+02  4.14e-05 239
10 1 1.2003736e+02  4.30e-04 oy
28 11 1.1789933e+02  2.84e-04 100 | ‘ ‘ ‘ ‘
29 13 1.1789923e+02 2.97¢-04 0 5 10 15 . 20 25 30

No of iterations

30 14 1.1789918e+4-02  2.98e-04

Fig. 7.21: Convergence history of the optimizer
Tab. 7.8: Optimization progress for a multicable for a multicable with three equally loaded single
with three equally loaded single cables. cables.

In TPOPT, it sometimes happens that the objective function value increases in an iter-
ation, e.g. in our case at the second iteration (cf. Table 7.8 and Figure 7.21). This is due
to the interior-point algorithm, when the barrier parameter is modified [135]. The entire
optimization is interrupted after thirty iterations, i.e. nymax = 30.

Statistics
Init max T(x) 196.5°C  Final max T(x) 99.7°C
xeQMC xeQMC
No. of iterations 30 No. of function evaluations 63
Time optimizer =~ 42s Time FEM solver ~ 3584s
Time squeezing ~ 1.1s Total time ~ 3632s
DOFs ~ 120000 NOE ~ 30000

Tab. 7.9: Statistics for optimization of a multicable with three equally loaded single cables.

Obviously, the maximum temperature decreases from ~ 197°C to =~ 100°C during the
optimization process (cf. Table 7.9). The reason for this diminution is again that more
thermal energy can be emitted at the transition to air if the single cables are placed at the
exterior boundary. In the final configuration, they have the greatest possible distances from
each other.

The insulation material of the single cables and the exterior insulation is supposed to
consist of PVC. Assumed a melting point of about 130 °C, the initial multicable would not
be able to endure the given current loads, whereas the optimized one could without any
problems.

Note that the heat conductivity of the inner insulation is computed according to formula
(7.8). Thus, it is supposed to be a mixture of air and solid material. The modelling of
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7 Multicables

the inner heat conductivity with such low filling factors (< 30 %) might be inadequate for
real multicables. If we assume the inner material to consist entirely of solid material with
heat conductivity A8*P% = 0.19 W /(m - K), the maximum temperature decreases by shape
optimization from 102.1°C to 92.0°C.

Concerning the calculation expense, most of the time is spent to solve state and adjoint
systems during the 63 function evaluations (cf. Table 7.9 with further statistical informa-
tion). The rather long evaluation times for the systems with about 120000 DOFs and a
number of elements (NOE) of ~ 30000 are explained by the nonlinearities. The squeezing
time is nearly negligible and calculation time in the optimizer is very small. In fact, the
optimization problem to be solved in the nonlinear optimizer is very small. Neglecting the
x-coordinate of the first single cable as well as the lower and upper bounds for the other
variables, it consists of 5 optimization variables and 6 geometrical constraints.

For higher values of ¢, it is even more expensive to solve the PDEs. With ¢ = 5, we
obtained nearly the same optimization process (with of course different values for J(£2))
and similar calculation times in the optimizer, but the solution of the PDEs took about
four times longer for equal mesh refinements.

Multicable with Three Single Cables under Different Current Loads

We suppose again N = 3, ¢ = 3, equal cross sectional areas for the single cables and the
same material and ambient parameters as in the previous example. The only difference is
that now the cables carry different current loads, namely I; = 103 A and Is = I3 = 80 A.
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(a) Initial configuration. (b) Configuration iteration 1. (c) Configuration iteration 2.
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(d) Configuration iteration 5. (e) Configuration iteration 10. (f) Configuration iteration 30.

Fig. 7.22: Cable configurations generated during the optimization process for a multicable which con-
sists of three single cables carrying different currents.

Starting from the same initial configuration as in Section 7.6.5, the single cables also move
toward the exterior border (cf. Figure 7.22). In contrast to the previous example, they move
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7.6 Optimization

until finally the centre coordinates form an isosceles triangle which is not equilateral (cf.
Figure 7.22f). The distance to the single cable carrying a higher current is larger than
between the cables with equal currents. The objective function value for ¢ = 3 improves
from J(Qinit) ~ 486.3 to J(Qopt) ~ 118.3 and the maximum temperature decreases from
max T'(x) ~ 199.2°C to max T'(x) ~ 115.3°C.

XEQinit x€Qopt

The entire optimization took 4991 seconds with 30 optimization steps and 84 function
evaluations. 42 seconds where required in the nonlinear optimizer, one second for squeezing,
the rest to solve the PDEs. The NOE was about 30000, corresponding to ~ 120000 DOFs
in the linearized systems, which were solved by UMFPACK.

Third Example
We consider a multicable consisting of 15 single cables with different cross sectional areas
and currents listed in the Appendix, Table A.4.

The filling factor of the multicable with diameters dion = 18.6 mm, dg* = 23.0mm, is
~ 47 %, the ambient temperature T} = 33.2°C and we use ¢ = 3. The maximum temper-
atures of the depicted initial configurations, obtained by squeezing of the initial template
configurations (cf. Figure 7.23), vary between 142.2 — 149.7°C.
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(a) INL (J(Q) = 219.4). (b) OUL (J(Q) = 195.5). (c) MCL1 (J(2) = 204.1).
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(d) OUL2 (J(Q) = 207.2). (e) OUL4 (J(Q) = 198.0). (f) OPP (J(Q) = 193.8).

Fig. 7.23: Initial temperatures in multicables consisting of 15 single cables.

The lowest maximum temperature after shape optimization applied to the initial template
configurations, thus the maximum temperature of the best individual for the initial gen-
eration, is 127°C. After a total calculation time of nearly 30 h with about 7100 function
evaluations®, partly in parallel, we obtain our approximated (global) minimal maximum
temperature (cf. Figure 7.24).

9Each function evaluation includes the solution of state and adjoint system.
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Fig. 7.24: Cable configurations obtained via the genetic algorithm for multicables with 15 single cables.

Therein, each shape optimization in IPOPT is interrupted after no later than 30 itera-
tions. In each function evaluation, 30 000 — 40000 elements with 120 000 — 160 000 DOFs
are used for the finite element approximation. The linear solver is UMFPACK. The entire
optimization problem has 29 optimization variables (z-coordinate of first single cable ne-
glected) with 120 inequality constraints and 435 non-zero entries in the inequality constraint
Jacobian.

The minimal maximum temperature of our best cable configuration is 125.9°C. Hence,
in this case with a rather low filling factor, most of the optimization is done by the gra-
dient based shape optimization. The influence of the genetic algorithm is rather small in
relation to the computational effort (see Figure 7.25a and Table A.5). But this also shows
that the different template configuration strategies, combined with squeezing and shape
optimization, already provide a good approximation of the best cable configuration.
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(a) Convergence history 15 single cables. (b) Convergence history 33 single cables.

Fig. 7.25: Convergence history of the genetic algorithm for multicables with 15 and 33 single cables.

Fourth Example

Finally, we optimize a multicable motivating this section, which consists of 33 single cables.
All current loads and cross sectional areas are listed in Table A.1. We use the ambient
temperature 77 = 33.2°C and ¢ = 3. The filling factor of the multicable is ~ 63 % with an
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inner diameter of 19.2mm and outer diameter of 23.6 mm for the exterior insulation.?

Temperature Temperature Temperature
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(a) INL (J(Q) = 116.2). (b) OUL (J(9) = 108.3). (c) OPP (J(Q) = 106.1).

Fig. 7.26: Temperature distributions in multicables with 33 single cables for different initial template
assignments.

Figure 7.26 shows that the maximum temperature obtained by the initial template con-
figuration INL (Figure 7.26a) is 108.5°C. In contrast, our optimized cable has a maximum
temperature of 92.4°C (Figure 7.27a). That means that the difference in maximum temper-
atures between a bad and good configuration for this case can be about 16.1 K. Thus, the
reduction of maximum temperature of the optimized cable compared to that obtained with
INL is ~ 21 %), if we consider the temperature in each cable minus ambient temperature.
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(a) Best config. (J(©2) =92.43). (b) Second config. (J(£2) = 93.81). (c) Third config. (J(€2) = 96.89).

Fig. 7.27: Cable configurations obtained via the genetic algorithm for multicables with 33 single cables.

In the optimization procedure of the genetic algorithm, we determined 6 generations, each
consisting of 9 individuals (cf. Table A.6). Therein, the objective function value was reduced
from J(Qipit) = 93.76 to J(Qopt) = 92.43 (cf. Figure 7.25b). The shape optimization of each
individual in IPOPT was interrupted after latest nmax = 50. The number of optimization
variables was 65 with 561 inequality constraints and 2 145 non-zero entries in the inequality
constraint Jacobian. The linearised systems in the evaluation with finite elements were
solved with PARDISO and had between 250 000-350 000 unknowns.

Altogether, the state and adjoint systems were evaluated about 7300 times. The entire
optimization process took about 42 hours.

ONote that the exterior insulation has a slightly larger diameter than in the measurements. Furthermore,
we used dp = 0.3 in Algorithm 4 for the optimization and dop = 0.5 in Section 7.5 for the simulation of
multicables. This provides different configurations for INL.

129



7 Multicables

7.6.6 Discussion

The goal of the present section was to derive an algorithm for the optimization of current
carrying multicables. This was enabled by coupling our Cable Squeezing Algorithm that
generates feasible cable configurations to a genetic algorithm and a gradient based shape
optimization approach. The positive influence of the gradient based shape optimization for
multicables consisting of several single cables, even for limited space, is surprising in this
context. In fact, the gradient based approach runs into local minima that are numerous
for larger numbers of single cables. In combination with the genetic algorithm, the global
optimum is however well approximated in acceptable time, running several instances in
parallel.

We showed how a well planned and exact production process of multicables could improve
the thermal on-board management in cars, just by varying positions of the cables. Hardly
any attention has been paid to this fact, yet. By now, the production process for multicables
and cable harnesses is not as precise as necessary for an optimal design. Whether it is
more valuable to change the production process in order to generate more precise and
thermally optimal multicables or to maintain the old production process, lies beyond the
author’s scope. However, this research shows that there exists a great potential to reduce
temperatures with an optimized cable design.

7.7 Conclusion

In this chapter, we compared two methods to compute the stationary temperatures in
multicables and developed an algorithm to minimize their maximum temperatures.

The detailed temperature profile obtained via finite elements provides useful and reliable
information about hotspot generation as well as average and maximum temperatures. An
associated geometry is constructed via a cable squeezing algorithm. The comparison to
measurement results shows good accordance. Discrepancies in some cases are explained by
different positions of the single cables in simulations and measurements and by uncertainties
in the parameter values.

Furthermore, formulas for characteristic temperatures in the multicable were derived and
solved via a fixed point approach. The fixed point approach yields adequate mean value
temperatures in the multicables, also shown by comparison to the measurements. But this
approach does not provide appropriate results for extreme cases with very great variations
in the current densities of the single cables, which are rare in practice.

The small calculation times qualify the fixed point approach for direct industrial appli-
cation. However, a deeper analysis can only be performed by the finite element approach.

One main result of our extensive simulation and measuring study was that the positioning
of the single cable has an essential impact on the temperature distribution and especially
on the maximum temperature in the multicable. Hence, we developed an algorithm that
computes the optimal cable layout for given current loads of the single cables and cable
geometries. It was shown that, just by varying the inner layout, an optimal positioning
of the single cables in a multicable can effect temperatures that are more than 20 % lower
than those of arbitrary distributions.
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8 Current Bars

Further components connecting electric devices, apart from cables and wires, are current
bars. In contrast to cables, they do not have only two ends to which other electric devices
can be attached, instead there exist several points where electric currents enter or leave
the system (cf. Figure 8.1a with four cables connected to the current bar). Consequently,
the electrical current passing the current bar varies from one section to another. The DIN

(a) Thermal image of a current bar under elec- (b) Current bar with three connecting screws.
tric load.

Fig. 8.1: Thermal image of a current bar under electric load and photography of the geometry (image
source: Drdzlmaier Elektrotechnik GmbH).

standards 43 670 and 43671 [29, 30] represent relevant protection specifications for thermal
load capacities of current bars and give important advice for their construction. However,
they do not provide information about how to correctly dimension current bars for attached
components carrying different currents and thus, how intensively those contribute to the
stress of the current bar. By now, the complex contexts of current bars have mainly been
investigated by experimental knowledge and practical experience [114]. We developed first
industrial applicable approaches for the fast computation of temperatures in current bars.
In this thesis, we restrict to stationary investigations on current bars. Within the research
project [82] in cooperation with the Draxlmaier AG, a simulation tool for dimensioning of
current bars was implemented (cf. Figure A.3 with a screenshot of the simulation tool). Its
computations are entirely based on the methods we present in this chapter.

In [99], a prototype of the mentioned calculation tool has been tested and evaluated. To
this purpose, experimental measurements were performed. They also serve as an indicator
for the quality and applicability of our computational approach in industry. Moreover,
we show comparisons to finite element computations and strengths and weaknesses of our
method. Main parts of this chapter have been published in a peer reviewed IEEE conference
proceeding [88].
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8.1 Problem Formulation

It is the objective to develop a fast, robust and reliable computational method to determine
temperatures in current bars with attached cables. Moreover, it shall enable a quick dimen-
sioning of current bars for concrete current load scenarios, providing a priori estimates for
more elaborative and expansive measurements or (FEM) computations. In this way, the
total effort to dimension concrete current bars shall be reduced.

Figure 8.2 shows the model of a current bar with n attached cables. We suppose those to
be insulated single-core cables, carrying electric currents I, k = 1,...,n. The entire current
bar is subdivided into n input modules® of the form depicted in Figure 8.3a, numbered from
left to right, and a metallic rest on the right of module n. Not to be confused with the
temperature of the first module, the temperature of ambient air surrounding the current
bar is abbreviated by T, in this chapter.

Thickness module 1 Length module k+1
; Lo A
/ Contact resistances : Width module n Tamb
K : T, I i
e i
k—1 a k P o k+1 a n
Siooo R D fi=o
1 j=1 1 j=1 t j=1 1 j=1
I 1 k Iy41 I,

Fig. 8.2: Model of a current bar with attached cables.

The electric currents entering or leaving the system via attached cables have fixed direc-
tion. Those entering the system are taken into account by a positive sign, those leaving the
current bar by a negative one. The resulting current Jj, in module k represents the sum of
electric currents entering and leaving the current bar by cables with numbers smaller than
k. With Iy := 0, we obtain

k—1
=) ILik=1,..n. (8.1)
7=0

We require that for the sum of all currents in the current bar holds
n
Inp1:=> I;=0. (8.2)
j=0

The current bar is supposed to consist of homogeneous material with dimensions varying
from one module to another. It is characterized by a heat conductivity A, an electrical
conductivity kg s at reference temperature and a linear coefficient a, s for the rise of electrical
resistivity for higher temperatures. Since the contact of different conducting materials
results in a higher electrical resistivity and thus in an additional heat source, we respect
the contact resistance R(‘ik at cable k and a linear approximation with O‘Z,k of its growth
for higher temperatures.

For the characterization of attached cables, we allow three different modes:

The terms input/output refer to the computational description of the current bar subsections, not the
electric current or energy entering and leaving the system.

132



8.1 Problem Formulation
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(a) Input module k. (b) Output module k.

Fig. 8.3: Input and output modules of a current bar with attached cables.

- Wires of finite length with specification of all cable data

The cables are supposed to be of finite length L;; with temperature Tf; at the
end averted from the current bar. Then, the diameter dy ) of the insulation, the
diameter ds j, of the core, the metallic cross sectional area Aj, of the core, the ambient
temperature Ty, ;. of the attached cable, the heat conductivity A3 of the metallic
part, the heat conductivity Ay of the insulation, the emissivity €, of the insulation,
the resistivity pgj of the metallic part of the cable core and its linear temperature
coefficient a, ; are necessary for characterization.

- Wires of finite length with reduced cable data
In Section 8.2.1, we describe an approach to characterize attached cables by simplified
quantities, enabling an enormous reduction of parameters. Thus, for cables of finite
length, only the parameters Ay, Thmbk, Ak, Lfk, Ttr and the cable characterizing
quantities ag, br and i are required. We denote A the heat conductivity weighted
with respect to the cross sectional area, aj the linear characterizing constant, b
analogously the quadratic one and xj the characterizing length of cable k.

- Wires of infinite length with reduced cable data
For attached cables of infinite length, the input of data can also be reduced to ag, bx
and xj. Then, the values for Ay, Tymp . and Ay have to be given in addition.

The mode Wires of infinite length with specification of all cable data is left out in this
thesis, as it is not part of the mentioned calculation tool. Note that each cable attached
to the current bar is characterized individually, and the mode of characterization may vary
from one to another.

Heat power dissipates from the current bar by convection and radiation via the surface
and possibly by conduction via attached cables of lower temperatures. Since we consider
three dimensional current bars, we have to distinguish between upper, lower and vertical
surfaces with different formulas for each surface type (cf. Section 2.3). In Figure 8.2, they
are summarized by a without distinction, in the computations, they are denoted by «,, o
and «, for the corresponding surfaces.
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8.2 Simulation Methods

We first present a simplified computational approach based on heat power balances to
determine temperatures at specific positions in the current bar. Afterwards, we explain
how finite elements are used for this type of application.

8.2.1 Heat Power Balance Approach

The entire current bar in the steady state is considered to be a closed system of homogeneous
material in which the heat power balance (2.1) holds with AEg = 0. We derive a system of
nonlinear equations, enabling the computation of one temperature in each output module
of the current bar. This approach is based on heat power balances for each (output) module
of the current bar (cf. Figure 8.3b).

We first explain how the different module types in Figure 8.3 are characterized and why
we distinguish between input and output modules. An arbitrary current bar with possibly
complex shape has to be transformed adequately in the model of Figure 8.2, before the
present approach can be applied.

Input module k (cf. Figure 8.3a) consists of cable k, the contact resistance between cable
k and the current bar as well as a certain subsection of the current bar. This subsection
starts at the centre of the projected contact surface between current bar and cable k — 1,
and it ends at the corresponding centre of the projected contact surface at cable k. Input
module 1 starts at the left end of the current bar. Dividing the current bar this way, there
remains the current bar section between the right end of module n and the right end of the
current bar. For the sake of simplicity, this subsection is denoted by module n+ 1, although
there is no cable attached.

In contrast, an interior output module k consists of the attached cable with index k and
its contact resistance, the half current bar section of input module k& and the half current
bar section of input module k + 1. For the left output module 1, the entire length of input
module 1 is added and for the right output module 71, the rest of the entire length of current
bar module n 4+ 1. Thus, for the lengths of output modules, there holds

0+ %2, if k=1,
=4 i p—2. . n-1, (8.3)
bt by, if k=n.

In order to simplify notation, we additionally define the lengths

Manufacturers prefer to specify dimensions of current bars with input modules. However,
stating a heat power balance for an input module would be difficult (or even impossible),
since it is hard to determine a priori how much energy of the cable k is supplied to (or
absorbed from) input module k£ and how much to (or from) module k+ 1. The introduction
of output modules l;:, k =1,...,n, enables an adequate computation of the temperature
T;, k =1,...,n, in each module. With the contact of current bar and cables not being
situated at the interface of two different (input) modules, we avoid the described problem.
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8.2 Simulation Methods

Heat Power Balance for an Qutput Module

We identify P ; with the heat power generated in the current bar section of module k
by Joule losses P s with the heat power supplied to or absorbed from the current bar by
attached wire k, P i with the heat power generated by the contact resistance between cable
k and the current bar P, ; with the heat power exchanged with the adjacent module(s) via
conduction and P b Wlth the heat power emitted via convection and radiation. Thus, the

following heat power balance for output module k holds:

Pi+P i +P+P =P k=1..n (8.4)

S,

Note that for the boundary modules 1 and 7, there exists only one adjacent module, but a
further vertical surface where heat dissipates from via convection and radiation.
The heat power generated in module k& computes by

1 Ek/Q 29 €k+1/2 29
P = -1 T, — Tt I I k=1,....,n. 8.5
T o [1+aps (T}, — To)] <wk o + Ore1 - sper L) N 0 (8.5)

We remind that the resulting currents at the exterior modules are
I :=I)=0, I,41=0. (8.6)

Heat power is supplied or dissipates by conduction via attached cables. Thus, there holds
Fourier’s law. Like in Section 6.3.1, we define the auxiliary quantity

T
Api= (@ = d3i) T Do+ Ap A, (8.7)

called the heat conductivity with respect to the cross sectional area. It enables to take into
account that the heat exchange via the insulation is much smaller than that via the metallic
parts of the cables?. By this simplification, we obtain

ATy,

P=A
kdE

W ,k=1,...,n
with T}, the temperature (distribution) in cable k and # the (local) cable coordinate. The
temperature in the current bar module kis essentially influenced by the temperature profile
T, = Ti(%) of the attached cable k in axial direction, in particular by the temperature
change at the contact of current bar and cable (cf. Figure 8.4a for a qualitative temperature
profile of an attached cable in axial direction). Note that Z is a local quantity, referred to
the considered cable, with & = 0 the contact of the attached cable and the current bar. If
cable k is of finite length, we additionally fix £ = Ly, at the other end of cable k. Thus,
the heat power contribution of cable k is summarized by

P =M, T,(0), k=1,...,n. (8.8)

Analogously to Section 6, the consideration of a volume element with length dz (cf. Fig-
ure 8.4b) yields an ordinary differential equation for the temperature distribution in the
insulated single-core cable k of finite length

d?T, (%)
dz?

2The heat power contribution of the air gaps in the cable core is neglected due to the extremely low heat
conductivity of air.

— B, Ti(%) + Cy, = 0, (8.9)
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Ty

0 ] Lpy x

(a) Qualitative temperature profile in axial direction (b) Volume element of length dz for attached cable
of cable k. k.

Fig. 8.4: Qualitative temperature profile and a volume element of the insulated single-core cable k.

with
By 1 ( T POk Cpk I,f) o 1 <7rTamb,k L POk (1 —apk TO)L%) (8.10)
A \ puk Ay Ay Puw,k Ak
and 1 1
T + In(da i/ d3 )- (8.11)

apdap 2 Aok

The quantity aj denotes the heat transfer coefficient for the cable &k, which is in this context
supposed to be constant over the length of the cable and evaluated for a mean temperature
at its surface. We describe the determination in detail at the end of this paragraph. First,
we define the asymptotic core temperature of cable k

Cx

T, = —
00,k Bka

(8.12)

which represents a particular solution of Equation (8.9). Applying the boundary conditions

Ti(0) =Ty, Te(Lyx) = Tri, (8.13)

provides the unique solution

- C
Typ(x) = O - eVBre 49y - e VBRT 4 B—’;, (8.14)
of Equation (8.9) with
dpp = =T = Too) - 7B EI: 4 (Tps = Toc)
’ eVBr Lk — o=VBr Ly ’ (8.15)

(T — Tooyp) - eVBrelir — (Tp ) — Too 1)
e\/BTLM _ e*\/Bika,k '

Vo =

Finally, we obtain for the heat power contribution by wire k of finite length with
specification of all cable data

P, _ a, 3Tk(@)

W, KT :Ak \/Bk (ﬂl’k—ﬁg,k), k= 1,...,77,. (816)

=0
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8.2 Simulation Methods

To reduce the enormous amount of input data, the theses [67, 123] show approaches to
determine (a posteriori fitting) constants ag, bg, x that describe the thermal characteristics
of insulated single-core respectively shielded cables sufficiently accurately. Determining
those a priori® for a current load I, the asymptotic temperature T 1 can be computed by

Toose = i || + by - If + Tamb (8.17)

and the coefficient By by
B = 1/x}. (8.18)

Using Equation (8.15), the heat power contribution by wire k of finite length with
reduced cable data is determined by

Ay,

PW,]AC = (1911]%‘ - 192,k) yk=1,...,n. (819)

Xk
If we consider an attached cable of infinite length with L;; — oo, the temperature Ty
at the end of the cable corresponds to the asymptotic temperature Too i (T = Took)-
Moreover, the structure of the coefficients ¥, , and ¥, in (8.15) then implicates

VBr Ly —VBLy .
e +e
PW’,% = Ak; \V4 Bk (Too,lg - ng) emLf,k _ e—V?ij',k I o0 Ak \/Bk (Too,k: - ng). (8.20)

Thus, for wire k of infinite length with reduced cable data, the heat power supplied
to or emitted from the current bar computes by

P =" (Toop —T}). (8.21)

As mentioned, a main ingredient of By is the heat transfer coefficient oy = ak(f’gjk). Its
value respectively the temperature 75 j, at the surface of the insulation are determined iter-

atively. Starting with an initial value T. 2(1,2 = Tamb,k, We compute oy and the corresponding

solution T}, = Tg,k according to Equation (8.14). Afterwards, we calculate a mean temper-
ature of the cable core by

Lf’k
[ 1 /~~ ~ U1k Bi,L U2k —vBiL
v — [ Tp(F) dF = ——=—E—(eVBrlrr 1) = 28 (e VBRLrk 1) 4 To g,
3.k Lf,k v/ B Lf7k \/Bka,k *
(8.22)
and the temperature at the insulation for the the next iteration by
) e Pok (Lt apk (T35 = Th)) I} (3.23)
2k T3 on Na g Ag In(dyg/ds ) '
Repeating this iterative procedure until there holds ‘TQ(Z,: b _ TQ(II)C) < €, € > 0 constant, we

finally obtain an appropriate value for the temperature at the surface of cable k which then
allows to evaluate the heat transfer coefficient «y.

3We implemented calculation tools for the determination of characterizing quantities of insulated single-core
cables and shielded cables. The latest versions are available on http://cable.liess-physics.com.
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The heat power generated via the contact resistance at the connection of cable k£ to the

current bar is
P =Ri [1+a5, (T, -T)] - I, k=1,...,n, (8.24)

For the heat power contribution by adjacent modules, we have to distinguish between
exterior modules with only one neighbour and interior modules with two neighbours:

dr

As‘“@s?‘ah’ if k=1,
i
P = )\S-<—wk3k(£L +wk+18k+1(£t>, ifk=2...,n-1, (8.25)
k=1 k
7)\8wn8n(d17;1;‘[/ R lfk'/:n
n>1

The gradients in (8.25) at L, the interface of output modules kand k + 1, are approximated
by difference quotients
T — T;

dr k. (8.26)

dz
Another distinction of interior and exterior modules has to be performed for the heat
dissipation via the surface

~

[(agl) + ozgl)) f1 81+ ozs,l)(Z 1wy + s1wr)

+ (afﬁ) + a§12)> Losy+ a? g, U)Q} (T} — Tamb) if k=1,

aff“) + a,(lk)> %’“ Sk + a\(,k)ﬁk wg +

ok (a8 + ™) s + ol by wi | (T = o) . 3 k=2, = 1,
[(ag") + osz”) b s, + ol e, w, + (agnﬂ) + aSnH)) lni1 Snt1
+ aS/n+1) (2 lpg1 Wng1 + Snyt wn—f—l)} (Tﬁ - Tamb) ) if k=n.

(8.27)
Note that the heat transfer coefficients on upper, lower and vertical surfaces have to be
determined separately for each module due to their temperature dependency.

Solution of the System of Nonlinear Equations

Putting the heat power terms (8.5), (8.24), (8.25) and (8.27) as well as (8.16), (8.19) or
(8.21) into Equation (8.4) finally provides a system of nonlinear equations

P i(Ty) + P, 1(Th) + P 1(Ty) + P, 1 (T3, Ty) = P, 1(T3),
Ps,fc(Tl}) + PW,I;?(T];‘) + Pc,fc(ch) + Pa,fc(Tk:il’ ch’ Tk—f-l) = Pa,l%(TI%)’ k=2,...,n—1,
Py (Th) + Py (Th) + Pea(Th) + Pap(T,~ 1, Th) = Pan(Th),
(8.28)
with unknown temperature vector
T;
T=1":

Ty
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8.2 Simulation Methods

As for each single output module a heat power balance is fulfilled, it is also valid for the
entire current bar. The influences of heat powers by adjacent modules cancel each other
out in a complete power balance.

To solve the system (8.28) of nonlinear equations, a fixed point approach like e.g. pre-
sented for shielded cables could be applied. In contrast to shielded cables, where we in-
corporate the influence by adjacent cable subsections via interface conditions, the influence
by attached cables and adjacent modules in current bars is respected via the heat power
balance. This changes the structure of the system of equations. An iterative method for
the solution has not been implemented yet. Instead, the nonlinear system is solved (black
box) in Matlab with the command fsolve(), which uses the Trust-Region dogleg method
[142]. In this algorithm, Newton’s method is combined with a Trust-Region method. Using
Trust-Region techniques improves the robustness when starting far from the solution and
handles the case when the Jacobian J is singular in Algorithm 2. In the second case, the
Newton step 6x*Y would not be defined. The key feature of the Trust-Region dogleg
implementation is the use of the Powell dogleg procedure [111] for the computation of the
Newton step by minimizing an additionally introduced merit function. It is efficient, since
it requires only one linear solution per iteration. Additionally, it can be more robust than
using e.g. the Gauss-Newton method with linesearch [91].

For the initial vector, all temperatures 15, ..., T} are set to the ambient temperature of
the current bar T,,. Thus, in case of high currents in the current bar and small cross-
sectional areas, this starting point can be quite far from the final solution, which makes it
indispensable to have a robust solver.

Since our approach only provides an average temperature for each output module, we
obtain an entire temperature profile along the current bar via interpolation between the
discrete points. To this purpose, we apply the Matlab command énterp!() with the inter-
polation option ’pchip’. Thus, a piecewise cubic Hermite interpolation is used to compute
temperatures between the left and the right end of the current bar.

As the method to solve the nonlinear system has not been implemented by ourselves, we
do not state any convergence properties of the applied iterative procedure. In fact, it may
be supposed that an iterative algorithm like e.g. implemented for shielded cables nearly
behaves in the same manner, because the stated problem respectively the ingredients of the
systems of nonlinear equations are very similar. The implementation of the corresponding
fixed point iteration and a deeper analysis is intended for the near future.

The close relationship of the convergence of an iterative procedure and the existence and
uniqueness of a solution has been shown for all the three previously handled applications
— insulated single-core cables, shielded cables and multicables. The structure of the given
problem may lead to the conclusion that a condition like formulated for example in Theorem
1, which refers to the ratio of generated heat by the electrical resistance to the heat power
emission via the surface in each subdomain, can be formulated in a similar way. Further
analysis of this aspect is outstanding.

8.2.2 Finite Element Approach

The modelling with PDEs goes straightforward for the application of current bars with
Equation (2.28). As the entire domain of a current bar is supposed to be of homogeneous
material, its heat conductivity A is constant. Furthermore, since the current bar is compact
and, in contrast to cables, does not contain any air gaps, we do not have to distinguish
between a geometrical and physical cross section. Thus, the following equation is used for
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the computation of temperature 7" in input module k of the current bar:

R 2
Iy, 1
— MAT = (Skwk> Fos (1+a,s (T —1Tp)). (8.29)

We additionally apply Equation (2.24) at the interface of current bar and cable cores to
respect the influence of contact resistances. Thus, for the area of the contact resistance, we
use the metallic cross sectional area of the cables, denoted by the physical cross sectional
area Ay.

To simulate a cable of infinite length in three dimensions, we replace it by a wire of
finite length Ly; = 3xi. By experience, this length is sufficient to ensure that a loose
cable? attains the asymptotic temperature computed in a two dimensional cross section,
even though the temperature T differs from T . In fact, for the comparison to finite
element simulations, we set Ty = T g, With Ty determined a priori, either with the
help of the mentioned cable simulation tool or with our computational approach presented
in Chapter 5.

A geometry like depicted in Figure 8.5a is created in COMSOL Multiphysics 3.5a as well
as an adaptive mesh which is automatically generated with a finer grid at the transition of
cable to current bar (cf. Figure 8.5b). We use tetrahedrons with quadratic basis functions
for discretization. Note that for reasons of better presentability, the current bar in Figure
8.5 is turned to the side, instead of all cables pointing to the floor.

(a) Generated geometry. (b) Automatically generated mesh.

Fig. 8.5: Geometry and mesh of a current bar with four attached cables.

Finally, a damped Newton method is applied in combination with PARDISO to iteratively
solve the system of nonlinear equations.

8.3 Numerical Results

In order to examine if our model for the simulation of temperatures in current bars is
correct, we compare measurement and simulation results for a current bar with two attached
cables. To investigate the error due to simplifications and discretization, more extensive
computations with four wires are compared to finite element simulations. Finally, we show

4Loose cable means in this context that it is not attached to a current bar or any other electrical device.
Thus, no further exterior thermal influences have to be taken into account than those respected in the
considerations of the cross section in Chapter 5.
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8.3 Numerical Results

how the method can be used within a dimensioning tool of current bars for industrial
application.

8.3.1 Comparison to Measurements

For the validation of practical applicability of the presented computational approach, the
Dréxlmaier AG provided a current bar to be used in modern cars. Measurements under
current loads were performed and documented in detail in thesis [99]. Two cables of nominal
cross sectional area 35 mm? were attached to the current bar and for different current loads,
measurements of temperatures were taken via thermocouples. The dimensions of the flat
cuboid-shaped current bar are depicted in Figure 8.6 and the parameters of its material are
summarized in Table 8.1.

Tab. 8.1: Parameters of the current bar in the comparison of computations and measurements.

Parameter name Symbol Value Unit
Heat conductivity As 400 W/(m - K)
Electrical conductivity Ko,s 5.85e7 1/(©2-m)
Temperature coefficient of electr. resistivity Qp,s 3.93e-3 1/K
Emission coefficient of the current bar €r 0.07

[10mm | 178mm [10mm |

20mm

s=1mm

2200mm
2170mm

Fig. 8.6: Dimensions of the current bar and attached cables of the measurements (Image source [99]).

Five test cases were defined with electrical currents 100 A, 150 A, 175 A, 200 A, 225 A. As
a rule of thumb, an arbitrary cross section of copper stands at least a current density of
10 A/mm? [99]°. Since the cross sectional area of the entire current bar is Ay = 20 mm?,
this condition is fulfilled for I = 200 A. To cross this threshold, an even higher current was
also chosen (225 A). The ambient temperatures were Toymp = Tamb1 = Tamb2 ~ 23°C.

Table 8.2 shows a summary of the measured parameters, i.e. the electric current I, the
ambient temperature T}y, the temperatures T 1, Ty o at the ends of attached cables and

5Note that this general statement should be used with caution, because properties of the surface, quality
of contacts, etc. also essentially influence the heat distribution of a current bar.
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the contact resistances R1, Rs. All those represent mean values of three measurements. In
Appendix A.3.2, the detailed results of the measurements are listed.

Scenario
Scenario 100A 150A 175A 200A 225A
100A  150A 175A 200A 225A  T:(°C) 522 857 1093 1356 165.3
I(A) 100.3 1505 175.6 200.7 2255  L(°C) 528 874 111.3  138.2 168.6

) 49.9 80.1 100.7 123.0 1479

Tomn(°C) 231 228 238 238 235 L1 (C
5 (°C) 514 834 1052 1287 1554
)

T;a(°C) 438 672 828 993 1188 13
)

T;»(°C) 433 666 sL.7 978 1173 LK 23 56 86 126 174
Ri(u9) 1443 1483 1510 1543 1583  €i(%) 86 98 112 127 140
Ro(u) 1576 1625 1655 1689 1729 LK) 144061 95 132

es(%) 50 66 75 91 100

Tab. 8.2: Mean values of measured parameters — Tab. 8.3: Simulation (s) and measurement (m)

for a current bar with two attached cables. results and absolute respectively relative devia-
tions for both modules of the current bar.

The results of simulations and measurements to the given current bar for the five scenarios
are listed in Table 8.3. The quantities Tis and T§ represent the computed temperatures in
module one and two, n and Tﬁm the corresponding measured values with

3 5
1 1
Tim:§§ Ts, and T;L:§§ Ts,
=1 =3

and T, the measured temperature at sensor i (cf. Table A.3.2 for details). The absolute
differences between measurement and simulation for module one are given by E; and those
for module two by Ej, the relative ones by e; and e;. For the computation of relative
deviations, the measured results serve as reference and ambient temperature are subtracted.
It is worth mentioning that each simulation took less than 0.5 s in Matlab, version 7.10.0.499,
on an Intel Core 2 Duo processor with 2.67 GHz and 3.00 GB RAM. Considering Table 8.3,
we observe the following aspects:

1. The measuring and computational results are of the same magnitude (within a range
of 15% with regard to the relative error). However, discrepancies can be observed
for larger current loads. In case of I; = I, = 225 A, the absolute deviation between
simulation and measurement is 17.4 K for module 1 and 13.2 K for module 2.

2. The calculated temperatures are in all cases (slightly) higher than the measured ones.

3. In the simulations, the difference between the temperature in module 1 and module
2 is smaller than in the measurements for each scenario.

4. In both modules, the absolute and relative errors increase for larger current loads.

5. The discrepancy between simulation and measurement is smaller for module 2 than
that of module 1 in each scenario.

We analyse and discuss reasons that may contribute to these discrepancies and observa-

tions:

1. The purpose of the presented method is to provide an estimate of temperature dis-
tributions in current bars that allows their pre-dimensioning before elaborative mea-
surements or finite element computations are carried out. Considered from this point
of view, the deviations between measurements and computations are acceptable.

We have to take into account that the information provided about the measurements
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could be more precise. In [99], an indication about the state® of the current bar and
the attached cables is missing. Thus, we supposed the current bar to be of pure
copper of high quality. About the wires, we only knew that they had a nominal
cross sectional area of 35 mm?, but the exact cable type was not provided. Due to
the important influence of attached cables (by supplying heat power) on the current
bar, differences in the cable parameters in simulations and measurements could entail
these discrepancies.

A further reason for the discrepancies between simulations and measurements could
be that the integration of contact resistances in the power balance, in the way it is
implemented in our calculations, might involve an exaggerated influence of those. The
high sensitivity of the computations to the contact resistances is investigated in detail
in Section 8.3.3 (Influence of Contact Resistances).

Moreover, the values obtained via measurements might include inaccuracies and in-
fluence the temperatures themselves.

. The quality of the material of the current bar affects the simulation results, among
other parameters, by the emission coefficient €,. Its value was supposed to be ¢, = 0.07,
which is only valid for pure copper of high quality. Higher values of ¢, that are normal
for copper of lower quality, would entail larger emissions of heat power via the surface
and thus result in lower temperatures.

. The more homogeneous heat distributions in the calculations with lower differences in
temperatures of module 1 and 2 could allow to draw the conclusion that the supposed
heat conductivity of the current bar is by far larger than in reality. As mentioned, we
assumed the current bar to be of pure copper of high quality. If it was mixed with
some other materials or degenerated by previously performed, intense current load
scenarios, a smaller heat conductivity As of the current bar would be more adequate.
This would entail greater differences of temperatures between the modules in the
simulations.

. For the observation of increasing errors for larger currents, we refer once more to the
discrepancies due to the contact resistances. Higher contact resistances were measured
for larger current loads which seems plausible due to the temperature dependency of
electrical resistivity. As the influence of contact resistances seems to be respected too
intensely in simulations, the relative error rises with increasing contact resistances.

. The three facts that our simulations by tendency overestimate the temperatures, the
huge heat conductivity of the current bar and the minor contact resistances at module
1 imply that the errors at module 2 are smaller.

In conclusion, our results deviate from measurements to an acceptable level, although
uncertainties in parameter values of current bar and cable types are included. The ap-
proach works extremely fast and is very robust, which makes it applicable for industrial
use. However, contact resistances influence the heat distribution in current bars essentially
and represent a problem for the correct dimensioning of industrial electrical components.

8.3.2 Comparison to Finite Element Simulations

In addition to the comparison of our simplified simulation approach to measurements, we
investigate the accordance of results for a current bar with four cables carrying different
currents to our finite element approach. Although the material of the current bar is copper,

SWith the state of the current bar, we refer to its age and whether it was worn-out or not. In the mentioned
work, only the dimensions of the current bar and its material, which was copper, were indicated.
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some parameters used for both simulation approaches deviate from those in Table 8.1.
The heat conductivity of the current bar is supposed to be 386 W/(m - K), the ambient
temperature of cables and current bar is 24 °C. Detailed information about the dimensions
of the modules, contact resistances and attached cables are summarized in Table 8.4. Cables
number 1 and 4 are of type FLRY-B4, cables 2 and 3 of type FLRY-B6.

Tab. 8.4: Parameter values used in the comparison of simulation results for current bars.

k Lx(mm) wg(mm) sg(mm) Ix(A)  xx(em) ar(K/A) bk(K/AQ) Ag (me) Ry, (mS)
1 16.5 30.0 2.50 +35 9.67 4.85e-2 1.92¢-2 4.00 1.00

2 11.5 30.0 2.50 +45 11.20 4.03e-2 1.13e-2 6.00 1.50

3 32.5 23.6 2.50 -25 12.33 4.03e-2 1.13e-2 6.00 1.50

4 22.0 12.0 0.80 -55 8.72 4.85e-2 1.92¢-2 4.00 1.00

5 15.5 12.0 0.80 - - - - - -

Figure 8.7a shows the heat distribution computed with finite elements in the concrete
current bar and attached cables. At the ends of the attached cables, we used Dirichlet
boundary conditions with the temperature at the boundary corresponding to the asymptotic
temperatures of the given cables. All wires have a cooling effect in this example, since the
contact resistances are huge (cf. Table 8.4 for the parameter values of the current bar, of the
contact resistances and of the attached cables. The cables are of finite length and described
by reduced cable data.) and thus, the current bar gets hotter. In fact, the heat power
generated by the contact resistances in sum is more than 10 W, whereas the power emitted
via the surface is around 6.0 W and the heat power produced by the current is less than
1.0 W. Thus, it does not surprise that for the same simulation without contact resistances,
the maximum temperature in the current bar is only 47.7°C (HBA) respectively 46.9°C
(FEM). In the situation without contact resistances, the current bar serves as a heat sink,
whereas the cables do in the present case with contact resistances.

Max: 170.29
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(a) Calculation results via FEM. (b) Comparison of simulation results.

Fig. 8.7: Finite element results for a current bar and comparison to HBA.

A cut through the temperature profile, computed by finite elements, of the current bar
parallel to the x-axis, yields the red curve in Figure 8.7b. The smoothed peaks at the
contacts to attached cables are, in contrast to the blue interpolation curve of HBA, obvious.
Comparing both lines, one notes that in this example, the red line lies above the blue
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one, meaning that we obtain higher temperatures with finite elements than with the heat
power balance approach (HBA). The maximum deviation of both approaches is 18.5K at
the position where the fourth cable is attached, and the average deviation over the entire
current bar is 7.39 K. Taking the finite element results as reference and subtracting the
ambient temperature, we have a maximum relative deviation of 12.6 % and an average
relative deviation of 5.74 %.

Whereas for the HBA, a time of only 0.23s is required to solve the nonlinear system
in 9 Newton iterations with 51 function evaluations, 178.9s are necessary via FEM with
192228 DOFs in 4 Newton iterations. In both cases, the relative tolerance, which defines
the stopping criterion, lies beneath 1e-10.

The significantly lower computation time and costs are an obvious advantage of the heat
power balance approach. On the other hand, we have to accept that these results are in most
cases less accurate. The temperature rise in the blue curve at the right end of the current
bar is due to the higher temperature at the fourth attached cable, and thus a consequence
of the interpolation (respectively extrapolation). The flattening of the finite element curve
towards the right end of the current bar is more realistic, as more heat dissipates from the
current bar at the vertical surface by convection and radiation.

A main reason for the discrepancies of both approaches is the different incorporation of
the influence by attached cables. Whereas the heat dissipation by conduction via attached
cables might be simulated accurately via FEM, we use simplified models for the heat power
balance approach ,which cannot respect influences around, at the end of or in the shape of
attached cables in detail. Furthermore, a mean value of the temperature at the surface of
the cable is used, whereas a local heat transfer coefficient is applied in FEM. The heat power
dissipating via the surface of the current bar is also respected locally in the computations
with finite elements. In contrast, only one temperature is computed for each current bar
module in the HBA, which means that piecewise constant heat transfer coefficients have to
be employed.

To summarize, the heat power balance excels by very short calculation times and mi-
nor computational effort. On the other hand, the computations in each module and inter-
respectively extrapolation only provide an estimate of the temperature profile. Those inac-
curacies require the correct interpretation by the user and have, in some cases, to be handled
with care. The finite element approach enables to perform a detailed analysis of the heat
distribution in the current bar and to investigate the influence of even curved, 'non-regular’
shapes. More complex geometries as depicted in Figure 1.2 can be treated directly, whereas
a conversion of the dimensions to the model of the HBA with modules has to be made in
advance. Of course, this conversion is often associated with a loss of accuracy.

8.3.3 Further Calculations

The amount of parameters influencing the temperature distribution in a current bar would
allow many parameter studies. We restrict to the investigation of the two following aspects:
e Influence of a varying thickness of one module to the temperature distribution and to
the maximum temperature, and
o effects of contact resistances.

Other aspects like the dependency on the heat conductivity of the current bar are mentioned
within these descriptions.
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Example 1 (Variation of Module Thicknesses)

We consider a current bar of homogeneous material with eight attached cables. The physical
properties of the current bar and its ambience are given in Table 8.1. The attached cables,
the contact resistance and the dimensions of the current bar section are chosen equally for
all modules (cf. Table 8.5 for parameter values), except of the length of each module and
the electric current in the cables (cf. Table 8.6). We vary the thickness of module 7 in order
to show the dependency of the maximum temperature in the current bar on the dimensions
of this module.

Tab. 8.5: Parameter values of all modules of the current bar of the first ezample.

Parameter name Symbol Value Unit
Width of each module Wy 10 mm
Thickness of each module Sk 5.0 mm
Contact resistance at each cable RG 1, 1.0 m(2
Temperature coefficient of the contact resistances ag g 3.93e-3 1/K
Metallic cross sectional area of each cable Ag 3.0 mm?
Ambient temperature of each cable Tamb, k& 65 °C
Length of each cable Ly 50 cm
Temperature at the end of each cable Trx 60 °C
Resistivity of the metallic part of each cable P0,k 1.71e-8 Q-m
Temperature coefficient of the metallic part of each cable Qp i 3.93e-3 1/K
Exterior diameter of the attached cables da,k 2.5 mm
Interior diameter of the attached cables ds,k 2.0 mm
Heat conductivity of the metallic part of attached cables A3,k 386 W/(m - K)
Heat conductivity of the insulation of attached cables A2,k 0.23 W/(m - K)
Emission coefficient of the insulation of attached cables €k 0.93 —

Tab. 8.6: Lengths of and electric currents in current bar modules of the first example.

Module No. (k)
1 2 3 4 5 6 7 8 9

lg(mm) 20 40 30 20 40 20 20 50 10
I (A) 40 -25 20 O 25 -10 -80 30 @~
Ix(A) 0 40 15 35 35 60 50 -30 O

Fig 8.8 depicts temperature distributions in axial direction of the current bar for a varying
thickness of module 7. Obviously, the thickness of the current bar has an impact on the
maximum temperature. If it is dimensioned too small (< 1.0mm), too high temperatures
(> 200°C) might be generated. On the other hand, if the current bar module is thicker or
equal to 2.0 mm, a further increase of the thickness has only a small effect. For example, the
maximum temperature for a thickness of 3.5 mm is 151.8 °C, whereas for 10 mm, it attains
144.1°C. Hence, we would propose to dimension the thickness with ~ 2.0 mm, yielding a
maximum temperature of 158.9°C. Compared to a thickness of 3.5 mm, the temperature
is only 7.0 K higher, but we save about 43 % of copper (or any other current bar material).
In contrast, a further reduction to 1.0 mm would result in a temperature rise of 14.1 K.

Although the current densities vary significantly in the current bar from one module to
another, the range from minimum to maximum temperature is in all cases rather small
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Fig. 8.8: Variation of thickness of module 7 and effect on mazximum temperature in current bar of
second additional example.

(cf. Figure 8.8a). If the thickness of module 7 corresponds to 10 mm, the minimum tem-
perature is 120.3°C, and the maximum temperature attains 144.1°C. For sy = 1.0 mm,
the temperature range is 117.4 — 172.9°C. These rather small differences are explained by
the large heat conductivity of the current bar material (386 W/(m - K)) which implies that
heat entering the current bar at a specific point is distributed equally in the entire current
bar. For lower heat conductivities, the temperature range would be much larger. Note in
this context that the asymptotic temperature of the cable attached at the seventh module
is, in case of s7 = 1.0mm, 226.7°C and the minimum temperature of all attached cables
corresponds to 71.7°C.

Example 2 (Influence of Contact Resistances)

We consider the same current bar as in the previous example with a fixed thickness s; =
5.0 mm of module 7 and vary the contact resistances at the cables attached at the third and
the seventh module. These two modules are chosen for variation because the first carries a
small electric current, the second a large one.

Figure 8.9a shows the heat distribution in the current bar for different contact resistances.
The blue lines depict variations of the contact resistance at module 3, the red ones those at
module 7. The contact resistances of 3.0 m§2 are represented by solid lines, those of 0.0 m{2
with dashed lines, the rest (0.5m{2 to 2.5m? in steps of 0.5m€2) with dotted lines.

As expected, the contact resistance of module 3 has hardly any influence on the temper-
ature profile in the current bar (cf. Figure 8.9b). Whereas for Ry 3 = 0.0 m€2 the maximum
temperature is 146.8 °C, it increases to 152.5°C for Rp 3 = 3.0m{2. The low rise of temper-
ature does not surprise, as the heat power produced by the contact resistance Pc’ ; mainly
depends on the current Ij in the attached cable. Since the electric current of cable 3 is only
20 A, no rise of enormous temperature can be observed, even for huge contact resistances.
On the other hand, the seventh cable carries a large current of 80 A. Obviously, the entire
system is very sensitive to the contact resistance at cables carrying such high currents.
Whereas the maximum temperature in the current bar remains below 100°C for a perfect
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Fig. 8.9: Variation of contact resistances of modules and effects on temperatures in current bars.

thermal resistance at module seven, it exceeds 200 °C for Ry 7 > 2.0 m{2.

Furthermore, Figure 8.9a shows that the range from minimum to maximum temperatures
in one current bar is again small due to the large heat conductivity. For Ry 7 = 3.0mS2, the
difference between minimum (191.1°) and maximum temperature (299.7°) is 108.6 K which
might seem a lot. But it relativises in comparison to the computation of the same current bar
with heat conductivity As = 100 W/(m - K), where the temperature range (theoretically)
extends from 151.9°C to 488.1°C.

8.4 Conclusion

In this chapter, we presented an approach to compute the heat distributions in current
bars that allows to perform a fast analysis of their geometry. Comparison to measurements
showed discrepancies in the range of 5 — 15%, which are on the one hand due to the
simplified model, on the other hand due to the inaccuracies of the provided data and of the
measurements. It is interesting that the computed temperatures lie above the measured
ones, but those of the finite element analysis are, for another example, even higher.

The variation of single parameters leads to the conclusion that the temperature in the
current bars is very sensitive to the contact resistances at attached cables. We proposed a
way to take these aspect into account. Further investigations on this topic are necessary
and a current research subject. The variation of the thickness of only one module shows
that there exists only a small range of plausible current bar thicknesses. If the thickness is
below this range, the temperatures increase intensely, even for low currents; above it, there
is hardly any change in temperature for thicker current bars. Thus, material and space
would be wasted.

For more complex geometries, the proposed method provides a rough estimate. A more
detailed analysis, e.g. with finite elements, is required in this context for most cases. Never-
theless, the purpose of the presented method is fulfilled: giving the current bar manufactur-
ers a first, fast 'shot’ how to dimension current bars, before a more elaborate and expensive
computation or measurement is performed that respects even more details.
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9 Fuses

Further Joule heating applications are fuses. Their important function consists in protecting
electric devices and connecting structures from overheating and irreparable damages in case
of too large electric currents. Since they heat up more intensely than the rest of the electric
circuit due to a partially higher resistance, they represent therein a bottle neck. If the
electric current is too high, the fuse element melts and interrupts the electric circuit.

9.1 Problem Formulation

In order to protect components of different thermal loads, there exists a great number of
fuse types, whose blowing characteristic is affected by the shape and the (composition of)
materials. A nominal current assigned to each fuse allows the classification of different fuse
types (cf. Figure 9.1a). This nominal current denotes the minimal current a fuse still resists

fuse element

air cavity

o 0 N
y J/ plastic housing
X _pe
‘ 5220

(a) Different types of fuses with nominal cur- (b) Geometry of a fuse (fuse type: Midi 25).
rents 25 A, 30 A, 400 A and 500 A.

Fig. 9.1: Fuses of different nominal currents and their general geometry.

for long times; for higher currents it blows. Practical experiences show that for currents
less than 120 % of the nominal current, the fuses often blow after more than ten minutes,
whereas for 200 % and more, it takes less than three seconds.

Most fuses are composed of four components (cf. Figure 9.1b): a metallic part that con-
nects the fuse to other devices like cables, a fuse element with the mentioned partially higher
resistance, a plastic housing that surrounds the fuse element and an air cavity between the
fuse element and the plastic housing. The material, the thickness and the length of the fuse
element determine the blowing characteristics of fuses. It is the challenge for manufacturers
to create fuses that would ideally carry their rated current indefinitely, and melt on a small
excess, at least before attached devices or cables are affected. Furthermore, the fuse element
must not be damaged by minor harmless surges of current, and must not oxidise or change
its behaviour after possibly years of service.
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9 Fuses

Fuse manufacturers provide characteristic curves for the blowing behaviour of each type
of fuse, as depicted for fuse type Midi 25 in Figure 9.2. The red curves provide lower and
upper bounds for the blowing times, the blue one represents an exemplary blowing curve.
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Fig. 9.2: Characteristic curve of Midi 25 (blue) and its validity corridor (red).

The objective of this chapter is to set up an appropriate simulation model to determine
the blowing characteristics of fuses a priori, without elaborative and expensive measure-
ments. As in the previous sections, we derive a simplified approach based on heat power
balances, solve the derived equations by an implicit Euler scheme! and finite differences and
compare the results for some examples to measurements and finite element computations.
In contrast to the previous chapters, we describe measurements performed to investigate
experimentally the blowing characteristics of fuses. Finally, we present a design proposition
that improves the blowing behaviour of fuses and allows more precise predictions of their
blowing characteristics.

In literature, there exist many approaches to compute the heat generation and blowing
characteristics of fuses, e.g. [2, 39, 45, 57, 67, 73, 94, 118, 129, 132, 133]. We give a short
overview of the mentioned works and show the differences to our approaches. The authors
of [57] employ an analogy of the electrical and thermal flow field to derive a thermal network
that is solved iteratively. This approach is widespread in the field of electrical engineering. It
enables a one dimensional calculation of the different parts of the fuses, but has the drawback
that each thermal and continuous effect has to be represented by a discrete element. In
[132, 133], a technique called conservative averaging method is applied to transform the
governing PDEs in three ODEs that are partly solved by finite differences. Like in our
heat power balance approaches, this method also uses reduced models and mathematical
means to derive simplified equations. Contrary to our approach, starting point of these
consideration is not an energy or heat power balance, but the full PDE system. Other
authors like those of [2, 45] directly use finite differences to solve the full thermal problem.
In both articles as well as in [94], the main focus remains on the validation of experimental
data and practical methods to measure temperatures in different kinds of fuse types. Thus,
the computations remain rather superficial and only serve as an indicator, whether the
measuring results can be correct or not. The characteristic blowing curves of fuse types are

We implemented an explicit and implicit Euler scheme to compute blowing times of fuses. Applying finer
discretizations of the space, we observed stability problems for the explicit Euler, which were compensated
by a large number of discretization point in time (cf. CFL condition). As the implicit Euler scheme is
unconditionally stable, we applied the implicit scheme in this context.
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Fig. 9.3: Model of a fuse element and attached cables for computation of blowing times with the HBA.

not determined within all the mentioned articles.

To solve Joule heating problems with the help of finite elements and commercial solvers,
we refer to the publications [39, 73, 129]. Especially the authors of [39, 129] use models
that are quite similar to ours, but in both works, other commercial tools than COMSOL
Multiphysics are applied. A good (updated) tutorial that helped us to start our simulations
of fuses is [97].

A general difference of our approach to all these works is that the temperature dependence
of the heat transfer coefficients is taken into account. In the mentioned investigations using
analytical methods, the heat transfer coefficient is supposed to be constant and set a priori;
in the numerical works, an information about this subject is missing in most of the cases.
The first theses applying a temperature dependent heat transfer coefficient are [67, 118].
Whereas in [118] the computations and the methods are only hinted and practical results
represent the main contribution, the author of [67] also describes some details about his
numerical approaches. In contrast to our work, the author applies finite volumes for the
solution of governing equations and uses different computational formulas.

9.2 Simulation Methods

In this section, we first describe how the blowing characteristics of fuses can be computed
by a reduced numerical approach that involves simplifications concerning the geometry.
Afterwards, we introduce a more elaborative model solved with finite elements.

9.2.1 Heat Power Balance Approach

We state an energy balance in the metallic part of the fuse for an infinitesimal period of
time dt, involving heat power provided by the attached cables. To this purpose, we consider
a simplified geometry of the fuse as depicted in Figure 9.3, which restricts to the metallic
part of the fuse, neglecting the plastic housing and the air cavity. Moreover, we suppose the
fuse element to be cylindrical of length ¢, and to have a cross sectional area A, = A((/2).

Governing Equation

We abbreviate the heat power generated in the metallic part of the fuse by P,, the heat
power that dissipates via the surface by F,, the heat power contribution via conduction by
P, and the stored energy within the time interval by dE,. Thus, for the metallic part of
the fuse, there holds the energy balance

P,dt = Py dt+ P, dt + dE, . (9.1)
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9 Fuses

We suppose that the entire metallic part is of identical material with resistivity pg, linear
temperature coefficient c, and cross sectional area A = A(z), z € (0,¢), that varies along
the length ¢. With a constant current I, there holds

po(1+a, (T —Tpy)) I?
A(x)
for the heat power generated in the fuse. Moreover, the heat power emitted via convec-

tion and radiation with ambient temperature 77, heat transfer coefficient «(T") and space
dependent perimeter u(x), computes by

P, = dz (9.2)

P,=a(T) (T —-T1)u(x)dx . (9.3)
According to Fourier’s law, the heat power supplied or emitted via conduction is given by
a°T

with X the heat conductivity of the metal in the fuse element. Finally, for the energy stored
during the time interval d¢, there holds

dE, = v A(z) dz dT, (9.5)

with ~ the specific heat capacity per volume of the metallic part of the fuse and d7T the
change of temperature during the time interval.?
Thus, inserting formulas (9.2)-(9.5) into Equation (9.1), we obtain
d*r L7 AT po(1+a,(T—To)) I*  o(T)(T —T1) u(z)
de? X dt A A(x)? A A(x)
=:f(T)

Boundary and Initial Conditions

In these considerations, we restrict to cables of infinite length, attached on the left (z = 0)
and right (zr = ¢) end of the fuse. We introduce local coordinates € (0,00) and the
temperature profile T(#,%) of the cable core with € [0,#mpay). For simplification, we
assume that the temperature distribution in the cable at fixed time ¢ corresponds to that
of a stationary one. Thus, equivalently to Equation (8.9), there holds

T"(z,t) — BT(z,1) + C =0, Z € (0, 00), (9.7)
with B and C defined in (8.10). Additionally, we apply the boundary conditions
T(0,1) = T(x = 0,1), lim T(z,f) = Too(f). (9.8)
T—00

Note that the point z = 0 of the coordinate system for T and & = 0 for T represents the
connecting point of both systems.? The solution of this boundary value problem, with y
the characteristic length of the cable, is

z

(@, 1) = (T(0,8) — Too(B)) VB + Tonld) = (T(0, ) — Too(d)) exp ( X) T Tuld). (9.9)

2Note that contact resistances possibly occurring at the interface of the metallic part of the fuse and
attached cables have not been taken into account, yet.

3We confine at first to the left attached cable. The corresponding equation for the right attached cable
would be obtained by replacing 0 by ¢ for the z-coordinate. Observe that for the gradient determination,
different signs have to be applied in case of left and right attached cables.
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Its derivative at the point & = 0 finally yields

The equality of the heat fluxes at the connection of attached cables and fuse is expressed
by

Ay Awg Tg(0,8) = =X A(0) T'(0, 1),

B, 9.10
Ay Aw, T)(0,8) = XA(O) T (¢, 1), (9.10)

with Ay, the heat conductivity, A, the cross sectional area, T(’) the temperature gradient at
xz =0, Tgo the asymptotic temperature and o the characteristic length of the left attached
cable; the parameters A\, Ay, Té , Tfo, x¢ represent the corresponding quantities of the
right attached cable. It follows for =t € [0, tymax]:

_ )‘wo Awo Tgo(t) — T(07 t)

T'(0,t) = 7
Y [t b (9.11)
T'(0,1) = Awy Aw, Too(t) —T(E,t).
’ XNA(0) e

The asymptotic temperatures T (0), T% (), in the core of the attached cables are de-
termined a priori via the formulas presented in Section 5.2.2. For each time step, the
asymptotic temperature corresponds to the temperature we obtain computationally for the
cross section of a cable of infinite length.

As usual, we suppose the entire system — fuse and attached cables — to have the same
temperature as the ambience at the beginning ¢ = 0:

T(z,0) =T, z € (0,0), Ty(%,0)=Ty(%,0) =Ty, Z € (0,00). (9.12)

Fuse Heating Problem

We summarize the entire problem by

d*1r 4 dT
— 7 9 T T t max) s
Ao Ay T (1) — T(0,1)
T'(0,¢) = — =20 = —, t € [0, tmax),
0.8 =40 Xo 10, b (9.13)
Awp Aw, TL(t) —T(0, 1)
T'(0,t) = —L L 200 —, t € [0, tmax];
A V17 E 0t
T(xz,0) =Ty, x €[0,4].

Numerical Solution of the Fuse Heating Problem

We first divide the time interval [0, tymax| into n; + 1 time steps and apply an implicit Euler
scheme for time discretization by

dr 76+ 7@ tmax
yn ~~ S — with 0 ;== t;01 — t; = nj . (9.14)
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Hence, we obtain for the governing equation

(i+1) _ (@) 4 ,
1 % = FTOD) 4 (TEDY i =0, ny — 1. (9.15)
t

For discretization in space, we apply the same principle to the derivative of second order,
with n, + 2 the number of space discretization points:

&PT Ty — 2T + Ty
oz 52 ,i=1,...,ng, (9.16)

with 5m =Tl — T =
Space:

ﬁ. This yields the following system, discretized in time and

TOH @ g ol gl

at) G TG+ () G- _ poplitl)y o i
X 5, 52 —f(T(j) ), i=0,....n,—1,7=1,...,n4,
(i) _ (i)
T —T .
1~ *) Awo Awy 70 O
S T ~-T =1,...
51‘ A A(O) X0 ( oo(l(st) (0))7 ¢ ) » Tt
() ()
T ~-T .
(nat1) ~ T (na) _ Awp Awg e oy () _
O = VAW o Lol = Tgy)y E=Lemes
T((;))):Tl, j=0,...,mp+ 1.

(9.17)
Additionally, we define the vector T of temperatures at time step ¢ and the matrix 7 of
temperatures for time and space:

. ) . ¢
TO = (10) .10 ) T = (TO .. T0).

We summarize how the system (9.17) is solved in Matlab and refer to [103] for further
details. The temperature distribution T(®) for ¢t = 0 is given by the initial condition.
Afterwards, for each time step i = 0,...,n; — 1, a large sparse block matrix M and
temperature dependent right hand side are set up. The corresponding system (9.18) is solved
with the help of the command fsolve and yields the temperature distribution T((;;r 1), 7=
0, ey Mg

MO D — O ()Y =0, 0y —1, (9.18)
with
Awn Aw
b (O , P ) (0)
0 2T e
M@ — ,
—mRt %
Ay Aw
(0) % 5t xAD
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Awn Aw ~ .
“XAD) xo T3 (i0:)
(i4+1) (%)
f (Tu) )* o T

fF(T6) + 55 70,

Aw, Aw ~ .
> e Toolidt)

The system (9.18) of nonlinear equations is solved iteratively for each time step in Matlab.
Matlab internally takes advantage of the sparse structure of the matrices by adequate
matrix storage formats like CSR (Compressed Sparse Row) or CSC (Compressed Sparse
Column) and adapted algorithms for solution. This explains why we get comparatively fast
computational times with the presented calculation method.

Melting Time of the Fuse Element

The numerical results in Section 9.3 will exhibit that by tendency, the heating of the fuse
element up to the melting temperature Ty, provides characteristic curves with smaller
blowing times than the measured ones. The reason for this observation is that the electric
circuit is not interrupted as soon as the melting point is attained, but when the fuse element
is entirely melted (at least at one slice). For this reason, we introduce the term melting
time tmelt, which denotes the time necessary for the melting of the fuse element. The
blowing time tpjo then consists of two parts, the heating time tyeay until the fuse element
has reached the melting temperature and the melting time, which is necessary to transform
the fuse element from solid into liquid:

tblow = 7fheat + 75melt- (919)

Note that the process of melting starts as soon as the temperature in the fuse element
attains the melting temperature (7" = T),e). Afterwards, the cross sectional area of the
fuse element reduces in time. In order to determine the melting time, we state an energy
balance for the melting process in a slice of the fuse element. Therein, the parameter ©
(unit: J/m3) denotes the specific melting energy per volume of the material of the fuse
element material, and the quantity dEg the stored melting energy during the time interval
dt. It holds

P, dt = P, dt + dFe. (9.20)

For the identification of the heat power P, generated during the melting process, the emitted
heat power P, and the stored melting energy dFg, we introduce the quantities x; and Ay,
which represent the electrical conductivity of the solid part of the fuse element and its cross
sectional area. The parameters k9 and Ay denote the corresponding quantities for the liquid
part of the fuse element. Thus, we obtain the electrical resistivity

Le
K1 A1+ Ky Az
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in the fuse element. As we assume A, = A; + As*, we obtain

012
P, = . 9.21
P /ﬂAe + (HQ — Hl)AQ ( )

The heat power P, emitted via the surface of the fuse element computes by

Pa = a(Tmelt)(Tmelt — Tl) 2\/ 7TA€ ge. (9.22)

We implicitly suppose that the fuse element maintains the temperature Tiyer during the
process of melting. Finally, for the stored melting energy, there holds

dEo = © dA, /.. (9.23)

Putting the terms (9.21)-(9.23) into Equation (9.20) and resolving the resulting equation
for dt, yields

© dA,
m — a(Tmett) (Tmelr — T1) 2v/TA,
o S (HlAe + (HQ — I~€1)A2) dAs
2 — a(Tmelt) (Tmelt - Tl) 2\/ 7TAe (’QlAe + (’4'2 - "il)A2) .

d¢

Thus, integration of the expression over the time interval [0, t 1] (details cf. Appendix A.4)

tmet Ae
1 Ldt — / S (/ﬂAe + (/iz — /@1)142) dAs
9 9 I? — a(Tmelt) (Tmelt - Tl) 2v TAe (KlAe + </<'32 - HI)AQ)

and definition of the heat power P, := a(Tmert) (Tmelt — 71) 2/7A per length finally
provides

(9.24)

b or? I? — Pl kg A\ OA.
melt T PR (e~ kg) - \IZ— Pk A, P

Note that fuses might blow, even though the cross section of the fuse element has not
been melted entirely. This modelling error is accepted and the numerical results in Section
9.3.1 show that the introduced model corresponds well with the measurements.

9.2.2 Finite Element Approach

Computing the heat generated by flow of electric current through a fuse represents a classical
Joule heating problem. Hence, from version 4.1, COMSOL Multiphysics offers the module
"Joule Heating’ [96] which is applied for computations of temperatures in this context. In
contrast to all other applications of this thesis, we do not enter the constituting PDEs
directly, but use the mentioned module as a ’black box’.

4For the sake of simplicity, we neglect that the volume of the material expands when it transforms from
solid into liquid.
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Computational Model

To approximate our simulations to the experimental setup (cf. Section 9.3.1), we perform
the following procedure®:

On one side of the fuse element, the electric potential is set to the value Uy, that is calculated
as a product of the electric current I and the resistance R of the fuse element. On the other
end of the fuse element, we set the boundary condition to ’ground’, i.e., the electric potential
at the boundary is zero. Consequently, the entire resistive loss is in the fuse element:

1
U0:I~R:I~A—€-p0 (14, (T —Tp)). (9.25)
(&
The resistance of the fuse element depends, among others, on its length £, and its cross
sectional area A.. Since not all fuse elements are of homogeneous material, their electrical
resistivity has to be computed appropriately. For example, the fuse elements of Midi 25

and Midi 30 consist of copper and a tinny layer. Hence, we determine the electric potential
by

PCu PSn
o=1te Acupsn + Asnpcu’ (6.26)
Therein, the parameters pc, and pg, represent the resistivity of copper and tin, the quan-
tities A¢g, and Ag, the corresponding cross sectional areas of the materials in the fuse
element.

Moreover, materials and their parameter values are chosen from a material library for
each subdomain of the fuse. In particular, we assign tin to the upper layer of the fuse
element (which represents 40 % of the volume of the fuse element for Midi 25 and Midi 30),
copper to the lower one. At the exterior surfaces, we apply our heat transfer coefficients
and, to respect the heat exchange in the air cavity by radiation, which is essential for higher
temperatures, we employ the option ’Surface-to-Surface Radiation’ [96].

The interaction of temperature and electric potential is implemented by the option *Total
Power Dissipation Density’ as general heat source for the thermal calculation.

Computational Details

Precise information about the geometry and composition of the fuses, provided by the fuse
manufacturers, allow to build an exact geometry (cf. [102]). An associated mesh is generated
automatically in COMSOL and has been sufficient for our considerations in all simulations.
For example, in case of the fuse Midi 30, a mesh with 54101 tetrahedral elements was
created.

For the time-dependent solver, a generalized a-method with time step adapted to the
estimated blowing time, an amplification of 0.75 for high frequency and a linear predictor
is applied. To solve the linear systems of each iteration, we use PARDISO with the nested
dissection multithreaded preordering algorithm and a pivoting perturbation of 1le-8 [95, 96].

With the presented model and computing procedure, we can determine heat distributions
in fuses at any time (cf. Figure 9.4). To obtain a characteristic curve of a fuse, we have to
calculate the blowing times for several currents. Starting with lower values, we increase the
electric currents in simulations for the stationary case until the melting point is attained.
Afterwards, we perform simulations for the transient case with rising currents and note the

5 Attached cables have not yet been respected in the simulation with finite elements. We investigate their
influence explicitly by means of the HBA in Section 9.3.3 (Example 1).
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(a) Heat distribution in Midi 25 after 31 seconds (b) Heat distribution in Midi 30 after 0.2 seconds
with 32.5 A and ambient temperature 50 °C. with 90 A and ambient temperature 20 °C.

Fig. 9.4: Heat distribution in Midi fuses computed with finite elements.

heating times of the fuse element until the melting temperature is reached. Finally, these
heating times are connected by a piecewise linear interpolation.

9.3 Numerical Results

We show how we performed measurements on fuses and compare the experimental results
to those of our simplified calculation model and the computations with finite elements.

9.3.1 Comparison to Measurements

In [107, 108], a great number of measurements, performed to determine the blowing char-
acteristics of several fuses, is documented. We briefly describe our experimental setup and
compare our computational to the measuring results.

Experimental Setup

We measured the blowing times of fuses in an experimental setting, depicted in Figure
9.5a. Therein, a virtual oscilloscope, connected to a computer, measures the voltage at a
shunt. Since the resistance of the shunt is known, the electric current in the fuse can be
computed by Ohm’s law. The current source is also connected to the computer, such that
the magnitude of voltage and current can be controlled by the user (cf. Figure 9.5b).

Current source
Fuse Shunt

Computer

Oscilloscope

(a) Experimental setup for measurements of blow- (b) Basic circuit diagram of experimental setup.
ing times of fuses.

Fig. 9.5: Setup and basic diagram for measurements of blowing characteristics of fuses.
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To be able to measure the correct blowing times, we have to know the moment when
the flank of the current edge rises most intensely. This moment represents the start of the
measuring of time and it ends as soon as the fuse blows. Both, beginning and stopping of the
current flow in the fuse element, are determined automatically by a computer programme,
implemented in LabVIEW®). This procedure is performed once or several times for each
type of fuse with minimally 120 % of the nominal current, up to maximally 500 % in several
steps. For each current, up to three measurements are carried out and fitting of the average
values for each current experimentally yields the characterising blowing curve of a fuse type.

Measurement and Simulation Results

We compare the results of our simulations to measurements for self-made fuses, consisting
of a metallic strand, and for fuses obtained by a manufacturer that have a more complex
geometry.

Self-Made Fuses
First, we performed measurements and simulations on simple, self made fuses that consist
of a single strand of copper. The strand has a diameter of 0.3 mm and the length of the
fuse element varies from 2.5mm to 15.0mm. Figure 9.6 shows the results obtained by
simulations (blue and green curves) and measurements (red curves). The attached cables
were both of type FLRY-A 2.5.

Regarding Figure 9.6, we state the following observations:

- The short time behaviour (< 1s) is described very well by our computational ap-
proach. The heating times tpe,t are obviously shorter than the measured blowing
times tmeas- Thus, we additionally introduced the melting time t. The sum of
both times, theat and tmert, summarized in thow, yields an almost perfect accordance
of computed and measured blowing times in all six cases for the short time behaviour.

- In contrast, for the mean time (1-10s) and long time behaviour (> 10s), the accor-
dance seems to be improvable. In all cases, the computed times are shorter than the
actually measured ones.

- All computed curves show an asymptotic behaviour with a horizontal asymptote to-
wards an electric current, in the following called the asymptotic current Ingyy,. It holds

, liIm thiow(I) = oo0. For currents I < Igym, the fuse does not blow; however, for
—lasym

larger currents, it does after sufficiently long time. Note that the asymptotic currents
of computations and measurements are very close for all cases.

- Especially for the strands of lengths 2.5 cm, 5.0cm and 12.5 cm (cf. Figures 9.6a, 9.6b
and 9.6e), the convergence towards the horizontal asymptote is attained more quickly
by the computed curves than by the measured ones. This effect is optically reinforced
by a linear interpolation between the measured values, whereas more smooth curves
are calculated for the interpolation of the computed values. It means that for currents
(slightly) above Iysym, the blowing time is still short and for currents even closer to
Isym, the blowing times increase significantly. For example, the strand of length
5.0 mm blows after 8.27 s in our measurements with 23.2 A and after 563.5s for 20.0 A.
In the computations with 18.0 A, it blows after 6.5s and after 621s for 17.65356 A.
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This means that for a decrease of time in the same magnitude, the current has to be
reduced about 13.8 % in the measurements, but only 1.96 % in computations.

- The blowing curves move downwards for longer strands in computations and measure-
ments. Whereas the asymptotic current load of the strands with a length of 2.5 mm is
nearly exactly 20.0 A, it is & 14.6 A for the strands of length 15.0 mm. This tendency
is also recognizable for the measurements.

The following reasons contribute to the observations and discrepancies of measurements
and computations:

- The discrepancy between simulation and measurement results for the mean and long
time behaviour can mainly be explained by different (chemical) processes that in-
fluence the blowing times of fuses, starting only after a certain time of operation.
Whereas for high currents, the blowing time is essentially determined by the heat
capacity of the fuse element, the metallic surface of the fuse element starts to oxidise
after longer times of current load. We suppose that it forms an oxide pipe that pre-
vents the melted material of the fuse element to drop off. These (chemical) reactions
imply longer blowing times, but they have not yet been respected in our model. We
reinforce our explanation by an improved fuse design which is the subject of Section
9.4.

- As in all previous sections of this thesis, errors of measurements contribute to the
discrepancies. For the fuse types Midi 25 and Midi 30, we performed several measure-
ments with equal current loads. Although we used the same types of fuses, we often
observed great deviations in the long time behaviour. For example for Midi 25, the
blowing time with a current load of 38.41 A varied between 43.6 — 73.8s (cf. Section
A.4.2).

- Additionally and also mentioned in all previous comparisons of this thesis, inaccuracies
of material parameters (length and width of e.g. the fuse element) have an impact on
the real blowing times of fuses. Furthermore, we experimentally observed (cf. [27])
that fuses also deteriorate, meaning that fuses which had to carry (larger) current
loads several times before without blowing, can be damaged and consequently blow
faster than new ones. These fatigue effects, which are well known in mechanics by
Wohler’s curve [69], have to be taken into account to obtain precise predictions for
the blowing behaviour of fuses, but they have not yet been respected in the present
model.

- The longer heating times for fuse elements of shorter length can be explained by the
increasing influence of the attached cables, which normally have a cooling effect on
the temperature of the fuse element. We go more into detail to this aspect in Section
9.3.3 (Variation of Attached Cables).

Midi 25/30

Figure 9.7 shows comparisons of measurement (MEAS) and simulation results (HBA) for
the fuse types Midi 25 (cf. Figure 9.7a) and Midi 30 (cf. Figure 9.7b), with red curves for
the measurements and blue curves for the simulations. Note that measurements have only
been performed up to 70 A due to technical reasons, which corresponds to 280 % of the
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Fig. 9.6: Measured (red lines) and computed blowing curves (green, blue lines) for a strand with fuse
element of diameter 0.3mm and varying lengths. In each subfigure, the green curve shows only the
heating time, the blue one the blowing time which consists of heating and melting time.
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(a) Midi 25. (b) Midi 30.

Fig. 9.7: Measured and computed blowing characteristics of Midi fuses.

nominal current for Midi 25 and 233 % for Midi 30. Thus, all measured points refer to the
mean and long time behaviour.

We observe that the measured and computed curves do not correspond very well for both
fuse types. In both cases, the curves of the measurements are, for the long time behaviour,
above those of the simulations and both curves cross after a few seconds. In the following,
we explain these discrepancies that are much larger than those of the self made fuses.

The fuse elements of both fuse types consist of not only one material, but of two different
layers. The upper layer, which represents 40 % of the fuse element volume, is made of tin,
the lower part, which thus represents 60 %, of copper. Note that the melting point of copper
is 1083 °C and that of tin 231°C. In our HBA simulations, we acted as if the material of
the fuse was a homogeneous mixture of copper and tin. Hence, we applied a weighted mean
value for all parameters, including the melting point, which then results in 730 °C. It seems
that our computational approach is not sufficiently adequate for these types of fuses with a
heterogeneous fuse element. In reality, the tin part of the fuse element starts to melt before
the part of copper reaches the melting temperature. The melted part of the fuse element
influences the copper part by a chemical reaction and also by the jump of electric resistance,
when it turns from solid into liquid. Thus, the distribution of the current density changes
fundamentally from one moment to another.

As stated in the theoretical part, we assume that the melting of the fuse element starts
as soon as the melting temperature is attained. For a fuse element composed of different
materials, this assumption is not true and the heating and melting processes run partly in
parallel. In our computations, however, we still simply add the heating and melting time
to compute the blowing time.

Moreover, the fuse element is of curved shape (cf. FEM simulations in Figure 9.4), whereas
in our computational model, we suppose it to be straight-line. We show in the computations
with finite elements that this curved shape of the fuse element influences the distribution
of the current density in the fuse element and consequently the blowing characteristics of
fuses. Finally, the plastic housing of the fuse is not respected in the simplified approach.
This influence seems to be rather small and was investigated by finite element simulations
in [89].
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9.3.2 Comparison to Finite Element Simulations

In contrast to the previous chapters, the main focus of this subsection is on the comparison
of computations with finite elements to measurements for fuses of type Midi 25 and Midi
30. Besides, we compare the finite element simulations with those obtained via the HBA.
Figure 9.4 shows that we generated a very precise geometry of both fuse types with
concrete dimensions directly obtained from the manufacturer. Using the Joule heating
module of COMSOL Multiphysics 4.3 and applying the formulas explained in Section 9.2.2,
we obtain the blowing characteristics of both types of fuses, depicted in Figure 9.8. Therein,
we distinguish between a layer of copper and one of tin in the fuse element, but do not respect
the influence of attached cables. The criterion when the fuse blows is that the maximum
temperature reaches the average melting temperature, which is supposed to be 730 °C.
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Fig. 9.8: Blowing behaviour of Midi fuses, computed with finite elements.

The finite element simulations correspond quite well to the measurements, whereas the
results of the HBA deviate significantly from both. The reasons why the HBA results do not
coincide with those of the measurements and the finite element simulations are numerous
and were mentioned in the previous section. One main argument was that the current
density varies in the fuse element. We examined this in our finite element simulations,
cf. Figure 9.9. The slice through the fuse of Midi 30 for an electric current of I = 60 A
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Fig. 9.9: Slice through a Midi 30 for an electric current of 60 A with current density in A/m?.
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shows that the current density in the fuse element is not equally distributed. In fact, the
current tries to find the shortest way possible, thus the heat distribution at the inner curves
(= 5.5¢8 A/m?) is significantly higher than at the exterior ones (= 3.5¢8 A /m?).

The mentioned effect of unequal distributions of the current density is to the largest
part compensated by the huge heat conductivity of the fuse element. Nevertheless, varying
current densities can result in different maximum temperatures in the fuse element and
have to be taken into account for more precise computations.

This example shows once more the advantages and drawbacks of our two kinds of ap-
proaches for thermal analysis of devices carrying electric current. The simplifications we
use for our HBA implicate much faster computational times — generating the blowing curve
of a fuse type takes only a few minutes. In contrast, setting up the complex geometry, solv-
ing repeatedly the nonlinear systems with a large number of DOFs and finally creating the
blowing curves required several hours in Matlab, version 7.10.0.499, on a Pentium IIT Xeon
processor with 4 cores (each 2.50 GHz) and 32 GB RAM. However, the simplified models
make it very hard to take into account all essential effect. This is where a more elaborative
method, based e.g. on the solution with finite elements, excels.

9.3.3 Further Calculations
Example 1 (Variation of Attached Cables)

To investigate the influence of attached cables on the blowing behaviour of fuses, we take
a strand of copper (cf. Section 9.3.1 (Measurement and Simulation Results — Self-Made
Fuses)) and vary the cable types attached on the left and on the right end®. The strand
has a diameter of 0.3 mm and a length of 2.5 mm We attach insulated single-core cables of
nominal cross sectional area 0.35 mm?, 1.0 mm?, 2.5mm? and 25 mm?. In Figure 9.10, the
dependency of the blowing characteristics of fuses is presented.
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Fig. 9.10: Characteristic curves for a strand of diameter 0.3 mm and a length of the fuse element of
2.5 mm. The attached cable types have cross sectional areas of 0.35, 1.0, 2.5 and 25 mm?.

It turns out that the short time behaviour of fuses is nearly completely independent of the

5Note that in these considerations, we attach the same cable type on the left and right end, although
different cable types at both ends can be respected in our calculations.
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attached cable type, whereas for longer times, the heat emitted to the ambience plays a main
role. For more than 28 A, the four curves and thus the blowing times are nearly identical
for all attached cable types. This changes for the mean and long time behaviour, where
the influence of the heat emitted by the surface via convection and radiation and especially
at the ends of the fuse via conduction is significant. For attached cables of nominal cross
sectional area 0.35 mm?, the asymptotic current has a value of ~ 15.547 A, whereas for
those of 25 mm?, it is Lusym = 20.905 A.

The reason is simply that a huge attached cable heats up less intensively than a thin
one for the same current and hence, it can absorb more heat from the fuse. Consequently,
the fuse does not blow for certain currents in case of thick cables, whereas it does in case
of thinner ones. This might not be dangerous for the attached cables, but for the device
attached at the other end of the cable.

Our study shows that each fuse with its certain blowing behaviour has to be dimensioned
directly with the concrete cable and, if possible, also with the device attached at the other
end of the cable. Neglecting the influence of attached cables might involve very different
behaviours of fuse types, which could result in overheating of the main components.

Example 2 (Variation of Lengths of Fuse Elements)

It is evident that the blowing characteristics of fuses are essentially determined by the
thickness of the fuse elements, since its cross sectional area represents a main ingredient
of the current density. In this example, we examine the influence of the length of the fuse
element.

Our simulations and measurements in Section 9.3.1 (Measurement and Simulation Results
— Self-Made Fuses) confirm that the length of the fuse element has a strong impact on the
blowing characteristic, which is shown in Figure 9.11 for a strand of diameter 0.3 mm and
attached cables of type FLRY-A 2.5. The lengths of the fuse elements vary and are 1.0 mm,
5.0mm, 12.5 mm, 25 mm and 50 mm.

70 T

60

al
o

Electric current in A
5

w
o

20

10 L L L
10 10
Timeins

Fig. 9.11: Characteristic blowing curves for a copper strand of diameter 0.3 mm with varying lengths
of the fuse element from 1.0 to 50.0 mm.

The green curve in Figure 9.11, representing the blowing characteristic of the strand with
length ¢, = 50 mm of the fuse element, is significantly lower than that of the strand with
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for example £, = 1.0mm. In case of £, = 50 mm, the asymptotic current load is 11.355 A,
in case of £, = 1.0mm, it is 19.676 A.

The reason for this observation is of course the same as mentioned in the previous example.
The cooling effect of attached cables is more significant for shorter fuse elements than for
longer ones. Nevertheless, it is surprising that the influence of varying lengths of the fuse
element is so enormous.

Example 3 (Variation of Fuse Element Materials)

The comparison of measurements and simulations for the Midi fuses revealed significant
deviations. One probable reason is that the fuse element of both types are composed of
different materials. In this example, we investigate by numerical experiments how the
material of the fuse element influences the blowing characteristic of a fuse. To this purpose,
we examine four fuses of equal geometrical dimensions, which only differ in the material of
the fuse element. Electric currents are applied to strands with a diameter of 0.3 mm and a
length of 7.5 mm of the fuse element, for fuse elements consisting of copper (Cu), tin (Sn),
zinc (Zn) and aluminium (Al). For each created fuse type, we determine the blowing curve,
starting with an electric current of 70 A up to the asymptotic current I,sym. The attached
cables are of type FLRY-A 2.5.

In Figure 9.12, the blowing curves of our four fuse types are depicted. Obviously, the
blowing behaviour varies enormously for different materials of the fuse element. In contrast
to our previous examinations, not only the mean and long time behaviour is concerned,
but also the short time behaviour. All material parameters vary from one fuse material to
another, but probably the most important quantity in this context is the melting point,
which is 1083°C for Cu, 231°C for Sn, 420°C for Zn and 660°C for Al. The blowing
curve belonging to the fuse of copper lies above all others, whereas the one of the tin fuse
represents the lowest. The order of blowing curves coincides exactly to the value of the
corresponding melting point.
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Fig. 9.12: Influence of different materials of the fuse element on the blowing characteristics.

This fact allows to draw the conclusion that it is not surprising that for the fuses of types
Midi 25 and Midi 30, the computed blowing curves do not correspond well to the measured
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ones. The blowing behaviour of different materials is not similar at all and also completely
different for a mixture of copper and tin.

9.4 An Improved Fuse Design

We performed further measurements on self-made fuses of zinc” [108]. The main interest
of these measurements was to examine how magnets near the fuse elements influence the
blowing behaviour of fuses. We noticed that the heating times until the blowing of fuses are
shortened for fuses with magnets. This is also shown in Figure 9.13 for a strand of tin with
diameter 0.643 mm, length 25 mm of the fuse element and attached cables of type FLRY-A
2.5.

120 @

MEAS with magnet
—e— MEAS without magnet

—e— HBA

100+

80

60

Current load in A

20

L
10° 10 10° 10 10 10
Timeins

Fig. 9.13: Influence of magnets on blowing characteristics of a fuse made of zinc.

Interesting in this context is that the computed blowing curve corresponds much better
to that of the measurements, especially for the mean time behaviour, if we add magnets
near the fuse element. We obtained this tendency not only for the presented fuse type,
but for further ones not mentioned in this thesis. Concerning the long time behaviour with
magnets, we did not have any adequate results for comparison. As mentioned, it is difficult
to predict the long time behaviour precisely, since in particular there, the measurements
often yield results that vary enormously for the same fuse type. Furthermore, they depend
significantly on the state of the fuse.

The observation that our computational results coincide better with the measurements if
we add magnets, especially for the mean time behaviour, can be explained by the described
theory in Section 9.3.1 (Measurement and Simulation Results - Self-Made Fuses). The
oxidation process at the surface of the fuse element generates a tube around the melted
material, which forces the material not to drop off immediately and not to interrupt the
electric circuit. The attraction of the magnets prevents the generation of this oxidation
tube, because the melted material is directly pulled out.

"In fact, these fuses consist of zinc, copper and titanium. Since the percentage of copper represents only
1.2 % and that of titanium only 0.2 %, the influence of these two materials is nearly negligable.
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Thus, we propose to construct fuses with magnets near the fuse element in order to guar-
antee a better predictability of their blowing behaviour and to get more reliable information
by our simplified computational approach without elaborative measurements.

9.5 Conclusion

Subject of this chapter was the computation and experimental validation of the blowing
characteristics of fuses. We presented a simplified method based on heat power balances,
and a more elaborative approach with exact geometries and finite elements. To validate
those with experimental results, we performed measurements and determined characteristic
curves of different fuse types. Furthermore, we examined the influence of attached cables, of
the lengths of the fuse elements and their materials. Finally, we proposed an improved fuse
design which excels by a better predictability of blowing times for larger electric currents.

The comparison to self-made fuses showed that our simplified model coincides well with
our measurements, especially for the short time behaviour, if we add the melting time of
a fuse to the heating time. Some discrepancies were detected for the mean and long time
behaviour, which could practically be compensated, to the largest part, by integration of
magnets near the fuse element.

On the other hand, we observed that, in contrast to the finite element simulations, for
fuses composed of different materials, our simplified computational approach exhibits sub-
stantial defects. The behaviour of different layers, in particular heterogeneous materials,
distinguishes enormously from that of homogeneous materials, which makes predictions of
blowing times very difficult.

For future work, we intend to extend our simplified computational approach to take
varying current densities into account as well as chemical reactions that occur for longer
operation times. Furthermore, we will have to find a solution on how to handle non-
homogeneous materials and how to predict their influence on the blowing behaviour. Via
the finite element simulations which respect the geometry of the fuse element, we could
try to find an improved design of the fuse element. This requires the application of shape
optimization. For example, the fuse elements of the type Midi 25 have an S-form, those
of Midi 30 a Z-form. It would be interesting to find out which of these shapes or others
excel by a better blowing behaviour. A final research subject already in progress is how to
determine the ageing process of fuses, which also has an impact on the heating and blowing
characteristics.
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In this thesis, we have introduced several techniques to model, to simulate and to optimize
heat generation in cables and cable related components, caused by electric currents. These
methods enable fast, accurate and robust thermal analysis of electric connecting structures
of automotive applications. We first derived problem specific approaches for temperature
determination in insulated single-core cables and transformed those to more complex sys-
tems like shielded cables and cable bundles. In addition, the influence of attached cables
has been taken into account for computation of temperatures in current bars and fuses.

New aspects of this work were to analyse the mentioned cable specific approaches, to
respect varying ambient temperatures and influences at the end of the wires on the tem-
perature distribution in axial direction as well as to consider non-constant, time-dependent
current profiles. Most of these approaches have been investigated concerning mathemati-
cal plausibility and compared to experimental measurements in order to ensure practical
applicability. Since not all interesting effects could be examined by measurements, we addi-
tionally validated our computational approaches by finite element simulations. Thus, taking
the example of cable bundles, we showed how our simplified approaches, which mostly excel
by very short calculation times, can be used profitably and how to gain deeper insight by
analysis with finite elements. Moreover, a new algorithm that allows to optimize the compo-
sition of multicables has been developed. Concerning thermal analysis of current bars and
fuses, we presented adequate computational approaches, showed for concrete examples how
to apply those and investigated influences of materials, dimensions, contact resistances, etc.
For fuses, we concluded with a design proposition which enables more precise predictions
of the blowing characteristics.

A main objective of this thesis was to demonstrate the benefits that simulation methods
offer in the analysis of cables, compared to elaborative measurements. In fact, many mea-
surements have already been replaced by simulations in different branches of engineering
and industry. However, the cable industry behaves conservatively, still holds on to old,
established norms and often rather believes in practical experiments. The complexity of
the considered problems makes it necessary to reduce the effort of computations which is
realized by simplified computational methods and adapted models in this work. Since re-
ducing a model requires the knowledge of relevant and negligible influences, we always tried
to plausibly justify our simplifications and to show how those affect the simulation results.

Further motivation to write this thesis was that, although cables and connecting struc-
tures often represent components of only secondary interest, they offer an enormous poten-
tial for optimization. In thermal analyses for cable manufacturers, we observed that many
connecting structures exceed required dimensions by far in order to be on the safe side.
Our presented computational methods contribute to find more appropriate dimensions of
cables, cable harnesses and other components. Moreover, the analysis of multicables in
this thesis and the application of our developed optimization algorithm show that decreases
of maximum temperatures up to more than 20% are possible just by simple means like
varying the inner cable design. Additionally, the rise of the copper price in the last years
forces manufacturers to diminish copper consumption, which could either be realized by a
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reduction of cross sections or by a replacement with other materials like aluminium.

The present work relates nearly exclusively to the thermal analysis of connecting struc-
tures. Further physical influences like the skin effect, electromagnetic compatibility (EMC),
etc., are not respected, but they are often directly coupled. Taking those into account, inves-
tigating their influence and introducing adequate models as well as reduced computational
methods will be subjects of future research. A further aspect to which hardly any attention
has been paid yet, is the ageing of cables and fuses. Similar to Woéhler’s curve in mechanics,
we noticed that the blowing characteristics of fuses essentially depend on their state. A
similar effect can also be observed for cables. It will be our next task to analyse the process
of ageing of cables respectively of fuses and to describe it by appropriate, possibly reduced
systems of equations.

For the analysis of cables, but also for the blowing behaviour of fuses and especially
for current bars, contact resistances will have to be taken into account to guarantee more
precise, realistic results. In particular, if we consider larger and more complex systems like
current distribution boxes and entire motor systems, their influence has to be respected
properly. Nevertheless, we will also try to find reduced models for these complex systems
with the main challenge to be still sufficiently adequate. Optimizing current boxes or entire
car sections will be an interesting task for the future as well as the application of our shape
optimization approach for an optimized fuse design. We hope to be able to answer the
question whether the S-, Z- or any other shape of a fuse element works most reliably.
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A.1 Insulated Single-Core Cables
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A.2 Multicables

A.2.1 Single Cable Parameters in Simulations and Measurements

In the scenarios INL, OUL and MCL, the single cable k is of type Tp,, carries the electric
. . . . ph . ge
current Iy, has a physical respectively geometrical cross sectional area A, respectively A},

a current density J} " respectively J£¢ and the initial template position Py,

FoToe  L(A) AP (mm?) AR (mm?)  JP(A/mm?)  J°(A/mm?) PP pPUL ppCr
1 1 53.0 10.0 14.5 5.30 3.66 14 14 9
2 2 37.0 6.00 8.30 6.17 4.46 10 24 4
3 2 12.0 6.00 8.30 2.00 1.45 22 20 1
4 4 12.0 2.50 3.46 4.80 3.47 20 15 8
5 5 12.0 1.00 1.33 12.0 9.02 2 35 16
6 3 23.0 4.00 5.73 5.75 4.01 17 23 13
7T 3 14.9 4.00 5.73 3.72 2.60 23 17 2
8 3 16.2 4.00 5.73 4.05 2.83 21 21 5
9 4 18.0 2.50 3.46 7.20 5.20 7 19 20
10 4 18.0 2.50 3.46 7.20 5.20 13 16 18
11 5 9.50 1.00 1.33 9.50 7.14 12 27 25
12 5 9.50 1.00 1.33 9.50 7.14 8 31 17
13 7 7.00 0.50 0.68 14.0 10.3 1 40 31
14 7 4.50 0.50 0.68 9.00 6.62 9 25 37
15 8 0.34 0.35 0.50 0.97 0.68 19 8 35
16 8 0.34 0.35 0.50 0.97 0.68 25 6 32
17 8 0.40 0.35 0.50 1.14 0.80 18 10 38
18 8 0.40 0.35 0.50 1.14 0.80 16 12 40
19 8 0.40 0.35 0.50 1.14 0.80 15 18 28
20 8 2.10 0.35 0.50 6.00 4.20 11 22 30
21 8 4.00 0.35 0.50 11.4 8.00 4 37 23
22 8 4.00 0.35 0.50 11.4 8.00 3 39 39
23 8 3.80 0.35 0.50 10.9 7.60 5 32 33
24 8 3.80 0.35 0.50 10.9 7.60 6 29 34
25 2 0.10 6.00 8.30 0.02 0.01 40 9 3
26 3 0.10 4.00 5.73 0.03 0.02 32 1 10
27 4 0.10 2.50 3.46 0.04 0.03 35 11 12
28 4 0.10 2.50 3.46 0.04 0.03 36 7 11
29 5 0.10 1.00 1.33 0.10 0.08 28 13 7
30 5 0.10 1.00 1.33 0.10 0.08 39 5 19
31 5 0.10 1.00 1.33 0.10 0.08 41 3 21
32 6 0.10 0.75 1.04 0.13 0.10 33 4 24
33 6 0.10 0.75 1.04 0.13 0.10 24 2 22

Tab. A.1: Cable type, electric current, cross sectional area, current density and position of each single
cable in the multicables of the three experimental setups INL, OUL, MCL.
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A.2.2 Computed and Measured Temperatures

The calculation results for the three scenarios compared to those of the measurements
(MES) are listed in Table A.2, where @ summarizes the average temperature in the single
cable cores (&(T') := 1/N ZkN:1 Ty, with T} the measured resp. computed temperature in
the centre of the single cable core), @* the average temperatures of the single cable core

weighted w.r.t. the cross sectional area (@*(T) := (Zgil Ty - Azh) / ( N A£h>), max

the maximum and min the minimum temperature in all single cables.

Inner Layout Outer Layout Monte Carlo Layout

K MES FEA FPA MES  FEA  FPA MES FEA FPA

1 97.1 101.5 92.4 90.0 101.0  103.7

2 101.2 102.9 91.4 91.0 1004 102.3

3 90.6 99.1 84.0 84.2 98.8 100.7

4 91.4 96.7 87.1 87.7 97.3 101.4

5 102.9 1074 . 86.9 86.2 . 94.8 100.7 .

6 96.0 100.8 T 91.0 88.0 T 95.1 99.3 T

7 92.3 93.7 94.0 85.8 85.8 87.6 97.6 98.4 98.7

8 95.0 97.1 85.0 86.6 97.4 99.5

9 101.2 104.9 87.0 85.2 93.8 98.7

10 100.1 103.6 88.5 87.6 97.8 101.4

11 99.2 100.2 86.4 87.3 92.9 97.6

12 100.3  104.9 84.0 85.9 96.6 103.1

13 102.6  106.9 90.0 90.0 96.6 102.6

14 99.6 101.8 91.7 87.1 91.1 94.9

15 96.3 97.6 89.0 87.0 92.5 95.9

16 95.6 93.1 N 90.5 85.4 N 94.3 100.6 -
17 99.2 98.9 T 87.7 86.6 T 93.2 94.4 r
18 97.0 100.8 86.7 90.8 88.9 80.9 94.5 95.5 9L.7
19 97.5 97.4 87.0 85.1 94.1 97.5

20 98.3 95.8 88.4 87.4 96.6 99.7

21 1013 103.8 87.1 86.7 93.8 97.4

22 100.3 1067 90.4 88.7 93.1 95.7

23 1014 1044 83.2 83.8 93.1 98.1

24 101.8 96.2 83.8 85.3 93.3 97.9

25 88.5 96.7 88.4 86.0 100.2 99.7

2 92.9 96.4 90.6 87.5 96.4 99.8

27 89.5 90.4 88.8 88.1 93.1 95.4

28 88.2 91.4 88.5 87.9 95.3 97.7

29 93.1 100.0 92.2 88.9 95.8 96.1

30 91.9 91.3 90.5 89.1 94.6 99.7

31 89.0 95.8 89.8 87.2 92.9 98.3

32 92.4 94.2 89.1 86.0 94.4 97.5

33 93.0 95.5 91.5 88.1 92.3 95.3

o 96.3 99.0 94.0 88.4 87.2 87.6 95.3 98.7 98.7
oA 94.8 98.8 94.0 88.8 87.5 87.6 97.5 100.1 98.7
max 1029 1074 - 92.4 91.0 - 101.0 1037 ]
min 88.2 90.4 86.7 83.2 83.8 80.9 91.1 94.4 91.7

Tab. A.2: Comparison of measurement and simulation results, computed with finite elements (FEA)
and the fized point approach (FPA) for the three test scenarios. All quantities are indicated in °C.
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A.2.3 Computed and Measured Temperature Differences

In Table A.3, the single cables are ordered according to their initial template positions.
E.g., this means in the first line that the single cables with number 13 for INL, number
26 for OUL and number 3 for MCL are assigned to template position 1. The measured
resp. via FEM computed temperatures are indicated minus ambient temperatures and AT
denotes the absolute difference between measurement and simulation for each single cable.

The notations @, @*, max and min are defined like in Table A.2.

Inner Layout

Outer Layout

Monte Carlo Layout

k  MES FEA AT k MES FEA AT k MES FEA AT
13 694 73.7 4.3 26 64.8 61.7 3.1 3 62.3 64.2 1.9
5 69.7 74.2 4.5 33 65.7 62.3 3.4 7 60.9 63.0 2.1
22 67.1 73.5 6.4 31 64.0 61.4 2.6 25 63.7 63.2 0.5
21  68.1 70.6 2.5 32 63.3 60.2 3.1 2 63.9 65.8 1.9
23 68.2 71.2 3.0 30 64.7 63.3 1.4 8 60.9 63.0 2.1
24 68.6 63.0 5.6 16 64.7 59.6 5.1 29 59.3 59.6 0.3
9 68.0 71.7 3.7 28 62.7 62.1 0.6 4 60.8 64.9 4.1
12 67.1 71.7 4.6 15 63.2 61.2 2.0 1 64.5 67.2 2.7
14 664 68.6 2.2 25 62.6 60.2 2.4 26 59.9 63.3 3.4
2 68.0 69.7 1.7 17 61.9 60.8 1.1 28 58.8 61.2 2.4
20  65.1 62.6 2.5 27 63.0 62.3 0.7 27 56.6 58.9 2.3
11 66.0 67.0 1.0 18 65.0 63.1 1.9 6 58.6 62.8 4.2
10 66.9 70.4 3.5 29 66.4 62.1 4.3 5 58.3 64.2 5.9
1 63.9 68.3 4.4 1 66.6 64.2 2.4 12 60.1 66.6 6.5
19 64.3 64.2 0.1 4 61.3 61.9 0.6 10 61.3 64.9 3.6
18  63.8 67.6 3.8 10 62.7 61.8 0.9 30 58.1 63.2 5.1
6 62.8 67.6 4.8 7 60.0 60.0 0.0 9 57.3 62.2 4.9
17 66.0 65.7 0.3 19 61.2 59.3 1.9 31 56.4 61.8 5.4
15 63.1 64.4 1.3 9 61.2 59.4 1.8 33 55.8 58.8 3.0
4 58.2 63.5 5.3 3 58.2 58.4 0.2 21 57.3 60.9 3.6
8 61.8 63.9 2.1 8 59.2 60.8 1.6 32 57.9 61.0 3.1
3 57.4 65.9 8.5 20 62.6 61.6 1.0 11 56.4 61.1 4.7
7 59.1 60.5 1.4 6 65.2 62.2 3.0 19 57.6 61.0 3.4
33 598 62.3 2.5 2 65.6 65.2 0.4 20 60.1 63.2 3.1
16 624 59.9 2.5 14 65.9 61.3 4.6 13 60.1 66.1 6.0
29 599 66.8 6.9 11 60.6 61.5 0.9 16 57.8 64.1 6.3
26 59.7 63.2 3.5 24 58.0 59.5 1.5 23 56.6 61.6 5.0
32 59.2 61.0 1.8 12 58.2 60.1 1.9 24 56.8 61.4 4.6
27  56.3 57.2 0.9 23 57.4 58.0 0.6 15 56.0 59.4 3.4
28  55.0 58.2 3.2 5 61.1 60.4 0.7 14 54.6 58.4 3.8
30  58.7 58.1 0.6 21 61.3 60.9 0.4 17 56.7 57.9 1.2
25 55.3 63.5 8.2 22 64.6 62.9 1.7 22 56.6 59.2 2.6
31 558 62.6 6.8 13 64.2 64.2 0.0 18 58.0 59.0 1.0
1%} 63.1 65.8 3.5 62.6 61.4 1.7 58.8 62.2 3.4
o 61.6 65.6 4.1 63.0 61.7 1.6 61.0 63.6 2.7
max 69.7 74.2 8.5 66.6 65.2 5.1 64.5 67.2 6.5
min  55.0 57.2 0.1 57.4 58.0 0.0 54.6 57.9 0.3
Tab. A.3: Comparison of measured temperatures and (relative) temperatures computed by FEM for

the three test scenarios. All temperatures minus ambient temperatures are indicated in K.
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A.2.4 Sensitivity Analysis with the Formal Lagrange Approach

We present an alternative approach to derive an optimality system for problem (7.33),
applying the formal Lagrange technique [72, 130]. By taking corresponding variations to
zero, one obtains an adjoint system and the necessary condition for a stationary point,
namely the shape gradient to be equal to zero. In the following, we suppose the underlying
functions to be sufficiently smooth to ensure well-posedness of all operations.

This derivation of an optimality system is formal. Thus, some mathematical details like
e.g. existence of and function spaces for the adjoint variables p, p1, ps are not investigated
in detail. However, the approach enables to systematically derive an adjoint system. For
that reason, we show this alternative approach.

Formal Lagrange Approach

We define the Lagrangian £ for (7.33) by subtracting integrals over the equation on the
domain and the exterior boundary from the objective function J(2). As mentioned, the
interface conditions are not necessary for a concise problem formulation. Consequently,
they and also the geometrical constraints are not considered in the Lagrangian. Denoting
the Lagrange multipliers by p1, p2, the Lagrangian reads as

L(T,Qp1,p2) =J(Q) — / (V-(AVT)+ T+ f)prdx

QMC
oT
— / <)\ex % + Oé(T) (T — T1)> pa do.
Fex

Dividing QM€ into subdomains and applying Green’s formula on each subdomain leads,
in view of the given jump conditions at the interfaces, to

L (T7Q7plap2)
ox 0T
=J@Q) = [ (V-QAVp) +ep)Tdx— [ fprdx— [ A% o-pado
QMcC OMC Tex
exaT exap1
—/a(T)(T—Tl)pgda—/)\ 8nplda—l—/)\ 8—ana
Fex Fex FEX
ea,I'e e i e eap? iapil

In this expression, taking the outer trace at the interior interface + € I'"™ is indicated by
the suffix -, whereas taking the inner trace at the interior interface ¢« € I'™ is indicated by
the suffix -

Let (T, Q) be an optimal pair of (7.33). Then, the first variations of £ w.r.t. p1, pe, T and
2 in the directions hy,, hp,, hr and hq are all zero, i.e., the following first order optimality
conditions hold: o

£p1 (T, Q,pl,pg) h‘pl = 0,
£p2 (T7 7]917172) hp2 = 07
_ (A1)
p1,p2) hr =0,
p

(_
EQ (Ta ) 17p2) hQ =0.

) )
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The variation of £ w.r.t. the Lagrange multipliers yields the state system (7.31), the vari-
ation w.r.t. the temperature provides the adjoint system and, by the variation w.r.t. the
domain, we obtain the necessary optimality condition for stationary points (cf. [72]).

Adjoint System

Taking the first variation of £ w.r.t. the temperature T in the direction hy € H'(QMC) to
zero provides the identity

0= ET (Ta QaplapQ) hT

0j , =
= 3%<X7T)thX_ / (V- (AVp1)+ecp1) hrdx
QMC OMC
ex Ohr VY (T .
- [ X pado - (o/(T) (T = T1) + (T)) hp podo
FEX FEX
h
- /AeXanl da+/AeXap1tha
On On
FEX FEX
eah% (¢ i e eap? iapil

If it holds hr € C§°(QMC) with hy = %LHT =0 on all « € T one obtains
9j , -
%(x,T)hT dx = / (V- (AVp1) +cp1) hr dx,

QMC QMC

which implies that p; satisfies the partial differential equation
dj , = ;
V- (AVp1) +cp1 = %(-,T) in QMC\ pint, (A.2)

To derive the associated boundary conditions, we consider hy € H&(QMC) such that hp =

aah—rf =0on all . € '™ and %h—lf arbitrary on I'**. This yields

h h
— / )\exa—Tm do — / )\exa—TpQ do =0,
on on

FEX FEX
which means that p; = —ps. We define p := p; = —po and apply next an arbitrary
hr € HY(QMC) and hy = 22 = 0 on all « € '™ to provide

/ )\QX%hT do + / (a’(T) (T — T1) + oz(T)) hrpdo = 0.
[ex Tex

Hence, we arrive at the Robin boundary condition

A% g—ﬁ + ((T) (T —T1) + a(T)) p=0 on T (A.3)
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Let ¢+ € T'™ be an arbitrary, but fixed and connected interface boundary. By choosing
hr € HY(OQMC) such that hr = 0 on ¢ and hy = % =0onall i € T\, we get the
Dirichlet jump condition

pP=p < [p]i =0 on¢el'nt (A.4)

Finally, for ¢ € I'" arbitrary, fixed and connected, the choice hy € H'(QMC) such that
hr = ahT =0on all 7 € '™\ ; yields the Neumann jump condition at the interface ¢

)\81)] =0 on.el'm (A.5)

8p1 apl
=\

on
+

A on on

Since ¢ € T is arbitrary, the interface conditions (A.4) and (A.5) hold for all ¢ € I'nt,
Thus, combining (A.2)—(A.5), the adjoint p solves the following system and corresponds to

p=Dp1 = —p2:

AT+ (@ (D) (T =T) +a(T))p=0 on T, (A.6)

[p}i =0 and

A@p] =0 on.en,
on

Shape Gradient
We reformulate (7.33) equivalently (cf. [72]) by

Qe%l;;,T { max L(T,Q,p) } (A.7)

The theory of min-max problems [109] provides
0J(Q)[V] = La (T,9Q,p) hg with V = hq

at the solution of the min-max formulation (A.7). For an optimal interior point, the neces-
sary optimality condition
0J(Q)[V]=0

has to be fulfilled for all directions V. The Hadamard representation of the shape gradient
for (OptMC) reads as follows and is derived in the same manner as in Section 7.6.3 (Shape
Gradient):

Z/Vn{ O v A\

ey (A.8)
5 (1 ) — 25 |55 fae
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A.2.5 Optimization of Multicables — Statistics

Single Cable No. I (A) A% (mm?) J&° (4/mm?)

1 53.00 14.5 3.65
2 82.00 8.30 9.89
3 12.00 8.30 1.45
4 12.00 3.46 3.46
5 52.00 8.30 6.27
6 43.00 5.73 7.51
7 14.88 5.73 2.60
8 16.20 5.73 2.83
9 18.00 3.46 5.20
10 18.00 3.46 5.20
11 9.50 1.33 7.16
12 9.50 1.33 7.16
13 10.00 0.68 14.72
14 4.50 0.68 6.62
15 0.34 0.50 0.68

Tab. A.4: Currents and cross sectional areas of a multicable with 15 single cables.

Generation Individual No.
No. 1 2 3 4 5 6 7 8 9
0 154.0 136.7 137.7 139.8 147.0 141.0 157.5 136.5 140.7
1 136.5 143.6 140.3 141.5 147.9 142.8 1424 136.2 143.1
2 136.2  141.7 142.3 147.8 140.3 142.0 137.0 142.3 142.8
3 136.2 135.8 137.6 142.6 135.8 150.8 147.8 144.2 149.6
4 135.8 1349 138.8 140.6 138.8 140.1 146.4 146.1 137.3
5 134.9 137.0 141.8 135.0 146.6 141.7 140.4 143.4 140.2

Tab. A.5: Fitness values of all individuals for 6 generations in the genetic algorithm for multicables
with 15 single cables.

Generation Individual No.
No. 1 2 3 4 5 6 7 8 9
0 99.05 96.59 99.64 96.48 97.53 96.76 95.81 97.37 93.76
1 93.76 95.39 96.30 99.12 93.09 95.68 92.61 95.13 98.45
2 92.61 99.65 98.34 94.54 96.37 97.87 97.88 97.33 98.70
3 92.61 96.90 97.92 92.43 96.00 95.86 94.92 95.04 98.16
4 92.43 95.97 95.50 95.75 96.59 96.09 99.61 96.75 95.79
5 92.43 98.18 98.11 93.81 97.45 99.12 98.65 97.04 96.89

Tab. A.6: Fitness values of all individuals for 6 generations in the optimization progress of the genetic
algorithm for a multicable with 33 single cables.
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A.3 Current Bars

A.3.1 Calculation Tool
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Fig. A.3: Graphical user interface of the temperature calculation tool for current bars.
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A.3.2 Measurement Results

100 A 150 A
Meas. No. 1 2 3 Mean Value Meas. No. 1 2 3 Mean Value
I(A) 100.00 100.40 100.40 100.27 I(A) 150.20 150.70 150.60 150.50
Tomb(°C)  22.98 23.30 22.98 23.09 Tomb(°C)  21.45 23.05 23.81 22.77
T:1(°C) 44 .27 43.65 43.53 43.82 T:1(°C) 66.70 66.72 68.07 67.16
Ti»(°C)  43.66  43.14  43.06 43.29 Ti»(°C)  65.64 6556  68.66 66.62
Ts,(°C)  50.12  50.08  48.74 49.65 Ts,(°C)  77.99  79.48  81.03 79.50
Ts,(°C) 50.07 50.12 49.02 49.74 Ts,(°C) 77.93 80.11 81.31 79.78
Ts,(°C)  50.87  50.66  49.35 50.29 Ts,(°C)  80.19  80.81  82.41 81.14
Ts,(°C) 52.16 52.16 51.07 51.80 Ts,(°C) 83.41 84.65 85.59 84.55
Ts.(°C) 5224 5238  51.41 52.01 Ts,(°C) 8327  84.83  85.42 84.51
Ri1(u) 144.74 144.12 144.04 144.30 Ri(u) 148.40 148.15 148.33 148.29
Ra (1) 158.02 157.35 157.29 157.55 R (1) 162.69 162.35 162.35 162.46

Tab. A.7: Measurement results for 100 A.

Tab. A.8: Measurement results for 150 A.

175 A 200 A
Meas. No. 1 2 3 Mean Value Meas. No. 1 2 3 Mean Value
I(A) 175.70 175.60 175.60 175.63 I(A) 200.70  200.80 200.70 200.73
Tamb(°C)  23.68 23.59 24.00 23.76 Tomb(°C)  24.27 23.47 23.74 23.83
T:1(°C) 81.56 82.77 84.11 82.81 T:1(°C) 98.89 98.08  100.87 99.28
Tt 2(°C) 78.92 80.65 85.40 81.66 Tt 2(°C) 97.14 98.08 98.30 97.84
Ts,(°C) 99.37 99.42  100.31 99.70 Ts,(°C) 122.09 121.39 121.34 121.61
Ts,(°C) 100.55 100.15 101.06 100.58 Ts,(°C) 123.66 122.44 122.90 123.00
Ts,(°C) 101.05 101.43 103.34 101.94 Ts,(°C) 126.26 124.23 122.78 124.42
Ts,(°C) 106.99 106.15 107.67 106.93 Ts,(°C) 132.39 130.71 130.83 131.31
Ts,(°C) 106.54 106.02 107.55 106.70 Ts,(°C) 131.43 129.80 129.90 130.38
R1(u2) 151.02 150.89 151.07 151.00 Ri1 () 154.48 154.14 154.21 154.28
Ra () 165.48 165.46 165.66 165.53 Ry (1) 169.06 168.82 168.72 168.87

Tab. A.9: Measurement results for 175 A.

180

Tab. A.10: Measurement results for 200 A.

225 A
Meas. No 1 2 3 Mean Value
](A) 224.90 22590 225.70 225.50
Tamb(°C)  23.35 22.96 24.14 23.48
T:1(°C) 11549 119.30 121.71 118.83
Tfyg(OC) 114.42 115.19 122.22 117.28
Ts,(°C)  144.27 144.54 147.19 145.34
Ts,(°C) 148.28 14742 149.04 148.25
Tss(°C) 15149 14775 151.11 150.12
Ts,(°C) 159.73 157.57 158.99 158.76
Ts,(°C) 158.31 156.17 157.25 157.24
R1(uf2) 158.78 157.93 158.25 158.32
R (1) 173.56  172.55 172.66 172.92

Tab. A.11: Measurement results for 225 A.
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A.4 Fuses

A.4.1 Melting Time of the Fuse Element

The integral

Ae
" B / S (HlAe =+ (Iig — Kl)Az) dA2
melt = 1% — Pa/{ (HlAe + (K,Q — K/l)AQ)
0

has to be computed. Written equivalently by

Ae

/ HQ — lil)AQ + @/‘6114 dAa
brnete = P Iil — /{2 A2 + 12— P(;KlAe 2
0

we have the same structure as given in [13, p. 298]

ar+b ar bf —ag

fivg P

In(fx+g)+C.

Thus, we obtain

@(Hg — /€1)A2 + @Fcl(/ﬂ — K)Q)PAAG + 12@(1%1 — Hg) — @Iil(/ﬂ — KQ)P&AG

tmelt =
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A Appendix

A.4.2 Measured Blowing Times of Midi 25 and 30

MIDI 25
Theoretical Current Measured Current Time Voltage Mean current Mean Time

Iin(A) Imeas(A) t(s) U(Vv) In(A) tm(s)
70.00 69.83 1.2225 35

70.00 69.83 1.2825 35 69.83 1.2525
55.10 55.26 2.6650 32

55.10 55.34 2.5300 32 55.30 2.5975
48.00 48.13 4.8400 32

48.00 48.14 4.4900 32 48.14 4.6650
42.66 42.71 9.6675 32

42.66 42.70 9.7750 32 1271 9.7213
40.00 39.98 35.6850 30

40.00 39.97 11.5850 30 39.98 23.6350
38.40 38.42 73.8450 32

38.40 38.42 43.5675 32 38.42 53.8967
38.40 38.41 44.2775 32

Tab. A.12: Measured currents, blowing times and voltages for Midi 25.

MIDI 30
Theoretical Current Measured Current Time Voltage Mean current Mean Time

Iin(A) Tmeas(A) £(s) U(v) Im(A) tm(s)
69.99 1.7875

70.00 70.11 1.8175 35 70.05 1.8208
70.05 1.8575
63.91 3.0600

64.00 63.92 2.9725 32 63.92 3.0508
63.94 3.1200
58.80 7.6800

58.62 58.73 7.4625 34 58.76 7.5258
58.75 7.4350
55.36 33.0600

55.10 55.36 30.7225 32 55.35 30.4483
55.34 27.5625
51.05 100.2075

51.00 51.05 83.0275 34 51.05 91.1292
51.06 90.1525

Tab. A.13: Measured currents, blowing times and voltages for Midi 30.
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Asymptotic temperature at the surface of the shielded cable in
subsection ¢ in °C

Mean temperature in the cable core of subsection ¢ in °C

Mean temperature at the exterior surface of the cable in subsection
7in °C

Initial temperature of the fixed point iteration to determine tem-
peratures of shielded cables in subsection ¢ in °C

Sequence of mean temperatures in subsection ¢

Matrix entries of the linear systems to determine temperatures in
the subsections of shielded cables

Temperature coefficient in °C
Cylinder with diameter d; and length L

Quantities referred to the core of the single cables
Quantities referred to the air gaps
Quantities referred to the exterior insulation

Quantities referred to the metallic conductors

Auxiliary cross sectional area of multicable cores in m?

Auxiliary cross sectional area of the insulation domains in m?

Auxiliary cross sectional area of the air gap domains in m?

Auxiliary cross sectional area of the total cross sectional area in

m?2

Geometrical definition of single cable k as a circle resp. double
circle

Tuple of single cable circles
Exterior diameter of a multicable in m

Interior diameter of a multicable in m
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Exterior diameter of single cable k in m
Interior diameter of single cable k in m

Auxiliary exterior diameter for the transformation of a multicable
to an insulated single-core cable in m

Auxiliary interior diameter for the transformation of a multicable
to an insulated single-core cable in m

Distance of a single cable from the centre of a multicable
Initial damping factor in the cable squeezing algorithm
Damping factor in the cable squeezing algorithm
Diameter of conductors in single cable k£ in m

Auxiliary quantity in the cable squeezing algorithm

Difference in time to compute the shape gradient with an adjoint
resp. FD method in s

Euclidean norm of the step size of the optimization variable(s)
Heat power density in W /m?

Temperature independent part of the power density of a multicable
in W/m?

Exterior boundary of a multicable

Right hand side of the exterior boundary condition in W /m?
Measure for the mesh refinement of the multicable domain
Directions of first variations of Lagrangian w.r.t. p1, p2, T, 2
Measure for the refinement of multicable domain edges
Maximum number of iterations in the cable squeezing algorithm
Geometrical current density of single cable k in A/mm?
Physical current density of single cable k in A /mm?

Single cable sorting function

Auxiliary heat conductivities for the transformation of a multica-
ble to an insulated single-core cable in W/(m - K)

Heat conductivity of the exterior insulation in W/(m - K)
Heat conductivity of the air gaps in W/(m - K)

Auxiliary heat conductivities for the transformation of a multica-
ble to an insulated single-core cable in W/(m - K)

Heat conductivity in the core of the k-th single cable in W/(m - K)
Barrier parameter in the interior point optimizer

Absolute value of the maximal discrepancy between adjoint and
FD method in K

Relative value of the maximal discrepancy between adjoint and
FD method

Maximum of the temperature deviations between measurement
and simulation over all single cables in K

Number of conductors in single cable k
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Number of maximum iterations in the interior point algorithm
Number of single cables in a multicable

Number of single cables of the corresponding type in a multicable
Exterior insulation domain of a multicable

Domain of the air gaps in a multicable

Entire multicable domain

Cable core domain of k-th single cable

Insulation domain of k-th single cable

Heat power specific to the length in W/m

Exponent in the L%-norm for the approximation of the L°°-norm
Indicator of contraction

Maximum of the exterior radii of all single cables in m

Heat resistivity of the left resp. right part of an auxiliary heat
distribution model in K - m/W

Exterior core radius of single cable k in m

Exterior core radius of a multicable in m

Interior core radius of single cable k in m

Interior core radius of a multicable in m

Tuple of exterior single cable radii

Time to compute the shape gradient with the adjoint method in s
Time to compute the shape gradient with finite differences in s
Temperature in the centre of a homogenized multicable in °C
Temperature at the exterior insulation boundary of a multicable
in °C

Temperature at the interior insulation boundary of a multicable
in °C

Mean temperature in a multicable in °C

Voltage drop in V

Auxiliary vector in the cable squeezing algorithm

Volume of the core of the k-th single cable in m?

Volume of the metallic part of the k-th single cable in m?
Optimal pair of problem (OptMC)

Centre coordinates of a multicable

Average temperature of single cable cores in a multicable in °C

Average temperature of single cable cores weighted w.r.t. the cross
sectional area in °C

Mean value of the temperature deviations of all single cables be-
tween measurement and simulation in K
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Linear characterizing constant of attached cable k in K/A
Metallic cross sectional area of the core of attached cable k in m?
Heat transfer coefficient at the lower surfaces in W/(m? - K)
Heat transfer coefficient at upper surfaces in W/(m? - K)

Heat transfer coefficient at vertical surfaces in W/(m? - K)

Linear temperature coefficient of the electrical resistivity of metal-
lic parts of attached cable k in 1/K

Linear coefficient of the electrical resistivity of a current bar in
1/K

Linear coefficient for the rise of the electrical resistivity at the
contact to cable k in 1/K

Quadratic characterizing constant of attached cable k in K/A?

Coefficient of the term of zeroth order in the stationary equation
for the axial heat transfer of attached cable k in 1/m?

Temperature independent term in the stationary equation for the
axial heat transfer of attached cable k in K/m?

Exterior diameter of attached cable k£ in m
Diameter of the core of attached cable k£ in m

Absolute deviation between measurement and simulation results
at the first and second output module in K

Relative deviation between measurement and simulation results at
the first and second output module

Insulation emissivity of attached cable k

Coefficient in the temperature defining equation of attached cable
k in °C

Electric current in attached cable k£ in A

Resulting electric current in output module k£ in A

Index of input modules

Index of output modules

Electrical conductivity of the current bar at reference temperature
in1/(Q-m)

Length of input module k£ in m

Length of output module k£ in m

Length of attached cable k in m

Sum of lengths of output modules with number smaller than or
equal k£ in m

Heat conductivity of the insulation of attached cable k in
Heat conductivity of the metallic part of attached cable k in



Pw,k

0,k

Fuses

A, A(z)

Heat conductivity of the current bar in W/(m - K)

Heat conductivity weighted w.r.t. the cross sectional area of at-
tached cable k in W - m/K

Number of modules

Heat power at output module k absorbed from or emitted to ad-
jacent modules in W

Heat power generated by the contact resistance to cable k in W
Heat power generated in the current bar section of module kin W
Heat power emitted to or absorbed from attached cable k in W
Heat power emitted by convection/radiation at module kin W
Contact resistance at cable k in 2

Heat resistance of the cable core to the environment in radial di-
rection for attached cable k in m - K/W

Resistivity of the metallic part of attached cable k in 2 - m
Thickness of current bar module k in m

Vector of temperatures

Ambient temperature of attached cable k in °C

Temperature of attached cable k at the end averted from the cur-
rent bar in °C

Temperature in output module k in °C

Measured temperature in current bar subsection ¢ in °C
Asymptotic temperature of attached cable k in °C

Measured average temperature for output module 1 and 2 in °C
Computed average temperature for output module 1 and 2 in °C
Temperature of the exterior insulation surface of attached cable k
in °C

Temperature in the core of attached cable k in °C

Average temperature of attached cable k over the length in °C
Insulation and core temperature of cable k at iteration ¢ in °C
Width of current bar module k£ in m

Cable characterizing length of attached cable k in m

Space dependent cross sectional area in the fuse in m?

Cross sectional area of the solid part of the fuse element in m?

Cross sectional area of the liquid part of the fuse element in m?

Cross sectional area of the fuse element in m?2

Cross sectional area of the copper part in the fuse element in m?

Cross sectional area of the tin part in the fuse element in m?

Cross sectional area of the left resp. right attached cable in m?
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Right hand side of the discretized system in the i-th iteration

Linear coefficient of the stationary heat equation for attached ca-
bles in 1/m?

Constant of the stationary heat equation for attached cables in
K /m?

Stored energy in the fuse element during infinitesimal time df in
J

Stored melting energy during infinitesimal time dt¢ in J

Time discretization interval in s

Space discretization interval in m

Asymptotic electric current of a fuse in A

Electrical conductivity of the solid part of the fuse element in
Electrical conductivity of the liquid part of the fuse element in
1/(£2-m)

Length of the metallic part of the fuse in m

Length of the fuse element in m

Heat conductivity of an attached cable in W/(m - K)

Heat conductivity of the left resp. right attached cable in
Sparse block matrix for the solution of a discretized system in the
i-th iteration

Heat power emitted via the surface in W

Heat power generated in the fuse element in W

Heat power conducted in axial direction in W

Auxiliary quantity for the computation of the melting time in
W/m

Electrical resistance of the fuse element in 2

Resistivity of the material of the fuse element in - m
Resistivity of the copper part in the fuse element in 2 - m
Resistivity of tin part in the fuse element in - m

Computed blowing time of a fuse in s

Computed heating time of a fuse in s

Measured blowing time of a fuse in s

Melting time of the fuse element in s

Fixed time step in s

Melting temperature of the fuse element in °C

Temperature in the fuse at the discrete time step i and space point
jin °C

Temperature in an attached cable in °C

Asymptotic temperature of an attached cable in °C

Asymptotic temperature of the left resp. right attached cable in
°C



© Volume specific melting energy of the fuse element material in

J/m?
u(x) Space dependent perimeter of the metallic part of the fuse in m
Uo Electric potential of the fuse element in V
X0, X¢ Characteristic length of the left resp. right attached cable in m
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