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Abstract

As electric power consumption increases steadily and more renewable sources are being
used to generate power, the available power grid needs to increase its capability and
flexibility. Current rating of existing equipment is today determined by static ratings for
worst case scenarios, leaving components such as power cables not fully utilized. This
thesis proposes an estimation method that facilitates advancing the current rating of
power cables from static to dynamic rating.

The method uses two different procedures as basis, that has established transient and
steady-state conductor temperature for given load and laying conditions. By using an
applied scaling principle that corresponds to the change in load current, thus considering
the thermal changes in the cable. As well as applying the principle of superposition. The
total transient temperature response of the cable conductor during dynamic loading can
be estimated. The estimate can then be utilized to enhance the current rating of the
power cable.

The first basis used in the estimation method is calculated conductor temperature accord-
ing to international standards. The second basis uses a long-term established temperature
measurement of the cable conductor with known conditions. The estimates are compared
to a dynamic loading case, experimentally executed in a practical laboratory setup. The
setup uses a Nexans TSLF 24kV 1x50 A power cable, that has an aluminium conductor
with a cross-sectional area of 50 mm?, and cross-linked polyethylene (XLPE) insulation.

Results show that the estimates are able to give a realistic imitation of the experimentally
measured conductor temperature response. The estimate based on measured tempera-
ture has the least average temperature deviation compared to measurement, which is
5.2°C. This estimate also has an additional scaling for the temperature dependency of
the conductor resistance. Estimation based on analytical calculations only gives an ad-
equate estimate when the change in conductor resistance is included, with an average
temperature deviation of 8.3°C.

The simplicity and precision level of the developed method suggest that its applicability
has potential to facilitate the current rating of power cables from static calculations to
more dynamic considerations. Improving the utilization of the potential grid reserve not
fully exploited in power cables.
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Sammendrag

Ettersom strgmforbruket gker jevnt og mer fornybare kilder brukes til a generere elek-
trisk energi, ma det tilgjengelige strgmnettet gke sin kapasitet og fleksibilitet. Gjeldende
strgmfgringsevne bestemmes i dag av statiske vurderinger for verst mulig tilfelle, slik
at eksisterende komponenter ikke blir fullt utnyttet. Denne masteroppgaven foreslar en
estimeringsmetode som vil bidra til a gke gjeldende vurdering av strgmkabler fra statisk
til dynamisk betraktning.

Metoden bruker to ulike prosedyrer som har etablert transient og stabil ledertemperatur
for en gitt belastning og forlegning. Ved a anvende et skaleringsprinsipp som tilsvarer
endringen i laststremmen, og dermed ogsa inkluderer de termiske endringene i kabelen.
Samt a anvende superposisjonsprinsippet. Vil den totale transiente temperatur responsen
til kabelens leder under dynamisk belastning bli estimert. Estimatet kan deretter brukes
til a forbedre strgmferingsevnen til kabelen.

Den fgrste prosedyren som brukes i estimeringsmetoden er beregnet ledertemperatur i
henhold til internasjonale standarder. Den andre prosedyren bruker en langtids etablert
temperaturmaling av kabelens leder under kjente forhold. Estimatene sammenlignes med
et dynamisk belastnings tilfelle, eksperimentelt utfert i et praktisk laboratorieoppsett.
Oppsettet bruker en Nexans TSLF 24kV 1x50 A kabel, som har en aluminiumsleder med
et tverrsnitts areal pa 50 mm?, og tverrbundet polyetylen (XLPE) isolasjon.

Resultater viser at estimatene er i stand til a gi en realistisk imitasjon av den eksper-
imentelt malte ledertemperatur responsen. Estimatet basert pa malt temperatur har
minst gjennomsnittlig temperatur avvik sammenlignet med maling, som er 5,2°C. Dette
estimatet har ogsa en ekstra skalering for temperaturavhengigheten til ledermotstanden.
Estimering basert pa analytiske beregninger gir kun et tilstrekkelig estimat nar endringen
i ledermotstand er inkludert, med et gjennomsnittlig temperatur avvik pa 8,3°C.

Enkelheten og presisjonsnivaet til den utviklede metoden antyder at anvendeligheten har
potensialet til a forbedre gjeldende vurdering av kabler fra statiske beregninger til mer
dynamiske betraktninger. Dette vil fgre til forbedring av utnyttelsen til den potensielle
overfgrings reserven som ikke utnyttes fullt ut i kraftkabler i dag.

il
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Chapter

Introduction

The objective of this master’s thesis has been to develop an estimation method that can
be used to determine the expected transient temperature response of a power cable con-
ductor, to improve the dynamic current rating of the cable. First, this chapter presents an
introductory to the background and motivation for developing and testing the presented
method. Further it gives the problem definition and report structure.

1.1 Background and motivation

A report from the Nordic grid operators predicts a growth in electric power consumption
from 400 TWh, which is present-day consumption, to 655 TWh by the year of 2040. This
means the Nordic countries will consume 65 % more electric power by 2040. The power
generation will also increase, as more renewable sources are implemented into the grid.
The report anticipates a 122 % increase in renewable capacity by 2040, mostly due to on-
and offshore wind and solar energy. [1].

As the electric power consumption steadily increases not only in the Nordics, but on a
global basis as well, there is a growth in research regarding more efficient use of already
existing components in the grid. Mainly, how the grid could be better utilized and
operated at higher loading levels [2]. Also, as more renewable sources are implemented,
the grid is required to be more flexible, due to renewable sources such as wind and solar
causing unpredictable energy generation.

Existing equipment is mainly operated according to conservative methods, using static
ratings based on limited parameter information, and worst-case scenario presumption. To
further facilitate the increase in consumption and generation, state of the art methods
are necessary for grid operators to make advanced use of already existing grid equipment
[3]. This thesis focuses on increasing the power transmission capacity of power cables, by
developing a method for estimating the conductor temperature during dynamic loading.




Chapter 1. Introduction

A substantial restriction when utilizing power cables are thermal limitations due to risk
of overheating, which in worst case could cause damage to the cable. The extent of the
damage varies, depending on the quantity of overheating the cable is exposed to. To
avoid any possibility of overheating, current limits are imposed [4]. These limits govern
the current-carrying capacity of a power cable, often referred to as the ampacity of the
cable. The ampacity is the maximum current the conductor of the cable can be loaded
with continuously to not exceed allowed operating temperature of the cable insulation.

The current capacity of a cable is generally based on conservative analytical calcula-
tions performed according to International Electrotechnical Commission (IEC) standards.
These standards consider steady-state temperature after being subject of a long-term con-
tinuous static load current in worst case scenario conditions. For cables, this could be
the hottest temperature measured at one spot. However, the temperature will rarely
exceed steady-state rating and the cable is rather operated at conditions that leads to
less thermal stress than it initially is designed for. Therefore, the actual power transfer
ability of a practical power cable is seldom utilized [5].

This represents an unused grid reserve in implemented power cables. To utilize this re-
serve, the ampacity considerations need to evolve from a static perspective to dynamic
considerations. By using real-time data of varying load current, transient temperature re-
sponse in the cable layers and impact from laying conditions such as surrounding medium
and ambient temperature, more realistic capacities of power cables could be estimated.

Modern methods that make use of a numerical approach, such as finite element method,
boundary element and finite difference are widely applied to cable systems for better
and more realistic computations of the cable temperature. However, these methods are
considered complex and requires advanced knowledge and computers. Which makes them
poorly suitable for real-time operations, and faster methods should be considered [6].

As new methods are required for a more uncomplicated current rating capacity estima-
tion, this thesis presents a method for estimating current rating of power cables. The
method is a further enhancement of a similar estimation method developed for a special-
ization project preceding this thesis. In the project, the method showed great tendencies
of estimating the conductor temperature of a low voltage electrical installation during
dynamic loading. Having an average temperature deviation between estimated and mea-
sured temperature of 0.8°C [7].




1.2. Problem definition and thesis structure

1.2 Problem definition and thesis structure

As mentioned, the objective of this thesis has been to develop a method to estimate the
dynamic current rating of power cables. The method uses measured transient tempera-
ture response of a laboratory setup with an XLPE power cable, to estimate the conductor
temperature during dynamic loading. As well as analytical calculations of transient tem-
perature response according to IEC standards, for the same purpose. Both measured and
calculated temperature responses are used for comparison. The total dynamic tempera-
ture response estimation is tested and verified experimentally on a laboratory setup for
a case of dynamic loading.

By using an experimental laboratory setup to compare the simulated estimates with
real-time temperature measurements, the thesis aims to determine the precision, possible
limitations and applicability of the method. A goal is to also show that temperature
measurements of cable sections exposed to hotspots, could facilitate dynamic current
rating of power cables. Meaning, sections of the cable where highest temperature occurs.

Further, this thesis is structured as follows. Chapter 2 presents the dynamic rating
principle for power cables. This chapter covers the definition, application and advantages
of going from static to dynamic current ratings for power cables. Chapter 3 gives the
theoretical background for heat generation in a cable, along with a description of how to
model a cable system as a thermal circuit. This chapter also includes analytical equations
for transient temperature response in cable layers, as well as a thorough explanation of
the developed estimation method with an example.

Chapter 4 displays the analytical calculations and laboratory setup, along with a descrip-
tion of how the estimation method is simulated using the computer software MATLAB.
The results are then displayed and discussed in chapter 5 and 6 respectively. The con-
clusion is found in chapter 7 and suggestions for further work in chapter 8. Following the
last chapter is the bibliography and appendices.




Chapter

Dynamic rating - power cables

The following chapter gives a brief literature review on the dynamic rating for power
cables. It covers the principle of dynamic rating and how it could be used to reduce
the effect of thermal bottlenecks. Moreover, it presents a common modern temperature
measurement of power cables which is distributed temperature sensing (DTS). Lastly it
covers methodology and application of dynamic rating of power cable systems today.

2.1 Dynamic rating principle

To exploit this potential grid reserve in established power cables, the term dynamic
rating (DR) has been a focus area for both scientific researchers and grid operators. The
principle of DR is based on live measurements of load current, temperature in different
cable layers and external parameters depending on laying conditions. The measurements
are used to determine a real-time dynamic current rating capacity for a power cable [3].

According to [8], the dynamic current ratings are generally greater than the static rat-
ings. As there is a higher transmission potential in already existing grid equipment,
research on DR has been conducted for other power components as well, such as power
lines and transformers. For power cables, DR requires that the operators have sufficient
information about operating temperature in the cable [9]. However, grid operators often
lack information about the conductor temperature during operation as it is complex to
measure [10].

It is vital to operate cables within safe measures, and advanced dynamic methods uses
an estimation of the conductor temperature based on real-time measurable parameters.
These methods operate with live data from advanced temperature measuring systems such
as DTS. Combined with a real-time temperature rating (RTTR) system to give operators
an adequate estimate of conductor temperature. Number of time varying parameters
contained in the RTTR algorithm differs between methods, but commonly load variation
and DTS data are used [11].




2.1. Dynamic rating principle

A primary issue when using an estimate of the conductor temperature is the reliability
of the estimate. If the cable is operated at overload conditions for longer time periods, it
could cause harm to the cable system and result in unnecessary costs for grid operators.
This enhances the demand for more scientific research on the DR topic. Creating reliable
verification of different RT'TR algorithms is essential to ensure a stable power grid.

Available literature has mainly focused on DR of power lines, which shows great potential
for transmission increase. However, the thermal limits of power cables could make a
thermal bottleneck, that also impacts the DR of power lines. As the grid sometimes
combine lines and cables in the distribution network [12]. Cherukupalli and Anders
suggests in [11] that implementation of DR systems could potentially rise the transmission
capacity by 5-25 %, compared to static ratings.




Chapter 2. Dynamic rating - power cables

2.2 Power cables as thermal bottlenecks in the grid

Ampacity rating of power cables are associated with laying conditions and heat dissipation
to the surroundings. Commonly, power cables are placed throughout varying laying
conditions that impacts the rate of heat dissipation differently. Sections with modest
dissipation often tends to experience the highest temperature levels, often described as
thermal bottlenecks of the cable. These sections are often where the cable is laid in ducts,
together with other cables and air as surrounding medium [13].

As the thermal properties of the surroundings are not persistent throughout the whole
cable length, the conductor temperature will be higher in the areas with the least heat
dissipation. In some cases where the thermal conditions are least favourable, it might
surpass 20°C compared to the conductor temperature in other sections. For these worst-
case areas, grid operators lack sufficient formulas or tabulated values easily accessible
to determine the ampacity rating, such that a percentage reduction is used instead [14].
These reductions often contain large safety margins which could lead to not utilizing the
full potential of the cable.

For operators to reduce the effect of thermal bottlenecks or hotspots, these areas need to
be detected and analyzed using proper temperature measurement and detection technol-
ogy. Once these spots are mitigated and handled, the full potential of the ampacity can
be exploited [15]. One technique is to increase the thermal conductance at these areas
by using a medium with low thermal resistivity in the cable surroundings. With then a
proper thermal bottleneck detection method that uses precise temperature measurement
along with a DR system for better current-carrying capacity, grid operators will then be
able to ensure safe operation of power cables.
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2.3 Temperature measurement of power cables

To ensure temperature data along the total cable length, one of the most prominent
technologies used today is DTS. It is fibre optics placed along the cable, in different
layers such as the sheath or at the surface. This gives the opportunity to monitor several
points and sections of the cable and real-time temperature readings are made available.
Operators could then access different thermal profiles for the varying laying conditions
[16]. Figure 2.1 shows how the optical fibre could be placed in the metal screen layer of
a power cable.

Figure 2.1: ”Optical fibres integrated in the power cable between the metal
wire screen”, from [17, p. 65].

A report constructed by a working group from Cigre showed that 66 % of the involved
grid operators in the survey uses DTS systems combined with RT'TR. Of these, only 3 %
uses the data for actual transmission purposes. This implies that the data is not being
utilized completely. The report also stated that 96 % of the operators preferred DTS as
temperature measuring system, but more than 70 % of these said that the data gathered
was mostly used for learning purposes. Furthermore, 50 % of the operators replied blank
on what their main purpose of installing DTS was for [17].

Even with modern technology for more dynamic considerations of power cables, the po-
tential is still not being exploited. Advanced temperature systems and algorithms for
live capacity computation is being installed, but not used for its purpose. Static ratings
might still be the governing method for cable operations. However, as the majority of
data is used for learning and training, future operations could improve the transmission
capacity.
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2.4 Modern application of dynamic rating on power
cable systems

To operate power cables according to dynamic ratings a temperature measurement system
combined with a RTTR system is often used by operators. Temperature and load cur-
rent data are provided by the use of supervisory control and data acquisition (SCADA).
The algorithm calculates the temperature of the conductor, other cable layers and sur-
roundings if necessary. The communication between SCADA and RTTR usually handles
different zones of the cable, depending on laying conditions. The system generates a
thermal model for each zone, which makes detection of bottlenecks possible [18].

Figure 2.2 shows a common RTTR system where the algorithm is either based on rating
calculations according to IEC standards 60287 and 60853 or numerical finite element
method (FEM). This gives the operators access to data for the entire cable route. Al-
though according to the Cigre report, the data is still not being used even though it is
accessible. From [11], by deploying such a system, grid operators want to consider the
following;:

e Live transmission limitations of the system
e What is the overload capacity of the system at certain operating conditions

e At what point does the cable exceeds operating limits during applied overloading
of current rating




2.4. Modern application of dynamic rating on power cable systems

Measured temperature values along the cable route by means of a DTS system
Electrical, geometrical, and thermal parameters of the power cable

Installation information of the cable system (duct buried, direct buried, etc.,)
Knowledge of the thermal resistivity of all types of soil surrounding the cable system

Details of any hot spots affecting the cable system such as steam lines crossing depth,
— temperature, ... .g., other cable utilities in proximity of the main power cable corridor [+

Prevailing soil temperature
Real-time current and voltage of the cables systems

Is the calculated Refine the cable
temperature matching DTS properties/soil

measured properties

temperature?

Calculated conductor temperature along the cable route
The calculation of the maximum conductor temperature for each thermal zone

The maximum ampacity (permanent or cyclic) for each thermal zone based on the
maximum temperature measured in this zone and the corresponding (calculated)
current for this zone.

The overload capacity of the cable system: maximum overload for a given period
taking into account the actual load of the cable system, actual maximum conductor
temperature, and the corresponding temperature responses for every thermal zone
at higher loads/temperatures

Simulations of different combinations of temperature, load, and time are useful in order
to evaluate the possibility to apply specific overload scenarios.

Figure 2.2: Common RTTR system analysis from [11].




Chapter

Theory

The theoretical basis for the thesis is presented in four different sections. First section
gives a description of how heat is generated in power cables. Section two describes
how power cables are modelled as thermal circuits, using electrical to thermal analogies.
The third section depicts how transient temperature response functions of different cable
layers are calculated analytically according to the IEC standards. Lastly, the fourth
section covers how the transient temperature response can be calculated during dynamic
loading of a power cable. Also, it presents the developed estimation method for conductor
temperature response during dynamic loading.

3.1 Heat development in power cables

Heat is generated internally in power cables from voltage- and current dependent losses
occurring in various layers of the cable. Depending on the construction of the cable,
layers such as the conductor, sheath, metallic screens and armour could be considered
as heat sources [19]. Heat generated in these layers dissipates through the surrounding
medium, making the laying conditions a vital parameter that affect the ampacity of the
cable [20].

External heat sources such as solar radiation from the sun, ambient temperature in the
cable environment, type of surrounding medium, air or soil and other factors are con-
sidered as laying conditions. The cable installation studied in this thesis is a single-core
XLPE insulated cable with an aluminium conductor. The only losses considered are the
current-dependent losses in the conductor, called ohmic losses. No other internal losses
are included further. The cable installation is placed on the floor inside, with air as the
surrounding medium. External heat sources are neglected, as the cable is not exposed to
any solar radiation.
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3.1. Heat development in power cables

3.1.1 Ohmic losses

Ohmic losses, denoted as W,, are current dependent losses that generate heat in the
conductor. The losses occur as a load current is applied to the cable and the conductor
having a resistance. The following equation from [19], equation (3.1), can be used to
calculate the ohmic losses.

W,=1%-Rac (3.1)
e [: Load current [A]

e R,c: Alternating current resistance (AC) of the conductor at operating tempera-
ture [Q]

Conductor resistance changes linearly with operating temperature, as the temperature at
the conductor increases the resistance also increases. The conductor resistance is either
a direct current (DC) resistance, denoted as Ry. or AC resistance, denoted as Rac.
Depending on if the conductor is carrying DC or AC. From [21], the DC resistance can
be calculated as shown in equation (3.2).

Ry = Ryo[1 + a(f — 20)] = pﬁ' l[1 + a0 — 20)] (3.2)

Ryo: Conductor resistance at 20°C [Q2]

e a: Temperature coefficient, for aluminium o = 0.0043 [°C™1]

0: Operating temperature at the conductor [°C]

p20: Conductor resistivity at 20 °C, for aluminium poy = 2.8264-107% [Qm]

I: Length [m]

e A: Cross-sectional area of conductor [m?]

The AC resistance is not only impacted by varying temperature, effects such as proximity-
and skin effect will also affect the conductor resistance. Cables close or parallel, will
impact the current density of each other when carrying an AC. The density is reduced
on the closer sides and increased on the remote sides due to the induced currents. This
effect is called the proximity effect, denoted by y, [19].

11
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Carrying an AC also result in the current distribution being unequally spread in the
conductor. This effect is called the skin effect, denoted by ys [19]. Including these effects,
the AC resistance is always greater than the DC resistance of a conductor. How these
effects are included in R4¢ is show in equation (3.3) from [19].

Ruic = R@(l + Yp + ys) (3.3)

As the proximity effect is dependent on other cables close or parallel to each other and
the skin effects dependency of large cross-sectional area of the conductor and high system
frequency. Both effects have been neglected when calculating the conductor resistance,
as the cable used in this thesis does not have any neighbouring cables, a cross-sectional
area of 50 mm? and a system frequency of 50 Hz. Such that R4¢ is only considered to be
temperature dependent. In [21], the relationship between Ry and Rac equals 1.0267 for
a conductor with a 100 mm? cross-section and 50 Hz system frequency, when proximity-
and skin effects are considered.

12
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3.2 Thermal modelling - power cable

Modelling a thermal circuit of a power cable requires the use of fundamental similarities
between current flowing due to an electric potential and heat flow caused by temperature
difference between the loaded conductor and surrounding medium. Analogies between
electrical- and thermal terminology are presented in table 3.1 from [22]. For thermal
circuits, Ohm’s law correlate to Fourier’s law of heat conduction, due to charge being
the electrical analogy to heat. Temperature and heat transfer rate is the equivalents of
voltage and current respectively. Resistance and capacitance are similar properties for
both terminologies. The thermal resistance of a material is the ability to limit heat flow
and heat capacity describes heat stored in a material [23].

Table 3.1: Electrical and thermal analogies for thermal circuits [22].

Electrical terminology Thermal terminology

Property Symbol Unit | Property Symbol Unit
Voltage \Y% [V] | Temperature 7 [°C]
Current I [A] | Heat transfer rate q (W]
Resistance R [2] | Thermal resistance R (52
Capacitance C [F] | Heat capacity C (5]

To represent the thermal model of a cable system as a circuit, it can be sectioned into
several loops. Where each loop is characterised by a thermal resistance and a thermal
capacitance. This is considered as a lumped parameter method, used for solving complex
cable systems. The thermal circuit is considered linear as long as the thermal charac-
teristics does not vary with temperature, which makes the use of superposition principle
possible when solving heat flow difficulties [23].

Prior to newer technology that made solving cable systems consisting of several loops
possible, simplified networks with only two loops were developed, called a two-loop circuit.
Solving a system with numerous loops was considered a tedious task and a two-loop
representation proved to be valid for the majority of applications [23]. Further sections
cover calculations of parameters used in a two-loop model and how a thermal circuit with
multiple loops are reduced to a two-loop circuit.

13
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3.2.1 Thermal resistance

Different sections of the cable system such as metallic armour and screen, cable sheath
and the surroundings will limit heat dissipation from the conductor. Meaning all noncon-
ductive parts will restrict heat flow and needs to be considered as a thermal resistance,
denoted by T'. For cylindrical power cables, the circular geometry of different layers can
be used as an advantage. The thermal resistance of the metallic layers such as the screen
can be neglected, due to having a high thermal conductivity [23].

Equation (3.4) from the international standard IEC 60287-2-1 [24], calculates the thermal
resistance, T', of a given cylindrical layer ¢ in the cable. Index ¢ is a denotation of cable
insulation and sheath, using numbers 1 or 3 respectively. 2 is used for metallic parts,
which is neglected. The thermal resistivity, p, can be found as a tabulated value in
[24] for both insulation and sheath, depending on what material the respective layer is
constructed of.

2 " < * Di) 84)
e p;: Thermal resistivity of layer i [£2]

e t;: Thickness layer i [m]
e D;: Diameter beneath layer i [m)]

Thermal response of a cable in air depends on heat transfer mechanisms, neighbouring ca-
ble configuration that could cause induced heating and solar radiation [25]. The external
thermal resistance for the cable, T}, is highly dependent on what medium the surround-
ings consist of. For cables located in air, T4 has a smaller impact on the rating compared
to cables located underground, however the calculation is considered more complex [23].

IEC 60287-2-1 gives a thorough description of a method to calculate the external thermal
resistance for cables laid in air. It includes a simple iterative method to acquire the cable
surface temperature above ambient temperature, Afg. The external thermal resistance,
T, can be calculated from equation (3.5) [24].

1
 7D.h(AGg)i

e De: External diameter of cable [m]

(3.5)

1y

e h: Heat dissipation coefficient that includes heat transfer mechanisms

e Afg: Temperature of cable surface above ambient temperature
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3.2. Thermal modelling - power cable

The heat dissipation coefficient, h, can be calculated as shown in equation (3.6).

Z
(De)s

e /., g and E: Tabulated constants for black surfaced cables in air placed on ground

=

+E (3.6)

Values used in this thesis for these constants are Z = 1.69, g = 0.20 and E = 0.79 from
[23]. Due to the practical power cable used in the laboratory setup having a black surface
and being placed directly on the floor with air surrounding it.

To initiate the iterative process, variable K, used during the iteration is defined, and
calculated from equation (3.7).

wD_.h
(T+ X+ A)

e )\;: Sheath loss ratio factor, neglected in further calculations

Ky = [T+ To(1+ M)+ T5(1+ A+ Ag)] (3.7)

e )\y: Armour loss ratio factor, neglected in further calculations

e T: Thermal resistance of insulation [K—Wm}

e T5: Thermal resistance of metallic parts, neglected in further calculations [%]

e T3: Thermal resistance of sheath [K—m]

W

Afg can then be calculated using equation (3.8), where the initial value is set as (Afg)4
1 1
= 2. The iteration is repeated until (Afg);., - (Afs)s < 0.001.

0.25
A0+ Aby

1+ K4(Abs)s

(Afs)i,, = (3.8)

e n: Iteration index
e Af: Maximum operating conductor temperature above ambient temperature [°C]

e Afy: Dielectric loss factor, 0 if dielectric losses are neglected
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3.2.2 Thermal capacitance

Calculating the transient temperature response includes the thermal capacitance of dif-
ferent cable sections. The thermal capacitance per unit length, (), is considered as heat
stored in each layer of the cable, and can be calculated as shown in equation (3.9) [23].

Q=V,-c (3.9
e V,: Volume of the object [m?]
e c: Specific heat of the material, volumetric [#}

Layers such as cable insulation and sheath have a coaxial configuration, to calculate the
thermal capacitance of these layers equation (3.10) can be used.

Q= % (D2, —D}) -c (3.10)

e D.,: External diameter of layer [m]
e D;,: Internal diameter of layer [m]

The thermal capacity is not a linear function of the layer thickness. This makes the
modelling of transient temperature response complex and involves prolonged calculations.
Van Wormer developed a method where an equivalent 7 circuit is used. The method uses
lumped parameters to distribute the thermal capacitance of the cable insulation between
the thermal capacitance of the conductor and the sheath [26]. The ratio of portioned
thermal capacitance is called the Van Wormer coefficient, denoted as p. Distributed
thermal capacitance in the insulation is shown in figure 3.1, where pQ); is placed at the
conductor and (1 — p)@; is placed at the screen.

16
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Insulation

I 1
—J

TI_
£p0, (- PO

Figure 3.1: Lumped parameter thermal model of cable insulation using Van
Wormer coefficient p from [27].

Calculation of p for the insulation can be carried out as shown in equation (3.12) [23].

1 1
p= _ - 2
2in (Bee) - (Bae)" 1

e D;,s: External diameter of insulation [m]

(3.11)

e D.,,: Internal diameter of insulation [m]

Similar approach can also be used for thermal capacitance of the sheath, where the Van

Wormer coefficient is denoted as p’, and can be calculated using the following equation
23]:

1 1
p = — ~ 5 (3.12)
on (Be)  (B) -
e D.,: External diameter of sheath [m]

e D,: Internal diameter of sheath |m]
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3.2.3 Thermal model of a cable system

Figure 3.2 shows a thermal model of a single-core cable where the only losses considered
are the ohmic losses, W., covered in section 3.1.1. The thermal resistance of the screen
is neglected as it has a low thermal resistance [19]. The thermal resistance 77, T3 and
T, represents the thermal resistance of the insulation, cable sheath and the surround-
ings respectively. Qcon, Qi Qsceen aNd Qgpearn, Tepresents the thermal capacitance of the
different layers respectively, conductor, insulation, screen and sheath.

In steady-state the thermal resistances are governing the circuit, thus thermal capaci-
tances can be neglected. However, when considering the transient thermal response of
a cable the thermal capacitance has a great influence. To be able to consider the total
temperature response of a cable, both steady-state and transient parameters are included
in the model. Further this model can be reduced to a two-loop circuit.

Conductor Insulation Screen Sheath External
| | 1 1 0
S L | M|
T. Ts Ta
( We Qcon pQI ll'p)QI Qscreen p‘QshEalh {l'pl,QShEﬂ[h
=

Figure 3.2: Thermal circuit of a cable system.

[EC standard 60853 [28] uses a thermal model containing only two loops when calculating
the cable ampacity. This is a standardized simplification for basic cable types to reduce
complexity of transient response calculations [29]. The circuit contains two thermal
resistances, Ty and T that represents the thermal resistances of the full model. Also,
two thermal capacitances, Q4 and (), that represents the thermal capacitances. The
two-loop circuit is shown in figure 3.3. The following equations (3.13-16) shows the
calculation of each parameter in the two-loop circuit for a cable with air as surrounding
medium. As mentioned earlier \; is neglected [19].
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[ 1 [
Ta

Te
(‘)w.: ::m Qs

=

Figure 3.3: Thermal circuit of a cable system, reduced to two loops.

Ty =T, (3.13)

Ty = %Tl +(L+ AT+ ) (3.14)
Qa = Qeon +pQsi (3.15)

Qp = (1 - p)Q; + Lereen P Qaheath (3.16)

I+ X\
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3.3 Transient temperature response in cable layers

To calculate the transient temperature response in different layers, the linear network
displayed in figure 3.2 is analysed and reduced to two loops. It is required to determine
the response function for the temperature rise, produced by a forcing function, which is
the ohmic losses in the conductor. To determine this, a transfer function for the circuit
can be used. The transfer function is the Fourier transform for the unit impulse response
in the circuit. Laplace transformation of the transfer function as a ratio is given in
equation (3.17) from [23].

P(s)

Q(s)

e P(s) and Q(s): Polynomials, dependent on number of loops in the network. Zeros
and poles can be found by setting these polynomials as zero

H(s) = (3.17)

The response function, temperature rise at node ¢ in the thermal circuit, is shown in
equation (3.18) from [23]. The response function in this thesis is calculated for node i =
1, which corresponds to the conductor temperature rise, 6;. As well as for node 1 = 2,
the response function of the sheath temperature rise, 65.

0:(t) = W, EH:TJ (1—€") (3.18)

W,: Conductor losses [X]
e T,;: Coefficient [%]

e P;: Time constant [sec™]

t: Step starting time [sec]

n: Number of loops

7: Node index

j: Index from 1 to n

20



3.3. Transient temperature response in cable layers

Coefficients T;; and time constants P; can be obtained by the zeros and poles for the
network transfer function. Calculation of the coefficients, T;;, are shown in the following
equation (3.19) [23].

(Zki — Fy)
T, — _ O(n-1)i k:ln (3.19)
by
P11 (PP
k=1,k#j

a(n—1)i: Transfer function, numerator equation coefficient

b,: Transfer function, denominator equation coefficient

e /. Zeros of transfer function

P; and Py: Poles of transfer function

k: Index from 1 to n # j
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3.4 Estimating transient temperature response in
power cables

The following sections covers the theoretical background for calculating the temperature
response during dynamic loading and a presentation of the developed method for esti-
mating the temperature at the conductor. The first section, 3.4.1, was initially presented
in the preceding specialization project and is a draft directly from that report [7, pp.
6-7].

3.4.1 Transient temperature response during dynamic loading

”"When calculating the transient temperature response during variable loading of a power
cable, the load curve can be split up into a sequence of steps with constant magnitude. For
each different consecutive step, the calculation is repeated. The total transient response
can then be calculated using the superposition principle, that sums up each step going
towards a hypothetical steady-state temperature. The result will be a final transient
temperature response, as a function of time [23].

When studying a thermal equivalent system of an electric equipment such as a cable,
the analogies used such as thermal resistance and capacitance can be considered linear
components. This makes the principle of linear superposition valid for a thermal system
analogy of the electrical equipment. The superposition principle assumes that if one
component of the system is switched on individually, and the effect it has on the system
is measured. It is possible to sum up the contribution from each invidual component to
get the total effect. Just as if the components were turned on at the same time [30].

Figure 3.4 shows an example from [19] of how resulting temperature is calculated using
the superposition principle when there is a single step current, I, lasting for one hour. This
single step current can be compared with an equivalent series of positive and negative step
currents with respectively the value I and -1. Positive steps represent when the current
is on, the negative when the current is off. The positive steps starting at time t = 0
and the negative steps starting at t = 1 hour The third plot in the figure represents the
transient temperature response for each of the positive and negative steps, going towards
a hypothetical steady-state temperature. The resulting temperature rise at time 7, above
ambient temperature can be calculated as shown in (3.20) from [23] and is displayed in
the fourth and last plot of figure 3.4.

O(r) —0(t —1) (3.20)
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I Step of currant

Equivalent positive .t
and nagalive steps

a(t)

e

-
Resulting temperatura
)
1 ¥ 2. -1
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Figure 3.4: Transient temperature rise of single step current [19].”
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3.4.2 Developed estimation method for conductor temperature

Following method make use of established temperature responses at the conductor for a
given load situation with known laying condition parameters, to estimate the conductor
temperature during dynamic loading. The established responses are considered to be a
basis for the developed method. The estimation could then further facilitate the dynamic
current rating of a power cable. The established responses used is a long-term measure-
ment that has both transient and steady-state temperature information for the conductor.
Another procedure used is analytical calculations of the conductor temperature response
according to IEC standards, as previous sections of this chapter cover.

In this thesis, both procedures are used as basis for comparison. The aim is to be
able to produce realistic estimates of the conductor temperature during changes in load
current, also known as dynamic loading. The experimental laboratory measurements are
described later in section 4.2. During research for theoretical material, no other relevant
scientific theses covering similar methods of temperature estimation in power cables were
discovered.

The estimation is based on having available long-term temperature data of the cable
conductor. Temperature response needs to be simulated or measured for a period that
ensures temperature data for both the transient temperature rise and steady-state. This
can be considered as measuring or calculating the response function of the conductor,
01(t). The idea is that the established conductor temperature response, for a given load
situation and same laying conditions is split up into sequences of individual contributions
depending on the change in load current. Each contribution is scaled to fit the present
load current. The scaling uses equation (3.1) from section 3.1.1 as background principle.

Each individual temperature contribution is scaled by the squared value of change in load
current. The change in current is relative to the load current applied when establishing
the long-term temperature responses. Load current, I, applied during establishing of the
basis can be denoted as 100 %. If an increase of 50 % in load current is applied, it can be
considered an increase of (1.5)% for W.. As temperature is considered to be linear with
the losses, the new temperature response will then resemble the established long-term
temperature. As if the initial load current used was 50 % larger than the initial current
(100 %) and laying conditions remain unchanged.
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3.4. Estimating transient temperature response in power cables

The AC resistance, Rac, of the conductor varies linearly with change in temperature.
Equation (3.1) includes this variation in resistance. However, the scaling principle of this
estimation method was not initially developed to include change in R 4¢, as the preceding
project [7] showed great potential when neglecting this parameter. Introductory testing
showed that for larger power cables, Rac would have a larger impact. This impact has
then later been implemented in the scaling principle used in the method and is covered
in section 4.3.1.

The superposition principle, described in the previous section, can then be applied to
estimate the total temperature response at the conductor during dynamic loading. Each
individual contribution is added together, equal quantity of both positive (current on) and
negative (current off) contributions, to make up the temperature response. To demon-
strate this method a following example resembling figure 3.4 follows. The example con-
tains a larger number of individual contributions.

Figure 3.5 shows a experimental measurement of the conductor response function, total
temperature above ambient temperature, 0 (t). As well as measured ambient temperature
of the cable surroundings. A load current of 225 A was applied for a period of 12 hours,
the laboratory setup used to obtain these measurements are described in section 4.2.

90

85 .

80 - .

75 | Measured conductor temperature i
Measured ambient temperature

70 - .

Temperature [°C]
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Figure 3.5: Long-term temperature measurement of conductor (light green
line) and ambient temperature (brown line), with a load current of 225 A
applied for 12 hours.
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01(t) is then split up into equal number of positive and negative contributions that is
scaled for a dynamic load current. Individual contributions are denoted by 6;(t) and
the percentage value in parenthesis is relative to load current that was applied during
establishment of the basis. The changes in load current for this case is as follows, where
t is the time correlated to when the change in load current occurs.

e 0 <t<1hour, I =225A (100%), no scaling applied to individual contribution

e 1 <t < 2hours, I = 337.5A (150%), temperature response scaled by a factor of
)2 = 2.25

(1.5
e 2 <t < 3hours, I = 112.5A (50%), temperature response scaled by a factor of
(0.5)2 = 0.25
e 3 <t < 8hours, I =0, current turned off
The individual contributions for this case of dynamic loading are shown in figure 3.6. Solid
lines represent current on, dashed lines represent current off. To give each contribution
the same initial starting temperature, each step is corrected for the starting temperature,
initial temperature at the cable conductor which also is the ambient temperature. This

difference is added to the total transient temperature response to include the impact of
ambient temperature.

\ —
\ \
S 0
S Y T o e S S AOSR DUR (P G
— 0, (1)(100%) A
\
— — .- 0,(1)(100%) \
0, (1)(150%) S~ e

— — .- 0,(1(150%)
0, ()(50%)
- 0,(1)(50%)

0 05 1 15 2 25 3 35 4 45 &5 55 6 65 7 75 8
Time [h]

Figure 3.6: 61(¢) split up into individual contributions that are scaled ac-
cording to the changes in current, I.
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Each of the contributions can then be added together using the superposition principle
for linear circuits. The total temperature response of the contributions will be an esti-
mation of the transient temperature response at the cable conductor. The sum of the
contributions can be completed as follows and the total estimated transient temperature
response of the conductor are show in figure 3.7:

e 0 <t < 1 hour, total transient temperature response = 6 (¢)(100%)

e 1 <t < 2 hours, total transient temperature response = 6, (t)(100%) + (-1) 64 (t —
1)(100%) + 61 (t — 1)(150%)

e 2 <t < 3 hours, total transient temperature response = 0 (¢)(100%) + (-1) 6, (t —
1)(100%) + 61(t — 1)(150%) + (-1) 61 (t — 2)(150%) + 61 (t — 2)(50%)

e 3 <t < 8 hours, total transient temperature response = 6;(¢)(100%) + (-1) 61 (t —
1)(100%) + 61(t — 1)(150%) + (-1) 61(t — 2)(150%) + 61(t — 2)(50%) + (-1) 61(t —
3)(50%)
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Figure 3.7: Estimate of the total transient temperature response of the con-
ductor (light green line) and measured ambient temperature during the long-
term temperature measurement (brown line).
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Chapter

Method

This chapter covers the two different procedures used to establish a temperature basis for
the estimation method. Firstly, it gives a step-by-step description of how the temperature
responses for both the conductor and cable sheath are analytically calculated. Further,
the experimental laboratory setup used for temperature measurement of the XLPE cable
are presented. Lastly, it explains the methodology of how each of the two bases are used
for estimation of conductor temperature.

4.1 Analytical calculation of temperature response
functions

The following calculations are based on equations presented in sections 3.2 and 3.3. As
well as methodology from Anders in [19], based on IEC standards 60287 and 60853.
Firstly, the full thermal network shown in figure 3.2 are reduced to a two-loop network,
displayed in figure 4.1. Where 6, and 6, are the temperature response functions of the
conductor (node one) and the sheath (node two) respectively. The physical parameters
of the cable system used in the laboratory, are displayed in tables 4.1 and 4.2.

The long-term transient and steady-state analytical calculation applies a load current of
225 A to the cable for a period of 12 hours. The load current was simulated to be applied
continuously on a cable with identical characteristics and laying conditions as the one
used in the laboratory setup. 225 A was chosen due to being the maximum allowed load
current of the practical XLPE cable.

The calculated values for the cable system are shown in tables 4.3 - 4.5. These values are
for the two-loop thermal network that is further used in calculation of the temperature re-
sponse functions, displayed in the following sections. The calculations were carried out in
MATLAB software [31] and the code is presented in appendix B. The cable characteristic
are presented in table 4.8.
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0, 0.

®, . m—

[ 1 [ —
Ta

Te

¥ - |

Figure 4.1: Thermal circuit of a cable, reduced to two loops. 6, and

temperature response functions of node 1 and 2 respectively.

02

Table 4.1: Thermal resistivity of the cable system used in the laboratory

setup.

Thermal resistivity of the cable system [%]

Thermal resistivity conductor, at 20 °C: peon 20 2.83.1078
Thermal resistivity XLPE insulation, at 20°C: pj,. 3.5
Thermal resistivity sheath, at 20°C: pgneatn 3.5

Table 4.2: Specific heat capacities of the cable system used in the laboratory

setup.

Specific heat capacity, volumetric, of the cable system [ J

|

m3K
Specific heat capacity conductor: ceo, 2.4-10°
Specific heat capacity XLPE insulation: ¢; | 2.4-10°
Specific heat capacity sheath: cgpearn 2.4-10°
Specific heat capacity screen: Cgereen 3.45-106
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Table 4.3: Calculated thermal resistances.

Calculated thermal resistance [%}
T 0.48
T 0.09
T 0.95
Ta 0.48
T 1.28

Table 4.4: Calculated Van Wormer coeflicients.

Calculated Van Wormer coefficients

p 0.36

14 0.45

Table 4.5: Calculated thermal capacitances.

Calculated thermal capacitance [K—Jm}
Qeon 121.1
Qi 581.5
Qscreen 399.3
Q Sheath 394.3
Qa 330.6
s 946.5
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4.1. Analytical calculation of temperature response functions

4.1.1 Conductor temperature response function, 6,

Conductor response function, #;, in node one can be expressed by finding the transfer
function for the first node, Hy(s), as shown in equation (3.17).

0
Hy(s) = VI; = Ziot (4.1)

o 7. Total network impedance, fracture can be solved as follows:

1
Ztot
1
SQA + TA+ 1 T
SQB+@
7 1
tot = 1+sQpTh
SQA + sQBTATB+TA+TB

sQpTATp + T4 +1p

Lot =
N 22QaQBTATs + 5(QuTs + QuTs + QpTs) + 1

The transfer function in equation (4.1) can then be written as:

sQpTATg +Ta+Tg
$2QaQBTATE + s(QaTa + QuTs + QpTr) +1

Hi(s) =

Further, the coefficients T;; for node one is determined, using equation (3.19). For node
one, or the conductor temperature rise, index ¢ = 1 and j = 1 and 2. Firstly, the zeros,
Z11, and poles, Py, P,, of the transfer function, Hy, are calculated.

1
My = §(QATA +QaTp +QpTp), No=QaQpTaTp

a_Mo+w/M02—No b_MO—\/MO?—NO
B Ny ’ B No
Zeros of Hy:
Ty+Tg

Ty = —ATE
H QpTATp

Poles of H;i:
P1 = —a, PQ = -b
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Furthermore, T;; are found:

an Zn — P

Th=———o
" by P(Py— Py)

Where the numerator and denominator coefficient of the transfer function, aq; and bs:

a1 = QpTuTr, by =QaQBTATE (4.2)

Inputting values in 71;:

Ty+T,
T _ QpTATs —Q;‘?Aﬁ —(—a)
1n=-
QAQpTATp —a(—b— (—a))
Solving the fraction gives:
T = —— | b1y + Tp) (4.3)
S o At 1B .
Applying same procedure for Tis:
Tio=Ta+ T —Tn (4.4)

Finally, the conductor temperature response function can be found, using the coefficients,
TH and Tlg.

01(t) = We [T (1—e™™) + Tia (1 — e™)] (4.5)

32
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4.1.2 Sheath temperature response function, 6

Sheath response function, 5, in node two can be expressed by finding the transfer function
for the second node, Hs(s), as shown in equation (3.17).

92 Zb
Hy(s) = — = 4.6
2(%) We 14 3Qa(Ta + Z) (4.6)
e 7, Subsequent impedance seen from node two:
1
Iy = ——"F
SQB + ﬁ
The transfer function in equation (4.6), with the fracture solved as follows:
1
sQp+ -
Ha(s) = mE
1
14+ sQa (TA + m)
Tp
. sQpTp+1
Hy(s) = 1 4 $Qa(Ta+T5t5QuTaTy)
sQpTp+1
Transfer function for node two:
T
Hy(s) = b (4.7)

S2QaQBTATE + s(QaTa + QaTs + QpTp) +1

Further, the coefficients T;; for node two is determined, using equation (3.19). For node
two, or the sheath temperature rise, index ¢ = 2 and 7 = 1 and 2. The poles, P;, P,, of
the transfer function, H,, are the same as for H;. Hy does not have any zeros.

Furthermore, T;; are found:

as P

Ty =——o—
T P(P - Py

Where the numerator and denominator coefficient of the transfer function, as and bs:

as =Tp, by=QaQpTATE (4.8)

Inputting values in T};:

- TB —(—CL>
QaQpTATp —a(—b— (—a))
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Solving the fraction gives:

1 1
Ty = 4.9
4 0aQuTa (D 9
Applying the same procedure to Tss:
1 1
Ty (4.10)

© QaQpTx (ab—b?)
Finally, the sheath temperature response function can be found, using the coefficients,
Tgl and TQQI

O2(t) = We [Th2 (1 — ™) + Too (1 — e™)] (4.11)

4.1.3 Calculated parameters for the response functions

The calculated parameters for ; and 6, are displayed in table 4.6.

Table 4.6: Parameters used in calculations of conductor and sheath temper-
ature response functions, #; and 65, respectively.

Parameters used in computation of temperature response functions
a 0.0087

b 0.0006

M, 895.12

Ny 192 550

Tn 0.24

Thz 1.52

Ty 8.2-107*

T 1.37
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4.2. FExperimental setup for temperature response measurement

4.2 Experimental setup for temperature response
measurement

4.2.1 Laboratory setup

To measure the temperature response of a practical power cable, an experimental labo-
ratory setup was constructed. The setup uses a Nexans TSLF 24kV 1x50 A power cable
connected to a combined VARIAC and transformer. The cable is equipped with two
thermocouples placed at two different positions. The temperature is measured at the
conductor and beneath the cable sheath. A single-line diagram of the setup is shown in
figure 4.2.

The cable is placed in a flat formation directly on the floor, with neither neighbouring
cables or potential external heat sources. The cable is not directly attached to the floor,
but is assumed to not be elevated at any points except at the terminations. Both cable
ends are terminated using cable lugs, that are connected directly to the transformer as
a short-circuit, making a loop. Using this form of connection, the voltage drop across
the cable is small, justifying the neglect of voltage dependent losses. The load current is
measured using a plier ammeter.

Cable placed on floor

VARIAC &
Transformer

Plier
Grid ~~ ammeter
230v/

50 Hz

Cable placed on floor

Figure 4.2: Single line diagram of laboratory setup.

Each of the total four thermocouples and the plier ammeter are connected to a data logger,
further connected to a computer which uses the program Agilent Test - BenchLink Data
Logger 3 to log the current and temperature data from the measurements. The data
logger logs both current and temperature every 20 seconds. The data is then exported
to Microsoft Office Excel and graphed using MATLAB software. A list of the laboratory
equipment used are described in table 4.7.
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Table 4.7: Equipment list for the laboratory setup.

Equipment list

Ruhstrat transformer, 400/0-400 V, 250 kVA

Nexans TSLF 24kV 1x50 A power cable [32]

FLUKE plier ammeter

KEYSIGHT data logger

KEYSIGHT Channel Multiplexer Module, circuit card

DELL PC

Thermocouples (Type T)

Various laboratory materials and equipment, such as cable lugs
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4.2. FExperimental setup for temperature response measurement

4.2.2 Nexans TSLF 24kV power cable

The cable used in the laboratory setup is a single-core Nexans TSLF 24kV power cable,
that has an aluminium conductor with a cross-sectional area of 50 mm? [32]. Total cable
length of 12 m. The conductor is stranded and round and the surrounding insulation
is XLPE. The cable screen contains stranded round copper wires and aluminium foil for
waterproofing, the screen cross-section is in total 16 mm?. The cable characteristics are
displayed in table 4.8.

Table 4.8: Cable characteristics for Nexans TSLF 24kV [32].

Cable characteristics

Conductor diameter: 8.0 mm

Diameter across insulated conductor: 19.3 mm

Nominal insulation thickness: 5.5 mm

Average sheath thickness: 2.1 mm

Nominal outer diameter of cable: 27.0 mm

Allowed current load in air at 25 °C - flat formation: 225 A

Maximum allowed continuous conductor temperature: 90°C

An XLPE insulated cable have a maximum allowed operational temperature at the con-
ductor of 90°C, considering thermal limitations of the surrounding insulation. The emer-
gency temperature of XLPE cables are 125°C, that the cable can hold for the maximum
time of one hour [21]. This temperature occurs in the events of short overloads or other
situations where the cable temperature is increased.
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4.2.3 Temperature measurement

As mentioned, two thermocouples that are copper-constantan type T, were placed at two
different positions of the cable. The two positions are three meters from each end to
avoid elevation from the ground, as the connection between cable ends and transformer
are raised. The cause for measuring temperature at two different positions of the cable
is to be able to compare and verify temperature measurement in the cable and possible
fault detection.

On both positions two thermocouples are placed beneath the cable jacket for sheath
temperature and directly on the cable conductor. The two thermocouples are placed
with a gap of 5 cm of each other. To place them beneath the jacket and at the conductor,
a small hole was drilled at a tilted angle. The holes impact on the measurements have been
neglected. Figure 4.3 illustrates the placement in the cable composition. The ambient
temperature of the surroundings was also measured using a thermocouple connected to
the same data logger.

Thermocouple, sheath

\Thermocouple, conductor

Conductor

Insulation

Screen

Sheath

Surface

Figure 4.3: Cable composition and placement of thermocouples for temper-
ature measurement.

During testing of the setup, one position showed a 3.8°C higher steady-state temperature
at the conductor. As this was the worst-case scenario of conductor temperature, temper-
ature measurement data from this position are used for both the long-term steady-state
temperature measurement and the dynamic variable loading case. The measured con-
ductor temperature for both positions during a 12 hour test with a load current of 225
A, are shown in figure A.1 displayed in appendix A.
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4.3 Simulation of temperature estimates during dy-
namic variable loading

The estimates are simulated using a constructed code in the computer software MATLAB
[31], that reads data from either the analytical calculations or the long-term experimental
measurement of temperature responses in the cable layers. The motivation for using
both calculations based on IEC standards and experimental measured temperature is to
compare the applicability of both bases when using the estimation method to determine
the dynamic current rating of a power cable.

The precision of the conductor temperature estimates are examined using the practical
laboratory setup of the cable. The load case used when simulating the estimates has been
replicated experimentally, to be able to compare the simulated estimates with a real time
temperature measurement with the same changes in load current.

The analytical calculations shown in previous section, see 4.1, was performed using MAT-
LAB. Both temperature response functions for the cable conductor and sheath, #;(¢) and
0,(t), was calculated and displayed graphically. Sheath response function is calculated
for comparison to experimental measured sheath temperature. The constructed code for
the calculations is found in appendix B.

The calculated temperature response for the conductor is the first basis used for esti-
mating the temperature during dynamic loading. The MATLAB code is constructed to
read the temperature calculations contained in a column vector and apply the developed
estimation method on that vector. The scaling principle coefficients are manually set to
predetermined values for a given dynamic load case.

The second basis used for estimation is the long-term measurement of conductor tem-
perature. This can as previously mentioned, be compared to a measurement of the
temperature response function, 6;(t). The measured data gathered from the laboratory
setup is then put into a column vector which is then applied a constructed MATLAB
code that simulates the estimation and displays the total temperature response graph-
ically, just as for the calculations. The code that simulates the conductor temperature
estimation using measurement as basis can be found in appendix C.

39



Chapter 4. Method

4.3.1 Impact of temperature dependent conductor resistance
Rac

During analyzation of the simulated and experimental results, more precisely the com-
parison of estimated conductor temperature response to measured response, there was
discovered a large deviation. To investigate this, the period containing this deviation
was applied a simplified additional scaling to its individual contribution. This additional
scaling included the temperature dependency of the conductor resistance R4c.

The additional scaling was applied together with the scaling for change in load current.
This was a fracture containing the relation between conductor resistance at initial starting
point and resistance at end point for the given load current during this interval. Meaning,
conductor resistance when the contribution is turned on and when it is turned off. For
the dynamic case studied, this is at the elapsed time t = 1 h and t = 2 h. Valid for the
time period load current [ is equal to 337.5 A. The following equation shows the applied
fracture.

RAC( = 2h)

Rt = 1h) (4.12)

For this to be possible, R ¢ was calculated for the dynamic load case, using measured
ambient and conductor temperature in the laboratory. The new scaling was then imple-
mented into the estimation method. The new estimates are denoted as scaled for change
in Rac in the following results. The relevant time periods affected by this change is
denoted by a upper right dash, such as t = 2.
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The observations and results from simulations and laboratory measurements are pre-
sented. These results are discussed in chapter 6. First the results of the two different
procedures used as basis for dynamic load estimation are shown. Temperature response
from the calculations according to the IEC, as described in section 4.1. As well as long-
term measurement of temperature response at the conductor and sheath for the practical
power cable in the laboratory setup, covered in section 4.2.

Further, the results from transient temperature response during dynamic loading are
displayed. These are based on the estimation method that uses a scaling according to
change in load current and the superposition principle to estimate the conductor temper-
ature of the given XLPE cable. Results from using both calculations and measurement
procedures as basis for estimation are included. Additional results that consider the tem-
perature dependent resistance of the conductor in the scaling procedure are also covered.
Moreover, the temperature responses are displayed graphically using plots. Observations
are described using either text or tables.
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5.1 Analytical calculation of conductor and sheath
temperature response

This section displays the simulated temperature response of analytical calculations ac-
cording to the IEC standards. Both conductor and sheath temperature response functions
above ambient temperature has been calculated and simulated. The cable data used are
identical to the practical cable in the laboratory setup, to resemble both cable and sur-
rounding parameters. The ambient temperature was set to be 22°C, with the cable placed
directly on the floor and air as surrounding medium. Simulations of calculated conductor

and sheath temperature responses as well as ambient temperature are displayed in figure
5.1.

80 T T
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55

Simulated conductor temperature
Simulated sheath temperature —
Ambient temperature

50

45

Temperature [°C]
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35
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20 | | | | I | | | | | | | | | | | I | | | | | | |
0 051 15 2 25 3 35 4 45 5 55 6 65 7 75 8 85 9 95 10105 11 11.5 12

Time [h]

Figure 5.1: Simulated analytical calculation according to IEC standards of
conductor (red line), beneath sheath (purple line) and ambient temperature
responses (brown line).
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The conductor temperature response displayed in figure 5.1 (red line) is the response
used as basis for estimating the dynamic conductor temperature during dynamic loading.
This is considered as 60;(¢) and is split into and equal amount of positive and negative
parts that are scaled according to the estimation method. The scaled contributions that
are applied the superposition principle are shown in appendix D. For the estimation not
considering change in conductor resistance, R4¢, scaled contributions are shown in figure
D.1. Contributions including change in R4¢ are shown in figure D.2.

Simulation is imitating a load current of 225 A applied to the practical laboratory cable for
a continuous period of 12 hours. The load current was chosen due to being the maximum
current-carrying capacity of such a cable with given laying conditions. A period of 12
hours was used as this is considered sufficient time length for the cable to achieve steady-
state temperature level. The cooling of the cable when the current is turned off after this
time interval has not been included in the simulation. As the estimation method is based
on scaling only a temperature response that achieves steady-state temperature, and this
response can further be used to also estimate the cooling interval of the cable.

Table 5.1 displays observations from the simulated calculations in figure 5.1. This is fur-
ther used in the discussion chapter when comparing the calculation basis with a long-term
measurement. The steady-state temperature is calculated as the average temperature in
the time interval t = 2.5 h to t = 12 h. Time to reach steady-state temperature is con-
sidered when the calculation first reaches the average temperature calculated in this time
interval.

Table 5.1: Results obtained from simulating the analytical calculations of
conductor and sheath temperature response functions.

Observation Conductor Sheath

Initial temperature before current | 23.1 22
was applied [°C]

Temperature after 30 minutes | 57.1 47.6
°C]

Steady-state temperature [°C| 71.3 60.2
Time to reach steady-state [h] 3 3
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Figure 5.2 shows the temperature difference between the conductor and sheath, Af;,,, of
the simulated responses. The temperature difference has an initial value of 1.1°C, and a
maximum value of 11.1°C. The maximum value represents the difference in steady-state
temperature between the conductor and the sheath. After nine minutes the temperature
difference was 8°C.

12 T T T T

Temperature [°C]
(8]
1

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 05 1 15 2 25 3 35 4 45 56 65 6 65 7 75 8 85 9 8.5 10105 11 11.56 12
Time [h]

Figure 5.2: Simulated temperature difference between analytical calculations
of conductor and sheath temperature responses, Afg;n,.
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5.2 Long-term measurement of conductor, sheath
and ambient temperature

This section holds the results from the second procedure used as basis for conductor
temperature response estimation. Using the experimental laboratory setup with an XLPE
power cable, long-term temperature response measurements has been established. The
temperature has been measured at three different places, at the conductor, sheath and
ambient temperature.

The XLPE cable was applied a current of 225 A for a period of 12 hours, equal to the
analytical calculations. The applied load current was also measured for all experimental
tests conducted. Figure 5.3 displays the current measurement used to establish the fol-
lowing temperature responses. The curve fluctuates, due to non-constant voltage in the
grid as well as the temperature increase impact on the conductor resistance, which makes
the current decrease until the temperature is stable.

250 T T T T T T T T T T T T T T T T T T T T T T T
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0065115 225 3 356445 5565 665 7 75 8 85 9 95 1010.51111.612
Time [h]

Figure 5.3: Measured applied current to the cable in the laboratory setup, a
continuous current of 225 A was applied for a period of 12 hours.
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Figure 5.4 displays the measured temperature at the conductor, sheath and ambi-
ent temperature of the cable surroundings. Table 5.2 contains observations from these
measurements where steady-state temperature and time to reach steady-state is decided
in the same way as for the analytical simulations. The average ambient temperature
during this experiment was 23.67°C.
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Figure 5.4: Measured conductor (light green line), sheath (dark green line)
and ambient temperature (brown line) in the laboratory setup.

The measured conductor temperature of figure 5.4 is the temperature response that is ap-
plied the estimation method for the long-term temperature measurements. This response
is split up into several individual contributions, that are then individually scaled to fit
the change in current for a dynamic load case. Each contribution is then added together
using the superposition principle to estimate the conductor temperature during dynamic
loading. The scaled individual contributions are shown in appendix D. Figure D.3 and
D.4 shows the scaled individual contributions without and with additional adjustments
for change in R ¢, respectively.
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Table 5.2: Results obtained from measuring the conductor and sheath tem-
perature response functions.

Observation Conductor Sheath

Initial temperature before current | 21.9 21.9
was applied [°C]

Temperature after 30 minutes | 64.3 49.3
°C]

Steady-state temperature [°C| 81.2 62.4
Time to reach steady-state [h] 3 3

Temperature difference between conductor and sheath, Af,,..s, are shown in figure 5.5.
It has an initial value of 0. Between conductor and sheath, the maximum temperature
difference is 18.8°C. After nine minutes the difference was measured to be 10.7°C.
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Figure 5.5: Measured temperature difference between conductor and sheath,
A9m6a3~
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5.3 Dynamic variable loading case - estimates

The dynamic variable loading case is presented. These sections includes both estimated
and measured conductor temperature response according to the chosen dynamic current
loading. The estimates have been done for both procedures of establishing temperature
data at the conductor, and these are presented first. Further, the experimental measured
temperature response during the same dynamic loading case is shown.

The change in load current and associated period are displayed in table 5.3. Each current
value is a percentage increase or decrease of the maximum current-carrying capacity
of the XLPE cable. Which also is the applied load current for both analytical and
measured procedures used by the estimation method. The scaling is done accordingly to
the presented method in section 3.4.2.

Table 5.3: Dynamic loading - size of load current and corresponding period
for when the load current is applied.

Elapsed time fromt = 0 [h] |1 2 3 4 5 5-8
Load current I [A] 225 337.5 | 112.5 | 281.25 | 225 0
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5.3.1 Calculated conductor resistance, R ¢

During the simulations of the dynamic loading case, it was discovered a sizeable deviation
between the estimated and measured conductor temperature. This discovery gave reason
to include change in conductor resistance for currents larger than 300 A. As currents
beyond this limit will generate high temperatures. The estimation was adjusted with
a simplified scaling, covered in section 4.3.1, for the temperature dependent conductor
resistance.

The calculation of the temperature dependent conductor resistance is displayed in figure
5.6. It shows the AC resistance of the conductor as a function of the measured tempera-
ture during dynamic loading. Resistance is calculated using equation (3.2) for the entire
measurement period of the experiment, which was for 8 hours in total. Both increase and
decrease in resistance are displayed, which is linear with change of temperature above
ambient at the conductor.

-4
9.5 X1D T T T T T T T
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Temperature [°C]

Figure 5.6: Calculated AC resistance of the conductor during dynamic vari-
able loading.
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5.3.2 Simulated estimation of conductor temperature using an-
alytical calculations as basis

Following results are simulated estimation of the cable conductor temperature based on
analytical calculations. Figure 5.7 displays the estimates with and without additional
scaling for change in Rsqc. The maximum emergency and operating temperature for
XLPE cables are added in the plot. The red solid line is the estimated conductor tem-
perature that only considers change in load current. The red dashed line further includes
change in R4¢ for the period between t = 1 h and t = 2 h.
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Figure 5.7: Estimated total temperature response at the conductor during
dynamic loading, analytical calculations as basis.
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Table 5.4 holds the estimated conductor temperature for the elapsed time when change
in load current occurs and at the end of simulation. The dashed 2 and 3 (2’ and 3’), are
values corresponding to the red dashed line.

Table 5.4: Estimated conductor temperatures using analytical calculations

as basis.
Elapsed time from | 1 2 2’ 3 3 4 5 8
t = 0 [h]

Conductor temper- | 67 125 159 44 47 93 73 24
ature [°C]
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To analyze the rate of change in the estimated and measured temperature response,

tangents for positions in the middle of each time interval was determined.

points, the rate of change in temperature, df/dt, for a period of one hour was calculated
as the slope of the tangent. The temperature values are further used for comparison
in the discussion chapter. Figure 5.8 demonstrate a tangent line for the temperature
estimation at the point t = 1.5 h. Table 5.5 holds the different tangent slopes for both
estimates based on analytical calculations shown in figure 5.7.
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Figure 5.8: Tangent at the point t = 1.5 h, the slope of the tangent represents
the rate of temperature change in that point.

Table 5.5: Calculated values of df/dt for the estimated conductor tempera-
ture using analytical calculations as basis.

Elapsed time from | 0.5 1.5 1.5° 2.5 2.5 3.5 4.5 5.5
t = 0 [h]
% 31 41 66 256 |-78 |31 14 |-32
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5.3. Dynamic variable loading case - estimates

5.3.3 Simulated estimation of conductor temperature using
temperature measurement as basis

In the same way as in the previous section, results of the procedure that uses long-term
established temperature measurements as basis are shown. These results are based on
applying the estimation method on the results covered in section 5.2. Figure 5.9 displays
the estimated conductor temperature response. Conductor temperature at elapsed time
from t = 0 to t = 8 h are shown in table 5.6 and rate of temperature change at different
points during the time intervals are found in table 5.7.
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Figure 5.9: Estimated total temperature response at the conductor during
dynamic loading with long-term temperature measurement as basis.

Table 5.6: Estimated conductor temperatures using long-term temperature
measurement as basis.

Elapsed time from | 1 2 2’ 3 3 4 5 8
t = 0 [h]

Conductor temper- | 75 147 189 47 51 107 84 22
ature [°C]|
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Chapter 5. Results

Table 5.7: Calculated values of df/dt for the estimated conductor tempera-

ture using long-term temperature measurement as basis.

Elapsed time from | 0.5 1.5 1.5 2.5 2.5 3.5 4.5 5.5
t = 0 [h]
@ 44 |54 8T |-T6 |-106 |53 |-16 |-42
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5.4. Dynamic variable loading case - experimental measured conductor temperature

5.4 Dynamic variable loading case - experimental
measured conductor temperature

In figure 5.10 the applied load current, measured conductor and ambient temperatures are
shown. Load current was adjusted to be precisely as the simulated case. The experiment
measured temperature and current in the laboratory setup for a total period of eight
hours. The measured conductor temperatures at different time intervals are shown in
table 5.8. After the test had been conducted, the rate of change in temperature for each
hour was calculated, using same procedures as for the estimates, results are in table 5.9.
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Figure 5.10: Measured current, upper figure (black line), conductor temper-
ature lower figure (blue line) and ambient temperature lower figure (brown
line) for dynamic loading case conducted in the laboratory setup.
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Chapter 5. Results

Table 5.8: Measured conductor temperatures during dynamic loading using
laboratory setup for testing.

Elapsed time from | 1 2 3 4 ) 8
t = 0 [h]
Conductor temper- | 76 178 52 118 91 23
ature [°C]|

Table 5.9: Calculated values of df/dt for the experimentally measurement of
the dynamic loading case.

Elapsed time from | 0.5 1.5 2.5 3.5 4.5 5.5
t = 0 [h]

do 44 85 79 | 46 13 | -48
dt B - -
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5.4. Dynamic variable loading case - experimental measured conductor temperature

5.4.1 Comparison of measured temperature and estimates
based on analytical calculations

Here the estimates based on analytical calculations are compared to laboratory measured
conductor temperature. The comparison are done graphically as shown in figure 5.11.
For both estimates, average deviation between estimation and measurement has been
calculated. The deviation was calculated as the average difference between two vectors
containing the respective temperature data. The average deviation for both estimates
compared to laboratory measurement are as follows:

e Average deviation of estimation using analytical calculations as basis, not scaled
for change in Ry¢: 13°C

e Average deviation of estimation using analytical calculations as basis, scaled for
change in Ryc: 8.3°C
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Figure 5.11: Measured conductor temperature during dynamic loading (blue

line) compared to estimates based on analytical calculations as basis (solid
and dashed red lines).
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Chapter 5. Results

5.4.2 Comparison of measured temperature and estimates
based on long-term measurement

Lastly, the estimates based on long-term temperature measurements are compared to
experimentally measured conductor temperature. The comparison are shown in figure
5.12. The average deviation has been calculated in the same way as described in previous
section. Average deviation for both estimates compared to the laboratory measurements
are as follows:

e Average deviation of estimation using measured conductor temperature as basis,
not scaled for change in Rsc: 6.1°C

e Average deviation of estimation using measured conductor temperature as basis,
scaled for change in Rac: 5.2°C
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Figure 5.12: Measured conductor temperature during dynamic loading case
(blue line) compared to estimates using long-term temperature measure-
ments as basis (solid and dashed light green lines).
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Chapter

Discussion

The objective of this thesis was to develop an estimation method that could be used
to facilitate the dynamic current rating of power cables. This has been done with a
method that uses established conductor temperature response for given load current and
laying conditions. This response is then split into equal number of positive and negative
sequences which are applied a scaling principle correlated to change in load current.
These sequences, or contributions as they are referred to in this thesis, are then added up
together using the superposition principle to estimate the total conductor temperature
response during dynamic loading.

This chapter gives a more thorough discussion of the results presented in the previous
chapter. Both procedures used as basis for establishing a known conductor temperature
response are discussed using comparison of the calculated and measured temperature.
Further, this chapter analyze the precision of the estimation method and the impact of
implementing the temperature dependency of the conductor resistance, R¢, into the
method. Lastly, it examines the applicability and limits of the suggested method.
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Chapter 6. Discussion

6.1 Comparison of analytical calculations and long-
term measurement procedures as basis for esti-
mation

This thesis researched two different procedures used as basis for estimating power cable
conductor temperature during dynamic loading. One procedure used analytical calcula-
tions of conductor temperature based on international standards for a practical XLPE
power cable. The other procedure used a long-term temperature measurement of the con-
ductor temperature of the same cable in a constructed laboratory setup. The analytical
calculations were modelled using parameter values identical to the practical power cable
examined in the setup.

Conductor and sheath temperature for both procedures were obtained, having a rated
current of 225 A applied to the power cable for a period of 12 hours. The analytical
calculations were not simulated for a period of 12 hours, but it modelled the temperature
response in the layers as if such a current was applied for the same period. The con-
ductor temperature response was then further utilized in the estimation method and the
estimates are later discussed. First, the difference between these two procedures as basis
for the estimation are analyzed.

Figure 6.1 shows a graphical comparison of both calculated and measured temperature
responses. The conductor and sheath temperature in both cases achieves steady-state at
the same time, which is 3 hours after the single-step current of 225 A was applied. As
the steady-state time was determined using the average temperature in the time interval
between t = 2.5 to t = 12 hours, and further finding when the responses reach this
temperature. It can be considered a simplified time estimate of when steady-state is
achieved, the main point is that the time both procedures achieve steady-state coincides.
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6.1. Comparison of analytical calculations and long-term measurement procedures as
basis for estimation
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Figure 6.1: Comparison of the two procedures, conductor, sheath and ambi-
ent temperature for both calculated and measured temperature response.

For the conductor, the average steady-state temperature has a difference of 9.9°C between
calculated and measured temperature. The difference is smaller for the sheath responses,
which is 2.2°C. The responses follow each other closely until the calculated responses
start deviating and approaching steady-state. This is more prominent in the conductor
responses, which also have the largest deviation compared to sheath temperature.

The comparison shows that the analytical calculations give a realistic impression of the
temperature response in both the conductor and sheath layer of the practical XLPE ca-
ble. The calculations based on ITEC standards often contains simplifications, as covered in
chapter 3, which will give some dissimilarities between calculated and measured temper-
ature response. However, the deviations shown in figure 6.1 are considered as acceptable
for both the conductor and sheath.
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Chapter 6. Discussion

Further, the steady-state temperature is higher for the measured response compared to
the response that is calculated. This will lead to larger differences in the estimated
conductor temperature as the applied scaling principle will increase the deviation. Thus,
making the estimates based on measured temperature to reach higher levels than the
estimates based on calculated temperature.

An important observation is that none of the established procedures exceed the maxi-
mum operating temperature of XLPE cables, which is 90°C. As both of these are based
on having maximum allowed load current of 225 A applied for a longer period of time, it
would have been expected that the conductor temperature reached 90°C. The maximum
current capacity is based on identical laying conditions that have been used in the lab-
oratory setup and the calculations. This suggest that the rated current capacity of the
practical power cable is too strict, and further results in grid operators not fully being
able to exploit the potential.

Lastly, ambient temperature will have a great impact on conductor temperature. The
ambient temperatures have a small average deviation of 1.67°C. It was set as constant
22°C in the analytical model and measured to an average of 23.67°C during the long-term
measurements. This deviation would potentially have a small impact on the estimation,
but as it is not of a remarkable size, it has not been considered in the estimates.
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6.2. Simulated estimates using both procedures as basis

6.2 Simulated estimates using both procedures as
basis

Both procedures were used to estimate the conductor temperature during a dynamic load-
ing case, by applying the estimation method. The conductor temperature was estimated
according to a case that had a change in load current occurring every hour, from t = 0
tot =5 h. At t = 5 h the current was turned off and the cooling period was simulated
until elapsed time at t = 8 h.

Figure 6.2 displays the comparisons of the estimates using the two different procedures
as basis and not including change in conductor resistance for the period t = 2 h to t
= 3 h. During the first hour, the maximum cable ampacity of I = 225 A was applied.
This is the same current that was applied when establishing the procedures used as basis.
The difference between the two estimates at t = 1 h is 8 °C, with estimate based on
measurement having the highest temperature. At t = 1 h the current is increased by
50 % above maximum ampacity, which gives a load current I = 337.5 A. This was then
applied for the consecutive hour.
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Figure 6.2: Comparison of estimated conductor temperature during dynamic
loading. Both procedures as basis are displayed, not including change in
conductor resistance.
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Chapter 6. Discussion

During this period, t = 1 h to t = 2 h, estimate based on measured temperature, solid
light green line, exceeds maximum operating temperature for XLPE cables at time t =
1.05 h. With this applied load current, it only takes three minutes until the cable is
operated above safe measures, considering recent load history from the previous hour.
At t = 1.4 h it exceeds the maximum emergency temperature, which means it only takes
21 additional minutes for the temperature to exceed maximum emergency temperature.
The cable is not allowed to be operated more than one hour at this temperature and
should not exceed emergency ratings at any point. At the end of this time interval, the
conductor temperature is estimated to be 147°C, which is 22°C above the emergency
limit.

Estimate based on analytical calculations, solid red line, exceeds maximum operating
temperature at t = 1.16 h, seven minutes after the estimate based on measured response.
It does also reach the maximum emergency temperature, however, this is at t = 2 h, thus
it never exceeds this temperature level. There is a time gap of approximately 50 minutes
between when the estimation exceeds maximum operating temperature until it reaches
emergency temperature. As it estimates the cable to never exceed 125°C, the cable is
considered to be operated within safe terms during this period.

At t = 2 h, the load current is reduced to 50 % of maximum ampacity for the XLPE
cable, I = 112.5 A. Now both estimates have a rapid decrease in temperature due to one-
third reduction in load current. The temperature response based on calculations have a
slightly more rapid fall, reaching allowed operating temperature at t = 2.15 h. Response
based on measurement reaches this temperature at t = 2.25, six minutes after, and drops
to a temperature at t = 3 h of 47°C. Calculation based estimate is 44°C at t = 3h, 3°C
less.

Furthermore, at t = 3h the current is again increased to simulate overloading. Load
current is now equal to 281.25 A, a 25 % increase from maximum ampacity. Estimates
based on measurement and calculations now exceed maximum operating temperature
at time t = 3.39 h and t = 3.8 h respectively. This means that the estimate based
on measured response indicates that the cable is operated above maximum operating
temperature approximately 24.6 minutes longer than estimate based on calculations. At
t = 4 h the temperature levels are at 107°C and 93°C, respectively for the measured and
calculated response basis.

The last change in step-current is a reduction to maximum ampacity, I = 225 A. Re-
spected estimates based on measurement and calculation reaches operational limit at t
=441 h and t = 4.03 h. At t = 5 h the estimates are at a temperature of 84°C and
73°C. At the end of the simulation, t = 8 h, the estimate based on calculated basis
reaches 22°C, which is the ambient temperature set during the simulation. The estimate
based on measured basis reaches 24°C which is close to the ambient temperature for the
laboratory setup during the measurement.
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6.2. Simulated estimates using both procedures as basis

Figure 6.3 displays the estimates when considering temperature dependency of the con-
ductor resistance, R4c. A noticeable observed difference for these estimates is that the
estimates reach a higher temperature level for the period between t = 1 h and t = 2 h.
As this is the only period with additional scaling for change in R4c. The dashed green
line represents the estimate based on measured temperature, the dashed red line is the
estimate based on calculations. At t = 2 h, the temperature levels are 189°C and 159°C
respectively for estimates based on measurement and calculations.
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Figure 6.3: Comparison of estimated conductor temperature during dynamic
loading. Both procedures as basis are displayed, including change in conduc-
tor resistance.

During the period with additional scaling, both estimates exceed maximum emergency
and operating temperature faster compared to estimates not considering change in con-
ductor resistance. Estimate based on measurement exceeds operational limit for XLPE
at t = 1.02 h and emergency limit t = 1.18 h. Calculated procedure as basis exceeds
operational limit at t = 1.08 h and emergency limit at t = 1.34 h. Then when load current
is reduced to 112.5 A at t = 2 h, estimate based on measurement reaches emergency limit
at t = 2.19 h and operational limit t = 2.39 h. Calculated procedure reaches emergency
limit at t = 2.08 h and operational limit t = 2.3 h.
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Chapter 6. Discussion

Comparing the estimates based on measured temperature, by including change in R ¢
it exceeds maximum operational temperature approximately two minutes faster, and
maximum emergency temperature approximately four minutes faster. After a decrease
in load current at t = 2 h, it uses eight minutes longer to reach emergency temperature
and seven minutes longer to reach operational temperature compared to estimate not
considering change in R4c.

For the calculated procedure the time gaps are larger. As the estimate including change
in Rac now exceeds maximum operational temperature five minutes more rapidly and
exceeds emergency limit, compared to not including change in R4c. This during the
period t = 1 h to t = 2 h. The estimate exceeds emergency temperature 40 minutes
faster, and reaches a temperature level 34°C higher. Then at t = 3 h, when the load
current decreases, it reaches operational temperature nine minutes later.

Lastly, for each estimate the rate of change in temperature was calculated using tangents
at points in the middle of each time interval, and then finding the slope of each tangent.
Comparing calculations for both estimates, the absolute value of the rate of change, df/dt,
is generally larger for the estimates based on measurement. It is also important to note
the sign for each change of rate values are the same for both procedures.
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6.3. Precision of the estimation method

6.3 Precision of the estimation method

The dynamic loading case that has been estimated using both procedures as basis, has
also been experimentally measured with the laboratory setup. To be able to compare
and verify the estimates with experimental measurement of the dynamic case. The mea-
surement is shown in figure 5.10, see section 5.4. First the experimental measurement is
analyzed, then compared to the previous discussed estimates.

During the first step of load current, I = 225 A, between t = 0 and t = 1 h, the measured
conductor temperature reaches 76°C. After an increase in load current at t = 1 h, I =
337.5 A, the temperature reaches 178°C at t = 2 h. The following hour, during the period
with I = 112.5 A, the temperature at the conductor drops to 52°C until t = 3 h. Then
for another increase in load current for one hour, I = 281.25 A, temperature is measured
to be 118°C at t = 4 h.

Last change in load current at t = 4 h, reduces current to initial maximum ampacity, [
= 225 A. The conductor temperature is reduced to 91°C, measured at t = 5 h. After a
cooling period of three hours from the current is turned off, the measured temperature
is 23°C at t = 8 h. Time between when current is switched off until conductor reaches
ambient temperature is 2.54 h.

During the experimental measurement of the loading case, the conductor temperature
first exceeded maximum operational and emergency temperature during the time interval
when [ = 337.5 A is applied. The maximum operational temperature for XLPE is
exceeded at t = 1.05 h and emergency temperature at t = 1.27 h. During the consecutive
period, when load current is decreased, conductor temperature reaches emergency ratings
again at t = 2.11 h and operational rating at t = 2.38 h.

Due to the changes in load current being an increase then a decrease, relative to the cable
ampacity, the conductor temperature again exceeds and drops to the maximum operating
temperature during another time interval. For the interval between t = 3 h and t = 5 h,
the conductor exceeds operational limit at t = 3.27 h and reaches the same limit after
the load current is switched off, at t = 5.01 h.
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Chapter 6. Discussion

Figure 6.4 displays the comparison of estimates for both procedures, not including change
in conductor resistance. Average deviation in temperature between estimates and mea-
sured loading case was calculated. The largest deviation was 13°C, this is between the
estimate using analytical calculations as basis, not considering an additional scaling for
change in conductor resistance, and measured conductor temperature during dynamic
loading.

The solid red line in the figure which represents this estimate, have an extensive difference
in temperature for the periods when the cable is overloaded. The difference in tempera-
ture between estimate and measurement at t = 2 h is 53°C. Also, the estimate gives an
impression of the conductor not exceeding maximum emergency temperature during the
first interval of overloading. Experimental measurement show that the conductor exceeds
emergency limit at t = 1.27 h and is operated beyond this limit for 44 minutes.
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Figure 6.4: Comparison of measured and estimated conductor temperature
during dynamic loading. Both procedures as basis are displayed, not includ-
ing change in conductor resistance.
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6.3. Precision of the estimation method

Estimate based on temperature measurement, solid light green line in figure 6.4, has an
average temperature deviation of 6.1°C compared to the measured temperature during
dynamic loading. The long-term measurement used as basis for this estimate have been
conducted on the same laboratory setup as when measuring the temperature during
dynamic loading. This means the same thermocouple that measures temperature at the
conductor is used in both cases.

This estimate also has a large temperature difference during the first overloading inter-
val, at t = 2 h the temperature difference between estimate and measurement is 31°C.
Even though the estimate gives a realistic impression of when the conductor temperature
exceeds both operating and emergency temperature ratings, temperature levels that the
conductor reaches is not estimated sufficiently, at least during overloading.

Furthermore, the estimates not including change in conductor resistance gives a proper
impression of the sign in front the rate of change in temperature during each time interval.
Table 6.1 shows a comparison of calculated df/dt for the measured dynamic load case and
the estimates. Once more, the largest deviation is found during the first time interval
with overloading, at elapsed time t = 1.5 h. These differences are 44°C per hour for
estimate based on calculations and 31°C per hour for estimate based on measurements.
Generally, the estimate based on measurement gives a more realistic impression of df/dt,
compared to the other procedure.

Table 6.1: Comparison of calculated df/dt for the dynamic loading case
measurement and estimates. Both procedures used as basis, not including
change in Rxc.

Elapsed time from t = 0 [h] | 0.5 1.5 2.5 3.5 4.5 5.5
%, measured dynamic load- | 44 85 -79 46 -13 - 48
ing case

%, estimate based on analyt- | 31 41 - 56 31 -14 - 32
ical calculations

Z—g, estimate based on mea- | 44 54 - 76 53 - 16 - 42
sured temperature
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Chapter 6. Discussion

6.3.1 Impact of change in conductor resistance, R ¢

The scaling principle applied to the individual contributions was initially constructed to
only consider change in load current. Excluding the change in the conductor resistance,
Rac, which is temperature dependent. Equation for ohmic losses, (3.1), includes change
in Rsc. During the process of comparing estimates to measured temperature for the
dynamic load case, the large deviation during overloading was considered due to not
including R4c. Thus, making the applied initial scaling principle insufficient. Therefore,
for the period between t = 1 h and t = 2 h, an additional simplified scaling was added
to the individual contribution. This additional scaling is described in section 4.3.1.

Figure 6.5 shows the new estimates including change in Rc, compared to measured
conductor temperature during dynamic loading. The red dashed line represents estimate
based on calculations and the light green dashed line represents estimate based on mea-
sured temperature. For the estimate with calculations as basis, the average deviation
decreased from 13°C to 8.3°C, a total decrease of 4.7°C.
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Figure 6.5: Comparison of measured and estimated conductor temperature
during dynamic loading. Both procedures as basis are displayed, including
change in conductor resistance.
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6.3. Precision of the estimation method

During this time interval, the estimate based on calculations now gives a more thorough
representation of when the conductor temperature exceeds the maximum operating and
emergency ratings during an increase in load current. As well as reaching these ratings
again when the current is decreased. The deviation between temperatures at t = 2 h is
reduced to 19°C. An improvement of 34°C by using an additional simplified scaling for
change in Rac.

Estimate based on measurement did already give a proper estimate regarding the oper-
ating and emergency temperature limits for XLPE cables. The improvement in average
deviation compared to measured conductor temperature during dynamic loading is 0.9°C,
which makes the average deviation now 5.2°C. The largest impact on this estimate during
the time interval additional scaling has been added, is that the temperature at t = 2 h is
now increased from 147°C to 189°C. This is 11°C higher than the measured temperature
at the same time, and 42°C higher than the initial estimate.

The estimate during this time interval is then giving a larger estimate of conductor
temperature compared to measurement. This could be considered as a safety margin
for the presented method and be used to further ensure that the conductor temperature
during overloading is estimated to be operated within safe measures at all times. As the
estimate will always be higher than the measured conductor temperature. However, this
estimate could also lead to poor utilization of the power cable if temperature is estimated
too high and operated below temperature ratings.
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Further, the additional scaling also affected the rate of change in temperature. Both for
time interval between one and two hours and the consecutive time interval between two
and three hours. Table 6.2 shows a comparison of the rate of change in temperature and
how the calculated result changes for the time interval when additional scaling is added.
The points that include the change in R,¢ are denoted with a upper right dash, such as
1.5" and 2.5".

The rate of increase in temperature at point t = 1.5 h is now improved compared to
estimates not including change in R 4¢. The estimate based on measurements still provide
an optimal estimate compared to the estimate using calculated basis, at least during
overloading. During the decrease in temperature at point t = 2.5’ h, the estimate based
on calculations is more realistic compared to measurement procedure. The estimate based
on measurements has a too steep rate of change in temperature during this time interval.

Table 6.2: Comparison of calculated df/dt for the dynamic loading case
measurement and estimates. Both procedures used as basis, including change
in Rac.

Elapsed time from t = 0 [h] | 1.5 1.5" |25 2.5

% measured dynamic load- | 85 -79
ing case
%, estimate based on analyt- | 41 66 - 56 - 78

ical calculations

%, estimate based on mea- | 54 87 - 76 - 106

sured temperature
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6.4 Applicability of the estimation method

In addition to examining the precision of the presented method, the possible limitations
and applicability are further discussed. Creating these simulated estimates differs in
complexity. Calculations of transient conductor temperature according to IEC standards
could be tedious. Then using these calculations further as a basis for temperature response
during dynamic loading increases the probability of deviations in the estimate. Compared
to mounting a thermocouple on the conductor of a power cable in the laboratory, which
is considered uncomplicated.

In a practical power cable, it could be difficult to mount a physical temperature mea-
surement device at the conductor. This could cause harm to the cable insulation as well
as other layers. Which could make calculations more feasible, considering applicability.
However, most practical cables are mounted with DTS systems, which could establish a
sufficient long-term conductor temperature during known load and laying conditions as
a basis for a dynamic estimation.

One of the main advantages of the presented estimation method is the possibility to
apply the superposition principle. The principle is applied on individual contributions
representing change in temperature during dynamic loading. This simplifies the method
considerably, as each contribution can then be scaled individually and then added to-
gether. However, for each change in load current, two additional contributions need to
be considered in the total temperature response. This could complicate the method if a
large number of changes occur in the load current within a short period of time.

The estimates were carried out for a planned dynamic loading case. Subsequently, the
simulation model should not have considered a dynamic load case that could result in the
practical laboratory XLPE cable being damaged. As the period was within one hour for
the overloading cases, it was considered to be a safe operation for this purpose. A further
advancement to the model could be to limit currents that estimate the cable temperature
to exceed maximum emergency ratings for longer than one hour.

Also, the step changes in load current case deviates considerably from rated ampacity,
where a practical case might have smaller changes in current. However, larger changes in
load current lead to greater variations in current dependent losses, which then emphasize
the great precision level of the estimation method. As it is tested for larger and more
rapid variations in temperature.
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One of the objectives for developing this method was to contribute to power cables evolv-
ing from static to dynamic current ratings. As old static rating methods are considered
too conservative and creates a possible grid reserve that is not exploited well enough.
And state of the art technology and algorithms are not being used for its purpose by
grid operators according to surveys. The simplicity of this method displays potential to
facilitate dynamic rating of power cables.

As the estimated temperature response at the cable conductor has a small average de-
viation compared to the experimentally verified dynamic loading case. The method is
able to predict when the cable is operated above its limits. This could then facilitate the
dynamic current rating for cables, due to its ability of predicting conductor temperature
in advance to overloading situations.

For dynamic loading the recent load history is an important factor to include. Due to
the estimates not giving a adequate approximation of the conductor temperature levels
if the load history is neglected. For the load history to not have any impact, the cable
needs to be cooled until it reaches ambient temperature. It is not often cables have zero
load current applied, which makes load history a factor to consider at all times. As this
method applies the superposition principle on individual contributions corresponding to
changes in load current, recent load history is included.
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Chapter

Conclusion

A new method for estimating the transient temperature response of a power cable con-
ductor was developed and verified using experimental laboratory measurements. Two
different procedures have been used as basis for the estimates and have further been
compared to a measured dynamic loading case. The first procedure being analytical
calculations based on IEC standards, second procedure a long-term measurement of the
conductor temperature in a practical laboratory setup.

For the studied dynamic loading case, the estimate based on analytical calculations, not
including change in conductor resistance, is considered to be insufficient. With an average
deviation of 13°C when not considering change in resistance and 8.3°C if conductor
resistance is included. The large average deviation combined with risk of endangering
the power cable during overloading with conductor resistance excluded is inadequate.
The estimate is improved with an additional scaling for change in conductor resistance,
however, it is not as optimal as when using the other procedure as basis.

Using measured temperature as basis gives the smallest deviation between estimates and
measured conductor temperature during dynamic loading. With an average deviation of
6.1°C not considering change in conductor resistance and 5.2°C if conductor resistance
is included. This estimate also has the best prediction of temperature levels during over-
loading as well as the points when temperature exceeds limitations for XLPE insulated
cables.

The method displays great ability for estimating the dynamic current rating of power
cables, by giving a decent imitation of the conductor temperature during dynamic loading.
The simplicity of considering ohmic losses linear with temperature changes and applying
the superposition principle to scaled individual contributions shows great potential when
enhancing thermal considerations of power cables from static to dynamic ratings.
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Chapter

Further work

Suggestions for further scientific research based on this thesis are listed below.

Use numerical methods to establish a basis to be applied the estimation method
for comparison to analytical calculations and measurement procedures.

Combine the presented scaling principle with a more exact consideration of the
temperature dependency in the conductor resistance.

Further develop the estimation method to handle more rapid change in dynamic
load current, without increasing its complexity due to several more individual con-
tributions being added together.

Utilize the temperature difference between conductor and sheath at steady-state.
Applying the scaling principle to further estimate possible steady-state temperature
of the conductor and sheath for a given load current.

Use real temperature data and measured dynamic changes in load current to es-
timate the total transient temperature response in a practical grid implemented
power cable.

Implement current limitations in the method. For currents that could lead to
conductor temperature exceeding emergency and operating limits for longer periods.

Use bases that are established within shorter periods than 12 hours.

Include seasonal effects on ambient temperature in the estimation method. That
will further impact the conductor temperature during dynamic loading.
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Appendix

A Difference in conductor temperature measure-
ment position 1 and position 2 in the laboratory
setup setup
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Figure A.1: Comparison of measured conductor temperature at both posi-
tions of the laboratory setup. Position 2 (light green line) is the measurement
further used as basis in the estimation method. Position 1 (red line) has not
been used.
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B Constructed MATLAB code used for analytical
calculations of conductor and sheath temperature
responses

% MATLAB script for analytical calculations of conductor and sheath
% temperature response functions, according to IEC standards
% Cable data from Nexans datasheet for TSLF 24kV 1x50A

% Cross—section area of cable conductor

A = 50%x10"—6; %

% Conductor diameter [m]

d_con = 8x10" —3;

% Diameter insulation [m]

d_ins = 19.3%10" —3;

% Nominal outer diameter of cable [m]

d_cable = 27%10" —3;

% Nominal insulation thickness [m]

ins_thickness = 5.5x10" —3;

% Average sheath thickness [m]

sheath_thickness = 2.1%x10" —3;

% Making background of plots white

set (0, defaultfigurecolor " ,[1 1 1])

% Thermal resistivity values

% Specific resistivity for aluminium @ 20 degree Celsius
rho_20_con = 2.8264%10" —8;

% Thermal resistivity XLPE [Kxm/W)]

rho_xlpe = 3.5;

%Thermal resistivity , PE Lead Sheath [Kxm/W]
rho_lead_sheath = 3.5;

% Temperature coefficient for aluminium (Al)
alpha_alu = 0.0043;

% Conductor resistance @ 20 degrees Celsius
res 20 = rho_20_con / A;

% Current and time

% Name of excel document to read
excel_data = "matlabscriptinputhovedl . xlIsx
% Number of seconds between intervals, if minutes / hours remember
% to change label value!

time_const = 20/3600;

? .
?
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time = readmatrix (excel_data, 'Range’, 'A4:A2163’).xtime_const;

% Current used for establishing steady—state temperature
% response of the cable
current = zeros(size (time));

for i=1:size (time)
if time(i) <= 12
current (i) = 225;
else
current (i) = 0;
end
end

% Temperature vectors

amb_temp = zeros(size (time));
con_temp = zeros(size (time));
sheath_temp = zeros(size (time));

for j=1:size(time)
amb_temp (j) = 22; % Ambient temperature
% Starting values in conductor temperature vector
con_temp(j) = amb_temp(j);
% Starting values in sheath temperature vector
sheath _temp(j) = amb_temp(j);
+J 5
end

% Specific heat capacity, volumetric

% Specific heat capacity of conductor, Al [J/(m"3xK)]
c_.con = 2.422 x 1076;

% Thermal capacity XLPE [J/(m"3xK)]
thermal_capacity_xlpe = 2.4%x1076;

% Thermal capacity XLPE [J/(m"3xK)]
thermal_capacity_lead_sheath = 2.4x%x1076;

% Thermal capcity metallic screen, [J/(m"3xK)]
thermal _capacity_pe_screen = 3.45%x1076;

% Ambient temperature
theta_amb = 22;
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% Van Wormer coefficients calculation
p = 1/(2+log(d_ins/d_con)) — 1/((d-ins/d_con)"2—1);
p-dash = 1/(2xlog(d_cable/d_ins)) — 1/((d_cable/d_ins)"2-1);

% Cable parameters for black surface cable on ground with
% air as surrounding medium

Z = 1.69;

E = 0.63;

G = 0.25;

% Calculating thermal resistance of different cable parts
% Thermal resistance of the insulation

T_1 = rho_xlpe/(2%pi) * log(l+2*ins_thickness/d_con);

% Thermal resistance of sheath

T3 = rho_lead_sheath /(2xpi) * log(l +
2xsheath_thickness /(d_cable—sheath _thickness));

% Thermal resistance of the cable installation

T_internal = T_1 + T.3;

% External thermal resistance of Cables in air — simple configurations
% Heat transfer coefficient (Wm"2K"(5/4)), includes convection,

% radiation , conduction and mutual heating

h =7/ (d.cable) G + E;

% Parameter to use when iterating for delta_s

K = (pixd_cablexh«T _internal)/(1);

delta_s = 0;

delta_s_start = 2;

delta_s_threshold = 0.001;

delta_s_diff = abs(delta_s_start — delta_s);
i =0;

while (delta_s_diff > delta_s_threshold)
delta_s = ((90-0)/ (1+Kxdelta_s_start "(1/4)))"(1/4);
delta_s_diff = abs(delta_s_start—delta_s);
delta_s_start = delta_s;
1 =14+ 1;

end

T 4. ext =1 / (pixd_cablexhxdelta_s);
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% Calculation of heat generated, W
% Vector to hold the AC resistance values

R_ac = zeros(size (time));
% Vector to hold the heat generated values
W = zeros(size(time));

for n=1:size (time)
R_ac(n) = res_20;
We(n) = current(n) 2.xR_ac(n);
+n;

end

% Thermal capacitance calculations

% Thermal capacitance of conductor

Q_con = Axc_con;

% Thermal capacitance of XLPE insulation

Q_ins = pi/4 x(d_ins"2—d_con "2)xthermal _capacity_xlpe;

% Thermal capacitance of PE screen

Q_screen = pi/4 =x((d_cable—2%«sheath_thickness) 2—d_ins "2)...
xthermal _capacity_pe_screen;

% Thermal capacitance of sheath

Q_sheath = pi/4 * (d_cable”2—(d_cable —2«xsheath _thickness ) 2)...

xthermal_capacity_lead_sheath

%2 loop—network parameters calculations

TA =T.1;

TB =1/2 « T.1 + ((1+0)%(T3+T_4_ext));

QA = Q._con + pxQ_ins;

QB = (1-p)*Q_ins + Q_screen + p_dash*xQ_sheath;

MO = 1/2%(QAxTA + QBxTB + QA«TB);
N.O = QAxTA x QB«T_B;

a = (MO + sqrt(MO"

N.O;
b = (MO — sqrt(MO0" N0

2-N.0)) /
2 N.0)) /

’

% Conductor
T 11 = 1/(ab) * (1/QA —bx(TA + TB));
T12 = TA + TB — T_11;
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% Sheath
T 21 =1/ (QAxQBxT_Ax(a—b)
T22 =1/ (QAxQBxTA) * 1

’

)
/ (axb-b"2);
for q=1:size (time)

con_temp (q) = con_temp (q)+ We(q)*(T_-11x(1—exp...
(—axtime (q)*x3600)) + T_12%(1—exp(—bxtime(q)*x3600)));

sheath_temp(q) = sheath_temp(q) + We(q)*(T_21%(1—exp ...
(—axtime (q)*3600)) + T_22%(1—exp(—bxtime(q)*x3600)));

R_ac(q) = res_20x*(1+alpha_alu*(con_temp(q)—amb_temp(q)));

We(q) = current(q) " 2«R_ac(q);
+4;
end

figure

plot (time, con_temp, ’LineWidth’, 2, ’color’, ’'r’)
set (geca, ’ytick’, 0:5:100);

set (geca, ’‘xtick’, 0:0.5:12);

grid on

xlabel (’Time [h]")

ylabel (’Temperature [{\ circ}C]")

hold on

plot (time, sheath_temp,’LineWidth’, 2, ’color’, [0.75, 0, 0.75])

hold on

plot (time, ones(size (time))*22, ’LineWidth’, 2, ’color ’,
’10.9290 0.6940 0.1250]")

legend ({’Simulated conductor temperature’ ...

’Simulated sheath temperature’, ’Ambient temperature’ }...

,Location’ |’ best ”)

delta_tetha_con_sheath = con_temp — sheath_temp;

figure

plot (time, delta_tetha_con_sheath , ’'LineWidth’, 2, ’color’,
set (geca, ’ytick’, 0:2:24);

set (geca, ’‘xtick’, 0:0.5:12);

grid on

xlabel (’Time [h]’)

ylabel (’ Temperature [{\ circ}C]’)
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C Constructed MATLAB code for simulating the
dynamic loading case using long-term tempera-
ture measurement as basis

% MATLAB script for estimating conductor temperature
% during variable loading.

% Using the procedure of established temperature

% measurement as basis.

% Data from established long—term temperature measurement

Y

excel _data = "matlabscriptinputhovedlcurrent_on.xlsx ’;

% Data from measured dynamic loading case
excel_data_2 = ’"matlabscriptinputhoved2.xlsx ’;

% Making figure backgrounds white
set (0,  defaultfigurecolor > ,[1 1 1])

% Number of seconds between intervals ,
% if minutes / hours remember to change label value!
time_const = 20/3600;

% Time measurement .
time = readmatrix(excel_data, 'Range’, 'A4:A1443’).x time_const;

% Measured ambient temperature of the surroundings.
amb_temp = readmatrix (excel_data , 'Range’, 'U4:U14437);

% Long—term measured conductor temperature.
measured_conductor_temp = readmatrix (excel_data, ’Range’ ,...
"M4:M1443 ") ;

% Measured conductor temperature dynamic load case.
measured_conductor_temp_dynamic = readmatrix(excel_data_2 ...
"Range’, 'M4:M14437);

% Measured current during dynamic load case.
current = readmatrix (excel_data_2 , 'Range’, ’C4:C1443");

%% Conductor resistivity calculation and plot
% AC resistance calculation of using measured
% temperature of conductor.
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% Cross—section area of cable conductor.

A = 50%x10" —6;

% Conductor resistance that will vary.

res_con_meas_pos2 = zeros (size(measured_conductor_temp_dynamic));
% Specific resistivity for aluminium @ 20 degrees Celsius.
rho_20 = 2.8264%10" —8;

% Temperature coefficient for aluminium (Al).

alpha_alu = 0.0043;

% Conductor resistance @ 20 degrees Celsius.

res-20 = rho_-20 / A;

% AC resistance calculation.
for i = 1l:size(time)
res_con_meas_pos2 (i) = res_20x%(1 + alpha_alu=x...
(measured_conductor_temp_dynamic(i)...
— amb_temp(i)));
end

% Figure for plotting AC conductor resistance.

figure

plot (measured_conductor_temp_dynamic, res_con_meas_pos2 ,...
"LineWidth’, 2, ’color’, ’[0.6350 0.0780 0.1840]")

grid on

xlabel (? Temperature [{\ circ}C]’)
ylabel (" Resistance [{\Omega}]’)

% Setting all individual contributions to have
% same base.
con_temp_displacement = measured_conductor_temp (1);

measured_conductor_temp = measured_conductor_temp ...
— measured_conductor_temp (1);

conductor_current_off = measured_conductor_temp.x( —1)...
+ measured_conductor_temp (1);

% Creating a vector to hold the adding of
% scaled individual contributions.
temp_curve = zeros(size(measured_conductor_temp));

%Scaling individual contributions to fit
% changes in load current.
% Contributions for when current is on.

con_temp_scale_on_150 = measured_conductor_temp .*(2.25);
con_temp_scale_on_50 = measured_conductor_temp .*(0.25);
con_temp_scale_on_125 = measured_conductor_temp .*(1.5625);
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% Contributions for when current is off.

con_temp_scale_off 150 = con_temp_scale_on_150.%(—1);
con_temp_scale_off 50 = con_temp_scale_on_50.x(—1);
con_temp_scale_off_ 125 = con_temp_scale_on_125.%x(—1);

% Using the superposition principle to add contributions
% together.

for i = 1l:size(time)
if time(i) < 1
temp_curve (i) = measured_conductor_temp (i );

elseif time(i) >= 1 && time(i) < 2
temp_curve (i) = measured_conductor_temp(i)...
+ conductor_current_off (i —179)...
+ con_temp_scale_on_150(i—179);

elseif time(i)>=2 && time(i) < 3

temp_curve (i) = measured_conductor_temp(i)...
conductor_current_off (i —179)...
con_temp_scale_on_150(i —179)...
con_temp_scale_off 150 (i —359)...
con_temp_scale_on_50 (i —359);

+ o+

elseif time(i)>=3 && time(i) < 4
temp_curve (i) = measured_conductor_temp(i)...

conductor_current_off (i —179)...
con_temp_scale_on_150(i—179)...
con_temp._scale_off 150 (i —359)...
con_temp_scale_on_50(i —359)...
con_temp_scale_off_50(i —539)...
con_temp_scale_on_125(i—539);

+

elseif time(i)>=4 && time(i) < 5
temp_curve (i) = measured_conductor_temp(i)...

conductor_current_off (i —179)...
con_temp_scale_on_150(i —179)...
con_temp_scale_off 150 (i —359)...
con_temp_scale_on_50 (i —359)...
con_temp_scale_off_50(i —539)...
con_temp_scale_on_125(i —539)...
con_temp_scale_off_125(i —719)...
measured_conductor_temp (i —719);

e e e
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elseif time(i) >= 5
temp_curve (i) = measured_conductor_temp(i)...

+ conductor_current_off (i —179)...
+ con_temp_scale_on_150(i —179)...
+ con_temp_scale_off 150 (i —359)...
+ con_temp_scale_on_50 (i —359)...
+ con_temp_scale_off _50(i —539)...
+ con_temp_scale_on_125(i —539)...
+ con_temp_scale_off 125(i —719)...
+ measured_conductor_temp (i —719)...
+ conductor_current_off (i —899);
end
+1i;
end

% Adding the displacement back to the estimate
% to have ambient temperature as starting point.

temp_curve = temp._curve + con_temp_displacement ;
figure
plot (time ,temp_curve, ’LineWidth’, 2, ’color’, ’g’)

set (geca, ’ytick’, 0:10:200);
set (geca, ’'xtick’, 0:0.5:8);
grid on

xlabel ("Time [h]")

ylabel (’Temperature [{\ circ}C]")
hold on

% Adding additional scaling for including the
% change in conductor resistance
% for the time interval t =1 h to t = 2 h.

con_temp_scale_on_150 = measured_conductor_temp .*(2.25)...
.kres_con_meas_pos2(359)/res_con_meas_pos2 (179);
con_temp_scale_on_50 = measured_conductor_temp.*(0.25);
con_temp_scale_on_125 = measured_conductor_temp .*(1.5625);
con_temp_scale_off 150 = con_temp_scale_on_150.x(—1);
con_temp_scale_off 50 = con_temp_scale_on_50.x(—1);
con_temp_scale_off 125 = con_temp_scale_on_125.%x(—1);
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for i = 1l:size(time)
if time(i) < 1
temp_curve (i) = measured_conductor_temp(i);

elseif time(i) >= 1 && time(i) < 2
temp_curve (i) = measured_conductor_temp(i)...
+ conductor_current_off (i —179)...

+ con_temp_scale_on_150 (i —179);

elseif time(i)>=2 && time(i) < 3

temp_curve (i) = measured_conductor_temp(i)...

+ conductor_current_off (i —179)...
+ con_temp_scale_on_150(i —179)...
+ con_temp.scale_off 150 (i —359)...
+ con_temp_scale_on_50(i—359);

elseif time(i)>=3 && time(i) < 4

temp_curve (i) = measured_conductor_temp(i)...
+ conductor_current_off (i —179)...
+ con_temp_scale_on_150(i —179)...
+ con_temp_scale_off 150 (i —359)...
+ con_temp_scale_on_50(i —359)...
+ con_temp_scale_off 50 (i —539)...
+ con_temp_scale_on_125(i—539);

elseif time(i)>=4 && time(i) < 5
temp_curve (i) = measured_conductor_temp(i)...
conductor_current_off (i —179)...
con_temp_scale_on_150(i —179)...
con_temp_scale_off 150 (i —359)...
con_temp_scale_on_50(i —359)...
con_temp_scale_off 50 (i —539)...
con_temp_scale_on_125(i —539)...
con_temp_scale_off 125(i —719)...
measured_conductor_temp (i —719);

T s
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elseif time(i) >= 5
temp_curve (i) = measured_conductor_temp(i)...

+ conductor_current_off (i —179)...
+ con_temp_scale_on_150(i —179)...
+ con_temp_scale_off 150 (i —359)...
+ con_temp_scale_on_50 (i —359)...
+ con_temp_scale_off _50(i —539)...
+ con_temp_scale_on_125(i —539)...
+ con_temp_scale_off 125(i —719)...
+ measured_conductor_temp (i —719)...
+ conductor_current_off (i —899);
end
+1i;
end

plot (time ,temp_curve+con_temp_displacement , ’LineWidth’, 2 ...

"color’, ’g’,’LineStyle’,’——7)

hold on

plot (time, measured_conductor_temp_dynamic, ’LineWidth’, 2, ...
"color 7, ’b’,’ LineStyle’,” —")

hold on

plot (time, ones(size (time))*125, ’'LineWidth’, 2, ’color’, ’'m’)

hold on

plot (time, ones(size(time))*90, ’'LineWidth’, 2, ’color’, ’y’)

legend (...
{"Estimated conductor temperature not scaled for change in R_{AC} ...
, Estimated conductor temperature scaled for change in R_{AC} ...
,"Measured conductor temperature’ ...
" Maximum emergency temperature XLPE cable ’ ...

"Maximum operating temperature XLPE cable ’ ...
"Location ’, "northeast ’})

91



D Scaled individual contributions that is applied the
superposition principle

D.1 Individual contributions analytical simulations, not includ-
ing change in R,¢
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Figure D.1: Individual contributions of scaled analytical calculations used as
basis for estimating conductor temperature. Not including scaling for R¢.
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D.2 Individual contributions analytical simulations, including
change in R,

0,(t)(100%)
— — - 0,(6)(100%) ~
0,(1)(150%) \
- -0, (1)(150%) \
0,(1)(50%) b
- 6, (t)(50%) ~
0,(t)(125%) ~
— = - 0,(1)(125%)
e 0 (1)(100%)
- 6,()(100%)
| | | | | | | | | | | | | | |
0 05 1 1.5 2 25 3 35 4 45 5 55 6 65 7 75 8
Time [h]

Figure D.2: Individual contributions of scaled analytical calculations used
as basis for estimating conductor temperature. Including additional scaling
for Rac on 61(t)(150%).
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D.3 Individual contributions long-term temperature response
measurements, not including change in R ¢
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Figure D.3: Individual contributions of scaled long-term temperature mea-
surement as basis used for estimating conductor temperature. Not including
scaling for Rc.
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D.4 Individual contributions for long-term temperature
sponse measurement as basis, including change in R ¢
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Figure D.4: Individual contributions of scaled long-term temperature mea-
surement used for estimating conductor temperature. Including additional
scaling for Rac on 61(t)(150%).
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