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Abstract

Dynamic rating (DR) of power components is a method for assessing real-time
capacity of large scale power transmission and distribution devices (commonly:
transmission lines, power transformers, underground cables) and using this knowl-
edge for adjusting loading limits of these components.

Dynamic rating of power lines or dynamic line rating (DLR) is a pioneering
technology in the area of dynamic rating. Heat balance of an overhead conductor
is a defining factor when designing capacity limits for power lines. The maximum
ampacity of the power line depends on the factors, such as ambient temperature,
wind speed, wind direction, solar radiation, humidity, location, height above the
sea level and conductor dimensions and material properties.

Dynamic transformer rating (DTR) is a new emerging technology with high
interest from industry and academia. Similarly to DLR, the dynamic rating of
transformers relies on a thermal assessment of the device by locating the hottest
spot in the transformer windings. The hot-spot temperature is the limiting factor
for determining the maximum allowable ampacity. By shifting from the power-
constrained the loading limits to the temperature-constrained, it is possible to
achieve much better utilization of power transformer.

Recently, DLR became a recognizable concept in the power systems research
community; DTR is also slowly gaining its popularity among researchers. At the
same time, the industry begins to recognize DR benefits and invest in dynamic
rating technologies. However, there exist many unanswered questions to the tech-
nology’s reliability, applicability and safe operation. One of the central questions is:
how to integrate dynamic rating into short term and long term planning decisions?

The results of the work presented in this thesis show that dynamic rating has
high potential to improve power system performance and reduce the costs for
power dispatch and increase the share of the renewable energy in the electricity
mix. Together with that dynamic rating can help to make renewable energy more
accessible by decrease the investment needed for supplying the electricity demand
and providing cheaper and faster grid connection.
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Sammanfattning

Dynamisk rating (DR) av elkraftkomponenter syftar till tekniker för att upp-
skatta kapaciteten hos komponenter för storskalig överföring av elkraft (vanligtvis:
kraftledningar, transformatorer, underjordiska kablar) i realtid och använda denna
information för att justera belastningsgränserna för dessa.

Dynamisk rating av kraftledningar (DLR) är en nydanande teknik inom detta
område. Värmebalansen för en kraftledning är en viktig faktor för att bestämma
dess överföringskapacitet. En kraftlednings maximala strömledningsförmåga beror
därför på faktorer så som temperatur, vindhastighet, vindriktning, solstrålning,
fuktighet, geografiskt läge, höjd över havet och ledarens dimensioner och materi-
alegenskaper.

Dynamisk rating av transformatorer (DTR) är en ny teknik med stort intresse
från industri och akademi. Liknande som för DLR använder sig DTR av en
uppskattning av den hot-spot temperaturen, hos komponenten genom att hitta
den varmaste punkten i transformatorlindningarna. Hot-spot temperaturen är den
begränsande faktorn för att avgöra transformatorns överföringskapacitet. Genom
att låta den maximalt tillåtna belastningen bero på temperaturen istället för effek-
ten kan utnyttjandet av transformatorn förbättras väsentligt.

Nyligen har DLR blivit ett erkänt koncept inom forskningen för elkraft och
DTR har också börjat bli populärt bland forskare. Samtidigt har industrin börjat
se fördelarna av DR och investera i dessa tekniker. Det finns dock fortfarande
många frågor kring teknikern som rör tillförlitlighet, applicerbarhet och säkerhet.
En av de viktigaste frågorna är hur man bäst kan integrera dynamisk rating i kort-
och långtidsplaneringen av elkraftsystem.

Resultaten av arbetet som presenteras i denna avhandling visar att dynamisk
rating har en stor potential att minska kostnaderna för driften av elnätet och
tillåta integrering av mer förnybara energikällor. Dessutom kan dynamisk rating
göra förnybar energi mer tillgänglig genom att minska de investeringar som krävs
för att tillgodose efterfrågan på elektricitet och möjliggöra snabbare och billigare
anslutning till elnätet.

v





Acknowledgement

This Doctoral thesis is a conclusion of the Ph.D. project "Dynamic rating of
power lines and transformers with applications to renewable energy" at the KTH
Royal Institute of Technology. I would like to thank the sponsors of the project:
SweGRIDS, The Swedish Energy Agency and Energiforsk Wind Research Program
for supporting the project and collaboration opportunities.

I would like to thank ABB AB, E.On AB and Ellevio AB for supporting the
project.

This work was concluded within STandUP for Wind, part of the STandUP for
Energy strategic research framework.

I would like to thank my main supervisor, Docent Patrik Hilber, for all the
fun and not so fun moments that we shared during the past four years. I am very
grateful for all the support, understanding and the ability to listen to my complaints.
I know that my journey had a rough start, but year, we have developed a mutual
understanding. I am very thankful eventually I got to be trusted and able to do
things my way. I am also grateful for supporting my efforts in continuing the project
and being passionate about all the 1000 external activities that I have managed to
involve myself in.

I am very grateful to my collaborator and supervisor Dr. Tor Laneryd for all
the knowledge and feedback, for carefully reading the papers I’ve sent for review
and finding mistakes that no-one else would. I really liked managing joint projects,
and I am looking forward to working together in the future.

I would like to thank my additional supervisors: Hans Edin, for giving critical
feedback to important submissions and Rajeev Thottappillil for being such a kind
and understanding person.

I am very thankful to Docent Nathaniel Taylor for being an internal reviewer
of my thesis and giving me good feedback. And of course for very interesting and
informative discussions and always making time to answer any question you are
asked.

I would like to thank QED Asset Management group members and former
members for background knowledge, learning experience and everyday discussions.
I would like to thank my colleagues at the Department of Electromagnetic Engineer-
ing for their support and everyday discussions. Special thanks to Janne Nilsson,
Patrick Janus, my lab days would have been a disaster without your help.

vii



I would like to thank Ola Ivarsson, Claes Ahlrot, Olle Hansson, Malin Wihlén,
Dr. Robert Saers and the members of QED reference group for collaboration and
valuable input during discussions.

My special thanks to my colleagues at Heimdall Power A/S, especially Knut
Sandven and Brage W. Johansen for an opportunity to be engaged in a Start-UP
and seeing how your research works in practice.

I would like to thank Andrea Michiorri for being a great host during my research
visits to MINES ParisTech and always taking time to explain everything that I did
not understand.

I am grateful to people from Berkeley Lab for making my stay there fun and
full of experiences. Special acknowledgement of Miguel Heleno for pushing me to
learn many new things.

I am very grateful for meeting many energetic and nice people from EECS Ph.D.
Council and THS Ph.D. Chapter and Department of Fluid Mechanics at KTH.

I am grateful to my friends who are around and not around, for support, fun
and cocktail parties. Dimitris, thank you for being there for me before my defence,
I would not have made it without our everyday calls.

I thank the Ukrainian community in Stockholm and my Ukrainian friends. I am
very glad that I have managed to meet so many great people from my homeland
here, it truly helps to feel less homesick, even if you are far from home.

Мамо, я дуже вдячна за всю подаровану тобою любов i пiдтримку. У свiтi
недостатньо слiв, щоб висловити, наскiльки я тебе люблю i цiную твою нескiн-
ченну турботу. Дякую, що пiдштовхуєш мене до нових досягнень.

viii



List of papers

The following publications are included in the thesis:

Paper I
K. Morozovska, W. Naim, N. Viafora, E. Shayesteh, P. Hilber “A framework for
application of dynamic line rating to aluminum conductor steel reinforced cables
based on mechanical strength and durability” in: International Journal of Electrical
Power & Energy Systems, 2020

Paper II
W. Naim, K. Morozovska, P. Hilber “Effects of dynamic line rating on the
durability and mechanical strength of aluminum cable steel reinforced (ACSR)
conductors” in: Energy Procedia, 2019

Paper III
T. Zarei, K. Morozovska, T. Laneryd, P. Hilber, M. Wihlen, O. Hansson “Re-
liability considerations and economic benefits of dynamic transformer rating for
wind energy integration” in: International Journal of Electrical Power & Energy
Systems, 2019

Paper IV
O. D. Ariza Rocha, K. Morozovska, T. Laneryd, O. Ivarsson, C. Ahlrot, P.
Hilber “Dynamic rating assists cost-effective expansion of wind farms by utilizing
hidden capacity of transformers”, 2019. Submitted to Applied Energy journal and
is currently under revision process.

Paper V
N. Viafora, K. Morozovska, S.H. Hasan Kazmi, T. Laneryd, P. Hilber, J. Holbøll
“Day-ahead dispatch optimization with dynamic thermal rating of transformers and
overhead lines” in: Electric Power Systems Research, 2019

ix



Paper VI
K. Morozovska, A. Valenzuela Meza, M. Heleno, P. Hilber “Including dynamic
line rating into the optimal planning of distributed energy resources”, 2019. Sub-
mitted to Power System Computation Conference (PSCC), 2020.

List of papers, which are not included in the thesis:

O. Giesecke, R. Karlsson, K. Morozovska, P. Hilber “Reliability study of two
offshore wind farm topologies: Radial and ring connection” in : Proceedings of the
15th Wind Integration Workshop, Vienna, 2016

K. Morozovska, P. Hilber “Study of monitoring systems for dynamic line rating”
in: Energy Proceedia, 2017

K. Morozovska, P.Hilber “Risk analysis of wind farm connection to the existing
grid using dynamic line rating”in: Proceedings of the IEEE International Confer-
ence on Probabilistic Methods Applied to Power Systems (PMAPS), 2018

A. Vieira Turnell, N. Tamadon, A. Linnet, K. Morozovska, P. Hilber “Risk and
economic analysis of utilizing dynamic thermal rated transformer for wind farm
connection” in: Proceedings of the IEEE International Conference on Probabilistic
Methods Applied to Power Systems (PMAPS), 2018

A. Vieira Turnell, P.-P. Schierhorn, D. Masendorf, K. Morozovska “Decentralized
secondary frequency control in an optimized diesel PV hybrid system” in: Proceed-
ings of the 8th Solar Integration Workshop, Stockholm, 2018

A. Estanqueiro, C. Ahlrot, J. Duque, D. Santos, J.P. Gentle, A.W. Abboud,K. Mo-
rozovska, P. Hilber, L. Söder, T. Kanefendt “DLR use for optimization of network
design with very large wind (and VRE) penetration” in: Proceedings of the 17th
Wind Integration Workshop, Stockholm, 2018

x



List of acronyms

DLR Dynamic line rating
DP Degree of polymerization
DR Dynamic rating
DTR Dynamic transformer rating
ENS Energy not supplied
HST Hot spot temperature
LOL Loss of life
ODAF Directed Oil Forced Air Forced transformer cooling mode
OFAF Non-directed Oil Forced Air Forced transformer cooling mode
OHL Overhead line
O&M Operation and Maintenance
ONAF Oil Natural Air Forced transformer cooling mode
ONAN Oil Natural Air Natural transformer cooling mode
PTDF Power transfer distribution factor
PV Photovolaic, solar panel
RES Renewable energy sources
SLR Static line rating
ST Battery storage
STR Static transformer rating

xi





List of symbols

A Arrhenius equation pre-exponential factor, [1/h]
Ar Rated Arrhenius equation pre-exponential factor, [1/h]
AnnPV Annuity rates for PV
AnnST Annuity rates for storage
capPVn Installed capacity of PV at node ‘n’, [kW]
capSTn Installed capacity of storage at node ‘n’, [kW]
chrgn,t Storage battery’s charge, [kWh]
CENS
n Cost of load shedding at the node ‘n’, [$ /kWh]

CExp
t Electricity export price at time ‘t’, [$/kWh]

Cg cost of power generation of generator, ‘g’
CPur
t Electricity import price at time ‘t’, [$/kWh]

CPVfix Fixed costs for installing PV’s at the node ‘n’, [$]
CPVvar Variable costs of PV operation, [$/kW]
CPVO&M Variable annual O&M costs of PV, [$/kWh]
CSTcharge The costs of charging the battery storage, [$/kWh]
CSTfix Fixed costs for installing storage at the node ‘n’, [$]
CSTvar Variable costs of storage operation, [$/kW]
Cth,trf Thermal capacitance of oil in transformer, [MWh/◦C]
Ctot Total costs of microgrid’s investment and operation, [$]
ChEff Battery’s charge efficiency
dischrgn,t Battery’s power discharge, [kWh]
D Diameter of a conductor, [mm]
DischEff Battery’s discharge efficiency
Ea Activation energy, [kJ/mol]
Ea,r Rated activation energy, [kJ/mol]
F` Power flow through branch ‘`’ in the system, [p.u.]
Fpu(t) Normalized risk factor due to friction forces
F (t) Failure rate reliability function
FR(t) Friction force, [N]
grdn A binary input variable, defining presence of connection to

the utility at a node
Genn,t An output of electricity generation from PV, [kWh]
I A specified rating of an overhead line conductor, [A]

xiii



Imax
n,n′,t The maximum line ampacity for SLR, [p.u.]
IDLR
n,n′,t A maximum allowable line current at time ‘t’, [p.u.]
Iohl Line loading, [p.u.]
Imax
ohl Maximum allowed loading of OHL conductor, [p.u.]
IRMS RMS current, [A]
Itrf Transformer’s load current, [p.u.]
Iin,n′,t Imaginary current of the line ‘n-n′’, [p.u.]
IiSqn,n′,t Approximated square value of line’s imaginary current, [p.u.]
Irn,n′,t Real current of the line ‘n-n′’, [p.u.]
IrSqn,n′,t Approximated square value of line’s real current, [p.u.]
K1,K2,K3 Constants in discretized transformer top-oil model
Lfl Total transformer losses at rated load, [W]
Ldn,t Load demand at the node ‘n’ at time ‘t’, [kWh]
LdCurn,t An amount of energy not supplied at node ‘n’ time ‘t’, [kW]
LOL Loss of life, [h]
M A very large number (order of ≥108)
Nv The number of segments for the linear approximation
psbn,t A binary decision variable for electricity purchase
purPVn A binary decision variable for PV installation at the node ‘n’
purSTn A binary decision variable for ST installation at the node ‘n’
Pc A convective cooling, [W/m]
PCr The maximum battery power/capacity ratio
Pev A evaporative cooling, [W/m]
Pg A scheduled output for generator ‘g’, [p.u.]
Pi A corona heating, [W/m]
PJ A Joule heating, [W/m]
Pm A magnetic heating, [W/m]
Pn A load demand at bus ‘n’, [p.u.]
Pgn,t An active power at node ‘n’ at time ‘t’, [p.u.]
Pr A radiative cooling, [W/m]
Psol A solar heating, [W/m]
Pw A dispatched wind power generation for wind farm ‘w’, [p.u.]
Pw, av An available wind power generation for wind farm ‘w’, [p.u.]
R A conductor’s AC resistance per unit length, [Ω/m]
Rc Ideal gas constant (8.314 J/(kg· mol))
Rloss Ratio of load losses to no-load losses at rated load
Rtot Total resistance of the line, [Ω]
R(t) A reliability function
Qgn,t A reactive power at the node ‘n’, [p.u.]
S The reference bus (node)
Sbase A base power, [kW]
SOCn,t The battery’s state-of-charge at the node ‘n’ at time ‘t’, [kW]
SOC The battery’s minimum state-of-charge, [kW]
SolarGenn,t An efficiency of PV production

xiv



t time, [h]
Ta Ambient temperature, [◦C]
Tavg An conductor’s cross-section average temperature, [◦C]
Ts A conductor’s surface temperature, [◦C]
Tmax
s A maximum conductor’s surface temperature, [◦C]

UtPurn,t Electricity purchase from the utility at each node, [kW]
UtExpn,t Electricity export to the utility at each node, [kW]
UtExp The maximum electricity export to the utility, [kW]
V Relative aging rate of the transformer
Vspeed Wind speed, [m/s]
Vin,t Imaginary voltage at the node ‘n’, [p.u.]
Vrn,t Real voltage at the node ‘n’, [p.u.]
X A conductor’s impeadance per unit length, [Ω/m]
Yin,n′ Imaginary term of the bus admittance matrix, [p.u.]
Yrn,n′ Real term of the bus admittance matrix, [p.u.]
αn,t A binary variable, defining battery’s state of charge/discharge
∆Ir, ∆Ii The maximum expected current divided by Nv, [p.u.]
θamb Ambient temperature, [◦C]
θhr Rated host-spot temperature rise for load I, [◦C]
θhst Transformer hot-spot temperature (HST),[◦C]
θhu Ultimate hot-spot temperature rise for transformer load I, [◦C]
θor Top-oil rise over ambient temperature ϑamb at rated load, [◦C]
θtop Transformer top-oil temperature (TOT), [◦C]
θu Ultimate top-oil temperature rise for transformer load I, [◦C]
λ A failure rate
µ An empirically derived coefficient - constant
ν An empirically derived coefficient known as oil exponent
σ A mechanical stress, [GPa]
τ0 Thermal time constant for oil in transformers, [h]
τh Thermal time constant for winding, [h]
τDLR, A time-scaling factor for dynamic line rating
τSLR A time-scaling factor for standard line rating
φ A power factor
G set of conventional generators in the power system
L set of branches in the power system
N set of buses in the power system
W set of wind farms in the power system

xv



xvi



Contents

Abstract iii

Sammanfattning v

Acknowledgement vii

List of papers ix

List of Acronyms xi

List of Symbols xiii

Contents xvii

1 Introduction 1
1.1 State of art . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Aim . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Projet objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.4 Research areas described in the thesis disposition . . . . . . . . . . . 3
1.5 Summary of the author’s contributions to the papers included in this

thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Theoretical definition of capacity limits of power lines and trans-
formers 11
2.1 Dynamic line rating . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2 Dynamic transformer rating . . . . . . . . . . . . . . . . . . . . . . . 12

3 Impact of dynamic rating on reliability of power components 15
3.1 Impact of dynamic rating on reliability of power lines . . . . . . . . 15
3.2 Impact of dynamic rating on reliability of power transformers . . . . 19

3.2.1 Decreasing transformer size . . . . . . . . . . . . . . . . . . . 21
3.2.2 Increasing the load . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Planning of optimal power dispatch with dynamic rating 25

xvii



4.1 Alternative DLR operation scheduling methods . . . . . . . . . . . . 26
4.2 Optimal power dispatch with DLR and DTR . . . . . . . . . . . . . 30

5 Power system planning and expansion with DLR and DTR 35
5.1 Including dynamic rating into siting and sizing problem . . . . . . . 35
5.2 Expansion planning of onshore wind farms with DTR . . . . . . . . 42

6 Conclusion 45

7 Future work 47

Bibliography 49

xviii



Chapter 1

Introduction

Dynamic rating (DR) is a method for better utilization of power components
in transmission and distribution grids, oriented towards better understanding of
heat transfer mechanisms governing components’ performance. By analyzing the
heat exchange mechanisms, one can obtain suitable thermal models for translating
input parameters such as the component’s specification, system load, component’s
location and weather into real-time capacity limits. The information on real-time
capacity limits provides additional knowledge about the state of the component
and safety margins for the component’s and system’s operation.

This thesis’s primary focus is the study of dynamic rating of overhead lines and
power transformers, as well as potential benefits of combining these methods in the
same power network. Since there is a high correlation between capacity limits of
components under investigation and weather conditions, this thesis also overviews
the impact of employing DR technology for connecting renewable energy sources to
the grid. The spotlight is given to wind power generation since Sweden has set a
high renewable power target for 2030 and the author sees the potential of analyzing
the benefits of DR for wind energy integration and economy.

This manuscript is a continuation of the Licentiate thesis “Dynamic rating of
power lines and transformers for wind energy integration” [1]. The licentiate thesis
is an introduction to two research areas examined in this thesis: Dynamic Line
Rating and Dynamic Transformer Rating, named DLR and DTR, respectively.
(DTR should not be mistaken for DTR abbreviation that denoted Dynamic Ther-
mal Rating and is often used as a synonym for Dynamic Line Rating.) However,
while the licentiate work is highly centred around evaluation of thermal models and
risks associated with DR application, the current work is shifted more towards the
system reliability and planning perspective.
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1. INTRODUCTION

1.1 State of art

A literature review previously presented in [1] is here complemented with ad-
ditional literature sources. The extended review provides the reader with a better
understanding of the research gaps in the field of dynamic rating, and it also has
served as a basis for defining the research objectives of the doctoral project. Table
1.1 is an extension of Table 1 from the Licentiate thesis [1]. Table 1.1 presents
an extensive evaluation of the available literature sources in the area of DLR and
sorts them based on the covered research areas. Presented sources are also sorted
chronologically to depict how the field of dynamic rating has been developing over
the years.

First publication on dynamic rating dating back to 1958-1977 are mainly focused
on developing models and methods of DLR application [2]-[9]. After 1977 the focus
is also devoted to the design of monitoring systems for DLR and their analysis [10]-
[16], [21]. During the period between 1980-2000, there are a few sources that address
DLR reliability [23, 32, 37] and economic benefits [34, 37], but more attention is
still devoted to methods, models and monitoring devices. At the beginning of
the 21st century, there are more literature sources that present results from DLR
case-studies [44]-[69] and DLR benefits for wind power applications [63]. During the
past ten years, a lesser number of sources are concentrated on studies of monitoring
systems, and there is more research on the economics of DLR [98, 100, 102, 103,
107, 108, 112, 121] and DLR reliability [98, 99, 102, 107, 110, 114]. Also, there are
more literature sources which present case-studies [98, 100, 104, 109, 111, 121] and
use of DLR in the wind power sector [95, 102, 107, 108, 110, 113].

A significant part of the existing sources broadly covers methods and models
used for DLR. Also, there exists a wide pool of scientific knowledge on different
monitoring systems for DLR and evaluation of their application. There are not
many studies that assess the usage of DLR for renewable or specifically wind energy
integration to the grid. However, the existing studies tend to depict economic
and reliability benefits of using DLR for providing grid connection to newly in-
stalled wind or renewable generators. The existing research on economic aspects
and reliability benefits of DLR does cover some important aspects. However, a
few additional topics can complement existing knowledge such as planning power
dispatch with DLR, planning new power networks and network expansions with
DLR and investigation of different methods of power system operation.
Table 1.2 presents the evaluation of existing sources on dynamic transformer rating.
Comparing the literature classification results for DTR and DLR is it notable
that the number of scientific publications on DLR topic is significantly higher
compared to DTR. Also, while in DLR field researchers explore both methods
and models and practical applications in the form of case studies, there are only a
few articles covering case studies and practical applications of DTR. Most of the
existing literature sources on DTR cover mainly the development of models for
transformer hot-spot temperature (HST) estimation.

2



1.2. AIM

1.2 Aim

This thesis aims to analyze the benefits of dynamic line rating and dynamic
transformer rating application to power systems with high penetration of variable
generation sources, specifically wind power. The main objective is to be able to
provide additional information to the planners of power systems on how to plan
future grids with the dynamic rating. Also, a focus is on finding novel ways of
planning power dispatch in the power systems equipped with both DLR and DTR.
The analysis of daily power dispatch provides necessary information for designing
grid planning and expansion models.

This project also aims at a better understanding of the heat transfer mecha-
nisms that govern capacity change in lines and transformers, and at gaining more
knowledge on the accuracy of thermal models for calculating line capacity and
transformer loading guidelines.

1.3 Projet objectives

The objectives of this project are:

• to compare benefits of power networks equipped with both DLR and DTR,
and power networks with none or only one of the suggested upgrades;

• to investigate possible disadvantages of DLR and DTR for the component
reliability and reliability of the system as a whole;

• to assess the economy of daily power dispatch after installation of dynamic
rating of lines and/or transformers;

• to design a novel method for solving grid planning and expansion problems
with dynamically rated lines and transformers;

• to reveal the benefits of using dynamic rating for connecting new renewable
generation to the grid.

1.4 Research areas described in the thesis disposition

This thesis consists of 7 chapters, which in detail describe the results of reaching
the objectives of this project. Chapter 2 is describing the leading theory behind
obtaining real-time ratings of power lines and transformers and methods, which
were used to integrate these models into optimization problem formulation. Chapter
3 introduces the results of the works on several reliability oriented studies for DLR
and DTR; the reliability assessment focuses on the component lifetime and how
dynamic rating can use loss of life for optimizing component’s operation. Chapter
4 proposes methods for integrating dynamic rating into power flow optimization.
The results in Chapter 4 compare total costs of optimal power dispatch before and

3



1. INTRODUCTION

after dynamic rating application. At the same time, the benefits of using DR for
increasing wind power share in the grid are also addressed. Chapters 5 presents a
solution to microgrid planning problem of siting and sizing of distributed energy
resources using dynamically rated lines. It also evaluates the benefits of using DR
for wind farm expansion, when the same transformer is used for connecting added
generation to the grid. Discussion and conclusion of the thesis are combined into
the Chapter 6 and suggestions for future work are outlined in Chapter 7.

1.5 Summary of the author’s contributions to the papers
included in this thesis

I am the main author of the Paper I and Paper VI. The original idea for
Paper II belongs to my former master student W. Naim as a conference contri-
bution, which has later been developed into a broader scope journal publication,
Paper I. Results presented in Paper III and Paper IV come from the master
projects executed by T. Zarei and O.D. Ariza Rocha, respectively. Tor Laneryd
and myself have been main supervisors of both master projects, master project
proposal and project objectives have been initially identified by me. I have made
a major contribution to the writing and revision process of Paper III and also
a significant part of writing and correspondence for Paper VI. Paper V is a
part of a collaboration project between DTU, KTH, ABB AB Corporate Research
and Ørsted A/S. I have initiated the collaboration and outlined initial objectives,
the mathematical model have been created mainly by N. Viafora with advisory
from me and S.H. Hasan Kazmi. Writing of Paper V and editing of its graphical
content has been a joint effort of the first three authors. Paper VI is a part of the
collaboration between KTH and Lawrence Berkeley National Laboratory (LBNL)
as a part of my guest research visit at LBNL. The idea have been jointly developed
by me and M. Heleno. I have executed the major part of the work, with other
co-authors providing general guidance and feedback.

Table 1.1: Evaluation of the available literature sources on DLR
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1.5. SUMMARY OF THE AUTHOR’S CONTRIBUTIONS TO THE PAPERS
INCLUDED IN THIS THESIS
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Chapter 2

Theoretical definition of capacity
limits of power lines and
transformers

2.1 Dynamic line rating

Dynamic line rating or DLR is a method for monitoring line capacity by obtain-
ing conductor heat balance at each time step and taking in to account weather and
system conditions. DLR sometimes is referred to as Dynamic Thermal Rating, or
Real-time Rating in different literature sources. Heat balance of the line, according
to [72] is

PJ + Psol = Pc + Pr (2.1)

where PJ is a Joule heating, [W/m]; Psol is a solar heating, [W/m]; Pc is a convective
cooling, [W/m] and Pr is a radiative cooling, [W/m].

“CIGRE working group B2.43 Guide for thermal rating calculation of overhead
lines” [101] extends heat balance with three more components taken into account,

PJ + Psol + Pm + Pi = Pc + Pr + Pev (2.2)

where Pm is a magnetic heating, [W/m]; Pi is a corona heating, [W/m] and Pev is
an evaporative cooling, [W/m].

While all the heat balance components in (2.1) play a significant role in heat
balance, the effect from magnetic and corona heating and evaporative cooling have
less substantial impact on resulting current and conductor surface temperature.
Each part of the heat balance equation is a function of several parameters that
determine the current-temperature relation for each time instant. Heat balance as
a function of weather and load conditions is defined by,

PJ(IRMS, Ts) + Psol = Pc(Ta, Ts, Vspeed) + Pr(Ta, Ts) (2.3)
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where IRMS is an RMS current passing through the line, a value of AC current
magnitude, which is equivalent to DC current value in DC systems, [A]; Ta is an
ambient temperature, [◦C]; Ts is the conductor’s surface temperature, [◦C]; Vspeed
is a wind speed, [m/s].

By representing Joule heating in equality (2.1) by relation (2.4) current magni-
tude can be expressed in the form (2.5).

PJ = I2RMS ·R(Tavg) (2.4)

where R(Tavg) is the AC resistance per unit length at the temperature Tavg, [Ω/m];
Tavg is the average temperature across the conductor’s cross-section, [◦C].

IRMS =

√
Pc + Pr − Psol

R(Tavg) (2.5)

By combining (2.3) and (2.5), the effective current can be represented as a
function of ambient conditions and pre-defined system parameters by,

IRMS =

√
Pc(Ta, Ts, Vspeed) + Pr(Ta, Ts)− Psol

R(Ta, Ts)
(2.6)

Maximum current rating of the power line at each time step is a function of
the weather parameters such as ambient temperature, wind speed, wind direction
and solar radiation, and of maximum allowable temperature limits for power lines.
The maximum allowable temperature of the line is different for power networks
in different countries and is usually chosen to provide high safety of operation.
By using equation (2.6) and a constant value for maximum allowable conductor
temperature Tmax

s = constant, the maximum allowable conductor current can be
represented by,

IRMS =

√
Pc(Ta, Tmax

s , Vspeed) + Pr(Ta, Tmax
s )− Psol

R(Ta, Tmax
s ) (2.7)

and can be further simplified to,

IRMS =

√
Pc(Ta, Vspeed) + Pr(Ta, )− Psol

R(Ta) (2.8)

2.2 Dynamic transformer rating

Dynamic transformer rating is generally associated with controlling winding
hot-spot temperature to be below a specific temperature limit. Winding HST
can be assumed to have two temperature limits: 90 ◦C (100 ◦C for thermally

12



2.2. DYNAMIC TRANSFORMER RATING

upgraded insulation paper) and 130 ◦C (140 ◦C for thermally upgraded insulation
paper) [123]. The lower HST limit defines the borderline for insulation ageing to
be within the design limits. Insulation ageing rate is usually designed to ensure
the transformer will be operational for the expected number of years if its load is
not above the nameplate rating or its HST does not rise above 90 ◦C (110 ◦C).
If the transformer HST rises above the lower temperature limit, the transformer
insulation experiences accelerated insulation ageing, a phenomenon which makes
insulation degrade faster than the projected rate. If the transformer HST is then
crossing the second limit, the formation of bubbles in the oil might occur, which
could lead to insulation breakdown and component failure.

The American National Standards Institute (ANSI) and the Institute of Elec-
trical and Electronics Engineers (IEEE) introduce the “IEEE Std C57.91-2011
guide for loading mineral-oil-immersed transformers and step-voltage regulators”
[123]. Clause 7 of the ANSI/IEEE guide describes a differential-equation model for
transformer hot-spot temperature estimation. The HST model is given by,

τh
dθhst
dt

+ θhst = θhu + θtop (2.1)

where τh is the winding’s thermal time constant, [h]; θhu is the ultimate hot-spot
over top-oil temperature rise given by (2.2), [◦C]; θhst is the HST, [◦C]; θtop is
top-oil temperature and is defined by (2.5), [◦C].

θhu = θhr I
2µ
trf (2.2)

where Itrf is the load of the transformer, [p.u.]; θhr is the rated hot-spot over top-
oil temperature rise for Itrf, [◦C]; µ is an empirically derived exponential factor,
which expresses the impact of the transformer’s cooling mode on its oil viscosity
and change in resistance. Values suggested by the ANSI/IEEE standard [123] are:

µ =
{

0.8 for ONAN, ONAF, and OFAF
1.0 for ODAF

(2.3)

A steady-state approximation of hot-spot temperature model (2.1) is presented
in (2.4), which assumes that the rate of change in hot-spot temperature over time
is equal to 0 ◦C. This approximation is later used for solving problems concerning
optimal power dispatch and power system planning with dynamic transformer
rating.

θhst = θhrI
2
trf + θtop(t) (2.4)

A top-oil rise model corrected for ambient temperature is described in Clause 7
of the ANSI/IEEE guide [123], according to:

τ0
dθtop
dt

= −θtop + θamb + θu (2.5)
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where τ0 is the oil thermal time constant defined by (2.6), [h]; θamb is the ambient
temperature, [◦C]; θu is the ultimate top-oil over ambient temperature rise for load
Itrf, which is expresses as (2.7), [◦C].

τ0 = Cth,trf ·
(
θor
Lfl

)
(2.6)

θu = θor

(
I2
trfRloss + 1
Rloss + 1

)ν
(2.7)

where Cth,trf is the thermal capacity, [MWh/◦C]; θor is the top-oil over ambient
temperature rise, [◦C]; Lfl is the total power loss at rated load, [MW]; Rloss is the
ratio of load losses to no-load losses at rated load; ν is the oil exponent coefficient,
which depends on the transformer’s cooling mode. Empirically derived values of ν
for each cooling mode are given in (2.8) [123].

ν =


0.8 for ONAN
0.9 for ONAF and OFAF
1.0 for ODAF

(2.8)

By inserting (2.6) and (2.7) into (2.5) and performing a backward Euler transfor-
mation, the extended discrete form of differential equation for top-oil temperature
is obtained,

θtop(t) = τ0
τ0 + ∆tθtop(t− 1) + ∆t

τ0 + ∆t

[(
I2
trf(t)Rloss + 1
Rloss + 1

)ν
θor + θamb(t)

]
(2.9)

where ∆t is the size of the time-step.
Equations (2.9) and (2.4) are then further simplified to a linear form, when

used for integrating dynamic transformer rating into dispatch planning and grid
planning problems in Chapter 4 and Chapter 5.

This manuscript does not describe in further detail the thermal models used
for calculating line and transformer current-thermal balance in real-time. These
models can be obtained from well-recognized standards from IEEE [72] [122] [123],
CIGRE [101] and IEC [147].
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Chapter 3

Impact of dynamic rating on
reliability of power components

Reliability assessment of dynamically rated power components is vital for en-
suring their own and the power grid’s safe operation. Since dynamically rated
components are being exploited closer to their temperature limits more often, the
risk of reaching higher temperatures, which can lead to a fault, is also higher.

Although a few studies have been done to analyze the impact of line rating on
the reliability of the power network, the effect of more frequent heating and cooling
changes on conductor mechanical properties, which has not been enough addressed
in literature sources. Section 3.1 of this chapter discusses the mechanical durability
of power lines and alternative methods of dynamic line rating application.

Reliability implications of operating power transformers dynamically have been
analyzed in a few articles. However, like any new technology, DTR requires more
studies, which would explore the risks and benefits of its usage. For the technology
to become more favourable by the industrial players, it is crucial to acquire suffi-
cient basis of case-studies that evaluate a number of different devices and explore
potential difficulties and risks of employing the technology into the market. Section
3.2 presents the results of applying dynamic rating to various existing transformers,
and it’s impact on their reliability.

3.1 Impact of dynamic rating on reliability of power lines

An average projected lifetime of power lines is around 54 years, or 46 years if the
line is located in a highly polluted environment. However, the variance in lifetime
is about 14-15 years for both scenarios. Such a vast difference in the expected
lifetime of a component makes it difficult to predict potential faults and to schedule
its maintenance and replacement. Depending on the method of its implementation,
dynamic rating can cause additional damages to the strength of the power line and
increase the negative impact on its lifetime. Therefore, assessment of the effects of
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DLR on the mechanical durability and strength of the conductor is an interesting
topic to investigate. Papers I and II propose a method, which evaluated the
mechanical durability of aluminium conductor steel reinforced cables depending on
the operation conditions.

Stranded conductors are more prone to mechanical damages since they are com-
posed of two different materials, for example, aluminium alloy and steel. Aluminium
and steel have different thermal expansion characteristics and different elasticity,
which makes them expand and contract at different rates, thus creating potentially
more mechanical damage. When expansion of the material occurs, cavities might
form between the strands of aluminium; these cavities eventually become filled with
contaminants, such as dust, water, salt etc. If the material shrinkage occurs after
contamination (when the conductor is in cooling mode), it can create additional
friction and wear-off of the power line. In the worst-cases, additional friction might
lead to breakage of the outer strands and contamination of inner strands.

For defining the dynamic rating impact on the mechanical durability of power
lines, the term “fretting event” is introduced. In this context, a fretting event is a
conductor’s expansion or shrinkage due to cooling or heating of the material.

The normalized risk factor is used for assessing the impact of DLR implemen-
tation on the reliability function of the conductor. The normalized risk factor due
to friction forces Fpu(t) is calculated using (3.1).

Fpu(t) = FR(t)
FR(t > 105) (3.1)

where FRt is a friction force, [N ].
The number of fretting events that conductor experiences influence the reliability
function. Reliability function R(t) is presented in (3.2) and (3.3).

R(t) = e−λt (3.2)
R(t) = 1− F (t) (3.3)

where F (t) is the failure function.
The time scaling factor τ allows the number of fretting events to be embedded

into the reliability function. For standard line rating (SLR), the conductor is
assumed to experience 3 to 4 fretting events per day. In the dynamic rating case,
if rating is applied hourly, it is considered that the conductor is experiencing 24
fretting events. However, it has to be specified that 24 fretting events is the worst-
case DLR scenario. The time scaling factor τ for both standard rating and dynamic
rating is expressed in (3.4).

{
SLR ⇒ SLR ≈ 3− 4 [fret. eve./day]
DLR ⇒ DLR ≈ 24 [fret. eve./day]

⇒ τSLR = 24
3 = 8

⇒ τDLR = 24
24 = 1 (3.4)

After including the time-scaling factor τ into the reliability function R(t), equation
(3.2) becomes of a form (3.5) for SLR and a form (3.6) for DLR.
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3.1. IMPACT OF DYNAMIC RATING ON RELIABILITY OF POWER LINES

RSLR(t) = e
−λ t

τSLR (3.5)
where λ is the failure rate of a conductor, which in this study is assumed to be
constant.

RDLRn(t) = e
−λ

Fpu(t) ·
t

τDLR , for n = 24, 12, 8, 6 (3.6)
The ratio between the reliability of the SLR and DLR impact is shown by (3.7).

RDLRn(t)
RSLR(t) = e

−λ
Fpu(t) ·

t
τn

e
−λ t

τSLR

= e

[
λt·
(

1
τSLR

− 1
Fpu(t)·τn

)]
, for n = 24, 12, 8, 6 (3.7)

In addition to reliability model for determining DLR impact on mechanical
durability of ACSR cables, Paper I suggests an alternative method for DLR oper-
ation. In Paper I it is proposed to apply dynamic rating with different frequency:
once every 2 hours, once every 3 hours or once every 4 hours. The alternative
applications are also compared to the standard rating. For this comparison it is
necessary to computer time-scaling factor τ for each method of DLR operation, so
equation (3.4) is expanded to the form (3.8).

SLR ⇒ SLR ≈ 3− 4 [fret. eve./day]
1 [h] DLR ⇒ DLR24 ≈ 24 [fret. eve./day]
2 [h] DLR ⇒ DLR12 ≈ 12 [fret. eve./day]
3 [h] DLR ⇒ DLR8 ≈ 8 [fret. eve./day]
4 [h] DLR ⇒ DLR6 ≈ 6 [fret. eve./day]

⇒ τSLR = 24
3 = 8

⇒ τ24 = 24
24 = 1

⇒ τ12 = 24
12 = 2

⇒ τ8 = 24
8 = 3

⇒ τ6 = 24
6 = 4

(3.8)

The resulting reliability functions for SLR using (3.5), and 4 DLR scheduling
scenarios using (3.6), are presented in Figure 3.1 A generic failure rate function is
presented in Figure 3.2. The failure rate of hourly DLR application is significantly
higher compared even to 2 hour DLR application. There is not a big difference in
reliability and failure rates between 3 hour and 4 hour DLR applications.

Figure 3.3 shows the ratio of change in reliability (3.7). The shift in reliability (as
compared to SLR) between 3 newly introduced DLR applications is not significant.
The hourly DLR has a much higher ratio of change compared to other cases,
indicating that even by reducing DLR regularity from one to two hours, it is possible
to minimize its impact on the mechanical durability of lines.

It has to be noted that a conclusion from this study is based on the assumption
that each change in DLR rating produces a fretting event, which is a very con-
servative assumption and represents a worse-case scenario than real-life conditions.
However, it is advised to take into account the possible effects of DLR on conductor
durability and mechanical strengths and reduce the frequency of rating change
if necessary. It is also possible that if Dynamic Rating is applied with higher
regularity, the number of fretting events that a conductor experiences becomes
reduced if the line’s temperature is kept at a relatively stable level.
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Figure 3.1: Generic reliability function for STR and 4 DLR scenarios.
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Figure 3.2: Generic failure rate function for STR and 4 DLR scenarios.

An impact of additionally introduced DLR scenarios on the optimal power
dispatch and associated generation costs is further discussed in Chapter 4.
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Figure 3.3: Risk factor and ratio of change in reliability of 4 DLR scenarios
compared to STR.

3.2 Impact of dynamic rating on reliability of power
transformers

Dynamic transformer rating application has a direct connection with reliability
analysis. For applying dynamic rating to transformers, their state of loss of life and
potential implications of higher temperatures on their projected lifetime has to be
constantly assessed.

Paper III and Paper IV analyze the loss of life before and after the application
of dynamic rating to power transformers that are in operation and are used for
connecting wind power to the grid.

Papers III and IV use a thermal ageing model to determine the effect of the
load level on the insulation lifetime. This model has many similarities in both
the IEC loading guide for oil-immersed power transformers [147] and ANSI/IEEE
standard [122]. The hot-spot temperature relation to the insulation ageing is
modelled with the Arrhenius reaction equation. A specific case of Arrhenius rate
equation is when the ageing conditions are defined, in which case it is possible to
calculate the relative insulation ageing [122][147],

V = A

Ar
exp

(
1
Rc

(
Ea,r

θhr + 273 −
Ea

θhst + 273

))
(3.1)

where V is a relative aging rate for paper insulation; A is an empirical pre-exponential
value, [1/h]; Ar is a rated value ofA, [1/h]; Rc is the ideal gas constant, [kJ/(mol·◦C)];
Ea is a required activation energy, [kJ/mol]; Ea,r is a rated value of Ea, [kJ/mol];
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θhr is the rated HST, [◦C]; θhst is the actual HST, [◦C].
The loss of life (LOL) over a period of time for transformer insulation is calculated
with equation (3.2).

LOL =
∫ t2

t1

V dt, [h] (3.2)

where t1 is the beginning of the time period; [h]; t2 indicates the end of time period,
[h]; V is a relative aging rate from (3.1).

Paper III investigates how dynamic rating would impact the reliability of a
transformer that is already in operation. Two case-studies are introduced: decrease
of the transformer’s size and increase in the transformer’s load. The second case-
study is later expanded in Paper IV by exploring the possibility of expanding
existing wind farms by utilizing the same power transformer for grid connection.

First, the daily loss of life of the transformer studied in Paper III is determined;
the results are depicted in Figure 3.4.
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Figure 3.4: LOL by IEC model with standard and calculated time constants

Paper IV presents a study which has been performed on 9 different trans-
formers which are in operation and are used for connecting wind power plants to
the grid. Transformers are placed around 5 different locations in Sweden. Input
data and results of the ageing analysis of the studied transformer is presented in
Table 3.1. As is indicated by the input data transformers can be divided into
three groups depending on their loading. The first group combines transformers in
location number 4: these units are loaded up to the nameplate rating, and their
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capacity factor is around 50%. The second group includes transformers in locations
number 1 and number 3: these are loaded to their nameplate rating, but have a
lower capacity factor of around 30%. The third group is composed of transformers
from location 2 and 5: they have similar capacity factor to the second group but
are loaded below their nameplate rating.

Table 3.1: Estimated remaining lifetime of the population of transformers without
HST correction and with a maximum allowed HST of 140 ◦C
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T1 1 33.25 0.269 63 1.0086 145 160 145 165
T2 1 33.12 0.269 63 1.0195 145 160 145 165
T3 2 16.57 0.005 12 0.5970 200 200 195 200
T4 3 29.47 0.198 100 0.9939 150 160 150 165
T5 4 47.43 5.258 25 1.0202 130 125 130 135
T6 4 47.64 4.873 25 1.0139 135 130 135 130
T7 5 22.54 0.025 16 0.8345 185 200 175 200
T8 5 24.58 0.018 25 0.7524 200 200 180 200
T9 3 27.75 0.112 100 0.9910 155 170 155 165

After running a thermal model for these transformers, their relative ageing has
been determined. The relative ageing for nine wind farm connected transformers,
and their specification is presented in Table 3.1. As seen from Table 3.1 relative
ageing rate of transformers 1, 2, 3, 4, 7, 8 and 9 is below 1% and relative ageing of
transformers 5 and 6 is slightly higher around 4-6%, this indicates that transformers
are being operated under very low load conditions. For comparison, an ageing rate
of 100% would indicate that a transformer will reach the end of its insulation lifetime
in 50 years. After applying the thermal model to transformers in this study, it is
apparent that none of the studied subjects is operated close to its design limits.

3.2.1 Decreasing transformer size
Analysis in Paper III explores how replacing a 19.4 MVA wind farm con-

nected transformer with smaller dynamically rated 16 MVA unit would impact
transformer’s loss of life under different loading conditions.

A possibility to decrease the transformer size and how this decision could have
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potentially affected insulation loss of life are studied in Paper III. Table 3.2 shows
the change in insulation loss of life and life expectancy of the transformer insulation.
Results from Table 3.2 indicate that size of a transformer connecting a specific wind
farm to the grid can be reduced if dynamic rating is used; this has a potential to
decrease the investment costs needed for purchasing the transformer significantly.

Table 3.2: Comparing results for two transformer sizes

Transformer size 16 MVA 20 MVA
Loss of life [h] 135.84 7.2
Loss of life [day] 5.66 0.3
Life expectancy [year] *based on DP 1104 20833
Investment cost [SEK] 4,500,000 5,500,000

3.2.2 Increasing the load

Another analysis performed in Paper III explores the feasibility of increasing
the transformer’s loading by increasing the generation capacity of the wind farm
connected to it. The wind farm in this study is increased up to 60%, which would
lead to loss of life LOL = 1 year at the end of the 1st year of operation, which is
shown in Figure 3.5.
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Figure 3.5: Loss of life for different increasing factor by considering 8 ◦C safety
margin

22



3.2. IMPACT OF DYNAMIC RATING ON RELIABILITY OF POWER
TRANSFORMERS

The results after the load increase from Paper III gave an idea for future study,
which later being developed in Paper IV. Paper IV is studying nine transformer
units of varying nameplate rating, which are currently installed around Sweden and
are utilized for connecting wind farms to the network. These 9 transformer units
are simulated under dynamic rating conditions, and the change in their loss of life
after DTR application is presented as part of results.

From Table 3.1, it is evident that transformers T5 and T6 operate under the
highest load conditions compared to the rest of the transformers in this study.
Therefore, one of these two transformers T5 is chosen for single node analysis
to determine the effect of expanded wind farm capacity on their lifetime. Other
transformers have higher remaining lifetime and are expected to show results with
lower ageing rate and loss of life. The resulting transformer ageing after the single-
node analysis is used for comparing the performance of transformer T5 to the
transformer with lower loading conditions T1. The transformer lifetime in both
cases is limited to be more than 50 years. The loss of life for T1 and T5 is shown
in Figure 3.6 and Figure 3.7 respectively.
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Figure 3.6: T1 LOL in the single node study.

In both cases, the transformers’ loss of life increases significantly with an in-
creasing load, but the total lifetime is kept below 50 years margin even if the HST
is allowed to go up to 140 ◦C. Also from Figures 3.6 and 3.7 it is possible to
conclude that load of T1 can be increased up to 1.9 p.u. without reaching 50 years
of expected lifetime, which is much higher than for T5. If HST of T5 is controlled
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to be below 110 ◦C then transformer load can be increased up to 1.5 p.u., but for
higher hot-spot temperatures load should be controlled below 1.3 - 1.4 p.u..
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Figure 3.7: T5 LOL in the single node study.

In this chapter, some of the possible risks when using dynamic rating to operate
overhead lines and power transformers have been evaluated. The analysis has shown
that there are high potential benefits of using DR. However, it is essential to ensure
safe operation in order to keep stable security of supply. For ensuring safe operation
of the network with DLR and DTR, it is important to understand how to plan day-
to-day operation and what are the monetary benefits of DR.
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Chapter 4

Planning of optimal power
dispatch with dynamic rating

Planning day-ahead power dispatch after application of dynamic rating is an
important matter for power system operators. Papers I and V present two case-
studies, comparing an hourly cost of optimal power dispatch with and without
dynamic rating.

For the representation of the results from Papers I and V, a modification of an
IEEE RTS 24-bus system is used. The modified test case is depicted in Figure 4.1.
Standard IEEE case-studies are often designed with the highest safety margins and
do not contain lines and transformers, which are significantly overloaded. Hence,
for correct representation of results and to adopt a case-study to realistic power
system conditions lines 22, 23 and 25 (marked with red colour) have been de-rated
as proposed in [148]. After de-rating three lines in the system, it has been necessary
to identify critical lines for application of DLR. Branches marked with red colour
in Figure 4.1 of numbers 22, 23 and 25 are chosen for dynamic line rating, since
they have been de-rated according to [148] and are now being highly congested.

For the study in Paper V, a transformer (marked with green colour in Figure
4.1) between bus number 3 and bus number 24 is chosen for dynamic transformer
rating application. The choice of transformer is motivated by its critical location
and worse N-1 criteria compared to other transformers in the network. In the case-
study from Paper I, this transformer remains in normal operation mode.

Since one of the goals of this thesis is to use dynamic rating for increasing
share of renewable sources in the grid, the extra wind generators are added to the
network. System in Figure 4.1 has wind power connected to busses number 16, 22
and 23. The added wind generation has a capacity of 400 MW at each node, similar
to the test case described in [148].

In Section 4.1, an impact of different frequency of applying DLR on cost of
optimal power dispatch are discussed. Influence of varying DLR operation methods
on the share of renewables in the grid is also addressed in Section 4.1. In Section 4.2
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of this chapter, a network where both DLR and DTR are in place is being studied.
Section 4.2 aims to analyze the benefits of dynamically rating multiple components
and component types in the grid and analyze their advantages for planning optimal
power dispatch as well as increasing wind power share in the network.

Generator

Transformer

Transformer with DTR
(Paper V)

Power line

Bus bar

Bus bar with added 
wind generation
(Paper I & Paper V)

Line 22
Line 16

Line 23

Power line with DLR
(Paper I & Paper V) 

Figure 4.1: Model of IEEE RTS 24-bus system

4.1 Alternative DLR operation scheduling methods

Paper I presents three supplementary methods for DLR application in real-
time. For reducing the risk of conductor’s damage, an alternative frequency of the
rating change is proposed. In addition to changing rating of the line every hour,
which is the commonly known way of DLR application, it is proposed to analyze the
possibility of changing line’s rating every 2nd, every 3rd or every 4th hour. The costs
of power dispatch after application of the proposed methods are then compared to
the standard rating and hourly DLR. The case study in Paper I analyzes the day-
ahead power dispatch and costs of generation for covering power demand.

The simplified formulation of DC optimal power flow (DCOPF) for this study is
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presented in (4.1). The system has ’G’ number of generator groups, ’W’ number of
wind farms, and ’L’ number of branches. The model aims to minimize the total cost
of power dispatch. Constraints (4.1e) and (4.1f) limit the power flow in branches
(lines). In case of SLR the maximum flow in the line Fmax

` is equal to 1 p.u.. In
the DLR case, the maximum flow of power in the line is equal to the maximum
allowed ampacity for each dynamically rated line at each time step.

min
Ξ

∑
g∈G

CgPg,t (4.1a)

s.t.
∑
g∈G

Pg +
∑
w∈W

Pw −
∑
n∈N

Pn = 0, (4.1b)

Pg ≤ Pmax
g ∀g ∈ G, (4.1c)

Pg ≥ Pmin
g ∀g ∈ G, (4.1d)

PTDF` (Pg + Pw − Pn) ≤ Fmax
` ∀` ∈ L, (4.1e)

PTDF` (Pg + Pw − Pn) ≤ −Fmax
` ∀` ∈ L, (4.1f)

Pw ≤ Pw,av ∀w ∈ W, (4.1g)
Pw ≥ 0 ∀w ∈ W (4.1h)

The resulting costs of supplying power demand are presented in Paper I and
Figures 4.2-4.5. Resulting dispatch costs for one day in 2017 are shown in Figure
4.2 for a winter weekday and in Figure 4.3 for a summer weekday. The differences
between results for weekday in January are very insignificant for all the DLR cases,
while during the peak hours DLR significantly decreases the cost of power dispatch.
The discrepancy among the DLR cases is visible during peak hours in the summer
period, while any DLR case still results in lower dispatch price compared to SLR.

Additionally, the resulting price of a weekly dispatch is depicted in Figures 4.4
and 4.5 for winter and summer, respectively. The results of the weekly economic
power dispatch confirm the conclusions drawn from Figures 4.2 and 4.3 that results
are not very different if comparing different DLR application methods, but overall
cost of power dispatch is significantly lower than in SLR case (before DLR appli-
cation), especially during peak consumption hours.

Application of DLR allows reduction of the total annual generation costs by
around 1% as can be seen from Table 4.1, where SLR is taken as the base case equal
to 100%. While 1% might not be considered a significant reduction, the amount of
monetary savings can be quite significant. Therefore even a slight decrease in the
total cost of dispatch can increase the revenue from supplying the demand. Table 4.1
also shows the increase in the annual share of wind energy in the grid compared
to the STR case. Results from Table 4.1 conclude that DLR brings a possibility
to increase wind power share in the energy mix, allowing more sustainable power
delivery.
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Figure 4.2: Hourly value of the objective function for Monday 9th of January 2017
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Figure 4.3: Hourly value of the objective function for Thursday 20th of July 2017
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Figure 4.4: Hourly value of the objective function for Monday 9th of January 2017
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Figure 4.5: Hourly value of the objective function for Thursday 20th of July 2017
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Table 4.1: Summary of the total annual DCOPF results of cost minimization and
wind power integration

Total Annual Generation Cost, [%]) Increase in Annual
Wind Power Share, [%]

SLR (base
case) 100 0

hourly
DLR 98.93 6.5086

2 hour
DLR 98.93 6.5086

3 hour
DLR 98.93 6.5085

4 hour
DLR 98.93 6.5095

4.2 Optimal power dispatch with DLR and DTR

In Paper V, results of the optimal power flow for minimization of costs of the
hourly power dispatch are compared for four different cases: standard line rating
(SLR) and standard transformer rating (STR); DLR and STR; SLR and DTR; DLR
and DTR. The goal of the paper was too see the benefits of combining dynamic
line and dynamic transformer rating when upgrading the power grid.

Historical load demand data for transmission system of Denmark has been scaled
up by 10% and fitted into the model proposed in Figure 4.1. For modelling purposes
of dynamic line and dynamic transformer rating, historical weather data for the year
2016 for Denmark is used. Transformer specification for dynamic transformer rating
is described in Paper V Table 1.

A DCOPF optimization model is designed to minimize the costs of day-ahead
dispatch for different scenarios of DLR/DTR application. Power flow constraints
are defined similarly to (??), where the main difference is in the use of DLR and
DTR. Inequality constraints, which limit the current flow in lines and transformers
without dynamic rating, are expressed in (4.1) and (4.2) respectively. In the case
of a standard rating, the current flow limit is equal to 1 p.u..

−1 ≤ Iohl`,t ≤ 1 (4.1)
−1 ≤ Itrf`,t ≤ 1 (4.2)

The inequality constraints expressed by (4.3) define the power flow for dynami-
cally rated lines. The maximum allowable line current Imax

ohl`,t at time t is calculated
using conductor temperature balance model from IEEE [72].

−Imax
ohl`,t ≤ Iohl`,t ≤ I

max
ohl`,t (4.3)
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For application of DTR it is important to limit hot-spot temperature and top-oil
temperature, which is done by (4.4) and (4.5).

θtop`,t ≤ θ
max
top`,t (4.4)

θhst`,t ≤ θmax
hst`,t (4.5)

where θmax
top`,t is the top-oil temperature limit = 90 ◦C; θmax

hst`,t is the hot-spot tem-
perature limit = 110 ◦C.

Additionally, equality constraints for managing current temperature relationship
for dynamically rated transformer are introduced by (4.6) and (4.7). Equation (4.6)
is a simplified version of (2.9) and coefficients K1, K2 and K3 are further defined
in (4.8), (4.9) and (4.10) respectively.

θtop`,t = K1I
2
trf`,t +K2θambt + (1−K2)θtop`,t-1 +K3 (4.6)

θhst`,t = θtop`,t + θhrI
2
trf`,t (4.7)

K1 = ∆tRloss θor
(τ0 + ∆t)(Rloss + 1) (4.8)

K2 = ∆t
τ0 + ∆t (4.9)

K3 = ∆t θor
(τ0 + ∆t)(Rloss + 1) (4.10)

The control of the power flow in the selected lines and transformers from Figure
4.1 is done differently depending on the scenario; Table 4.2 shows the constraint
used to control power flow in the studied lines and transformers for each case.

Table 4.2: Test cases classification
Lines TransformerTitle Rating Constraint Rating Constraint

SLR STR Static Iohl ≤ 1 Static Itrf ≤ 1
DLR STR Dynamic Iohl ≤ Imax

ohl Static Itrf ≤ 1
SLR DTR Static Iohl ≤ 1 Dynamic θhst ≤ θmax

hst
DLR DTR Dynamic Iohl ≤ Imax

ohl Dynamic θhst ≤ θmax
hst

Results for loading transformer and lines for typical summer day in 2016 for
all 4 scenarios can be seen in Figure 4.6 and Figure 4.7 respectively. The results
of this case study have shown that there is a significant cost benefit in combining
Dynamic line rating technology with dynamic transformer rating technology for
some systems.
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Figure 4.6: Transformer results for cost-optimized hourly load dispatch for a
weekday in summer 2016 (25 Aug)
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Figure 4.7: Results for cost-optimized hourly load dispatch for a weekday in summer
2016 (25 Aug) for Line 23

In Table 4.3 comparison between 4 cases from Table 4.2 is shown; the case with
both DLR and DTR shows significant reduction in dispatch costs for a typical winter
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day and typical summer day. Additionally, the increase during the summer period
is smaller compared to the winter period, which is explained by higher ambient
temperatures and lower wind speeds during the summer month.

Table 4.3: Reduction in load dispatch costs for cases of Table 4.2 for 01-Feb-2016
(winter) and 25-Aug-2016 (summer)

Cost Reduction ∆% winter Cost Reduction ∆% summer
STR DTR STR DTR

SLR 0 -0.1% SLR 0 -0.3%
DLR -0.5% -11.4% DLR -0.3% -7.4%

From the results of the optimal power dispatch from Paper I and Paper V it
is concluded that using dynamic rating can significantly benefit network operators
in meeting increasing power demand and lower electricity price, while assisting fast
and effective integration of renewable energy resources. A next step of the analysis
is to look into the possibility of planning and expanding electricity networks with
dynamic rating from the beginning and create a feasible way to plan building and
construction of new generation resources while utilizing already installed trans-
mission components. Resulting studies on planning and expansion of renewable
generation with DLR and/or DTR are presented in Chapter 5.
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Chapter 5

Power system planning and
expansion with DLR and DTR

State of the art on dynamic rating includes many research publications which
look into possible case studies and prove benefits of dynamic rating application for
increasing share of renewable energy in the energy mix [63, 88, 95, 102, 107, 110].
Today dynamic rating is applied to components that are already in operation and
are most of the time loaded significantly below their maximum capacity limits.
However, since the power demand is increasing and new power plants are continually
being commissioned, it is necessary to study the possibility of planning these new
generation units, woith consideration of dynamic rating.

The research outcomes presented in Section 5.1 propose a novel approach to
dealing with the sizing and placement of distributed energy resources (DERs)
in microgrids. Dynamic rating is rarely applied in the context of lower voltage
networks, and the opportunity to study a new approach of managing power flow in
a microgrid is an interesting case for DLR application.

Based on the analysis in Paper III and reliability analysis of transformer in
Paper IV, which have been previously described in Section 3.2, has provided a
background and idea for results presented in Paper IV and Section 5.2 on using
DTR for connecting additional wind turbines and expanding existing wind parks.

5.1 Including dynamic rating into siting and sizing problem

An alternative solution to the siting and sizing problems of DERs in microgrids
is presented in Paper VI. In the case-study from Paper VI, all the lines in a
microgrid are operated with dynamic capacity limits; this allows to reduce the
investment costs on DERs required to supply customer load demand. A 12 kV
microgrid in Figure 5.1 is used for result representation. A typical load demand for
each load in the microgrid is presented in Figure 5.2 [149]. The microgrid is fitted
with two types of lines; their parameters are presented in Table 5.1.

35



5. POWER SYSTEM PLANNING AND EXPANSION WITH DLR AND DTR

1200m 1200m

900m 1800m18
00

m

Utility

Slack noden1 n2

n4 n3n5

Small Office

Medium Office Small HotelLarge Hotel

Supermarket

Figure 5.1: Electrical network of microgrid used in the case study
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Figure 5.2: Load demand distribution between different consumers during a typical
weekday.
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Table 5.1: Parameters of overhead conductors in Figure 5.1

From
node

To
node

Line
type

R,
[Ω/m]

X,
[Ω/m]

Rtot,
[Ω]

D,
[mm]

I,
[A]

1 2 Squirrel 1.39·10−3 0.331·10−3 1.67 6.33 77
1 5 Squirrel 1.39·10−3 0.331·10−3 2.51 6.33 77
2 3 Mole 2.78·10−3 0.342·10−3 3.37 4.50 48
3 4 Mole 2.78·10−3 0.342·10−3 5,00 4.50 48
4 5 Mole 2.78·10−3 0.342·10−3 2.50 4.50 48

The location of the case study is simulated for a location in the northern
California and a statistical representation of the typical meteorological year (TMY)
for this area has been used for weather parameters related to DLR thermal model
and PV production calculations [150].

The objective of the optimization model is to minimize total investment and
operation costs in energy production to supply load demand in the microgrid. The
total costs are defined in (??) and composed of total investment and maintenance
costs for PV and battery storage as well as the cost of electricity purchase from the
utility and revenue from electricity export from the microgrid.

Ctot =
∑
n

(CPVfixpurPVn + CPVvarcapPVn )AnnPV

+
∑
n

(CSTfixpurSTn + CSTvarcapSTn )AnnST

+
∑
n,t

(Genn,tCPVO&M) +
∑
n

(chrgn,tCSTCharge)

+
∑
n,t

(UtPurn,tCPur)−
∑
n

(UtExpn,tCExp)

+
∑
n,t

(LdCurn,tCENS
n )

(5.1)

where Ctot are total costs of microgrid’s investment and operation, [$]; CPVfix and
CSTfix are fixed costs for installing PV’s and storage at the node n, [$]; purPVn
and purSTn is a binary decision variable, which specifies if there is a generation
and storage installed at the node n; CPVvar and CSTvar are variable costs for PV
and storage operation, which depend on the maximum installed capacity, [$/kW];
capPVn and capSTn are installed capacities of PV and storage at node n, [kW]; AnnPV
and AnnST are annuity rates for PV and storage; Genn,t is an output of electricity
generation from PV at the node n and time t, [kWh]; CPVO&M are variable annual
operation and maintenance costs for PV technology depending on the amount of
production, [$/kWh]; chrgn,t is a charge of the battery storage at the node n at time
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t, [kWh]; CSTcharge are the costs of charging the battery storage, [$/kWh]UtPurn,t
is an amount of electricity purchase from the utility at each node n at each time
step t, [kW]; CPur

t is the electricity price for electricity import at time t, [$/kWh];
UtExpn,t is an amount of electricity exported to the utility at each node n at each
time step t, [kW]; CExp

t is the electricity price for electricity export at time t,
[$/kWh]; LdCurn,t is an amount of energy not supplied at node n time t, [kW];
CENS
n is the price for shedding load demand at node n, [$ /kWh].
Input cost parameters for (5.1) for PV and Storage technologies are presented

in Table 5.2 [151][152][153]. Table 5.2 also includes costs for the grid operation and
the electricity price for state of California taken from [151][154].

Table 5.2: Cost parameters input data

Storage PV & Grid data
Parameter Value Units Parameter Value Units
CSTvar 1000 [$/kW] CPVvar 2060 [$/kW]
CSTfix 1 [$] CPVfix 1 [$]
AnnST 0.117 – AnnPV 0.067 –
CSTcharge 0.12 [$/kWh] CPVO&M 0.10 [$/kWh]
ChEff 0.9 – CPur 0.209 [$/kWh]

DischEff 0.9 – CExp 0.056 [$/kWh]

An AC optimal power flow model has been adopted from [152]. A few necessary
changes in the representation of voltage constraints have been made, which are
described in detail in Paper VI. Power balance equations are specified in (5.2)
and (5.3). Active power at a node n should always be equal to the sum of power
purchase from the utility plus power generation and battery charge at a node plus
the amount of load not supplied minus electricity export minus battery discharge
and minus load demand.

Sbase · Pgn,t = UtPurn,t −UtExpn,t + Genn,t−
−(Ldn,t − LdCurn,t) + chrgn,t − dischrgn,t

(5.2)

Qgn,t = Pgn,t · tan(acos(φ)), for n 6= S (5.3)

where Sbase is a base power, [kW]; Pgn,t is an active power at node n at time t,
[p.u.]; Ldn,t is an input variable for load demand at the node n at time t, [kWh];
dischrgn,t is an amount of power discharge from the battery storage, [kWh]; Qgn,t
is a reactive power at each node, which is not a reference node, [p.u.]; S is used to
denote the reference bus (node); φ is a power factor.

Constraints limiting placement and size of solar generation and battery storage
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and also constraints which determine the operation of batteries and generators are
presented in (5.4)-(5.12).

capPVn ≤ purPVn ·M (5.4)
Genn,t ≤ capPVn · SolarGenn,t (5.5)
capSTn ≤ purSTn ·M (5.6)
chrgn,t ≤ capSTn · PCr (5.7)
dischrgn,t ≤ capSTn · PCr (5.8)
chrgn,t ≤ αn,t ·M (5.9)
dischrgn,t ≤ (1− αn,t) ·M (5.10)
SOC · capSTn ≤ SOCn,t ≤ capSTn (5.11)

SOCn,t = SOCn,t-1 + chrgn,t · ChEff−
dischrgn,t
DischEff (5.12)

where M is a very large number (order of ≥ 108); SolarGenn,t is an efficiency of
PV production; PCr is the maximum battery power/capacity ratio; αn,t is a binary
variable which defines if storage is in state of charge or discharge at the node
n at time t; SOC is the battery’s minimum state-of-charge, [kW]; SOCn,t is the
battery’s state-of-charge at the node n at time t, [kW]; ChEff and DischEff are
battery’s charge and discharge efficiencies respectively.

The amount of electricity purchase and export from and to the utility is limited
by (5.13)-(5.16). The utility connection is assumed to be only at the reference node.

UtPurn,t ≤ psbn,t · grdn ·M, for n = S (5.13)
UtPurn,t = 0, for n 6= S (5.14)
UtExpn,t ≤ (1− psbn,t) · grdn ·UtExp, for n = S (5.15)
UtExpn,t = 0, for n 6= S (5.16)

where psbn,t is a binary decision variable for deciding if electricity is to be purchased
from the utility or exported to the utility; UtExp is the maximum amount of energy
that can be exported to the utility, [kW]; grdn is a binary input variable which
defines if there is a connection to the utility at a node.

Dynamic rating is added to the optimization model by limiting the square value
of current not to exceed the squared value of maximum allowable line ampacity.
In (5.17), which is used for SLR, the maximum allowable ampacity is a constant
value. In the dynamic rating case (5.18), the maximum allowable ampacity at each
time step is determined using relation (2.7) at each time step.

IrSqn,n′,t + IiSqn,n′,t ≤ (Imax
n,n′,t)2 (5.17)

IrSqn,n′,t + IiSqn,n′,t ≤ (IDLR
n,n′,t)2 (5.18)
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where IrSqn,n′,t, IiSqn,n′,t are approximated square values of real and imaginary line
current values between nodes n and n′ respectively, [p.u.]; Imax

n,n′,t is the maximum
line ampacity for SLR, [p.u.]; IDLR

n,n′,t is a maximum allowable line current at time t,
[p.u.].

Square values of real and imaginary current are determined from the real and
imaginary relation using linear approximation as described in [152]; the linear
approximation is defined as inequality constraints (5.19)-(5.22).

IrSqn,n′,t ≥ (v ·∆Ir)2 + (2v− 1) ·∆Ir · (Irn,n′,t − v ·∆Ir), v ∈ 1, ...,Nv (5.19)

IrSqn,n′,t ≥ (v ·∆Ir)2 − (2v− 1) ·∆Ir · (Irn,n′,t + v ·∆Ir), v ∈ 1, ...,Nv (5.20)

IiSqn,n′,t ≥ (v ·∆Ii)2 + (2v− 1) ·∆Ii · (Iin,n′,t − v ·∆Ii), v ∈ 1, ...,Nv (5.21)

IiSqn,n′,t ≥ (v ·∆Ii)2 − (2v− 1) ·∆Ii · (Iin,n′,t + v ·∆Ii), v ∈ 1, ...,Nv (5.22)

where Irn,n′,t, Iin,n′,t are real and imaginary current of the line between busses n and
n′ respectively, [p.u.]; Nv is the number of segments for the linear approximation
of square value of the current magnitude; v is the number of the piecewise segment
for the linear approximation of the square value of the current magnitude; ∆Ir, ∆Ii
are calculated from the maximum expected value of the current magnitude divided
by the number of segments Nv, [p.u.].

Real and imaginary current components are calculated using equality constraints
(5.23) and (5.24) respectively.

Irn,n′,t = −Yrn,n′ · (Vrn,t −Vrn′,t) + Yin,n′ · (Vin,t −Vin′,t) (5.23)
Iin,n′,t = −Yin,n′ · (Vrn,t −Vrn’,t)−Yrn,n′ · (Vin,t −Vin’,t) (5.24)

where Vrn,t and Vin,t are real and imaginary voltages at a node n, [p.u.]; Yrn,n′ ,
Yin,n′ are real and imaginary terms of the bus admittance matrix, [p.u.].

A problem of placement and sizing of DERs is defined as a mixed-integer
linear optimization problem (MILP) and solved using the Gurobi solver [155]. The
resulting cost optimization is done over the period of one year with hourly time
steps, and the cost data is adjusted for yearly representation using the annuity
rate.

Table 5.3 presents placement and sizing result for PV and storage for the
microgrid in Figure 5.1 if the load “Supermarket” is not being connected. Both
placement and sizing decisions change after DLR application. If DLR is introduced,
the model requires much less PV capacity to supply the demand and doesn’t require
energy storage.

After the load “Supermarket” is connected to node n2, the optimization model
is not able to find an optimal solution without DLR due to line limitations. Table
5.4 compares the change in maximum capacity installed at each node before and
after connecting the additional load. Table 5.4 shows only the results for the DLR
cases. After the connection of extra load, more capacity is required at nodes n3,
n4 and n5 and a new generation is installed at node n2.
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5.1. INCLUDING DYNAMIC RATING INTO SITING AND SIZING
PROBLEM

Table 5.3: Maximum installed capacity with and without DLR

No DLR DLR
Type Node Size, [kW] Type Node Size, [kW]

Storage 4 2138 PV 3 134
PV 4 1033 PV 4 878
PV 5 220 PV 5 94

Table 5.4: Resulting purchase of PV and storage capacity for DLR case before and
after adding “Supermarket” load at node n2

Case with Supermarket Case without Supermarket
Type Node Size, [kW] Type Node Size, [kW]
PV 2 359
PV 3 229 PV 3 134
PV 4 889 PV 4 878
PV 5 121 PV 5 94

Total 1598 Total 1106

Paper VI also takes into account a possible spike in electricity price, which is
often the case for California. A 5 % increase in electricity price yields siting and
sizing results presented in Table 5.5.

Table 5.5: Maximum installed capacity with and without DLR, assuming 5 %
increase in electricity price

No DLR DLR
Type Node Size, [kW] Type Node Size, [kW]

Storage 4 2138
PV 3 39 PV 3 138
PV 4 1052 PV 4 903
PV 5 199 PV 5 115

After application of dynamic rating, the purchase decisions for new technologies
in the microgrid has significantly changed. Dynamic rating allows reduction of the
investment costs in the installation of new generators in the microgrid by removing
congestion from the power lines. Interestingly, the investment in battery storage
is also eliminated after DLR application, which can be explained by lower power
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demand during the night period and possibility to dispatch more electricity from
the utility. Additionally, dynamic rating provides an opportunity to connect the
additional load to very congested low voltage networks.

5.2 Expansion planning of onshore wind farms with DTR

In Paper IV, two methods have been used for simulating the increase of the
wind farm: product method and convolution method. The convolution method has
shown a more steady increase in wind power generation compared with the product
method. Paper IV studies nine transformers located in Sweden, which are used
for connecting wind farms to the electricity network and how dynamic rating can
provide a possibility to expand the wind farms while using hidden capacity on these
transformers for connecting extra generation capacity. Only results for convolution
methods will be discussed further in this section. However, Paper IV provides
results for both product and convolution methods.

In order to determine the maximum possible additional capacity that each
transformer could transfer, Paper IV performs three different studies. These case-
studies analyze different critical points during transformer’s lifetime: instance of
increase in the load when the need in curtailment occurs; the example at which
expected lifetime of transformer is equal to 50 years and amount of curtailment at
that point in time. Table 5.6 presents the results of three studies, showing that
in order for transformers to utilize the expected lifetime in 50 years they need to
be operated under load conditions exceeding 1 p.u. limit. Transformers T5 and
T6 are being loaded the heaviest and do not allow significant load increase com-
pared to the other transformers. According to Table 5.6 most of the transformers
under investigation could allow a considerable increase in the wind park size while
retaining 50 years projected lifetime.

Table 5.6: Load for three scenarios: the first power curtailment, the expected
lifetime ≈ 50 years and curtailment for the latter for HST=110◦C and HST=140◦C

Unit
Load at first power
curtailment, [p.u.]

Load at lifetime
≈ 50 years, [p.u.]

Curtailment at lifetime
≈ 50 years, %

110 ◦C 140 ◦C 110 ◦C 140 ◦C 110 ◦C 140 ◦C
T1 1.25 1.5 2 1.7 4.04 0.02
T2 1.25 1.5 2 1.55 4.04 0.02
T3 1.7 1.95 2 2 0.42 0.01
T4 1.25 1.5 2 1.65 5.81 0.05
T5 1.05 1.3 2 1.3 14.33 0
T6 1.1 1.35 2 1.35 11.47 0
T7 1.5 1.75 2 2 0.97 0.23
T8 1.65 1.8 2 2 0.7 0.19
T9 1.3 1.55 2 1.7 4.68 0.21
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5.2. EXPANSION PLANNING OF ONSHORE WIND FARMS WITH DTR

A statistical representation of the maximum potential wind park expansion
that any wind farm connected transformer can potentially connect to the grid if
the expected transformer lifetime is equal to 50 years is shown in Figure 5.3. The
safety correction of 8 ◦C for HST reduces additional expansion capacity of the
transformer.

2.5
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1

0.5

0
110°C RMSE
120°C RMSE
130°C RMSE
140°C RMSE

8°C correction for 110°C
8°C correction for 120°C
8°C correction for 130°C
8°C correction for 140°C

Figure 5.3: Load, for lifetime ≈ 50 years. RMSE is the HST correction due to
errors in ambient temperature estimation. 8 ◦C is the correction for HST model.

Results in Table 5.6 also present the amount of curtailment that each wind farm
would experience during 50 years lifetime. The heavily loaded transformers T5 and
T6 require curtailment over 10 % for 110 ◦C maximum HST; transformers T1, T2,
T4 and T9 would require around 4-6 % of curtailment, while transformers T3, T7
and T8 would require less than 1 % or generation curtailment. Figure 5.4 shows
the amount of curtailment that a wind farm connected to a transformer T1 (from
Table 3.1) would need to have depending on the wind farm expansion rate. The
curtailment generally doesn’t exceed 4% and can decrease if the limit for maximum
allowable HST is increased from 110 ◦C up to 140 ◦C.

Additionally, the reduction in generation costs, which the electricity network
would gain from expanding the wind farm is presented in Table 5.7 for each trans-
former. The costs in Table 5.7 are shown as the percentage of the costs before the
wind park expansion for different amounts of added generation for three different
power demand scenarios: low demand, base demand, high demand. The results
indicate a significant decrease in energy price even after small increase of 5 % of
the wind farm size, and up to 40 % decrease in energy cost if the wind farm is
expanded to 135 % of its original size.
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Figure 5.4: Curtailment for the convolution method for the studied period

Table 5.7: Cost of energy for the 25 year period as a percentage of the system
without wind park expansion for the network analysis

Cost of energy (low demand), [%] Cost of energy (base demand), [%] Cost of energy (high demand), [%]
Load 110 ◦C 120 ◦C 130 ◦C 140 ◦C 110 ◦C 120 ◦C 130 ◦C 140 ◦C 110 ◦C 120 ◦C 130 ◦C 140 ◦C
1 100 100 100 100 100 100 100 100 100 100 100 100

1.05 93.9 93.9 93.9 93.9 96.4 96.4 96.4 96.4 97.4 97.4 97.4 97.4
1.1 87.7 87.7 87.7 87.7 92.7 92.7 92.7 92.7 94.8 94.8 94.8 94.8
1.15 81.7 81.7 81.7 81.7 89.2 89.1 89.1 89.1 92.2 92.2 92.2 92.2
1.2 76.2 75.9 75.9 75.9 85.8 85.6 85.6 85.6 89.8 89.6 89.6 89.6
1.25 71.2 70.4 70.4 70.4 82.7 82.2 82.1 82.1 87.6 87.1 87.1 87.1
1.3 66.8 65.5 65.2 65.2 80.0 79.1 78.9 78.9 85.6 84.8 84.7 84.7
1.35 62.9 60.9 60.3 60.2 77.7 76.3 75.8 75.7 83.9 82.8 82.4 82.3
1.4 59.4 56.8 75.6 73.8 82.5 80.9
1.45 56.2 53.1 73.7 71.5 81.1 79.3
1.5 53.2 72.0 79.8

Dynamic transformer rating can provide wind farm owners with the possibility
to expand the capacity of well-performing cites, without need in extra investment
in new transformer. Use of dynamic transformer rating might require curtailment
of some amount of the generated power during peak production hours if weather
conditions are not favourable, but due to a decrease in the original investment
needed for additional capacity, it would potentially increase the overall profit. A
small increase in the wind farm size can lower the energy price for utilities and
contribute to the competitiveness of wind energy in the electricity market.
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Chapter 6

Conclusion

The discussion from previous chapters has led to the following conclusions:

• Dynamic rating is a method of more efficient utilization of power system
components, which is broadly recognized in academia. There are many studies
on the economic and reliability benefits of DLR and a few studies which
explore possible applications and benefits of DTR

• Dynamic line rating technology is more known in the research field compared
to DTR and is currently being adopted by the industry on a large scale.
Interest from the industry to use dynamic line rating in power grids has
significantly increased over the past 10 years

• Dynamic transformer rating is a comparatively new technology and has not
gained much trust from system operators yet. More studies are necessary for
a better understanding of key features of DTR application and for collecting
more knowledge for future DTR application. There is an interest from the
industry in DTR technology, but little or no applications of DTR in real power
grids exist nowadays.

• Computer simulation of several case studies have shown great potential ben-
efits of combining both DLR and DTR technologies for improving the grid
efficiency and decreasing the investment and operation costs.

• When DTR and DLR are used during the planning stage of the grid it allows
significant reduction of investment as well as high potential material savings
and reduced carbon emissions, due to better scaling of components for each
application

• The results of case studies presented in this thesis disposition and the attached
publications have shown the significant potential of dynamic rating for wind
power integration to the grid. The results indicate that planning future
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6. CONCLUSION

installations of renewable energy sources can significantly reduce investment
costs and reduce grid congestion.

• It is important to take into account risks that arise with the use of DLR
and DTR. It has to be mentioned that dynamic rating also allows for better
knowledge about the system state and reduction of unknown risks during
system operation.
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Chapter 7

Future work

The results from the presented research papers have posed additional research
questions. This chapter presents some ideas for future work in the area of dynamic
rating.

The results of dynamic rating application to power lines and transformers that
are connected to wind power generation units has shown economic benefits; possibil-
ity to plan the grid with dynamic rating in mind has also demonstrated significant
reduction of investment. Often wind farm planners possess crucial information on
weather resources when planning the placement of wind farms. This information
is used to predict the generation output of the new wind farm, but it can also be
used for sizing perfectly suitable transformers for the application. It is suggested
that combining knowledge on dynamic rating, heat transfer and weather resource
data can result in a novel method for specifying power transformers for new wind
farms.

Another intriguing research area that has arisen from this project is to study how
the presence of a large number of dynamically rated components can affect power
system operation and maintenance. The proposed objective is to look deeply into
issues that TSOs and DSOs face when applying dynamic rating and develop novel
methods for improvement of power system operation strategies. It is important to
mention that dynamic rating can not only bring reliability benefits to the power
system but also negatively impact the component’s availability. Additional research
on how to plan maintenance and inspection of dynamically rated components can
assist grid owners in safely managing reinforced dynamic system.

Further experimental analysis of dynamic rating effect on transformer insulation
is needed. The experiment on thermal cycling of oil and paper insulation is planned.
If the experimental results can support the outlining hypothesis, it will be necessary
to make a more detailed thermal modelling of the transformer insulation under
conditions with frequently changing temperature gradient.
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