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ABSTRACT

Load growth, addition of renewable sources and increased consumption highlight a
significant need to increase the transfer capacity of transmission lines. The final solution
is building a new transmission line; however, it takes several years plus huge investment.
Dynamic Line rating (DLR) systems appear as an appropriate option to address rapid
changes in the loading of the power grid. DLR is the way of determining the line rating
by measuring how the weather impacts the thermal behavior of the system. Environ-
mental parameters as well as line characteristics are two key points in the operation of
DLR. Traditionally the rating of the line is set based on conservative assumptions, called
static line rating (SLR), in weather parameters to make sure that the conductor surface
temperature and line sag is below a certain limit even for maximum load. However, with
the additional parameters a higher line rating can be accepted. Along with DLR, the
rating of thermally limited electrical elements along the line should be considered and
their rating may require increase. Next to addressing the rating of other elements, it is
also important to consider the protection system that is classically set to remove faults.
Taking these as motivations, the purpose of this report is to analyze the benefits and
risks of DLR as part of the protection operation. The method described in IEEE 738
standard is used in this report for calculating the line rating of overhead lines.

The overview of dynamic rating in general and the steady-state calculation of the line
rating in particular are being studied in Chapter 2. In Chapter 3, we go through the
analysis of protection operation in a transmission line and overload protection setting to
model an overload protection with DLR. The qualitative description of DLR reliability is
provided in Chapter 4. Uncertainty handling in power systems and modelling uncertainty
in line rating are the focus of Chapter 5. Grids’ hosting capacity provided by DLR is
studied in Chapter 6. Chapter 7 is dedicated to findings and discussion and finally the
future works and recommendations are the subject of Chapter 8.

i



CONTENTS

CHAPTER 1 — INTRODUCTION

1.1 Background . . . . .. . ... 2
1.2 Motivation . . . . . . . . . 3
1.3 Objective and Scope . . . . . . . . ..o 3
1.4 Approach . . . . . .. 3
1.5 Contribution of the Work . . . . . . . . ... ... ... ... ... ... 4
1.6 Social Aspects of DLR . . . . . . . . . . . ... ... 4
1.7 Outline of Half-way Report . . . . . . ... ... ... ... ... .... D
1.8 Appended Papers . . . . . . . . . ... 6
CHAPTER 2 — THERMAL RATING
2.1 Dynamic Component Rating . . . . . ... ... ... ... ... ..... 7
2.2 Line Rating Calculation . . . . .. .. .. .. ... ... .. ... 8
2.3 Challenges with DLR Implementation . . . . . . . ... ... ... .... 14
CHAPTER 3 — PROTECTION OPERATION
3.1 Protection of Overhead Lines . . . . . . . .. .. ... ... ....... 15
3.2 Overload Protection Setting . . . . . ... ... ... ... ... ... 16
3.3  Overcurrent Protection against Overload and Faults . . . . . .. ... .. 16
3.4 DLR Protection Scheme . . . . .. . ... ... ... ... ... .... 19
CHAPTER 4 — RELIABILITY OF DLR
4.1 Failure of DLR . . . . . . . . . 21
4.2 Generic DLR Reliability Model . . . . . .. .. ... ... ... ... .. 21
4.3 Components Failure . . . . . . . ... ... 22
4.4 TImpact of DLR Failure . . . . . . . . . ... .. ... ... ... .. ... 26
4.5 Common-Mode Failures . . . . . .. ... .. .. ... ... ....... 28
CHAPTER 5 — STOCHASTIC DYNAMIC LINE RATING
5.1 Uncertainty Handling . . . . . . . .. ... .. .. ... ... ....... 29
5.2 Modelling Uncertainty Aspects of Line Rating . . . . . .. .. ... ... 31
5.3 Comparison of Settings . . . . . . . . . ... o 31
5.4 Probability of Overloading . . . . . . . . . ... ... ... ... ... 33
CHAPTER 6 — APPLICATION OF DLR DURING EV OVERLOADING
6.1 Impact of Electric Vehicle on Power System . . . . ... ... ... ... 36
CHAPTER 7 — FINDINGS & DISCUSSION 40

iii



CHAPTER 8 — FUTURE WORK
REFERENCES

PAPER A

PAPER B

PAaPER C

PAPER D

iv

42
44
48
54
61
36



ACKNOWLEDGMENTS

This project has been funded by Skelleftea Kraft Elnédt, Swedish Energy Agency
and Energiforsk and the work has been done at the Power Engineering Group in Lulea
University of Technology. The financial support is greatly appreciated and I hope that
this report will bring knowledge that is useful for the funders and people interested in the
subject given in this thesis. I would like to thank my supervisor Math Bollen. You have
provided excellent support and guidance throughout this project which has made this
thesis possible. I would also want to thank my colleagues at Electrical Power Engineering
Group for answering questions and providing good discussions.

I would like to thank my husband Ali for his unconditional love and support since
the beginning of this journey that make it possible for me to follow my ambitions.



CHAPTER 1

Introduction

1.1 Background

The available transmission line capacity has always been important to maximize the
loading of the lines and exploit the most out of existing transmission lines [1]. In addition,
the construction of a new transmission line is being constrained by environmental issues
and takes several years between realizing that a new line is needed and this line being
actually available. But due to growth in consumption and addition of renewable energy
resources it becomes necessary to address existing or future congestion problems in the
grid. The lead-time at which congestion is expected to occur has become less than
the before-mentioned time to have a new transmission line available. Two distinctively
different congestion problems occur in the transmission grid; stability limits and thermal
limits. Stability limits become relevant for transfer over long distances (in Sweden:
between North and South ), whereas thermal limits are the dominating issue for shorter
lines (in Sweden: the supply into cities). In this report we will only address the thermal
limits.

Thermal limits of overhead conductors may cause congestion due to insufficient phys-
ical transfer capacity on a transmission line to implement all energy schedules and make
balance between generation and demand. Thermal ratings of overhead conductors may
not allow system operators to utilize existing transmission capabilities fully. They in
most cases cause underestimation of the thermal capability, however, in worse cases they
may lead to overestimated rating that may cause damage to the system or dangerous
situations due to excessive heating of the conductor. Dynamic line rating (DLR), the
rating which accounts for weather conditions and line characteristics at a much shorter
timescale (for instance one hour), can be used to increase the line rating up to its phys-
ical thermal limit. The (dynamic) line rating is defined as the maximum current that
will not result in temperature exceeding the maximum permissible temperature. DLR
calculation is explained in more details in Chapter 2.
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1.2 Motivation

There are several challenges for DLR implementation. The over utilisation of the existing
power system would have an impact on the performance of the overall network. Some
of the challenges to be considered are accelerated aging, data uncertainty, and taking
measures from protection viewpoints. When applying dynamic rating it is necessary to
take into account the other thermal limiting elements of the power system, specifically
the protection system of overhead lines [2, 3]. Protection systems should be tuned with
the DLR in order not to limit the available capacity and prevent unnecessary measures.
DLR protection operation is discussed in Chapter 3.

1.3 Objective and Scope

This report is aimed towards analyzing the benefits and risks of applying DLR in to the
protection operation and comparing with classical settings. Some of the objectives are
listed as follows:

e Studying DLR applications during the operational planning. Defining critical sce-
narios for the DLR operation that affect the protection operation (discussed in
Paper A).

e Designing and modeling the protection operation and issues concerning depend-
ability and security of the protection (discussed in Paper B).

e Stochastic modeling of the line rating and calculating the probability of overloading
in three different case studies (discussed in Paper C).

e Quantifying the potential of DLR during increased consumption, specifically from
electric vehicles (EVs) viewpoint (discussed in Paper D).

1.4 Approach

The research that is presented in this work is divided into four sections. Different ap-
proaches have been used for different sections:

1. A review of the reliability aspects of dynamic line rating is done focusing on what
can constitutes DLR failure. A generic model is also presented containing different
types of elements and their failures that have the potential to impact the per-
formance of DLR. The approach used here is a qualitative description to identify
different errors in the system.

2. Time-series analysis of DLR is carried out for various scenarios to obtain the prob-
ability of overloading. Eight-year data for weather, wind farm, PV production,
and consumption is subsequently provided for the analysis. The resolution of
the data is one hour. Weather data is obtained from the Swedish Meteorological
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and Hydrological Institute (SMHI). Wind farm data is obtained from the distri-
bution network operator and PV the data is obtained from an open access web-
site (www.renewables.ninja) [4, 5], and finally loading data that is obtained from
the Swedish Energy Agency publicly available data. Investigating the benefits of
DLR in Sweden and estimating the risks this brings by updating other thermal
elements along the line.

Designing and modeling an overload protection with DLR. The stochastic method
for uncertainty handling in weather data is done to address stochasticity in the line
rating. The model is based on the probability of overloading and aimed towards
making a balance between dependability and security in the overload protection.

The potential of implementing DLR based on real data is studied as part of this
report. The available transfer capacity of the line (hosting capacity) is estimated
to study the maximum load growth of the region, in this case from EVs viewpoint.

1.5 Contribution of the Work

The main contributions of the work are listed as follows:

1.

Showing the potential of DLR for allowing additional growth in consumption and
production.

Describing DLR and especially its failure, in terms of overload protection. This de-
scription provides the terminology to make a trade-off between unwanted measures
being taken and necessary measures not being taken.

. A stochastic overload protection scheme for overhead lines, where the probability

that the actual instantaneous line rating is less than the current, is used as a
decision parameter. Uncertainties in weather parameters and line parameters can
be considered in the proposal scheme.

. A stochastic scheme that can be used during "hour-ahead” or ”day-ahead” opera-

tional planning.

Showing that the acceptable probability of overload has a big impact on the number
of times that measures against overloading have to be taken.

1.6 Social Aspects of DLR

The increase in the demand for power leads to an increase in the utilization of the
electricity grid. With continuing increase in demand, providing grid access for new users
and connections is no longer straightforward and requests for new connections may be
denied. The lack of capacity hurts economic development by limiting electrification
of transport, establishment of new companies, development of new urban areas, and
residential buildings in existing urban areas.
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The classical solution has been to build new transmission lines, cables, substations, etc.
This will be expensive, but especially it will take a long time. Building a new transmission
line will take around ten years according to the Swedish transmission system operator [6].
Alternative solutions have to be found, that are cheaper and especially that are faster and
more flexible. Enhancing the use of the existing grid through DLR is one of the alternative
solutions to deal with the lack of capacity. The use of DLR makes among others that the
available transport capacity of a transmission line increases during cold periods. This is
relevant as the typical demand in Nordic countries increases during such cold periods due
to heating loads. The potential of this is shown specifically for the expected demand
increase due to charging of electric vehicles. In this way, DLR removes a barrier against
the electrification of transport.

Another alternative to building transmission lines is to curtail the demand when-
ever it would result in the transmission-line loading exceeding the line rating. This will
allow a certain amount of demand growth, but during certain hours of the year, the
higher demand will be curtailed. Using DLR will reduce the number of hours per year
that curtailment is needed and thus reduce the social and economic inconveniences due
to the curtailment. The DLR protection application, developed in this work, assists the
transmission-grid operator to assess the overloading risk of the line prior to the operation
and make a better decision to prevent load shedding and reduce the number of interrup-
tions per consumers. It allows a more fair balance between high risk of overloading and
unnecessary curtailment of the demand.

Due to fast growth in the renewable energy resources such as wind farms, DLR will fur-
ther increase social welfare by allowing more accessibility to cheaper and cleaner sources
of energy.

1.7 Outline of Half-way Report

This report is divided into seven chapters as follows:

e The first chapter provides the overview of the report; background, motivation,
scope, approach, contributions and outline of the report.

e The importance of dynamic component rating, specifically of overhead transmission
lines, will be introduced in Chapter 2. The details of the IEEE thermal rating
calculation are also included in this chapter.

e In Chapter 3 the details of the overload protection in transmission lines are pre-
sented from DLR viewpoints.

e The reliability aspects of DLR is discussed in Chapter 4

e Chapter 5 starts with a brief overview of uncertainty handling and different tech-
niques to cope with that. Following this overview, the proposed stochastic dynamic
line rating will be described along with an uncertainty analysis.

e Chapter 6 is about illustrating the potential of DLR application, in particular in
Sweden, to prevent overloading of the downstream network when, for instance, EVs
are added to the system.



e In Chapter 7 findings are presented with a discussion of them.

e Chapter 8 briefly discusses further studies needed to be done in this research topic.

1.8 Appended Papers

The papers that are included in this report are as follows:

e Paper A

SF. Hajeforosh, M. Bollen, L. Abrahamsson,” Dynamic Line Rating Operational
Planning : Issues and Challenges”, 25th International Conference on Electricity
Distribution (CIRED), 2019.

e Paper B

SF. Hajeforosh, M. Bollen,” Transmission Line Overloading Analysis Using Prob-
abilistic Dynamic Line Rating”, 16th International Conference on Probabilistic
Methods Applied to Power Systems (PMAPS), 2020.

e Paper C

SF. Hajeforosh, M. Bollen,” Uncertainty Analysis of Stochastic Dynamic Line
Rating”, Submitted and under the second review in Electric Power Systems Re-
search, 2020.

e Paper D

SF. Hajeforosh, M. Bollen,” Increasing the Grid Capacity for Electric Vehicle
Charging using Dynamic Rating”, To be submitted to the 26th International Con-
ference on Electricity Distribution (CIRED).

The following paper is not included in this report:

e Paper E

SF. Hajeforosh, Z. Nazir, M. Bollen,” Reliability Aspects of Battery Energy Stor-
age in the Power Grid”, IEEE PES Innovative Smart Grid Technologies Furope
(ISGT-Europe), 2020.



CHAPTER 2

Thermal Rating

2.1 Dynamic Component Rating

The term “dynamic rating” implies that component’s rating can be changed or is adap-
tive. These components are series-connected elements that are thermally limited in the
power system: transformers, overhead lines, and underground cables.

Generally, a power transformer is one of the most costly devices in a power system.
One way to postpone purchasing a new transformer due to loading constraint is operating
the existing transformers beyond their nameplate ratings for a limited number of short
periods. However, the insulation deterioration of power transformers is a function of the
temperature of the insulation, which in turn is a function of the loading and ambient
temperature. Proper combination of these two could safely allow transformer loading to
exceed the nameplate rating without an unacceptable amount of aging. There are three
determining factors that influence the rating of the transformer; top oil temperature,
winding hot spot and ambient temperature. The calculations concerning thermal models
for dynamic transformer rating are discussed in the IEEE and IEC loading guidelines for
oil-immersed transformers [7, §].

Likewise, dynamic rating of cables is dealing with loading cables beyond their static
rating, depending on ambient temperature and even temporary loading beyond the rated
temperature. An iterative method that comprises calculating electrical and thermal
parameters is described in the IEC 60287 series [9] and a thermal cable analysis can be
made according to the IEC 60853-2 [10]. Soil thermal resistivity and ambient temperature
are two parameters that control the rate of heat transferred from the cable. However,
the big challenge about applying dynamic cable rating is that soil thermal properties
vary with terrain and time and that these properties are often unknown. The weakest
parts of a cable are the cable terminations and cable joints; this is where the electric
field is highest with highest heat development in the insulator as a consequence. The
temperature inside the joint can be much higher than elsewhere along the cable that will
lead to increased ageing of cable insulation inside joints or terminations and, in the worst

7
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case, to insulation failure [11]. It is worth mentioning that the cost of underground cables
are high either for installing new cable or for troubleshooting in case of any failure [12].

DLR on the other hand employs a time-varying current capacity dependent on the
actual weather conditions and line characteristics [13]. DLR allows exploiting more of the
hidden transport capacity of the line and operating the line much closer to its maximum
physical capacity. The limiting factor in calculating DLR is the clearing of the line to
the surface. This clearing will reduces with increasing conductor temperature. Reduced
clearing increases the risk of phase to ground faults, but is also endangers living species
and valuable assets under the line. An additional risk with excessive heating of the
conductor is that it will cause annealing by reducing the tensile strength of the conductor
(14, 15, 16]. A reduced tensile strength is permanent and it makes that the conductor
has a higher sag, especially for heavy ice or snow load. This further increases the risk
for species and assets below the line. The basics of DLR calculation are explained in the
following section.

2.2 Line Rating Calculation

In this section, the calculation of the steady-state thermal rating given a maximum
allowable conductor temperature, weather conditions, and conductor characteristics is
explained comprehensively. The definition of the line rating in the IEEE standard [17]
has proven the capability of using DLR system in the power system. However, not
all transmission lines are operated using the DLR. In other words, the line rating of a
transmission line can still be defined as either static or dynamic. The equations given
below not only can be used for dynamic rating over different time scales, but also for
static or for seasonal rating.

2.2.1 The IEEE and CIGRE Standard

The IEEE standard 738 and the CIGRE technical brochure both describe the calculation
of a bare overhead conductor line rating [17, 18]. Although both documents use the heat
balance concept for the calculation, their approaches to the problem are slightly different.
In [19] a comprehensive comparison is carried out to investigate and compare these two
standards. The results point out that there are only a few differences between the two

and it is up to the user to select which standard to use. In this report, we apply the
[EEE model for further studies.

The Heat Balance Equation

Heat balance is an equilibrium between the amount of heat dissipated from the bare
overhead conductor and the heat absorbed by that conductor (2.1),

ge + Gr = s + q; (2.1)
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Where ¢. and g, are convective and radiative cooling, respectively. And ¢, and g; describe
the solar heat gain and joule heating of the conductor. In the following, the details of
each term will be examined.

The Elements of IEEE Heat Balance Equation

In this part the description of convective cooling, radiative cooling, solar heating, and
joule heating is presented.

Convective Cooling

The convection cooling of a conductor consists of two parts; forced and natural cooling.
Forced cooling refers to the impact of a wind on the surface of the conductor and natural
cooling is about the usual heat transfer to the surrounding air. The former can be
determined by either one of the following equations (2.2) and (2.3),

(Tc - Ta) (22)

el = kangle kf —pf)

My

1.01 + 0.0372 (

In general, g, is valid during low wind speed and q. is used during high wind speed
when the impact of the wind is dominant. The IEEE standard recommends calculating
convective cooling with both equations and using the larger of the two at any wind speed

V’“’D'”f) | @ -1 (23

qe2 = kangle kf [()0119 (
Mg

In case of zero wind speed natural convection is used and defined by (2.4). The IEEE
recommendation is choosing the larger of the forced and natural convection cooling at
low wind as a conservative condition.

Gen = 0.0205 p° DT (T, = T,)"* (2.4)

In above equations, D is the conductor diameter, ps is the density of air, V,, is the
wind velocity, ps is the dynamic viscosity of air, ky is the thermal conductivity of air
close to the conductor. The temperature of the thermal conductivity (so called ”film
temperature”, Ty, ) is according to the IEEE recommendation assumed to be equal to
the average of conductor temperature, 7T, and ambient temperature, T;. kgngre is also
the wind direction factor and derived from (2.5),

Eangie = 1.194 — cos(¢) + 0.194 cos(2¢) + 0.368 sin(2¢) (2.5)

In which ¢ is the angle between the wind direction and the conductor axis.
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Radiative Cooling

Radiative cooling is due to the transmitted energy to the surrounding when the conductor
temperature is higher than the temperature of its surroundings. This transmitted energy
depends on €, the emissivity of the conductor, conductor diameter, ambient temperature
and conductor temperature. Equation (2.6) describes the amount of radiative cooling,

T.+273\* [T, +273\"
L= 00178 De |22} (e 202 2.6
¢ ‘ ( 100 ) ( 100 )] (26)

Solar Heat Gain

The solar radiation heat gain is the amount of heat energy provided by the sun to the
conductor. Its value is obtained from equation (2.7),

Go = aQu A" sin(9) (2.7)

Where « is the solar absorptivity of the conductor surface, A’ is the area of the conductor
per unit length, 6 is the angle between the incident ray and the conductor and @), is the
corrected heat flux rate. The @, is also dependent on K., solar altitude correction
factor, and @)y, total solar and sky radiated heat flux rate, and is described by equation

(2.8),
Qse = Dsolar Qs (28)

The value of the ()4 is based on the clarity of the atmosphere and K., is dependent
on the H, that is the elevation from the sea level. Respectively, they are calculated from
(2.9) and (2.10),

Qs=Ag+ BgH.+ CoH? + Do H? + Eq H} + Fo H? + Gg H? (2.9)

Kootar = Ay + By H. + Cy H? (2.10)

The constants in (2.9) are polynomial coefficients for solar heat intensity as a function of
solar altitude. It should be noted that the impact of cloud coverage is neglected in IEEE
standard and the calculation is confined either to clear or industrial sky by changing
the constants in the equation. The coefficients in (2.10) represent the solar flux altitude
correction. Calculating the H,, altitude of the sun , is done through (2.11),

H. = arcsin [cos(¢) cos(w) cos(d) + sin(z)) sin(9)] (2.11)

Where 9 is the geographical latitude of the conductor location, w is the ”"hour angle”
and represents the number of hours from local noon times 15 ° C. § is the solar declination
that is based on the day of the year, N, and is calculated by (2.12)

284 + N
§ = 23.4583 sin (8372 360) (2.12)
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0 is also given by (2.13), in which Z. and Z; are showing the azimuth of the sun and
the line accordingly.

0 = arccos (cos(H,) cos(Z. — Z;)) (2.13)

Furthermore Z, is given by (2.14), where x, solar azimuth variable, is also determined
according to (2.15)

Z. = Cz + arctan(x) (2.14)

B sin(w)
X= sin(1)) cos(w) — cos(v)) tan(o)
The solar azimuth constant, C'z, (in degrees), is a function of the “hour angle,”, w,
and the solar azimuth variable, .

(2.15)

Joule Heating

According to the IEEE standard, the joule heat gain of a bare stranded (homogeneous)
conductor is given by (2.16),

65 = R(Tung) Lo (2.16)

Where T,,, is the average operating temperature of the overhead conductor, I,. is the
conductor RMS current, and R(7,,,) is the resistivity of the conductor against current
flow at the operating temperature. The resistivity of the conductor is calculated through
equation (2.17),

Thion) — R,
R(Tavg> _ R( hlgh) R( low) (Tayg _ j-vlow) _|_ R(E0w> (217)
Thigh - Eow

The Thign and Tj,, are high and low temperature of the conductor. R(T}qn) and R(Tjey)
are the AC resistance of the conductor at high and low temperature. It should also be
noted that (2.17) considers the skin effects for all types of homogeneous conductors and
it assumes a linear relation between conductor resistance and conductor temperature.

Thermal Rating

Finally according to aforementioned definitions, the dynamic conductor rating is calcu-

lated by equation (2.18)
dc + dr — (s
= ———— 2.18
VR 219

Equation (2.18) is in fact a reformulation of the steady -state heat balance corresponding
to the conductor current (I) that produces a conductor temperature (7) under certain
weather conditions. This calculation can be done for any initial conductor temperature
at any weather conditions for which the heat transfer model is valid. From now on in this
report line rating calculation refers to the steady-state heat balance described in (2.18).
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Table 2.1: Conductor data

Name Drake | Emissivity 0.6
Type ACSR | Absorptivity 0.6
Conductor Temperature | 75 ° C Diameter 281 mm?

2.2.2 The Prospect for Dynamic Line Rating

Fig 2.1 shows the various types of rating calculated from equation (2.18) for a specific
conductor and compared to each other. The conductor data can be found in Table 2.1.
The yellow dashed line represents the fixed or static rating. Fixed or static rating here
refers to the worst weather conditions that are typically used in dimensioning of a line
for a given maximum load demand. The orange line shows a seasonal rating in the
region in northern Sweden. To calculate the seasonal rating worst weather conditions
during summer and winter were calculated over an eight-year period. The data for this
calculation was obtained from the Swedish Meteorological and Hydrological Institute
(SMHI). The blue solid line is a monthly rating calculated in a same way as the seasonal
rating. Finally, the purple line represents the hourly rating that in this report we refer
to this as a dynamic line rating and it is the base of our further discussion.

‘—Monthly Rating = =Seasonly Rating‘
2400 |- Static Rating ——Hourly Rating |

2200 ]

2000

1800

1600

1400

Ampere

1200

1000

800

| 1 | 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Hour of the year 2016

Figure 2.1: Comparing different types of line rating for the same line

In the steady state heat balance, there are several variables determining the rating.
Most important weather variables are ambient temperature, wind speed, wind angle
attack, and the position of the sun in the sky. Among the line characteristics, emissivity
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and absorptivity are important in determining the line rating. Besides, conductors’
size and resistivity influence the rating but their impact is limited compared to other
parameters. Table 2.2 illustrates dynamic rating compared with static rating as base
case; 490 (A), 40 °C, 0 m/s, sunny midday, emissivity and absorptivity equal to 0.6. For
the sake of sensitivity analysis, we assume one variable changing at a time to see its
impact on the rating. The analysis shows that 20 © drop in temperature will increase the
rating by 46% and if this temperature drops another 20 ° to 0 ° we see 82% increment
in rating. At the same condition but at midnight there would be a 33% increment in
rating comparing to midday with full and direct sunshine. Certainly, the most significant
impact is going for the wind speed changes in which with only 1 m/s increment from zero
we see a considerable change in a range of 57 to 70 percent in the rating depending on
the direction of the wind.

Table 2.2: Rating Compared to Base Case

Name Increased Rate | New Rating
Temperature
20 ° C (Summer) 46% 718 (A)
0° C (Winter) 82% 896 (A)
Midnight 33% 654 (A)
1 m/s Wind
45° 57% 770 (A)
gr 70% 834 (A)
Emassivity
0.9 16% 573 (A)
0.2 -28% 352 (A)
Absorptivity
0.9 -21% 384 (A)
0.2 23% 605 (A)

The amount of heat radiated from the conductor to the surrounding is dependent on
the emissivity of that conductor and the level of absorbed heat energy depends on the
absorptivity of the conductor. For new installations, these values are at their lowest,
around 0.2. During operation these values increase up to 0.9 depending on how old the
conductor is and how much it is exposed to dust or pollution. Based on the data from
table 2.2, with lower emissivity, we face reduction in the rating. The opposite is the case
for the absorptivity. The highest rating is obtained when the emissivity is highest and
absorptivity is lowest.



2.3 Challenges with DLR Implementation

While there are advantages in utilizing DLR, it is not as easy to implement as may have
been concluded from the previous section. Some of the challenges are discussed as follows:

e Uncertainty in weather parameters (day ahead planning or during and/or close to
operation).

e Uncertainty in emissivity and absorptivity. These values are changing but the rate
of change is not known and should be measured through the conductor in different
terrains.

e The link between overload protection and short-circuit protection through overcur-
rent relays could interfere with DLR. This will be taken up in chapter3.

e Measuring of temperature and comparing with a threshold temperature would be
a good way of avoiding line overloading, but is difficult and not always possible. In
this report we are not going into details of the technical challenges, but we briefly
explain two areas where direct temperature measurement is not applicable;

— During day-ahead planning, as part of market settlements or to get input to
the required volume of the flexibility market.

— When assessing if the N-1 criterion holds. The measured/estimated ambient
temperature and the effective wind speed can be used to calculate the line
rating. Knowing the rating and the power flow, verifies if the N-1 criterion
holds. The effective wind speed is the wind that for the measured current,
ambient temperature and solar radiation results in the measured conductor
temperature. [20].

14



CHAPTER 3

Protection Operation

3.1 Protection of Overhead Lines

Overhead lines are the least protected part of the power system from the geographical
and environmental prospective. Overhead lines are directly exposed to weather and other
external influences. The number of line failures is therefore higher than the number
of failures in other parts of the system [21]. Hence, the protection of overhead line
(“line protection”) is one of the most important tasks for the protection system in the
power system. The main task of the protection is to protect the overhead lines against
overloading, short circuits, and earth faults. Emphasis in the literature and in setting of
the protection has classically always been on protecting the lines and other power-system
equipment against the adverse consequences of faults on overhead lines. Overloading
will result in overheating of the conductors, and decreasing the clearance to ground,
objects and vegetation. The kind of protection used for overloading is mainly overcurrent
protection with different setting for different line ratings. Overcurrent protection is the
main protection against faults for voltage levels below 70 kV but for higher voltage levels
it is the distance protection that provides the primary protection [21]. Occasionally
differential protection is used for the protection of overhead lines [22, 23, 24, 25]. In the
two latter cases, overcurrent will operate as a back-up.

Protection relays must have a very low probability of fail-to-trip, i.e. it must be close
to certain that a fault is removed by the protection. Their most significant function, tra-
ditionally, has been to initiate the disconnection of the line in case of a short circuit or an
earth-fault. The failure to remove such a fault should be very much avoided, which is one
of the reasons for the use of often multi-layer back-up protection. Overload protection
would be treated differently and the design of the system was such that overloads would
normally not occur. (The maximum load demand would be kept below the line rating).
The reliability of the protection system includes not only the ability to clear faults but
also to prevent undesired trip (both under normal and under faulted operating condi-
tions). The former is referred to as “dependability” and the latter is called “security”.

15
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Dependability and security are to some extent complementary and reducing the other
often results in an increase of the other. The classical trade-off between the two is almost
exclusively based on the need for protection against faults. The trade-off is also often
different for primary and for secondary protection. For primary protection keeping the
probability of mal-trip low is somewhat prioritized, whereas for back-up protection it is
extremely important to have a very low probability of fail-to-trip. Inherently, protection
setting is based on achieving a high dependability even if this goes at the expense of the
security; the consequences of any assets’ failure are higher than the consequences of an
outage of the electricity supply. With overload protection, especially DLR based in the
modern grid, the situation is different. The trade-off between dependability and security
could become rather different. This will be discussed further in the forthcoming sections.

3.2 Overload Protection Setting

Overload of an overhead line is a situation in which there is a current exceeding the
line rating (an overcurrent), when there is no fault in the system. An overload occurs
when the sizing of the conductor is not sufficient for the supplied load [26]. Some kind
of protection must be provided to remove any overload before the temperature of the
line conductor gets too high. Protection against overloads can be provided by fuses, or
overcurrent relays in combination with circuit breakers. Alternatively, and used at trans-
mission level and in industrial installations, the overload situation will be reported to a
control room, where a decision is made about which actions to be taken. A short-circuit
or earth fault also results in an overcurrent, but this one is typically much higher and of
shorter duration, because it is tripped fast by the protection. Protection devices must be
provided to limit and break the short-circuit currents before their thermal effects, heat-
ing of the conductors, and mechanical effects damage equipment. Likewise, protection
against faults can be provided by circuit breakers and overcurrent relays. In low and
medium-voltage networks, protection against faults can also be provided by fuses.

3.3 Overcurrent Protection against Overload and Faults

In classical protection the maximum load current, I., must not exceed the protection
setting, I, and I; must be less than the maximum rating of the conductor (rated cur-
rent), I,. (This process is referred to as “protection coordination”.) The rated current
on an overhead line is determined for selected values of the weather parameters, includ-
ing ambient temperature and wind speed, without exceeding the maximum allowable
temperature of the conductor. A time-dependent relay characteristic, able to remove
overloads as well as faults, is shown in Fig 3.1. For currents exceeding the rated current,
the lower operating time is achieved for higher values of current. In other words, the
more the rated current is exceeded, the faster the relays generates a tripping signal. For
faults, the currents are very high, the rated current is exceeded a lot, and the circuit
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breaker clear the fault very quickly.
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Figure 8.1: Time-dependent characteristic of the classical overload protection

In which R is the result of design differences between the protective devices and be-
tween the standards used to determine their rated currents. Classical overload protection
is based on a calculation of the rated current using the thermal heat balance, equation
(2.18), for a fixed set of weather parameters, typically close to worst-case values. This
results in a fixed line rating and fixed setting of the protection. In order to provide ad-
equate thermal protection without limiting the line loadability, thermal rating will need
to be adjusted for varying weather conditions [27]. This is what is called “dynamic line
rating”.

An important decision to make for DLR-based protection is which parameter is deter-
mining if a line is overloaded; conductor temperature or current compared to the rating.
There are disadvantages with both choices. The problem with using the rating is that it
is based on a calculation model including assumptions about the conductor temperature
if these assumptions do not hold the results will change significantly. On the other hand,



18 PROTECTION OPERATION

spots, availability of the sensors, and etc. are some of the issues. Also, there is much
more practical experiences with using current compared with a rating, which will make
such a method easier to accept. Therefore, in this report we are including the dynamic
rating in the protection setting rather than directly using conductor temperature.

The influence of changes in the setting of the protection is presented in Fig 3.2 with two
different relay characteristics; summer and winter rating. The principle for each of the
curves is the same as aforementioned, however for the winter rating, the rated current is
higher and the curve is shifted to the right. The minimum fault current is not season-
dependent. As a result of the increase in rated current, a fault with the same fault current
will take longer to be cleared. This does not have to be an issue, but it should certainly
be checked to avoid that certain faults are not removed by the overcurrent protection.
What is shown here for two settings, gets even more complicated when there is a large
range in settings, as when for example DLR with hourly settings is used. A maximum-
permitted fault clearing time sets a limit on the setting of the overload protection. This
in turns put an upper limit to the current that can be transported over the line, even if
the thermal limit would allow a higher current .

Range of
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' Slowest fault clearing |
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o
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Summer rated  Winter rated
current (A) current (A)

Figure 3.2: Time-dependent characteristic of the overload protection for two different rated
current
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3.4 DLR Protection Scheme

This part briefly explains the DLR overload protection. With DLR there would be an
increase in the security and it is regarded as an advantage to efficiently utilize the addi-
tional capacity. However, dependability may be reduced. The details of the protection
model with illustrative examples are broadly discussed in papers B, C and Chapter 4.
Fig. 3.3 shows the overall scheme of DLR overload protection.

Effective Input Variables
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Figure 3.3: Protection Scheme with DLR

The steps to reach the aforementioned model are as follows:

1. The initial step is identifying the effective input variables involved in the calcula-
tion. These variables might be weather parameters and line characteristics that are
measured, predicted, and/or estimated through numerical models, probabilistic es-
timation etc. These parameters and characteristics are fed into the thermal model
(2.18). This process is repeated for each set of input variables (randomly selected
from the probability distribution function) leading to a collection of different values
of the rating for each 1-h period, forming the overhead lines’ rating distribution.

2. Meanwhile, the load current is assumed to be known prior to the operation and is
measured and/or estimated for each 1-h period.

3. For the decision making process the first step is comparing the thermal rating
distribution with the current during every 1-h period. The probability P(I.yrrent >
I ating) 1s an indicator of the risk of overloading, associated with this situation of
the weather, the line and its loading. This probability is obtained as the fraction



of simulations resulting Ioyrren: greater than I,.q,, as equation (3.2),

Noverload

P(Icurrent > [rating) = N
total

(3.2)

where Nyyerioeqd 18 the number of simulations which obtain a current greater than
the rated current; Ny is the total number of simulations for 1-h period.

. The second step in the decision making process and final step in the protection
operation is introducing the acceptable risk P,gmissine t0 set the limit for overload-
ing level. This parameter allows choosing between operations when intervention is
needed, dependable operation, and avoiding unnecessary operation, secure opera-
tion. A discussion about selecting this parameter can be found in Chapter 5.
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CHAPTER 4

Reliability of DLR

4.1 Failure of DLR

One of the first questions to ask when studying the reliability of a system is: “ what
is the aim of the system”. For this chapter the question is: “what is the aim of DLR”
or, formulated in a negative way, “what constitutes a failure of DLR”. By realizing that
DLR and overload protection are closely linked, the two basic aims of DLR become easily
clear:

e Measures should be taken when otherwise the line would get overloaded.

e No measures should be taken when the line, even when those measures were not
taken, would not get overloaded.

The two failure modes follow from this and they can be formulated as follows:

e No measures or insufficient measures are taken and the line gets overloaded.

e Measures are taken when the line, even when those measures were not taken, would
not get overloaded.

In the more classical approach to overload protection, typically referred to as “static
rating”, the main effort for the protection setting was towards limiting the probability
if the first failure mode occurring. Limiting the probability of the second failure mode
occurring was part of the system design, where the maximum load demand was kept the
static rating.

4.2 Generic DLR Reliability Model

Study the reliability of DLR is not only the issue of having a highly accurate and reliable
method of calculating the line rating but it is also a matter of reliability of various mea-
surement devices, sensors, communication, protection, calculation and prediction models.

21
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Fig 4.1 shows a generic model of DLR, where the intention is to cover both operational
planning (for identifying market barriers) and use during operation (for protection). This
generic model will next be used to look at reliability from two different viewpoints: error
and failures of each of the elements in the system that would affect the DLR calculation;
and the impact of a DLR failure on the power system. Dashed lines representing the
communication channel between two blocks.

Real Weather

Communication Link -------

Measurement < >

Y

Conductor
Temperature and Current

Line
sensos

! v

nnnnnnnn > Calculation of Line Rating

--—>

Weather Current
Prediction Prediction

Figure 4.1: Generic model of dynamic line rating (DLR) in the grid

4.3 Components Failure

The generic model in Fig 4.1 contains different types of elements that are all part of
DLR including measuring devices, communication channels, models and algorithms for
predicting and calculating line rating, weather prediction and decision making blocks for
deciding about actions to be taken. Failures in any of these elements have the potential
to impact the performance of the DLR and consequently of the power system. Input
to the algorithms comes in some DLR systems also from prediction done elsewhere:
prediction of weather parameters; prediction of line currents. Errors and failure may
occur in those predictions, resulting in incorrect values being provided to the algorithm
calculating rating or conductor temperature.
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4.3.1 Failures of Measurement Devices

Measurement devices are essential for enabling the DLR technology. Different types of
measurement devices are needed, as shown in Fig 4.1. Line sensors are located in direct
contact or very close to the line; some of them are mounted on the line and energized by
induction from the line current. Examples of line sensors are those measuring conductor
temperature, clearance to ground, and conductor tension [28, 29, 30]. These sensors are
often novel designs without long records of practical use. The reliability of the sensors is
a general concern and something that needs to be considered in the design of a complete
DLR system. A specific issue is the powering of the sensors; inductive energy transfer
from the line current to the sensor is an option, but special care should be taken for
low line currents when the sensor may not receive sufficient energy. Next to complete
failure of the sensor (no value of an obviously incorrect value), the accuracy of the
measurement (a value that deviates from the actual value but cannot be distinguished
from the actual value) should be considered as well. A second group of sensors is those
collecting the weather data at specific locations along a transmission line. Calculating
conductor temperature or line rating from measured weather parameters is known as the
indirect method [31, 32]. In either cases the collected data are exposed to measurement
inaccuracies. In the following several possible failure states of the weather measurement
are explained:

e Regular measurement errors regarding the accuracy of the measurement devices and
the location of the devices. Devices that, for example, measure temperature are
generally of high accuracy. The concern is however mostly in the relevance of the
measurement for the conductor heat balance; a temperature sensor that is exposed
to direct sunlight will overestimate the air temperature; a wind-speed sensor may
overestimate or underestimate the speed of the air passing the line conductors; etc.
Weather parameters will also vary along the line, which is another source of errors.

e Wrong setting may cause larger errors as they may be originated from, for instance,
human errors and they are difficult to detect. The example might be not converting
dimensions in the right way: degrees Fahrenheit instead in Centigrade; miles per
hour instead of meters per second.

e Another issue that may cause errors of the increasing inaccuracy is errors of devices
due to their aging. This can be a complete loss of function or a large error, but it
can also be a slowly increase in systematic or random error with time. Especially
the slow increase in error will be hard to detect.

e Failure of sensors is another type of component failure that should be included in
DLR reliability study. Two types of sensor failure can be considered:

— Not sending any signal, so that the algorithm will lack input data. This will
be immediately detected by the algorithm, which means that a back-up plan
can be easily activated, assuming such a plan exists.

— Sending wrong values that have a large deviation from the actual value. This is
not immediately detected, but a reality-check can be included in the algorithm
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to detect unrealistic values.

— Sending wrong values that have a lesser deviation from the actual value. De-
tecting such errors will be very difficult and in practice impossible.

The third type of sensor is the measurement of the line current. This is a classical, well-
developed, commonly used instrument transformer with a high reliability and a high
accuracy.

4.3.2 Communication Failure

As shown in Fig 4.1 communication is an indispensable part the power system when
DLR is included [33]. The successful implementation of DLR depends on the reliability
of communication networks, wired as well as wireless communication channels. These
communication channels enable interaction amongst devices to the transmission of line
rating information to the control room or protection/curtailment devices that enable the
recreation of appropriate line current [34], i.e. a current below the rating. Investigating
the reliability of wired communication in a traditional network is more straightforward
since they are mostly located in the local area with short distances and are less prone to
external influences like adverse weather. Wireless communication channels, typically ra-
dio links, are more prone to external influence. Adverse weather conditions may however
result in a high failure rate of communication equipment, both for wireless and wired
communication. Any weather influence is very important here because it could result in
common-mode effects. A high unavailability of communication channels during weather
that results in low values of line rating would result in a high probability that an overload
is not detected. The other way around, a high unavailability during weather that results
in high values of line rating would result in a high probability than unnecessary measures
are taken.

The process in a wireless communication starts from collecting data from sensors
and sending them to the control units of the DLR to gather all data from different
parts of the transmission line. Through communication channels these data are then
forwarded to small gateways and subsequently to the data aggregator units to form a
wide area network (WAN) containing all the data from devices [35]. Based on the input
data, an algorithm is used to calculate, for example, the line rating. This calculation
is being done in a data management center, which may be close to the line (in one
of the substations connected by the line) or in a central control room. Based on the
outcome of the algorithm, either the network operator or an automatic relay, makes a
decision on how to avoid overloading or (as will be the case most often) take no action
at all. The elements involving in the measurement, calculation and decision process are
interconnected and failure of any communication channel may lead to failure of the DLR
system.

Failures of the communication can also be classified as functional failures and network
failures. The former includes any failures of communication elements, however in the
latter type of failures all the elements remain functional but a failure occurs at processing
commands because of the failure in other parts of the network as a whole. Studies show
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that the failure of communication channels can significantly degrade the reliability of a
power system including DLR [34]. The same distinction that was made for failures of
measurement devices (no signal, a large error in value, a minor error in value) should also
be made for failure of the communication. With modern digital communication systems,
the probability of a minor value in error seems to be small.

4.3.3 Model Inaccuracy

Model inaccuracy is defined as an incorrect calculation and/or prediction of line rating
or conductor temperature. This will include for instance inaccuracy in the mathematics
of the model. Some of the factors that should be considered as part as model inaccuracy
are:

e The line parameters can be wrong. For instance, Aluminium is used in the line
conductor while the resistivity for copper is used in the model. Similarly, an incor-
rect conductor area can be used. These are the systematic errors that are difficult
to detect.

e There could be something wrong in coding of the DLR algorithm.

e Some errors might occur while defining the algorithm by itself or during the mod-
eling. Some examples: the model for convective cooling is known to be approxima-
tion; the resistive heating is calculated neglecting harmonics; the radiative model
assumes that the radiation temperature is the same as the ambient temperature;
cloud cover is not considered.

e Long sampling times for weather data may cause a significant difference between
the actual weather parameters and the ones used in the algorithm. The assumption
of stationarity does not hold during fast changes in weather.

e Certain model limitation and errors are intentionally accepted during the design of
the algorithm. Such modelling errors (uncertainties is a term more commonly used
in this context) are very common and incorrect decision due to them are avoided
by introducing some safety margin between the real time rating obtained from the
algorithm and the one that is used for the decision. This will keep the probability
of overload low, but it will increase the probability that unnecessary measures are
taken.

e When the current (related to the rating) is used to detect overloading, short-
duration exceeding of the rating is acceptable. The relation between acceptable
time of overloading and current compared to rated current should be based on the
thermal model of the line. Also here assumption are made, resulting in additional
model inaccuracy.

4.3.4 Control System Failure

Decision-making and actions are the two final stages of the DLR system. Combined
together, this is where the system decides whether to fully utilize the transfer capacity of
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the transmission line or corridor or if some level of mitigation line curtailment is needed.
After analyzing the data, for example by comparing the load current and rating or by
comparing conductor temperature and maximum-permissible temperature, there would
be different failures that can occur even at this stage:

e The signal for curtailment or tripping command is send while the decision parameter
is below the threshold.

e The decision parameter is above the threshold but no signal is sent.

e A signal is sent for the tripping or curtailment, but no action or insufficient actions
are taken.

e The algorithm results in the need for a certain amount of curtailed power, but more
curtailment is applied to the system.

Each of the aforementioned issues could impact the functionality of DLR and subse-
quently prevent the suitable operation that DLR is designed for.

4.4 Impact of DLR Failure

In the previous sections, different kinds of component failure and errors (for example in
measurements and in calculations) have been discussed. All these errors and failure may
affect the reliability of DLR. Note that, in this chapter, we only consider the performance
of the whole DLR system: where the aim is to take action (against overload) when needed
and to refrain from action when not needed. An alternative approach towards reliability
would have been to compare the predicted or calculated line rating or conductor tem-
perature with the actual rating or temperature. Such an approach would have resulted
in a measure of accuracy of the DLR, somewhat independent of the line current. From a
power system, such a measure would be of less use as it does not related to the need for
overload protection. In this section, the performance (and failure) of the DLR system
will be placed in the perspective of its application and its impact on the performance
of the power-system as a whole. In the following some of the applications are presented
and the way they may be impacted by DLR failure. Seen from the power system, the
following kinds of DLR failures can occur, where the two types of failures from Section
4.1 are used as a starting point again.

e The current is somewhat below the actual line rating, but due to various uncer-
tainties, unnecessary measures are taken.

e The current is somewhat above the actual line rating, but due to various uncer-
tainties, necessary measures are not taken.

e The current is a lot below the actual line rating, but due to various failures and
uncertainties, unnecessary measures are taken.

e The current is a lot above the actual line rating, but due to various failures and
uncertainties, necessary measures are not taken.
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The first two types of failures are typically due to random errors in predictions, measure-
ments and calculations. The result of those is that for example the calculated conductor
temperature deviated from the actual value. This inaccuracy is normally taken care of by
adding a safety margin between the calculated value and the threshold at which action is
taken. As long as the aim of the DLR system is to avoid overload (i.e. to take action when
needed), such an approach is suitable. However, this approach will come at the expense
of an increased probability of taking unnecessary action. The original aim of introducing
DLR has been to avoid setting limits to the line current when not needed, so that this is
something that should be seriously considered in the implementation of DLR. In Chapter
5, a probabilistic approach to DLR is introduced, that allows for a better trade-off be-
tween the two probabilities. The last two kinds of failures in the above-mentioned bullet
list are more “classical failures” where typically a major component failure results in an
erroneous decision by the DLR system.

4.4.1 Impact on the Power System

When DLR is used in the line, it increases transmission line capacity and thus relieves
the congestions to some extent, during those hours that congestion exists. However,
the presence of the rather complicated DLR system also increases the risks to power
system operation because of the risk of error in its calculation and an increased risk of
unnecessary operation and lack of action when needed. This increase in risk is always
present, also during the hours that there is no need for DLR (i.e. when the line current
is below the static rating). Here a distinction should again be made between “fail to take
action” and “unnecessary action ”.

Fail to Take Action

When a line is overloaded and no action is taken, this can have a number of consequences.
The first impact will be that the conductor temperature will rise above its permissible
value and the conductor sag will become higher than acceptable. This is safety issue
for buildings and persons residing below the line. It also increases the risk of the line
“sagging into vegetation” with a fault as a result. Such a fault will occur when the line
is already (too) heavily loaded and the impact of it will thus be more severe. In a radial
system, the loss of a heavily loaded line with result in a large loss of load. In a meshed
system, the load of this line will be taken over by other (parallel) lines. These lines in turn
might get overloaded. As this occurs during a heavy-load situation, there is even a risk of
instability and a large-scale blackout. During the fault, the conductor temperature will
increase even more, possibly resulting in annealing [36, 37, 14], in which the conductor
material weakens. When the line rating is calculated correctly, but for some reason no
action (like curtailment) is taken, a back-up protection could take action and trip the
line. This will have the same impact on the system as a fault, but it will avoid the risk
to buildings and persons and it will avoid annealing.



Unnecessary Action

The other type of failure, taking action when not needed, will have an immediate impact,
either on the customers or on the system. The removal of the line will again risk of
overloading and instability, as described before. The difference with the previous case is
that the line itself is not overloaded and could well be very lightly loaded. The impact
of the loss of the line will thus be less. In a meshed system, the loss of a line should
normally not result in a major system failure, the so-called (N-1) criterion. Unnecessary
curtailment will have an impact, typically economically, on the customers being curtailed.
If such unnecessary curtailment happens regularly, this impact may become unacceptable.
Action due to overload (either real overload of an erroneously detected overload) may
also consist of services being bought by the network operator. This may be in the form
of gas turbines starting up. The unnecessary action will have an economic impact on
the network operator, depending strongly on market mechanisms and tariff regulations
being in place.

4.5 Common-Mode Failures

The term “common-mode failure” refers to the loss of multiple components in a system,
for example, multiple transmission lines, because of a single underlying failure. The
collapse of a transmission tower carrying multiple circuits is an example of an important
common-mode failure. Common-mode failure are especially important to consider in
meshed systems, because they can overrule the operational security achieved by the (N-
1) criterion. There is very limited information available on the risk of common-mode
failures when DLR is implemented on multiple lines. It is however, according to the
reasoning above, important to study this.

Some possible examples of phenomena that may lead to common-mode failures or an
increase in probability of two lines being lost together are given below.

e The weather parameters are an important input for many DLR algorithms. When
the measurements or predictions have large errors, multiple lines in the same geo-
graphical area will be affected.

e The loss of a communication channel may affect the DLR system for multiple lines.

e Some failure probabilities increase when a line is heavily loaded. Multiple lines,
for example supplying a city, will in that case likely all be heavily loaded. The
risk of losing multiple lines, exactly when they are really needed, could become
unacceptably high.

28



CHAPTER 5

Stochastic Dynamic Line Rating

5.1 Uncertainty Handling

The uncertainty handling is one of the main concerns in the final decision making process
that is part of the DLR system (see for example Fig. 4.1). Most of the decisions are
subject to a certain level of input data uncertainty. There are several developed methods
to deal with uncertain parameters.

5.1.1 Different Methods

Generally speaking, the main difference between different methods is the applied tech-
nique for describing the uncertainty of input parameters. For example, a fuzzy method
uses membership functions for describing an uncertain parameter while stochastic meth-
ods use probability density functions. The similarity between the methods is that all of
them quantify the effect of uncertainty in input parameters on model’s outputs. In the
following we briefly review these approaches [38]:

e Probabilistic approach: In this approach it is assumed that the input parameters of
the model are random variables with known probability density functions (PDF).

e Possibilistic approach: The input parameters of the model are described using the
membership function of input parameters.

o Hybrid possibilistic—probabilistic approach: This approach uses both random and
possibilistic parameters in the model.

e Information gap decision theory: In this approach, no PDF or membership function
is available for the input parameters. Instead it is based on the difference between
what is known and what is vital to be known by quantification of any severe lack
of information in the decision making process.
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e Robust optimization: The uncertainty sets are used for describing the uncertainty
of input parameters. Using this approach, the obtained decisions remain optimal
for the worst-case realization of the uncertain parameter within a given set.

e [nterval analysis: In this approach it is assumed that the uncertain parameters
are taking values from a known interval. This approach is somehow similar to the
probabilistic modeling with a uniform PDF and results in the upper and lower
bounds of output variables.

Each of the aforementioned approaches results in several modeling techniques that
can be applied to a specific system with uncertainty. Based on the characteristics of the
available data and the accuracy level needed for the study a certain approach can be
selected. In this report a probabilistic approach is applied to quantify uncertainties in
input parameters. A general overview of different techniques that can be used as part of
a probabilistic approach is provided in Fig. 5.1

Numerical Approach Mt,l*m‘c Ci I:‘mfa
Simulation

[ Probabilistic Approach

Point Estimate
Method

[ Analytical Approach

Scenario Based
Decision Making

Figure 5.1: Probabilistic Approach Classification

5.1.2 Monte Carlo simulation

A Monte Carlo (MC) simulation is one of the methods for modelling of probabilistic
uncertainty used to predict the probability of different outcomes in the presence of ran-
dom variables. Monte-Carlo simulation is capable of quantifying the impact of risk and
uncertainty in probabilistic models. The basis of any MC simulation involves assign-
ing multiple values to an uncertain variable to achieve multiple results. Pseudo-random
number generators are used to randomly generate different sets of input variables and
calculating a value of each outcome variable for each set. By repeating the generation
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of input variables many times, a large number of random values for the output variables
are obtained. These can next be used to obtain PDFs of the output variables.

The model is represented by a function of n random variables, Y = f(X;, Xo, .., X,))
where X,, denotes the n-th probabilistic uncertain variable with PDF, P(X,,). MC simu-
lation is independent of the system size and is used when the system is highly nonlinear,
complicated, or has many uncertain variables. MC simulation also supports all PDF
types and is relatively easy to implement.

5.2 Modelling Uncertainty Aspects of Line Rating

From the description of the IEEE thermal rating model in Chapter 2, it is concluded that
there are several uncertainties that affects the final estimation of the line rating. The
most obvious uncertainties are due to uncertainties in weather parameters. In order to
study and quantify the risks brought by uncertainties in DLR, it is essential to include
these uncertainties and their randomness in the line rating estimation. In this chapter the
PDF of input variables are assumed to be known. Ambient temperature, wind speed and
wind angle attack are modeled by Gaussian, Weibull and von Mises PDFs, respectively.
We assigned the number of sample in the MC simulation, n, equal to 10,000 and the
iteration was repeated every hour during an eight year period of data availability. A
total of 10,000 random values of the line rating for each hour are obtained. These values
are then used for an estimation of the PDF of the line rating. The approach can be
expressed as equation (5.1).

P(overloading) = Prob(Iyating < Ieurrent) (5.1)

Using the approach proposed in Paper C, there is no longer a defined value for the line
rating, not even a real-time value. Instead P,yerioading Tepresents a measure of stochastic
line rating, I,4ting, under a known loading of the line, /.y;rens. The aim of the approach
is not estimating the exact rating but finding the probability of overloading (as defined
in this report and in PaperC) for various events even those that are unlikely to happen
but if they occur they significantly impact the performance of the protection operation.
Further details of the uncertainty analysis can be found in Paper C.

The measured weather parameters, for each hour during the eight-year period, are
used as expected values for each PDF during that specific hour. Getting a suitable value
for the standard deviation is less trivial. There is a lack of data regarding errors in
measured or predicted data. It is also not generally applicable to measure the weather
parameters in each location, at all possibly critical spans. We therefore assume a certain
level of error, a fixed error, between the actual weather parameters and the parameters
used in the algorithm to calculate the line rating.

5.3 Comparison of Settings

Following the stochastic DLR and based on the protection operation explained earlier
in Chapter 3, this section briefly presents the main results derived from the simulations
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in paper C. Fig 5.2 (a) describes the operation of the DLR protection for a certain
winter day in 2018 when the line is heavily loaded. The case that the line rating is less
than the line current is defined as an overload and we consider different acceptable risks
as a percentage of the P,yerioading- The black dashed line is the overload protection set
according to the static rating, which is assumed to be fixed for the whole year. The
classical setting of the overload protection with static rating leads to many hours of
exceeding the line rating and activating actions, like generation of a curtailment signal.
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Figure 5.2: Applying probabilistic DLR with 5, 25, 50, 75 percentiles as an acceptable risks (a),
comparing real-time DLR and Current(b), in a winter day 2018
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With the probabilistic rating approach, the number of hours during which action is
needed, depends on the acceptable risk. If we accept 5% as an acceptable risk, this as
a threshold for the operation of the protection (generation of curtailment signal), during
most hours of the selected day the (stochastic) dynamic rating becomes less than the
static rating. Even for a 25% threshold, the dynamic rating is occasionally less than the
static rating. By accepting 50% and 75% threshold, the dynamic rating would always be
higher than the static rating. This figure shows that selecting any of the thresholds as a
basis for the protection operation may increase either the dependability or the security
of the DLR-base overload protection (Chapters 3 and 4).

Fig 5.2 (b) shows the variation with time of the load current (dashed blue line),
real-time line rating (red line) and 50% threshold (orange line), during the selected
day. Comparing current and real-time line rating, there would be a critical hour at
5 p.m. where rating and line current are very close. By taking 50% probability as a
threshold, between 4 p.m. and 6 p.m. the line is considered to have a too high risk of
being overloaded and the protection should operate. Another observation obtained by
comparing (a) and (b) is that in case of having a 75% threshold, no actions will be taken,
resulting in a high security but a low dependability.

The consequences of unnecessary action and fail to take action, are often strongly
changing with time. The trade-off between dependability and security will change as well.
It is therefore suggested that instead of having a fixed acceptable risk, this risk threshold
should also change based on the estimated loading profile, the costs or consequences of
curtailment, and the rating for each hour. The results shown in the figure are based on
a certain day but the methodology behind can be applied any time.

To show the curtailment behavior of the overload protection, for the same day and
current as in the previous figure, Fig 5.3 is plotted considering 50% as an acceptable risk.
The reason behind choosing 50% is that it gives an equal dependability and security. The
probability of failing to curtail when not taking action and unnecessary curtailment when
taking action are added always equal to one. Meanwhile, the intention of the protection
has traditionally always been increasing the dependability while with the inclusion of
DLR it has shifted towards increasing the security as well. However, the increase in one
of them results in the decrease of the other and is not possible to get low values for both
of them. Here we take 50% as the basis of the further estimation to keep the trade-off
between dependability and security.

5.4 Probability of Overloading

The probability of overloading has been calculated for each hour during the eight-year
period for which data was available. The PDF of the line rating was calculated for each
hour as explained earlier. Time-series for the line current were used to obtain the prob-
ability of overloading (the probability that the rating is less than the current) for each
hour. In Fig. 5.4 the probability of overloading for each hour is plotted against the differ-
ence between the line current and the deterministic dynamic line rating (Zeyrrent — Irating)-
The deterministic line rating is the value calculated for every hour from the measured
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Figure 5.3: curtailment action as part of overload protection with the 50% threshold for a winter
day 2018
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Figure 5.4: Probabilistic overloading versus the time-series overloading analysis

weather data. The probability of overload and the margin have been calculated for a
total of 70128 hours during the eight-year period. The red circles in the figure indi-
cate overloading (current exceeds the deterministic rating), and the blue circles indicate
underloading (current is less than the deterministic rating).

Fig. 5.4 shows that the same margin (difference between current and rating) can have
rather different values of the probability of overloading. For example, a margin of 250 A
may correspond to a probability anywhere between zero and 40%. The figure can be
used to relate acceptable probability of overloading to margin. Choosing the acceptable



risk 20%, would require a margin of around 400 A. This would result in a very low risk
of overloading probability below 20%. However, this would decrease the security of the
protection operation (increase unnecessary curtailment). In fact, for many of the hours
with less than 400 A margin, the probability of overloading is less than 20%, so that no
measures or less measures are needed.

When security is prioritized (the probability of unnecessary action should be small),
we should look at cases with high probability of overloading (small probability of no
overload). Choosing 15% as the acceptable probability of unnecessary action, would
require a margin of about 250 A, but now above the deterministic rating. For such a
fixed margin, there will be cases when insufficient curtailment is taking place.
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CHAPTER 6

Application of DLR during EV
Overloading

6.1 Impact of Electric Vehicle on Power System

Due to the oncoming large penetration of plug-in electrical vehicles (EVs), it is necessary
to provide sufficient capacity to meet the integration of EV charging into the electrical
network. Increased consumption, in this case due to EV charging, necessitates an increase
in generation that will together result in increased loading of transmission lines. As
many transmission lines in Sweden are already close to their secure transfer capacity,
overloading is likely a consequence of this. This is where DLR can be used to increase
the amount of power that can be transferred through the line. This in turn increases the
hosting capacity of the grid for EV charging [28].

6.1.1 Hosting Capacity

The hosting capacity is the maximum amount of new consumption or production that can
be connected to the electrical network without endangering the reliability of the supply
(39, 40]. DLR makes it possible to produce more power and provide it to the growing
demand by allowing more transfer capacity [41]; see Chapter 2 for more details. With
increasing demand due to EV penetration, public charging stations for EVs will become
more common. Some of the challenges concerning the integration of EV charging are:
where and when will the charging take place. More likely there will be a high charging
demand at the same time for some hours during the day and that could lead to the power
system becoming overloaded [42]. In this section, the analysis is done to find out the
firm hosting capacity and show how many cars can get connected to the network without
causing overload. The detailed discussion with calculation can be found in paper D.
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6.1.2 Dynamic Line Rating and Electric Vehicle Charging

For the purpose of the study, the hosting capacity is defined as the number of vehicles that
can be charged from a distribution network at the same time without causing overloading
in the upstream network.

There are some reasons why DLR may be a suitable method to increase the hosting
capacity of the grid for EV charging. One of those has to do with curtailment, which is
a suitable method of load control in combination with DLR. Charging of an EV requires
a certain duration and a certain power. Often it is possible to reduce the power demand
without severe adverse impact for the EV owner. Charging of EVs, especially large-power
charging, takes often place via dedicated installations (charging powers) equipped with
communication, control and monitoring that allow the implementation of curtailment
(or equivalent measures like flexibility markets) without much additional costs. Another
reason is that growth in charging demand is expected to be fast, but details on growth
rate and geographical differences are very much unknown. Traditional solutions (mainly,
building more transmission lines) have a long lead time and the different unknowns are
associated with a high risk of stranded assets.

To show the potential of DLR, the model proposed in Chapter 3 is applied to estimate
the maximum hosting capacity. Fig. 6.1 illustrates the approximate number of EVs in
three different charging powers; 3.7kW, 7kW and 22kW that can charge at the same
time. The hosting capacity has been calculated for a given 30kV sub-transmission line
in the following way:

e The hourly consumption has been scaled such that the peak consumption, over the
eight-year period, is equal to the static rating of the line. When scaling the number
of cars in the city in the same way, the consumption corresponds to a city with
about 30,000 passenger cars.

e Weather data is obtained from a weather station close to the city, over the same
eight-year period.

e The line rating is calculated for each hour, using the weather data.

e For each hour the margin is calculated between the line rating and the consumption.
This margin is the maximum amount of additional load, for example in the form
of EV charging, that the line can cope with during each hour.

4

e The hosting capacity for “week nights” is obtained as the lowest margin 7 pm to 7
am for all weekdays during the eight-year period.

e The hosting capacity for “weekend nights”, “week days”, and “weekend days” is
obtained in a similar way.

From Fig. 6.1 and over the eight-year period, it is derived that more cars can get
charged at the same time during the night hours than during the day hours. There is no
considerable difference regarding providing higher transfer capacity between week days



38 APPLICATION OF DLR DURING EV OVERLOADING

--22 KW =7 kW 3.7 kW|

40001 Lo 4000 ‘ {
3000 3000
1000 5 —~ 1000 v P ——
0 0
1920212223012 3456 7 8 9 1011121314 1516 17 18
o Week Nights Week Days
1] __ _ ey
o 4000
“5 4000
@ 3000 3000 L
-g 2000 G—a—e—e—w‘e—% 2000 —& & ——
21000 pr oo 1000 b
s O 0
> 1920212223012 3456 7 8 9 1011121314 1516 17 18
Weekend Nights Weekend Days

Figure 6.1: Firm hosting capacity during the period 2011 to 2018 for four status; week nights,
week days, weekend nights, and weekend days

and weekends. Foe example, during the week the hosting capacity is lowest at 11 a.m.
and it is slightly higher between midnight and 6 a.m. During the weekend, however,
the lowest hosting capacity occurs at 5 p.m and the highest 2-5 a.m. But overall results
show that maximum number of cars (indicating the firm hosting capacity) do not vary
considerably hour by hour for each charging station for a specific status.

Referring to the stochastic method introduced in Chapters 3 and 4, probabilistic DLR
with different acceptable risks is applied to the line, for 3.7kW charging power per car
during working days Fig. 6.2. Solid blue, red and yellow lines represent 5, 50"* and 95"
percentile of the probability of overloading. The results highlight that using real-time
dynamic rating can allow charging of much more cars than static rating (SLR in the
figure). Using real-time DLR, 3,000 more cars can be charged at the same time without
measures haven to be taken. The hosting capacity, assuming static rating, drops to zero
for 5-7 p.m. This is due to the scaling method used, where the highest consumption was
made equal to the static rating.

Probabilistic approach shows an even bigger potential to increase the transfer capacity,
compared to real-time rating. During certain hours of the day, different DLR settings give
about the same hosting capacity. For other hours (like 5-6 a.m and 7-9 p.m) the difference
is significant. However, If we accept, for instance, ”95 prc” (percentile) the hosting
capacity increases too much in several hours but at the expense of the dependability.

As mentioned before, the consumption pattern used for this study corresponds to a
city with 30,000 passenger cars. Using SLR, there is no firm capacity for charging any
of them. Curtailment will be needed. Using real-time DLR, at least 3,750 cars (12.5%)
can be charged at the same time, without having to make any major investments in the
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Figure 6.2: Number of cars as a function of the probabilistic rating 5, 50 and 95 percentiles for
3.7 kW charging per car

grid. It is also noted that due to lack of data for charging pattern of the drivers, in this
report peak hours are defined when there is a high consumption in local area and drivers
connect their cars to the charging power.
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CHAPTER 7

Findings & Discussion

According to the material presented in this report, some of the findings are presented
below, together with a discussion around those findings.

1. There is a great potential in the studied region to increase the transfer capacity of
the regional network by utilizing a DLR system. Increasing grids’ hosting capacity
with DLR will allow us adding more loads such as new industrial connections, or
electric vehicle charging. For Swedish cities in general, with the peak load related
to electric heating, there is a large potential for DLR, even without the need for
any curtailment. For a city in Northern Sweden, it is shown that the consumption
can be increased by 14 MW (every hour of the year) without overloading the line,
by using dynamic instead of static rating (about 40 MW) [43].

2. In the literature on power-system protection there is an excessive emphasis on
protection against faults, at the expense of overload protection. For the study of
DLR, more knowledge on overload protection is needed. As shown in (Chapter
3), there is a limited attention in the literature of describing the role of DLR in
overload protection. There are clear advantages in considering DLR as part of the
overload protection, for example in addressing its reliability (Chapter 4) and for a
trade-off between taking measures and not taking measures (Chapter 5).

3. Protection, combined with curtailment, has a significant effect on the short-term
operation and helps improving the performance of the electricity network. Weather-
dependent protection, based on DLR, would be an alternative to classical overload
protection. Using DLR allows for estimating a time-dependent line rating that
considerably improves the security. It is important to consider both dependability
and security, when designing and implementing DLR systems. When using DLR,
the rating of the line and thus the setting of the overload protection change with
time. When overcurrent protection is used both for overload and fault protection,
the fault-clearing time increases with higher line rating. A maximum-permissible
fault-clearing time sets an upper limit to the line rating.
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. A trade-off has to be made between dependability and security, where the balance
between the two will in most cases change with time. This balance cannot be made
in the design or parameter setting stage, but needs to be done during operational
planning or operation of the system.

. Deterministic DLR, based on assumed perfect knowledge of all parameters, is as-
sociated with a high probability of overload not being removed. A stochastic DLR,
where the probability of overload is used as a decision criterion, has advantages
above deterministic DLR. It will allow for a continuous trade-off between failure
to take measures and unnecessary measures. Therefore, it is recommended to ap-
ply DLR overload protection as an alarm system that tracks both the dynamic
rating and the line current. The proposed stochastic scheme can be used during
"hour-ahead”, which is mainly discussed in this report referring to hour-by-hour
operation. It can also be applied to the "day-ahead” operational planning.

. There are several uncertainties in calculating DLR, incorrectly estimating each of
them may change the final result. This is especially important for the performance
of the protection operation. Overestimating or underestimating DLR means in-
creasing the risk of failure to take measures or unnecessary measures. So it is
essential to identify the influential parameters in the calculation and provide accu-
rate models for estimating them.

. The acceptable probability of overload has a big impact on the number of times that
measures against overloading have to be taken. It would give a good approximation
of how much increment in rating is safe and avoid the need for unnecessary re-
dispatching (like curtailment or starting of production units).

. Despite the proven benefits brought by DLR, there are still only a few research
studies working on the risk and reliability issues that DLR brings into the power
system. In this report, a generic model is provided to describe qualitatively errors
and failures in each of the elements affecting DLR calculation such as measurement
devices, or communication channels. The existing research literature lacks an in-
tegrated study on the performance and reliability of the DLR system as a whole.
The concepts dependability and security form a suitable framework for describing
the reliability of DLR schemes.
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CHAPTER 8

Future Work

Several open ends appeared during the studies presented in this report, some of which
were already mentioned in these chapters or in the “Findings and Discussion”. Some of
the future work that remains to be covered to close these open ends is summarized below.

The work in this report is based on one set of time series (current and weather
data) for one location. The work should be extended to other locations (in Sweden
and elsewhere) to verify the generality of the results. Another extension of the
work would be to use randomly-generated time series, using methods like Markov
Chain Monte Carlo [44]. These methods can be used to generate time series for
new consumption like EV charging, but also to generate different time series of line
current from other types of consumption for the same location. In this way, it is
possible to obtain probability distributions of, for example, the number of hours
during which curtailment is needed.

The studies in this report considered one line equipped with DLR. Studies should
be done for systems where multiple lines are equipped with DLR, this holds both
for the protection and for the reliability aspects.

There should be more emphasis on overload protection in research and in education.
To understand the potential and challenges related to DLR more knowledge on
overload protection of overhead lines is needed. It is especially important to develop
protection schemes that separate overload protection and fault protection.

The acceptable risk introduced in this report is defined as a probability of over-
loading. Future work is needed towards methods to make the trade-off between
different risks involved in overload protection and to decide, either automatically
or in the control room, when action should be taken.

The study on reliability aspects did not specifically consider human errors. It
is important to consider these separately in reliability studies and to design DLR
schemes where human errors (which are unavoidable) do not have any major impact
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on the reliability of the power system. This holds for dependability as well as
security.

e Studies are needed to find out to which extent the probabilistic DLR method pro-
posed in this work can be applied to cables and transformers as well.
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