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Summary of the project

Introduction

In the last decades, several studies have demonstrated that static thermal rating uses to be too
conservative and misses important power capacity that could be better exploited with a good
dynamic thermal rating. That is why many governments with the aid of electrical companies,
firms and universities have been doing an important effort during the last years in order to
study how to take advantage of it. In fact, as it has already tested in different countries such us
United States, United Kingdom and Sweden, the integration of dynamic thermal rating can
clearly imply important performance, safety and also economical benefits to the electrical

system.

This has been the main motivation for developing this project: to study different ways of
making the most of dynamic thermal rating and show some potential benefits through its

integration to Power System Operation, especially to Security Analysis.
Objective

We were looking to create a versatile tool by the way that any electrical network data
(previously adapted to MATLAB format) as well as meteorological conditions (ambient
temperature, wind speed and solar heat) could be uploaded to run deterministic (real-time)
and probabilistic (forecasting) evaluation calculating all the line temperatures for the base case

and for all the N-1 contingencies.
Design: Incorporation of dynamic thermal rating to power systems security

First of all, a thermal evaluation of overhead transmissions lines was done. The standard IEEE
738 method for calculating the current-temperature relationship of bare over-head has been
applied. Thus, the first steps were devoted to find an efficient computational way of solving

the heat balance equation in steady state, which is no linear and can be seen below:

0=1%R(T,)+q,-0q.(T,)-q,(T)
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Secondly, for security evaluation, the load flow was run as like as all the N-1 contingencies of
the system with MATPOWER, a MATLAB package for solving power flow and optimal power
flow problems. This is absolutely necessary to be able to calculate the line current of each case
and contingency, which is actually the key variable that relates electrical and thermal

equations.

In addition, at one point, a wind farm has been modeled and incorporated to the network
substituting one of the existing generators so that its production output varies in function of

the input wind speed making the system to adapt to the power unbalances.
On the other hand, two different kinds of approaches were implemented:

e Deterministic evaluation: especially useful when dealing with real-time data
acquisition and uncertainty does not represent a big matter. The input variables
(weather conditions) are unique and concrete, so the desired output variables (line

temperatures) are unique too for each case.

INPUT

Network data: lines,
buses and generators.
Resistive losses:

” Ryef [Q/m]

2 Tref [OC]

» al] A
Solar heat: Deterministic i_pu [-]

. " > | [A
» q.[W/m] mp N_Contingencies.m mp Power£101w W]
Convection:

> 0[] Tl [°C]
» D [mm]
» Wind speed [m/s]
» Ave. altitude H [m]
» T,[°C]

Radiation term:
» D [mm]
» € [-]
» T.[°C]

v

v

OuUTPUT

v

v

V[V]

v

*for each line
*for each bus

e Probabilistic evaluation: in order to deal with uncertainties coming from weather
conditions and demand nodes another kind of approach was developed. These

different types of uncertainties were firstly modeled with probabilistic distributions
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(normal and weibull) by the way that their corresponding parameters could well define
them. Afterwards, accurate samples obtained though Latin Hypercube Sampling
method were generated from these distributions to run a large number of simulations

and to be able to analyze uncertainties’ ranges.

INPUT

» Network data: lines, buses and

generators.
> Number of scenarios OouTPUT
» Busdemand: P, = N(u,,,0,,) [W] )
» Resistive losses: Lmes.tructure
» R [Q/m] > I_lp[: ][-]
» Tre [OC] r
> o [f_] » Power flow [W]
3 . Probabilistic > TI[°C)
» Solar heat: : ;
> ;% N(poy0,,) [W/m] mp N_Contingencies.m map
> Convection: z qires[[\/\;/";]
> o[’] > g [W/m
> D [mm] > q[W/m]
> v, = W (Ky,, Ay,) [m/s]
» H[m]
; Ta= N(p'TaloTa) [oC] i V [V]
» Radiation term:
- D [mm] *for each line
> el *for each bus

» T,=N(u.,0.) [°C]

Therefore the main steps in order followed by both .m programs (DeterministicN_Contigencies

and ProbabilisticN_Contingencies) are:

1) Upload to MATLAB the network case (IEEE test cases or any other real one converted

to MATLAB code).

2) Upload/fix: the weather parameters of each line (ambient temperature, wind speed,

solar heat) and line conductors specifications (T,ef, Rref, D).

*Only Probabilistic: specify the value of N (number of simulations) so that it generates

N samples for each variable through the given probabilistic parameters.

3) Run the load flow through MATPOWER for the base case and for all contingencies (1

time deterministic/ N times probabilistic).

Xi
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4) Calculation (with the difference between the two connected buses’ voltages divided by
the line impedance) and storage of line currents in per units and after that in real
values of each line for the base case, all contingencies (and each scenario when it is

probabilistic).

5) Resolution of the non-linear heat balance equation in order to calculate the
temperature of each line for the base case, all contingencies (and each scenario when

it is probabilistic).

6) Verification of non-maximum temperature exceeded at any line or case and results

analysis.
Conclusions and next steps

Interesting graphs and conclusions have been obtained representing the comparison between
the static and dynamic thermal rating at different weather conditions and also studying the
most critical contingencies. Results show indeed how this margin between the real and

conservative rating could be highly exploited.

Apart from Security Analysis, dynamic thermal rating may be also useful for: system planning,
contract design and market analysis. Therefore, there is still quite a lot of work to do regarding

these points.

For useful probabilistic evaluation, good weather and load forecast becomes absolutely
necessary in order to obtain realistic line temperature forecast. Therefore, an important effort
on collecting real data of them would be required because that is on what forecasting should

be based.

Finally, as it has been mentioned, a versatile tool was tried to be developed by the way that
any network with the necessary state data (previously format adapted to MATLAB) could be
uploaded to calculate all the line temperatures for the base case and for all contingencies on a

deterministic (applicable for real time) or on a probabilistic way (forecasting and analysis).

Xii
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Resumen del proyecto

Introduccion

En la ultimas décadas, numerosos estudios han demostrado que los pardmetros térmicos
estaticos de las lineas tienden a ser excesivamente conservadores y no aprovechan una parte
importante de la capacidad de transferir potencia de las lineas que podria ser mejor
explotadas con unos buenos parametros térmicos dindamicos en su lugar. Esta es la razén por la
cual muchos gobiernos con la ayuda de compaiiias eléctricas, empresas y universidades han
estado haciendo un importante esfuerzo estos los Ultimos afios para sacar un mayor partido
del mismo. De hecho, tal y como ha sido probado en diferentes paises, como por ejemplo en
Estados Unidos, Reino Unido y Suecia, la integracién de los parametros dindamicos de linea
puede presentar importantes mejoras de rendimiento, seguridad y ahorro econdmico para el

sistema eléctrico.

Esta ha sido principalmente la motivacidon para desarrollar este proyecto: estudiar formas de
sacar mayor provecho de los parametros térmicos dindmicos y mostrar sus ventajas al

integrarlo al sistema eléctrico de potencia; en concreto para el andlisis de seguridad.
Objetivo

Se pretende crear una herramienta versatil y polivalente de manera que introduciendo la
informacion correspondiente de cualquier red eléctrica (previamente adaptada al lenguaje del
MATLAB) al igual que las condiciones meteorolégicas (temperatura ambiente, velocidad del
viento y radiacion solar) sea posible llevar a cabo simulaciones deterministas (tiempo real) o
probabilisticas (para forecast y prevision) obteniendo las temperaturas de cada linea para el

caso base y también para todas las contingencias simples (N-1).

Diseio: Incorporacion de los parametros térmicos dinamicos al analisis de

seguridad.

En primer lugar se realizé una analisis térmico de los conductores aéreos de transmision. Para
ello, se aplicd el método mostrado en el IEEE 738 para el calculo de la relacidn corriente-

temperatura de las lineas aéreas. De esta forma, los primeros pasos consistieron en solucionar

Xiii
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eficientemente en términos de computacion la ecuacion de equilibrio térmico en estado

estacionario, la cual es no lineal y se muestra a continuacion:

O:|2'R(T|)+qs_qc(T|)_qr(Tl)

En segundo lugar, para el andlisis de seguridad, se soluciona el flujo de cargas asi como todas
las contingencias simples (N-1) con MATPOWER, una aplicacion asociada a MATLAB para
resolver flujos de carga y problemas de flujos éptimos de carga. Este paso es imprescindible
para calcular las corrientes de linea en cada caso y contingencia; siendo la intensidad la

variable clave que relaciona las ecuaciones eléctrica y térmica.

Ademads, un parque edlico es modelado e incorporado a la red sustituyendo uno de los
generadores existentes. De esta manera, se establece que la produccion del parque variara en
funcion de la velocidad del viento inyectada, esto generara desequilibrios que el sistema

debera compensar.
Por otra lado, se desarrollaron dos posibles disefios:

e Evaluacion determinista: especialmente util cuando se aplica en tiempo real y la
incertidumbre no representa un problema. Las variables de entrada (condiciones
meteoroldgicas) son Unicas y concretas; de forma que las variables de salida

(temperatura de la linea) también lo son.

INPUT

» Network data: lines,
buses and generators.
» Resistive losses:

> R [Q/m]
> T..[°C] OuTPUT
» al] :
» Solar heat: Deterministic l_lp[i][-]
) W/m N_Contingencies.m
: 4 qs[' /_ ] > N - = Power flow [W]
» Convection: 2
e Tl [°C]
> o]
D [mm
» D [mm] VIV

» Wind speed [m/s]
» Ave. altitude H [m]

» T,[°C]
» Radiation term: *for each line
D
» D[mm] *for each bus
» e[

> Ti[E€E Xiv
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e Evaluacion probabilistica: otro tipo de disefio se aplica para poder analizar las

incertidumbres procedentes de las condiciones meteoroldgicas y de la demanda en los

nodos.

Estas incertidumbres son en primer lugar

modeladas por medio de

distribuciones estadisticas (normal y weibull) de forma que los correspondientes

parametros (media y varianza o forma y escala) puedan definirlas. Posteriormente, se

emplea el método Latin Hypercube para generar muestras precisas y poder llevar a

cabo las simulaciones.

v

INPUT

Network data: lines, buses and
generators.

Number of scenarios
Bus demand: P = N(p,,,0,,) [W]
Resistive losses:

> R [Q/m]
> T..[°Cl]
> al]

Solar heat:
7 q,= N(p,,0,,) [W/m]
Convection:

> ¢ [°]
» D [mm]

> Vi = w (kvwl A\/W) [m/S]

» H[m]
> T, N(py,0p,) [°C]

Radiation term:

» D[mm]
> el
» T,=N(up,04,) [°C]

Probabilistic
mm) N_Contingencies.m

Por tanto,

-

OUTPUT

Line structure
» i_pul[-]
> | [A]
» Power flow [W]
» TI[°C]

> q.re;”[W/ m]

> q.[W/m]
> q,[W/m]

» VI[V]

*for each line
*for each bus

disefados (DeterministicN_Contigencies.m y ProbabilisticN_Contingencies.m) son:

a continuacién los principales etapas del proceso que siguen los programas

1) Cargar en MATLAB la informacidn de la red en estudio (bien uno de los casos de

prueba IEEE o cualquier otra red real lista para trabajar en MATLAB).

2) Cargar/fijar: los parametros meteoroldgicos de cada linea (temperatura ambiente,

velocidad del viento y radiacion solar) y las especificaciones técnicas de los

conductores (Tref, Rrer, D, €tc).

XV
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*Solo para el estudio probabilistico: especificar el valor de N (nimero de simulaciones)
de forma que el programa genera N muestras para cada variable a través de los

parametros de las distribuciones fijados.

3) Correr el flujo de cargas con MATPOWER para el caso base y para todas las
contingencias simples (Una vez Unicamente para determinista/ N veces para la

simulacion probabilistica).

4) Calculo (por medio de la diferencia entre los voltajes de los nudos dividido entre la
impedancia de la linea) y almacenamiento de las corrientes de la linea en p.u. y tras
esto en valores reales para el caso base y todas las contingencias simples (y para cada

escenario cuando es probabilistica).

5) Resolucion de la ecuacion no lineal de equilibrio térmico para obtener finalmente las
temperaturas de cada linea para el caso base y todas las contingencias (y para cada

escenario cuando es probabilistica).

6) Comprobacion de que no se excede en ningun caso la temperatura maxima y analisis

de resultados.
Conclusiones y proximos pasos

Interesantes graficas y conclusiones han podido obtenerse a partir de la representaciéon
comparativa entre los parametros térmicos estaticos y dindmicos para diferentes condiciones
meteoroldgicas y observando las contingencias mas criticas. Los resultados reflejan en efecto
gue existe un margen importante a explotar entre los pardmetros estaticos que se fijan y los

reales.

Ademas de para el analisis de seguridad, los parametros térmicos dindmicos podrian resultar
especialmente utiles en otros campos como: planificacién de sistema, disefio de contratos y
analisis de mercados. Por lo tanto, ain queda un extenso campo de trabajo del que se podrian

obtener resultados muy positivos para la mejora del sistema.

Para llevar a cabo una precisa evaluacidon probabilistica con prevision realista de temperaturas
de linea, es absolutamente imprescindible contar con previsiones meteoroldgicas y de

demanda de calidad y bien fundamentadas. Consecuentemente, es muy importante realizar un

XVi
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esfuerzo importante en la recopilacion de datos, ya que es la pieza sobre la cual se ha

fundamentar la prevision.

Para acabar, tal y como ya ha sido mencionado en los objetivos, se ha pretendido desarrollar
una herramienta polivalente de forma con los datos de funcionamiento de que cualquier red
con el formato adecuado se puedan calcular todas las temperaturas de las lineas tanto para el
caso base como para las contingencias simples de forma determinista (aplicable en tiempo

real) o probabilistica (para previsidn y analisis).

XVii



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

xviii



PONTIF) ¢,
5 ICADE

C MILLA

D |

VU A

ESCUELA TECNICA SUPERIOR DE INGENIERIA
(ICAI)

GRADO EN INGENIERIA ELECTROMECANICA

INTEGRATION OF DYNAMIC
THERMAL RATING MODEL OF
TRANSMISSION CAPACITY TO
POWER SYSTEMS OPERATION

ESPECIALIDAD ELECTRICA

Autor: José Maria Sanchez-Ventura del Aguila
Director: Rachid Cherkaoui

Madrid
July 2014



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

XX



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

Abstract

This paper shows a way of integrating thermal rating to Power System Operation and
especially for Security Evaluation. Probabilistic methods have been used to model weather
(ambient temperature, wind speed and solar heat) and demand uncertainties; also a variable
speed wind farm has been incorporated to the network. Case studies results have been
simulated through Latin Hypercube Sampling method. To do so, a MATLAB file have been
created that permits uploading a network data (generators, lines and loads) to run the
deterministic and/or probabilistic simulation with the previously fixed meteorological
conditions to calculate the temperature of each line for the base case and for all N-1

contingencies.
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1 Introduction

During the last years, it has been demonstrated that static rating uses to be too conservative
and misses important power capacity that could be better exploited with a good thermal

rating without risking systems security but improving its performance.

The aim of this project has been to study different ways of making the most of dynamic
thermal rating and show potential benefits through its integration to Power System Operation,
especially to Security Analysis. To do so, the structure of this document can be divided into

four parts that are briefly summarized over the following lines.

Firstly, introductive sections 2 and 3 where key concepts related with the Heat Balance
Equation (HBE) as like as those with Security Evaluation of Power System Evaluation are
defined. Section 2 is based on IEEE 738 and reflects the physical equations that rules the rates
of thermal energy of the conductor. On the other hand, at section 3, apart from giving a short
and overall revision of the load flow and the N-1 contingency analysis, it is explained how this
have been implemented by the Power System Simulation Package of MATLAB that is
MATPOWER, the simulation tool used to run all the load flow and contingencies. Also, it is
described how the system has been designed to respond to power unbalances; at the end a
wind farm has been modeled and incorporated to the network substituting one of the existing

generators.

Secondly, the practical resolution procedure of the HBE is shown at section 4, moreover, the
principal steps always followed at this work to stir in it to the Security Analysis. Deterministic
evaluation is done at the end of this chapter; this is actually the basis that will lead to next

sections probabilistic evaluation.

Third part corresponds to section 0 where uncertainties coming from weather parameters and
demand are modeled. Stochastic or probabilistic evaluation is performed through scenario

construction methodology: Latin Hyper Cube sampling; this method is explained there too.

Finally, section 0 is entirely devoted to results presentation from simulations and final

conclusions are summed up at section 0.
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In addition, appendix 1 and appendix 2 have been included to provide additional information
and for better understanding of: wind farm model output and MATLAB stored results structure

(defined as “line.mat”).
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2 Thermal evaluation of overhead transmission lines

Heat Balance Equation (HBE)

The Heat Balance Equation (HBE) expresses the rates at which thermal energy enters, gets

stored and leaves in the electric conductor.

mC, SO = 2 /(7 )+ 0 -0, () -a (1)

Equation 2.1. Heat balance equation

Equation 2.1 as like as the following tables and equations were all taken from IEEE 738. In
Table 2.1 all variables that will appear at this section are specified with a brief description and

their corresponding Sl units:

Symbol Description Sl units
A Projected area of conductor per unit of length m%/m
C Solar azimuth constant degrees
D Conductor diameter mm
H Elevation of conductor above sea level m
Hc Altitude of sun degrees
I Conductor current C
Kangle Wind direction factor -
Keolar Solar altitude correction factor -
k¢ Thermal conductivity of air at temperature T¢ W/(m-°C)
Lat Degrees of latitude degrees
m-C, Total heat capacity of conductor J/(m-°C)
N Day of the year (January 21=21, February 12=43, etc.) -
UenyGet,de2 Convected heat loss rate per unit length W/m
ar Radiated heat loss rate per unit length W/m
ds Heat gain rate from sun W/m
Q, Total solar and sky radiated heat flux rate W/m?
Qe Total solar and sky radiated heat flux rate elevation corrected W/m?
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R(T)) AC resistance of conductor at temperature T, Q/m
T, Ambient air temperature °C
T Line temperature °C
Ts (T+Ta)/2 °C
Vy Speed of air stream at conductor m/s
Z. Azimuth of sun degrees
Z Azimuth of line degrees
o Solar absorptivity (0.23 to 0.91) -
1) Solar declination (0 to 90) degrees
£ Emissivity (0.23 to 0.91) -
¢ Angle between wind and axis of conductor degrees
Pr Density of air kg/m?
6 Effective angle of incidence of the sun’s rays degrees
Ur Dynamic viscosity of air Pa's
w Hours from local sun noon times 15 degrees
X Solar azimuth variable -

Table 2.1.Units and identification of letter symbols. IEEE std 738-2006

In our case, to simplify calculations and as it is not the goal of this document to analyze
transients; we are always going to consider steady state conditions. This is already a good

method to check security analysis in normal working conditions.

Thus, the derivative term on the left from the previous equation becomes zero.

0=1*R(T)+0g,-0q.(T;)-q,(T)

Equation 2.2. Heat balance equation in steady state

As it can be elucidated from last equation considering a positive sign criterion for entering
energy in the system, the conductor in this case, and also as it can be seen on Figure 2.1, it is

possible to distinguish two different heat sources:
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Internal heating due to the current the flows through the conductor, I*R. In fact,
from this term we obtain the relation between the electrical and thermal
equations. That is why, we will always run at first the load flow looking to obtain
the currents of each line and afterwards we proceed with HBE resolution. Anyway,
this will be explained later on more in detail.

The AC resistance of the conductor varies with the temperature of line and will be

calculated as follows:

R=Reer- (14 a (T, —Tyep))
Equation 2.3. AC resistance of a conductor.

Of course R, @ and T, depend on the characteristics of the line. However, here
all lines were assumed to have the same values: T,.=202C, R,=86-10° Q/m and

a=0.0036 1/C.

Solar heating due to solar radiation, g;. The equation supplied by IEEE 738 is the

following one:

qs = @5 - Qge - Sin B - A’
Equation 2.4

Where:
0 = arcos[cos(H.) - cos (Z, — Z;)]

Equation 2.5

The solar altitude of the sun, H,, is equal to:

H, = arcsin [cos(Lat) - cos(8) - cos(w) + sin(Lat) - sin (§)]
Equation 2.6

As it was defined at Table 2.1, w is the hour angle or the number of hours from

noon times 15° (11 a.m. is -15° and 2 p.m. is +30°).
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The solar declination, & is shown in Equation 2.7. The argument of the sin is in
degrees and it is valid for all latitudes: positive for northern hemisphere or

negative for the southern hemisphere.

284+ N
6 = 23.4583 - sin|———-
365

Equation 2.7
The solar azimuth, Z.:
Z. = C+ arctan(y)
Equation 2.8
And finally:

B sin (w)
~ sin(Lat) - cos(w) — cos(Lat) - tan (8)

X

Equation 2.9

At IEEE can be found some useful tables to help to calculate all these parameters.
Though, at this work, we will assume that, as we know the network geographical area
(latitude, solar altitude, etc.), we will directly introduce in the HBE reasonable and

realistic values of q; avoiding all these calculations.

And also the following two cooling sources:

- The convection term q., which is a function of the wind speed, the ambient and
the conductor temperature. Now we show the non-linear equations provided by

IEEE 738 [15] of the convection term.

For any wind speed different zero, it is recommended to use the higher value

between q.; and g, of these two equations:
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D.pf.vw

ge1 = |1.01+ 0.0372 - (
Mg

0.52
> ] ’ kf : Kangle ’ (Tl - Ta)

Equation 2.10. Forced convection heat loss rate at low wind [W/m]

D-ppv 0.6
“pfe
—W> ] ' kf ' Kangle : (Tl - Ta)

qez = |0.0119 (
Hg

Equation 2.11. Forced convection heat loss rate at high wind [W/m]

However, at natural convection what is to say: v,,=0. Then:
Gen = 0.0205 - pP> - DO75(T; — T

Equation 2.12. Natural convection heat loss rate [W/m]

Standard tables and equations to calculate pf, us and k¢ can be found at section 0,

by the way, it is important to define ¢ as the wind direction and the conductor

axis. In fact, Kange is a function of it:
Kangie = 1.194 — cos(¢) + 0.194 - cos(2¢p) + 0.368 - sin(2¢)
Equation 2.13. Wind direction factor [-]

The radiation term q,, which depends on the ambient and conductors

temperature.

T, +273\* (T, +273\*
qr=0.0178-D~£-( )—( )

100 100

Equation 2.14. Radiated heat loss rate [W/m]
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Wind  padiation Solar
Cooling ¢ ooling Heating

nternal Heating
Due to Line
Current

Figure 2.1. Heat terms of an electrical conductor [14]

Finally, it should be highlighted that conductor type is a determinant factor as it has
been seen that important parameters (T.ef, Rrer, D, €), at the previous equations, and

others such as py, 1y and kg (look at section 0) may vary depending on the conductors’

characteristics.
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3 Security evaluation of power system operation

Load Flow problem

The load flow study is an essential tool in power engineering that looks to obtain all the

information regarding the network operation.

At this point we are not going to dedicate any time to study the different methods that have
been developed since long time ago. We will just mention some of the fundamental load flow

equations and we will explain how the problem has been dealt and solved at this work.

The basic equation that rules everything is the AC nodal power balance equations. Below it is
expressed as a function of the complex bus voltages and generator injections in complex

matrix [8].
95s(V,Sg) = Spus(V) + Sq — €4Sy = 0
Equation 3.1

Where: Spus(V) vector expresses the complex power consumed by the bus lines, Sy is the vector
of complex loads at all buses; Sq is the vector of real power bus injection by all generators; C, is
a generator connection matrix that expresses where each generator is located inside the bus
network. In fact, it is possible to decouple this last equation in two, either for active or for

reactive power:
99 (8, Vi, Py) = Pous(6,Vin) + Py = CgPy = 0
Equation 3.2
90(8,Vin, Pg) = Qous(8, Vi) + Qa — C4Q5 = 0
Equation 3.3

MATPOWER was the selected tool to solve the load flow. To do so, IEEE test cases could be
uploaded and implemented. Of course, any other real or not case with the adequate .m format
could also be used to run the power flow. Therefore, this seems to be a very adaptable and

multi-purposes tool.
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In addition, MATPOWER gives the user option of choosing between a wide range of power
flows (AC, DC and several Optimal Power Flows: standard AC OPF, standard DC OPF and even
other extender OPF), this choice may depend on the users expected goal our desire of
computation mode. Among the four different algorithms for solving the AC power flow
problem (Newton’s method, Fast-Decoupled XB version, Fast-Decouples BX version and Gauss-

Seidel), the second one was selected.

Another good advantage that this solver has is the so practical implementation at the time that
it provides an easy way to access to the results through a MATLAB structure where everything

(voltages, angles, active and reactive powers, etc.) is stored.

As it was introduced at section 0, when talking about the HBE, it was said that the conductor
current | represents the link between the thermal and electrical equations. Actually, calculating
currents across the lines is mainly why we need to run the load flow too. However,
MATPOWER results output structure does not directly calculate the currents, anyway that is

not a problem because this can be easily deduced using the following equation.

So the current in per units that passes across the line that connects buses m and n can be
obtained as it is shown. Here we only worry about the absolute value, not about the sign and

neither the direction because it will be raised to the power of two at the HBE (I*R):

[ 1 Un Um hjnl - el — |17m| . eJOm
|lm_n| = |ln—m| = — = -
m-n Tm-n t JXm-n
Equation 3.4
That is also equivalent to say:
el = Ul = limonl - Toase = lim_nl - <22 ‘Wnl‘ejen—|l7m|-ejgm
_nl= | = _al 1 — 1. _ |
m-n n-m m-n ase m-n V3 Upase Rm—n +JjXm-n

Equation 3.5

10
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N-1 contingency analysis

Contingency Analysis of a power system is a major activity in power system planning and
operation. Any line, transformer our generator outage could provoke risky over loads in other
branches and/or sudden system voltage rise or drop [9]. Therefore, N-1 contingency analysis is

a basic and fundamental tool to check operation security and anticipate potential risks.

In practice, what we do is to study the system response to any element outage: branch,
transformer or generator. Two main kinds of violations may be caused by these contingencies:
low voltage violations and line current/power flow/temperature limit violation. In fact, this last

is the one that most concerns us here.

At this point thermal rating has an important contribution as it permits security operators
having a deeper and more realistic idea of line thermal limits and margins. That is the reason
why this work is focused on incorporating the HBE is power system security analysis (Section
4), and apart from the base case load flow, all the N-1 contingencies will be individually

analyzed.

At this document we have not specially focus on Remedial Action Schemes (RAS) that are the
different steps our types of remedial action in order to make the system recover and go back
to its normal operation once a violation due to a contingency has taken place. However, only
one of them, that is generation re-dispatch, has been automatically implemented for

generators outage and is explained in detail at section 0.

So basically, what it has been done to run the N-1 contingency analysis using MATPOWER is
fixing the status of it generator and branches (transformers are here included according to
MATPOWER test cases language) as 0 (out of order or simply off) at their corresponding
contingency. In addition, for generator contingencies, the already mentioned re-dispatching or

response to power imbalance was applied.

Thus, the total number of contingencies, at this document called N, is equal to: number of

network generators + number of network branches (transformers are here included as well).

11
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Model of generators’ response to power imbalances

MATPOWER usual response to power imbalances when running the normal power flow is
dispatching by default the new mismatch to the generator located at the slack bus. This might
became an important problem if the mismatch becomes quite big as this generator might no
be able any longer to compensate the power imbalance by its own while others generators

with capacity enough are underused.

A quite simple model with the only objective of dispatching generation power more efficiently

has been designed and is explained in the following lines.

First of all, we will start with power imbalances due to generators N-1 contingency, which
means how do the rest of generators i dispatch the generator’s load that is supposed to be out

of order, here assigned with letter n.
For better understanding, we present a short description of each variable:

= j:any generator available that can participate on the dispatch (usually all generators
except generator n).

= n:outage generator at that specific moment t; the one that we set out of order to
check the N-1 contingency reliability.

» RE, (t): Total upward reserve provided by all generators available at time step t
(when generator n outage takes place).

» R} (t)(t): Individual upward reserve provided by generator i at time step t.

" Phaxi(t): Maximum power limitation of generator i at time step t.

* P, ;(t): Power load generation of generator i at time step t.

" B n(t): Power load generation of generator n at time step t. It must be zero by
definition.

* APy g(t): Mismatch or total increment of power load generation due to generator n
outage at time step t.

= AP, ;(t): Individual increment of power generation of generator i due to generator n

outage at time step t.

We calculate the total available reserve. To do so, we solve the summation without taking into

account generator n.

12
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Ribe (£) = ) RE() =) Prrai(8) = Py (0

i#n i#n
Equation 3.6. Total upward reserve for one generator n outage

The total increment of power load generation must be equal to the power that generator n

was providing before the outage, so at time step t-1.

Pyn(t) =0 > APy g(8) = Byn(t — 1)
Equation 3.7. Mismatch or increment of power load generation due to one generator n outage

Now it is possible to calculate the individual increment of each i generator. The individual
dispatch of power generation is directly proportional to the individual reserve contribution of

each i generator.

APo¢
8001© = (o)~ 1y 0)- 285

Equation 3.8. Individual power load increment due to one generator n outage

Finally, just adding the increment with the generation load right before the outage of n we

arrive to the specific power load of generator j at time step t:
Pgi(t) = Pgi(t_ 1 +APgi(t)

Equation 3.9. Individual power load due to one generator n outage

3.1.1 Incorporation of a wind farm power plant to the system

Nowadays, with the important rise of renewable energies and specially wind power energy,
thanks to the potential correlation between wind farm output and dynamic line rating capacity

of nearby overhead lines, dynamic line rating can be highly exploited.

In addition, many political incentives promote wind farms and there is a feed-in priority for
electricity from renewable sources. Thus, other power plants, such as thermal, are usually

subject to dispatch in their first place. Several studies have discussed and presented the

13



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

potential of improved wind integration by dynamic thermal rating of overhead lines [6] and
how does reserve requirement can be enhanced through probabilistic line rating [5], for

example.

At this point, we have substituted one of the generators of the network by a wind farm. As
feed-in priority policies work with renewable sources, here we have also given the highest
priority to exploit wind energy. Therefore, this may provoke power imbalances in the network

due to stochastic wind that other generators should compensate.

At Appendix 1 is explained the output power behavior of the wind farm. Also it might be useful
to have a look to section 0 too, where weather uncertainties as like as scenario construction
methodology is developed as wind farm weather conditions must be exactly the same or at

least very similar to nearby overhead lines.

In comparison with what it was presented at the beginning of section 0, here the mismatch our
increment of generation of power load generation, APy, 4(t), might be positive our negative,
always depending on wind farm output and small demand variations (look at section O,
demand uncertainty). To avoid confusions, we show again the list of all variables implicated, it
looks alike the one before but there are some differences to highlight. In fact, wf will be the
wind farm “generator” but it should be reminded that this dispatch process is done for the
base case, which means that after that the N-1 contingency analysis must be run too and for

that the previous procedure is still perfectly valid and implemented actually.

= j:any generator available that can participate on the dispatch (usually all generators
except the wind farm wf).

= wf: the wind farm “generator”.

»  RE. (t) (t): Total upward reserve provided by all generators available at time step t,
except from wf, which is considered to have no reserve.

» R} (t):Individual upward reserve provided by generator i at time step t.

= RZ, (t) (t): Total downward reserve or power margin (subtraction between actual
power generation an minimum power) provided by all generators available at time
step t, except from wf, which is considered to have no margin.

] R{i (t)(t): Individual downward reserve or margin of generator i at time step t.

" Phaxi(t): Maximum power limitation of generator i at time step t.

* P, i(t): Power load generation of generator i at time step t.

14
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* Py, z(t): Power load generation of wf at time step t.

* APy g(t): Mismatch or total increment of power load generation (positive or
negative) due to wf power output variation at time step t.

= AP, ;(t): Individual increment of power generation of generator i due to wf power

output variation at time step t.

For this case, the mismatch or total increment of power load generation must be equal to the
subtraction between the total demand and the total generation (including the wind farm of

course) at time step t.

APtotg(t) = Prora(t) — Ptotg(t)
Equation 3.10. Mismatch of power load generation due to wind farm and demand variations

As it was said before, the mismatch may not be always positive this time. The power unbalance

should be solved differently in case of positive our negative mismatch indeed.

If it becomes to be positive (upward response of generating i units), once again, we calculate
the total upward reserve. To do so, we solve the summation without taking into account the

wind farm wf.

Ribe ()= ) RAO = D Praei(t) = Pyi()

izwf izwf
Equation 3.11. Total upward reserve of all generators except the wind farm

From there, it is easy to obtain the individual increment of each i generator. As like as before,
the individual dispatch of power generation is directly proportional to the individual reserve

contribution of each i generator.

APot
APtotg(t) >0- APgi(t) = (Pmaxi(t) - Pgi(t)) 'Té?

Equation 3.12. Individual power load increment due to wind farm and demand variations

However, when we deal with a negative mismatch, which implies a downward power response
of all i units. Instead of the upward reserve, the total downward reserve and individual margin

of each generator i should be considered this time:
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thtiot @)= Z Rid ) = Z Pgi(t) = Prin i(0)

izwf izwf
Equation 3.13. Total margin all generators except the wind farm

The individual power downward is directly proportional to the individual margin contribution

of each i generator.

APy g(8)

BProt () < 0 = APy (1) = (Pgi(t) = Prin (1)) R

Equation 3.14. Individual power load fall due to wind farm and demand variations

Anyway, either for any of both cases, the new power load of each generator i:
Pgi(t) = Pgi(t_ 1 +APgi(t)

Equation 3.15. Individual power load due to wind farm and demand variations
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4 Incorporation of HBE in power system security analysis

Arrived at this point, we will describe the procedure implemented to solve the heat balance

equation. Despite having a very powerful tool, as it is MATLAB, it was not evident especially

at

the beginning which function and method would be the most efficient. It should not be

forgotten that the problem is not just simply to solve the complex nonlinear equation but

to

minimize as much as possible the computation time. At first, when analyzing deterministic

cases, which is to say that uncertainties are not taken into account, we might not care so much

about that. However, as it will be explained at section 5, to deal with uncertainties sampling an

N number of scenarios is absolutely necessary. Therefore the total number of calculations

increases by a factor of N times. For example, if we select IEEE test case 30, that counts with 30

buses, 41 lines and 6 generators. At a specific time moment, running the power load flow for

the base case and the N-1 contingencies would mean solving the heat balance equation

in

total: 1 (base case)+ 6 (number of generators)+ 41 (number of lines) = 48. On the other hand,

willing to obtain smooth results and consider different uncertainties, if we fix a reasonable

number of sampled scenarios, lets say 60, the total calculations raise to: 48 x 60 = 2,880. Up

to

here, we have just considered one specific moment, but in case that we want to obtain one

day hourly rates: 48 x 60 x 24 = 69,120. So we can conclude that this is an important matter

care about.

to

As it was briefly presented at section 2,the nonlinear dependence between the internal

variables of the HBE makes complex the resolution of this, especially those of the convection

term which equations can be found below.

First, we remind the value of T; as the average between the ambient and the line

temperature:

T, + T,
=T

Equation 4.1. Film temperature [°C]
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1.458 - 107 - (Ty + 273)*°
He = T; + 383.4

Equation 4.2. Dynamic viscosity of air [Pa‘s]

1293 - 1.525-10~* - H + 6.379 - 10~ - H?
Pr= 1+ 0.00367 - Ty

Equation 4.3. Air density [kg/m’]

kp=2424-1072+7.477 -107° - Ty — 4407 - 1077 - T#

Equation 4.4. Thermal conductivity of air [W/(m-°C)]

Before explaining how the HBE could be solved, here we reproduce main steps that will be

always carried on in order, there might be some internal variations but mainly we will proceed

like this always:

1)

2)

3)

4)

5)

6)

7)

Upload to MATLAB the network case (IEEE test cases or any other real one converted
to MATLAB code).

Upload/fix: the weather parameters of each line (ambient temperature, wind speed,
solar heat) and line conductors specifications (T,ef, Rrer, D).*

Run the load flow through MATPOWER.

Storage of all line power flows.

Calculation (with the difference between the two connected buses’ voltages divided by
the line impedance) and storage of line currents in per units and after that in real
values.

Resolution of the non-linear heat balance equation in order to calculate the
temperature of each line.

Verification of non-maximum temperature exceeded at any line or case and results

analysis.
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Steps 3), 4), 5), 6) and 7) will be done N times (base+ N-1 contingencies) for the

deterministic evaluations, while N x Number of scenarios times for the probabilistic one.

*When dealing with the probabilistic evaluation, additional information may be required such
as: number of scenarios and probabilistic parameters of weather and demand distributions.

Look at section O for more detailed information.

Next sections 0 and 0 are entirely devoted to describe two possible methods for step 6).

Iterative process

Initially, the high dis-linearities at the HBE, especially provided by the part of the convection
parameters: pr, Uy and ky, were faced though an iterative process where instead of coupling
their exact equations, for each iteration step concrete values of ps, i and ky were taken from

the following table that can be found it at IEEE 738 [15].
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Q Air density Thernfa_l
Temperature 'Dyna}mlc or conducflwty
Toim discosity py (kg/m’) ofki:ll'
oC (Pa-s) 0Om 1000 m 2000 m 4000 m W/(m-°C)
0 0.0000172 1.293 1.147 1.014 0.785 0.0242
5 0.0000174 1.270 1.126 0.995 0.771 0.0246
10 0.0000176 1.247 1.106 0.978 0.757 0.0250
15 0.0000179 1.226 1.087 0.961 0.744 0.0254
20 0.0000181 1.205 1.068 0.944 0.731 0.0257
25 0.0000184 1.184 1.051 0.928 0.719 0.0261
30 0.0000186 1.165 1.033 0.913 0.707 0.0265
35 0.0000188 1.146 1.016 0.898 0.696 0.0269
40 0.0000191 1.127 1.000 0.884 0.685 0.0272
45 0.0000193 1.110 0.984 0.870 0.674 0.0276
50 0.0000195 1.093 0.969 0.856 0.663 0.0280
55 0.0000198 1.076 0.954 0.843 0.653 0.0283
60 0.0000200 1.060 0.940 0.831 0.643 0.0287
65 0.0000202 1.044 0.926 0.818 0.634 0.0291
70 0.0000204 1.029 0.912 0.806 0.625 0.0295
75 0.0000207 1.014 0.899 0.795 0.616 0.0298
80 0.0000209 1.000 0.887 0.783 0.607 0.0302
85 0.0000211 0.986 0.874 0.773 0.598 0.0306
90 0.0000213 0.972 0.862 0.762 0.590 0.0309
95 0.0000215 0.959 0.850 0.752 0.582 0.0313
100 0.0000217 0.946 0.839 0.741 0.574 0.0317

Below, it is shown the iterative process that is explained step-by-step right after:

Table 4.1. Viscosity, density and thermal conductivity of air.
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‘1la —3
Input , Calculation™y
-Res. losses: |, of Ty, ps, K¢
Ricp T O ‘ T T 29 and k;
-Solar heat: q, D@ | > ) o
e Y V| T= (1, Regps Toepe @, Gy @, D, H, T, vy, [P Te= (THT)/2
losses: @, D, Pror Msor Kyo, €) pe=f(H,Ty)
H, T,V 2 = (T
Kol : ke=f (T
- Radiation: D, Update variables™ = (T
g T, for next iteration: — — & 7.
' - T. =%, 3 If error>2,5 ' —\4
i L 4 — — Calculation™
{1b Pro=Ps . of the error:
Intual T, oY Ho =H Error= T, T,
Ty for the keo=ks - e i |
first iteration If error<2.5
Teo=f (o To)
Pso= f (H:Tfo) |
Hio= f (Tso) : %

= @)
k=¥ (T;5) (:.utF’)l::-t .
inal T,

Figure 4.1. Iterative process HBE

Step collects previous steps 2), 3) and 4) where weather conditions and
conductors specifications were fixed and, in addition, the power load flow was run in

order to obtain from it the currents of each line.

However, an additional step here called is necessary to initialize the iteration
process. This one will be done just once per each line temperature calculation and always
at the beginning. As it was already mentioned, for this procedure pg, jif and ks are not
going to be exactly calculated from Equation 4.2, Equation 4.3 and Equation 4.4 but
directly obtained from Table 4.1. Therefore, it will be supposed and initial T,y or Ty (one
can be directly deduced from the other as T, is known) and then just going to Table 4.1. it
can be taken the corresponding pro, Uso and kgy as we also know H (1, 1000, 2000 or

4000m).

Of course, this Ty and Ty may differ with T, that is calculated at step @

thanks to the input that receives from and for the first iteration and
afterwards from @
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- Then, at step @ through the new T, we are able to obtain the new values of T;,

Pr, Uy and ke

- As it was already said, the new parameters pg, s and ky may differ from the initial
ProsUso and kgg as like as Tro/Tio and T¢/T), that is why at step @ , the error

between both, T;gand Ty, is checked.

- As the T; variation between one row and another is of 5°C, is has been fixed that the
maximum acceptable error must be 2.5; otherwise the iterative process will be repeated
but before it starts again it is necessary to update Tr, pro, Ufo and ksy but from the
previous T, pro, Uso and kg in order to get each time closer to the right solution. Thus, if

the error is greater than 2.5 we move on to step @ and from there back to

@ and so on.

- Finally, at some point after the needed iterations (quite few our close to one if Ty is well-

selected), the error becomes lower than 2.5 and T,is accepted as final solution and stored.

It can be easily guessed; a good choice of Ty is determinant to speed up the iterative process.
Despite of having a quite good performance with this method for a good number of lines,
while dealing with uncertainties and probabilistic methods, the number of calculations
increments enormously and that is the reason why next section 0 has been developed as the

iterative process was not fast enough.

Exploiting natural convection term correlation

At this point, we will explain an important fact that will permit us to do a good approximation

and after that an important computation time saving improvement.
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To do so, an auxiliary variable, T, is defined. Actually, T, is the interval where the future T,
variable must be. Therefore, its minimum is T, and for the maximum we will fix a high enough

value to be sure that T, will be always inside the interval, for example 150°C.

Now, for each value of T, we calculate the corresponding convection parameters py, i and
kso using the appropriate equations instead of Table 4.1 as it was done at section 0. Once we
have the convection parameters for each T, with Equation 2.10 and Equation 2.11 it is easily

obtained q¢; and qe,.

Though, up to here we can not know what is the exact value of T, we can only assure that it
must belong to the interval T.. But, when we represent the evolution of the convective term
along T. we discover and interesting fact to take advantage of. There is a well approximate

linear correlation between T, and q. as it can be seen at Figure 4.2.

On the x-axis, we find the variable T, that is not but the subtraction between T, and T..

500
X: 105
Y: 450

———q,, Wim]
a,, Wim]

450

X: 105
400 - Y:381.8 -

350 - n

300 - n

250 n

200 n

Convection heat loss rate [W/m]

150 | n

100 n

50 1

0 20 40 60 80 100 120
T =T -T [°C]

ca c a

Figure 4.2. Linear evolution of q.; and g, in function of the line temperature.
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Once again, we insist that this is a great advantage as since now, instead of iterating each time,
just calculating the maximum slope between q¢ (gcmi) and ge (dem2), it is possible to substitute

directly this term in the HBE as the slope keeps constant for any value of T,.

Just as it is shown below and it can be deduced from equations Equation 2.10 and Equation

2.11 atsection O:

0.52
D.p Uy
qc1 = [1.01 + 0.0372 - (#—];> ] “kr - Kangle * (T, — Tg)

i
de1 = Gem1 - (T1 = Tg) = qema - Tea

Equation 4.5. q linear equation

D p " 0.6
“pfe
—W> ] ' kf ' Kangle : (Tl - Ta)

qe2 = |0.0119 (
Hg

i
A2 = qemz - (T1 = Tg) = qemz * Tea

Equation 4.6. q., linear equation

An also, Gemax = Max (qem1, Gemz)- Therefore the new HBE results to be for forced

convection quite simpler:

0="12Ryer - (14 @+ (T, = Trer)) + €5 — Gemax - (T, — To) = 0.0178 - D - ¢
(Tl + 273)4 (Ta + 273)4
100 100

Equation 4.7. Simplified HBE with forced convection

Deterministic evaluation for a given weather parameters
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Once the HBE resolution problem has been satisfactorily solved, we are able to implement the
previous procedures (in fact since now we will always exploit forced convection term linear
behavior as it saves quite a lot of computation time) in order to calculate the lines

temperatures that is indeed our main goal.

Section 5 is entirely dedicated to uncertainties modeling and how to deal with them. However
at this point we will just focus on deterministic evaluation, which means that it will be
supposed that all the inputs are determined or concrete (number of scenarios equal to one).
For example, all weather conditions are supposed to be exactly known at a specific time
moment and, therefore, this permits us to obtain a specific and deterministic solution for each

line.

Moreover, as it was said at section 0, security analysis is one of the principal applications of
this work. Thus, apart from the normal case, the N-1 contingencies analysis will be always
done. That is the reason why this tool has been called Deterministic N_Contigencies, its input-

output diagram is right below.

INPUT

Network data: lines,
buses and generators.
Resistive losses:

r Rref [Q/m]

2% Tref [oC]

» al] .
Solar heat: Deterministic i_pu []

: . : | [A]
W/m N_Contingencies.m
c & qS[. /, ] > N E = Power flow [W]
onvection:

> @[] Tl [°C]
» D[mm]
Wind speed [m/s]
Ave. altitude H [m]
> T[]
» Radiation term:
» D[mm]
r €[]
» T.[°C]

v

v

OouTPUT

v

v

V[V]

X

v

*for each line
*for each bus

Figure 4.3. Deterministic N_Contingencies.m

Basically, N_Contingencies.m is running the 7 steps explained at the beginning of section 0 for

just one scenario (deterministic).
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5 Modeling of uncertainties

Deterministic evaluation may be very useful to implement for real-time provided data as that
way the values introduced (inputs) have been measured and thus we are quite certain that
they are realistic. However, while forecasting, deterministic evaluation loses its own sense due

to the wide range of uncertainties that are not considered by that evaluation.

We devote this part to explain the difference sources of uncertainties that we face up to and

how there are modeled.
It is possible to divide these sources into two categories:

- Weather uncertainties

- Node demand uncertainties

Weather uncertainties

Despite weather conditions may have a certain effect on line parameters such as impedance
because of humidity and ambient temperature [4], here we will only consider the effect that
weather conditions have on the HBE. Therefore, we try to find a good model for these

uncertainties that are in fact the input of our system.

In our case, the main sources that we can consider are: ambient temperature T,, solar heat g,
wind speed v,, and wind direction ¢. Nevertheless, the last one, ¢, quite often is easier to
predict with certitude and also a conservative value can be enough to obtain robust results.
Actually, at this work only the first three uncertainties were modeled with the following

distributions:
- Ambient temperature: T, = N (U1a,07a)
- Wind speed: Vy, =W (kyw, Avw)

- Solar heat: gs = N (pgs,Ogs)
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Then, for the ambient temperature we use a normal distribution as like as for the solar heat.
On the other hand, wind speed behavior is better designed with a Weibull distribution. On the

next table we show some of the most common values parameters that we might find:

Ambient temperature [°C] | Wind speed [m/s] | Solar heat [W/m]

Normal distribution Weibull distribution | Normal distribution
uTa OTa ka }\Vw U-qs 0-qs
5-28 2-5 2-7.5 1.5-3.5 3-16 1.5-3

Table 5.1. Common weather probabilistic parameters

Demand uncertainty

Apart from the already mentioned weather parameters, consumers demand may be also
subjected to uncertainty. Usually, the power factor remains constant despite of active and
reactive power variation. Therefore the active and the reactive power, will be modeled as
normal distributions with a small standard distribution (1% of the average or expected value)

and taking into account that power factor must keep constant at each bus.
- Demand: Py = N (Hpg,0pq)

Where: 0pq = 0.01: ppy

Scenario construction methodology: Stochastic evaluation

In order to assemble all this uncertainties, stochastic sampling will be necessary. At section
5.1.1, Latin Hypercube Sampling (LHS) method, which is the main statistical method for

generating samples that has been used, is explained.

In contrast with the deterministic evaluation at section 0, now we will generate a number of
samples (or scenarios) that belong to the probabilistic distributions so that we will also
represent the solution in probabilistic terms. Thus, an additional input here defined as:

Number of scenarios, is to be introduced.
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Inside the input block we can see in black the new variables or those that somehow have

changed in comparison with Deterministic N_Contingencies.m

v

INPUT

Network data: lines, buses and
generators.
Number of scenarios
Bus demand: P, = N(p,,,0,,) [W]
Resistive losses:

> R [Q/m]

» T.[°C]

» al]
Solar heat:

» q.=N(p,,0,,) [W/m]
Convection:

> o[

» D [mm]

» v, =W (ky,, A,,) [m/s]

» H[m]

r Ta= N(p'Ta'oTa) [oc]
Radiation term:

» D [mm]

»> el

r Taz N(uTa'oTa) [OC]

Probabilistic
mmp N_Contingencies.m

Figure 5.1. Probabilistic N_Contingencies.m

OUTPUT

Line structure
> i_pu[-]
> | [A]

» Power flow [W]
» TI[°C]
Sl
» Qires [W/m]
» q.[W/m]
> qIW/m]

» V[V]

*for each line
*for each bus

Storing all the results in an efficient way was one of the main challenges. We remind the

reader that the number of computations has raised one dimension. Before we were doing all

the calculations (i_pu, I, T....) per line and per contingency. Now, it should be done per line per

contingency and per scenario. To help visualization, at Appendix 1, an overview of outputs

storage is given.

5.1.1 Latin Hypercube Sampling (LHC) versus Monte Carlo Sampling (MCS)

Sampling is not an evident matter. Lots of sampling methods have been developed and

MATLAB provides also several.

Monte Carlo sampling uses random or pseudo-random numbers to sample from a probability

distribution. However, the main problem that we could find to this is to know what is the
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stopping criterion, which means, how many random samples do we need to obtain a

reasonable representation of the input distribution.

We do not look here to insist too much on statistical methods, but through the Central Limit
Theorem (CLT) of statistics, it is possible to calculate the number of necessary samples
applying the concept of the standard error of the mean (SEM) and fixing the desired

confidence interval. [10]

On the other hand, Latin Hypercube Sampling (LHC) method is able to match the input
distribution very closely with just few samples. This is achieved thanks to division of the
cumulative curve into equal intervals on the cumulative probability scale and, once the
intervals are defined, it takes random values within the interval. Thus, Latin Hypercube
method is more efficient and makes simulation converge much faster than Monte Carlo

sampling; this is mainly why LHS method was the chosen one for sampling.

Figure 5.2 shows the different ambient temperature distribution obtained through random
sampling and Latin Hypercube sampling for 50 samples. On the other hand, Figure 5.3 shows

exactly the same sampled distribution but for 10,000 samples.

Ambient temperature random sampled distribution of line 1. AveTa:15°C ; Std.devTa:2°C
0.3 T T T T T T T

0.25 4

021

0.15

0.1

Probability Density

0.05

0 I I I I
-5 0 5 10 15 20 25 30 35

Ambient temperature (°C)

Ambient temperature Latin Hypercube sampled distribution of line 1. Ave.ra=15°C ; Std.devTa=2°C

T T T T T T T

0.25

0.2

0.15

0.1

Probability Density

0.05

Il Il
-5 0 5 10 15 20 25 30 35
Ambient temperature (°C)

Figure 5.2. Comparison of random sampling with LHS for 50 samples
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Ambient temperature random sampled distribution of line 1. AveTa=15°C ; Std.devTa=2°C
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Ambient temperature Latin Hypercube sampled distribution of line 1. AveTa:1 5°C ; Std.devTa:2°C
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Figure 5.3. Comparison of random sampling with LHS for 10’000 samples.
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6 Simulation results

Test case studies: input variables.

As it was shown at the beginning of section 0 and also at Figure 5.1, the MATLAB program
Probabilistic N_Contingencies.m samples with the probabilistic parameters (average and
standard deviation if it is a normal distribution and scale and shape parameters if it is a Weibull
one) and introduces as an input the distribution of the uncertain variables (demand and

weather variables).

All the results presented at this section have been obtained from a simulation fixed with 500
scenarios, in order to obtain smooth distribution results. Since through LHS the input
distributions are already smooth and accurate with a quite small number of samples as it was

explained in the previous sections.

Below, the input distribution of the ambient temperature, wind speed and solar heat of line 35
are displayed. These results can also be compared with the vertical red lines that represent the
conservative and/or static rating. At the top of each graph data referred to the distribution

parameters has been added.
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Ambient temperature distribution of line 35. AveTa=25°C ; Std.devTa=2°C

T T T T T
.. 03F I Recorded ambient temperature data (°C)
'z; 0251 Ambient temperature distribution (°C)
8 ook Conservative ambient temperature (°C)
z
3 015
38
c 01r-
o
0.05
0 I I I I
-5 0 5 10 15 20

Ambient temperature (°C)

25 30

Wind speed distribution of line 35. ScalevW=5 m/s ; Shapve=2.30 m/s

Probability Density

—— Wind speed distribution (m/s)
Conservative wind speed (m/s)

I I I
I Recorded wind speed data (m/s) | |

0 2 4 6 8 10 12

Wind speed (m/s)

14 16 18

Solar heat distribution of line 35. Aveus=10 Wim ; Std.dev.qs=2 W/m

T
03
025
021
0.15
0.1
0.05

Probability Density

I
I Recorded solar heating data (W/m) | |

Solar heating distribution (W/m)
Conservative solar heating (W/m)

0 5 10 15

Solar heating (W/m)

20

Figure 6.1. Input variables of line 35: T,, W4 and g,

At next section we will see for different lines with distinct weather conditions how the output

line temperature varies. By the time we observe that for line 35 the weather conditions are

not very far from the conservative ones, actually at section 0 we can also see temperature

distribution result compared with the static case for these exact weather conditions.

Output variable: line temperature distribution. Comparison between

two lines with similar load but different weather conditions.

Right now we have moved on to lines 1 and 24. The input distributions are also shown. It can

be appreciated how line 24 weather conditions are quite proximate to the conservative ones.

In contrast, line 1 distributions of temperature and wind speed are further. Of course this
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should have consequences regarding the conductor temperature of both lines. However,

another factor should be taken into account before arriving to any conclusion: the load or the

current across the lines.
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Figure 6.2. Input variables comparison between lines 1 and 24: T,, W4 and q,

25

Actually, at figure Figure 6.3 we see that considering not only the base case but also all the N-1

contingencies, line 1 is much more loaded than line 24. Despite this, the already mentioned

weather conditions play an important role and heat up much more line 24, which could exceed

at some point the conservative and deterministic temperature.
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Current per units of line 1 (Base Case + N-1 Cont.) Current per units of line 24 (Base Case + N-1 Cont.)
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Figure 6.3. Current per unit and conductor temperature comparison between lines 1 and 24

To have a better view, below we compare the CDF of both lines:

CDF of line 1 CDF of line 24
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Figure 6.4. CDF line temperature comparison between lines 1 and 24



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

Comparison of the temperature distribution: All scenarios vs Violating

current limits contingency

Going back to line 35, at Figure 6.5 it has been represented the current probability for the base
case, when none outages take place, and for all cases (base case and all the rest of
contingencies). Therefore, in normal conditions it seems that there might not be any risk of
overcurrent. However, it we look carefully the graph below of the current probability for all
cases, we can distinguish very small probability but anyway overloads (current higher than 1
p.u.) at the level of 1.2 p.u. For sure, if there are no violations at the base case, this implicates
that some contingencies must be checked because current is excessing its limits. In addition, it
may be interesting to analyze the expected conductor temperature for that violating current

limits contingency (ies).

Checking the results, it has been discovered that contingency 42 (outage of line 34)
corresponds to the most extreme case in terms of current rate. This is also shown at Figure 6.6.
Apart from the currents, it has been plotted the conductor temperature distribution
concerning all cases and only contingency 42. Though, it seems that even with that current
growth at that specific contingency, the weather conditions (look Figure 6.1) and quite
probably due to the high wind range at that line, the conductor temperature hardly changes
between one case and another.
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Figure 6.5. Comparison between the base case and all cases (Base Case+ N-1 Contigencies) of the current

probability of line 35.
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Current per units of line 35 (Base Case + N-1 Cont.) Current per units of line 35 Contingency: 42
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Figure 6.6. Comparison between all cases (Base Case+ N-1 Contigencies) and contingency 42 of the current and

conductor temperature probability of line 35.

Line temperature evolution changing weather and load conditions

At this point we found interesting to analyze what is line temperature behavior when we fix

constant three of the four modulating variables and we make vary the fourth one.

When taking the constant fixed values, it was tried that they were not too extreme so that this
will permit us to see a more natural evolution of the temperature. These values are shown

over the table below.

Ta [QC] Vw [m/s] gs [W/m] ipu [']

20 1 12 0.5

Table 6.1. Fixed values at figure 6.7
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Just to remark the strong effect of the wind speed over the conductor’s temperature due to
forced convection. Also the current of course, as it was expected to happen. The ambient

temperature establishes always the minimum temperature that the conductor may have

indeed.

Vw=1 m/s; gs=12 W/m; ipu= 0.5 Ta=20 °C; qs=12 W/m; ipu= 0.5
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Figure 6.7. Line temperature evolution for different weather and load scenarios
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7 Conclusions

At this work we have specially focused on the integration of dynamic thermal rating model of
transmission capacity to Security Analysis, however, as many other studies have presented and
done deep research on, probabilistic transfer capacity can be very useful also for system

planning, contract design and market analysis. [4]

Deterministic evaluation of the HBE has been utilized to compare the static, and usually
conservative, thermal rate with forecasted stochastic evaluation. Anyway this may be very
useful if real-time provided data of demand and weather conditions are incorporated to the
system and thus simulate in real time the conductor’s temperature. Of course, for that case,

we would not be working on steady state conditions anymore.

Regarding the studied probabilistic evaluation, good weather and load forecast becomes
absolutely necessary in order to obtain realistic line temperature forecast. Therefore, and
important effort on collecting real data of them would be required because that is on what

forecasting should be based.

Even if LHS performance seems to be good when the number of samples is not quite high, a
stopping criterion to fix the number of trials required to make sure that the output converges

is also recommended.

Finally, as it has been mentioned, a versatile tool was tried to be developed by the way that
different network data (previously format adapted to MATLAB) could be uploaded to run the
simulation. In fact, all the results shown in this report have been carry out with IEEE case test
network of 30 buses, nevertheless, this could have been done without any problem with other

IEEE case test or real networks with the beforehand appropriate format adaption.
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Appendix 1: Wind farm output

Looking to analyze the power unbalance of the network caused by wind farms as like as
the integration of line temperature rating with them, as it was introduced in section
3.1.1, one of the generators of the network was replaced by awind farm composed by N

variable speed wind turbines.

One of the main characteristics of these turbines is that they operate at the rated power
with power regulation during the periods of high wind by the active control of the blade
pitch angle or the passive regulation based on aerodynamic stall [7].

Below we show the active power, P,,,, provided by one variable speed wind turbine in

function of the wind speed v,,,. Other important conceptual variables are:

= p;: cut-in wind speed
= v, rated wind speed
= 1y, cut-out wind speed
= P, rated power of the wind turbine

a: biasvaue

b: gradient value

0, 0<vy, <v,
p = a+b-v3, vi<vy,<v,
var P. v S 1y <,

01 vW>vO

The constant parameters a and b are given by the following formulas:

P.-v} P.
3 3 ) b=
vy — vy v —v

a =

Next figure shows the output power, B,,,, evolution for different wind speeds as like as
the characteristic wind speed values that define the turbine’ s behavior.
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Figure 2 Power Curve for Vestas V82

2000 Nominal wind speed  Cut-outwind
speed !

1500 + Cutdinwind speed

0 : + —t
0 S 10 15 20
Wind Speed, m/s

Figure Al. 1. Variable speed wind turbine power curve [13]

To conclude, the total wind power of the wind farm assuming to have N variable speed
wind turbines, logically all must be of the same kind and with the same technique
characteristics: cut-in wind speed, rated wind speed, cut-out wind speed, etc.

Pfarm = Pyr(v) - N
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Appendix 2: ProbabilisticNContingencies output: line
structure.

At it was previously introduced in section 0, Probabilistic N_Contingencies.m creates as output

a structure here defined as: line.

From first view, we can see that each row represents one line: row 1 represents line 1, row 2
represents line 2, etc. And, on the other hand, for each column we have different fields where
inputs, auxiliary variables and outputs have been stored. For example, going from left to right
we can distinguish the line diameter D [mm], the altitude [m], ambient temperature T,[°C],(...),

temperature of the line T, [°C], line current in per units and in amperes,(...), dcm1, dem2, €LC.

Number of fields: diameter (mm), altitude (m), T,(2C),..., T\(2C), iy, I(A),...

Number of lines

Figure A2. 1 Line structure zoom 1

If we click, for example, to see row 6 (line 6) and field “Ta”, we will find inside a row of length
40 (for this case the number of scenarios was 40 then) with a series of numbers that represent

the samples that have been given from the ambient temperature normal distribution. We can
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figure out just observing the results that it might have a mean value close to 25°C and a

standard deviation around 3°C.
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e o~

18683 45926
27159 10482

Figure A2. 2. Line structure zoom 2

However, selecting somewhere else, this time over row 3 (data line 3) and “Tl”, we will access

then to line temperature results of line 3. Now, instead of a vector, we open a matrix with

dimensions: Number of contingencies (rows) x Number of scenarios (columns). Of course, the

ambient temperature, at a specific scenario, must be the same for all the contingencies; that is

why on Figure A2. 1, line(6).Ta only has one row. On the other hand, at a specific scenario,

despite having exactly the same weather conditions (ambient temperature, wind speed and

solar heat) and demand load, at each contingency the current may vary at that implies that

line temperature should be calculated and may change too.
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Figure A2. 3. Line structure zoom 3
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Appendix 3: DeterministicNContigencies.m

clear all

clc

define_constants; %allows you to access the structure using a known name such as PD (real
power demand), instead of having to remember that it's column 3

mpc=loadcase('case30');

mpopt = mpoption('PF_ALG', 2,'VERBOSE', 0, 'OUT_ALL', 0); %to avoid printing the results in
the command window

%Calculation of the number of elements
Ngen = size(mpc.gencost,1);

Nbranch= size(mpc.branch,1);

Nbus= size(mpc.bus,1);

%Tl=temperature of the line
%Rl=resistence of the line
%gs=solar heat
%qc=convection heat
%qr=radiation heat

%Ambient temperature of each line [2C]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Ta=[15 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25
25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25];

%Maximum temperature of the line [2C]
Tl_max=120;

% Line conductor diameter of each line [mm]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

D=[26.126.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1
26.126.126.126.126.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1
26.126.126.1 26.1];

% Wind speed at each line [m/s]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Vw=[15 2 2 2 2 2 2 2 2 2 2 2 2 2 2 222222222722
2 22 2 2 2 2 222222 22];

%0qs SOLAR HEAT of each line [W/m]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
0s=[4.114.124.124.124.124.124.124.124.124.124.124.124.124.124.1 4.1 4.124.124.1
24.124.124.124.124.124.124.124.124.124.124.124.124.124.124.124.124.124.124.1
24.124.124.1];
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%Altitude of each line [m]

% 1 23 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
Altitude=[450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450
450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450
450 450 450 450 450];

%Heat Balance equation in steady state: 1"2*R(Tl)+gs-qc-qr=0

%R(TI) RESISTIVE LOSSES

Rref = 86e-6; %AC resistence 202C, units ohm/m
alpha =0.0036; % (1/C)

Tref=20; % (C)

%RI=Rref*(1+alpha*(TI-Tref));

%qr RADIATION HEAT
epsilon = 0.5;
%qr=Alr*(((TI+273)/100)"4-((Ta+273)/100)"4);

%qc CONVECTION
phi=22.5 * pi/180; % wind angle
kang = 1.194 - cos(phi)+0.194*cos(2*phi) + 0.368 * sin(2*phi);

for i=1:Nbranch

Tc(:,i) = linspace(Ta(i),TI_max,1000);

TE(:,i) = (Te(:,i) + Ta(i)) / 2;

muf(:,i) = (1.458 * 1e-6 * (Tf(:,i)+273).1.5)./(Tf(;,i) + 383.4);

rof(:,i) = (1.293 - (1.525 * 1e-4 * Altitude(i)) +(6.379 * 1e-9 * (Altitude(i))*2) )./ (1 +
0.00367 .* Tf(:,i));

Kf(:,i)= 2.424 * 1e-2 + 7.477 * 1e-5 * Tf(;,i) - 4.407 * 1e-9 * (Tf(:,i)).A2;

T ca(:,i) = Tc(:,i) -Ta(i);

%%%% % % % %% % % % %% % % % %% %
% at low wind speed

yil(:,i) = (1.01 + 0.0372 * ((D(i)*Vw(i)*rof(:,i)./muf(:,i)).~(0.52))) *kang .* kf(:,i) .* T_ca(:,i);
[fitT1, gofT1, outputT1]=fit(T_ca(:,i),yil(:,i),'polyl’);
gcl(i) = fitT1l.p1;

%% % % % % % % % % % %% %%%%% %%

% at high wind speed

yi2(:,i) = 0.0119 * (D(i)*Vw(i)*rof(:,i)./muf(:,i)).~(0.6) .* kf(:,i) * kang .* T_ca(:,i);
[fitT2, gofT2, outputT2]= fit(T_ca(:,i),yi2(:,i),'polyl’);

gc2(i) = fitT2.p1;

qem(i) = max (qcl(i),qc2(i));

%qr RADIATION HEAT
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Alr(i)=0.0178 * D(i) * epsilon;
end

Reserve=0;
Conting=0;

%Save normal flow
results=runpf(mpc,mpopt); %save the results

fori=1:Nbranch
branch_flow(Conting+1,i)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT))); % we
always take the higher value of power injected "from" or to the "bus"
Voltages(Conting+1,:)=results.bus(:,VM);
if mpc.branch(i,BR_STATUS)==0
I(Conting+1,i)=0;
i_pu(Conting+1,i)=0;
else

i_pu(Conting+1,i)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.branch
(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

I(Conting+1,i)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))*2/mpc.branch(i,RATE_A).*i_pu(Con
ting+1, i);
end
options = optimset('TolX',1e-5);
Tl(Conting+1,i)=(fzero(@(x)(Rref*(1+alpha*(x-Tref))*I(Conting+1,i).A2 + gs(i) ...
- (Vw(i) == 0)*( 0.0205 * ( ( 1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 *
Altitude(i)*2) ) / (1 + 0.00367 * ((x + Ta(i))/2)) )0.5 * D(i)A0.75 * (x-Ta(i))*1.25) ...
- (Vw(i) ~= 0)*(gcm(i) * (x - Ta(i))) ...
- (Alr(i)*(((x+273)/100)"4 - ((Ta(i)+273)/100)*4 ))),[Ta(i) 140],0ptions));
end

%Simulation N-1 Analysis

%N-1 Generators Analysis
for N=1:Ngen
Conting=N;
mpc.gen(N,GEN_STATUS)=0; %default generator N, status=0

fori=1:Ngen
if i~=N
Reserve=Reserve+mpc.gen(i,PMAX)-mpc.gen(i,PG);
end
end

DeltaPg(:,N)=((mpc.gen(:,PMAX)-mpc.gen(:,PG)).*mpc.gen(N,PG)/Reserve);
DeltaPg(N,N)=0;
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mpc.gen(N,PG)=0;
mpc.gen(:,PG)=mpc.gen(:,PG)+DeltaPg(:,N);

results=runpf(mpc,mpopt); %save the results
Voltages(Conting+1,:)=results.bus(:,VM);
fori=1:Nbranch
branch_flow(Conting+1,i)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT))); % we
always take the higher value of power injected "from" or to the "bus"
if mpc.branch(i,BR_STATUS)==0
I(Conting+1,i)=0;
i_pu(Conting+1, i)=0;
else

i_pu(Conting+1,i)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.branch
(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

I(Conting+1,i)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))A2/mpc.branch(i,RATE_A).*i_pu(Con
ting+1, i);
end
options = optimset('TolX',1e-5);
Tl(Conting+1,i)=(fzero(@(x)(Rref*(1+alpha*(x-Tref))*I(Conting+1,i).A2 + gs(i) ...
- (Vw(i) == 0)*( 0.0205 * ( ( 1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 *
Altitude(i)A2) ) / (1 + 0.00367 * ((x + Ta(i))/2)) )A0.5 * D(i)*0.75 * (x-Ta(i))*1.25) ...
- (Vw(i) ~= 0)*(gcm(i) * (x - Ta(i))) ...
- (Alr(i)*(((x+273)/100)74 - ((Ta(i)+273)/100)*4 ))),[Ta(i) 140],0ptions));
end
Reserve=0;
mpc=loadcase('case30');
end

% N-1 Branch Analysis
for N =1: Nbranch
Conting=Ngen+N
mpc.branch(N,BR_STATUS)=0; %default line, status=0

results=runpf(mpc,mpopt); %save the results
Voltages(Conting+1,:)=results.bus(:,VM);

fori=1:Nbranch

branch_flow(Conting+1,i)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT))); % we
always take the higher value of power injected "from" or to the "bus"

if mpc.branch(i,BR_STATUS)==0
I(Conting+1,i)=0;
i_pu(Conting+1,i)=0;

else
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i_pu(Conting+1,i)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.branch
(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

[(Conting+1,i)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))*2/mpc.branch(i,RATE_A).*i_pu(Con
ting+1, i);
end
options = optimset('TolX',1e-5);
Tl(Conting+1,i)=(fzero(@ (x)(Rref*(1+alpha*(x-Tref))*I(Conting+1,i).*2 + gs(i) ...
- (Vw(i) == 0)*( 0.0205 * ((1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 *
Altitude(i)*2) ) / (1 + 0.00367 * ((x + Ta(i))/2)) )*0.5 * D(i)*0.75 * (x-Ta(i))*1.25) ...
- (Vw(i) ~= 0)*(gcm(i) * (x - Ta(i))) ...
- (Alr(i)*(((x+273)/100)74 - ((Ta(i)+273)/100)*4 ))),[Ta(i) 140],0ptions));
end
mpc.branch(N,BR_STATUS)=1;
end
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Appendix 4: ProbabilisticNContingencies.m

clear all

clc

define_constants; %allows you to access the structure using a known name such as PD (real
power demand), instead of having to remember that it's column 3

mpc=loadcase('case30');

mpopt = mpoption('PF_ALG', 2,'VERBOSE', 0, 'OUT_ALL', 0); %to avoid printing the results in
the command window

%Calculation of the number of elements
Ngen = size(mpc.gencost,1);

Nbranch= size(mpc.branch,1);

Nbus= size(mpc.bus,1);

%Tl=temperature of the line
%RI=resistence of the line
%qires=current heat or resistive losses
%gs=solar heat

%qc=convection heat

%qr=radiation heat

%Fix de number of scenarios/sample size.
N_scenarios=500;

%Fix the line which graphs you want to represent
L_graph=1;

%Fix the conservative weather parameters

%Ambient temperature of each line [2C]

% 1 2 3 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Ta_cons=[30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30
30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30 30j

% Wind speed at each line [m/s]

% 1 23 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Vw_cons=[0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
0.505050505050.50505050505050.50.50.,50.50.50505 0.5 0.5]
%0qs SOLAR HEAT of each line [W/m]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
gs_cons=[14.114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.1
14114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.114.1
14.114.114.1 14.1 14.1];
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%Fix the wind farm bus

Windfarm_gen_pos=5;

N_Windfarm=13;

Pr_Windturbine=2; %rated power on each Windturbine [MW]
%Windfarm_bus=2;

vi=3.5; % cut-in wind speed [m/s]

vr=12; % rated output wind speed [m/s]

v0=20; % cut-out wind speed [m/s]
a=Pr_Windturbine*vi*3/(vi*3-vrr3);
b=Pr_Windturbine/(vr*3-vi*3);

%Ambient temperature of each line [2C]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Ta_ave=[15 25 19 25 25 20 25 25 27 23 14 25 25 25 25 25 25 25 25 25 25
25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25 25];

Tastd=[2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22222222722
2 2 22 222222222222

%Maximum temperature of the line [2C]

Tl_max=120;

% Line conductor diameter of each line [mm]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
D=[26.126.126.126.126.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1 26.1
26.126.126.126.126.126.126.126.126.126.126.126.126.126.126.126.126.126.126.1
26.126.1 26.1 26.1];

% Wind speed at each line [m/s]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

Vw_scale=s[6 2 3 3 5 3 2 4252 6 2 3 45 3 2 4252 6 2 31
532 4252 6 2 3 15 3 2 425 2 35]

Vw_shape=[2.51.5 3.5 1.8 2.3 1.7 24 2215 25 2525243327 251535 1.8
231724221525 2525243327251535 182317242215 25 2.5];
% Wind speed at the Windfarm

Vw_Windfarm_scale=8;

Vw_Windfarm_shape=3.6;
Vw_Windfarm=wblrnd(Vw_Windfarm_scale,Vw_Windfarm_shape,N_scenarios,1);

%0qs SOLAR HEAT of each line [W/m]

% 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41

gs_ave=[11 11 81 9.1 9.510.18 9 10 9.1 12.1 9.810.3 11 11 81 9.1 9510.18 9
10 9.1 12.1 9.810.3 11 11 81 9.1 951018 9 10 9.1 12.1 9.810.39 11];
gs.std=[2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 22 22222222
2 2 2 2 2 2222222 2222;

%Altitude of each line [m]
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% 1 23 456 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41
Altitude=[450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450
450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450 450
450 450 450 450 450];

%Heat Balance equation in steady state: 1*"2*R(Tl)+gs-qc-qr=0

%RESISTIVE LOSSES

Rref = 86e-6; %AC resistence 202C, units ohm/m
alpha =0.0036; % (1/C)

Tref=20; % (C)

%RI=Rref*(1+alpha*(TI-Tref));

%qr RADIATION HEAT
epsilon = 0.5;
%qr=Alr*(((TI+273)/100)"4-((Ta+273)/100)"4);

%qc CONVECTION
phi=22.5 * pi/180; % wind angle
kang = 1.194 - cos(phi)+0.194*cos(2*phi) + 0.368 * sin(2*phi);

%Preallocation
Vw=zeros(N_scenarios,Nbranch);
Ta=zeros(N_scenarios,Nbranch);
gs=zeros(N_scenarios,Nbranch);
bus_pd=zeros(N_scenarios,Nbus);
bus_qd=zeros(N_scenarios,Nbus);
Voltages=zeros(Nbranch+Ngen+1,Nbus);
total_demand=zeros(N_scenarios,1);
rand_pdqgd=zeros(N_scenarios,1);
total_demand=zeros(N_scenarios,1);
total_generation=zeros(N_scenarios,1);
total_capacity=zeros(N_scenarios,1);
generation_margin=zeros(N_scenarios,1);
deltaPG=zeros(N_scenarios,1);

for i=1:Nbranch
Ta(:,i)=lhsnorm(Ta_ave(i),Ta_std(i),N_scenarios);
Vw(:,i)=wblrnd(Vw_scale(i),Vw_shape(i),N_scenarios,1);
gs(:,i)=abs(lhsnorm(gs_ave(i),gs_std(i),N_scenarios));

line(i).D=D(i);
line(i).Altitude=Altitude(i);
line(i).Ta(1,:)=Ta(:,i);
line(i).Vw(1,:)=Vw(:,i);
line(i).gs(1,:)=as(:,i);
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%qr RADIATION HEAT
Alr(i)=0.0178*D(i)*epsilon;

%Preallocation
line(i).qires=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).qc=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).qgr=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).Tl=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).i_pu=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).I=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).powerflow=zeros(Nbranch+Ngen+1,N_scenarios);
line(i).Tc=zeros(1000,N_scenarios);
line(i).Tf=zeros(1000,N_scenarios);
line(i).muf=zeros(1000,N_scenarios);
line(i).rof=zeros(1000,N_scenarios);
line(i).kf=zeros(1000,N_scenarios);
line(i).T_ca=zeros(1000,N_scenarios);
line(i).yil=zeros(1000,N_scenarios);
line(i).yi2=zeros(1000,N_scenarios);
line(i).qcl=zeros(1,N_scenarios);
line(i).qc2=zeros(1,N_scenarios);
line(i).gcm=zeros(1,N_scenarios);

for j=1:N_scenarios
line(i).Tc(:,j) = linspace(Ta(j,i), TI_max,1000);
line(i).Tf(:,j) = (line(i).Tc(:,j) + Ta(j,i)) / 2;
line(i).muf(:,j) = (1.458 * 1e-6 * (line(i).Tf(:,j)+273).21.5)./(line(i).Tf(:,j) + 383.4);
line(i).rof(:,j) = ( 1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 * (Altitude(i))*2)) ./ (1
+0.00367 .* line(i).Tf(:,j));
line(i).kf(:,j)=2.424 * 1e-2 + 7.477 * 1e-5 * line(i).Tf(:,j) - 4.407 * 1e-9 * (line(i).Tf(:,j)).*2;

line(i).T_ca(:,j) = line(i).Tc(:,j) -Ta(j,i);

%% %% % % %% % % % %% % % % % %% %
% at low wind speed

line(i).yil(:j) = (1.01 + 0.0372 * ((D(i)*Vw(j,i)*line(i).rof(:,j)./line(i).muf(:,j)).~(0.52))) *kang
Fline(i).kf(:,j) .* line(i).T_ca(:,j);

[fitT1, gofT1, outputT1]= fit(line(i).T_ca(:,j),line(i).yil(:,j),'polyl');

line(i).qc1(1,j) = fitT1l.p1;

%% % % % % % % %% %%%%%%%% %%

% at high wind speed

line(i).yi2(:,j) = 0.0119 * (D(i)*Vw(j,i)*line(i).rof(:,j)./line(i).muf(:,j)).~(0.6) .* line(i).kf(:,j) *
kang .* line(i).T_ca(:,j);

[fitT2, gofT2, outputT2]= fit(line(i).T_ca(:,j),line(i).yi2(:,j),'polyl');

line(i).qc2(1,j) = fitT2.p1;

line(i).gcm(1,j) = max (line(i).qc1(1,j),line(i).qc2(1,j));
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for i=1:Nbus
rand_pdqd(:,1)=randn(N_scenarios,1);
bus_pd(:,i)=mpc.bus(i,PD)+0.01*mpc.bus(i,PD).*rand_pdqd(:,1);
bus_qd(:,i)=mpc.bus(i,QD)+0.01*mpc.bus(i,QD).*rand_pdqd(:,1);
end

%total_gen_capacity=0;
%for i=1:Ngen
%if i~=Windfarm_gen_pos
%total_gen_capacity=total_gen_capacity+mpc.gen(i,PMAX);
%end
%end

for j=1:N_scenarios

J
Conting=0;

if Vw_Windfarm(j)<vi
mpc.gen(Windfarm_gen_pos,PG)=0;
elseif ((Vw_Windfarm(j))>vi)&&((Vw_Windfarm(j))<vr)
mpc.gen(Windfarm_gen_pos,PG)=N_Windfarm*(a+b*(Vw_Windfarm(j))*3);
elseif (Vw_Windfarm(j)>vr)&&((Vw_Windfarm(j))<v0)
mpc.gen(Windfarm_gen_pos,PG)=N_Windfarm*Pr_Windturbine;
else
mpc.gen(Windfarm_gen_pos,PG)=0;
end

Windfarm_PG(j)=mpc.gen(Windfarm_gen_pos,PG);

fori=1:Nbus
total_demand(j)=total_demand(j)+bus_pd(j,i);
end

fori=1:Ngen
total_generation(j)=total_generation(j)+mpc.gen(i,PG);
if i~=Windfarm_gen_pos
total_capacity(j)=total_capacity(j)+mpc.gen(i,PMAX)-mpc.gen(i,PG);

generation_margin(j)=generation_margin(j)+mpc.gen(i,PG)-mpc.gen(i,PMIN);

end
end

deltaPG(j)=total_demand(j)-total_generation(j);

fori=1:Ngen
if deltaPG(j)>0
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if i~=Windfarm_gen_pos
mpc.gen(i,PG)=mpc.gen(i,PG)+deltaPG(j)*((mpc.gen(i,PMAX)-
mpc.gen(i,PG))/total_capacity(j));
end
else
if i~=Windfarm_gen_pos
mpc.gen(i,PG)=mpc.gen(i,PG)+deltaPG(j)*((mpc.gen(i,PG)-
mpc.gen(i,PMIN))/generation_margin(j));
end
end
end

PG_gen(j,:)=mpc.gen(:,PG);

fori=1:Nbus
mpc.bus(i,PD)=bus_pd(j,i); %6New demand at each node taking into account the
uncertainty for the load.
mpc.bus(i,QD)=bus_qd(j,i);
end

results=runpf(mpc,mpopt);%save the results

fori=1:Nbranch
line(i).powerflow(Conting+1,j)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT))); %
we always take the higher value of power injected "from" or to the "bus"
Voltages(Conting+1,:)=results.bus(:,VM);
if mpc.branch(i,BR_STATUS)==0
line(i).l{Conting+1,j)=0;
line(i).i_pu(Conting+1,j)=0;
else

line(i).i_pu(Conting+1,j)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.
branch(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

%line(i).I(Conting+1,j)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))*2/mpc.branch(i,RATE_A).*li
ne(i).i_pu(Conting+1,j);

line(i).I(Conting+1,j)=(mpc.branch(i,RATE_A)*1e6/sqrt(3)/(mpc.bus((mpc.branch(i,F_BUS)),BAS
E_KV)*1e3)).*line(i).i_pu(Conting+1,j);

end

options = optimset('TolX',1e-5);

line(i).TI(Conting+1,j)= (fzero(@ (x)(Rref*(1+alpha*(x-Tref))*line(i).I(Conting+1,j).22 + gs(j,i)

- (Vw(j,i) == 0)*( 0.0205 * ((1.293 - (1.525 * 1e-4 * Altitude(i)) +(6.379 * 1e-9 *
Altitude(i)*2) ) / (1 + 0.00367 * ((x + Ta(j,i))/2)) )*0.5 * D(i)*0.75 * (x-Ta(j,i))*1.25) ...

- (Vw(j,i) ~= 0)*( line(i).gcm(1,j) * (x - Ta(j,i))) ...

- (Alr(i)*(((x+273)/100)"4 - ((Ta(j,i)+273)/100)*4 ))),[Ta(j,i) 160],options));
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line(i).qgires(Conting+1,j)=Rref*(1+alpha*(line(i).TI(Conting+1,j)-
Tref))*line(i).l(Conting+1,j).72;

line(i).qc(Conting+1,j)=(Vw(j,i) == 0)*( 0.0205 * ( ( 1.293 - (1.525 * 1e-4 * Altitude(i)) +
(6.379 * 1e-9 * Altitude(i)*2) ) / (1 + 0.00367 * ((line(i).Tl(Conting+1,j) + Ta(j,i))/2)) )*0.5 *
D(i)*0.75 * (line(i).TI(Conting+1,j)-Ta(j,i))*1.25 ) ...

+ (Vw(j,i) ~= 0)*( line(i).gcm(1,j) * (line(i).TI(Conting+1,j) - Ta(j,i)));

line(i).gr(Conting+1,j)=(Alr(i)*(((line(i).TI(Conting+1,j)+273)/100)"4 - ((Ta(j,i)+273)/100)*4

)

end

Reserve=0;
%Simulation N-1 Analysis

%N-1 Generators Analysis
for N=1:Ngen
Conting=N;
mpc.gen(N,GEN_STATUS)=0; %default generator N, status=0

fori=1 :Ngen
if i~=N
Reserve=Reserve+mpc.gen(i,PMAX)-mpc.gen(i,PG);
end
end

DeltaPg(:,N)=((mpc.gen(:,PMAX)-mpc.gen(:,PG)).*mpc.gen(N,PG)/Reserve);
DeltaPg(N,N)=0;

mpc.gen(N,PG)=0;

mpc.gen(:;,PG)=mpc.gen(:,PG)+DeltaPg(:,N);

results=runpf(mpc,mpopt); %save the results
Voltages(Conting+1,:)=results.bus(:,VM);

fori=1:Nbranch
line(i).powerflow(Conting+1,j)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT)));
% we always take the higher value of power injected "from" or to the "bus"
Voltages(Conting+1,:)=results.bus(:,VM);
if mpc.branch(i,BR_STATUS)==0
line(i).l(Conting+1,j)=0;
line(i).i_pu(Conting+1,j)=0;
else

line(i).i_pu(Conting+1,j)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.
branch(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

%line(i).I(Conting+1,j)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))*2/mpc.branch(i,RATE_A).*li
ne(i).i_pu(Conting+1,j);

63



UNIVERSIDAD PONTIFICIA DE COMILLAS
ESCUELA TECNICA SUPERIOR DE INGENIERIA (ICAI)
GRADO EN INGENIERIA ELECTROMECANICA

line(i).I(Conting+1,j)=(mpc.branch(i,RATE_A)*1e6/sqrt(3)/(mpc.bus((mpc.branch(i,F_BUS)),BAS
E_KV)*1e3)).*line(i).i_pu(Conting+1,j);
end
options = optimset('TolX',1e-5);
line(i).TI(Conting+1,j)= (fzero(@ (x)(Rref*(1+alpha*(x-Tref))*line(i).l(Conting+1,j).72 +
as(j,i) ...
- (Vw(j,i) == 0)*( 0.0205 * (( 1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 *
Altitude(i)A2) ) / (1 + 0.00367 * ((x + Ta(j,))/2)) )*0.5 * D(i)*0.75 * (x-Ta(j,i))*1.25 ) ...
- (Vw(j,i) ~= 0)*( line(i).qcm(1,j) * (x - Ta(j,i))) ...
- (AIr(i)*(((x+273)/100)74 - ((Ta(j,i)+273)/100)74 ))),[Ta(j,i) 160],0ptions));
line(i).qgires(Conting+1,j)=Rref*(1+alpha*(line(i).TI(Conting+1,j)-
Tref))*line(i).l(Conting+1,j).72;
line(i).qc(Conting+1,j)=(Vw(j,i) == 0)*( 0.0205 * ( ( 1.293 - (1.525 * le-4 * Altitude(i)) +
(6.379 * 1e-9 * Altitude(i)*2) ) / (1 + 0.00367 * ((line(i).TI(Conting+1,j) + Ta(j,i))/2)) )*0.5 *
D(i)20.75 * (line(i).TI(Conting+1,j)-Ta(j,))*1.25 ) ...
+ (Vw(j,i) ~= 0)*( line(i).qcm(1,j) * (line(i).TlI(Conting+1,j) - Ta(j,i)));
line(i).qr(Conting+1,j)=(Alr(i)*(((line(i).TI(Conting+1,j)+273)/100)"4 -
((Ta(j,i)+273)/100)*4 ));
end
Reserve=0;
mpc.gen(N,GEN_STATUS)=1;
mpc.gen(:;,PG)=PG_gen(j,:);
end

% N-1 Branch Analysis
for N=1: Nbranch
Conting=Ngen+N;
mpc.branch(N,BR_STATUS)=0; %default line, status=0

results=runpf(mpc,mpopt); %save the results
Voltages(Conting+1,:)=results.bus(:,VM);

fori=1:Nbranch
line(i).powerflow(Conting+1,j)=max(abs(results.branch(i,PF)),abs(results.branch(i,PT)));
% we always take the higher value of power injected "from" or to the "bus"
Voltages(Conting+1,:)=results.bus(:,VM);
if mpc.branch(i,BR_STATUS)==0
line(i).l{(Conting+1,j)=0;
line(i).i_pu(Conting+1,j)=0;
else

line(i).i_pu(Conting+1,j)=abs(((results.bus((mpc.branch(i,F_BUS)),VM)*exp(i*results.bus((mpc.
branch(i,F_BUS)),VA)*pi/180)-
results.bus((mpc.branch(i,T_BUS)),VM)*exp(i*results.bus((mpc.branch(i,T_BUS)),VA)*pi/180)))
/(mpc.branch(i,BR_R)+i*mpc.branch(i,BR_X)));

%line(i).I(Conting+1,j)=(mpc.bus((mpc.branch(i,F_BUS)),BASE_KV))*2/mpc.branch(i,RATE_A).*li
ne(i).i_pu(Conting+1,j);
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line(i).I(Conting+1,j)=(mpc.branch(i,RATE_A)*1e6/sqrt(3)/(mpc.bus((mpc.branch(i,F_BUS)),BAS
E_KV)*1e3)).*line(i).i_pu(Conting+1,j);
end
options = optimset('TolX',1e-5);
line(i).TI(Conting+1,j)= (fzero(@ (x)(Rref*(1+alpha*(x-Tref))*line(i).l(Conting+1,j).A2 +
as(j,i) ...
- (Vw(j,i) == 0)*( 0.0205 * (( 1.293 - (1.525 * 1e-4 * Altitude(i)) + (6.379 * 1e-9 *
Altitude(i)A2) ) / (1 + 0.00367 * ((x + Ta(j,))/2)) )*0.5 * D(i)*0.75 * (x-Ta(j,i))*1.25 ) ...
- (Vw(j,i) ~= 0)*( line(i).qcm(1,j) * (x - Ta(j,i))) ...
- (AIr(i)*(((x+273)/100)74 - ((Ta(j,i)+273)/100)74 ))),[Ta(j,i) 170],0ptions));
line(i).qgires(Conting+1,j)=Rref*(1+alpha*(line(i).TI(Conting+1,j)-
Tref))*line(i).l(Conting+1,j).72;
line(i).qc(Conting+1,j)=(Vw(j,i) == 0)*( 0.0205 * ( ( 1.293 - (1.525 * le-4 * Altitude(i)) +
(6.379 * 1e-9 * Altitude(i)*2) ) / (1 + 0.00367 * ((line(i).TI(Conting+1,j) + Ta(j,i))/2)) )*0.5 *
D(i)20.75 * (line(i).TI(Conting+1,j)-Ta(j,))*1.25 ) ...
+ (Vw(j,i) ~= 0)*( line(i).gcm(1,j) * (line(i).TI(Conting+1,j) - Ta(j,i)));
line(i).qr(Conting+1,j)=(Alr(i)*(((line(i).TI(Conting+1,j)+273)/100)"4 -
((Ta(j,i)+273)/100)"4 ));
end
mpc.branch(N,BR_STATUS)=1;
end
end
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