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ABSTRACT

MAHBUBUR RAHMAN. Coupling of thermal and electrical parameters for

system-level power system studies. (Under the direction of Dr. Valentina Cecchi)

Conventional method of power system analysis uses predefined values of
transmission line electrical parameters which are considered uniformly distributed along
the overhead lines. Conductor temperatures of transmission lines are dependent on the time
and space-varying nature of the external conditions, including weather which affects the
line electrical parameters. A steady-state power system analysis method is developed in
this thesis which is capable of integrating the dynamic line rating approach coupled with
the non-uniform distribution of line electrical parameters. The proposed temperature-
dependent power flow method provides a realistic representation of a power system
network as well as offers a better estimate of system power handling capability with the
development of temperature-dependent continuation power flow method (TD-CPF).
Uncertainty in weather conditions data can also be coupled with the proposed method. The
temperature-dependent steady-state analysis method is extended to incorporate the
transient heat balance conditions of a system especially during change in system loads or
branch contingencies. The proposed temperature-dependent power system analysis method

was automated and its impacts on the large-scale system studies were investigated.
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CHAPTER 1: INTRODUCTION

1.1  Overview
The focus of this thesis lies on the system-level impact of the weather conditions
on power transmission networks, in order to maximize the utilization of the existing
transmission lines. The time and space-varying nature of weather conditions [1], [2] is
exploited in this work to obtain a better estimation of the current-carrying capacity of the
overhead lines. The dynamic thermal rating approach [1]-[3] is coupled with a temperature
dependent line modeling method [4]-[6] to account for the longitudinal variation of weather
conditions. A temperature-dependent power flow method incorporating the dynamic line
rating and temperature-dependent line modeling has been introduced in this work to study
the impact of weather conditions on power system analysis. The proposed power flow
method incorporating weather conditions is utilized to determine the thermal and voltage
stability limit of a system during steady-state conditions as well as during transient thermal
conditions.
The following topics are presented in this chapter:
e Background and motivation for the work;
e Research objectives and contributions;

e Overview of the organization of the thesis.

1.2 Background and Motivation
With the increase in electric power generation and the emphasis on the integration

of renewable energy sources, many of the transmission lines are operating close to or



beyond their nominal ratings [7]-[10]. Increasing the transmission capacity of the power
grids is, therefore, of utmost importance for reliable and affordable delivery of electric
power, as well as for maximum integration of the renewable energy sources. While
construction of new transmission links is an option to increase the system capacity,
building new lines can be cost-prohibitive, time consuming, and most importantly,
constrained by the lack of availability of land corridors [11]-[13].

As system reinforcements are considered, it is also necessary to re-evaluate
historical approaches used to set transmission line capabilities. Traditionally, predefined
weather conditions are used to calculate thermal limits of transmission lines, known as
static line ratings [14]-[17]. As a conservative set of weather parameters are used in this
static line rating approach [14], [18] the line ampacity calculated using this method is often
not very realistic. With the proliferation of weather measurements and the increase in
availabilities of power component sensors and measurements [19]-[22], dynamic line
rating approach has been proposed, which uses measured values of weather conditions to
obtain line thermal rating. According to studies, dynamic thermal rating has the potential
to enhance the line ampacity by as high as 53% compared to the static thermal rating
approach [23]. However, the dynamic thermal rating does not consider the longitudinal
variation of the weather conditions. As transmission lines pass through different
geographic locations, it can experience different weather conditions along the lengths. In
order to account for the longitudinal variation of weather conditions and conductor
temperatures and the resultant non-uniformity of line impedance, temperature-dependent
line modeling approaches have been developed [4], [6], [24]-[25]. This consideration of

non-uniform line impedance affects the maximum power transfer capability of a



transmission system considering both thermal and voltage stability limits [4], [25]. System-
level analysis of the impacts of the time and space-varying nature of the weather conditions
are required to obtain a better representation of a power system network; also for an
improved estimation of the maximum power handling capability of a transmission network,
which is the primary focus of this research.

Traditional power system analysis methods, i.e. power flow and state estimation,
do not consider any external conditions, including weather conditions, aging of the lines
and environmental pollutions [26]-[27]. Preset values of line electrical parameters,
calculated at assumed conductor temperatures, are used in traditional power system
analysis methods. As weather parameters and resultant conductor temperatures are not
taken into account in the traditional methods, they are also unable to provide information
about branch thermal conditions in a system [28]. In order to perform the system-level
analysis of the impact of the variation in ambient conditions, weather parameters need to
be incorporated into state estimation and power flow analysis. An integrated approach to
power system analysis needs to be developed to take into account the available weather

conditions as well as possible longitudinal variations in conductor temperatures.

1.3 Conductor Temperature and System Level Analysis
Conventionally Newton-Raphson power flow methods use a predefined set of line
parameter values to perform the conventional power flow analysis. The values of line
electrical parameters used in these methods are usually taken from conductor manuals and
reference books, which are based on assumed weather conditions and branch loading [27],
[29]. State estimation method incorporating the conductor temperatures was proposed in

[30], where a simplified assumption for the impact of ambient temperature on conductor



temperature was considered. A temperature-dependent power flow method capable of
incorporating weather conditions was developed in [31]. However, linearized versions of
the heat equations from [32] were used for that method, which may introduce inaccuracy
in the study of impact of weather conditions on the power flow results.

Impact of conductor temperature on both thermal and system voltage stability limits
was studied in few of the research studies [33], [34]. These studies analyzed the impact of
conductor temperatures for congestion management and optimal power flow solutions.
However, most of the works consider the conductor temperatures only for thermal limits
and not for the voltage stability limit. A study incorporating the heat balance equation and
voltage collapse point was performed in [35], but it did not account for the spatial variation

in conductor temperatures.

1.4 Research Objectives

The objectives of this thesis work can be presented as follows:
e Revisiting the impact of weather conditions on the modeling of transmission
lines:
- Calculation of conductor temperatures using heat balance equation from
IEEE Std. 738
- Variation of conductor temperatures along the length of a line,
- Temperature-dependent line modeling approaches
= Differential approach

= Segmented approach



e Investigation:
- Impact of the non-uniformity of line parameters on steady-state analysis
of power systems
- Impact of varying weather conditions on the power handling capabilities
of the a transmission network and of individual lines in the network
considering thermal and voltage stability limits;
- Impact of weather uncertainties on the limiting factors to maximum
power transfer.
e Development:
- A power flow algorithm which is capable of integrating the time and
space-varying weather conditions into account for steady-state analysis;
- Atoolbox which can determine the maximum power transfer limit of a

system during both steady-state and non-static thermal conditions.

1.5 Research Contributions
The contribution of this thesis can be summarized as follows:
e Coupling of thermal and electrical parameters of transmission lines:
- To study the system-level impact of weather conditions on power
system analysis;
- To obtain a more accurate estimation about the loading capabilities of
different transmission lines in a system.
e Development and implementation of a Temperature-Dependent Power Flow

(TD-PF), which is capable of:



- Accounting for the variation in weather parameters into power flow
analysis;
- Providing a more realistic representation of a system compared to the
conventional methods;
— Delivering conductor temperatures of the transmission lines in a system
along with the electrical parameters;
Development of a Temperature-Dependent Continuation Power Flow (TD-
CPF) which can be used to:
- Find a better estimation of the system maximum power handling
capability;
— Determine the primary power limiting factor comparing thermal limit
and voltage stability limit;
Introduction of an Affine Arithmetic based system analysis approach to
account for the uncertainty in weather conditions:
- The temperature-dependent power flow based on affine arithmetic can
be used when there is uncertainties in the external conditions datasets.
- Rather than providing a single floating point number as a solution, this
approach provides a non-deterministic solution to the problem.
A power flow approach accounting for transient thermal conditions of
overhead lines:
— Proposed method can determine the maximum power transfer limit of a
transmission network during a variation in load or outages in one or

branches;



- The time required to reach the transfer limit during the non-static

thermal condition can be obtained using this approach.

1.6 Thesis Organization

The thesis is structured as follows:

In Chapter 2, literature reviews on the impact of weather conditions on the line
electrical parameters and line thermal rating are discussed, including the
temperature-dependent line modeling approaches.

In Chapter 3, a power flow method capable of incorporating the variation in
weather conditions into power system analysis is introduced.

In Chapter 4, Temperature-Dependent Continuation Power Flow (TD-CPF)
method is described, which can account for the change in conductor
temperature at each step increase in the loading parameter.

In Chapter 5, a method to integrate the uncertainties in weather conditions into
the proposed power flow method is discussed and the impact of the mentioned
uncertainties on the system power handling capabilities is investigated.

In Chapter 6, the impact of transient thermal conditions on power system is
analyzed; and the variation in the thermal and voltage stability limits during
the non-static heat balance is investigated.

Finally in Chapter 7, the accomplishments and contributions of this research

work are summarized and the future work and vision are presented.



CHAPTER 2: REVIEW OF THE IMPACT OF WEATHER CONDITIONS ON
POWER SYSTEMS

2.1  Overview
Electric power lines (transmission and distribution) are integral component of the
power system. System operators generally limit the transport capability of electric power
lines using a static thermal rating, which is clashing with the constant increase in demand
of electric power, in conjunction with the strong push for integration of renewable sources
of energy to the existing network.

This chapter provides a review of the temperature-dependent line modeling

including:
o Relationship between weather conditions and conductor temperatures,
o Impact of conductor temperatures on line electrical parameters, and
. Line modeling based on longitudinal variation in conductor temperatures

2.2 Weather Conditions and Conductor Temperature

External conditions including weather conditions such as wind speed, wind
direction, ambient temperature, air pressure etc. can impact the thermal rating of a
transmission line. Stead-state heat balance equation from IEEE Std. 738 demonstrates the

effects of different ambient conditions on line ampacity [32]. For a set maximum allowable



conductor temperature and known or assumed values of weather parameters, the maximum

allowable line current can be obtained using (1).

Q +Q =Q, +I"R(T.™) (2.1)
The heat balance equation can be modified in such a way that it can provide the
conductor temperature of a transmission line for known value of line current and weather
parameters. A conservative and fixed set of weather parameters, i.e. low wind speed and
high ambient temperature, are used in this equation to calculate the conductor temperature
during the static line rating approach, while dynamic line rating approaches use measured
data from weather stations or installed sensors as inputs for the heat balance equation [22],
[36]-[38].

2.3  Conductor Temperature and Line Electrical Parameters

A transmission line model consists of four electrical parameters [27], [39]:

r: series resistance per unit length

I: series inductance per unit length

g: shunt conductance per unit length

(0% shunt capacitance per unit length

Among the above mentioned four electrical parameters line series resistance is
directly affected by the conductor temperatures. Using the linear relationship between
temperature and resistance, as shown in (2), the line series resistance can be obtained for a

specific conductor temperature [40].

R(T.) = R L+ a(T, =T )] (2.2)
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As the line series impedance is composed of line resistance and inductive reactance,

it also gets impacted by the conductor temperature as [27] —
Z(T,)=R(T))+ jX, (2.3)

2.4  Longitudinal Non-Uniformity of Electrical Parameters

Transmission line models that are currently used in power systems cannot take the
longitudinal variation in conductor temperature into account. As long transmission lines
pass through various geographic locations and different weather conditions, the
assumption of constant conductor temperature and uniformly distributed impedance
throughout the line may not be realistic [4], [44]. Therefore, the line impedance is a

function of position along the line, i.e. non-uniformly distributed, as follows (3):

Z(T, (%) = R(T, () + X, 2.4
Where

Te(X) Tc as a function of position along the line, x

Z (Te(x) impedance as function of T¢(x)

R (Te(x)) resistance dependent on T¢(x)

XL inductive reactance, independent of T¢(x)

2.5  Temperature-Dependent Line Modeling
In order to consider this non-uniformity in line conductor temperatures, and
therefore in line impedance, different approaches have been proposed in previous studies,
though many of those studies are regarding the impact of non-uniformity of line electrical

parameters for electromagnetic transient [45], [46]. According to the steady-state analysis
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on non-uniformity of line electrical parameters there are two primary methods of line

modeling conforming to the longitudinal variation in conductor temperature [41], [47].

2.5.1 Non-Uniformly Distributed Parameter Model
This modeling approach considers shunt admittance y and line impedance z(x) to
be distributed along the transmission line [47]-[49]. A usual assumption is to neglect shunt

conductance as it is very small. Thus, shunt admittance y is represented by

y=°" (2.5)

Line series impedance z(x) is determined by (3).
The quantities of resistance r(x), inductive reactance XL and capacitive reactance Xc
are given in per unit length. j denotes the imaginary part. The assumption on r(x) is that it

can be represented by a power series (4) as follows:

N TR ok
yz(X) = kZ::;bkx 26

The solution of these equations yields the course of voltage and current along the
transmission line and also consists of a power series, given by equations (5) and (6) below.

ORES W

Y n=l

n
n—I
2 ab
1-0

Gysa =ﬁ
(n+2)(n+1) 27)
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Where by are the coefficients of the power series representing line impedance (4).
Since the solution is an infinite series, practically, it is cut off at some order. This introduces

an error which needs to be estimated.

R v
I, IT+dl' | | 1 IA
° . . i /\/\/\/_KWY\ ; . —0
C awax dl
Vy V+dV ydx—— 'V Ve

A
\ 4

Figure 2.1: Differential Approach to Spatial Non-Uniformity of Line Parameters

2.5.2 Multi-Segment Lumped Parameter Model

A line modeling approach was used to divide the line model into multiple lumped
segments, where each segment impedance is representative of the conductor temperature
that that specific line section is subjected to. The number of segments of the line model
depends on the degree of longitudinal change in conductor temperature, and the length of
the transmission line. In order to appropriately segment the line model, a threshold value
in terms of conductor temperature difference between any two points along the line would
is introduced [41], [54]. Whenever the difference in conductor temperature between two
points along the line reaches the threshold value, AT.", a segment is created. Each of the
segments has its own weighted average conductor temperature, from which line impedance

for each segment can be calculated as is depicted in Figure 2.2.
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|5 IR
—
+ o—— Segmentl | | Segment2 | ] Segment N Yt
VS VR
_c Z (Tc—segl) ————————————— VA (Tc-segZ) 7777777777777 z (Tc—segN) ——o° _
] ]
Isegl IsegZ IsegN

A
Y

Total Length, |

Figure 2.2: Multi-segment line models

Figure 2.2 shows an example line model with multiple lumped segments. The
difference in conductor temperature between the beginning of segment 1, and the beginning
of segment 2 is less than or equal to AT and so on. The conductor temperature for a single
segment is calculated using a weighted average. Given ti, to, ..., t, are conductor
temperatures at points within a segment length, and tw is the end-point temperature of the

segment, the weighted average of that segment conductor temperature can be calculated as

t +t t .+t t .+t t +t
[I |+1)Sl+(|+1 |+2jsz+m+( n-1 njsn_i_(n thjSth
2 2 2 2

S,+S, +..+S, +5,

follows:

where si, ..., Sn are the distances between consecutive measuring points, and St
denotes the distance between the last measuring unit and the point where the segment ends
(if the segment end point is not a measuring point, its conductor temperature can be

extrapolated).
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2.6 Impact on Steady-State System Analysis

The variation in the weather conditions can impact the steady-state analysis of
power system. Conventionally used power system analysis methods does not account for
the weather conditions and conductor temperatures [50]-[51]. Instead of using measured
values of weather conditions corresponding line electrical parameters, conventional
methods use preset line parameters which may not represent the realistic conditions of a
power system network [52]. Without obtaining a realistic representation of a network, it
would also be difficult to determine the accurate power handling capability of a system
[53].

There have been researches performed to integrate the weather conditions into
system level power system analysis. [30], [31] incorporated the variation in conductor
temperatures into power flow analysis and state-estimation analysis. These approaches use
a very simplified version of the heat balance equation [32], and therefore fails to
accommodate some of the external parameters into the temperature-dependent analysis of
power system. However, as these approaches considers the conductor temperature for
steady-state analysis, they are capable of providing information about thermal conditions
of the branches in a system along with the electrical parameters.

Integration of the weather conditions and resultant conductor temperatures makes
it possible to determine the power handling capability of a system in terms of both thermal
and voltage stability limits. Studies in [34], [54] conspired both of the limiting factors for
the determination of transfer limit of a system. [33] studied both thermal and voltage

stability limits to determine the optimal operational region of a power system. However
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these methods did not show the incorporation of the heat balance equation as well as the
impact of all the weather conditions on the system.

Weather conditions can also impact the power transfer capability of a system during
a non-static thermal condition, esp. during the outage of branch in the system or an increase
in the system load. Research performed in this area considers only the change in thermal
limit during a non-static thermal condition [55]-[56], does not study its impact on the
voltage stability limit under these conditions. The varying line electrical parameters during
the non-static thermal conditions are also not considered in the studied performed so far
[57].

An integrated toolbox is proposed in this thesis to incorporate the external
conditions into the steady-state system analysis and its impact on the primary limiting
factors to maximum power transfer of a power system network. The proposed methodology
can also be extended to study the impact of non-static thermal conditions on the power
handling capabilities of the system as well as to investigate the impacts of the data

uncertainties on the system-level analysis.



CHAPTER 3: TEMPERATURE-DEPENDENT POWER FLOW

3.1  Overview

A temperature-dependent power flow method which is capable of integrating the
weather conditions and resulting conductor temperatures into steady-state analysis of
power system is proposed in this chapter. The proposed approach is capable of providing
thermal conditions of the branches of the system alongside the electrical parameters. This

chapter has two major sections:
e Development of a power flow method incorporating the weather

conditions, and
e Integrating the temperature-dependent line modeling approaches into the

proposed power flow method.

3.2  Proposed TD-PF Method

Conventionally Newton-Raphson power flow methods use a predefined set of line
parameter values to perform the analysis of power systems. Therefore, the traditional load
flow studies can generate a substantial margin of error when compared to real-time
measurements [31], [58]. There have been few approaches developed to consider the
weather conditions into power system state estimation, and power flow studies.
Researchers in [31], incorporated the heat balance equation into the conventional power

flow algorithm, whereas [30] integrated the conductor temperatures into power system
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state estimation analysis. However, linear approximation of the heat balance equation was
used in these studies which can introduce deviation from the actual thermal conditions of
the line conductors. In this work, the solution of the conductor temperature from the non-
linearized heat balance equation, and the solution of the power flow equations are
determined sequentially within each iteration of the proposed method. The proposed power

flow method provides the following outputs:
1) Steady-state conductor temperature of each line in the system,

i) Voltage magnitude and phase at each bus, as in traditional power flow.

3.2.1 TD-PF Algorithm

An initial guess of the conductor temperature (Tc) is made. For that T, line
resistances are determined and an initial power flow is performed. The line current(s) are
then calculated and fed into the heat balance equation (1), together with the weather
parameters (which can be measured, given, or predicted), to obtain the updated Te. It is
noted that the heat balance equation is highly nonlinear [14], [15]. A Newton code-based
solution method to solve non-linear equations [59] was used in this work to determine line
conductor temperatures from the heat balance equation. In the power flow equations (4), it
can be seen that all the elements of the Y matrix are functions of conductor temperatures
(Tc) of the respective iteration steps, and the T are functions of the locations along the line,
X. Therefore, the values of T is used to update the line resistance at each iteration. The
process continues until the difference in T¢ for two subsequent iterations falls within a
predefined tolerance, and the value of steady-state conductor temperature, Tc*, is
determined. Fig. 3.1 shows the procedure of the proposed temperature-dependent power

flow algorithm with a flowchart.
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Figure 3.1: Proposed Temperature-Dependent Power Flow

3.3  TD-PF with TD-LM
The above described approach of temperature-dependent power flow considers
ambient conditions and obtains conductor temperature, assumed constant along each line.
However, temperature-dependent line modeling is needed to account for effects of
longitudinal variations in ambient conditions (and consequently in conductor temperature
and line parameters). The next subsection details how the TD-PF algorithm can incorporate

these temperature-dependent line models.
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In order to incorporate the variation of weather conditions along the line into the
proposed temperature-dependent power flow, the previously described line model
segmentation approach is used. Using the weather data and calculating line currents from
an initial power flow, a conductor temperature (T¢) profile is created for each line using the
steady-state heat balance equation [41], [47], [54]. If available, measurement from
conductor temperature sensors can be used directly. Once a T profile is defined for each
line, the temperature-dependent line model segmentation is performed. Each line model is
divided into multiple lumped parameter segments depending on the threshold value of the
difference of conductor temperature (Tc"") along the line [54].

The temperature-dependent line modeling approach and its outputs are presented

briefly in Fig. 3.2.

I = line current
| = segment length
Line current, lij —» . —> Seg. Length, leg = from bus
Tc ., LineModel Weighted avg. i =Tobus
Weather parameters, Profile Segmentation —> weather " n=segment number
T —> param. °EY
Vi, Ta, ... T vy = wind speed
Vwseg: laseg, - T. = ambient temperature

Figure 3.2: Line Model Segmentation Outputs

3.3.1 Algorithm
Segment lengths, lseg, and weighted average weather parameters (Vw seg, Taseg) fOr
each segment are calculated from line model segmentation. The weighted average weather
parameters are required to update the conductor temperatures in the iterative process of the
temperature-dependent power flow method. Once the line models are divided into multiple
segments, the transmission system model is updated accordingly. The start/end of a

segment within a line model is considered a load-less PQ bus. The introduction of these
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load-less PQ buses effectively increases the size of the Y-bus matrix, which can impact
computational time. However, this increased number of buses would also increase the
sparsity of the matrix which can be exploited using, for example, the techniques described

in [60], or Kron’s reduction [61] can be employed.

The proposed power flow approach is performed on the updated network model.
Fig. 3.3 graphically summarizes the procedure of taking the longitudinal variations in
weather conditions into account via temperature-dependent line models, and incorporating

it with the temperature-dependent power flow shown in the previous subsection.

Line Weather
Parameters
Vuwij, Tai

Line Currents HBE
A v
T.Profile

Initial ¢
Power Flow Line Model Segmentation

T e Segment length, lseq
o Weighted avg. weather param,

A\ 4

Network
Model

Vi seg, Ta seg

v

Updated Network
Model

Temperature-Dependent
Power Flow

A
Outputs for System Studies
Tcssa 9 ] |V|

Figure 3.3: Integration of T-D line modeling with temperature-dependent PF
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3.4 Simulation Results
The proposed power flow method is performed on two different sizes of power
transmission networks- one smaller (4-bus system) and the other of larger scale (39-bus
system). The impact of taking the weather conditions into power flow analysis is studied

for both of the cases and the results are compared to conventional power flow method.

3.4.1 4-Bus System

A 4-bus transmission network is used for the case study. The network is composed
of five transmission lines of different lengths and all the lines are made of ACSR Rook
conductor. The electrical parameters for the Rook conductor can be found in [29]. Each of
the branches is considered to have multiple weather stations along its length as presented
in Fig. 3.4. For this work, realistic weather data was mimicked using regional weather
station data from the Charlotte-Douglas International Airport in North Carolina [62]. Three
different cases will be studied for the 4-bus system — conventional power flow with =-line
models, the proposed TD-PF approach with =n-line models, and the TD-PF with the

temperature-dependent line modeling.
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Figure 3.4: 4-Bus System

Case A: Conventional power flow method is used in this case, which does not take
the measured weather conditions into account. Commonly used predefined weather
conditions are considered in this case to calculate the conductor temperatures [63].
Specifically, an ambient temperature of 40°C and a wind speed of 0.6 m/s are used [40].

Case B: The proposed temperature-dependent power flow for steady-state analysis
is used but the longitudinal variation of weather conditions is not considered. The measured
weather conditions along a line which account for the lowest line ampacity (or highest Tc)
are used.

Case C: The temperature-dependent power flow approach is now coupled with
temperature-dependent line modeling (TD-LM). Using a threshold value of 5°C for the
conductor temperature difference between two points, line model segmentation is applied.

The lengths of each segment, the corresponding weighted average wind speed and the
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ambient temperature for each segment (resulting from the line model segmentation as

discussed in Section 3.2) are presented in Table 3.1.

Table 3.1: Line Model Segmentation for 4 Bus Network

Seg
From To Length # of Length, | Seg.vw | Seg. Ta
Branch # Bus Bus (kr%) Segs Isegg (rg/s) (9C)
(km)
27 1.24 33.2
1 1 2 130 3 34 2.40 32.66
69 5.3 32.75
2 1 3 80 1 80 0.86 33.63
75 1.38 32.25
3 ! 4 140 2 65 3.37 32.75
50 6 33.1
4 2 4 110 3 15 3.35 32.7
45 1.7 32.35
46 1.5 33
> 3 4 70 ! 24 2.45 33.25

Table 3.2 denotes resulting conductor temperatures, Tc. Values for case B are lower

than those of Case A, which is expected as even the lowest measured wind speed (vw) for

each line is still higher than the value of vy used in static line rating, and the highest

measured ambient temperature (Ta) for each line is lower than 40°C. Case C takes the

variation of the measured weather parameters into account. Therefore, the respective line

T. for case C are lower than the T, from Case A and Case B.
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Table 3.2: Conductor Temperatures (T¢) for 4 Bus Network from TD-PF

Conventional Proposed Proposed
Branch # PF TD-PF TD-PF with TD-LM
Case A (°C) Case B (°C) Case C (MW)
53.0
1 67 59.9 48.0
43.2
2 62 54.8 50.7
42.8
3 56 48.2 39.
41.9
4 66 55.5 44.8
49.1
44.6
5 59 48.8 419

Table 3.3 represents the comparison of branch losses for the 4-bus network. As the

branch losses are directly related to T and resultant line resistance, Case A has the highest

branch loss for individual lines compared to the other cases. For Case C, branch losses for

each segment of a line are added together to obtain the total branch loss of respective

branches.

Table 3.3: Branch Losses for 4 Bus Network

Conventional Proposed Difference Proposed Difference
Branch P between TD-PF with TD- between
# PF TD-PF Case A and LM Case A and
Case A (MW) | Case B (MW) Case B Case C (MW) Case C
0, 0
1 11.36 10.945 3.65% 10.74 5.46%
0, 0
2 3.98 3.85 3.21% 3.8 4.52%
0, o)
3 1.34 1.29 3.73% 1.3 2.96%
4 8.25 7.83 5.09% 7.76 5.94%
0, 0
5 1.84 1.80 2.17% 1.79 2.72%
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3.4.2 39-Bus System

The IEEE 39-bus network is considered in this case study. All lines are Rook type

conductor. Out of the 46 branches in the system, only the ones under the yellow shaded

region in Fig. 3.5 have weather measurements stations on or near it. Three approaches

described as Case A, B and C in the 4-bus case study, are also used for the 39-bus system.

Table 3.4 contains the complete weather station locations and measurements.
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Figure 3.5: 39-Bus System
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Table 3.4: Measured Wind Speeds and Ambient Temperatures for 39-Bus System

Weather
Branch Branch Branch measurement Wind speed Ambient
4 (From- Length location v (mF;s) ' | Temperature,
To) (km) (from ‘From’ bus v Ta (°C)
(km))
1 1-2 80 0, 80 2.3,.85 32,32
5 2-30 70 0, 30, 70 .85,2.7,3.6 32,32,34
14 6-31 80 0, 40, 80 29,2,12 33, 33,335
20 10-32 60 0, 60 1.75,1.2 31,32
33 19-33 80 0, 50 3.4,2,09 33,34
34 20-34 100 0, 60, 100 2.9,1.7,0.75 31, 33,31
35 21 -22 80 0, 30, 60, 80 5.6,44,18, | 32,32, 325,
1.1 31
37 22 -35 80 0, 80 11,21 31, 33
38 23-24 70 0, 30, 70 3,22,11 32,32
39 23-36 80 0, 80 3,5 32,33
41 25 - 37 70 0, 70 0.8,2.2 34, 33
46 29 - 38 90 0, 50, 90 2.2,3.1,46 34, 32

Similar to the 4-bus system T for the selected lines in the 39-bus system were

higher for Case A, compared to Cases B and C. Table 3.5 presents T for select branches

for the three different approaches for the 39-bus system.



Table 3.5: Comparison of Conductor Temperatures for 39 Bus Network

Branch # . Proposed Proposed
N — Coé‘;’::ioga(':)PF TD-PF TD-PF with TD-LM
Case B (°C) Case C (°C)

57.8

1 2 75.03 68.8 63.8
66.9
66.5

2 30 81.2 74 70.9
73.4

10 32 79.7 68.5 65.8
58.7

6 31 74.5 64.8 612

16 24 55.3 55 53
49

22 35 77.6 69 61.2
65.7
53.6

23 24 70.8 63 57 6
61.6

25 37 71.8 66.8 573

27



CHAPTER 4: TEMPERATURE-DEPENDENT TRANSMISSION CAPACITY
ANALYSIS

41  Overview

As the proposed temperature-dependent power flow method provides information
about both thermal and electrical conditions of a power system, it has the potential to be
utilized in the determination of maximum power handling capability of a system. The
proposed algorithm offers the simultaneous comparison of the line currents to reach the
thermal and voltage stability limit to determine the critical limiting factor for a transmission

network. The highlights of this section can be shown as:
e Utilizing the temperature-dependent power flow for simultaneous

determination of thermal and voltage stability limits,

e Development of a temperature-dependent continuation power flow (TD-

CPF) method

4.2  TD-PF for Transfer Capacity
The proposed power flow approach incorporated with the longitudinal variation of
weather conditions delivers the steady-state thermal conditions of transmission lines.
Subsequently, its application can inform users if lines are close to their thermal limit. It
also provides a more accurate representation of the electrical line parameters, which
impacts the determination of the voltage stability conditions of the system. In order to

determine the effective power transfer limit of a system, both of the limiting factors need



29

to be considered. Continuation Power Flow (CPF) provides the maximum power transfer
capability of a system based on voltage stability limit [64]. Each line current corresponding
to the maximum loading point (Zmax) in CPF is determined and compared to the line current
needed to reach the line thermal limit (T.™®) under the given weather conditions to
determine the critical power transfer limiting factor.

Let, lijgmax) = line current to reach Amax, and li;jremax) = line current to reach Tc™

If (lisjgimax) > lisjremax) ),

Then Critical limiting factor = Thermal limit

Else Critical limiting factor = Voltage stability limit

4.2.1 Algorithm

The loadability limiting factor for each line, and therefore for the whole
transmission system, can be defined, as shown in Fig. 4.1.

Conventionally, maximum loading parameter (imax) is used to represent the voltage
stability limit of the system using CPF. In this work, a new parameter named ‘effective
maximum loading parameter’ (Amax") is introduced in order to incorporate the thermal limit
with the voltage stability limit of a transmission system. Though CPF does not provide
conductor temperature (T¢), the line currents for each step increase in loading parameter, 4,
are obtained and then used in the HBE (1) to get the respective Tc. As the system load is
gradually increased during the CPF, the line currents increase at each step, affecting Te.
The value of the loading parameter, 4, for which the T of a line reaches its maximum
allowable conductor temperature (Tc™®), is the effective maximum loading parameter for

the system. The procedure can be summarized as below:
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If (Te(Amax) < T™)
Then }Lmaxeﬁ = lmax

E|Se juma)(e}nf = l(TcmaX)

When a transmission line is divided into multiple segments, different segments will
have different conductor temperatures. In that case, the segment reaching the maximum

allowable conductor temperature first is considered for determining the line thermal limit.

Proposed approach:
Temperature-dependent power flow with
Temperature-dependent line modeling

'
[T/
NO ﬁ

YES
v
CPF
;
li-jamax) li-jcro)

Line Power Handling Capabilites
(Thermal & Voltage Stability Limits)

Figure 4.1: Power handling capability studies using temperature-dependent power
flow
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4.3  Case Study Considering Thermal and Voltage Stability Limit

The abovementioned three different approaches result in different line electrical
parameters for the 4-bus system. In order to study the impact of the weather conditions on
the power handling capability of the system, continuation power flow (CPF) is used on the
cases above. Fig. 4.2 shows that for Case C, the value of the maximum loading parameter,
Jmax, 1S the highest since segment conductor temperatures are lower than the corresponding
Tc’s for Case A and Case B. For Case A the value of Amax IS substantially lower than Cases

B (~3%) and C (~4.4%). Table 4.1 shows the tabulated form of the results from the CPF.

I | | I I |
_ ——P-V plot for Case A
L ——P-V plot for Case B
P-V plot for Case C
O Maximum loading (Amax) point
0.8 A
-~
3
(=%
A
o
LN 0.6 A
o
=
=
—
g
P 04r -
o
02r -
Qb=——oc—"T 1 I | I | 1 1 |
0 0.2 0.4 06 08 1 1.2 1.4 1.6 1.8 2

Loading Parameter (1)
Figure 4.2: P-V plots for bus 2 for each case of the 4-bus system
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Table 4.1: Comparison of Amax (4-bus system)

Case # Amax % diff in Amax from case A
Case A 1.7340 -

Case B 1.7855 2.97

Case C 1.8100 4.38

Table 4.2 shows the line currents when the system reaches the voltage stability
limits, as well as the line currents for individual lines to reach the thermal limits. For all
the cases, the branch 1 and branch 4 line currents required to reach the thermal limit are
lower than the currents required to reach the voltage stability limit, Amax. Therefore, branch
1 and branch 4 will reach their individual thermal limits before the system reaches Amax.
Using the approach discussed in Section 4, T at each step of CPF is calculated. In Fig. 4.3,
the asterisk marks (*) indicate the loading point for which at least one branch of the system
reaches Tc"®. However, it must be noted that line currents required to reach thermal limits
are not the same for different cases. For conventional power flow (Case A), the system
reaches the maximum power handling point whenever the line current for branch 1 or 4
reaches 850 amps, even though according to CPF, branch 1 and 4 can carry line currents
of 1163 and 1213 amps respectively. Therefore, for Case A the transmission system cannot
reach the point of Amax. The value of A for which the T¢ for branch 1 or 4 reaches T."® would

effectively be the Amax. The effective Amax, (Amax") for Case A is found as 1.595.



Table 4.2: Line Currents to Reach Thermal and Voltage Stability Limits
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Case A Case B Case C
Branch #

(1 for Jimm) (I for (I for (I for (I for (I for

Tcmax) lmax) Tcmax) imax) Tcmax)

1 1163 850 1165 980 1182 1100

2 727 850 738 960 740 1000

3 378 850 376 980 377 1110

4 1213 850 1213 1080 1230 1170

5 470 850 470 1065 480 1135

Similar outcomes are obtained for Cases B and C. The line currents required to

reach the Tc,™* are higher in Case B than in Case A. In Case B, the system reaches its

maximum loading point when branch 1 current reaches 980 amps or branch 4 current

reaches 1080 amps. The Amax" for this case is obtained as 1.715, which is 7% higher than

the case where measured weather conditions are not taken into account. Furthermore, for

Case C, where the longitudinal variation of weather conditions is taken into account the

value of Zma’™ is the highest, and it is more than 12% higher than that of case A. Table 4.3

shows the comparison among the Amax® values for three different cases.
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Figure 4.3: P-V plots with thermal limits

Table 4.3: Comparison of Zmax®" for 4-Bus System

Case # Amax?! % diff in Amac™ from case A
Case A 1.595 -

Case B 1.715 6.99

Case C 1.7925 12.38

4.4  Temperature-Dependent Continuation Power Flow
In conventional continuation power flow the system load is increased gradually
until an operating limit is encountered. In this method, the variation in line conductor
temperature with the continuous increase in system load and resulting line current is not

taken into account. Therefore, the transmission line electrical parameters are also
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considered fixed throughout the process, as these parameter are directly dependent on the
line conductor temperature. However, change in line current affects the conductor
temperature of a transmission line, which impacts the line electrical parameters. This
approximation of constant values of electrical parameters throughout the continuation
power flow introduces a quantifiable error in the calculation of power handling capability
of the transmission lines.

A temperature dependent model of the continuation power flow method (TD-CPF)
is developed in this work. This modified version of the CPF takes into account the
variations in line currents with the increase in loading. Therefore, the method considers
the continuous change in conductor temperature and the subsequent change in line
electrical parameters. The developed TD-CPF method is also capable of determining the
power transfer limiting factor of a transmission line by tracking the thermal and voltage

stability limits of the line at each step.

4.4.1 Algorithm

At the start of the procedure, the values of the electrical parameters of each line in
the system are adjusted for the initial loading conditions. In order to get the most correct
value of these parameters, i) Newton-Raphson (NR) power flow is performed and
subsequent line losses are calculated, ii) the conductor temperature is determined from the
line losses, and iii) the line resistances are updated based on the corresponding conductor
temperature using (2). Steps i-iii are performed iteratively until the relative variation
between the conductor temperatures for two subsequent iterations is within a specified

limit, &
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When the correct line parameter values for the base case are obtained, the
temperature dependent continuation power flow (TD-CPF) is performed. In this method,
the line parameter values are updated with each step increase of the loading parameter, and
the resultant Ypus-matrix is also updated. This is done by determining the current conductor
temperature using the line losses corresponding to the applied load. The right most part of
the heat balance equation (1) represents the loss of a transmission line. For the
determination of conductor temperature, the heat balance equation is solved by a non-linear

equation solver [32], [59].
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The predictor and the corrector are used multiple times for a same loading
parameter to get the correct value of the conductor temperature and resulting line
resistance. The iterative process is continued until the conductor temperature between two
subsequent iteration steps is within the allowable limit, which in this case was set to 1x10
5.

Prediction and correction with the updated conductor temperature are continued
until the value of the loading parameter for a step is not higher than the loading parameter
of the previous step, which marks the voltage collapse point for the system. In order to get
the full P-V plot, the iteration is continued until the loading parameter, 4, goes back to its
initial value. The flowchart in Fig. 4.4 summarizes the TD-CPF procedure.

It is noted that unlike the proposed TD-CPF, conventional CPF does not consider
conductor temperature at any point during the determination of the system voltage stability
limit. The gray-shaded blocks in Fig. 4.4 highlight the steps of conventional CPF. These
blocks show that when the critical point is reached, the loading parameter reaches its
maximum value, without considering conductor temperature T¢. Otherwise, as long as the
loading parameter is greater than the previous value, the iterative process continues as
showed by the dashed line in the flowchart.

As the conductor temperature is updated at each step of the TD-CPF, the thermal
limit of the lines can also be determined using this process. Whenever the conductor
temperature reaches the maximum allowable limit, it marks the thermal limit of the
transmission line. Between the two power transfer limiting factors of transmission lines —
the thermal limit and voltage stability limit, the one which occurs first during this procedure

is considered as the main limiting factor for that line.
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A new parameter amax iS introduced in this paper to represent the maximum power
transfer limit of the transmission line considering both thermal and voltage stability limits.
If Amax is the loading parameter to reach the voltage stability limit of the system, and T¢"
represents the maximum allowable conductor temperature, the maximum power transfer
limit of the line can be determined in the following manner:

When, Kimar < k7c®"

Gmax = Amax

Otherwise, if Kinar > krc™"

Omax = A ﬂCchri)

Where,
Kimax = TD-CPF step number to reach Amax and

krcS = TD-CPF step number to reach T¢o"

45  Simulation Results

A 120-mile long transmission line is considered for the case studies. The line is
made of Drake type conductor [27]. Its maximum allowable conductor temperature is
100°C [14] and the line is located 10 meters above the sea level on a plane land. Five
equidistant weather stations are considered along line. At the first measurement location
(line sending end), the conductor temperature, T, is 55°C, at location 2 it is 75°C, at
location 3 it is 50°C, at location 4 it is 60°C, and at location 5 (line receiving end) it is 50°C.
A linear variation of T¢ is assumed between two successive measurement points. The
above-mentioned T. values at the five measurement locations produce the conductor

temperature profile shown in Fig. 4.5.
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Based on the above, the transmission line is modeled in two ways: using the multi-
segment line modeling approach, and using a single-segment model with parameters
calculated at a single conductor temperature. Using an example threshold value of 15°C
for the conductor temperature difference between any two points in a segment, a 3-segment
line model is obtained. Segments 1, 2 and 3 are 22.5, 25.5, and 72 km long, respectively.
The weighted average T for each of the segments are calculated as 62.5°C, 65°C and 55°C,
respectively. A graphical representation of the 3-segment model can be seen in Fig. 4.5.
If a single-segment line model is used instead of the multi-segment model, a single value
of conductor temperature could be obtained by taking the weighted average T, for the entire
line, which in this case would be 60°C.

For evaluation purposes, four case studies are considered and compared: 1.
conventional CPF and single-segment line model at the single weighted average Tc, 2. TD-
CPFand single-segment line model at the single weighted average T¢, 3. Conventional
CPF and 3-segment line model, and 4. TD-CPF and 3-segment line model. In all cases,
the base load on the receiving end of the line is set to 79.4 MVA with a power factor of

0.88.
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Figure 4.5: T, profile and line model segmentation for case 2
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Cases1and 3

when the conventional CPF is applied using a single-segment line model at a single
weighted average conductor temperature (Case 1), the maximum loading parameter for the
system is found to be 2.6503 marked by the green cross on the plot in Fig. 4.6. However,
when the TD-CPF was applied for the same modeling approach (Case 3), the maximum
loading parameter is found as 2.6125, marked by the blue dot on the blue line. Therefore,
the value of Amax is lower in this case as compared to the conventional CPF, by 1.42%,
which is expected as the TD-CPF considers the increase in line resistance with the gradual
increase in system load. The red mark in Fig. 4.6 denotes the maximum allowable
conductor temperature (100°C). The figure shows that the voltage collapse point for the
system occurs before the conductor reaches its maximum allowable temperature.
Therefore, voltage stability limit is the main limiting factor in this case for the maximum

power transfer capability limit of the transmission line under consideration.
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Figure 4.6: Conventional CPF and TD-CPF plots for the single-segment line

model at weighted average conductor temperature (Cases 1 and 3)

Cases2and 4

When the conventional and temperature dependent CPF are applied using the 3-
segment line model, the plots in Fig. 4.7 are obtained. Three sets of plots in this figure
represent the P-V curves for the three segments of the line model. Similarly to the previous
case, the maximum loading parameter using the TD-CPF (2.6395) is found to be lower
than by using the conventional CPF method (2.6744); this time by 1.31%. In the TD-CPF
the conductor temperatures for the three segments do not reach the thermal limit at the
same time, as the three segments have different conductor temperatures under the initial

loading conditions. For segments 1 and 2, the voltage collapse point, indicated by blue
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dots, is reached before the conductor temperature reaches the maximum allowable limit,
marked by red dots. However, for segment 3 the thermal limit is reached before the voltage
collapse point. As the conductor temperature for each of the segments must be within the
limit of the maximum allowable temperature, for this case the thermal limit is the main
limiting factor to the line maximum power transfer capability. Though Amax for this case is
2.6395, the conductor temperature reaches 100°C when A is 2.6304; therefore, the

maximum allowable value of the loading parameter for this case is 2.6304.

L [ L L L
—— PV plot for conventional CPF
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Figure 4.7: Conventional CPF and TD-CPF plots for the 3-segment line model
(Cases 2 and 4)
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The results from the above mentioned cases are presented in Table 4.4.
Conventional CPF cannot provide any information regarding the change in conductor
temperature for both the single- and the multi-segment line modeling approaches, as it does
not consider the impact of change in line current on the line conductor temperature.
Quantifiable differences in Zmax are noted among the cases. TD-CPF results in 1.43% lower
loadability estimates as compared to the conventional CPF. When the TD-CPF is applied
using the single-segment model at a single weighted average conductor temperature (case
3), the voltage stability limit is found to be the main limiting factor as Tc at Amax is below
the thermal limit of 100°C. The T¢ at Amax for the three segments in the multi-segment line
modeling approach (case 4) are observed to be 95°C, 103°C and 98°C. The reason behind
the higher T¢ on the 2" segment is that the T at that segment was already higher than the
other two segments at the initial loading condition. Though the T, of segment 1 and 3 are
below 100°C at Amax, thermal limit is the limiting factor for maximum power transfer
capability for this case as the 2" segment reaches 100°C before A reaches its maximum
value. Therefore, considering both thermal and voltage stability limits, the maximum
loading parameter for this case is 2.6304, which is approximately 1.7% lower than the

conventional CPF (as seen in the amax row of Table 4.4).



Table 4.4: Comparison of Amax and Tc at Amax for Cases 1-4

Single segment at avg T¢

Multi-segment line model

CPF | TD-CPF | % diff. CPF TD-CPF % diff.
Jmax | 2.650 2.612 1.43% | 2.674 2.639 1.35%
Segl | 96°C
Tcat o 5
N/A 95°C - N/A | Seg2 | 103°C -
/1max
Seg3 | 97°C
amax | 2.650 2.612 1.43% | 2.674 2.6304 1.69%
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CHAPTER 5: IMPACT OF DATA UNCERTAINTY ON TEMPERATURE-
DEPENDENT POWER SYSTEM ANALYSIS

51  Overview
Uncertainty in weather parameters arise from different sources, such as solar
insolation, ambient temperature, aging, or spatial distribution of climatic variables [65]-
[67]. The range of uncertainties may vary with time and location. The uncertainties of these
sources can directly impact the branch electrical parameters will not only affect the outputs
of the power flow analysis but also have an impact on the maximum power handling
capacity of the system [68]-[71]. The goal of this section is to:
o Implement interval arithmetic to account for the data uncertainties in
weather conditions;
o Study the impact of the data uncertainties on the power handling capabilities
of transmission lines; and
. Integrate interval arithmetic to account for the data uncertainties into the

Temperature-Dependent Power Flow method.

5.2  Affine Arithmetic (AA) for Data Uncertainty
Affine arithmetic is a modified interval arithmetic approach which is capable of
overcoming the limitations interval arithmetic during data uncertainty [72]-[73]. Affine

arithmetic can keep the correlations between the input data and computed quantities. This
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property of affine arithmetic helps to provide a tighter range in the calculation process by
removing the overestimation problem of the standard interval arithmetic method [74]-[75].

The overestimation or wider boundary problem of interval arithmetic can be
presented using a simple example —

If f(x)=@+x)*(8-x), and xe X,x=[-2,+2] (5.1)

Interval math gives the total range as

8+ X =6, 10] (5.2)
8-X =16, 10] (5.3)
(8 +X) - (8 - X) =[36, 100] (5.4)

Which denotes the length of the interval is 100 — 36 =64, while the length of the
exact interval, [60, 64], is only 64 — 60 = 4. Affine arithmetic approach was introduced as
a remedy to this overestimation problem of the interval math. In affine arithmetic, the

quantity of a parameter can be presented as [72], [75]

X=X + X6 + X6, +...+ %6, (5.5)

Xo, X1, X2... are the floating point real numbers, whose values are known. The
GGy, are called noise variables and can range from -1 to +1. It is to be considered that
each ¢, is independent of the corresponding x,, . The interval arithmetic, @ =[X,y] can

be written using the affine form as

é:ao +ag (5.6)

d=——+—"¢ (5.7)
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5.2.1 AA-based Heat Balance Equation

Due to the uncertainties of the input parameters from (3)

T, =T, +T..¢.; Uncertainty of ambient temperature (5.8)
V, =V,, +W,,6,, ; Uncertainty of wind speed (5.9)
¢3 = ¢, + &6, ; Uncertainty of Wind direction (5.10)

A

a=a,tag,

E=g,+EcC, }; Uncertainty from aging, and pollution (5.11)

With respect to (9) the above set of the equations become

- Tamax +Tamin Tamax _Tamin
T, = 5 + 5 *Cra
7 Vwmax +Vwmin Vwmax _Vwmin
Vw = 2 + 2 *ng
¢max + Drmin ¢max _¢min *
= +
? 2 ) %
o = Xax T Cin + Xmax ~ Xmin * (5.12)
2 2 “
c= Emax 1 Enin 4 Emax ~ €min *gg
2 2

In the heat balance equation Qc, Qr, and Qs — all are dependent on the various
external conditions. Therefore, uncertainties in external conditions will introduce
uncertainties in conductor temperatures and resultant line electrical parameters.

Considering the uncertain values of the external conditions the heat balance equation can

be as:

Qc(l-a’vw’ c)+Qr(fa’é’ c):Qs(&)-l_IleTc (513)
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Where,
Ta = Ambient temperature
vw = wind speed
€ = emissivity

a = absorptivity

And eventually as:

Q +Q =Q, +I°R, (5.14)
5.2.2 Impact of Uncertainties on Line Parameters and Conductor Temperatures

The resulting non-deterministic values of conductor temperatures can affect the line

resistance in the following way:

ﬁl} = rref [1+ a(fc _Tref )] (515)
Where

Tc = conductor temperature
r = line resistance
a = temperature coefficient of resistance

Trer = Reference temperature

In an elaborative form (11) can be rewritten as

. T +T, T.,-T,
rTC:rref 1+0{([ YH2 'L+ 'H2 LgTCJ_Tref] (5_16)

Where
Tc,n = maximum conductor temperature

Tc,L = minimum conductor temperature



¢tc = Noise variable for conductor temperature
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Apart from the weather conditions, uncertainties in line sag and spacing between

line conductors can also affect the values of the line electrical parameters of a transmission

line. [76] showed the impact of uncertainties in conductor spacing on the line reactance

values using the following equations [63]:

~

~ d
L=2x10"In—=

Where,
L = inductance
deq = equivalent spacing

r = conductor radius

Therefore, incorporating the uncertainties into line reactances:

)ZL —onf (XL,H ;‘XL,L " XL,H ;XL,L gXLj

-1
Xc :[27[f (XC,H + XC,L 4 XC,H - XC,L gxc D

2 2
Where,

XL = Inductive reactance

Xc = Capacitive reactance

(5.17)

(5.18)

(5.19)

(5.20)

For the representation of the affine forms of the weather parameters under study,

historical weather data is required. The weather dataset shown in Table 5.1 was taken at

the weather station located at the Charlotte-Douglas International Airport in Charlotte,

North Carolina [62].



o1

Table 5.1: Weather Data for summer and winter at 12 Noon

Summer Winter
Input data
Highest Lowest Highest Lowest
Temperature 34°C 25°C 13°C -2°C
Wind Speed 2.5m/s 1.4 mls 2.1 m/s 1.3 m/s

The range of temperature at 12 pm during the summer at the measuring point is
from 25°C to 34°C. From (10), the ambient temperature intervals for the line can be

expressed as

. 25+34 34-25
T, = > T *Gra (5.21)

If the noise variable ¢, is selected as a vector ranging from -1 to +1, with a regular

interval of 0.25, then

A

T, =29.5+4.5%[-1:0.25: +1] (5.22)

Similarly, the affine form for the wind speed:

\7W =1.95+0.55*[-1:0.25: +1] (5.23)

In Fig. 5.1, red indicates a high conductor temperature and blue low conductor
temperature. The figure shows that the wind speed has a stronger impact on conductor
temperatures of overhead lines than ambient temperature. A similar type of plot can be
drawn for conductor temperature as function of wind direction, solar heat gain, aging, and

environmental pollution.
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Conductor Temperature

Wind Speed Ambient Temperature

Figure 5.1: Conductor temperature as a function of ambient temperature and wind
speed during the summer season

5.3 AA-based Temperature-Dependent Power Flow

The goal of this subsection is to investigate the impacts of the uncertainties of
ambient conditions on power flow analysis using affine arithmetic and a proposed
temperature-dependent power flow method. The developed approach is capable of
providing an accurate representation of the electrical and thermal conditions of a system
considering the impact of external uncertainties, viewed as intervals, on the branch
parameters.

Conventionally used power flow methods do not consider the impact of ambient
conditions on the values of the branch electrical parameters and cannot provide information
about the thermal conditions of the transmission lines of a system. However, external
conditions can have an impact on the branch electrical parameters and eventually can affect

the power flow results.



53

As the elements of the bus admittance matrix is composed of the branch electrical
parameters, and line resistances are dependent on the conductor temperatures, therefore the
elements of the bus admittance matrix are directly dependent on the conductor temperature.
Considering the uncertainties in weather conditions and its impact on the conductor

temperatures, the power flow equations can be presented as:

BV, = NS, |V, [costS, -6, -6,)
j=1

(5.24)

QV.8) =N | X, (R [sin(5 ~ 5, ~4,)

/Initial Branch\
k parameters

Newton-Raphson
Power Flow
v
Line Currents
-
External L Heat Ba_lance -
Equation 3
Parameters 2
(IEEE Std. 738) 8
o
D
Line Conductor
Temperature, Tc A
) NO
n = Iteration number
T, = Steady-state T,
€ = Allowable limit YES

TS, |V, 6

Figure 5.2: Proposed Temperature-Dependent Power Flow with Data Uncertainty
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The proposed temperature-dependent power flow takes the external conditions into

account, which can often be non-deterministic.
54 Simulation Results

4-bus system

A 4-bus system is considered for the first case study. The system is comprised of 4
transmission lines made of ACSR Rook. The minimum and maximum ambient
temperatures and wind speeds are considered for summer and winter for all the branches
of the system, from weather measurement data for four different areas from National
Oceanic and Atmospheric Administration database [62], as shown in Table 5.2. The length

of the branches of the 4-bus system is shown in Fig. 5.3.

96 km

112 km ..-I

T 96 km

Figure 5.3: 4-bus system

1

Table 5.2: Ambient temperatures and wind speeds

Bra;ch B_llr%nfh Ambien_lt_aT(%rg;) erature | \ing Speed vw(m/s)
From Summer Winter | Summer | Winter

1 1-2 |[18,39] [-3,25] | [.9,2.8] | [.8,4.3]

2 1-3 |[15, 37] [-2,26] | [.6,2.2] | [.8,2.9]

3 2-4 |[18,39] [-2,27] | [6,3.6] | [7,3.1]

4 3-4 |[17,37] [-3,24] | [5,3.3] | [1,24]
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Along with the uncertainties in the weather conditions, the uncertainties in line
reactance due to variation in line geometry is also considered. According to [77] a +/- 3%
variation in the values of the line reactances is used in this case study.

Using the proposed temperature-dependent power flow method integrated with
branch parameter uncertainties, the following set of results about the electrical condition
of the system was obtained as presented in Table 5.3. Table 5.3 shows that the highest and
lowest values of branch losses take place in summer and winter respectively, however,
there are times when the branch losses in summer can be lower than the losses in winter.
Similar conclusion can be drawn for load bus voltages as well.

Along with the bounds of electrical parameters of the system, the proposed power
flow algorithm also provides the range of conductor temperatures (T¢) for each branch of
the system. The bounds of the conductor temperatures, as shown in Table 5.4, show similar
qualitative characteristics to the bounds of the electrical parameters of Table 5.3. Though
the upper bounds of the T, for summer are much higher compared to those in the winter, at
some point the T¢ during summer can be lower than those during winter. This fact
highlights the risks/limitations associated with the static seasonal line rating approach,
where fixed set of weather conditions are used for line thermal rating for summer and

winter seasons [78].



Table 5.3: TD-PF results for 4-bus system

TD-PF under external

TD-PF under weather

Parameters uncertainties (summer) uncertainties (winter)

Va2 (V) [0.919, 0.926] [0.92, 0.928]

V3| (V) [0.881, 0.893] [0.884, 0.896]

Va (V) [1.02, 1.02] [1.02, 1.02]
52 (°) [-3.233, -3.025] [-3.065, -3.248]
Js () [-4.315, -4.632] [-4.356, -4.658]

o4 (°) [4.384, 4.622] [4.396, 4.653]
ey | TS| Esood
Ploss13+]Qloss1z (MVA) 4[£619083;111754‘f1i] 534‘?586;]1175398]’
prarQuativ | BEES | o
Plossaz+]Qlossaz (MVA) ?01322;13?;2543, [98863838-;]33743?&’




Table 5.4: TD-PF results for 4-bus system

Branch Conductor Conductor
Branch # To — From Temperature - Temperature -
Summer (°C) Winter (°C)
1 1-2 [29, 56] [6, 43]
2 1-3 [27, 57] [9, 43]
3 2-4 [28, 61] [9, 48]
4 3-4 [32, 70] [14, 49]
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Continuation power flow accounting for different sources of uncertainties of line

electrical parameters is performed to study the impact of branch uncertainties on the

maximum loadability point of the system. Fig. 5.3 shows the range of the maximum loading

parameter, Amax, Values for both winter and summer. It can be noticed from the PV plots

that at some point the value of Amax for summer uncertainties can be higher than the Amax for

winter uncertainties, which is presented by the area where the blue and yellow regions are

overlapped. Table 5.5 shows the results from continuation power flow in a tabulated form.
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Figure 5.4: PV plot different summer and winter

Table 5.5: TD-PF results for 4-bus system

Season Maximum loading parameter,
imax

Summer [1.851.98]

Winter [1.92,2.11]

However, voltage collapse point is not the only factor determining the maximum
loadability point of a power system network. Thermal limits of the conductor can also play
a major role in determining the maximum transfer capability of a system. As the proposed
temperature-dependent power flow method is capable of providing information about the
thermal conditions of the system, the loading point which causes a branch conductor
temperature to reach the maximum allowable limit (Tcmax) can also be determined from the

continuation power flow. Table 5.6 shows the values of T at the /max point. When the value
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of Tc at Amax point is higher than Temax (100°C) for at least one branch, thermal limit would

be the primary limiting factor for the system at that particular weather condition.

Table 5.6: Comparison of Branch Currents

Branch # Conductor temperature. | Conductor temperature.
Te @ Amaxsummer (°C) | Tc @ AmaxWinter (°C)
1 [46, 81] [20, 70]
2 [70, 144] [51, 112]
3 [37, 75] [18, 62]
4 [80, 162] [71, 122]

30-bus system

The affine arithmetic based power flow was also performed on a 2-area 30-bus

network presented in Fig. 5.5 [79]. Two sets uncertainties in ambient temperatures and

wind speeds for two different areas are considered for this case. The boundaries of

uncertainties in the ambient conditions are shown in Table 5.7.
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Figure 5.5: Two-area 30-bus system

Table 5.7: Weather data for 4-bus system

Ambient T%mperature Wind Speed vy (m/s)
Ta (°C)
Area
Summer Winter Summer Winter
1 [22, 39] [3, 22] [.9, 3.1] [.8, 3.5]
2 [19, 34] [-2, 20] [.7,3.3] [.8,2.9]

The power flow results incorporating the line parameter uncertainties are shown in

the following figures. Fig. 5.6 shows the boundaries of the voltage magnitudes for winter
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and summer conditions respectively. The possible range of conductor temperatures for

summer and winter time are presented in Fig. 5.7.

Bus Voltage (pu)

Bus Voltage (pu)

0.951-

0.85

Conductor Temperature (oC)
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" | —v—Lower bound of |V|
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Bus Number

Bounds of Bus Voltage (Winter)
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Figure 5.6: Boundary of voltage magnitudes
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—%— Lower bound Tc (Winter)

1
25 30 35
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Figure 5.7: Conductor temperatures from proposed TD-PF
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Using the continuation power flow approach the boundaries of the maximum power
transfer capability point of the 30-bus system can be determined as shown in Fig. 6.8
Similar outcomes compared to the 4-bus case were observed in this case as all. The
tabulated form of the PV plots is presented in Table 5.8.

Table 5.8: TD-PF results for 4-bus system

Season Maximum loading parameter,
/1max

Summer [5.3, 5.46]

Winter [5.41 5.61]

1.0 ]
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Figure 5.8: PV plot for 30-bus system



CHAPTER 6: TEMPERATURE-DEPENDENT POWER FLOW COUPLED WITH
NON-STATIC HEAT BALANCE

6.1  Overview

An overhead transmission line may lose its steady-state thermal conditions when
there is a change in weather conditions, variation in system loads or there is an outage of
one or more lines in the network [80]. Change in any of the mentioned parameters would
affect the conductor temperatures which may impact the line electrical parameters [55],
[81]. However, the change in conductor temperature and electrical parameters are not
instantaneous, rather it takes place gradually within a certain period of time [32], [81].
During this period of time the thermal and voltage stability limits of a transmission system
also change over time until the all the lines reach a new steady-state conductor temperature
or the system faces a voltage instability point. This chapter highlights the following points:

o Reviews the impact of the variation in weather parameters or system load
or branch outage on the line thermal conditions using non-steady state heat
balance equation.

. Development of a time-dependent temperature-dependent power flow
algorithm capable of incorporating non-steady-state heat balance
conditions.

o Comparing the results of the proposed method with the conventional

approach in case of transient thermal conditions.
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6.2  Non-Steady-State Heat Balance Equation
A conductor experiencing a step change in branch current is then subjected to a
gradual change in conductor temperature. The non-steady-state heat balance equation (6.1)
can calculate the time required for an overhead line conductor to reach the new steady-state
conductor temperature [32].

Izr(T)+QS—QC—Qr At
mC

p

AT =

(6.1)

In order to obtain the updated conductor temperature after time At, the increase in
conductor temperature, AT is added to the previous steady-state conductor temperature:
T=T%010)+ AT (6.2)
The value of the updated conductor temperature T must remain below the maximum
allowable conductor temperature, T"®, for safe operation of the transmission line. When
rearranged, (2) also provides the time required for the conductor to reach its T"® during a
step change in current [56].
The value of At for which the updated temperature reaches the thermal limit or a
new steady-state conductor temperature is called as critical time, t"°. The critical time, t"',
may also indicate the time to reach the voltage collapse point, if the voltage stability limit

reaches faster than the thermal limit in a system.

6.3  Time-Dependent and Temperature-Dependent Power System Simulation

When there is an outage of a branch in the system or a step change in the system
load, the flow of current through one or more branches can change abruptly. The

corresponding conductor temperature will continue to rise until it reaches a new steady-
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state thermal condition following equation 6.2. The variation in conductor temperature(s)
will also affect the voltage stability condition of the system [82]. Thus, for example, a
branch contingency can result in either:

i) updated steady-state thermal and voltage conditions, or

ii) violation of thermal limits in one or more branches, or

iii) voltage issues.
In the case of a branch contingency, the power flow through different branches
changes immediately (at t = 0%). The change in branch currents impacts the conductor
temperatures T of the respective branches following the non-steady-state HBE:

AT = Im r-(Tm—l)-l_Qs _QC (Tmfl)_Qr (Tml)At

" mC, (6.3)

where m is the time step number, Tm = Tm-1+ATm, and form =1, Tm1 =T,

The gradual change in T affects line series resistances and changes in branch
currents and losses. Therefore, post contingency branch currents are not constant until they
reach the new steady-state conductor temperature. The variation in line currents can be

obtained from solving the power flow equations at each time-step (10), for bus i:
N -
PGV, T)=V,D V(G (T, +AT,)coss, + B, (T, +AT,)sind;)
j=1

N . 6.4
QBN T)=Vi2V,(@ (T +AT,)sind) - B, (T, 1 +4T,) 057} ©4)
J:

Therefore, in order to solve for the thermal and electrical conditions of a power
system during a branch contingency, both the nonlinear algebraic power flow equations

and the difference equation for non-static conductor heat balance are needed.
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Thus, in this work, an algebraic-discrete system of equations is adopted. Inspired

by a specific subset of differential-algebraic-discrete (DAD) hybrid power systems [83]-

[84], the dynamics of conductor temperature are viewed as discretized events and

subsequent changes in series resistances are incorporated into switched systems of

nonlinear algebraic equations. Compactly, with (11) as g and (10) as z:
{gm (x,T)=0

z(x,T,m)=0; given time step At
and the state variables x, as |V| and ¢ at each bus, are dependent on the discrete

(6.5)

variables T.

6.3.1 Algorithm for the proposed method

The proposed contingency analysis approach is shown in flowchart form in Fig. 2.
Following a contingency, a power flow with initial parameters is run to check for
convergence, if the power flow does not converge, then static voltage security has been
violated [85]-[86]. Else, the updated branch currents are fed into (10) along weather
parameters and a preset time-step, At, to determine updated conductor temperatures.

If the updated conductor temperature for each branch is below its maximum
allowable limit (T™), the branch resistance for each transmission line is updated (4). On
the other hand, if the calculated conductor temperature reaches its T™®, that branch is
considered to have reached its thermal limit and appropriate measures must be taken.
Whenever a branch reaches its T™, its associated power flow becomes one of the power

transfer limiting factors for the system.
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If none of the limits are reached, then convergence to a new thermally driven
steady-state condition is achieved when the difference in conductor temperatures for two
successive iterations falls within a set threshold value for each of the branches.

A byproduct of including the time-varying characteristic of the HBE is that the
approach also identifies the time taken to reach the resulting end condition mentioned
above (i, ii or iii) within At. Specifically, an iteration counter is used to track the critical
time, t required to reach any of the limits or the new steady-state condition.

Weather measurements may be updated during the process. It is noted if some of
the branches have multiple sets of weather condition measurements along its length, the
set resulting in the lowest ampacity for that particular branch is used for the proposed
method [87]. Temperature-dependent line modeling approaches which consider

longitudinal variations in conductor temperatures along a line can also be used [41], [54].
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Figure 6.1: Temperature-dependent contingency analysis
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6.4 Simulation Results

6.4.1 2-Bus System

The proposed method is applied to an illustrative 2-bus 2-line system. The results
of the proposed method in terms of critical time and limiting factor are compared to those
obtained from solely the non-steady-state HBE, without considering the variation in post-
contingency line current due to the change in conductor temperature and line impedance,
i.e. 1'in (9) is not changing with time step m. In this section, this approach for comparison
is referred to as dynamic line rating (DLR) under non-static thermal conditions — DLR for
short in result tables and plots. In the following test cases, the tolerances ¢1 and &2 in Figs.
1 and 2 are set to 1073,

A 230 kV 2-bus 2-line transmission system is considered (Figure 6.2). Both lines
are 75 mile long and are made of ACSR Rook conductor [29] with a predefined line
ampacity of 870 A for a T™® of 100°C. The effects of a line outage for three different

loading and weather conditions (Cases A-C) are studied as presented in Table 6.1.

0 Line 1

|
O [>
! Line 2 !
Bus 1 Bus 2

Figure 6.2 : A 2-line 2-bus system

Table 6.1: Loading conditions for the 2-bus system

Bus 2 Loading Conditions:

Case A 260 +j102 MVA
Case B 265 + 98 MVA
Case C 256 +j108 MVA




70

Case A: Both lines are subjected to the same wind speed (1.2 m/s) and ambient
temperature (34°C). The pre-contingency line currents and conductor temperatures are
obtained using the proposed temperature-dependent power flow and are shown in Table
6.2.

Table 6.2: Pre-contingency results from TD-PF — Case A

Line T I
1 49.3°C 361 A
2 49.3°C 361 A

Following a line 2 outage, line 1 experiences a step increase in line current (to 1022
A), which results in a gradual rise in conductor temperature Tc. The change in T. following
the step increase in line 1 current is plotted in Figure 6.3 for: i) the proposed approach (as
described in Figure 6.1, and ii) the DLR approach for non-static thermal conditions, as
defined at the beginning of this section. The DLR approach for non-static thermal
conditions considers the post-contingency current to stay constant throughout the duration
of the increase in T, while the proposed approach accounts for the variation in current, as
shown in Figure 6.4. The DLR approach shows that after 43 minutes T reaches a new
acceptable steady-state condition (T*%), while the proposed method shows that T. would
reach its allowable maximum, T,™ of 100°C, after 33 minutes. This is summarized in
Table 6.3. The subsequent line 1 real power losses obtained using the proposed method
and using DLR are shown in Figure 6.5. It is noted that although current is constant in the
DLR approach, the line resistance changes with conductor temperature, causing the real

power losses to change with time.
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Table 6.3: Resulting limiting factor and critical time — Case A

Conventional
Method

New steady-state
condition (93°C)

Proposed Method

Final condition Thermal limit

Time, t 43.3 min 33.7 min

Case B: Given the same ambient temperature and a lower wind speed of 0.9 m/s
with respect to Case A, for both lines, the pre-contingency conductor temperatures and line
currents shown in Table 6.4 are obtained from the TD-PF.

Table 6.4: Pre-contingency results from TD-PF — Case B

Line Tc |
1 51.4°C 365 A
2 51.4°C 365 A
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Following a line 2 outage, line 1 current increases to 1033 A. This fixed value of
line current is used in the non-steady-state HBE for the DLR approach, while the proposed
method considers the increase in | with time, resulting in the current shown in Figure 6.6.
Figure 6.7 then shows the resulting conductor temperature with time; sit also shows that
the thermal limit, T™, is reached using the proposed approach after 20 minutes, while
using the DLR approach after 30 minutes. The tabulated form of Figure 6.7 is presented in

Table 6.5. Line 1 real power loss obtained with both approaches is shown in Figure 6.8.
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Case C: The same weather conditions as in Case B and a more reactive load as
compared to case B are given in this case. The pre-contingency line currents and the

conductor temperatures obtained from the TD-PF are shown in Table 6.6.

Table 6.6: Pre-contingency results from TD-PF — Case C

Line Te |
1 51.1°C 359 A
2 51.1°C 359 A
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Figure 6.9: Line 1 current — Case C
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In response to a line 2 outage, line 1 line current increases to 1047 A. Figure 6.9
and Figure 6.10 show how line 1 current and conductor temperature vary with time
following the contingency. Using the DLR approach, line 1 reaches T after 26 minutes.
However, the results of the proposed approach indicate that the system is expected to
experience voltage stability issues after 13.5 minutes. These results are summarized in
Table 6.7. The comparison in branch 1 real power losses between the proposed approach

and DLR is presented in Figure 6.11.
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Table 6.7: Resulting limiting factor and critical time — Case C

Conventional
Method

Final condition Thermal limit

Proposed Method
Voltage stability
limit

Time, t° 26 min 13.5 min

6.4.2 14-Bus System
The proposed temperature-dependent contingency analysis approach is also tested
on a 14-bus 20-line test system. The lines under the yellow-shaded region of Figure 6.12
are considered to have available weather measurements from either nearby weather stations
or on-line sensors. The measured ambient temperatures and wind speeds associated to each
of these lines are shown in Table VII. The rest of the lines are modeled following “static

line rating” where pre-defined weather conditions (40°C and 0.5 m/sec) are assumed.
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The time required to reach the limiting factor or the new steady-state condition for

each line 1-8 contingency, obtained from the proposed method and DLR, are shown in

Table 6.8. It can be seen that:

For line 3 contingency and for line 7 contingency, the system reaches a new

steady-state without violating limits;

For single-line contingencies of lines 4, 5, or 8, at least one line in the system

reaches its thermal limit using both approaches, though the time to reach Tc;"®is

always smaller when computed using the proposed approach than when using

DLR;

For line 6 contingency, one line is expected to reach T,"® after 30 minutes using

the proposed approach, however, according to DLR results the system would

reach the new steady-state without violating limits.

Table 6.8: Comparison of time required to reach limiting factor or new steady-
state condition

Line

Conventional

0 H in fCi
Outage Proposed Approach Approach % diff. in t
3 New steady state New steady-state i
condition condition
4 Thermal LImI'F _Thermal L|m|F 8.5 %
(Line 2: 11.8 min) | (Line 2: 13.4 min)
Thermal Limit Thermal Limit
5 . : . . 6.6 %
(Line 2: 11.4 min) | (Line2: 12.2 min)
5 Thermal Limit New steady-state i
(Line 2: 30.8 min) condition
7 New steady state New steady-state i
condition condition
8 Thermal Limit Thermal Limit 5 8%

(Line 10: 16.4 min)

(Line 10: 17.4 min)
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The observations from the case studies can be summarized as follows:

e The proposed temperature-dependent contingency analysis suggests that a line
takes a shorter time to reach its thermal limit following a contingency compared
to the DLR approach.

e The proposed approach is capable of determining if the system is approaching a
voltage collapse point whereas regular DLR does not provide system voltage
conditions.

The proposed approach is capable of incorporating weather conditions and
conductor temperatures into steady-state analysis of the power system. It is capable of
providing a more realistic representation of the thermal and electrical conditions of the

system, and can be beneficial for secure operation and maintenance of power systems.



CHAPTER 7: CONCLUSION AND FUTURE WORK

7.1 Overview
This work presented the coupling of line electrical parameters and weather
parameters in order to make a more realistic representation of power systems. The
temperature-dependent nature of the line electrical parameters are taken into account for
steady-state power flow analysis, as well as for the determination of the power handling
capabilities of a system. A temperature dependent power flow method has been developed
for that purpose which is capable of —
o Integrating the weather-dependent nature of the line electrical parameters
into power flow analysis; and
. Incorporating the longitudinal variation of conductor temperatures and
resultant non-uniformity of line parameters into power flow analysis.
Utilizing the outcomes from the proposed power flow method a novel temperature-
dependent continuation power flow method is also introduced which helps to determine a
more accurate estimation of the system power handling capability considering both thermal
and voltage stability limits, compared to the conventional methods. A new parameter
named as ‘effective maximum loading parameter’ is introduced in this integrated method
which provides information about the maximum loadability of a system.
Uncertainty of the weather conditions are taken into account for the steady-state

analysis using an affine arithmetic based power flow method. This approach is capable of
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dealing with the uncertainties in any external datasets for power flow analysis. The impact
of these uncertainties on the transfer capability of a system is also studied using the
proposed affine arithmetic based toolbox.

Impact of the transient thermal conditions of overhead transmission line on the
power handling capability of a system is investigated. The temperature-dependent power
flow method is utilized in order to track the variation in thermal and voltage stability limits
of the system under the non-steady-state heat balance conditions.

The specific contributions of this research work is summarized in the following

Section 8.2, and Section 8.3 discusses the future vision of this work.

7.2 Summary of Contributions

The contributions of this thesis are as follows:
. Revisiting the formulations of the temperature-dependent line modeling by

incorporating the heat balance equation into the line modeling approaches.

. Development of a temperature-dependent power flow algorithm using the
non-linearized equations of heat gain and heat losses from IEEE Std. 738.
The heat balance equation is incorporated into the Newton-Raphson power
flow algorithm is such a way that it can provide
o A more realistic representation of a power system network;
o Thermal conditions of system branches alongside the electrical

parameters;
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o Integration of the longitudinal variation of the conductor
temperatures into power flow analysis; and
o The option to integrate data uncertainties in weather and loading
conditions into power system analysis.
Development of a MATLAB-based automated temperature-dependent
power flow toolbox.
Utilization of the proposed temperature-dependent power flow in order to
determine the power handling capability of a power system network, in
terms of both thermal limit and voltage stability limit. The conventional
continuation power flow method is modified thus it can incorporate the
variation of line electrical parameters to determine the voltage collapse
point as well as the conductor temperature at each step increase in loading
parameter. This integrated approach makes it possible to:
o Determine the thermal and voltage stability limit using a single
unified methodology;
o Obtain a more accurate estimation of the system power transfer
limits compared to conventional methods.
o Consider the impact of variation in weather conditions along the
length of transmission lines.
Development of a temperature-dependent continuation power flow toolbox
in MATLAB.
Introduction of a time-dependent temperature-dependent power system

analysis toolbox to account for the transient thermal conditions of
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transmission lines. This proposed approach is capable of tracking the
change in system thermal and electrical conditions after a change in system
load or weather conditions, and provides the system maximum power
transfer capability under these non-static thermal conditions. This proposed
method can be used to:

o Overcome the limitation of conventional methods which only
considers the thermal limit under non-static heat balance but not the
change in voltage stability;

o Determine the critical time for a system to reach its voltage collapse
point; and

o Determine the critical time for a branch in a system to reach its
thermal limit; and

Implementation of affine arithmetic into temperature-dependent power flow
and continuation power flow analysis to deal with data uncertainty in
weather conditions. This modified version of interval arithmetic based
power flow analysis tool enables to get a non-deterministic result of the
system power handling capability instead of a single-point fixed value

number, assisting a flexible operation of the power system.
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7.3 Future Work

Several suggestion and considerations can be made based on the completed work

in this thesis:

This work studied the impact of non-static thermal conditions on the thermal
and voltage stability limits of a power system, and the critical time to reach
the limiting factor. However, outage of a branch in a system or a change in
system load will also impact the ranking of the branches which can be
determined by a contingency analysis. Therefore, a temperature-dependent
contingency ranking analysis could be a possible future work under this
project.

A novel method to incorporate the non-linearized heat balance equation into
Newton-Raphson power flow algorithm is presented in this work. Apart
from the power flow algorithm, state estimation is another method for
steady-state analysis of power system. An updated methodology of
integrating the weather conditions and resultant conductor temperatures into
state-estimation analysis could be developed without using the linearization
of the heat gain and heat loss equations.

Line model segmentation approach is used in this thesis for the system-level
analysis of the longitudinal variation of weather conditions. [47]-[48]
showed that the non-uniformly distributed differential approach may have
potential to accommodate the longitudinal conductor temperature variation
more accurately compared to the line model segmentation, but due to

computational complexities the differential approach is not used for system-
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level studies in this work. Therefore, studying the impact of spatial variation
in weather parameters using the differential approach could be a future
study worth consideration.

A hardware-software based testbed could be setup for experimental
evaluation of the proposed line model approaches. Controlled weather
chambers can be used along the line in the testbed to create longitudinal
variation in conductor temperatures. The testbed could also be used to
determine the behavior of the rise in conductor temperature during a change
in electrical loading conditions. The experimental results for the increase in
conductor temperature for a step increase in system load can be compared
with the proposed approach in this thesis, and with the conventional
approach.

This thesis investigated the impact of variation in weather conditions and
line currents on transmission networks consisting of overhead AC
transmission lines, as till now most of the transmission lines are AC and
overhead. However, the variation in external conditions and line currents
can also impact the HVDC transmission lines, as well as the underground
lines. The impact of longitudinal variation in conductor temperature on
these types of transmission lines is another possible research work worth

investigating.
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APPENDIX A: LINE MODEL SEGMENTATION

Inputs
Ambient temperature (measured)
Wind Speed (measured)
Current (preset or measured)
Wind direction (preset or measured)
Day, time, latitude, longitude, elevation

/

Calculation of conductor
temperature (T,) at
different measurement
locations

V.

Development of T, profile along the
transmission line

S/

Line model determination
(# of segments and parameter values
for each segment )

Use of model for system
level studies, such as
power flow analysis and
determination of maximum
power transfer

Figure Al: Process for multi-segment line modeling



Line Model Segmentation: Examples

Table Al: Weather conditions for example cases

Case Location 1 2 3 4 5

Wind Speed (m/s) 1 1.1 0.9 1.1 1.2

Ambient Temp (°C) | 35 | 33 | 31 | 36 | 33

Wind Speed (m/s) 0.9 1.15 1.5 1.8 2.25

Ambient Temp (°C) | 33 31 28 26 25

Wind Speed (m/s) 1 1.7 2.5 3.2 4.5
"

Ambient Temp (°C) 35 30 26 20 15

Case I: Minor Change in Weather Conditions

(]

=)

©g°C

g e —_———— —,
E i Seg 1: 320 miles

L 10°C Avg Tc: 77.5°C

13]

=)

©

560°C

3% oc1 Loc 2 Loc 3 Loc4 Loch

Measurement locations

Figure A2: T profile for case |



Table A2: Output from line model segmentation - case |

Conductor | Resistance
# of Segment Segment
segments number length (mi) Temp. Rre
Tc (°C) (ohm/mi)
1 Seg 1 320 77.5 0.1733
Case II: Gradual Change in Weather Conditions
Table A3: Output from line model segmentation - case Il
# of Segment Segment Te Res;;s tance
segments number | length (mi) (ohnI/cmi)
Seg 1 160 72.65 0.1710
2
Seg 2 160 60 0.1650
% 800C‘\
s
(5]
o /
g 70°C
- Seg 1: 160 miles
2 Avg Tc: 72.65°C \
360°C
§ Seg 2: 160 miles
Avg Tc: 60°C
0,
S0°CocT Loc2 Loc3 Loc4 Loch

Measurement locations

Figure A3: T, profile for case Il
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Case Ill: Steep Change in Weather Conditions

Table A3: Output from line model segmentation - case IlI
# of Segment Segment Te Resistance
segments number length (mi) Rrc (ohm/mi)
Seg 1 80 725 0.1709
3 Seg 2 120 57.5 0.1639
Seg 3 120 43 0.1570
SOOC«\
o 70°C \
%_ Seg 1: 80 miles
£ 60°C| Avg Tc: 72.5°C
"
g 50°C Seg 2: lm
= Avg Tc: 57.5°C \
O
40°C 30°C
Seg 3: 12%
Avg Tc: 43 °C
30°C Loc 1 Loc 2 Loc 3 Loc 4 Loc 5

Measurement locations

Figure A3: T profile for case IlI



APPENDIX B: GENERIC CODES

B.1 Conductor temperature from Heat Balance Equation

function Tc = HBEss (I)

Ta = 35;

He = 00;

k ang = 1;

V_wind = 1; S%meter/sec

————— ACSR parameters --—-—-—------

%R_high = 8.688e-5; R high = 9.9565e-05;
%R _low = 7.283e-5;

R low = 9.0745e-05;

$T high = 75;

T high = 50;

T low = 25;

T low = 20;

DO = .0248158;

——————— Solar heat gain (calculated seperately)-----
Q0s=22.4;

E = 0.75; % Emissiity

7
= zeros(1l,150);
% I = 600; %$Amps; S%Current (Steady State)
0
0

msg = 0;
——————————— Calculation of Tc —-—————=—==———————
while msg ~= 1
T film = (Ts + Ta)/2;
kf = .02424+7.477e-5*T film-4.407e-9*T film"2;
uf = (1.458e-6*(T_film+273)"1.5)/(T_£film+383.4);
pf = (1.293-1.525e-4*He+6.379e-9%He"2)/(1+.00367*T film);
N Re = (DO*pf*V_wind) /uf;
Qc = k ang*(1.01+1.35*N Re".52)*kf* (Ts-Ta);
Qr = 17.8*DO*E* (((Ts+273)./100) .74 - ((Ta+273)./100)"4);
% R Ts = ((R _high - R low)/(T _high - T low))* (Ts - T low)

R Ts = rt(Ts)/1610;
I hbe = sqgrt((Qc + Qr -Q0s)./R Ts);
if I hbe <=1

Ts=Ts+.01;
msg = 2;
else msg = 1;
end
end
Tc = Ts;

end

101

+ R low;
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B.2 Temperature-Dependent Power Flow
The following is a generic code and user needs to define parameters according to
the system for the study. MATPOWER toolbox [88] also needs to be installed and coupled

with the following code.

declare line lengths
declare external control parameters
declare initial value of Tc = TcO

Tc = TcO

ms 0;

i

IhQ

1;
while (msg~=1) & (max (Tc) <= Tc_max) & (msg~=4) & (msg~=3)

mpcb = loadcase (loadcase) ;
get branch = size (mpcb.branch); % Number of branches
num branch = get branch(1l);

Zbase = mpcb.bus(1,10)"2/mpcb.baseMVA;

%% Set Resistance

for m=1:1:num branch
mpcb.branch (m, 3) rt (TcO(m)) .*L (m) /Zbase;
mpcb.branch (m, 4) 0.75.*L (m) /Zbase;
mpcb.branch(m,5) = 5.1467e-6*L (m) *Zbase;

end

resultsO0 = runpf (mpcb) ;

if resultsO.success ==
msg = 4;
end

%% Current for Baseload
for u=1l:1:num branch
I(u)=

get current (sqgrt(resultsO.branch(u,14)"2+results0O.branch(u,15)"2), resul
tsO.bus ((resultsO.branch(u,1)),8),resultsO0.bus((resultsO.branch(u,1)),1
0));

end

n update = 0;

timestep update = 1;

stamp = [];
mahi = zeros(5,1);
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while ((max (Tc) <= Tc_max) & (msg~=4))
for k=1:1:num branch
newstamp =
HBE (I (k),Tc(k,end),V wind(k),timestep update,n update);
mahi (k)= newstamp (2) ;
k=k+1;
end
stamp = [stamp mahi];

Tc = stamp;

for k=1:1:num branch

mpcb.branch (k,3) = rt(Tc(k,end)) .*L(k)/Zbase;
end
results = runpf (mpcb) ;

if results.success ==
msg = 3;
break

end

if size(stamp,2)>1
for p=1:1:num branch
diff (p) = abs(stamp(l,end-1)-stamp(l,end));
end

thres = find(diff<le-3);

if thres~[];
msg = 1;
break
end
end

for u=1l:1:num branch
I(u)=
get current (sqgrt(results.branch(u,14)"2+results.branch(u,15)"2), results
.bus ((results.branch(u,1)),8),results.bus((results.branch(u,1)),10));
end

n_update = n update+l;
msg = 2;

end
end
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