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ABSTRACT

In this thesis, an Integrated Model, a physical experimental model, and an 
artificial neural network model have been developed and investigated to study and predict 
the operational behaviors o f single layer aluminum conductor steel reinforced (ACSR) 
conductors, used extensively in rural electrification.

The Integrated Model, comprising a mechanical model, an electromagnetic 
model, a heat transfer thermal model, and a radial conduction model, is an original work 
to enable the simultaneous prediction o f all aspects o f the behavior o f single layer 
overhead ACSR conductors at various conditions. Using this Integrated Model, we 
investigate the effects o f lay length, ambient temperature, supply frequency, and other 
environmental parameters such as time o f exposure, air gap thickness, and span length, 
on the operational behaviors o f single layer ACSR conductors.

The comprehensive physical experiment has been designed and performed on 
three different types o f single layer ACSR conductors to measure their thermal and 
electromagnetic properties under various mechanical conditions. The results compare 
favorably with the model results over the life o f the conductors.

This thesis has developed the artificial neural network model which is trained by 
the Levenberg-Marquardt optimization algorithm and validated by system identification 
and statistical criteria. Many modeling techniques are involved: pre-processing and post
processing o f datasets; division o f training, testing, and forecasting sub-dataset; 
improvement o f the convergence rate and weight updating; neural network topology 
selection; adaptive parameters optimization; etc. Hourly load demands in Ontario, 
Canada, have been successfully predicted through an implementation o f this artificial 
neural network model.

Mechanical properties o f single layer ACSR conductors are discussed and 
predicted with the Integrated Model and the neural network model. The analyses o f the 
mechanical properties include their interactive relationship, variation with long time 
duration, and variation with Ontario daily demands after conductor long service o f time.

The design, selection, and improvement o f ACSR conductors require intensive 
understanding o f their characteristics. The Integrated Model and the neural network 
model are powerful tools to design new single layer conductors and to improve existing 
conductors for their appropriate operating conditions.
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CHAPTER 1 
INTRODUCTION

1.1 Background Information

W ith increased industrial development, more and more energy needs to be 
transferred through transmission grids. The increases o f load affect the transmission 
capacity o f the existing lines. There is little room for increased corridor expansion in 
many areas. Consequently, there is a need for increased ability to determine appropriate 
current limits on the existing lines. The system stability and reliability are affected by the 
load. To ensure system stability and reliability, it is necessary to study limitations to safe 
operating conditions on the existing lines or proposed new lines. This research 
investigates ways to study the operation o f some types o f transmission conductor.

Bare overhead lines are the most economical means to transport energy from 
generating plants to distribution stations. At transmission level voltages, the capital costs 
o f an underground power cable are usually several times those o f an overhead line o f 
equal capacity. In heavily populated urban areas, underground cable systems are mostly 
preferred. ACSR, Aluminum Conductor Steel Reinforced, is a popular choice o f 
conductors in overhead transmission and distribution lines because o f its excellent 
conductivity and strength-to-weight ratio. The design, selection, and improvement o f the 
conductors require intensive understanding o f their characteristics: load capacity, thermal 
properties, current loading, thermal loading, creep, sag, strength, and metal fatigue. 
Especially, the load capacity influences the stability, losses, efficiency, and reliability o f 
the system.

ACSR, with the steel core sustaining the tension due to the weight o f the 
conductor between supports, and the aluminum layer carrying most o f the current, is 
popularly used in North America as transmission and distribution conductor. M ost o f 
the overhead lines in North America are short lines. Current-carrying capacity o f short 
lines is limited by the maximum conductor temperature, the sag, the loss o f tensile 
strength o f nonferrous part o f the conductor due to annealing. In the case o f a long 
transmission line, the maximum current is mostly dependent on system stability, voltage 
drop, and power losses.

One classification o f ACSR conductors is according to the number o f aluminum 
layers. If  there is only one aluminum layer stranding over the steel core, this conductor is 
called single layer ACSR. If  two or three or more aluminum layers are used, the layers 
strand concentrically around the steel core with alternate left hand and right hand 
directions. The conductor is called two-layer ACSR, or three-layer ACSR, or multi-layer 
ACSR, respectively. Figure 1.1 shows a typical structure o f a single layer ACSR 
conductor. It has a steel king wire in the center and six aluminum strands helically 
surrounding it. Depending on the application, the steel core may have one or more steel 
layers surrounded by six or more helically wound aluminum strands.

1
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Figure 1.1 Structure o f a single layer ACSR conductor

1.2 Previous W ork

Lewis and Tuttle [1] performed early investigations o f the resistance and 
reactance o f  ACSR conductors. In their research, a question was raised from theoretical 
and practical aspects that single layer ACSR conductors should be treated differently 
from all other multi-layer ACSR conductors. The companion paper, written by Matsch 
and Lewis [2], confirmed that:

“The resistance and reactance o f single layer ACSR must inherently be 
subject to some variation from sample to sample and in the same sample for 
different conditions o f temperature and stress.”

A Task Force Group, led by Douglass and Kirkpatrick [3], evaluated possible methods o f  
calculating ac/dc resistance ratio for ACSR conductors. They investigated the value o f 
increases in ac resistance and noted that the apparent maximum occurs with single layer 
ACSR conductors. They commented that “the usefulness o f analytical models is 
questionable” because the error between analytical value and experimental value reaches 
as high as “6.6% for single layer ACSR conductors” .

Over the years, four determinate models have been developed to analyze various 
aspects o f  ACSR: the mechanical model, the electromagnetic model, the radial 
temperature conduction model, and the steady-state thermal model. The operational 
behaviors cannot be accurately predicted with separate models due to lack of 
interrelations among mechanical, electromagnetic, thermal radial conduction, and steady- 
state thermal characteristics, especially at high temperatures with large current.

Filipovic-Gledja and her coauthors [4, 5] developed a Unified Model for three- 
layer ACSR, which combined the behaviors o f mechanical, electromagnetic, and thermal 
together.

1.3 Problem Description

A comprehensive and accurate model needs to be established to predict the 
operational behaviors o f single layer ACSR conductors from electromagnetic, 
mechanical, and steady-state thermal viewpoints.
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The economic choice o f conductors is significantly influenced by the conductor 
resistance which affects both the voltage drop and the energy loss along the line. It is 
important for the designer to have a reasonably good assessment o f the actual resistance 
at the operating frequency. The accurate ac resistance prediction o f ACSR becomes 
necessary and o f practical importance.

For ACSR conductors, ac resistance has higher value than dc resistance because 
o f  skin effect, transformer effect, proximity effect, and steel core losses. The current in 
the spiraling aluminum strands in ACSR creates an axial field which coincides with the 
direction o f the steel core, leading to a strong transformer-like coupling between the 
currents injecting in the aluminum layer. The longitudinal flux causes hysteresis and eddy 
currents in the steel core and the redistribution o f the currents in aluminum layers. In 
multi-layer ACSR, the currents wound alternatively right and left handed around the steel 
core, and their resulting magnetic field contributions tend to cancel. For the even-layer 
ACSR, the cancellation o f the magnetic field proves that there is almost no significant 
longitudinal flux in the steel core. For odd-layer ACSR, the cancellation is partial, and 
there is some longitudinal flux in the steel core. For single layer ACSR, no cancellation 
occurs because there is only one aluminum layer in the conductor. The longitudinal flux 
is greatly increased because o f the steel core, and produces a significant increase in ac 
resistance and ac reactance o f the conductor. The strong electromagnetic field affects 
other operational behaviors such as capacity, transmission loss, conductor temperature, 
and some mechanical properties for single layer conductors.

Usually, three-layer ACSR has two steel layers while single layer ACSR may 
have only one steel layer or just a king wire that carries the tension. Both aluminum and 
steel wires o f single layer ACSR experience more tensile strength than those o f three- 
layer ACSR. Mechanical properties o f ACSR such as sag and loss o f tensile strength o f 
aluminum wires are greatly affected by the variation o f stress in the aluminum wires.

The development o f the Integrated Model is based on the Unified Model which 
was designed initially for three-layer ACSR. Due to the strong magnetic field in the steel 
core and large stress in aluminum wires, the Integrated Model is different from the 
Unified Model. An experimental model has also been designed and conducted on single 
layer ACSR conductors. The results from the Integrated Model are compared and 
discussed with those from the experiment over the life o f the conductors.

1.4 M ajor Contributions

M ajor contributions in this research include the development o f the Integrated 
Model, the design and performance o f an experimental model, the development o f an 
artificial neural network model, prediction o f Ontario daily load variations, discussion 
and prediction o f the mechanical properties o f single layer ACSR conductors.

• The Development of the Integrated Model

The Integrated Model comprises an electromagnetic model, a mechanical model, 
a heat transfer thermal model, and a radial conduction model. The contribution to the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 4

Integrated Model utilizes the four individual models which have been developed further 
to adapt to single layer ACSR conductors. Successful combination o f the developed 
models into this Integrated Model is also a contribution in this research.

In the electromagnetic model, the classical algorithm [6] was not good enough to 
express the electromagnetic properties for single layer ACSR conductors because it did 
not consider eddy current loss in the aluminum layer. The additional loss caused by the 
eddy current is identified in the aluminum layer and investigated through the solution o f a 
partial differential equation [7]. The calculation takes consideration o f the helical lay 
length, temperature variation, magnetic characteristics, and frequency variation at power 
frequencies, etc.

For the mechanical model, this research analyzes the interactions among the 
horizontal tension, tensile strength, strain, stress, and sag for single layer ACSR 
conductors. The elongation o f the conductor, caused by creep, cold work during 
stranding, conductor temperature, and the material characteristics are discussed. The 
stress decreases and sag increases with an increase o f current resulting from the variation 
o f elongation. The criteria and algorithm in the mechanical model are changed 
correspondingly to accommodate situations for single layer conductors experiencing 
large stress in aluminum wires. The birdcaging phenomenon is also considered for single 
layer ACSR conductors.

The radial conduction model and thermal model involving layers are modified to 
adapt to single layer ACSR as well. The Integrated Model can be used to predict the 
operational behavior o f single layer ACSR conductors at various conditions. To simulate 
indoor conductors, both natural convection and buoyancy effects should be taken into 
consideration within the Integrated Model. Surface roughness caused by the conductor 
helical strands is also necessarily considered at the same time.

• The Design and Performance of Physical Experimental Model

A comprehensive physical experiment has been designed and performed in this 
research on three types o f single layer ACSR conductors coded as Guinea, Penguin, and 
Raven. Electromagnetic and thermal properties o f aluminum and steel are measured 
under various mechanical conditions. A birdcaged cable was involved to check how the 
steel properties vary after birdcaging. The measured relative permeability o f the steel 
core was compared with that o f three-layer ACSR [8]. Experimental resistivity o f an 
aluminum wire was measured through a carefully designed dc experiment and compared 
with the standard book value [9]. As many as possible technical procedures and strategies 
were used in this experiment to ensure experimental results were valid and within good 
precision.

Barrett, Nigol, Fehervari, and Findlay [6] conducted experiments on ACSR to 
measure its electromagnetic properties. The single layer ACSR they used, with 19 steel 
wires, was from a three-layer conductor with two aluminum layers removed. Rong [10] 
performed physical experiments on a complete single layer conductor, but only on 
Guinea conductor, with naturally decreased tension as an increase o f conductor current.
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• The Development of Artificial Neural Network Model and Load Forecasting

This research has resulted in the development o f an artificial neural network 
model, which is trained by Levenberg-Marquardt optimization algorithm. The non-linear 
functional mapping in the neural network was achieved using sigmoidal activation 
functions. System identification and statistical techniques have been discussed and 
exploited as well to build and validate this neural network model. Many modeling 
techniques are involved in this research such as pre-processing and post-processing o f the 
dataset; division o f  training, testing, and forecasting sub-dataset; improvement o f  the 
convergence rate and weight updating; neural network topology selection; adaptive 
parameters optimization; etc.

Flourly load demands in Ontario have been successfully forecasted through an 
implementation o f this artificial neural network model. Accurate and reliable load 
forecasting is necessary to ameliorate energy management.

• The Discussion and Prediction of M echanical Properties o f Single Layer ACSR

With combination o f the Integrated Model and the neural network model, the 
mechanical properties were analyzed and predicted and the contributions focus on

>  The relationship among mechanical properties including strain, stress, horizontal 
tension, sag, loss o f tensile strength o f the aluminum layer due to annealing, etc.

>  The variation o f mechanical properties with the time o f duration from year 1 to 
year 50

>  The variation o f mechanical properties with actual daily demands in Ontario after 
conductor 55 years service life

>  Prediction o f  mechanical properties with actual daily loads after conductor 55 
years duration

1.5 Thesis Outline

The outline o f this thesis is as follows.
The second chapter describes the development o f the Integrated Model. In the 

context o f this thesis, it plays a key role since the subsequent chapters are all related to 
this Integrated Model. Four individual models: the electromagnetic model, the 
mechanical model, the heat transfer thermal model, and the radial conduction model are 
sketched in detail in this chapter.

The third chapter focuses on the physical experimental model. Apparatus used in 
this experiment are depicted such as steel testing frame, single layer conductors, probes, 
instruments to measure voltage and current, thermocouples, and Data Logger to measure 
temperature, etc. The procedure and practical skills for the experiment are also involved. 
The measurement o f aluminum resistivity with dc source is given in this chapter as well 
as experimental data processing and error analysis. Some experimental results with error 
bound analysis are shown at the end o f this chapter.
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Since the experiment is designed to compare and validate the Integrated Model, 
some results from the experiment and from the simulation are compared and discussed in 
the fourth chapter. The comparison includes ac resistance, ac/dc resistance ratio, ac 
reactance, current density in the aluminum layer, and complex relative permeability in the 
steel core. This chapter draws a conclusion that the Integrated Model is reasonably 
acceptable. Then, thermal and mechanical properties can be obtained from the Integrated 
Model for single layer ACSR conductors. Thermal properties include resistive heating, 
convective cooling, and radiative cooling. Mechanical properties include stress o f the 
aluminum layer, horizontal tension, sag, and the loss o f tensile strength o f the aluminum 
layer.

Chapter 5 deals with the investigation o f the Integrated Model. The investigations 
include effects o f lay length, ambient temperature, supply frequency, conductor exposure 
time, air gap thickness, and span length, etc. These analyses focus on conductor electrical 
properties and mechanical properties. The Integrated Model suitable for single layer 
ACSR allows a designer or manufacturer to analyze conductors in advance before 
improvements are attempted.

In Chapter 6 a sensitivity analysis is performed on such input parameters as lay 
length o f the aluminum layer, wire diameter o f an aluminum strand, resistivity o f 
aluminum, resistivity o f steel, permeability, frequency, and surface layer temperature. AC 
resistance, ac reactance, convection heat loss, and radiation heat loss are chosen as the 
output parameters. The sensitivity level o f these parameters is summarized in this 
chapter.

Chapter 7 introduces the modeling procedure for an artificial neural network and 
its implementation. System identification and statistical techniques are involved to build 
and validate this model and the Levenberg-Marquardt algorithm is used to train this 
model. Hourly load demands in Ontario are successfully forecasted through an 
implementation o f this neural network model.

M echanical properties o f single layer ACSR are discussed and predicted in 
Chapter 8 on a sample conductor “Guinea” . Both the Integrated Model and the neural 
network model are used to analyze and forecast the creep strain and sag under various 
conditions. The significance to predict the creep strain o f ACSR conductors lies in power 
system safety because power failure might be avoided with limitation o f the creep strain, 
especially in stormy weather.

Conclusions are drawn in Chapter 9 for the Integrated Model, the physical 
experimental model, the neural network model, their investigations, and implementations. 
Directions and suggestions for further research are also given in this chapter.
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CHAPTER 2 
INTEGRATED MODEL

2.1 Overview

Chapter 2 introduces the development o f the Integrated Model and its 
components. Information provided in this chapter lays the foundation to understand 
analytical procedures for single layer ACSR conductors for their electromagnetic, 
mechanical, thermal, and radial conduction characteristics. This chapter is a key point in 
this research and the following chapters are more or less related to the Integrated Model: 
its validation, its investigation, its sensitivity analysis, and its applications.

As described in Chapter 1, the Integrated Model, which is for single layer ACSR 
conductors, is based on the Unified Model developed by Filipovic-Gledja [4, 5]. The 
difference between the Unified Model and the Integrated Model roots in separate models 
and will be described in this chapter.

Zhang [8] measured the complex relative magnetic permeability o f the steel core 
o f a three-layer ACSR as a function o f magnetic field strength, tensile stress, and 
conductor temperature. Zhang’s experimental permeability data is necessary and a great 
support to accurately analyze ACSR conductors in model simulation. The Unified Model 
was initially programmed in Matlab language and Xue [11] improved this model in 
C/C++ language by significantly reducing execution time and by combining Zhang’s 
experimental findings in it. Brocilo [12] modified the Unified Model by developing a 
multi-section lines algorithm for sag calculation, adding more accurate results for the 
complex permeability through a spline method, and improving the thermal radial 
temperature model. The Unified Model and its successive improvement and modification 
are mainly for three layer ACSR conductors.

Figure 2.1 shows that the Integrated Model comprises four separate models 
together for single layer ACSR conductors: the mechanical model, the electromagnetic 
model, the heat transfer thermal model, and the radial conduction model. The inputs for 
the Integrated Model consist o f all inputs o f the four models. Some output variables o f 
one model are the input variables o f some other models. In the Integrated Model, the 
coupling variables which meet the requirements o f both the mutual dependencies 
between two models and each individual model must be computed in Figure 2.1. In order 
to combine the four experimentally verified models into the Integrated Model, each o f 
them has been developed further to adapt to single layer ACSR conductors.

7
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Input V ariables: loading current, geom etrical param eters o f  conductor, 
environmental conditions such as solar heat, sea level, ambient tem perature.

Electrom agnetic -------------------------------> Heat Transfer M odel
M odel (EM) < ------------------------------- (HT)

/ K / \

>/ >1

Radial Conduction -------------------------------> M echanical
M odel (RC) < ------------------------------- M odel (ME)

Output Variables: conductor operational behaviors such as ac resistance, layer 
tem perature, loss o f  tensile strength o f  aluminum, stress, strain, tension, and sag.

Figure 2.1 Integrated Model for single layer ACSR conductors

Both deterministic and probabilistic algorithms are used in conjunction with the 
Integrated Model. W ith the probability-based algorithm, conductor loading and thermal 
history can be applied to obtain operational behaviors o f single layer ACSR. Accurate 
calculation o f mechanical properties such as strain and sag is greatly related to the load 
history. Probabilistic algorithm also makes it possible in the Integrated Model the 
statistical distribution o f the actual temperatures o f the conductor over exposure period 
based on the statistical variation o f atmospheric parameters.

An interactive and friendly interface o f the Integrated Model has been developed 
in this research and it is very convenient and helpful for the designer and manufacturer to 
use.

2.2 M echanical Model

The maximum load capacity o f ACSR is greatly determined by its 
electromagnetic, mechanical, and thermal characteristics. The purpose o f ampacity 
ratings is to ensure the lines operating within designed sags, to estimate the loss o f  tensile 
strength o f aluminum, and to limit the elevated temperature creep o f conductors. The 
mechanical properties o f ACSR have been studied from practical and theoretical aspects 
for over fifty years [6, 13-17].

The basic principle and formulae to describe the mechanical properties is the 
same in the Unified Model and in the Integrated Model because o f the nature o f  ACSR 
conductors. Since stress is a significant factor in single layer ACSR conductors, which
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also experience larger stress than those in three-layer ACSR, some criteria and algorithms 
in the mechanical model are greatly modified from the Unified Model to the Integrated 
Model.

Input V ariables: conductor geom etrical param eters, initial elastic properties, 
tim e duration and distribution o f  tem perature, initial and total tension.

Calculate permanent elongation

Calculate average conductor tension

Calculate horizontal tension

Calculate sag and other properties

Calculate stresses o f  aluminum and steel

Calculate total conductor strain including thermal, 
elastic, settlem ent, and creep strains

Output Variables: mechanical properties o f  conductor such as strain, stress o f  
aluminum and steel, tension, loss o f  tensile strength o f  aluminum, and sag.

Figure 2.2 Mechanical model embedded in the Integrated Model

The input variables, output variables and flowchart o f the mechanical model 
embedded in the Integrated Model are shown in Figure 2.2. The temperatures o f 
aluminum and steel come out o f the radial conduction model and work as input for the 
mechanical model. From layer temperatures and load history, the total strain o f  the steel 
and aluminum can be derived. Elongation o f the conductor can be calculated with the 
strain. Then, the horizontal tension and average tension can be obtained from the 
elongation data. Finally, the sag results from the tension calculation in the mechanical 
model. Since the parameters o f the different models affect each other, an iterative 
calculation needs to be exploited to obtain the steady state operational characteristics o f 
single layer ACSR in the Integrated Model.

In detailed calculation, the following equations are involved:
The strain is the summation o f the four [14] as listed in Figure 2.2:
Total Strain  = Thermal Strain + Elastic Strain + Settling Strain + Creep Strain
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The thermal elongation strains for steel DTst and for aluminum DTai are functions 
o f the temperature o f steel Tst and aluminum Tai, respectively, and described by the 
combination o f a linear and a quadratic term for each: [14]

DTal =

11.3(rv, - 2 0 )+ 0.008(t; 2 -4 0 0 )  

22.8(7;, -2 0 )+ 0 .0 0 9 (7 ;/ -4 0 0 )

xlO -6 m /m  (2.1)

xlCT6 m /m  (2.2)
The stress-strain curves o f the conductor vary with the increasing load and 

duration time. The elastic moduli o f the steel and aluminum are obtained from the “final” 
curves o f  stress-strain curves for each conductor. Barrett [15] chooses the elastic moduli 
to represent the steel and aluminum components o f ACSR for optimization purposes 
given by:

MPa 

MPa
The elastic strain is obtained by the axial stress over the modulus.

Barrett [15] also gives the common initial one hour stress-strain curves for steel 
and aluminum:

m /m  (2.3)

E xl =190000 

E al = 55000

STsl = 5.75 x 10“6 <y st + 9 .7 x 1 0“22 c r j

STu/ = 3 .1x l0~ 5cra/ •2.5x10- 'V o/6 m /m  (2.4)
where ast and oai are the steel and aluminum axial stresses in MPa.

The creep strain CRP is the plastic deformation o f the wire materials under a 
given stress. The creep is the consequence o f the change o f the internal molecular 
structure o f the material when it is exposed to a mechanical tension over time. Barrett et 
al [14, 15] gives creep strains to the 1350-H19 aluminum and to the “ 160-grade” steel as 
follows:

m /m  (2.5)CRP„ = 7.0 x 10“18e°-02(7-"2V v/4.7  0.13

CRP., = 9.0 x l O - V 03(7;''-2V / y - 2 m /m (2 .6)al —  s . v  ~  I V  “ a!

where t is the time in years.
Using the stress in the steel core as the reference parameter, the sags o f ACSR 

conductors can be calculated by the following set o f equations provided by Nigol and 
Barrett [16].
The average conductor tension P  is given by:

N (2.7)
where A sl and A ai are the steel and aluminum cross-sectional areas in m . 
Similarly, the horizontal tension 77 can be obtained from the average tension:

H  = P i - i
3

^ B W ^ 2

V
N (2 .8)

Where B  is half o f the span in m; W  is the conductor weight per unit length in N/m. 
The conductor length L can be obtained as the following in m:

L 2 — sinh 
W

B W
H

m (2.9)
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L = L0 (1 + strain) m (2.10)
where L q is the unstressed conductor length at room temperature in m.
The sag D  in m:

T T  /  D T T  N

D = —  cosh -----  -1  m (2.11)
W [  {  W J  J

Birdcaging phenomenon should be mentioned because it occurs on single layer 
ACSR frequently. The aluminum and steel have different thermal expansion coefficient 
and the aluminum experiences compressive load when its elongation is longer than that 
o f steel since they are clapped together in ACSR. The aluminum wires will move radially 
away from the steel wires to accommodate excess stress at some elevated temperature 
which is “birdcaging temperature” . Birdcaging results in extra sag increase. Nigol and 
Barrett [16] showed aluminum wires can support 6 M Pa to 12 M Pa compressive stresses. 
They measured stress-strain curve on ACSR conductor and 3.43 m o f excess residual sag 
was produced by 70 % RTS loading in 300 m span. Among the excess sag, 1.86 m was 
from unavoidable elastic elongation o f steel; 0.28 m was due to 6 M Pa aluminum 
compressive stress; and 1.29 m was due to permanent elongation o f the steel core. Single 
layer conductors have the thinnest steel core and they are vulnerable o f compressive 
stresses and to birdcaging.

Besides compressive load, loss o f tensile strength is another result from conductor 
elongation. The strength o f a material from an engineering standpoint can be stated as the 
maximum stress that can be applied safely in use without inducing failure. During the 
drawing process the ACSR conductors are made, the wires are severely deformed 
through cold work and energy is stored in the form o f defects. Plastic deformation is 
caused by the stored energy and the strained structures recover and return to their 
unstrained condition through two ways: resoftening and recrystallization [18]. Both o f 
these mechanisms depend on the use o f thermal energy to relieve the lattice distortion or 
release the energy stored in the structure by the working operation. Resoftening is a 
recovery process in which thermal energy is used to permit the stored strain energy to 
diffuse out o f  the structure. During resoftening process, the recovery is a function o f time 
and temperature. In recrystallization, a strained portion o f the crystal nucleates a new and 
unstrained site, generally at the points o f highest stress. In the recovery process, the 
hardness and tensile strength decrease due to annealing.

The calculation o f the loss o f tensile strength is embedded in the mechanical 
model. The steel wires in ACSR conductors do not lose strength by annealing at 
temperature up to 250 °C. The loss o f tensile strength W  o f aluminum is given: [19]
W = Wa\} -  exp[- exp(A'+(B' / T  *)lnt + C ' / T *  +D'ln(R  / 80))]} % (2.12)
where T* is the absolute temperature in K; t is the time duration in hours; Wa is the 
percentage loss o f the strength in the fully-annealed state, for aluminum, Wa = 56 %; A 
B C \  and D ’ are constants related to conductor material; R is percentage reduction in 
cross-sectional area during wire drawing.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 12

2.3 Electromagnetic Model

Electromagnetic properties, especially ac resistance, o f ACSR conductors have 
been studied for many years as stated in Chapter 1. One o f the main objectives in this 
research is to predict electromagnetic properties as accurately as possible for single layer 
ACSR conductors.

In the Integrated Model, the input variables o f the electromagnetic model are the 
geometrical parameter, the electrical and magnetic properties o f the conductor, the total 
current, and the layer temperature. The output variables o f the electromagnetic model are 
the complex layer currents, the resistive or Joule heating, the ac resistance, and ac 
reactance.

AC resistance has higher value than dc resistance in ACSR because o f the 
spiraling effect, skin effect, proximity effect, transformer effect, and steel core losses. For 
solid conductors, skin effect and proximity effect are considered in ac resistance based on 
dc resistance. For stranded conductors, the spiraling o f the strands introduces inductive 
effects in addition to the skin and proximity effects. For ACSR conductors, steel core 
losses are added based on the spiraling effect, skin effect, and proximity effect. The ac 
resistance o f ACSR conductors is traditionally based on the assumption that the 
conductor is a hollow solid tube with the inner diameter equal to the diameter o f  the steel 
core. The dc resistance at the temperature o f the conductor is then corrected for the skin 
and proximity effect. For single layer ACSR conductors, ac resistance is usually obtained 
from tables and curves that show test results at various load currents [9].

As will be seen, eddy current loss is appreciable in the increase o f ac resistance 
over dc resistance for single layer ACSR conductors. The Unified Model considers 
current redistribution caused by transformer effect and hysteresis loss, without any 
consideration o f eddy current loss. The Integrated Model involves eddy current loss, 
hysteresis loss, skin effect, spiralling effect, and transformer effect to predict ac 
resistance o f single layer ACSR conductors. The electromagnetic models in the Unified 
Model and in the Integrated Model are different.

Since all considerations o f ac resistance are based on dc resistance, dc resistance 
o f  ACSR conductors is discussed in the first place.

• DC Resistance of ACSR Conductors

The dc resistance, R can be expressed by [9, 20]:

R = p ( T ) — Q (2.13)
A

where A  is the cross-sectional area o f the conductor in m ; L is the length in m; p  is the 
dc resistivity at temperature, T  in Q m .

It is customary to find the conductor resistance from a known resistance at a 
standard temperature o f 20 °C. Over a moderate temperature range (0 °C to 120 °C) the 
resistance o f a conductor increases linearly with increase o f temperature, and can be 
calculated by
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R = R2 o ^ l + a (r ~ T2 ^  Q (2-14)
where i?2o°c is the resistance at temperature 20 °C; and a is the temperature coefficient o f 
resistance at 20 °C.

Morgan [21] proved the linearity o f  the variation with temperature o f the dc 
resistance o f ACSR. In stranded ACSR conductors, conductances o f the aluminum layers 
and o f the steel layers should be calculated separately as the following [22],
The conductance o f the steel core is

1 7id

R, 4 P s ,  

(2.15)

1 + E
6m

K Mm J

and AC,
r , \ 2 ndxt

V I"  J

in which dst is the diameter o f the steel core in m; pst is the resistivity o f steel in Dun; Kstm 
is the length factor o f the wire in layer m, and lm is the lay length o f wires in layer m.
The conductance o f  each layer m o f the aluminum wires is

1 X d o l "aim

Raim 4 PulK
(2.16)

aim

and K a/m = 1 +
I.\  hi j

in which dai is the diameter o f an aluminum wire in m; pai is the resistivity o f aluminum 
in Dun; naim is the number o f wires in layer m, and Kaim is the length factor for the mlh 
layer o f aluminum.
The total dc resistance R o f the conductor can be found from

h
- + I

i

R
(2.17)

aim

• Additional Resistance Caused by the Eddy Current in ACSR

Due to the geometrical structure o f ACSR, there is circular flux and longitudinal 
flux in the steel core. The longitudinal flux causes hysteresis and eddy current losses in 
the steel core and current redistribution in the aluminum layer. Findlay and his coauthors 
[6, 7] contributed the investigation o f the losses caused by the steel core.

Findlay and Jones [7] presented the circuit lumped parameter model to calculate 
the additional resistance caused by the eddy current in the steel core. A magnetic circuit 
model for single layer ACSR is shown in Figure 2.3 (a). The conductor is assumed to 
consist o f a loop, which is a partially dotted line and excited by a primary source o f 
magnetomotive force, Fo associated with the field due to the spiraling aluminum layer. F| 
is the magnetomotive force associated with the eddy current in the steel core. Since the 
induced current in the steel core must be opposite to the magnetic field, the
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m

(a) A model for a single layer ACSR magnetic circuit

r r m

G
(b) Electrical dual for model o f  (a)

X

(c) Complete lumped parameter model for single layer ACSR conductor

Figure 2.3 Lumped parameter algorithm for single layer ACSR [7]

magnetomotive force, IT is oppositely directed to that o f the aluminum layer. Rm is the 
reluctance in the steel core magnetic circuit. R l is the reluctance associated with the 
leakage flux in the air gap between the aluminum layer and the steel core. In Figure 2.3
(b), the reference nodes such as A, B, and G are used to obtain the equivalent electric 
circuit by taking the electrical paths through the magnetic circuit elements. An ideal 
transformer element is included in the electrical equivalent. Figure 2.3 (c) shows the
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complete lumped parameter model for single layer ACSR conductors. Besides ac 
resistance o f the aluminum and steel strands, the core loss is identified to the aluminum 
layer through the transformer.

The ac resistance o f the aluminum layer Rai in Figure 2.3 (c) can be calculated 
based on its resistivity:

R . = —  • f l / m
K i A ,

where Xp is the helical lay length o f the aluminum layer in m; Xc,i is the straight lay length 
o f  the aluminum layer in m. Similarly, the steel core ac resistance Rst is calculated as

7^, = —  f i /m  (2.18)
Si
If  a single layer ACSR conductor is assumed to be a very long cylinder o f solid 

conducting material, its field equation satisfies

V 2/ /  = <x// —  (2.19)
dt

where a  is the conductivity o f the material in S/m and pi is the permeability in H/m.
The above equation is obtained by reducing M axwell’s equations to a quasi-linear 
approach and ignoring the displacement current. Assuming pi is a single-valued function 
o f //w h ic h  varies only in the radial direction, and in a homogeneous, isotropic, and linear 
medium, the partial differential equation can be converted in cylindrical coordinates as

1 d (  dH z \  dH z
 r    = p ia    (2.20)
r dr \  dr )  dt

I f  the harmonics are separable and the fundamental component is substantially
greater than the losses due to other components, the equation can be simplified in phasor
form, approximately, as:

1 5 (  d H A  = j(opiaHz (2.21)
r dr

r-
dr

The equation results in a solution [23]
H { r > H m ber(kr) + j bei(kr) A /m  (2 22)

ber(ka) + jbe iika )
where Hm is the magnitude o f the field strength in A/m at conductor radius a; k  is a
function o f frequency co, conductivity a, and permeability pi o f the material, the factor

k = -^copia ; her and bei are Kelvin functions o f zero order obtained from modified 
Bessel functions.

The current density can be obtained from:

J (b -)  = kH,„ber'{kr) + Jbei'(kr) A /m ! (2.23)
ber(ka) + jbei{ka )

where ber ’ and bei ’ are the first derivative o f the Kelvin function.
The power dissipation is shown as follows [7]
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n 2a/2 TT 2 ber(ka)ber'(ka) + bei(ka)bei' (ka) 
P  =  7 z a p j lm — W (2.24)

S  ' v ber2(ka) + bei2(ka)
where S is the penetration depth in m.

The additional component o f resistance can be obtained by separating the resistive 
component from the power dissipation: [7]

7.71,ka ber(ka)ber'(ka) + bei(ka)bei'(ka)
R,„u„ =  v  p s, —eddy

k . ber (ka) + bei (ka)
Q /m (2.25)

Reddy reflects the additional resistive component in Figure 2.3 (c).

• Modified Classical Electromagnetic Algorithm

Figure 2.4 shows the classical electromagnetic model for single layer ACSR 
conductors. This model was presented by Barrett, Nigol, Fehervari, and Findlay [6] in 
1986. This model, like M organ’s [24], considered the resistance in each layer including 
the steel core, inductances caused by longitudinal flux and inductances caused by circular 
flux. The longitudinal inductance o f the steel core is too small to significantly alter the 
current distribution in the aluminum layer and can be ignored in Figure 2.4.

J-^al'al
n n m

IG N O R E
nnnn

R-alfil

w w

Rstkt

W r

j(Ist+k0Ial)kln(D/(D-d))

j ( l s t + k i*a l )k l n ( ( D - d ) / D s l )

, Where k - c o p ^ l I n

k i n = (l)i,Ol ( f>,Resistance
Circular 
Inductance

Figure 2.4 Classical electromagnetic model for single layer ACSR [6]

Longitudinal
Inductance

The magnetic field strength can be calculated from the current in the aluminum 
strands and the lay length. The resultant longitudinal flux is

n
+ ^ ( D ~ d al)2 - A ,

k .
Wb (2.26)

where jur is the relative permeability in the steel core (unitless); ju0 is the permeability in 
free space (ju q  = 4n* 10'7 FI/m); D  is the diameter o f the complete conductor in m.
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The self reactance o f the aluminum layer X ai is given by

+ ( ^ n ~ /y ) 2 /4 - 4 , ) ]  q (2.27)

where co is the angular frequency in rad/s. The complex relative permeability jur used here 
makes self reactance partially resistive. Through the use o f complex relative 
permeability, part o f the core losses is included in this classical electromagnetic model. 
The complex relative permeability is a nonlinear function o f temperature, tensile stress, 
and magnetic field strength. The experimental complex permeability data conducted by 
Morgan, Zhang, and Findlay [8, 25] are a great support to both the Unified Model and the 
Integrated Model.

Considering the skin effect, the circular flux distributes as

This classical electromagnetic model works fine for three-layer ACSR and double 
layer ACSR. Barrett et al. [6] state that this model has been developed and verified for 
single, two, and three layer conductors. They also state that current redistribution was 
found to be far more important in determining the ac/dc resistance ratio than hysteresis 
losses in the steel core, except in single layer conductors. According to their experiments, 
the measured ac/dc resistance ratio for three layer ACSR “Grackle” is less than 1.08 at 
1700 A (the maximum current rating). The model predicts ac/dc resistance ratio 1.078 at 
1608 A. This prediction is accurate by the comparison with the experimental value. For 
three layer ACSR, current redistribution accounts for 6.0 % among the 7.6 % increase of 
ac resistance over dc resistance while magnetic core loss only for 1.8 % [6]. Loss caused 
by current redistribution is far more significant than the steel core losses for three layer 
conductors. As will be seen in this research, steel core losses are far more important than 
the loss caused by current redistribution for single layer conductors.

The single layer conductor in [6] was formed by removing the outer two layers of 
Grackle conductor. The ac/dc resistance ratio for this single layer ACSR is only 1.25 at 
400 A. There is no saturation between 100A and 500A because o f 19 steel wires in their 
single layer ACSR. As will be seen, experiments on popularly used single layer ACSR, 
“Guinea”, “Penguin”, and “Raven” conducted by the author show that ac/dc resistance 
ratio is as high as 1.99 around 280 A for Guinea at its saturation point, 1.68 at 330 A for 
Penguin, and 1.48 at 210 A for Raven. From ac/dc resistance ratio we can estimate that 
this classical model underestimated ac resistance for single layer ACSR conductors. Core 
losses caused by the eddy current have to be considered in this classical electromagnetic 
model for single layer ACSR conductors. The modification in Figure 2.4 lies in that core 
losses are identified in the aluminum layer by applying the lumped parameter algorithm 
analysis.

inner

outer

(2.28)

(2.29)
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Circular 
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Figure 2.5 Modified classical electromagnetic model for single layer ACSR

Longitudinal
Inductance

From a simplistic viewpoint, since the voltage drop in the aluminum layer and the 
steel layer are the same, we can develop two equations according to K irchhoff s voltage 
law. However, there are three unknowns, hence, we need another equation. The third 
equation is formed as the sum o f the layer currents to be equal to the total current. For an 
approximate solution, we solve these three equations to get three complex values: current 
in the steel core, current in the aluminum layer, and the total voltage drop. The ac 
resistance and the ac reactance o f conductors are the real part and imaginary part o f the 
division o f the total voltage drop and the total current, respectively. This model can be 
used as the stating power for iterations in the Integrated Model to obtain the steady-state 
operational properties o f single layer ACSR conductors.

The factors kt and kQ in the flux calculation in Figures 2.4 and 2.5 are the ratio o f 
the magnetic flux inside the mean diameter o f the aluminum wire to the total magnetic 
flux. They can be calculated according to the area and diameter o f the aluminum wires. 
By applying the method o f Barrett et al [6], for single layer ACSR conductors, we have 
20.51 % o f the layer current contributes to the inner flux o f the layer, and 79.49 % 
contributes to the outer layer.

2.4 Heat Transfer Thermal Model

The heat transfer thermal model plays an important role in the Integrated Model 
and it calculates the steady-state temperature at the surface o f the conductor. The steady 
state thermal rating is defined in IEEE standard 738 [26] as the constant electrical current 
that would yield the maximum allowable conductor temperature for specified weather 
conditions and conductor characteristics under the assumption that the conductor is in 
thermal equilibrium (steady state). The ampacity rating of ACSR is confined within its
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thermal rating. Also in this IEEE standard, the maximum allowable conductor 
temperature is defined as the maximum temperature limit to minimize losses o f  strength, 
sag, line losses, or a combination o f  the above. Following the IEEE standard, the heat 
transfer model connects very tightly with the electromagnetic model and the mechanical 
model as shown in Figure 2.1.

Both the Integrated Model and the Unified Model are based upon steady-state 
heat balance equation and are developed for various environmental conditions. The 
Integrated Model contributes to simulate conductors in the laboratory while the Unified 
Model does not have this function. To simulate indoor conductors, buoyancy effect and 
lay angle o f the conductor have to be taken into consideration.

In the Integrated Model, the input variables o f the heat transfer thermal model are 
the geometrical parameter, total current, ac resistance and atmospheric variables, such as 
wind speed and its direction, the intensity o f solar radiation. The output variables are heat 
gains, heat losses, and the surface temperature o f the conductor.

Heat transfer thermal model is based on heat balance equation [22, 27]

Pele + Psolar + = ^con + Prc + Peva (2.30)
where Peie is the electric resistive or Joule heating in W/m; Psoiar is the solar heating in 
W/m; P ion is the ionization or corona heating in W/m, kion is a heat diffusion factor; Pcon is 
the convection heat loss in W/m; Prc is the radiation heat loss in W/m; Peva is the 
evaporation heat loss in W/m. The hear transfer by ionization and evaporation seldom 
occurs, so we usually consider

P e ^ P , Mlr = P m + P K <2.31)
The resistive heating is calculated as Peie=Iiot Pac, where Rac is ac resistance in 

f>/m corresponding to the actual surface temperature o f the conductor with the total 
current Itot in A.

2.4.1 Solar Heating

The solar heating calculation in the Integrated Model is the same as that in the 
Unified Model according the conductor, the Sun and the position between them. For 
isotropic diffuse sky radiation, the total solar heat gain received per unit length o f the 
conductor is given by [27]

Psoiar ~ a s P
7t

sin 77 -\— F  sin H s cos' W /m (2.32)
2 2 .

where as is the absorptivity o f the conductor surface for short wave radiation; D  is the 
overall diameter in Figure 2.4; IB is the intensity o f the direct solar beam on a surface 
normal to the beam in W /m2; tj is the angle between the solar beam and the axis o f  the 
conductor in degree; F  is albedo o f the ground; I p  is the solar altitude in degree; C is the 
inclination to the horizontal; Id is the intensity o f the diffuse sky radiation in W /m2.

The calculation o f angle rj and solar altitude Hs needs some specific 
environmental conditions such as geographical latitude, declination o f the Sun which 
depends on the hour and the day o f the year, the intensity o f the direct solar beam above
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sea level at some atmosphere, the intensity o f diffuse radiation which is a function of 
various albedos.

W hen the Integrated Model is used to simulate indoor conductors, the solar 
heating is confined within a very small value, for example, 0.05 W/m.

2.4.2 Convective Cooling

The calculation o f convective cooling is different from the Integrated Model and 
from the Unified Model because o f augments selection which is based on geometrical 
parameters o f ACSR.

For the fluid adjacent to the hot surface o f the conductor, its density decreases, 
and the hot fluid rises. The convective heat transfer occurs. If  there is no wind, the fluid 
flows upwards directly and the heat is lost by the natural convection. The natural 
convective flow is vertically downloads if  the conductor is cooler than the fluid. When 
the wind blows, the fluid is carried away and the forced convection takes place. The total 
or mixed convection, which actually occurs in practice, occurs due to both natural and 
forced convection. The method for calculation o f mixed convection, used in the 
Integrated Model, combines both natural and buoyancy effects as nominally forced 
convection procedures to determine the Nusselt number in this research.

The convective heat loss is given by [22, 27]
Pc<m=7tNuXf (Tsur- T amh) W/m (2.33)
where Nu is the unitless Nusselt number; Tsur and Tamb are temperatures o f the conductor 
surface and the ambient in °C.

Film temperature 7} is the temperature o f the fluid at the surface o f the conductor

r , =o.5(r„„.+r„,l ) - c  (2.34)
The thermal conductivity Xf o f  the air at the surface o f the conductor, for the

temperature up to 100 °C is [20, 26]
=2 .42x1  O'2 + 7 .2 x 1 0 '5 7} W/mK (2.35)

The calculation o f the Nusselt number differs for natural and forced convection. 
The Nusselt number depends on the kinematic viscosity o f the air which changes with the 
height above sea level. For temperatures up to 100 °C, the kinematic viscosity vq o f air at 
sea level is given by
v0 =1.32 x l 0 “5 +9.5  xK T 87} m 2/s (2.36)
The kinematic viscosity vh at the altitude H  in m is

vH = v0( l - 6 .5 x l0 " 3 77 /288 .16)"5 2561 m 2/s (2.37)

• Natural Convection

In the natural convection, the Grashof number Gr, the Prandtl number Pr, and 
their product, known as a Rayleigh number Gr.Pr are used to obtain the Nusselt number. 
All o f these numbers are unitless. The Nusselt number for an isothermal horizontal 
cylinder in the range 10“'° < G r.Pr < 1010 is found from [22]
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Nu = A(Gr. Pr)'" (2.38)
where the coefficients A and m are given in Table 2.1.

Table 2.1 Constants for Nusselt number in natural convection [22]
Range o f Gr.Pr (0.7<Pr<5) 
From To A in

10-u 10" 0.675 0.058
10'4 10'1 0.889 0.088
lO’1 102 1.02 0.148
102 104 0.850 0.188
104 107 0.480 0.250
107 1012 0.125 0.333

The Grashof number for the conductor with diameter D  is calculated from [27]

Gr = D 3g(T slir - Tamh) KTf +212)v„2 (2.39)
where g  is the acceleration due to gravity in m/s2.
For moderate temperatures up to 100 °C, the Prandtl number is approximated by [22, 27] 

Pr = 0 .7 1 5 -2 .5 x l0 “4r / (2.40)
The Nusselt number for a conductor inclined at angle £ (deg) to the horizontal is 

obtained by multiplying the Nusselt number by the factor (cosC )1 ’" ', except for C ->  90° 
[27],

• Forced Convection

The Nusselt number for a wind with velocity U, blowing normal to the axis o f the 
stranded conductor, is given by [22]
Nu  = 1.1C Re" (2.41)
where Re is the Reynolds number [22]
Re = UDI vH (2.42)
C and n are coefficients depends on Re. The values o f C and n are given in Table 2.2.

Table 2.2 Constants for Reynolds number in forced convection [22]
Reynolds number, Re 

From To C n

i X © £ 4xlO 'J 0.437 0.0895
4x10° 9 x l0 '2 0.565 0.136
9x1 O'2 1 0.800 0.280

1 35 0.795 0.384
35 5 x l0 3 0.583 0.471

5 x l0 3 5 x l0 4 0.148 0.633
5 x l0 4 2 x l0 5 0.0208 0.814
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The roughness o f  surface affects the convective heating in many ways. According 
to his experimental data, Morgan [22] states that the overall heat transfer from the 
stranded conductors is approximately 10 % higher than that from a smooth cylinder. The 
factor 1.1 in the above equation allows for this.

The angle o f attack o f the wind with respect to the conductor axis is not a 
constant. It fluctuates about a mean value y/mean in degree with standard deviation ay/ 
which depends on the terrain. The fluctuation in the wind results in an effective mean 
angle o f attack y/*, higher than the following [22]

V * —.
1

V2^r
2(ay/)e 2((rv' r + mam\erf V 2 (cry /)_ deg (2.43)

•  Mixed Convection

When neither the natural convection nor the forced convection are negligible 
compared to one another, they are combined in a mixed convection. The Nusselt number 
for mixed convection is obtained from the effective Reynolds number Reen, the vectorial 
sum of Reynolds numbers for the natural and forced flows.

Table 2.3 Limiting constants for mixed convection [22]

From
Gr.Pr

To From
Re

To n/m

0oIIs

c ,
a=90° a=180°

10"u 10° 10° 4x10° 1.54 .30x10° .69x10° 1.69x1 O'4
4x1 O'3 9x1 O'2 2.34 0.477 0.0629 8 .28x l0 ‘3
9 x l0 ‘2 1 4.83 8 .04xl04 221 0.607

10'2 102 4x1 O'3 9x1 O’2 0.919 0.0571 0.0258 0.0117
9 x l0 '2 1 1.89 6.38 0.633 0.0628
1 35 2.59 47.4 1.33 0.0370

102 104 9x1 O'2 1 1.49 12.2 1.99 0.322
1 35 2.04 59.4 3.55 0.212
35 5 x l0 3 2.51 49.4 1.21 0.0296

104 107 1 35 1.54 232 27.9 3.35
35 5 x l0 3 1.88 202 12.4 0.762
5 x 103 5 x l0 4 2.53 7.70 0.125 2.02x1 O'3

107 1012 35 5 x l0 3 1.41 3330 411 50.6
5><103 5X104 1.90 288 13.0 0.590
5 x l0 4 2 x l0 5 2.44 5.91 0.0813 1.12x10"3

The boundary between pure natural convection and mixed convection is stated in 
[22]. The limiting Grashof number Grjim is defined as that value o f the G rashof number at 
which the total effective Nusselt number, Nuetr, is 1008% greater than the Nusselt number

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 23

corresponding to pure natural convection, N un. The margin o f 100 § is usually taken to 
be 5 %.
Grlim=C, Re'7/m (2.44)
Coefficients “n/m  and C "  are selected from Table 2.3.

Reynolds number is defined as a nondimensional number equal to air velocity 
times conductor diameter divided by kinematic viscosity [26]. Air velocity includes the 
wind velocity.

Re can be considered as a measure o f the ratio o f inertia to viscous forces over the 
cylinder [28]. W hen Re «  1, the inertia forces are negligible compared with the viscous 
forces, and the flow is potential in nature, i.e., streamlines move over the surface, leaving 
it at the rear stagnation point. When the stream velocity increases and the vorticity in the 
flow near the cylinder increases until Re ~ 6 [29], the flow separates from the rear surface 
under the adverse pressure gradient. A pair o f symmetrical vortices might be formed at 
the rear o f  the cylinder, and these vortices grow until they become unstable at Re ~ 90 
and develop into a system o f alternating vortices, known as Karman vortex street in 
Figure 2.6. At high Reynolds numbers, the wake becomes irregular, and eventually the 
wake becomes turbulent [22].

: .JfilfiM
fSH H R M SaaH M il

Figure 2.6 Alternating vortices behind a circular cylinder in crossflow [30]

Sometimes buoyancy effects have to be considered with nominally forced 
convection with large Reynolds number. The natural convective flow, acting upwards for 
the heated cylinders, increases the heat transfer and the increase is greater when the 
Grashof number becomes higher [31]. The natural convection and buoyancy effects 
consist o f mixed convection in the Integrated Model.
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Elatton et al. [32] did experiments in air flowing upwards, downwards, and in 
crossflow with cylinders which have diameters o f 0.1, 8.13, and 12.58 mm. By equating 
the work done by the buoyancy force on a fluid element with the gain in kinetic energy, 
they derived the relationship for the equivalent Reynolds number,

R e „ = V 2 &  (2.45)
Using this equivalent Reynolds number for natural convection, and adding 

vectorially the natural and forced flow Reynolds numbers, we can obtain the effective 
Reynolds number for the mixed flow derived by Morgan [22] who followed Hatton [32]:

R ec// = ^ (R e n/+ R e c o sa )2 + (R e s in a )2 (2.46)

where a is the angle between the natural convection and buoyancy force. The total heat 
transfer is by using Reeff in place o f Re in Table 2.2.

Table 2.4 lists the calculation o f Grashof number for Guinea, Penguin, and Raven 
conductors under the 100 °C surface conductor temperature and 20 °C ambient 
temperature. “A” and “m” are selected from Table 2.1. “n/m and C f ’ are selected from 
Table 2.3. The limiting Grashof number for a = 90° is calculated in the Table 2.4 and it is 
the harmonic mean o f the limiting G rashof numbers for a  = 0° and a  = 180°.

Table 2,4 Calculation o f the boundary between pure natural convection and mixed convection
GrN Pr GrPr A m Reeq k n/m c. Griim

0°

OOO ' 180°
Guinea 20661 0.7 14463 0.48 0.25 203.28 0.548 1.88 202 12.4 0.762 27 0790
Penguin 19294 0.7 13506 0.48 0.25 196.44 0.548 1.88 202 12.4 0.762 2 53910
Raven 6816.2 0.7 4771.3 0.85 0.188 116.76 1.93 2.51 49.4 1.21 0.0296 186930

By comparing the numbers in the Table 2.4, we can see that pure natural 
convection is not enough to simulate convective cooling for indoor single layer 
conductors. Hence we consider the mixed convection which includes the effect o f 
spiraling on the direction o f  cool out.

The angle between the natural and forced convection is 90° in the Integrated 
Model designed for outdoor single layer ACSR conductors. The direction o f natural 
convection is upward because o f the density o f the hot fluid. The outside wind direction 
is assumed in cross-flow or horizontal to the axis o f the conductor. That is why the angle 
between them is 90°.

It is not the case for indoor conductors. For indoor conductors, the natural 
convection is still upward. Since no wind flows indoors, the nominally forced convection 
caused by buoyancy force is upward. Because o f the lay angle o f wires in the conductor, 
the angle between the two kinds o f convection is not 90° and it should be the lay angle o f 
the wire.

Figure 2.7 gives us some clue o f the direction o f the buoyancy force working on 
indoor conductors. The hot air at the bottom o f the conductor rises upward. Its direction 
changes when it comes across the side surface o f the conductor because o f  the roughness 
o f the aluminum strands as shown in Figure 2.7. The angle between the buoyancy force
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and natural convection can be calculated from the lay angle o f the aluminum layer in the 
conductor.

Natural Convection
Buoyancy Force A

“  75

axial d irection

Buoyancy Force

Figure 2.7 Angle between buoyancy force cooling and natural convective cooling for
indoor single layer ACSR conductors

Figure 2.8 shows the lay angle y o f the aluminum layer for single layer ACSR 
conductors in degree; X is the lay length o f the aluminum layer in m; D  is the mean 
diameter o f the complete conductor in m.

7tD

Figure 2.8 Lay angle o f the aluminum layer

From Figure 2.8, we know that y  = tg — . The calculation o f the lay angle for
X

Guinea, Penguin, and Raven conductors is listed in Table 2.5. The lay angle o f wires for
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single layer ACSR conductors is approximately 15°, and the angle between the natural 
convection and buoyancy force is almost a = 90° - 15° = 75°, as shown in Figure 2.7.

Table 2.5 Calculation o f the lay angle for single layer ACSR conductors
Conductor Code Lay Length X (cm) Diameter D (cm) Lay Angle y (deg)
Guinea 17.6 1.46 14.7°
Penguin 18.6 1.43 13.6°
Raven 12.8 1.01 14.0°

2.4.3 Radiative Cooling

The radiative heat cooling Prc is calculated from [22, 27], the same in the 
Integrated Model and in the Unified Model
Prc = 7iDcjRs s [(T„,r + 273)4 -0 .5 (7 ;, + 273)4 - 0 .5 ( 7 ^  + 273)4] W/m (2.47)
where Tgr and Tsky in °C are ground and sky temperatures; aB is the Stefan-Boltzman 
constant (aB = 5.66997*1 O'8 W/m2K4); es is the emissivity o f the conductor, which 
depends on the type o f metal and increases with aging and oxidation.

Since the radiative heat loss for a typical conductor does not exceed 30 % [27] o f 
the total heat loss, the ground and sky temperatures may be approximately equated to the 
ambient air temperature Tamb in °C, and the radiative heat loss becomes

Prc = nDcrBs s [(T „  + 273)4 - (Tamb + 273)4] W /m  (2.48)

2.5 Radial Conduction Model

For ACSR conductors, most o f the heat is transferred by conduction through the 
metal to metal contacts, through the very thin air gaps and through the triangular or 
rectangular air voids between the layers. Radiation and convection heat transfer within 
the conductor can be neglected in the radial conduction model. The temperature 
difference between layers depends on the number o f contacts and the area o f each 
contact. Experiment [33] shows that the radial temperature difference increases with all 
increasing number o f layers o f wires, and decreases with increasing axial tension and 
radial pressure.

The radial conduction model calculates the radial temperature distribution within 
stranded conductors. The flowchart shown in Figure 2.9 is used in the Integrated Model. 
Both the Integrated Model and the Unified Model are using the same principle including 
formulas and algorithms developed by Morgan and Findlay [33]. The difference o f  the 
radial conduction m odel in the U nified M odel and in the Integrated M odel lies in the 
implementations which are related to the geometrical structures o f ACSR conductors.
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Input Variables: conductor geom etrical param eters, stress, tension, and current 
in each layer, electrical resistance, thermal conductivity param eters o f  material.

Calculate power gain in each layer

Calculate heat transfer among layers

Calculate tem perature difference between layers

Calculate total radial force in each layer

Calculate lay angle and total axial tension in each layer

Calculate pressure with the radial force and the contact area

Calculate sum o f  contact area o f  metal to metal, air gaps, and air voids

Output V ariables: radial forces, power gain in layers, layer tem perature, 
contact areas o f  wires in adjacent layers, temperature difference between layers.

Figure 2.9 Radial conduction model embedded in the Integrated Model

If  the king wire is denoted with zero, succeeding layers with numbers growing 
from 1, the difference between temperatures o f layers n and n+1 denoted by subscript 
n (n+ l) was given by M organ and Findlay [33]

' c  (2 .4 9 )
/=0

n

where ^  Pt (W/m) is the total power gain per unit o f length o f the conductor up to the
/=o

layer and including the layer n; T ( /M )„ („+1) (W/°C) is the sum o f the products o f the
2 2heat transfer coefficients due to the conduction h (W/m K) and contact area A (m ) 

between layers n and n+1.

^(^4)n(»+l) = 2 ]  (A iA i )«(«+!) + S ^ ' ’̂ v)n(H+l) W/ C (2.50)
Subscripts m, g, and v denote metal to metal contacts, air gaps and air voids respectively.

M organ and Findlay [33] also gave the calculation o f the conductive heat transfer
coefficients hm, hg, and hv, respectively as the following.
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The conductive heat transfer coefficient for metal-metal contacts may be 
approximated as:

h 1.13 khm tan 9
cr

P±
H

0.94

W /m 2K (2.51)

where a  in meter is the root-mean- square height o f  the asperities; tanO is the mean slope 
o f  the asperities, and H m  Pa is the microhardness o f the softer material. The harmonic 
mean o f the bulk thermal conductivities k / and ° f  tw0 metals in contact is given by

Kn, = 2kA  /(*i + K ) w /m K  (2.52)
The conductive heat transfer coefficient for the air gaps between asperities is 

found from

h„ = k  /S., W /m K (2.53)
where kg in W /mK is the air thermal conductivity, and dg in m is the effective length o f 
the gap. For ACSR conductor, Sg is approximately ljum.

Similarly, the conductive heat transfer coefficient for the air voids is found from

hv = k g / S v W /m 2K (2.54)
Applying hydraulic diameter, i.e., 4 (area/perimeter) o f the void, for the triangular 

voids, the effective length o f the void is given by

’2V3
= —  1

n
d  = Q.\Q21d m

and for the rectangular void it is given by
r 4 '

S., = •1
n

<f = 0.2732J m

(2.55)

(2.56)

The calculation o f the radial temperature gradient is given by Morgan and Findlay 
[33] as the following.

The sum o f the area o f true metallic contacts A m and the area o f the air gaps Ag is 
equal to the product o f the number o f contacts q between wires in layers n and n+1 and 
apparent total area A q o f each contact.
A 4- A' 1mn(n+1) ,A(n+\) cjn(n+\) m

A n ( ^ ) = ^ ( 2 n  + l ) - q «(«+! )^/n(«+1)

(2.57)

m 2 (2.58)
The total radial temperature difference for a conductor with N layers is given by

T „ - T ,  = ^ T , - T m l) ’C (2.59)
/?=0

The number o f contacts between wires with diameter d  in layers n and n+1 with lay 
lengths Xn and Xn+i is obtained by

d„(n+\) in..
1 1 1------

2.. 2.>1+1
(2.60)

where m„ is the number o f wires in layer n, and for the king wire we assume M Xq = 0.
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For the total axial tension T ’ in a conductor with N layers, the tension in layer n is given 
by

N

Tn'= 6nT 'cos2 /?„ 1 + ^ 6 n cos3 /?,,
«=i

N  (2.61)

where in degree is the angle o f lay o f wires in layer n, and

cos/?,, =Xn I ,,2 +(7md)2\  (2.62)
The total radial force Frn in layer n is calculated by

F„, = Tn ’s in 2 /?„ / nd  N  (2.63)
The total radial force on the wires in layer n Frn ’ is obtained as the sum o f the radial 
forces o f all layers above the layer n

F„'= f X  N (2.64)
i=n+1

The radial force per contact Frqn is then
N (2.65)

and the apparent area o f each contact

A,n(n+\) = Fn,n / fy  ^  (2 ‘66)
where f y in Pa is the compressive yield stress which depends on the type o f wire material. 
The mean pressure over apparent area p q is found from

Pq -  Fn,„! Aqn(n+X) Pa (2.67)
If  the mean pressure over the actual total contact area A,n(n+t) during plastic deformation, 
is assumed to be equal to H, then we have

Pq _ An(n+1) (2 .68 )
J-f Aqn(n+\)

The ratio o f the actual contact area to the apparent total contact area is found from

(2 «9)
where Y  in m is the separation distance between the mean lines o f  the two surfaces in 
contact.
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CHAPTER 3 
EXPERIMENTAL MODEL

3.1 Introduction

The previous chapter introduced the development o f the Integrated Model. In this 
chapter we describe the design and performance o f a comprehensive experimental model 
to validate the Integrated Model. The physical experiment was conducted on three single 
layer ACSR conductors: Guinea with 7 steel wires and 12 aluminum wires, Penguin with 
a king steel wire and 6 aluminum wires, and Raven with a king wire and 6 aluminum 
wires. Electromagnetic properties o f aluminum and steel were measured at fixed tension 
levels. Aluminum resistivity was also measured through a carefully designed dc 
experiment on a single aluminum wire removed from Penguin conductor.

Test conductors and apparatus are introduced in this chapter as well as some 
measuring strategies and data processing. Testing errors and their propagation are 
discussed and analyzed. Some experimental results such as ac resistance and the current 
density in the aluminum layer are given at the end o f this chapter with their 
corresponding error bounds.

The experiment conducted by Barrett et al. [6] was on Grackle with 19 steel wires 
and 54 aluminum wires. By removing two aluminum layers, a “single layer conductor” 
with 19 steel wires was obtained. The popularly used single layer ACSR has a king wire 
with or without a steel layer. Compared with the practical single layer conductors, the 
single layer conductor used in [6] can carry stronger tension and larger current while 
current, tension, and sag are dominant factors to influence the operational behaviors and 
the remaining life o f ACSR.

Rong [10] performed a physical experiment on a complete single layer ACSR 
Guinea, not involving ACSR which has only a single steel wire. In R ong’s experiment, 
the tension was not kept constant during the current range. In other words, the tension 
was naturally decreasing with an increase o f current and temperature.

3.2 Apparatus

Below, a brief summary is provided detailing the equipments used in this 
experiment. The apparatus include a test frame, test conductors, test probes, and 
measuring instruments.

Test conductors include typical types o f single layer ACSR as mentioned in the 
beginning o f  this chapter. Before A C SR  are used as overhead transm ission and 
distribution conductors, they usually experience pre-tensioning procedure to stand tough 
conditions in practice. The pre-tensioning force, conductor temperature, and time 
duration depend on conductor types and individual geometrical configurations. During 
the stranding process the wires are left loose enough so that they tighten together and 
deform when force is applied. The conductor deforms permanently when subjected to 
tension over a period o f time.

30
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3.2.1 Description of Test Setup

Testing Area

Testing Cable

Steel Frame
Isolating ' 

Transformer

Figure 3.1 The structure o f experiment frame

A specialized testing frame was built to enable the required physical experiments 
(shown in Figure 3.1). To test the influence o f the frame, measurements were taken using 
an ac fluxmeter showing that the maximum deviation from the mean at 5 cm from the 
conductor axis was less than 4 %. We concluded that the frame had minimal effects on 
the cable operation [34]. The test conductor was installed on the frame with necessary 
insulators between the connection parts.

The dynamometer in Figure 3.1 was made in W. C. Dillon Incorporation. The 
capacity is 44482 N and the division is 444.82 N. The dynamometer is designated to 
show the axial tension o f the test conductor. Since the permeability is a function o f 
conductor temperature and tension, the tension o f the conductor was kept constant in the 
experiment to decrease its effect on the permeability. The tension o f  the conductor 
decreases naturally with an increase o f the conductor current resulting in increased 
temperature. During the measurement, tension was added to compensate for this 
decrease. The tension can be added either through the tension bar on the lower part o f  the 
left side or through the dynamometer structure on the right side. To least affect the record 
o f  the dynamometer, tension was added from the left tension bar in the experiment.

An isolating transformer was used between the power and the test conductor. 
Current was injected from the isolating transformer to the conductor through two 
connectors made o f aluminum. The testing area was between the two connectors shown 
in Figure 3.1.

Two current transformers (CT) were used to measure the current. One was used in 
the primary side o f the isolating transformer and the other was used to hang on the test 
conductor. The test conductor went through the hole o f the CT and without touching the 
CT.
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3.2.2 Test Conductors

Cross-sectional areas o f the test conductors are shown in Figure 3.2: A white 
circle indicates an aluminum wire and a gray circle indicates a steel wire. All the wires o f 
Guinea conductor have the same diameter o f 0.292 cm, 0.477 cm o f Penguin and 0.337 
cm o f Raven. The voids between the layers and among the wires are different as shown in 
Figure 3.2: some o f them are in triangular type; some o f them are similar to rectangular 
type; some o f them resemble the combination o f triangle and rectangle. As the wires 
spiral and rotate, the voids deform and rotate as well. The heat o f the conductor is 
transferred through metal-to-metal contacts, air gaps, and voids.

(a) Guinea (b) Pen§uin (c) Raven
Figure 3.2 Cross-sectional areas o f Guinea, Penguin, and Raven, respectively

The detailed information from the Aluminum Flandbook [9] on the physical and 
electrical properties o f  the three conductors is given in Tables 3.1 and 3.2, respectively. 
Table 3.3 gives the possible maximum current for Guinea, Penguin, and Raven, 
respectively. The current ranges o f the conductors can be chosen according to Table 3.3.

Table 3.1 Physical properties o f Guinea, Penguin, and Raven, respectively [9]
Code
Word

Size
(Kcmil
)

Size
(cm2)

Diameter (cm) Complete
Diameter
(cm)

Steel Core
Diameter
(cm)

Rated 
Strengt 
h(kips)Alum. Steel

Guine
a

159 0.806 12 x
0.292354

7 x
0.292354

1.46304 0.877062 16.0

Pengui
n

211.6
(4 /0 )

1.072 6x
0 .477012

lx
0 .477012

1.43002 0.477012 8.35

Raven 105.6
(1 /0 )

0.535 6x
0.337058

lx
0.337058

1.01092 0.337058 4.38
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Table 3.2 Electrical properties o f Guinea, Penguin, and Raven, respectively [9]
Size and 
Stranding

Resistance Inductive Reactance Capa.
Xac
30.48cm 
Eq. Spa. 
- 6 0  Hz 
(MQ.km)

kc
mil

Wire DC
(Q/km) 
20° C

AC -  60 Hz 
(Q/km)

30.48crr 
Spacing 
60 Hz

Equivalent

(Q/km)
25° C 50° C 75° C 25° C 50° C 75° C

159 12/7 0.3326 0.343 0.4679 0.5425 0.3212 0.3666 0.3902 0.1782
4/0 6/1 0.2609 0.2697 0.3498 0.3797 0.3163 0.3436 0.3455 0.1819
1/0 6/1 0.5226 0.5356 0.6468 0.709 0.3411 0.3734 0.3815 0.0756

Table 3.3 Am 3acity versus tern perature rise (in still air) [9]
Code
Word

A T  = 10°C > ii o n AT = 60°C 75°C
Current

M aximum
Current

Guinea 104 182 262 330 A 390 A
Penguin 130 218 320 390 A 470 A
Raven 255 A 300 A

3.2.3 Test Probes

Straight Probe

Search CoilHelical Probe
Figure 3.3 A rrangem ent o f  three kinds o f  probes

Three kinds o f probes (shown in Figure 3.3), made o f AWG #24 insulated copper 
wire, were used in this experiment [6]. Straight probes were used to measure ac resistance 
and ac reactance o f the test conductors. Helical probes were used to ascertain the surface 
current density in the aluminum layer. Search coils were used to obtain the complex
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permeability o f the steel core. Each probe was placed as tightly as possible on the 
conductor surfaces. Thermal tape was used to secure the probes in place. In theory the 
probes do not have to lie on the conductor surface because any extra loop area enclosed 
by the probe would result in an induced voltage which is 90° out o f phase with the total 
current. However, in practice, the extra flux could be affected by ferrous and conductive 
objects near the conductor, causing changes in the measured value o f conductor 
resistances [35].

Both straight probes and helical probes were mounted on the outer surface o f the 
test conductor. The probes, with the exception o f the two extreme ends, were insulated 
electrically from the conductor. Two contacts for each probe were made by drilling small 
holes approximately half-way to the radial center o f the same aluminum wire, and 
securing the ends o f  the probe wire in the holes with a small aluminum wedge to enhance 
good contact and to keep the possible error at a minimum..

Burke and Alden [36] have demonstrated the proportional relationship between 
the helical probe output voltage and the current density. The proof in [36] is shown 
briefly as the following:

Figure 3.4 is used to demonstrate the relationship between probe output voltage 
and current density in a general case. In Figure 3.4, E F  and BC  represent the two portions 
o f the filament, GF  and AB  the leads, and CDE  any fixed but arbitrary path in the 
conductor. Points G  and A are placed in a field free region so that the potential difference 
Vqa is uniquely defined.

B

C
Figure 3.4 Arbitrary filament o f current density probe [36]

Applying KVL in the loop ABCDEFGA:

VaA + [ ia ip J -d l  = jE - d l  (3.1)

where p  is resistivity in Q  • m ; J  is current density in A/m2; / is integral line in m, and E  
is electric field intensity in V/m.

If  the current drawn by the measuring instrument is assumed to be negligible 
compared with the current in conductor CDE, the current density will be zero everywhere 
in the paths ABC  and GFE. We can write

f p J - d l = [  p J - d l .  (3.2)
J A IX !  t '.D H

G F  and AB  are twisted tightly so that they experience exactly the same velocity 
and electromagnetic fields. Point E  and C are electrically connected to the conductor with 
solder. Terminals G and A are in a field free region. We have the following formula
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V o a  =  [ l  ^ J - d l +  I ;  ^ J ' d l (3.3)

which is the integral o f the p J  product along the length o f the probe filament in the 
adjacent conducting medium. In this case

where I is the length o f the probe. The direction o f J i s  the same as that o f /.
The terminal voltage is proportional to the product o f p J  and /. The following 

considerations are noted in [36]: 1) Current waveform is preserved. This is important in 
our situation where the single layer ACSR conductor is nonlinear; e.g., surface probes on 
magnetic materials. 2) The signal is independent o f frequency. This allows the 
measurement o f  current distributions for low frequency periodic wave shapes. 3) The 
signal is proportional to the resistivity o f the conductor at the probe location. Since at 
steady state the temperature is close to being homogeneous, it is not necessary to correct 
for temperature variations.

The above analysis o f the general case was incomplete because the magnetic flux 
through the surface bounded by BCDEFB  was ignored. Findlay and Riaz [34] modified 
the relationship to:

where the second term may arise due to the influence o f external fields. Since the loop 
formed by the helical probe and the conductor is too small to allow a significant amount 
o f magnetic flux, only the first term o f the above equation contributes to the measured 
voltage.

In this experiment, Burke and Alden’s probe was modified to encompass several 
integral number o f lay segments o f the outer conductor, mounted along the spiraling 
aluminum wire shown in Figure 3.3 in order to measure the voltage accurately and 
without distortion from either the steel frame or the conductor ends. In order to obtain 
adequate resolution o f the helical probe, the diameter o f the probe filament must be small 
compared to the penetration depth, which is a function o f frequency, resistivity, and 
permeability. The diameter o f the applicable AW G #24 wire, 0.5 mm, is small compared 
to the penetration depth 6.599 mm, satisfying the criterion.

One problem remains: the probes may disturb the current distribution in the test 
conductor. Measurements for the longitudinal magnetic flux had stabilized within 
approximately 30 cm o f the ends o f the test cable [6], In this physical experiment, all 
current and voltage probes were approximately 178 cm from the ends so the probes 
would not affect the current distribution. As we will see in the result comparison, 
matched experimental results and simulation results indicate that the sample is long 
enough for the current to redistribute from wherever its distribution in the clamps to the 
distributions measured at the centers o f the clamps.

Every effort was taken to ensure the measurement valid and within good 
precision. All probe leads were shielded and twisted tightly to the conductor to avoid 
stray pick-up. The leads connected to high-impedance voltmeters and gain phase meters 
were also shielded and twisted. Two sets o f probes were used to make the experimental

V(!A= p J - l (3.4)

(3.5)
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data valid. Each set o f probes includes a straight probe, a helical probe, and search coils. 
Each curve measured from the experiment was done several times and the characteristic 
curves were consistent.

The probe and the test conductor are made o f two different metals which have a 
tendency to oscillate when injected ac current. To reduce this uncertainty, mechanical 
clips were used to fix the mounted probes and Fiberoid Fish paper was used between the 
mechanical clip and the test conductor as an insulator.

3.2.4 M easuring Instruments

Some measuring instruments were used in this experiment: PFA Telfon insulated 
T-type 24 AW G thermocouples, a Fluke 2240C data logger, F1P 3575A gain-phase 
meters, German-made BBC M2110 multi-meters, and F1P 3435A multi-meters. Details o f  
these instruments are shown in Appendix A.

3.2.5 Temperature M easurement

Temperature measurement plays a key role in this physical experiment. PFA 
Telfon insulated T-type 24 AW G thermocouples were used both externally and internally 
to monitor temperatures. The true surface temperature will be disturbed by the attachment 
o f thermocouples. Careful installation can make disturbances as small as reasonably 
possible. Drilling straight, small-diameter holes becomes significantly important.

A thermocouple normally covers a wide range o f temperatures, and its output is 
reasonably linear over portions o f that range. The exposed or bare bead o f  thermocouple 
with fast response can be made small to facilitate precise measurement o f  temperature at 
a point. The analyses by Quant and Fink [37], Green and Hunt [38] showed that in order 
to obtain a rapid response with a small, steady-state error, it is necessary to use a small 
junction bead with good surface contact, small diameter wires, and good insulation 
between the wires and the surroundings. Thermocouples mounted on a surface subject to 
radiant heating at temperature-rise rates up to 17 °C/s were investigated by White [39], 
His results showed that a separated-j unction thermocouple produced the least error. The 
selected thermocouples in this experiment meet those requirements.

We need to attach thermocouple to the surface o f the conductor to measure its 
surface temperature. A depression just below the surface is used to install the 
thermocouple. The larger the diameter o f the depression, the greater will be the 
disturbance in temperature distribution within the body, because o f the existence o f the 
depression and o f the thermocouple installation. The best diameter is that which will just 
accommodate the installation. The success o f drilling depression depends on three 
factors: the drill used, the drilling machine, and the skill o f the operator.

American-made high-speed steel twist drill in standard size 0.159 cm in diameter 
was chosen in the experiment, since they can be operated at twice the RPM o f carbon 
steel and can withstand temperatures up to 1000 °F. The lips are formed in the sharpening 
process to the desired angle. At the very tip the spiral point is formed, which has less o f a 
tendency to wobble at the start than the chisel point.
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A hand-drill machine with adjustable drilling speed was used with a spindle that 
moved up and down easily, and was arranged to allow delicate fingertip control. Since 
there is always a critical speed at which an unsupported drill vibrates laterally [39], a skill 
was used as follows. In the experiment, the drill projected from the chuck by an amount 
only slightly greater than the depth o f the hole to raise speed as high as possible and also 
to minimize the flexing o f the drill with the consequent tendency to drift or run out. Thus, 
when the drill was cutting, the unsupported length between the chuck and the entrance to 
the hole did not exceed 5 drill diameters. As the depth o f the hole increased, the drill was 
made to project more and more from the chuck to correspond to the increased depth o f 
the hole.

During the experiment, the operator attempted to apply just sufficient pressure to 
make the drill “cut” . Excess pressure or excess force may result in a crooked, bell
mouthed hole even though the drill might not break. The smaller the drill, the lighter is 
the permissible pressure. Guinea has an aluminum layer, a steel layer, and a king wire. 
The hole drilled in the surface o f the king wire was the most difficult one because o f the 
outer two layers. Firstly, a hardened high-speed tool steel drill with cutting lips made o f 
cemented carbide was used. Secondly, the drilling location was chosen on the spot which 
was exactly beneath the contacts both o f two aluminum wires and o f two steel wires. 
Thirdly, a hard spot or hole in the steel surface tended to deflect a drill, resulting in a 
crooked hole and a broken drill. Two drills were broken in this case. Finally, maximum 
drill speed, minimum drill pressure, and a perfectly sharp drill were used to drill this hole 
successfully at the surface o f the king wire. The drill was withdrawn and cleaned after 
every 1 or 2 seconds in action. M uch patience was required for the operator.

The holes drilled in this experiment to install thermocouples satisfied the 
requirements in [40]: (1) holes were drilled small in diameter, i.e., the diameter which 
just accommodates the thermocouple installation; (2) holes were drilled as straight as 
possible with a large ratio o f depth to diameter; (3) holes were drilled in various locations 
to obtain the required average temperature and were just below the surface o f each layer 
including the king wire; (4) chips o f steel or aluminum were removed from the hole 
frequently enough to prevent pressure, and thereby friction, from developing in the space 
filled by the chips. The hole was cleaned before the thermocouple was installed.

Thermally conducting epoxy resin and epoxy hardener (50% each) were mixed 
together to work as thermal conducting glue to secure the end o f the thermocouples. This 
process yielded good thermal conductivity and sufficient electrical insulation. Thermal 
conductivity measurements had been taken by Garrett and Rosenberg [41 ] between 2 and 
300 K on composites made from an epoxy resin with powder fillers o f glass spheres. 
They claimed “above about 10 K the conductivity o f the composites is in good agreement 
w ith  theory for the glass spheres” . D eeper study about the therm al conductivity  o f  the 
epoxy resin and metal-powder materials including steel and aluminum was performed by 
de Araujo and Rosenberg [42].

A lamp was also installed on top o f the conductor so that the operator had the best 
possible vision o f the mouth o f the hole and the exposed portion o f  the drill. For the 
speed in drilling, it was feasible with one quick, easy motion o f the fingers to withdraw
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the drill its entire length for cleaning. Other procedures were implemented to minimize 
the error:

• The smallest possible hole was drilled to avoid perturbation errors.
• The thermocouple wires were brought away from the junction along an isotherm 

for at least 20 wire diameters to reduce conduction errors.
• The measuring junction was located as close to the surface as possible rather than 

above or below it.
• The installation o f thermocouples was carefully designed so that it caused a 

minimum disturbance o f any change in the emissivity o f the surface, to avoid 
changes in convective or radiative heat transfer.

• The installation o f thermocouples was designed to make the total response fast 
enough to cause negligible lag for the transients expected in service.

• Epoxy resin was used as thermal conducting glue to secure the end o f the wire.
• The thermal resistance was reduced between the measuring junction and the 

surface conductor material in an effect to reduce it to as low a value as possible.
• The mean temperature value was averaged with several thermocouples installed in 

the same layer.
•  The uncertainty o f the thermocouples was improved by calibration, especially at 

low temperatures.
• The air gap was avoided for installation o f thermocouples. Also, cold soldering 

joints were avoided in soldering the probe ends.

3,3 M easuring Strategies and Processing Data

3.3.1 M easurement with DC Source

The measurement with dc source was designed to obtain aluminum resistivity by 
measuring dc voltage, dc current, temperature, radius, and the length o f  aluminum wire. 
Figure 3.5 shows the circuit for aluminum resistivity measurement.

The measuring instruments are described in Appendix A.

Thermocouple
Probe Probe

aluminum strand
d c  a ;

Figure 3.5 The circuit for aluminum resistivity measurement
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3.3.2 M easurement with AC Source

The measurement with an ac source was designed to obtain the electromagnetic 
properties o f Guinea, Penguin, and Raven conductors by measuring probe voltages, 
currents, and phasor angles between them at 60 Hz.

Measurements were made from 100 A to the maximum current shown in Table
3.3 for Guinea, Penguin, and Raven respectively at intervals o f 10 A. Voltage drops o f 
straight probes, helical probes, and search coils were recorded from 6 multimeters. The 
current was read from the ammeter connected to the test conductor. The angle between 
the probe voltage and the conductor current was recorded by the gain-phase meter. Two 
gain-phase meters were involved because o f the two sets o f probes. Temperatures were 
printed and displayed on the monitor o f the data logger 2240C sequentially from the first 
channel to the last channel. Thermocouples mounted on the test conductor were 
connected to a board which was inserted into the data logger.

For Guinea conductor, seven thermocouples were used. One was m ounted on the 
king wire, three on the first steel layer in different locations, and the other three on the 
aluminum layer. The temperature o f each layer was averaged to decrease the random 
error. The ambient temperature was also recorded as the reference. For Penguin and Rave 
conductors, six thermocouples were used respectively. Three were on the king wire and 
the other three on the aluminum layer.

During the experiment, the temperature increased and the axial tension decreased 
with the increase o f the conductor current. At some fixed conductor current, tension was 
added through the tension bar to keep as a constant value. M easurements from meters 
were recorded when equilibrium was reached and the temperature for all channels were 
printed at the same time.

Several rounds o f experiments were repeated on each test conductor at different 
times in an effort to ensure that the measurements were valid.

3.3.3 Data Processing  

• Data Processing of the M easurement with DC Source

Since high accuracy is required for this experiment, the probe shown in Figure 3.5 
was installed and measured very carefully. The measurement included a voltage drop, V  

o f the probe in Volts, dc current, /  through the circuit in amperes, conductor temperature, 
T  in degrees Celsius, length L and radius r o f the conductor in meters.

Aluminum resistivity can be obtained through the calculation o f the following:

where Rdc in G means dc resistance o f the conductor at temperature T °C; Rdc20oc in G 
means dc resistance at 20 °C; 0.00404 /°C is the temperature coefficient o f  resistance 
from and at 20 °C suggested in [9]; p2o°c is the aluminum resistivity at 20 °C.

2
P20°c =  Rdc20°c*xr /L

Rdc = V/I
R d c  =  R d c 2 o ° c ( l + 0 .0 0 4 0 4 * ( T - 2 0 ) )

(3.6)
(3.7)
(3.8)
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After several rounds o f  measurements, the average o f dc resistance can be 
obtained: Rdc = 0.0025 Q.

•  Data Processing of the M easurement with AC Source

The measurement o f ac source test includes the conductor current I, the straight 
probe voltage Vs and 6S which is the phase difference between Vs and /, the helical probe 
voltage Vh, the search coil voltage Vsc and angle 6SC, the king wire temperature To, the first 
steel layer temperature Ti, the aluminum layer temperature T2, the straight probe length L s 
and the helical probe length Lf,, the tension Ten, the aluminum lay length X.

The physical properties o f the conductor were also measured: the normal cross- 
sectional area o f  steel A st and aluminum A ai, the resistivity o f conductor pai and pst, the 
number o f strands for steel Nst and aluminum N ai.

The resistance per unit length o f the conductor was measured by the straight 
probe. The calculation is given by

V  *cos0R = f ,  cose?' Q /m
1 * Ls 

The dc resistance is
R* = R 20°c Q + a A T 2 -2 0 ) )  Q /m  (3.10)
where aai is the temperature coefficient o f  the resistivity.

The internal reactance per unit length o f the conductor is
V * sin Qx  = f ,  Sm"» Q /m  (311)

I * L S
The current density in the aluminum layer was measured by the helical probe 

attached to the surface o f an aluminum wire. We have

./  = Vh—  A /m 2 (3.12)
PaI  *  L h

The spiral current, i.e., current in the aluminum layer, can be calculated from the current 
density

A (3.13)
The characteristics o f the steel core were measured by the search coil probes. The 

axial magnetic flux in the steel core can be obtained from the voltage drop o f the search 
coil and the turns N sc o f the search coil:

w  = Vsc Wb (3.14)
2 nfNsc

Then the flux density in the steel core is

B = ---- ^ ----- W b/m 2 (3.15)
2 nfN scAs,

The magnetic field intensity is given by
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H  = ^ ~  A/m (3.16)
X

We also have the complex relative permeability 
B Z ( tv/ 2 - 0 )

/.ir = ---------------- —  umtless (3.17)
AoH

the imaginary part o f which implies losses in the steel.

where /v0 is the permeability in free space and / / (l = An x 10~7 H /m .

3.4 Experiment Results

Error considerations o f this experiment, ac resistance, current density in the 
aluminum layer, and their corresponding error bounds are shown in this section.

3.4.1 Error Considerations

All measurements, however careful and scientific, are subject to some 
uncertainties. As Taylor [43] stated:

In science the word ‘error’ does not carry the usual connotation o f 
‘mistake’ or ‘blunder’. ‘Error’ in a scientific measurement means the inevitable 
uncertainty that attends all measurements.

Errors are not mistakes. We can not avoid them no matter how experienced and 
careful we are by doing physical experiments. W hat we can do is to ensure that errors are 
as small as reasonably possible, and to have some reliable estimate o f  how large they are. 
M ost textbooks introduce additional definitions o f “error” . We shall use “error” 
exclusively in the sense o f “uncertainty”, and treat the two words as being 
interchangeable [43].

We are interested in resistance, reactance, and current density o f the test 
conductor. Unfortunately, we cannot obtain them in a single direct measurement. What 
we can do is to measure voltage, current, and the phase difference between them to 
calculate the quantities that we want. The calculation was shown in Section 3.3.3.

Almost all interesting measurements involve two distinct steps: direct
measurement followed by calculation. When a measurement is made in these two steps, 
the estimation o f error or uncertainties also involves two steps. First, find out 
uncertainties in the quantities that are measurement directly, and then find out how these 
uncertainties “propagate” through the calculation to produce an uncertainty in the final 
answer.

In our measurement o f aluminum resistivity, if  we assume the uncertainties in our 
measurement are independent and random, the propagation o f errors for the calculation 
can be estimated as: [43]
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SR
d c 2 0 ° C f  S V ) 2 ( S i ' '2 r

R dc20°C y V y
+ +

ST
k T j

SP20-C

PlO'C \

SR
\2

eic20°C
n

V cfc2Q °C J

r 2 S rV
+

r s i ? 1
y L y\  f  J

Table 3.4 Maximum error in the dc test

(3.18)

(3.19)

Range Accuracy Maximum Error
8V 300 mV 0.05 % 0.15 mV
81 20 A 0.35 % 0.07 A
8T above 0 °C 0.75 % 1.5 °C
8L 1 mm 10'3 m
8r 0.01 mm 10'5 m

The mean value o f measured resistivity is
p 20°c = 2.8028*I f f 8 Q-m (3.20)
By performing error propagation analysis, we have an error bound on this measurement 
as:
Sp20°c/p20°c = 2.2 % (3.21)
That means the aluminum resistivity is within (2.7411 ~ 2.8645)* 10'8 Q-m. The 
aluminum resistivity suggested in [9] is 2.818* 10'8 D-m, just inside our experimental 
range.

In the measurement with ac source, we take ac resistance and current density in 
the aluminum layer as examples to analyze their error bounds. Similarly, applying 
propagation error analysis, we can estimate

SR.. ' s v ' 2

R o c  ,

S (  cost?,.)

V.
SI

+
r 8  (cosO J^  

cos 6.

Isin 6.

COS61, cos^.
± 3 0 , =\tgd,s\-SOx

(3.22)

(3.23)

sv„
vt +

h J

ST
\ 2

fra ,

Pa!
(3.24)8J_

J
The curves with error bounds for ac resistance and current density for three 

different kinds o f single layer ACSR will be shown in Section 3.4.2. The maximum error 
is shown in Table 3.5.

Take Guinea conductor at 390 A as an example to calculate the errorbound o f the 
ac resistance. The measurements for Guinea conductor at 390A are: Vs = 221.7 mV, I  = 
390 A, Ls = 0.7031 m, and 6S -  2.0°. With the measurements and the maximum error in 
Table 3.5, we can calculate the error bound for Guinea conductor at 390 A:
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SR„ 0.5
221/7 y 390

0.0015875
0.7031

tan 2°
n
60

\ 2
: 6.42% (3.25)

*ac
The calculation o f reactance is similar to that of resistance. M agnetic field 

strength and relative permeability are dependent on the current density calculation.

Table 3.5 The maximum error in the ac measurement
Instrument Quantity Maximum Error with Unit
Thermocouple Temperature 1.0°C
Fluke 2240C Data Logger Temperature 0.5°C
HP 3575A Gain-Phase Meter Angle 3 degrees or tc/60 radius
HP 3435A M ultimeter Voltage 0.5mV
Ammeter Current 25A
Ruler Length 1/16 in. or 0.00159m

There are imponderable uncertainties such as mounting the probes on the test 
conductor and connecting probes to the measurement instruments in this physical 
experiment. This kind o f uncertainties is not included in the above error-bound analysis. 
What the author did in the experiment is to keep such uncertainties as small as possible. 
For example: probes were placed on the surface o f the test conductor very tightly; the 
ends o f each probe were electrically connected to the leads o f the measuring instruments; 
probes were twisted very tightly; and other techniques.

3.4.2 Results o f Resistance and Current Density with Error Bound 

• AC Resistance
Figure 3.6 shows the ac resistance and its error bound for Guinea conductor. 

Figure 3.7 shows the percentage o f the relative ac resistance with the variation o f the 
conductor current.

The error decreases with an increase o f the current for resistance. This is because 
we used the maximum error to calculate the error bound. The error at lower current is 
exaggerated. For example, the error for FIP 3435A is 0.5 mV with the range o f 199.9 mV. 
We used 0.5 mV, the maximum error, for all our voltage measurement. W hen the current 
is low, the voltage is low and it is possible within 1.999 mV. The HP 3435A adjusts the 
range automatically. The error is 0.005 mV with this voltage range. When the voltage is 
within 19.99 mV, the error is 0.05 mV.

Actually the distribution and transmission lines are designed to transfer the 
m axim um  energy that they can carry. The potential o f  carrying the m axim um  current 
under some system voltage is pretty high. The analysis of error around the maximum 
current ratings has some practical meaning.

Figures 3.8 and 3.9 show ac resistance and the error bound, respectively, for 
Penguin conductor with the variation o f the conductor current.
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Figure 3.6 Measured ac resistance and its error bound for Guinea conductor
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Figure 3.7 Relative error bound in percentage for Guinea conductor
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Figure 3.8 Measured ac resistance and its error bound for Penguin conductor
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Figure 3.9 Relative error bound in percentage for Penguin conductor
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AC resistance and the corresponding error bound for Raven conductor are shown 
in Figures 3.10 and 3.11, respectively.
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Figure 3.10 Measured ac resistance and its error bound for Raven conductor
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Figure 3.11 Relative error bound in percentage for Raven conductor
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Current Density in the Aluminum Layer
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Figure 3.12 M easured current density and its error bound for Guinea conductor
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Figure 3.13 Relative error bound in percentage for Guinea conductor
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The measured current density in the aluminum layer for Guinea conductor is 
shown in Figure 3.12 with the variation o f the conductor current. The corresponding 
relative percentage o f the error is shown in Figure 3.13 as well.

Figures 3.14 and 3.15 show the aluminum current density and the error bound for 
Penguin conductor and Figures 3.16 and 3.17 for Raven conductor.

CN
<
E
E
<
c

3Uic<D
CL
H-o

'</>c0)
a
c0)
X -
X -
3
o

5

4.5 

4

3.5 

3

2.5 

2

1.5 

1

0.5

0

. J  • deltJ — J+deltJ J-deltJ

100 200 300

Current (A)

400 500

Figure 3.14 Measured current density and its error bound for Penguin conductor
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Figure 3.15 Relative error bound in percentage for Penguin conductor
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Figure 3.16 M easured current density and its error bound for Raven conductor
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Figure 3.17 Relative error bound in percentage for Raven conductor 

The error bounds are summarized in Table 3.6 as follows.

Table 3.6 Some specific values from Figure 3.6 to Figure 3.17
Conductor Code Current (A) ARac/Rac AJal/Jal

Guinea
100 25.1 % 2.99 %
200 12.5% 2.41 %
300 8.35 % 2.29 %
390 6.42 % 2.25 %

Penguin

100 25.0 % 2.39 %
200 12.5 % 2.26 %
300 8.34 % 2.24 %
400 6.26 % 2.23 %
470 5.33 % 2.22 %

Raven
100 25.0 % 2.39 %
200 12.5 % 2.25 %
300 8.34 % 2.23 %

From Table 3.6, the error decreases with the increase o f the current no matter for 
ac resistance or for current density in the aluminum layer. The error bound o f current 
density is smaller than that o f resistance. Part o f the reason might be the uncertainty in 
the ammeter measurement. The maximum error o f current measurement is 25 A out of 
500 A range and this error is not involved in the current density calculation.
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The error bound calculation o f the current density is confined by the error o f the 
measured resistivity. Under no circumstance should the error o f current density be 
smaller than the error o f measured resistivity. If  the standard book value o f aluminum 
resistivity which has error o f 0.15 % in [9] is used in the calculation o f the current 
density, the error decreases to 0.6 % for Guinea conductor at 390 A, 0.52 % for Penguin 
conductor at 470 A, and 0.51 % for Raven conductor at 300 A.
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CHAPTER 4 
RESULTS FROM THE INTEGRATED MODEL 

AND THE EXPERIMENTAL MODEL

4.1 Introduction

This chapter gives the results from the Integrated Model and compares them  with 
experimental results. Experiments were conducted to establish the electrical properties o f 
single layer ACSR conductors coded as Guinea, Penguin, and Raven. Implementations o f 
the Integrated Model were also performed on Guinea, Penguin, and Raven as well. A 
comparison o f the values from the Integrated Model and from the experiment intends to 
provide validation o f  the model. The comparison includes ac resistance, ac/dc resistance 
ratio, ac reactance, current density in the aluminum layer, and the complex relative 
permeability in the steel core. Both experimental and simulation values are given for the 
operational range o f  current from 100 A to the maximum current rating for each type o f 
single layer ACSR conductors. The maximum current for Guinea is 390 A, for Penguin, 
470 A, and for Raven, 300 A. Thermal and mechanical properties o f single layer ACSR 
conductors are also given in this chapter.

4.2 AC Resistance

GUINEA:EXP
RAVEN:IM

PENGUIN:IM
RAVEN:EXP

GUINEA:IM
PENGUIN:EXP

1.E-03

1.E-03

8.E-04

6.E-04

4.E-04

2.E-04

0.E+00
500300 4002001000

Current (A)

Figure 4.1 Variation o f  the ac resistance with the conductor current
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Figure 4.1 shows the variation o f ac resistance (Rac) from the Integrated Model 
(IM) and from the experiment (EXP) with current for Guinea, Penguin, and Raven 
conductors. Rac increases with an increase o f the current. For Guinea, the prediction o f 
Rac from the Integrated Model matches very well with the experimental data. The 
Integrated Model predicts Rac well for Penguin, especially with the current lower than 
200 A and higher than 330 A. Prediction is in very good agreement with experimental 
values around the maximum current ratings. For Raven, the Integrated Model predicts 
Rac well with the current less than 210 A.

2.E-04

0.E+00

-±_GUINEA:IM
PENGUIN:EXP

. GUINEA:EXP ^_PENGUIN:IM  

. RAVEN:IM RAVEN:EXP
1.E-03
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8.E-04

&  6.E-04 atfifcro o o o o

4.E-04

40 60 80 100 120
Surface Layer Temperature ( C)

140

Figure 4.2 Variation o f the ac resistance with the conductor surface layer temperature

Figure 4.2 shows how the ac resistance increases with an increase o f  the surface 
layer temperature o f the conductor. The temperature prediction o f the Integrated Model 
for Guinea conductor at its maximum current is 8 °C higher than the corresponding 
experimental value. The temperature difference from the Integrated Model and from the 
experiment for Raven conductor at its maximum current rating is less than 1 °C. At 
Penguin’s maximum current rating, the temperature from simulation is 16 °C higher than 
its experim ental value.

The simulation curves in Figures 4.1 and 4.2 clearly show saturation of 
conductors. The saturation current ratings for Guinea and Penguin is from 200 A to 320 
A and for Raven is from 150 A to 210 A. The experimental curves o f Guinea and Raven 
also show saturation current ratings which are not clear in Figure 4.1 but very clear in 
Figure 4.7. The experimental curve o f  Penguin does not reach saturation and we 
conjecture that the birdcaging in the test conductor greatly affects the steel core
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properties. The temperature difference from the model and from the experiment is large 
in saturation current ratings. The difference is larger than 10 °C for Guinea, and the 
maximum (15 °C) occurs at 250 A, 260 A. The difference is around 5 °C for Raven from 
150 A to 210 A. In the case o f Penguin, the maximum difference occurs at 470 A and the 
difference does not mean anything because no saturation reached in the experiment. The 
temperature difference is from 5 °C to 11 °C for Penguin at the current intervals 200 A -  
320 A. The Integrated Model is not accurate to present the saturation simulation.

The difference o f ac resistance and surface layer temperature o f the conductors 
between the Integrated Model and the experiment partly results from the parameters 
selection in simulation and environmental conditions in the experiment. For example, to 
simulate conductors indoors, the solar heating in the Integrated Model is reduced to a 
very small number (0.05 J).

Table 4.1 lists some o f the surface layer temperatures from Figure 4.2 for three 
types o f  conductors at some fixed current ratings.

Table 4.1 Temperature o f  the surface layer from IM and EXP
1(A) T d iin e a  ( ° Q Tpenguin (°C) TRavcn (°C)

IM EXP IM EXP IM EXP
100 26 20.7 25.1 23.7 31.4 28.3
150 33.7 26.6 31.4 29.1 46.5 41.8
200 46.8 37.1 41.2 36.8 66.3 60.4
250 67.7 52.8 56.6 46.2 87.2 86.1
300 84.5 71.8 70.2 58.6 113.3 112.4
350 101.2 93.1 83.5 75.1
390 118.6 110 95.6 86.2
440 113 100
470 124.1 107.6

Figure 4.3 shows the variation o f relative difference o f ac resistance with the 
various currents for Guinea conductor. The relative difference o f ac resistance is defined
as

\R ac(E X P )-R ac(IM )\
Relative Difference o f  Rac =  -------------------------------  p.u. (4.1)

Rac(EXP)
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Figure 4.3 Variation o f the relative difference o f Rac with the current for Guinea

“EXP ERRORBOUND" in Figure 4.3 comes from the error analysis o f the physical 
experiment in Section 3.4. The experimental values are valid within the error bound: 
Rac(EXP) * ( I -E rro rb o u n d ) < Rac(EXP) < Rac(EXP) * (I + Errorbound)

From Figure 4.3 we can see that the prediction o f ac resistance from the 
Integrated Model is within the experimental error bound during all operational current 
ranges. The difference is within 5 % with the current larger than 270 A. At the maximum 
current rating 390 A, the difference o f Rac between the Integrated Model and the 
experiment is 2.29 %. The Integrated Model works very well for Guinea conductor 
especially at its maximum current rating.

The peaks in Figure 4.3 are corresponding to the difference o f Rac curves in 
Figure 4.1. The Integrated Model is sensitive to the saturation o f conductors. It 
overestimates Rac at 250 A, 260A while it underestimates Rac at 180 A and 350 A. 
Variations o f Rac prediction, from underestimation to overestimation before saturation 
and from overestimation to underestimation after saturation, result in the peaks shown in 
Figure 4.3.

Figure 4.4 shows how the relative difference o f Rac for Penguin conductor varies 
with the current. From Figures 4.1 and 4.4 we can see that the Integrated Model 
overestimates Rac within the current range from 200 A to 320 A (saturation). The 
difference is even larger than the corresponding error bound. At high current from 430 A
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to 470 A, the Integrated Model predicts Rac very close to the experimental values with 
the difference less than 2 %.

The saying “overestimation” o f the model is based on the experimental value o f 
Penguin conductor. The test Penguin cable is a birdcaged one and we do not know how 
significant an effect the birdcaging has on the measurement o f  ac resistance. The 
experimental resistance ratio curve for Penguin in Figure 4.7 indicates no saturation. 
Saturation is definitely related to the steel core o f ACSR conductor. From Rac simulation 
curves in Figure 4.1, we can see that the Integrated Model works consistently for three 
types o f single layer ACSR conductors.

■  IM & EXP n  EXP_ERRORBOUND
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Figure 4.4 Variation o f the relative difference o f Rac with the current for Penguin

The relative difference o f Rac for Raven conductor with different currents is 
given in Figure 4.5. The Integrated Model works well for Raven conductor based on the 
experimental work. The relative difference is less than 5 % when the current is less than 
230 A. All the difference is within the error bound.

The Integrated Model incorporates the eddy current loss in the aluminum layer, 
rather than the steel core itself. The axial field flux in the steel core due to the spiraling 
current is considered as the main reason to cause the eddy current and hysteresis which 
give extra power losses. This axial field flux is stronger in single layer ACSR than that in 
the multi-layer ACSR. Figure 4.6 shows the increase o f ac resistance over dc resistance 
caused by the eddy current in the steel core in percentage for three types o f conductors.
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Figure 4.5 Variation o f the relative difference o f Rac with the current for Raven
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For Guinea conductor, the percentage is 78.9 % at 100 A and 42.8 % at 390 A. 
For Penguin and Raven, the percentage is over 80 % at 100 A and around 70 % at their 
maximum current ratings.

The increase o f Rac over Rdc is caused by the eddy current, hysteresis, and the 
current redistribution in the aluminum layer for single layer ACSR conductors. The 
current redistribution involves the skin effect and the transformer effect. At lower current 
ratings, the effect o f the current redistribution is not strong, and the loss caused by the 
eddy current is significant. With the current increasing, the percentage o f the current 
redistribution loss increases as well. The loss caused by hysteresis is bigger in saturation 
than that in other current ratings. At saturation, Guinea, Penguin: 200 A -  320 A, Raven: 
150 A -  210 A, the percentage contributed by the eddy current loss decreases. The 
importance o f the current redistribution loss and hysteresis loss results in curve shapes in 
Figure 4.6.

The decrease o f the percentage for Guinea is larger than that for Penguin and 
Raven. This phenomenon occurs because o f the conductor structure. Since the wires are 
stranded and spiraled, not all the current follows the spiraling aluminum strands. Some o f 
the current is carried in the steel core, called leakage current. The leakage current is 13 % 
in Guinea steel core and 4 % in Penguin and Raven king wire. The direction o f the 
leakage current is opposite to that o f the eddy current and they tend to cancel [7]. That is 
the reason why the eddy current loss is near half in Guinea while over 70% in Penguin 
and Raven at their maximum current ratings.

To make use o f the transmission capacity, ACSR conductors usually work around 
their maximum current ratings. From this perspective, the Integrated Model can predict 
the operational behaviors for single layer ACSR conductors.

4.3 AC to DC Resistance Ratio

A t the same current rating, the higher the ac to dc resistance ratio, the larger the 
resistive heating loss generated. The variation o f  the ac/dc resistance ratio with the 
conductor current for Guinea, Penguin, and Raven, are shown in Figure 4.7, respectively.

The ratio o f  Rac/Rdc increases with an increase o f the current until the core 
reaches saturation. The ratio is 1.95 from the Integrated Model and 1.97 from the 
experiment for Guinea at 250 A and 260 A. The experiment also shows that for Penguin, 
Rac/Rdc is 1.7 at 340 A and for Raven, 1.48 at 200 A. After saturation, the ratio 
decreases while the conductor current still increases. This phenomenon is obvious for 
both experiment and simulation curves in Figure 4.7.
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Figure 4.7 Variation o f the ac/dc resistance ratio with the conductor current

In Figures 4.1, 4.2, and 4.7, the variation o f ac resistance with the current is not 
monotonically increasing when the current is higher than 240 A on the experimental 
curve o f  Raven conductor at high current ratings. The aluminum layer is slightly 
expanded for Raven conductor at the current range from 240 A to 300 A and the surface 
layer temperature is higher than 80 °C. Compressive loading o f aluminum wires causes 
the radial displacement o f  the aluminum layer. The elongation o f aluminum is larger than 
that o f  steel so the aluminum experiences a compressive load. At some elevated 
temperature after the aluminum wires expand and become unstressed, they begin to move 
radially away from the steel core to accommodate the excess thermal elongation. In the 
extreme, birdcaging occurs.

Guinea conductor has the highest ac/dc resistance ratio among the three. The 
increasing part in ac resistance is almost 100 % larger than its dc resistance because the 
ac/dc resistance ratio is almost 2 in Figure 4.7. The leakage current o f Guinea conductor 
is as much as 13 % which increases the additional resistance. Similarly, Rac for Penguin 
conductor is 70 % higher than its Rdc and for Raven, 50 % higher. The number means 
the power losses in single layer ACSR conductors are appreciable.

Experiments conducted by Barrett et al. [6] showed that the ratio o f Rac/Rdc for 
Grackle is 1.078 at 1608 A. Grackle has two steel layers and a king wire, total 19 steel 
wires. Its ac/dc resistance ratio is much smaller than that for single layer ACSR. From 
this, we can see the longitudinal flux and the eddy current loss is greater in single layer 
ACSR conductors than from either two layer or three layer aluminum conductors.
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Experiments in [6] also showed that the measured Rac/Rdc for two layer ACSR is 1.006. 
From the ratio we can estimate there is almost no longitudinal flux in the steel core in 
double layer ACSR conductors.

4.4 AC Reactance

The variation o f ac reactance with an increase o f conductor current is shown in 
Figure 4.8 for Guinea, Penguin, and Raven, respectively. The internal reactance is larger 
w ith higher current. The ac reactance is caused by the magnetic flux in ACSR 
conductors. The correspondence o f reactance curves from the experiment and from the 
Integrated Model for Guinea is better than that for either Penguin or Raven.

We can see from Figure 4.8 that the steel core greatly affects the reactance 
calculation. Guinea conductor has seven steel wires and the magnitude o f  its reactance 
reaches 10'4 Q/m. Penguin and Raven conductors, each have only one steel wire and their 
reactance is limited within 10'5 Q/m.

PENGUIN:IM
RAVEN:EXP

GUINEA:EXP
RAVEN:IM

GUINEA:IM
PENGUIN:EXP

3.E-04

2.E-04

2.E-04

S  1.E-04
•g-p QOOOOOOoooOOq.

5.E-05

0.E+00
5004003002001000

Current (A)

Figure 4.8 Variation o f the ac reactance with the conductor current
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Figure 4.9 Variation o f the ac reactance with the surface temperature o f the conductor

Figure 4.9 shows the variation o f  ac reactance with the conductor surface layer 
temperature for Guinea, Penguin, and Raven, respectively. The variation o f ac reactance 
with the surface layer temperature is similar to that with the conductor current shown in 
Figure 4.8.

4.5 Current Density in the Aluminum Layer

Figure 4.10 shows the variation o f the surface current density in the aluminum 
layer with the current. The current density in the aluminum layer increases linearly with 
an increase o f  the conductor current. In the aluminum layer, the skin effect and the 
transformer effect tend to cancel each other and the current density in the outer part is a 
little larger than that in the inner part.

T T T
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Figure 4.10 Variation o f the aluminum current density with the conductor current

From Figure 4.10, we can find the prediction o f the current density from the 
Integrated Model agrees very well with the experimental values for Guinea and Penguin 
conductors. For Raven conductor, the prediction is good at low current ratings. At high 
current (higher than 240 A), there is a discrepancy between the prediction from the 
Integrated Model and the corresponding experimental values. The prediction o f the 
current density at 300 A in the aluminum layer from the Integrated Model is 5.46 A/mm2 
while the experiment shows 5.72 A/mm2. We conjecture that birdcaging might be part o f 
the reason for the discrepancy. The birdcaging did occur in the physical experiment when 
the current was larger than 240 A.

The geometrical parameters affect the distribution o f the total current in single 
layer ACSR conductors. We can approximate the layer current based on the current 
density in the aluminum strands. For Guinea conductor at 390 A, 87 % o f the total current 
is carried in the aluminum layer, while 13 % o f the total current is in the steel core. For 
Penguin at 470 A and Raven at 300 A, 96 % o f the total current is carried in the 
aluminum layer and 4 % in the steel core. For three layer ACSR conductors, the leakage 
current through the steel core is only about 2 % [4],
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4.6 Complex Relative Permeability

GUINEA:IM
PENGUIN:EXP

GUINEA:EXP
RAVEN:IM

PENGUIN:IM
RAVEN:EXP

600

500re(D
Ek.
<u 400
01
>
§  300
<D
a:

200 
(/>
3

■a 100  o
2

H-
o

500400100 200 3000
Current (A)

Figure 4.11 Variation o f the relative permeability with the conductor current

Figure 4.11 shows the variation o f the relative permeability in the steel core with 
the current from the experiment and from the Integrated Model. In the Integrated Model, 
the complex relative permeability is obtained by interpolation as functions o f magnetic 
field strength, temperature, and tension. The data in the Integrated Model is based on 
experiments conducted on the steel core o f three layer ACSR by Morgan, Zhang, and 
Findlay [8, 25]. The relative permeability curves in Figure 4.11 for “EXP” are from the 
experiment performed by the author.

In the physical experiment, a search coil was used as a sensor for the voltage, 
current, and angle between them. The relative permeability in the steel core can be given 
based on the search coil measurements as we discussed in Chapter 3. The magnitude o f 
the relative permeability is affected by the number and the cross-sectional area o f  the 
steel wires, and we can see this in Figure 4.11. Guinea has the largest relative 
perm eability  am ong the three. Penguin has a sm aller perm eability  value than either 
Guinea or Raven. The birdcaged part o f the Penguin conductor affects the calculation o f 
the magnitude o f the relative permeability, even though the search coil was remote from 
the birdcaged part. We can see how significant an effect the birdcaging has on the 
calculation o f  the steel characteristic.

The lay length is a dominant factor to analyze ACSR conductors. The relative 
permeability curves are shown in Figure 4.12 as a function o f the magnetic field strength.
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It is noted from Figure 4.12 that Guinea, Penguin, and Raven, in the Integrated 
Model have almost the same curves for relative permeability with a variation o f  the 
magnetic field strength. This makes sense because the variation o f the relative 
permeability with the magnetic field strength shows the characteristics o f the steel core.
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Figure 4.12 Variation o f the relative permeability with the magnetic field strength

Figure 4.13 (a) and (b) show the variation o f real part and imaginary part o f the 
complex relative permeability with the magnetic field strength, respectively. The 
imaginary part o f the complex relative permeability identifies part o f the core losses in 
the aluminum layer and contributes to the increase o f the ac resistance over dc resistance.
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We have compared the experimental values and the simulation values from the 
Integrated Model for ac resistance, ac/dc resistance ratio, ac reactance, complex relative 
permeability, and the current density in the aluminum layer with the current and the 
temperature rise. The correspondence o f the curves from the experiment and from the 
Integrated Model is reasonably acceptable. We can conclude that the Integrated Model 
works for single layer ACSR conductors. Hence, we can use this Integrated Model to 
predict the behavior o f the conductors under varying circumstances.

4.7 Thermal and M echanical Properties o f Single Layer ACSR Conductors

The development o f the Integrated Model for single layer ACSR conductors is 
based on the steady-state heat balance equation. The Integrated Model can predict the 
operational behaviors o f the single layer ACSR including the thermal and mechanical 
properties. Due to the limitation o f the laboratory, the thermal and mechanical properties 
were not measured from the physical experiment. In this part, the thermal and mechanical 
properties o f single layer ACSR conductors are the outputs from the Integrated Model, 
without any comparison with the experimental values.

•  Resistive Heating
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Figure 4.14 Variation o f the resistive heating with conductor current

The variation o f the resistive or Joule heating with the conductor current is shown 
in Figure 4.14. The resistive heating increases with the increase o f the conductor current. 
The resistive heating is a function o f current, resistance, and conductor temperature. We 
can see it from the following formula [27]:
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Pele=kJl2Ro(l + «0Tay) J (4 -2)
where the factor kj  takes account o f the increase o f resistance due to the skin effect and 
the current redistribution; I  is the root mean square value in A; R q is the resistance at 0 °C 
in Q,; ao is the temperature coefficient o f  resistance between 0 °C and the mean 
temperature o f  the conductor Tav in °C.

Let us compare the resistive heating among the three types o f single layer ACSR 
conductors when they have the same current rating. For example, at 300 A, Raven has the 
largest resistive heating while Penguin has the smallest under 20 °C ambient temperature. 
The surface temperature o f Raven conductor is 113 °C and the resistive heat is 84 J. The 
surface temperature o f Penguin is only 70 °C and its resistive heat is 50 J. The surface 
temperature o f  Guinea is between the above two temperature values, 84 °C, and its 
resistive heat is 70 J. Obviously, the effect o f the surface temperature o f the conductor to 
the resistive heating is significant.

• Convective Cooling

The convective cooling calculated with the Integrated Model is shown in Figure 
4.15 for Guinea, Penguin, and Raven conductors, respectively. The convective heat 
cooling increases with the increase o f the conductor current. The convective cooling is 
dependent on the Nusselt number, the thermal conductivity o f the air at the surface o f the 
conductor, the difference between the surface conductor temperature, and the ambient 
temperature. Nusselt number and the thermal conductivity are a function o f the conductor 
surface layer temperature. Raven has the highest temperature difference and the largest 
convective heat cooling among the three kinds o f conductors if  they are assumed to have 
the same other conditions.
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Figure 4.15 Variation o f the convective cooling with the current 

• Radiative Cooling

GUINEA _e_ PENGUIN RAVEN j
i

40

Z l 25
20

Q.

400 5003002001000

C urrent (A)

Figure 4.16 Variation o f the radiative cooling with the conductor current
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Figure 4.16 shows the predicted variation o f the radiative cooling with the current 
for Guinea, Penguin, and Raven respectively. The radiative cooling increases with the 
increases o f the current and the conductor temperature. The radiative cooling is a function 
o f  the emissivity, the diameter o f the conductor, the conductor surface temperature, and 
the ambient temperature. Among all the parameters, the conductor temperature is the 
m ost important one. From previous explanation it is not surprising for us to see that 
Raven conductor has the highest rate o f cooling among the three for fixed current levels.

To derive the formula to calculate the radiative heat loss, we assumed the ground 
and sky temperatures are equal to the ambient temperature based on “the radiative heat 
loss for a typical conductor does not exceed 30 % of the total heat loss” [27], The total 
heat loss in the Integrated Model consists o f the convective heat loss and the radiative 
heat loss. The convective heat loss Pcon for Guinea conductor at 390 A is 80 J and the 
radiative heat loss Prc is 40 J, for Penguin conductor: Pco„ = 84 J and P rc = 42 J at 470 A, 
for Raven: Pcon = 58 J and Prc = 25 J at 300 A. The radiative heat loss is one third o f the 
total heat loss for single layer ACSR conductors.

•  Stress of the Aluminum Layer

The variation o f the stress o f the aluminum layer with the current is shown in 
Figure 4.17. The aluminum stress decreases with an increase o f the conductor current. 
The variation o f the stress for Raven conductor is the largest among the three. Figure 4.17 
shows the variation o f  the aluminum stress for Guinea conductor from 100 A to 390 A is 
43 MPa. W hen the current is larger than 360 A (temperature at 105 °C), the negative 
value o f  the aluminum stress for Guinea conductor in Figure 4.17 means that the 
aluminum layer experiences a compressive load which is opposite to the elongation 
direction. The variation o f the aluminum stress for Penguin conductor is 80 M Pa from 
100 A to 470 A, and for Raven, 91 M Pa from 100 A to 300 A.
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Figure 4.17 Variation o f the aluminum stress with the conductor current

The steel core is supposed to carry most o f the tension and stress o f ACSR 
conductors. The aluminum layer is supposed to conduct most o f  the current. This is the 
case for three layer ACSR conductors. According to Filipovic-Gledja’s work [4], the 
aluminum wires o f Grackle experience 11 M Pa at 200 A when the ambient temperature is 
20 °C. The aluminum stress decreases with an increase o f the conductor current. The 
aluminum layer o f Raven conductor experiences 101 MPa at 100 A which drops to 41 
M Pa at 200 A. The aluminum wires o f single layer ACSR experience higher stress than 
those o f  three layer ACSR.

• Horizontal Tension

Figure 4.18 shows the variation o f the horizontal tension with the conductor 
current for three kinds o f single layer ACSR conductors. The horizontal tension decreases 
with an increase o f the conductor current. The horizontal tension curves are obtained 
when the current increases from 100 A to the maximum values and the span length keeps 
400 m invariant.
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Figure 4.18 Variation o f the horizontal tension with the conductor current

• Sag

The variation o f the sag with the conductor current is shown in Figure 4.19 for 
Guinea, Penguin, and Raven, respectively. The sag curves are calculated under 400 m 
span length for three conductors. The sag increases with increasing conductor current. 
Take Guinea conductor as an example, the increasing rate is low when the current is 
smaller than 200 A. From 200 A to 360 A, the increasing rate is high. W hen current is 
larger than 360 A, the sag increases dramatically with the compressive load.
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Figure 4.19 Variation o f  the sag with the current for three conductors 

• Loss o f Tensile Strength o f the Aluminum Layer

The loss o f  tensile strength o f the aluminum layer due to annealing increases with 
an increase o f the current as shown in Figure 4.20. The difference o f the tensile strength 
loss among the three conductors increases with increasing current because the 
temperature difference increases as well.

The loss o f tensile strength o f three-layer ACSR Grackle is only 20 % with 1400 
A at 20 °C ambient temperature [4], From Figure 4.20, we can see the loss o f tensile 
strength o f single layer ACSR conductors reaches over 30 % at 20 °C ambient 
temperature, 37 % for Penguin conductor. The aluminum wires o f single layer ACSR 
experience higher stress and lose larger tensile strength than the aluminum wires o f three 
layer ACSR conductors.
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Figure 4.20 Variation o f the loss o f tensile strength o f aluminum with the current
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CHAPTER 5 
INVESTIGATIONS OF THE INTEGRATED MODEL

5.1 Introduction

The previous chapter validates the Integrated Model through the comparison with 
the physical experimental model. This chapter considers the Integrated Model in respect 
o f a variation o f environmental conditions to investigate the operational behaviors o f 
single layer ACSR conductors.

The advantages o f the Integrated Model allow a transmission line designer or 
conductor manufacturer to test the existing conductor types and to analyze new  conductor 
constructions. The Integrated Model provides information related to all aspects o f single 
layer ACSR behaviors. Not only can it predict the variation o f heat gains and heat losses, 
the loss o f tensile strength o f the aluminum layer, the horizontal tension, the aluminum 
stress, and the sag with the variation o f  conductor current, but also it can predict the 
effect o f  variation o f lay length and supply frequency for single layer ACSR conductors. 
The Integrated Model can also be used to investigate the influence o f the environment on 
the conductor parameters. For example, we include variation o f the ambient temperature, 
time o f exposure, additional loads, air gap thickness, and span length, etc.

This chapter describes the investigation o f the Integrated Model with variation o f 
the parameters: lay length, ambient temperature, power supply frequency, time o f 
conductor exposure, air gap thickness inside conductor, and span length. All 
investigations in this chapter were performed on Guinea, Penguin, and Raven conductors 
with typical conditions such as 10 °C ambient temperature, 60 Hz supply frequency, 10 
years time o f exposure, 1 pm air gap thickness, and 400 m span length, etc. The pre
tensioning conditions are set as 50% o f each RTS and lasting for an hour for three types 
single layer conductors.

5.2 Lay Length

Lay factor is defined as the ratio o f length o f lay to nominal outside diameter o f 
aluminum layer for ACSR in ASTM standard: [20]

ACSR Min Preferred Max
12/7 10 12.5 14.5
6/1 12 13 14.5

Usually, for single layer ACSR, we consider only lay factor o f the aluminum layer 
indicated in the above table. According to the standard lay factor, we can calculate 
“minimum lay length”, “preferred lay length”, and “maximum lay length” for Guinea, 
Penguin, and Raven conductors, respectively. In the figures o f  this section, “MIN LAY” 
means that the minimum lay length is used in the Integrated Model. Similarly,
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“EXP_LAY” means the experimental lay length which is almost the same as the 
“preferred lay length”. “M AX_LAY” means the maximum lay length used.

• Effect of Current on AC Resistance and AC Reactance
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Figure 5.1 Variation o f  the ac resistance with the current at various lay lengths

Figure 5.1 shows the variation o f the ac resistance with the conductor current for 
various lay lengths. From Figure 5.1 we can see that Guinea conductor is more sensitive 
to the variation o f the lay length than Penguin and Raven conductors. For Guinea 
conductor, the variation o f the resistance is obviously large when the conductor current 
ranges from 150 A to 300 A. Penguin and Raven conductors exhibit similar results, 
although the variation is not as obvious. The shorter the lay length, the larger the 
resistance is, and the lower the current at which the steel core approaches saturation. The 
maximum lay length results in the smallest ac resistance.

The effect o f the lay length to ac resistance is easily seen from Figure 5.2. For 
Guinea conductor, the maximum ac/dc resistance ratio is 2.22 around 240 A when the 
m inim um  lay factor is used; the m axim um  ac/dc resistance ratio is 1.78 at 300 A when 
the maximum lay factor is used. The steel core approaches saturation o f lower currents 
with the minimum lay length. For Penguin conductor, the maximum ac/dc resistance ratio 
is 1.89 at 250 A with the minimum lay length; 1.79 at 290 A with the maximum lay 
length. For Raven conductor, the maximum ratio is 1.45 at 180 A when the minimum lay 
length is used, and 1.40 at 210 A with the maximum lay length. From ac/dc resistance 
ratio we can predict that the power losses would be greatly reduced in the transmission
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and distribution lines when the maximum lay length is exploited for single layer ACSR 
conductors.
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Figure 5.2 (a) Variation o f the Rac/Rdc with current at various lay lengths for Guinea
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Figure 5.2 Variation o f the Rac/Rdc with current at various lay lengths for (b) Penguin

and (c) Raven conductors, respectively
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Figure 5.3 Variation o f the ac reactance with current at various lay lengths for

(a) Guinea and Penguin conductors, and (b) Raven conductor, respectively
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The variation o f ac reactance with lay length is similar to that o f ac resistance 
(Figure 5.3). AC reactance is less when the maximum lay length is adopted. From Figure
5.3 (a) and (b), we can see that Guinea conductor is more sensitive to the difference 
between the minimum lay length and the maximum lay length than either Penguin or 
Raven. For Guinea conductor, the combination o f outer steel layer wounded spiraling in 
the opposite direction to the aluminum layer results in a transformer effect. Consequently 
Guinea is more susceptible to changes in the aluminum layer lay length than those o f 
Penguin and Raven conductors.

• Effect on Convective and Radiative Cooling
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Figure 5.4 Variation o f the convective cooling with the current and lay length

Figure 5.4 shows the variation o f the convective cooling with current for different 
lay lengths o f three types o f single layer ACSR conductors. The convective cooling is a 
function o f the conductor surface temperature. With the maximum lay length, the 
magnetic field is not as strong as w ith the m inim um  lay length. The surface tem perature 
is thus lower with the maximum lay length than with the minimum lay length. The curves 
in Figure 5.4 show that the convective cooling is less with the maximum lay length than 
that with the minimum lay length.

The effect o f lay length to the radiative cooling is shown in Figure 5.5. The 
convective cooling and radiative cooling o f Guinea conductor are both more sensitive to
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the variation o f lay length than those o f Penguin and Raven conductors. The radiative 
cooling with the maximum lay length is less than that with the minimum lay length.
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Figure 5.5 Variation o f the radiative cooling with the current and lay length 

• Effect on M echanical Properties

As shown in Figure 5.6, the stress o f the aluminum layer is not very sensitive to 
the variation o f the lay length. For Guinea and Penguin conductors, the variation o f the 
aluminum stress from 200 A to 300 A is more obvious than at other operating current 
regions. Raven conductor, which has a smaller strand diameter, is not as smooth with the 
minimum lay length as with the maximum lay length.

Generally speaking, the aluminum strands experience less stress with the 
minimum lay length than that with the maximum lay length. The total spiraling length 
increases per unit length when the minimum lay length is used so the corresponding 
stress on per unit spiraled aluminum strands decreases.
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Figure 5.6 Variation o f the aluminum stress with the current and lay length

The variation o f the horizontal tension with the current at various lay lengths is 
shown in Figure 5.7. The horizontal tension o f Penguin and Raven conductors is not 
sensitive to the change o f the lay length. The horizontal tension o f Guinea conductor is 
sensitive to the variation o f the lay length when the current is between 150 A and 300 A. 
The minimum lay length results in smaller horizontal tension than the maximum lay 
length, as we can see this in Figure 5.7.
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Figure 5.7 Variation o f the horizontal tension with the current and lay length

The sag calculation is related to the variation o f stress and horizontal tension. The 
variation o f the sag with the current and lay length is shown in Figure 5.8. For Guinea 
conductor, the minimum lay length results in larger sag and higher temperature than the 
maximum lay length does.

The loss o f tensile strength o f the aluminum layer with various currents and lay 
lengths is shown in Figure 5.9 for Guinea, Penguin, and Raven conductors, respectively. 
The loss o f tensile strength is a function o f sustained conductor higher temperatures. The 
minimum lay length results in larger resistance and higher temperature, and 
consequently, it results in higher tensile strength loss in the aluminum strands. Taking 
Guinea as an example, the loss o f tensile strength is 29.3 % at 390 A when the minimum 
lay length is used. It is 26.6 % at 390 A when the maximum lay length is used. The 
difference is 2.7 %.

300 500200 400100
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Figure 5.8 Variation o f the sag with the current at various lay lengths
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Figure 5.9 Variation o f the loss o f tensile strength with the current and lay length
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5.3 Ambient Temperature

The ambient temperature is acceptable from a mean annual average temperature 
o f  0 °C to 30 °C. The ambient temperature will affect the properties o f the conductor. The 
investigation o f this part shows the variation o f the conductor properties when the 
average ambient temperature is taken as four conditions: 0 °C, 10 °C, 20 °C, and 30 °C.

All figures in this section are calculated under the same conditions such as that the 
experimental lay length, frequency, and time o f exposure etc. are the same, and 
additionally that the ambient temperature varies from 0 °C to 30 °C for comparison.

• Effect of Ambient Temperature on AC Resistance and AC Reactance
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Figure 5.10 Variation o f the ac resistance with the current and ambient temperature

Figure 5.10 shows the variation o f the ac resistance with the current at ambient 
temperatures o f 0 °C, 10 °C, 20 °C, and 30 °C. The ac resistance increases with increases 
o f current and ambient temperature. For three types o f single layer ACSR conductors, 
resistances at 0 °C ambient temperature are the smallest and the largest at 30 °C ambient 
temperature. For Guinea conductor, there is overlap o f resistance curves from 290 A to 
320 A at different ambient temperatures. At saturation, the ac resistance does not increase 
linearly with an increase o f the ambient temperature. The same thing occurs for Penguin 
conductor from 3 1 0 A to  330A .
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Figure 5.11 Variation o f the ac reactance with the current and ambient temperature

The variation o f the ac reactance with current at four ambient temperatures is 
shown in Figure 5.11. Generally, the lower the ambient temperature, the smaller the ac 
reactance is. Reactance curves are sensitive to the variation o f the electromagnetic field 
inside the ACSR conductors. Reactive curves are not increasing monotonically when the 
electromagnetic field changes with ambient temperature at various currents.

Comparing the resistance curves in Figure 5.10 and the reactance curves in Figure 
5.11, we can see that the resistance curves change is smoother than the reactance curves 
at four different ambient temperatures.

• Effect on Convective and Radiative Cooling

The resistive Joule heating is proportional to the resistance with constant current. 
The resistive heat losses increase with an increase o f the ambient temperature if  the same 
surface temperature rise o f the conductor is reached.

The convective cooling does not change much with a variation o f the ambient 
temperature, as we can see from Figure 5.12.

at*#**
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Figure 5.12 Variation o f convective cooling with the current and ambient temperature

Figure 5.13 shows the variation o f radiative cooling with current and ambient 
temperature for Guinea, Penguin, and Raven conductors. The radiative cooling increases 
with increases in the current and ambient temperature. The variation is more obvious than 
that o f the convective cooling. For Guinea conductor at 390 A, the radiative cooling is 43 
W /m at 30 °C ambient temperature and 32 W/m at 0 °C ambient temperature.
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Figure 5.13 Variation o f the radiative cooling with the current and ambient temperature

In the calculation o f  the radiative cooling, the ground and sky temperature are 
assumed to be equal to the ambient temperature. Rewrite the radiative cooling Eq. (2.48) 
as:
Prc = nDcr Bs s (Twr- T amh)(Tmr + Tamh + 556)[(TW + 273)2 +(Tamh + 273)2] W/m (5.1) 
Consequently, small variations between surface temperatures and ambient temperatures 
cause substantive changes in radiative cooling.

• Effect on M echanical Properties

The variation o f the aluminum stress for Guinea and Penguin conductors with 
current and the ambient temperature is shown in Figure 5.14 (a), and for Raven conductor 
in Figure 5.14 (b). The stress o f the aluminum layer decreases with increases o f the 
current and the ambient temperature. The aluminum wires experience larger stress at 0 °C 
ambient temperature than at 30 °C ambient temperature for single layer ACSR 
conductors. It is seen from Figure 5.14 that the aluminum stress in the conductors 
decreases almost exponentially after 200 A. From 100 A to 200 A, the aluminum stress 
decreases linearly with an increase o f the current.
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Figure 5.14 Variation o f the aluminum stress with the current and ambient temperature 
for (a) Guinea and Penguin conductors, and (b) Raven conductor, respectively

From Figure 5.14 (a), we can see that the aluminum layer o f Guinea conductor 
experiences a compressive load at 30°C ambient temperature when the current is higher 
than 340 A. At higher ambient temperatures, this conductor approaches its birdcaging 
temperature. The thermal rating should be paid attention for the conductor used in high 
ambient temperature areas.

The variation o f horizontal tension with current and ambient temperature for 
Guinea conductor is shown in Figure 5.15 (a) and for Penguin and Raven conductors in 
Figure 5.15 (b), respectively. The horizontal tension decreases with increases o f the 
current and the ambient temperature. From Figure 5.15 we can see that the horizontal 
tension o f the conductors decreases more or less linearly, except for Penguin in which 
saturation effects can be noted.

The variation o f the sag with the conductor current and ambient temperature is 
shown in Figure 5.16 (a) for Guinea conductor, Figure 5.16 (b) for Penguin conductor, 
and Figure 5.16 (c) for Raven conductor, respectively. The sag increases with increases 
o f the current and the ambient temperature in all cases exponentially. The difference 
between 0 °C and 30 °C ambient temperatures results in one meter length difference in 
the sag at the maximum current ratings for single layer ACSR conductors.
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Figure 5.15 Variation o f the horizontal tension with the current and ambient temperature 

for (a) Guinea conductor, (b) Penguin and Raven conductors, respectively
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Figure 5.16 Variation o f the sag with the current and ambient temperature for

(a) Guinea and (b) Penguin conductors, respectively
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The loss o f tensile strength o f the aluminum layer increases with increases o f 
conductor current and ambient temperature as we see in Figure 5.17. The increasing loss 
o f  tensile strength becomes larger at higher current. Quantitative values are shown in 
Table 5.1 for Guinea conductor, for example.

Table 5.1 Loss o f  tensile strength o f aluminum layer for Guinea conductor with variation 
_______________ o f ambient temperature and conductor current_______________
Ambient temperature (°C) Loss o f tensile strength o f aluminum layer (%)

at 100 A at 390 AUoO

1.08 23.0

o o o 1.73 28.4

O o n 2.64 34.0
30 °C 3.91 38.8

At 390 A, the loss o f tensile strength in the aluminum layer increases about 5 % 
for every 10 °C increase in the ambient temperature.

The loss o f  tensile strength o f the aluminum layer for single layer ACSR 
conductors is 25 % at their thermal rating under 0 °C ambient temperature, but it is 40 % 
under 30 °C ambient temperature. Both conductor temperature and the ambient 
temperature are the determinant factors to affect the loss o f tensile strength o f the 
nonferrous part o f ACSR conductors.

5.4 Supply Frequency

The Integrated Model can be used to analyze the variation o f resistance and other 
characteristics o f single layer ACSR conductors with various supply frequencies. The 
investigation in this section shows the characteristics o f Guinea, Penguin, and Raven 
conductors with different frequencies at 25 FIz, 40 Hz, 50 Hz, and 60 Hz, respectively.

• Effect of Variation o f Frequency on AC Resistance and AC Reactance

The variation o f ac resistance with current and frequency is shown for companies 
o f the three types o f conductors in Figure 5.18. The ac resistance increases with increases 
o f  current or frequency. The higher the frequency, the larger the resistance is. The 
increase becomes larger when the conductor current increases. The core losses including 
hysteresis and eddy current losses increase approximately with f2 [44], The skin effect 
decreases with f1/2. The redistribution o f the current due to the transformer effect depends 
on the self and mutual inductive reactances in a complex manner due to the longitudinal 
and circumferential magnetic fluxes for the various layers o f the conductor.

The ac/dc resistance ratio is shown in Figure 5.19 with the conductor current and 
the frequency. Figure 5.19 (a) shows the highest ratio is 1.5 at 270 A and 25 Hz for 
Guinea conductor, and 1.97 at 260 A and 60 Hz. Figures 5.19 (b) and (c) also show the 
ac/dc resistance ratio for Penguin and Raven conductors increases at some fixed current 
when the frequency increases from 25 Hz to 60 Hz.
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Figure 5.18 Variation o f the ac resistance with the current and supply frequency
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Figure 5.20 Variation o f the ac reactance with the current and frequency for

(a) Guinea and Penguin, (b) Raven conductors, respectively
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Figure 5.20 shows the variation o f the ac reactance with the current and frequency 
for the three single layer ACSR conductors. The ac reactance increases with increases o f 
current and frequency. Similarly to the ac resistance curves, the increase becomes larger 
when the conductor current increases to saturation.

The reactances increase approximately linearly with the increasing frequency for 
three layer ACSR conductors [44] while they increase nonlinearly for single layer ACSR 
conductors because o f the strong longitudinal and circumferential fluxes. The effect o f 
increased frequency for the reactance is complex, as we can see from Figure 5.20 (a) and
(b). They are different from the variation o f reactance curves with frequency for three 
layer ACSR conductors [44], Reactance is calculated directly from the supply frequency 
using the Integrated Model and the saturation area is easily seen from the resistance 
curves in Figure 5.18 and the reactance curves in Figure 5.20.

The variation o f the resistive heating with the current is similar to the variation o f 
the resistance with current at various frequencies. The resistive heat losses increase with 
an increase o f the frequency.

• Effect on Convective Cooling and Radiative Cooling
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RAVEN:25Hz RAVEN:40Hz -^R A V EN :50H z ^^RAVEN:60Hz

0 100 200 300 400 500
Current (A)

Figure 5.21 Variation o f the convective cooling with the current and frequency

The variation o f the convective cooling with the current and frequency is shown 
in Figure 5.21. The convective cooling increases with increases o f current and ambient 
temperature. The convective cooling is a function o f the conductor surface temperature,
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as is the radiative cooling. The radiative cooling increases with increases o f  the current 
and ambient temperature, as is shown in Figure 5.22.

GUINEA:25Hz GUINEA :40 Hz GUINEA:50Hz -*-GUINEA:60Hz
■e— PENGUIN:25Hz PENGUIN:40Hz PENGUIN:50Hz PENGUIN:60Hz 
—  RAVEN:25Hz e -  RAVEN:40Hz RAVEN:50Hz ^^R A V EN :60H z

45

Q.

400 500100 200 3000
Current (A)

Figure 5.22 Variation o f the radiative cooling with the current and frequency 

• Effect on M echanical Properties

The variation o f the aluminum stress decreases with increases o f current and 
frequency as shown in Figure 5.23, and it is more obvious at higher current than at lower 
current. The aluminum layer experiences higher stress at the lower supply frequency.

Comparing the aluminum stress for Guinea conductor and stresses for Penguin 
and Raven conductors, we can see that the more steel wires, the less change o f  stress o f 
the aluminum layer varies from 100 A to the maximum current rating. The stress o f the 
aluminum layer for Guinea conductor varies from 43 M Pa to 2 M Pa when the conductor 
current changes from 100 A to 390 A. For Penguin and Raven conductors, the stress o f 
the aluminum layer decreases from over 100 M Pa at 100 A to less than 10 M Pa at their 
maximum current ratings.

Figure 5.24 show s that the horizontal tension decreases w ith increases o f current 
and frequency for the three types o f single layer ACSR conductors. At 25 Hz, the 
horizontal tension decreases almost linearly with an increase o f  the conductor current. At 
60 Hz, the tension decreases but it is no longer linear, especially when the current is 
larger than 200 A.
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Figure 5.23 Variation o f the aluminum stress with the current and frequency
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Figure 5.24 Variation o f the horizontal tension with the current and frequency
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Figure 5.25 Variation o f the sag with the current and frequency for 

(a) Guinea and Penguin, (b) Raven conductors, respectively
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Figure 5.25 shows the variation o f sag with current and frequency for Guinea, 
Penguin, and Raven conductors respectively. The sag increases with increases o f the 
current and supply frequency. For Guinea conductor at 390 A, the sag is 4.6 m at 25 Flz 
and 5.2 m at 60 Flz.
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Figure 5.26 Variation o f loss o f aluminum tensile strength with the current and frequency

The effect o f frequency on the loss o f tensile strength o f the aluminum layer is 
great, as can be seen from the curves in Figure 5.26. The accumulating loss o f tensile 
strength o f  the aluminum layer increases with increasing current and supply frequency. 
For Guinea conductor at 390 A, the aluminum wires lose 19.3 % o f their tensile strength 
at 25 Hz and 28.4 % at 60 Hz.

5.5 Time of Exposure

The algorithms including those that are deterministic and probabilistic are used in 
the Integrated Model. The probabilistic algorithm makes an analysis o f time o f exposure 
possible. For the total exposure time, 1 % is assumed with the additional load, and 99 % 
is the probability-based case. For comparison, the total exposure time is taken as 0.1 year, 
1 year, 3 years, 10 years, and 30 years, with an ambient temperature o f 10 °C and a 
supply frequency o f 60 Hz.
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Effect on AC Resistance and AC Reactance
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Figure 5.27 Variation o f the ac resistance with the current and time o f exposure
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The variation o f ac resistance and ac reactance with current and time o f exposure 
is shown in Figures 5.27 and 5.28 respectively. AC resistance and ac reactance are 
relatively invariant with a variation o f  the exposure time, except Guinea near 390 A, 
where the variation is small. The heat gains and heat losses are also relatively invariant 
with a variation o f exposure time. In other words, the electrical properties are almost 
constant with a variation o f the exposure time.

• Effect on M echanical Properties
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Figure 5.29 Variation o f the aluminum stress with the current and time o f exposure

Figure 5.29 shows the variation o f the aluminum stress with the current and time 
o f exposure. The aluminum stress decreases with increases o f  conductor current and time 
o f exposure, and decreases quickest in the first year o f exposure time. The amount o f the 
decrease is larger at lower current. The aluminum stress is 112 M Pa for Raven conductor 
at 200 A in 0.1 year, and 45 M Pa in 30 years. The decrease o f the aluminum stress is over 
50%.
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Figure 5.30 Variation o f the horizontal tension with the current and time ot exposure tor

(a) Guinea and Raven, (b) Penguin conductors, respectively
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The variation o f the horizontal tension with the current and time o f exposure is 
shown in Figure 5.30 (a) for Guinea and Raven conductors, and in Figure 5.30 (b) for 
Penguin conductor. The horizontal tension decreases with increasing time o f exposure 
and the current for Penguin and Raven conductors. Similarly to the aluminum stress, the 
big change occurs in the first year o f exposure time. The variation o f the horizontal 
tension for Guinea is not obvious, a result o f the larger steel core. The more steel wires, 
the less the variation o f the horizontal tension.

For Guinea conductor at 390 A, the horizontal tension is 21.9 kN after 0.1 year 
exposure duration, and it is 22.2 kN after 30 years. The difference o f the horizontal 
tension is only 0.3 kN. For Penguin and Raven, with a king wire as steel core, the 
variation is evident. For Penguin conductor at 470 A, the horizontal tension is 18.6 kN 
after 0.1 year, and it is 16.2 kN after 30 years. The difference is as much as 2.4 kN. For 
Raven at 300 A, the difference is 2.7 kN from 12.7 kN after 0.1 year to 10.0 kN after 30 
years.

Figure 5.31 shows the variation o f  the sag o f  the conductors with the time o f 
exposure and the current. The sag increases with the increases o f exposure time and the 
current. The variations o f the sag for Penguin and Raven conductors are larger than that 
for Guinea conductor. The sag for Penguin conductor at 470 A increases from 4.56 m to 
5.23 m when the exposure time increases from 0.1 year to 30 years. For Raven at 300 A, 
the sag increases from 3.3 m after 0.1 year duration to 4.2 m after 30 years duration.
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(a) Guinea (b) Penguin and Raven conductors, respectively
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Figure 5.32 Variation o f the loss o f tensile strength o f the aluminum layer 
with the current and the time o f exposure

Figure 5.32 shows how the loss o f tensile strength o f the aluminum layer 
increases with increases o f exposure time and conductor current. From Figure 5.32, we 
can see that the accumulating loss increases dramatically after one year o f exposure. The 
higher the conductor current, the greater the tensile strength loses in the aluminum layer.

For Guinea conductor at 390 A and Raven conductor at 300 A, the accumulating 
tensile strength loss o f the aluminum layer is less than 10 % after 0.1 year exposure, and 
it increases up to 35 % after 30 years exposure. For Penguin conductor at 470 A, the loss 
is 11 % after 0.1 year and 38 % after 30 years exposure.

5.6 Air Gap Thickness

During the drawing process o f ACSR, the strands were spirally wounded and the 
very thin air gaps were formed at the contacts between strands in adjacent layers. The 
length o f air gaps is affected by the pressure and tension o f the conductor. The calculated 
effective gap at the contacts is 0.5 to 0.9 pm [34], In this investigation, the thickness o f 
the air gap is altered from 0.2 pm to 1.4 pm in steps o f 0.2 pm.

• Effect on AC Resistance and AC Reactance
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Figure 5.33 shows the variation o f ac resistance with air gap thickness and 
current. Figure 5.34 shows the variation o f the ac reactance for Guinea, Penguin and 
Raven conductors, respectively. Resistance and reactance remain constant with the 
increase o f the thickness o f the air gap at certain current level. The resistive heating keeps 
constant as well with the variation o f the air gap thickness at some fixed current.

• Effect on M echanical Properties

The variation o f the stress o f the aluminum layer with current and thickness o f the 
air gap is shown in Figure 5.35 for Guinea, Penguin, and Raven conductors, respectively. 
The aluminum stress for the three conductors remains almost constant with a variation o f 
the air gap thickness. The only variation o f aluminum stress occurs on Raven at 300 A
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Figure 5.35 Variation o f the stress o f the aluminum layer with the current and the 
thickness o f the air gap for Guinea, Penguin, and Raven conductors, respectively
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Figure 5.36 Variation o f the horizontal tension with the current and the air gap thickness

From Figure 5.36 we can see that the horizontal tension remains constant with a 
variation o f  the thickness o f the air gap except for Raven conductor at 300 A. The 
variation o f  the horizontal tension for Raven at 300 A with the increase o f the air gap 
thickness is related to the variation o f the aluminum stress with the air gap thickness.

The variation o f the aluminum stress and the horizontal tension affects the 
variation o f the sag with an increase o f the thickness o f the air gap. From Figure 5.37 we 
can see the sag remains constant at variant thickness o f the air gap except for Raven 
conductor at 300 A. The sag increases 0.1 m for Raven conductor at 300 A when the 
thickness o f the air gap increases from 1.2 pm to 1.4 pm.

The accumulating loss o f tensile strength o f the aluminum layer remains constant 
for the three single layer ACSR conductors with the variation o f the air gap thickness are 
shown in Figure 5.38.
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5.7 Span

The span is changed from 200 m to 600 m in steps of 100 m. The span is assumed 
to be the distance between two tension towers. Spans from 400 ft (122 m) to 1600 ft (488 
m) are suggested and studied in Aluminum Electrical Conductor Handbook [9],

• Effect on AC Resistance and AC Reactance

The variation o f the ac resistance with the increases o f span and current is shown 
in Figure 5.39. AC resistance remains constant at some fixed current ratings with the 
variant span lengths.

Figure 5.40 shows the variation o f the ac reactance with the increases o f span and 
current. The variation o f  the span does not alter the electrical characteristics o f  single 
layer ACSR conductors.
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Figure 5.39 Variation o f the ac resistance with the span and current
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Figure 5.40 Variation o f the ac reactance with the span and current

• Effect on M echanical Properties

The variation o f the aluminum stress with the span and current is shown in Figure 
5.41 for Guinea, Penguin, and Raven conductors, respectively. Roughly speaking, the 
aluminum stress increases with an increase o f the span, and decreases with an increase o f 
the conductor current. The aluminum layer o f Guinea conductor experiences a 
compressive load when the span is less than 420 m at 390 A.
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Figure 5.41 Variation o f the aluminum stress with the span and current 
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Figure 5.42 shows how the horizontal tension varies with increases o f span and 
current. The horizontal tension increases with an increase o f the span, and decreases with 
the increase o f the current.

The sag increases with increases o f current and span, as shown in Figure 5.43 for 
the three conductors. The sag increases dramatically with an increase o f the span. For 
Penguin conductor at 470 A, the sag increases from 1.3 m at 200 m span to 10.9 m at 600 
m span, and the increase reaches 738 %. For Raven conductor, 1.0 m at 200 m span to 8.9 
m at 600 m span, or 790 %.

The accumulating loss o f tensile strength o f  the aluminum layer remains constant 
w ith the variation o f the span length at a fixed current level as shown in Figure 5.44.
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Figure 5.43 Variation o f the sag with the span and current

GUINEA:100A
GUINEA:200A
GUINEA:300A
GUINEA:390A
PENGUIN:100A
PENGUIN:200A
PENGUIN:300A
PENGUIN:400A
PENGUIN:470A
RAVEN:100A
RAVEN:200A
RAVEN:300A

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 118

— GUINEA:100A 
GUINEA:200A j

— a —  GUINEA:300A 
^ G U IN E A :390A  

PENGUIN: 100A 
-a- PENGUIN:200A 

— a —  PENGUIN:300A 
PENGUIN:400A 

- e -  PENGUIN.470A
 RAVEN: 100A |
- h-  RAVEN:200A 
—x— RAVEN:300A

100 200 300 400 500 600 700 ;

Span (m)

Figure 5.44 Variation o f the loss o f tensile strength o f the aluminum layer with the span 
and current for Guinea, Penguin, and Raven conductors, respectively
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CHAPTER 6
SENSITIVITY ANALYSIS OF THE INTEGRATED MODEL

6.1 Introduction

The Integrated Model, developed in this research, described in Chapter 2, 
validated in Chapter 4, and investigated in Chapter 5, has many input parameters from 
geometrical, environmental, and power supply, etc. The output o f the Integrated Model 
involves electromagnetic, mechanical, and thermal characteristics o f single layer ACSR 
conductors. This chapter examines some o f the input parameters for their sensitivity in 
the Integrated Model.

The sensitivity analysis is a procedure to determine the outcomes o f the model 
input parameters. If  a small change in an input parameter results in relatively large 
changes in the outcomes, the outcomes are said to be sensitive to that parameter. The 
general procedure can be as follows: (1) to define a model output param eter that 
represents an important aspect o f the model behavior; (2) to vary the value o f a model 
input; (3) to examine the change o f the output parameter. Large changes in the output 
parameter imply that the particular input parameter is important for model behaviors.

The sensitivity analysis in this chapter is not carried out for every parameter o f  the 
Integrated Model, but only for some parameters such as lay length o f the aluminum layer 
(LAY), wire diameter o f an aluminum strand (D ), resistivity o f aluminum (pa/), resistivity 
o f steel (pst), permeability (ju), frequency (j), and surface layer temperature (7). For each 
mentioned parameter varying with ± 5 %, ac resistance, ac reactance, and heat losses are 
calculated and compared with their corresponding values without any other parameter 
variation. Since heat gains and heat losses constitute the fundamental equation o f  the 
Integrated Model, resistance (Rac), reactance (Xac), convection heat loss (Pam), and 
radiation heat loss (Prc) are chosen as the output parameters in this sensitivity analysis. 
Solar heat gain has a fixed value if  the distance and the relative position between the sun 
and the earth are relatively invariant. Resistive heat or Joule heat gain can be obtained 
from the ac resistance and the conductor current.

An example is given here to illustrate the performance: when the aluminum wire 
diameter D  increases but 5 %>, we calculate the corresponding resistance, reactance, and 
heat losses with the wire diameter o f 105 % D. Similarly, we can obtain the resistance, 
reactance, and heat losses when the wire diameter D  decreases to 95 %.

6.2 Variation o f Lay Length o f the Aluminum Layer

Figure 6.1 shows the curves o f ac resistance with the current and + 5% variation 
o f lay length for Guinea, Penguin, and Raven conductors, respectively. From Figure 6.1, 
we can find that the shorter the lay length, the larger the ac resistance is. This is 
consistent with the analyses o f lay length effect in Chapter 5.

119
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The curves o f  reactance with the current and the variation o f lay length are shown 
in Figure 6.2. The reactance is more sensitive to the variation o f lay length than the 
resistance.
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Figure 6.1 Variation o f the ac resistance with the current and lay length
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Figure 6.3 Variation o f the convection heat with the current at various lay lengths
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Figure 6.4 Variation o f the radiation heat with the current and lay length
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Figures 6.3 and 6.4 show the convection heat loss and the radiation heat loss with 
the current and the variation o f lay length for three conductors, respectively. The 
convective and radiative heat losses are less with an increase o f lay length because the 
resistive heat input per unit length decreases.

Tables 6.1 and 6.2 show quantitative results for resistance, reactance, heat losses 
at the interval o f 50A in the sensitivity analyses for three conductors.

Table 6.1 Variation o f resistance and reactance with the change o f lay length
1(A) ARac (%) AXac (%)

Guinea Pen sguin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 -1.43 1.95 -1.09 1.44 -0.97 0.78 -10.6 13.0 -6.48 7.78 -7.89 7.72
150 -2.25 1.90 -1.60 1.08 -3.53 3.33 -11.0 10.7 -7.75 7.06 -11.8 13.6
200 -6.47 7.66 -3.96 5.03 -0.47 0.27 -12.7 15.0 -8.90 11.4 -4.87 5.66
250 -5.40 4.83 -3.24 2.96 0.18 -0.16 -9.79 9.35 -8.67 8.32 -6.12 6.35
300 -1.91 1.87 -0.41 0.08 0.36 -0.57 -6.47 7.69 -4.80 5.64 -6.64 7.09
350 -1.26 1.41 0.37 -0.38 -7.83 9.48 -6.37 6.96
390 -1.17 1.29 0.29 -0.49 -8.66 9.65 -5.79 6.03
440 0.67 -1.04 -6.61 6.97
470 0.99 -0.96 -4.85 5.85

Table 6.2 Variation o f convection heat and radiation heat with the change o f lay length
1(A) A Pcon(%) APrc (%)

Guinea Pen|guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 -1.49 2.04 -1.14 1.51 -1.00 0.80 -1.26 1.72 -0.96 1.27 -0.87 0.69
150 -2.32 1.96 -1.66 1.12 -3.59 3.38 -2.05 1.73 -1.45 0.97 -3.35 3.17
200 -6.58 7.79 -4.05 5.15 -0.46 0.27 -6.14 7.29 -3.70 4.70 -0.47 0.28
250 -5.37 4.79 -3.26 2.97 0.26 -0.16 -5.44 4.91 -3.19 2.92 0.28 -0.18
300 -1.85 1.82 -0.41 0.08 0.40 -0.47 -2.02 2.00 -0.42 0.08 0.48 -0.57
350 -1.20 1.34 0.36 -0.37 -1.39 1.56 0.39 -0.40
390 -1.09 1.21 0.28 -0.47 -1.33 1.48 0.32 -0.53
440 0.63 -0.98 0.76 -1.17
470 0.92 -0.89 1.14 -1.11

From Figure 6.1 and Table 6.1, we can see that the resistance is sensitive to the 
variation o f lay length, for Guinea and Penguin conductors, for a current range from 170 
A to 300 A. For Raven, it is from 110 A to 190 A. When the current is outside o f the 
sensitive current range, resistance is less sensitive. Take Guinea conductor as an example: 
the resistance variation is more than 8.5 % at 210 A while it is less than 1.3 % at 390 A.
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From Tables 6.1 and 6.2, we can see that the reactance is more sensitive to the 
variation o f the lay length than the other parameters such as resistance, heat gain, and 
heat losses. The variation o f reactance can be as high as 27.7 % for Guinea at 200 A.

From Figures 6.1 and 6.2, Table 6.1, we also find that the resistance and reactance 
are more sensitive to the lay length decrease (95 %) than to the lay length increase (105 
%). The output parameters o f Guinea conductor are more sensitive to the variation o f  lay 
length than those o f Penguin and Raven conductors.

Since the ac resistance decreases with an increase o f the lay length, we can say 
that the power transmission efficiency can be improved by increasing the lay length o f 
the aluminum layer, within mechanical constraints. The maximum allowable ratio o f lay 
length to nominal outside diameter o f aluminum layer for ACSR is 14.5 from ASTM 
standard [20], which is 116 % increase from the preferred lay length.

6.3 Variation o f the Aluminum W ire Diameter

AC resistance and ac reactance with the variation o f the current and the aluminum 
wire diameter are shown in Figures 6.5 and 6.6, respectively, for three types o f single 
layer ACSR conductors. The ac resistance is more sensitive to the variation o f wire 
diameter at high current rating than that at low current rating. From Figure 6.5, we can 
see that the change o f ac resistance is more obvious when the current is larger than 320 A 
for Guinea, 350 A for Penguin, and 190 A for Raven.

However, the ac reactance is not sensitive to the variation o f the aluminum wire 
diameter, especially at low conductor current ratings.

Figures 6.7 and 6.8 show the variation o f the convection heat and the radiation 
heat with the wire diameter, respectively.
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Figure 6.5 Variation o f the ac resistance with the current and wire diameter
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Figure 6.6 Variation o f the ac reactance with the current and wire diameter
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Figure 6.7 Variation o f the convection heat with the current and wire diameter
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Table 6.3 Variation o f ac resistance and reactance with the change o f wire diameter
1(A) ARac (%) AXac (%)

Guinea Pen guin Raven Guinea Penguin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 -6.79 7.83 -7.04 8.18 -7.75 9.03 2.18 -2.33 1.30 -1.51 1.17 -1.01
150 -6.07 6.99 -6.58 7.64 -7.44 8.81 1.64 -1.84 1.03 -1.03 -0.13 0.13
200 -5.06 5.99 -5.95 6.97 -7.60 8.91 1.22 -1.30 0.59 -0.74 1.02 -0.79
250 -4.90 5.49 -6.05 7.11 -8.21 9.76 1.47 -1.74 0.23 -0.46 -1.45 -0.45
300 -4.41 5.06 -5.99 6.93 -9.35 11.7 0.17 -0.30 0.72 -0.36 0.00 -3.15
350 -5.11 6.23 -6.41 7.48 3.26 -3.00 -1.30 0.71
390 -6.66 8.65 -6.84 8.32 -0.54 4.07 0.71 -1.54
440 -7.79 9.73 0.24 -2.72
470 -8.60 10.4 4.73 -4.98
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Figure 6.8 Variation o f the radiation heat with the current and wire diameter
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Table 6.4 Variation o f convective heat and radiative heat with the change o f  wire diameter
1(A) APcon (%) APrc (%)

Guinea Penguin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 -7.37 8.51 -7.82 9.12 -8.38 9.78 -5.45 6.22 -5.26 6.05 -6.02 6.95
150 -6.52 7.51 -7.24 8.43 -7.87 9.31 -4.98 5.72 -5.02 5.80 -6.18 7.37
200 -5.37 6.33 -6.46 7.56 -7.82 9.12 -4.30 5.13 -4.68 5.51 -6.95 8.27
250 -5.02 5.61 -6.40 7.49 -8.21 9.58 -4.58 5.19 -5.16 6.14 -8.18 9.87
300 -4.41 5.03 -6.18 7.10 -8.99 11.2 -4.38 5.12 -5.51 6.48 -10.0 13.2
350 -4.98 6.01 -6.46 7.48 -5.39 6.73 -6.26 7.47
390 -6.33 8.10 -6.77 8.13 -7.37 9.86 -6.99 8.75
440 -7.51 9.21 -8.42 10.9
470 -8.16 9.68 -9.56 12.0

Table 6.3 shows ac resistance and ac reactance with the variation o f the aluminum 
wire diameter at some fixed current ratings. The change o f resistance is larger than the 
change o f reactance with ±5 % variation o f the aluminum wire diameter. The highest 
variation o f resistance for Raven at 300 A is 12 % to -9 % for 105 % to 95 %, 
respectively. And most o f the variations are larger than 5 %. All the variation o f 
reactance is less than 5 % and most o f them are less than 2 %.

The variations o f the heat losses with the current and the wire diameter are shown 
in Table 6.4. These variations may be as high as 13 %.

Similarly to the effect o f the lay length, almost all parameters are more sensitive 
to the wire diameter decrease (95 %) than to its increase (105 %).

Since ac resistance and resistive heat gain decrease with the increase o f  the 
aluminum wire diameter, reasonably increasing wire diameter can decrease the power 
loss during transmission and distribution.

6.4 Variation o f the Aluminum Resistivity

The variation o f  resistance with the current and aluminum resistivity is shown in 
Figure 6.9. AC resistance increases or decreases with the increase or decrease o f the 
aluminum resistivity. Comparing with Guinea and Penguin, Raven conductor shows more 
obvious change in resistance with the variation o f the aluminum resistivity.

Figure 6.10 shows the variation o f ac reactance curves with the current and 
resistivity. Reactance is not sensitive to the variation o f aluminum resistivity.

The variation o f the convection heat loss and the radiation heat loss with the 
current and the aluminum resistivity is shown in Figures 6.11 and 6.12, respectively. The 
curves show that the change o f heat losses is more obvious with high current than with 
low current.
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Figure 6.9 Variation o f the ac resistance with the current and aluminum resistivity
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Figure 6.10 Variation o f the ac reactance with the current and aluminum resistivity
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Figure 6.11 Variation o f the convection heat with the current and aluminum resistivity
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Figure 6.12 Variation o f the radiation heat with the current and aluminum resistivity
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Tables 6.5 and 6.6 show that ac resistance, convection heat loss, and radiation 
heat loss varies less than ± 5 % with a 5 % change o f aluminum resistivity. AC reactance 
varies less than 1 % with 5 % change o f aluminum resistivity.

Table 6.5 Variation o f resistance and reactance with the change o f aluminum resistivity
1(A) ARac (%) AXac (%)

Guinea Penjguin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 3.63 -3.65 3.79 -3.79 4.15 -4.15 -0.73 0.73 -0.22 0.00 0.00 0.17
150 3.23 -3.24 3.51 -3.51 3.93 -3.91 -0.61 0.61 0.00 0.00 0.25 -0.25
200 2.69 -2.68 3.15 -3.15 3.94 -3.93 -0.51 0.52 0.00 0.00 -0.11 0.23
250 2.42 -2.44 3.06 -3.05 4.29 -4.25 -0.63 0.62 0.00 0.00 0.33 -0.67
300 2.32 -2.33 3.04 -3.04 4.94 -4.80 -0.08 0.06 0.00 0.00 -0.67 0.11
350 2.74 -2.71 3.28 -3.26 -1.22 1.33 0.59 -0.59
390 4.04 -3.38 3.54 -3.50 2.44 -0.43 -0.24 0.24
440 4.02 -3.93 -0.47 0.12
470 4.36 -4.29 -1.74 1.74

Table 6.6 Variation o f  convection and radiation heat
1(A) A Pcon(%) APrc (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 3.79 -3.80 3.95 -3.94 4.28 -4.28 3.20 -3.23 3.32 -3.33 3.73 -3.74
150 3.33 -3.35 3.64 -3.64 3.99 -3.97 2.94 -2.95 3.16 -3.17 3.73 -3.71
200 2.73 -2.73 3.23 -3.22 3.91 -3.90 2.56 -2.55 2.95 -2.94 4.01 -3.98
250 2.40 -2.43 3.07 -3.07 4.15 -4.13 2.46 -2.47 3.01 -3.00 4.63 -4.56
300 2.25 -2.27 3.01 -3.01 4.71 -4.49 2.48 -2.47 3.11 -3.09 5.75 -5.37
350 2.61 -2.59 3.19 -3.18 3.04 -2.98 3.48 -3.45
390 3.76 -3.17 3.40 -3.36 4.64 -3.84 3.88 -3.80
440 3.77 -3.71 4.57 -4.42
470 4.03 -3.99 5.06 -4.92

osses with the change o f aluminum resistivity

AC resistance changes with the variation o f resistivity, so the resistive heat gain 
changes as well. According to energy conservation and heat balance equation, the 
convection and radiation heat losses vary correspondingly.

6.5 Variation of the Steel Resistivity

The variations o f ac resistance and ac reactance with the current and steel 
resistivity are shown in Figures 6.13 and 6.14, respectively. From these two figures, we 
can find that resistance and reactance are not very sensitive to the variation o f steel 
resistivity.
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Figures 6.15 and 6.16 show the variation o f the convection heat loss and the 
radiation heat loss with the current and steel resistivity, respectively. Similar to resistance 
and reactance, they are not very sensitive to the variation o f steel resistivity.

So, the Integrated Model is not sensitive to the variation o f steel resistivity from 
the respective o f  resistance, reactance, convection heat loss, and radiation heat loss.
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Figure 6.13 Variation o f the ac resistance with the current and steel resistivity
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Figure 6.14 Variation o f the ac reactance with the current and steel resistivity
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Figure 6.15 Variation o f the convection heat with the current and aluminum resistivity
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Figure 6.16 Variation o f the radiation heat with the current and steel resistivity

Tables 6.7 and 6.8 give a quantitative variation o f  the parameters with the 
variation o f steel resistivity in some current ratings. The variation is around or less than 1 
% with ± 5 % change o f steel resistivity. The output parameters are not related directly to 
the steel resistivity, so they are not very sensitive to its variation.

Table 6.7 Variation o f resistance and reactance with the change o f steel resistivity
1(A) ARac (%) AXac (%)

Guinea Peniguin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.85 -0.90 0.66 -0.69 0.49 -0.51 0.87 -0.87 0.00 -0.22 0.17 0.00
150 0.94 -0.98 0.76 -0.79 0.68 -0.71 0.82 -0.92 0.17 -0.17 0.25 -0.38
200 1.43 -1.49 0.95 -0.98 0.67 -0.69 1.30 -1.38 0.15 -0.30 0.11 -0.11
250 1.40 -1.50 1.09 -1.13 0.64 -0.66 1.07 -1.19 0.35 -0.23 0.22 -0.22
300 0.95 -1.01 0.97 -1.00 0.66 -0.67 0.84 -0.92 0.12 -0.12 0.11 -0.11
350 0.93 -0.97 0.94 -0.97 0.70 -0.76 0.35 -0.35
390 1.08 -1.13 0.96 -0.98 1.20 -1.30 0.12 0.00
440 1.01 -1.04 0.00 -0.12
470 1.04 -1.07 -0.37 0.25
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Table 6.8 Variation o f convection and radiation heat losses with the change o f steel resistivity
1(A) A Pcon(%) APrc (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.89 -0.94 0.69 -0.71 0.51 -0.53 0.75 -0.80 0.59 -0.60 0.44 -0.46
150 0.97 -1.02 0.79 -0.82 0.70 -0.72 0.85 -0.90 0.69 -0.72 0.65 -0.67
200 1.46 -1.52 0.97 -1.00 0.66 -0.69 1.36 -1.42 0.88 -0.92 0.68 -0.70
250 1.39 -1.49 1.10 -1.14 0.62 -0.64 1.43 -1.52 1.08 -1.11 0.69 -0.71
300 0.92 -0.98 0.96 -0.99 0.62 -0.57 1.01 -1.07 0.99 -1.02 0.76 -0.69
350 0.89 -0.92 0.92 -0.94 1.03 -1.07 1.00 -1.03
390 1.01 -1.05 0.92 -0.95 1.23 -1.29 1.05 -1.07
440 0.94 -1.02 1.14 -1.22
470 0.97 -1.00 1.21 -1.24

6.6 Variation o f Permeability

The curves o f ac resistance and ac reactance with the current and the variation o f 
permeability are shown in Figures 6.17 and 6.18 for three types o f  single layer 
conductors, respectively. Figures 6.19 and 6.20 show the variation o f convection heat loss 
and radiation heat loss.
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Figure 6.17 Variation o f the ac resistance with the current and permeability
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Figure 6.18 Variation o f the ac reactance with the current and permeability
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Figure 6.19 Variation o f the convection heat with the current and permeability
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Figure 6.20 Variation o f the radiation heat with the current and permeability

Table 6.9 Variation o f resistance and reactance with the change o f permeability
1(A) ARac (%) AXac (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.58 -0.59 0.61 -0.62 0.53 -0.54 3.78 -3.78 2.16 -2.38 2.85 -2.85
150 1.00 -1.01 0.90 -0.92 0.94 -0.95 4.51 -4.10 2.75 -2.75 3.42 -3.55
200 1.33 -1.35 1.19 -1.21 1.16 -1.17 4.13 -4.15 3.12 -3.12 3.51 -3.51
250 2.18 -2.20 1.75 -1.76 0.99 -1.00 3.94 -4.00 3.58 -3.58 3.67 -3.67
300 1.94 -1.97 1.71 -1.73 0.94 -0.94 4.47 -4.49 3.48 -3.48 3.49 -3.49
350 1.83 -1.84 1.56 -1.58 3.65 -3.67 3.77 -3.77
390 2.68 -2.06 1.48 -1.49 6.70 -4.82 3.43 -3.31
440 1.48 -1.49 3.31 -3.42
470 1.53 -1.53 2.74 -2.86
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Table 6.10 Variation o f  convection and radiation leat losses with the change o f  permeability
1(A) A Pcon(%) APrc (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.60 -0.61 0.64 -0.65 0.55 -0.56 0.51 -0.52 0.54 -0.55 0.48 -0.49
150 1.03 -1.05 0.94 -0.96 0.95 -0.96 0.91 -0.92 0.82 -0.83 0.89 -0.90
200 1.35 -1.37 1.22 -1.24 1.15 -1.16 1.26 -1.28 1.11 -1.13 1.18 -1.19
250 2.16 -2.19 1.75 -1.77 0.96 -0.97 2.21 -2.23 1.72 -1.73 1.06 -1.08
300 1.88 -1.92 1.69 -1.71 0.95 -0.96 2.07 -2.09 1.75 -1.77 1.15 -1.15
350 1.74 -1.76 1.51 -1.54 2.03 -2.03 1.65 -1.67
390 2.44 -1.93 1.42 -1.43 2.99 -2.35 1.62 -1.62
440 1.39 -1.40 1.69 -1.68
470 1.42 -1.42 1.77 -1.76

Figures 6.17, 6.18, and Table 6.9 show that reactance is more sensitive to the 
variation o f permeability than resistance. Reactance varies larger than 3 % with the 5 % 
variation o f  permeability while resistance varies less than 2 % which shows that the 
contribution o f imaginary part o f complex permeability varies less than 2 %.

The Integrated Model is not very sensitive to the variation o f permeability from 
the respective o f resistance, resistive heat, and heat losses. M ost o f the variation is less 
than 2 %.

Among the three conductors, Guinea is the most sensitive one to the variation o f 
permeability.

6.7 Variation o f the Supply Frequency

The curves o f resistance and reactance with the current and the variation o f supply 
frequency are shown in Figures 6.21 and 6.22, respectively. Reactance is more sensitive 
to a change o f  frequency than resistance because reactance is proportional to frequency.

Figures 6.23 and 6.24 show the variation o f convection heat loss and radiation 
heat loss with the supply frequency for three types o f conductors.

Comparing with the sensitivity o f reactance, the Integrated Model is not very 
sensitive to the variation o f the supply frequency for the output parameters o f resistance, 
resistive heat, convection heat loss, and radiation heat loss. The variation is less than 2 % 
as shown in Tables 6.11 and 6.12. Also from Table 6.11, ac reactance is sensitive to the 
variation o f frequency and the variation is larger than 4 %.
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Figure 6.21 Variation o f the ac resistance with the current and supply frequency
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Figure 6.22 Variation o f the ac reactance with the current and supply frequency
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Figure 6.23 Variation o f the convection heat with the current and supply frequency
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Figure 6.24 Variation o f the radiation heat with the current and supply frequency
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Ta de 6.11 Variation o f resistance and reactance with the change o f supply frequency
1(A) ARac (%) AXac (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.58 -0.59 0.61 -0.62 0.53 -0.54 4.80 -4.80 4.97 -5.18 5.03 -4.87
150 1.00 -1.01 0.90 -0.92 0.94 -0.95 4.51 -4.82 4.99 -4.99 5.07 -5.07
200 1.33 -1.34 1.19 -1.21 1.16 -1.17 4.75 -4.78 4.90 -5.04 4.98 -4.98
250 2.17 -2.20 1.75 -1.76 0.98 -1.00 4.42 -4.47 5.09 -4.97 5.12 -5.12
300 1.93 -1.97 1.71 -1.73 0.94 -0.94 4.94 -4.95 5.04 -5.04 4.95 -4.95
350 1.83 -1.84 1.55 -1.58 4.13 -4.15 5.31 -5.19
390 2.68 -2.06 1.48 -1.49 7.16 -5.28 4.96 -4.85
440 1.48 -1.49 4.84 -4.96
470 1.53 -1.53 4.35 -4.35

Table 6.12 Variation o f convection and radiation heat losses with the change o f supply frequency
1(A) A Pcon(%) APrc (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.60 -0.61 0.64 -0.65 0.55 -0.56 0.51 -0.52 0.54 -0.55 0.48 -0.49
150 1.03 -1.05 0.94 -0.96 0.95 -0.96 0.91 -0.92 0.82 -0.83 0.89 -0.90
200 1.35 -1.37 1.22 -1.24 1.15 -1.16 1.26 -1.28 1.11 -1.13 1.18 -1.19
250 2.16 -2.19 1.75 -1.77 0.96 -0.97 2.21 -2.22 1.72 -1.73 1.06 -1.08
300 1.88 -1.92 1.69 -1.71 0.95 -0.96 2.07 -2.09 1.75 -1.77 1.15 -1.15
350 1.74 -1.75 1.51 -1.54 2.03 -2.03 1.65 -1.67
390 2.44 -1.93 1.42 -1.43 2.99 -2.35 1.62 -1.62
440 1.39 -1.40 1.68 -1.68
470 1.42 -1.42 1.77 -1.76

6.8 Variation of the Surface Layer Temperature

The curves in Figures 6.25 and 6.26 show ac resistance and ac reactance with the 
current and the variation o f surface layer temperature. The variations o f the convection 
heat loss and the radiation heat loss are given in Figures 6.27 and 6.28, respectively.
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Figure 6.25 Variation o f the ac resistance with the current and surface temperature
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Figure 6.26 Variation o f the ac reactance with the current and surface temperature
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Figure 6.27 Variation o f the convection heat with the current and surface temperature
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Figure 6.28 Variation o f the radiation heat with the current and surface temperature
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From Figures 6.25, 6.26, 6.27, and 6.28, we can find that the selected output 
parameters o f the Integrated Model are not sensitive to the variation o f surface layer 
temperature.

Table 6.13 Variation o f resistance and reactance with the surface layer temperature
1(A) ARac (%) AXac (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.24 -0.24 0.24 -0.23 0.36 -0.35 0.00 0.00 -0.22 0.00 0.00 0.17
150 0.31 -0.31 0.30 -0.30 0.53 -0.53 -0.10 0.00 0.00 0.00 0.00 -0.13
200 0.36 -0.36 0.38 -0.38 0.78 -0.77 -0.07 0.07 0.00 0.00 0.00 0.11
250 0.49 -0.49 0.51 -0.51 1.09 -1.07 -0.13 0.12 0.00 0.00 0.11 -0.11
300 0.58 -0.58 0.64 -0.63 1.54 -1.50 -0.02 0.02 0.00 0.00 -0.11 0.11
350 0.78 -0.78 0.80 -0.79 -0.36 0.37 0.24 -0.12
390 1.10 -1.08 0.97 -0.95 0.19 -0.17 0.00 0.12
440 1.24 -1.22 -0.12 0.00
470 1.45 -1.43 -0.62 0.62

Tab e 6.14 Variation o f convective and radiative heat with the surface layer temperature
1(A) APcon (%) APrc (%)

Guinea Pen guin Raven Guinea Pen guin Raven
105 95 105 95 105 95 105 95 105 95 105 95

100 0.25 -0.25 0.25 -0.24 0.37 -0.37 0.21 -0.21 0.21 -0.21 0.32 -0.32
150 0.32 -0.32 0.31 -0.31 0.54 -0.53 0.28 -0.28 0.27 -0.27 0.51 -0.50
200 0.37 -0.37 0.39 -0.38 0.78 -0.77 0.35 -0.34 0.35 -0.35 0.79 -0.78
250 0.49 -0.49 0.51 -0.51 1.05 -1.04 0.50 -0.49 0.50 -0.50 1.16 -1.16
300 0.56 -0.56 0.63 -0.63 1.51 -1.41 0.62 -0.61 0.65 -0.64 1.84 -1.70
350 0.75 -0.74 0.78 -0.78 0.87 -0.86 0.85 -0.85
390 1.03 -1.01 0.93 -0.92 1.25 -1.24 1.06 -1.04
440 1.17 -1.15 1.41 -1.38
470 1.35 -1.32 1.68 -1.64

Tables 6.13 and 6.14 show a quantitative comparison o f properties with the 
surface layer temperature from which, we can determine that the Integrated Model is not 
very sensitive to the variation o f surface layer temperature. When the temperature o f  the 
aluminum layer increases or decreases 5 %, most o f the variation about the parameters 
are less than 1 %. Reactance is less sensitive than resistance. Resistance, heat gain, and 
heat losses have the same sensitivity level for the surface layer temperature.

The results are as expected since the resistance, reactance, and heat losses are 
functions o f temperature. When the temperature varies, the parameters vary 
correspondingly. Strictly speaking, the surface layer temperature is not an input 
param eter o f the Integrated Model. It is just a middle parameter resulting from the input

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - M cM aster - Electrical & Computer Engineering 144

conductor current. It is chosen because it plays important role in the analyses o f ACSR 
conductors.

6.9 Summary
To sum up, the sensitivity analysis o f the Integrated Model for different 

parameters can be concluded in Table 6.15:

Table 6.15 Sensitivity level o f the Integrated Model

Parameter Most
Sensitive

Least
Sensitive

Resistance (Resistive heat) D P al LAY f i n P st T
Reactance LAY f>P D Pst Pa! T
Convection heat loss D P al LAY f l P Pst T
Radiation heat loss D P a 1 LAY flM P st T

Where D: wire diameter o f the aluminum layer;
LAY', lay length o f the aluminum layer;
Paf- aluminum resistivity;
pst: steel resistivity;
p: permeability;
f .  supply frequency;
T\ surface layer temperature.

Table 6.15 shows relative sensitivities for the various parameters.
From the perspective o f ac resistance, convection heat loss, and radiation heat

loss, the most sensitive factor is the aluminum wire diameter; the second most sensitive
factor is aluminum resistivity; the third one is lay length or lay factor. The fourth to the 
sixth sensitive factors are frequency and permeability, steel resistivity, and surface layer 
temperature. Among them, the sensitivity level o f permeability and supply frequency is 
almost the same.

From a reactance perspective, lay factor is the most sensitive factor and frequency
is the second. From the third to the seventh are permeability, aluminum wire diameter,
steel resistivity, aluminum resistivity, and surface layer temperature.

Sensitivity analysis shows that aluminum wire diameter, aluminum resistivity, 
and lay factor are the most important design factors for single layer ACSR conductors. 
Their variation greatly affects the operational behaviors o f conductors. This provides a 
possible way for the others in optimization design to re-construct conductors to achieve 
some optimum.
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CHAPTER 7 
ARTIFICIAL NEURAL NETWORK MODEL 

AND LOAD FORECASTING

7.1 Introduction

This chapter introduces the development o f an artificial neural network model 
trained by Levenberg-Marquardt optimization algorithm [45]. System identification and 
statistical techniques have been discussed and exploited in this chapter to build and 
validate this model. Hourly load demands in Ontario have been successfully forecasted 
through an implementation o f this artificial neural network model. Many modeling 
techniques are involved in this chapter, such as pre-processing and post-processing o f  the 
dataset; division o f training, testing, and forecasting sub-datasets; improvement o f the 
convergence rate and weight updating; neural network topology selection; adaptive 
parameters optimization.

Efficient system management requires accurate and reliable prediction o f load 
demands. Inaccurate prediction can have serious disruptive effects on operations. For the 
current state o f  energy management, power companies continuously monitor the variation 
o f  the load. Load records are usually kept on an hourly basis. The load from one hour to 
the next is assumed to vary linearly, with the maximum load occurring in the early 
evening or late afternoon, and the minimum load at night.

Generally speaking, there are two different ways to build a model: in terms o f 
physical laws or by experimental or empirical results. The Integrated Model was built 
from the knowledge o f its physical subsystems and their interactions. Information such as 
voltage, current, force, tension, stress, etc. and the knowledge o f physical laws are used to 
formulate this Integrated Model for single layer ACSR. In some other cases, it is very 
difficult to make a model from physical knowledge when the system is dynamic, and a 
complete knowledge o f all o f the interacting subsystems is not available. An artificial 
neural network is an adaptive system that learns to perform a mathematical function as an 
input/output map from data. After the training and testing phases, the neural network 
model can be used for the purpose o f forecasting.

7.2 Artificial Neural Network Modeling

This section includes the modeling procedure, the modeling structure, and the 
modeling algorithm. The validation o f model is a main point in the modeling procedure 
and the residual analysis is involved. A three layer feed-forward neural network is 
selected in this research and trained by the Levenberg-Marquardt optimization algorithm.

7.2.1 M odeling Procedure
The purpose o f  the neural network is to build a relationship between the input and 

the measured observations as output. The input/output training data are fundamental in

145
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neural network technology, because they convey the necessary information to “discover” 
the optimal operating point. Ontario hourly demands prediction works as an 
implementation o f this neural network model, so the input/output should be the hourly 
load variation. Elourly load is a time series, i.e., a collection o f observations generated 
sequentially through time per hour. The special features o f a time series are that the data 
are ordered with respect to time, and the successive observations are usually expected to 
be dependent. This dependency from one time period to another makes reliable prediction 
possible.

The hourly load demands can be forecasted with the built neural network model, 
which should pass the validation and testing phase. The following model validation 
methods are used in this research:
>  Visual comparison o f the plots o f the observations, i.e., the actual output, and 

predictions, i.e., the model output.
>  Evaluation o f the whiteness o f residuals. Whiteness comes from the white noise 

which is a zero-mean random vector, with uncorrelated elements.
The residuals represent misfit or mismatch between the observed data and the 

prediction o f the model, and the presence o f any information remaining in the residuals is 
a clue that the model might be insufficiently complex or otherwise inappropriate. I f  the 
model is correct and the method prerequisites are satisfied, then the residuals should be 
uncorrelated.

A simple check is to plot the residual versus the fitted values. Another valuable 
diagram is the histogram o f the residual amplitudes, which reveals distributions that 
differ from normal distributions, and is a valuable complement to analysis o f variance.

Both visual comparison and statistical techniques such as residual analyses are 
necessary to validate the neural network model as we performed in this research. Only 
with visual comparison, it is not easy to determine how good or how bad the model is. 
Only with statistical test, there is possibility to accept an incorrect model because it is 
impossible to qualify the risk o f accepting it.

Residual analysis comprises:
>  Residuals constitute a white-noise process with mean zero
>  Residuals are normally distributed
>  Residuals are symmetrically distributed (zero crossings o f the residual sequence)
>  Residuals are independent (autocorrelation functions)

• Calculation o f Autocorrelations and Standard Errors
The mathematical expectation o f a random variable x  , and denoted as E ( x ) , is 

the mean o f  the probability distribution o f  x  . I f  a random variable x  can take on the 
discrete values x -  x ,, x 2, • • • x n, and if  each value has an associated probability  

f  (x.) = Prob(x = X;), then the mathematical expectation is defined as 

E ( x )  = x , / ( x , ) + x 2f ( x 2 ) + ••• + x „ /(x „  ) (7.1)
The mean is defined as
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(7.2)

The variance o f a random variable x is defined as

(7.3)

The autocovariance y k is defined as

y k = C ov(x i , x i+k) = E[(x, -  jLi)(xi+k -  //)] k = 0,1,2,..., K (7.4)
for some number K.
The autocorrelation at lag k  is
„  E[(Xj - M ) ( x i+k - / / ) ]  _ y k
P k  2 (7.5)

r ,

2
For a stationary process a  x = y 0, then p () = 1. 

The estimate o f the M i lag autocorrelation p k is

(7.6)

where
Y n -k

(7.7)

2 ♦is the estimate o f  the autocovariance y k and c0 = y0 =crx , the variance o f  variable x .
To provide a guide to whether theoretical autocorrelations are essentially zero 

beyond a particular lag, we can compute Standard Errors (S.E.) for larger lags from the 
simplified Bartlett’s formula [46]:

• Residual Analysis
The residual is defined as the difference between the prediction from the model 

and the actual observation. The autocorrelations o f the residuals yield valuable 
information about possible model inadequacies. If  the residuals are truly white noise, then 
their autocorrelation function should have no spikes, and the sample autocorrelations 
should all be small. Based on Bartlett’s formula [46], the estimate o f the approximate 
large sample standard error for individual autocorrelations under the assumption that the

errors follow  a  w hite noise process is \ !  ■ Thus, residual correlations, w hich lie

outside the range ± 1 . 9 6 / (that is, outside the approximate 95 % confidence limits), 
are significantly different from zero [46].

k >  q (7.8)
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• Residual Analysis o f W hite Noise Series
White noise series are assumed to be normally and independently distributed with 

mean zero, constant variance, and uncorrelated over time. Figure 7.1 shows the white 
noise series produced by Matlab code written by the author with n = 300 observations. 
Calculations o f  autocorrelation functions and the standard errors are done using the 
equations mentioned previously in this section. From the autocorrelation coefficients 
which are within the standard error range in Figure 7.1 we can see that the white noise is 
uncorrelated and within 95 % confidence limit range.

Observations of W hite Noise Series 

= -0.0476 ,

50 100 150 200 250 300

Autocorrelations for W hite Noise Series

i : :  i  i :  1 1 : :  1 1 : :  i : : :  - ; + S  E '

0 5 10 15 20 25
Lag k

Figure 7.1 White noise series and its autocorrelation coefficients (n = 300)

The model can be used to forecast further realizations after whiteness analyses o f 
the residuals. In summary, we can use the system identification analysis to forecast the 
behavior o f the series in the future based upon the knowledge o f the past.

7.2.2 Structure of the Artificial Neural Network

Artificial neural networks are an attempt to import human brain functionality into 
a computational tool. To reach this goal many disciplines are involved: psychology, 
neurobiology, physics, statistics, parallel processing, optics, computer science, adaptive
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systems, most o f the engineering disciplines, and even business and management 
systems.

From an engineering design point o f view, the designer chooses the network 
topology, the performance function, the learning rule, and the criteria to stop the training 
phase, but the system automatically adjusts the parameters. It is difficult to bring a priori 
information into the design, and when the system does not work properly it is also hard to 
incrementally refine the solution. But neural-network-based solutions are extremely 
efficient in terms o f development time and resources, and in many difficult problems 
neural networks provide performance that is difficult to match with other technologies. 
Denker [47] said that “Artificial neural networks are the second best way to im plement a 
solution motivated by the simplicity o f their design and because o f their universality, only 
shadowed by the traditional design obtained by studying the physics o f  the problem .”

wu

y , = I Q ' , ) = f  'L wu (Pj
V /='

Figure 7.2 A neuron [45]

A human brain is built o f very simple basic computational units called “neurons”. 
A neuron is a biological cell that receives information from a number o f sources and 
produces a response that is independent o f the information received. The capabilities o f a 
human brain arise from the collective behavior o f a very large number o f these simple 
units: the neurons. Such a densely connected system is fault tolerant since any lost 
connection can be covered by many other existing connections. In neural network 
processing, the neuron or node or unit is a processing element that takes a number o f 
inputs, weights them, sums them up, and uses the result as the argument for a singular 
values function, the activation function. A neuron model is shown in Figure 7.2.

The activation function f  can take any form but most often it is monotonic. It is 
desirable to have the activation function range from -1 to +1, in which case the activation 
function assumes an anti-symmetric form with respect to the origin; that is, the activation 
function is an odd function o f the induced local field [48]. The hyperbolic tangent 
function can be chosen as the corresponding form function and used in this research. 
Allowing an activation function to assume negative values as prescribed by the 
hyperbolic tangent function has analytic benefits. In reality, the hyperbolic tangent 
function is ju st the logistic function rescaled and biased.
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Input Layer Hidden Layer Output Layer

Figure 7.3 A fully connected three layer feed-forward neural network [45]

How the inter-neuron connections are arranged and the nature o f the connections 
determines the structure o f a neural network. Figure 7.3 shows a multiple layer feed
forward network with three layers: the input layer, the output layer, and the hidden layer. 
Its corresponding mathematical formula takes the form:

y,  = ( !> ,,,< ? , + (7.9)
./=! /=(

Where 0  specifies the parameter vector, which contains all the adjustable parameters o f 
the network, i.e., the weights and biases { WiJ, w j J }. Since the bias can be interpreted as 
weight acting on an input clamped to 1, the joint description weight will most often be 
applied covering both weights and biases.

To determine the weight values, a set o f data should be exploited to build a 
relationship between the outputs and the inputs. The task o f determining the weights from 
these examples is called training or learning, and it is basically a conventional estimation 
problem. The weights are estimated from the examples in such a way that the neural 
network models the true relationship as accurately as possible.

7.2.3 Levenberg-M arquardt Algorithm

To minimize the prediction error:

V„ (e, Z " )  = - t -  £  [d(D -  y( t  19 ) f  = - t -  £  e 1 (t, 0)  (7.10)
I N  ,=1 I N  /=1

where 0 contains all adjustable weights o f the neural network; ZN is a set o f data with 
observations d(t) and predictions y(l).
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So the objective o f a neural network model is to determine its weights to meet the 
criterion:

0  = argm inF /v(£ ,Z A')  (7.11)
The Levenberg-Marquardt (L-M) method is adopted to train the neural network 

and search for an optimal point due to its fast and robust convergence. With an initial 
guess and in an iterative manner, L-M method generally takes the form: [45]
e iM) = e (i)+ / ( ' )  (7.12)

[R(0V)) + X{i)I ] f {i) = - G ( 0 {/)) (7.13)
where 0(i> specifies the iih iterate; f °  is the search direction; X(i) is the adjustable 
parameter; G(0n>) is the gradient; R ( 0 J)  is the Hessian matrix.

W ith the notation y/{t,0) = - ,  we have
dO

G(0{,)) = w Z 0(0 )[̂ (0 - y<f 10{,) ] V-1'4)Jy ,=i

R ( d {i)) = ^  Z  0 VV  it, 0 (i)) (7.15)

The following ratio is used to measure the accuracy o f the approximation and 
search direction:

r„ (e (,|, z ' l ) - i ' „ ( g <" + / (/), z " )  ,7

where

L(i)09(/) + / (,)) -  VN (0 {i), Z N) + f {i)TG (0 {,)) + ̂  f (i)TR (0 (,)) f {i) (7.17)

The procedure o f L-M method is outlined as follows: [45]

Step 1 : Set initial guess ( f >} and an initial value k (0)
Step 2: Determine the search direction from [R(d{,]) + A,')/ ] / (') = -G(0(i))
Step 3: r (i) > 0.75 => Z ' ) -  A(i) / 2 
Step 4: r (i) < 0.25 => A(i) = 27L(i)
Step5: IfJ'yp?*0 + f v\ Z N) < Vn {9v\ Z n ),  then accept 6'(,+l) =6>(i) + / (,)as a new iterate, and

let 2</+l) = 2(/)
Step6: I f  the stopping criterion is not satisfied, go to Step 2.

The iteration continues until 0(i) is believed to sufficiently close to the minimum. By 
adjusting X, the search direction o f L-M method interpolates between the gradient 
direction (2—>oo) and the Gauss-Newton direction (X = 0). [45]
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7.3 Ontario Hourly Demands Forecasting

Ontario hourly demands forecasting is illustrated in this section as an 
implementation o f the neural network modeling. The objective is to forecast hourly load 
variation in Ontario so the input/output set for neural network should be the hourly 
demands.

7.3.1 Preliminary W ork for the Raw Time Series Dataset

The first step in any time series analysis should be to plot the available 
observations against time to check the stationarity [46], This is valuable because 
qualitative features such as trend, seasonality, discontinuities, and outlines will usually be 
visible if  present in the data. The violations o f stationarity should be removed before the 
dataset is modeled.

Ontario hourly demands in the year 2004 are selected as the dataset in this 
chapter. Raw data shown in Figure 7.4 (a) comes from Independent Electricity System 
Operator (IESO) [49]. There are 8784 observations in 2004 on an hourly basis. Figure 7.4 
(a) also shows non-zero mean value and seasonality which are not suitable for neural 
network modeling due to the properties o f training algorithms.

lands in 2004 (Observations = 8784)

(a) Original data 
Figure 7.4 Ontario hourly load demands in 2004 (a)
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Scaled Ontario Hourly Demands in 2004 (Observations = 8784)
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Hours 

(b) Scaled data
Scaled Ontario Hourly Demands in 2004 without Seasonality (Observations = 8760)
0 8    ..

- 0 . 8 1
1000 2000 3000 4000 5000 6000 7000 8000 9000

Hours

(c) Scaled data without seasonality 
Figure 7.4 Ontario hourly load demands in 2004
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Removing the mean o f the input data can greatly improve the convergence o f 
weight updating. Scaling is also helpful. In this research, the observations are scaled 
between -1 and 1 as shown in Figure 7.4 (b). The dataset does not change its shape after 
mean removing and scaling. The seasonal pattern is still in Figure 7.4 (b). Differencing at 
24-hour intervals is used to eliminate the seasonality [46] and the dataset is shown in 
Figure 7.4 (c). This constitutes pre-processing o f the raw data. Correspondingly, post
processing o f the output o f the neural network needs to be done to convert the output to 
the required form.

7.3.2 Division o f the Observations

Dataset is fundamental and it is unwise to use all the available examples in the 
training set to estimate the neural network parameters. As shown in Figure 7.5, a dataset 
o f observations is divided into three sub-data sets: training set, testing set, and forecasting 
set. The testing and forecasting dataset are not used during the neural network training 
procedure.

Forecasting 
Testing 

Training . 1

Parameter Estimation I_____

1 3L/4 7L/8 L

Figure 7.5 Division o f dataset into three parts (L is the number o f observations)

The size o f the training dataset is very important for good performance because 
the neural network obtains information from the training set. I f  the training dataset does 
not cover the full range o f  operating conditions, the model may perform badly when 
deployed. Under no circumstances should the training set be less than the number o f 
weights in the neural network. A good size o f the training dataset is ten times the number 
o f weights in the network, with the lower limit being set around three times the number 
o f weights. [48]

The size o f the neural network topology should also be carefully selected. I f  the 
number o f layers or the size o f each layer is too small, the network does not have enough 
degrees o f freedom to classify the data to approximate the function, and the performance 
suffers. Vice versa, if  the size o f the network is too large, performance may also suffer.

The generalization error can be decomposed into the sum o f the bias squared plus 
the variance [50]. A model which is too simple, or too inflexible, will have a large bias or 
under-fitting, while one which has too much flexibility in relation to the particular dataset 
will have large variance or over-fitting. The best generalization is obtained when we have 
the best compromise between the conflicting requirements o f small bias and small 
variance.
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The purpose o f neural networks is to make good predictions for new inputs, not to 
learn an exact representation o f the training data itself. So estimating prediction error is 
necessary. There are two widely used methods for estimating prediction error. One is by 
means o f  a testing set and the other by cross-validation. Bishop [51] comments “no 
matter how one fine tunes cross-validation, it will not do as well as having a test set o f 
the same size as the learning set” . This also highlights the need to optimize the 
complexity o f the model in order to achieve the best generalization. In this research, 
changing the number o f adaptive parameters in the neural network is exploited to obtain 
the optimal complexity.

7.3.3 Computer Experiment

Ontario hourly demands in 2004 are used as the experimental dataset to train this 
feed-forward neural network shown in Figure 7.2 with L-M algorithm. The division o f 
the dataset is shown in Figure 7.5. The results o f training, testing, and forecasting o f 
whole year load show the generality and validation o f  this neural network model.

Figure 7.6 shows the prediction errors and the visual comparison o f observations 
and predictions from the neural network model. Autocorrelation functions o f the 
prediction error are shown in Figure 7.7. Lags are selected from 0 to 20. Autocorrelation 
coefficients from lag 1 to lag 20 are almost within the standard error range (dashed red 
line ± S.E.). The first several lags are significant important. Histograms over the 
prediction errors are also shown in Figure 7.7. Most o f the errors are within ± 0.05, and 
almost 80 % o f the errors are within ± 0.025. Figure 7.7 means that the errors are 
uncorrelated, Gaussian distributed, and within a 95 % confidence limit range.
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Figure 7.6 Visual comparisons o f observations and predictions for the training part 
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Figure 7.7 Autocorrelation function and distribution o f errors for the training part
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Figure 7.S Visual comparisons o f observations and predictions for the testing part
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Figure 7.9 Autocorrelation function and distribution of errors for the testing part
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The visual comparison o f observations and predictions o f the testing part and the 
prediction errors are shown in Figure 7.8. Figure 7.9 shows the autocorrelation 
coefficients and the histogram o f the prediction error. Autocorrelation coefficients from 
lag 1 to lag 20 are almost within the standard error range. From the histograms over the 
prediction error we can see most o f  the errors are within ± 0.05.

Observations:dashdot red line with circle Predictionsisolid blue line

Prediction Error

Figure 7.10 Visual comparisons o f observations and predictions for the forecasting part

The visual comparison o f observations and predictions o f the forecasting part and 
the prediction errors are shown in Figure 7.10. The prediction comes from the fixed- 
weight neural network in the testing as well as in the forecasting.

Figure 7.11 shows the autocorrelation coefficients and the histogram o f the 
prediction error for the forecasting data subset. Autocorrelation coefficients from lag 1 to 
lag 20 are almost within the standard error range. Most o f the prediction errors are within 
± 0.025. From the comparison and statistical analysis we can see the forecasting is 
practically acceptable.
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Autocorrelation Coefficients for the Prediction Error

0.5

+ S . E . I

-0.5

300

200

100 ,

-0.15

6 8 10 12 14 16 18
lag

Histogram over Prediction Errors

20

-0.1 -0.05 0.05 0.1 0 .15 0.2

Figure 7.11 Autocorrelation function and distribution o f errors for the forecasting part
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Figure 7.12 The variation o f criterion with the number o f iteration
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Figure 7.12 shows the variation o f criterion with each number o f iteration. L-M is 
an effective optimization algorithm. It converges only after 2 iterations.

Accurate and reliable load forecasting is necessary to ameliorate energy 
management. The prediction o f hourly load variations and hourly load demands in 
Ontario can be achieved through the neural network modeling as shown in this chapter.
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CHAPTER 8
DISCUSSION AND PREDICTION OF MECHANICAL PROPERTIES 

OF SINGLE LAYER ACSR CONDUCTORS

8.1 Introduction

This research is concerned with the operational behaviors o f  single layer ACSR 
conductors. Chapter 2 mentioned that the mechanical properties o f  ACSR have been 
studied from practical and theoretical aspects for over fifty years. This chapter deals with 
some discussion and prediction o f mechanical properties of single layer ACSR, using the 
Integrated Model and the neural network model.

Some ACSR used in Ontario, Canada was installed around 1950s. M ost o f  these 
conductors have exceeded their 50-year design life. The decreased reliability o f aged 
lines reduces system operability, maintainability, supply reliability, and public safety. 
This chapter seeks to answer the question as to the long time reliability o f these 
conductors. The variation o f mechanical properties with daily load demands is also been 
discussed and predicted.

8.2 Discussion o f M echanical Properties o f Guinea Conductor

The mechanical properties are studied on a 400 m span length o f 159 kcmil ACSR 
19/7 Guinea under typical conditions, such as at 20 °C ambient temperature, 60 Hz 
supply frequency, 1 pm air gap thickness, 50 % rated tensile strength stringing force, etc. 
The mechanical properties include strain, stress, horizontal tension, sag, loss o f strength 
o f aluminum layer due to annealing, etc.

The total strain is comprised o f the thermal strain, the elastic strain, the settling 
strain, and the creep strain [14]. The thermal strain is a function o f the conductor 
temperature. The stress-strain curves o f the conductor vary with the increasing load and 
duration time. The elastic moduli o f the steel and aluminum are obtained from the “final” 
curves o f  stress-strain curves for each conductor and the elastic strain is obtained by the 
axial stress over the modulus o f the material. The settling strain is a temperature- 
independent permanent strain, complete after one hour o f loading at a stress level which 
has not previously been exceeded. The creep strain is the plastic deformation o f  the wire 
materials under a given stress and the creep strain consists o f the permanent strain o f the 
material, aluminum and steel, itself. The creep strain increases gradually in time but at a 
decreasing rate, which depends on stress, temperature, and the amount o f prior creep 
strain. Besides the settling hysteresis, the fact that the creep rate depends on prior creep 
strain also accounts for loading hysteresis [16, 17].

Stress-strain curves are the usual curves expressed in publication. It is also 
popular for the strains to be expressed as a function o f duration time with hours. In this 
chapter the strains are functions o f the current with the load variation, the average service

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 162

time, and the environmental conditions for a specific conductor. Strain-hardening has 
been taken into consideration.

8.2.1 Variation o f M echanical Properties with the Current

The interaction among mechanical properties including strain, stress, horizontal 
tension, sag, loss o f tensile strength o f the aluminum layer due to annealing, etc., is 
calculated with iterations. The probabilistic algorithm makes it possible to ensure that the 
creep strain depends on the prior creep strain and the loading history as part o f the 
iteration procedure.

Figure 8.1 shows the variation o f the creep strain, the settling strain, the thermal 
strain, the elastic strain, and the total strain with the current for Guinea conductor. “St” 
means steel and “Al” means aluminum material. The creep strain decreases with an 
increase o f the current. The decreasing rate is different at various current ratings. The 
decreasing rate o f aluminum is higher than that o f steel. The settling strain remains 
constant for aluminum and decreases a little for steel with an increase o f  the current. The 
thermal strain is a function o f the temperature and increases with the increase o f the 
current. We note from Figure 8.1 that the increasing rate o f aluminum is higher than that 
o f steel. The elastic strain decreases with an increase o f the current. The decreasing rate 
o f steel is larger than that o f aluminum. The total strain is the summation o f  the four 
strains, and it is the same for aluminum and for steel as described in Chapter 2. Some 
quantitative values are listed in Table 8.1.

CreepSt ~*_CreepAI 1—1'Settl.St  ,— Settl.A!  p-Therm alSt
ThermalAI 0 Elas.St _*_E las.A I _*_TotalStrain

2

0
450400350300250200150100500

Current (A)

Figure 8.1 Variation o f the strains with the current o f Guinea
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Table 8.1 Variation o f strains at various current ratings
1(A) CreepSt CreepAl Settl.St Settl.AI ThermalSt Thermal A1 Elas.St Elas.AI Total
100 0.290 2.69 0.426 1.06 0.071 0.14 3.70 0.607 4.49
150 0.299 2.62 0.420 1.06 0.161 0.319 3.60 0.486 4.48
200 0.304 2.43 0.408 1.06 0.319 0.628 3.42 0.364 4.48
250 0.293 1.99 0.381 1.06 0.578 1.13 3.09 0.166 4.34
300 0.270 1.55 0.358 1.06 0.788 1.53 2.82 0.102 4.24
350 0.244 1.10 0.336 1.06 1.00 1.94 2.56 0.0561 4.15
390 0.252 0.956 0.329 1.06 1.27 2.37 2.36 -0.163 4.22

The variation o f the stress o f the aluminum layer with the current is shown in 
Figure 4.17. W hen the current is larger than 350 A (temperature higher than 192°C), the 
negative value o f  the aluminum stress in Figure 4.17 means that the aluminum layer 
experiences a compressive load which is opposite to the elongation direction.

Figure 8.2 shows the variation o f  stress in the steel core with the current. The rate 
o f  stress decreases to 180 A, 156°C is nearly half as large as it is for current larger than 
180 A. Comparing with the curve for Guinea in Figure 4.17, the smoothness o f  the steel 
stress curve is better than that o f aluminum stress. The rate o f aluminum stress decreases 
to 270 A, 176 °C is almost twice as high as it is for temperature above 176 °C.

750

700

_  650 
n
QL
*  600 </)W
p
in  550

500

450

400
500300 400100 2000

Current (A)

Figure 8.2 Variation o f the stress in the steel core with the current
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The other properties, horizontal tension, sag, and loss o f tensile strength of 
aluminum with the variation o f the conductor current are shown in Figures 4.18, 4,19, 
and 4.20, respectively. The variation o f the horizontal tension for Guinea in Figure 4.18 is 
similar as that o f  the steel stress in Figure 8.2. The sag increases dramatically with the 
compressive load shown in Figure 4.19 for Guinea conductor. From Figure 4.20, we can 
see that the loss o f  tensile strength o f Guinea reaches near 35 % at 390 A with 20 °C 
ambient temperature, which is a lot comparing with 20 % loss o f  Grackle aluminum at 
1400 A.

8.2.2 M echanical Properties o f Conductor with 50 Years Duration
Initially ACSR was designed for 50 years service life. What are the mechanical 

properties during the 50 years? A case study is performed on Guinea at 350 A loading 
with 20 °C ambient temperature from 1 year to 50 years duration in this section.

The variation o f  the strains with the duration time from 1 year to 50 years is 
shown in Figure 8.3. Since the failure o f  ACSR conductors is related to the stress or 
strain o f the aluminum wires, only aluminum strains are shown here. The creep strain 
increases from 1.02 mm/mm in year 1 to 1.18 mm/mm in year 50. The settling strain 
remains invariant. So does the thermal strain because o f  the 350 A load assumption. The 
elastic strain decreases from 0.06 mm/mm in year 1 to 0.03 mm/mm in the duration year 
o f 50. The variation o f the total strain during the conductor service life is mainly caused 
by the cumulative creep strain.

4 .5  

4

3.5

? 3 
E
1 2 .5
E.
c  2 
ro

. CreepAI . Settl.AI -ThermalAI . Elas.AI TotalStrain

X M H H  X X X X X X X X X X X t t X X X X X X O iO K X X  X-X-X X X -X X X X X X X X X X X X X X X X )

«  1.5

2 0  3 0  4 0  50
Duration (years)

Figure 8.3 Variation o f the strains with the time o f duration
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At a fixed current rating, the sag o f the conductor increases with an increase o f 
time o f duration. From Figure 8.4 we can see the sag increases greatly in the first 4 years. 
The increasing rate decreases in the following 16 years. It is noteworthy to find that after 
20 years service the conductor sag has a relatively big jump. After that, the increasing 
rate o f sag becomes smaller comparing with that in the previous 16 years.

The big jum p (3.2 mm) in Figure 8.4 causes discontinuity in the simulation. The 
Integrated Model has ability to predict birdcaging phenomenon which contributes to 
discontinuity. For some reason, the elongation o f aluminum is longer than that o f  steel 
and the aluminum wires radially move away from the steel core to accommodate the 
compressive stress since aluminum and steel are clapped together in ACSR conductors. 
Even though the Integrated Model can predict the birdcaging instantly, it takes years o f 
time to observe the birdcaging phenomenon occurring in field conductors.

60

Figures 8.5 and 8.6 show the variation o f the aluminum stress and the horizontal 
tension with the duration time from year 1 to year 50, respectively. After 20 years 
service, there is a sudden decrease in stress in the alum inum  layer, caused in part by the 
horizontal tension.
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Figure 8,4 Variation o f the sag with the duration time
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Figure 8.5 Variation o f the stress in the aluminum layer with the duration time
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Figure 8.6 Variation o f the horizontal tension with the duration time
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The loss o f tensile strength o f the aluminum layer varies with the duration time as 
shown in Figure 8.7. As expected, the biggest loss o f strength due to annealing happens 
in the first year. The loss o f strength increases 10 % in the first 10 years and increases 
another 10 % in the remaining 40 years.

Figure 8.7 Variation o f the strength loss o f aluminum with the duration time

8.2.3 M echanical Properties with Daily Load Variation after 55 Years Service

We would like to establish the mechanical properties o f aged single layer ACSR 
conductors varying with daily load over the lifetime o f existing conductors (which is 
taken as 55 years for some conductors in service in Ontario). The variation is investigated 
on Guinea, which is a single layer conductor. Ontario hourly demands shown in Figure 
8.8 come from the IESO website [49], There are 720 observations, and that would be 30 
groups o f  daily loads (720/24 = 30). Among them, hourly loads in April 18 - 30, 2005 are 
selected as the actual daily load input to calculate the variation o f mechanical properties 
o f  Guinea. These selected daily loads can be predicted from the neural network model. 
We will see the prediction in the next section.
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Figure 8.8 Ontario hourly demands in April 2005
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Figures 8.9 and 8.10 show the variation o f strains for steel and aluminum of 
Guinea conductor after the average o f 55 years service life. The conductor strain varies 
greatly with the variation o f daily load.

The variation o f thermal strain and elastic strain o f aluminum with the daily load 
is shown in Figures 8.11 and 8.12, respectively. Figure 8.13 shows the variation o f the 
sag with the daily load after conductor 55 years duration.
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Figure 8.10 Variation o f the aluminum strain with the daily load
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Figure 8.11 Variation o f the thermal strain with the daily load
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Figure 8.12 Variation o f the elastic strain with the daily load
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Figure 8.13 Variation o f the sag with the daily load

8.3 Prediction o f M echanical Properties of Guinea Conductor

The prediction is performed with the neural network model developed in the 
previous chapter. All the observations in this section are divided into two parts: the 
training part and the prediction part. Visual comparisons and statistical criteria are given 
to check the validation o f prediction.

8.3.1 Prediction o f Ontario Daily Load as Input to Obtain M echanical Properties

Ontario hourly loads in April 2005 shown in Figure 8.8 are selected as the 
experimental dataset in this section. As we did for load forecasting in Chapter 7, pre
processing o f the raw data is performed to remove the means, eliminate the seasonality, 
and scale the observations between 1 and - 1. Correspondingly, the post-processing of the 
prediction from the neural network is also performed to convert the data to the required 
form  as input to the Integrated M odel.

For the input o f the neural network, the first 17 groups data (April 1 ~ 17) are 
used as the tra in ing set and the rest 13 groups (April 18 ~ 30) are used as the testing. 
There are three neurons in the hidden layer and the activation function is the sum o f the 
input.

Figure 8.14 shows the visual comparison o f observations and predictions from the 
neural network model and the prediction errors for the training data set.
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Figure 8.14 Visual comparisons o f observations and predictions for the training

The autocorrelation function o f the prediction error analysis is shown in Figure 
8.15. Lags are selected from 0 to 20. Autocorrelation coefficients from lag 1 to lag 20 are 
almost within the standard error range, especially the first six lags. That means the errors 
are uncorrelated and the prediction is within the 95 % confidence limit range. Histograms 
over the prediction errors are also shown in Figure 8.15. M ost o f  the errors are within ± 
0.1 and the distribution is Gaussian.
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Autocorrelation Coefficients for the Prediction Error
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Figure 8.16 Visual comparisons o f observations and predictions for the testing
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Autocorrelation Coefficients for the Prediction Error
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Figure 8.17 Autocorrelation function and distribution o f errors for the testing

The visual comparison o f  observations and predictions o f the testing part and the 
prediction errors are shown in Figure 8.16. The prediction is the output o f the weight- 
fixed neural network. The observations in Figure 8.16 are intended for the comparison 
and error analyses.

Figure 8.17 shows the autocorrelation coefficients and the histogram o f the 
prediction error. Autocorrelation coefficients from lag 1 to lag 20 are within the standard 
error range. From the histograms over the prediction error we can see m ost o f the errors 
are within ± 0 .1 .

Figure 8.18 shows the variation o f the criterion with each number o f the iteration. 
The Levenberg-Marquardt algorithm is an effective optimization method. The algorithm 
converges after only 2 iterations seen from Figure 8.18.
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Criterion Evaluated after Each Iteration

10'3  -   I.. ... .......... !............... I
1 2 3 4  5 6  7 8 9

Number of Iteration

Figure 8.18 The variation o f criterion with the number o f iteration 

8.3.2 Prediction o f the Strain

From Figure 8.3 we know that the strain is the main effect to result in sag 
increasing during the conductor long time service.

The aim o f this section is to predict the variation o f  strain with hourly load 
demands for Guinea after 55 years service life. The experimental dataset o f strain from 
the Integrated Model is in Figures 8.9 and 8.10 for steel and aluminum, respectively. 
There are 312 observations in each Figure 8.9 or 8.10, and they can be divided into 13 
groups with daily data. One group serves to test the concept, and the rest o f the 12 groups 
work as the training part.

To predict the strain o f  aluminum, 29 hidden neurons are used and the activation 
function is a hyperbolic tangent. This is a typical non-linear neural network model. The 
visual comparisons for the training and for the testing are shown in Figures 8.19 and 8.21, 
respectively. Figures 8.20 and 8.22 show the prediction errors and their distribution. 
Autocorrelation coefficients for the training and for the testing are all within the standard 
error range. From the visual comparison and statistical analysis, the prediction o f the 
aluminum strain with daily load variation is acceptable.

Figure 8.23 shows the variation o f criterion with each number o f the iteration. The 
algorithm converges after 15 iterations.
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Figure 8.21 Visual com parisons  o f  observation  and predic tion for the testing  
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Figure 8.23 The variation o f criterion with the number o f iteration

A different neural network structure is used to train and predict the steel strain. 
There are 5 neurons in the hidden layer and the activation function is a hyperbolic 
tangent. This is still a nonlinear neural network model.

Figures 8.24 and 8.26 show the visual comparisons for the training and for the 
testing, respectively. Figures 8.25 and 8.27 show the prediction errors and their 
distribution. Similarly, from the visual comparison and statistical analysis, the prediction 
o f  the steel strain with load variation is acceptable.

Figure 8.28 shows the variation o f criterion with each iteration number. The 
algorithm to predict the steel strain converges after 7 iterations, faster than that to predict 
the aluminum strain. The prediction for steel is not as good as that for aluminum due to 
high nonlinearity o f the steel strain variations.
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Figure 8.28 The variation o f criterion with the number o f iteration 

8.3.3 Prediction o f the Sag

Accurate sag calculation, which involves analyzing the strain or elongation, has 
been attracting attention for several decades. According to the sag data in Figure 8.13, we 
can predict the sag directly with the neural network model. The prediction o f sag is 
performed in this part with actual or predicted hourly load input after conductor 55 years 
exposure time.

There are 13 groups o f data in Figure 8.13. 12 o f them work as the training dataset 
and 1 group works as the testing part. With 3 hidden neurons and the hyperbolic tangent 
activation function, the prediction and visual comparison o f the training set is shown in 
Figure 8.29. The error analysis and distribution is shown in Figure 8.30. The prediction 
and error analysis for the testing are shown in Figures 8.31 and 8.32, respectively. From 
the figures we can see the prediction o f sag is practically acceptable. Figure 8.33 shows 
the variation o f criterion with each number o f iteration. After 10 iterations, the algorithm 
converges.
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CHAPTER 9 
CONCLUSIONS

This research has developed and verified the Integrated Model, the physical 
experimental model, and the artificial neural network model to study and predict the 
operational behaviors o f single layer ACSR conductors.

The Integrated Model is an original work to enable the simultaneous prediction o f 
all aspects o f the behavior o f single layer overhead ACSR conductors at various 
conditions. Electromagnetic, mechanical, thermal, and radial conduction models are 
greatly modified and improved to adapt to the single layer ACSR conductors in the 
Integrated Model.

The comprehensive physical experimental model has been designed and 
performed on three different types o f single layer ACSR conductors coded as Guinea, 
Penguin, and Raven to verify the Integrated Model in this research. Electromagnetic 
properties o f  aluminum and steel were measured, so was the experimental resistivity o f 
an aluminum wire removed from Penguin. In the physical experiments, as many as 
possible technical skills were used to ensure that the experimental results were valid.

The good agreement o f  the results from the Integrated Model and from the 
experiment shows the effectiveness o f the Integrated Model to model single layer ACSR 
conductors. This Integrated Model can be applied to other single layer ACSR conductors 
with the similar configurations o f Guinea, Penguin, and Raven conductors, for example, 
Cochin, Dorking, Dotterel, Leghorn, Minorca, Petrel, Pigeon, Quail, Robin, Sparrow, 
Swan, and Turkey. Their mechanical, thermal, and electromagnetic properties can be 
obtained in the Integrated Model as a reference for the designer and the manufacturer.

The artificial neural network model has been developed and tested in this 
research. System identification and statistical techniques are used to build and validate 
this model. The Levenberg-Marquardt optimization algorithm is used to train the neural 
network by minimizing the sum-of-squares error. Ontario daily load variation has been 
successfully forecasted through an implementation o f the neural network model.

Discussion and prediction o f  mechanical properties o f  single layer ACSR 
conductors are performed in this research using the Integrated Model and the neural 
network model. The relationship among mechanical properties including strain, stress, 
horizontal tension, sag, loss o f tensile strength o f the aluminum layer due to annealing, 
etc., is calculated and analyzed. The variation o f  mechanical properties with the time o f 
duration from year 1 to year 50 and with Ontario daily demands after conductor 55 years 
service life is also obtained from the Integrated Model. The prediction o f mechanical 
properties involves daily load demands, the creep strain of aluminum, the creep strain of 
steel, and the sag with daily load variation after conductor 55 years duration time.

The Integrated Model should be a very powerful tool to design new single layer 
conductors and to improve existing conductors for the reduction o f losses, optimization 
o f electrical and mechanical characteristics. This Integrated Model will also be very 
useful in operations to improve the safety through accurate evaluation o f the sag and 
annealing to decrease power losses and to determine maximum transmissible power.

185
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The discussion and prediction o f mechanical properties will help to determine the 
appropriate operating conditions o f existing conductors, and to optimally design new 
conductors through intensive understanding o f conductor mechanical properties. The 
significance to predict the creep strain o f ACSR conductors lies in power system safety 
because power failure might be avoided with limitation o f the creep strain, especially in 
stormy weather. The design tension expressed from experience as a percentage o f rated 
tension strength is not a very good criterion for new conductors or conductors under 
different conditions. From a design perspective, aluminum strain would be a better design 
criterion than tension o f the complete conductor since the failure o f ACSR conductors is 
related to the stress or strain o f  the aluminum wires.

9.1 Conclusions for the Physical Experimental Model

The physical experiment results in the following:
1. Carefully selected probes, especially current density probe, were successfully 

implemented in the aluminum layer o f single layer ACSR conductors. The good 
agreement o f values from the experiment and from the Integrated Model shows the 
usefulness and validation for both the experimental and the modeling techniques.

2. The saturation current range o f single layer ACSR conductors depends on the 
conductor temperature, the number o f steel wires, and the diameter o f each wire.

3. The relative complex permeability o f the steel core measured in single layer ACSR 
conductors has the same characteristics as that in three layer ACSR conductors 
measured by Zhang [8]. The relative complex permeability o f the steel core is a 
function o f  conductor temperature, tensile stress, and magnetic field strength. It is 
more sensitive to the variation o f the temperature than to the variation o f  the tensile 
stress.

4. M easurement o f  the aluminum resistivity on a test conductor is great asset in 
modeling to both experiment and the Integrated Model.

9.2 Conclusions for the Integrated Model

The Integrated Model can be used for various conditions. The following can be 
drawn in simulating the behavior o f  conductors:
5. To simulate the convection loss for indoor single layer ACSR conductors, both the 

natural convection and the buoyancy effects are taken into consideration in the 
Integrated Model. This loss was successfully found as a result.

6. Surface roughness caused by the conductor helical strands is also considered for 
convective cooling.

7. The lay angle o f wires for single layer ACSR conductors is incorporated in the 
analysis o f the ACSR convection heat loss.

• Conclusions for Electromagnetic Properties
Some conclusions can be obtained through the implementation o f the Integrated 

Model on Guinea, Penguin, and Raven conductors. Electromagnetic, mechanical, and
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steady state thermal characteristics o f single layer ACSR conductors are summarized 
individually as follows:

Steel core losses are necessary to be added in the aluminum layer to predict the 
electromagnetic performance o f single layer ACSR conductors. The loss caused by the 
eddy current in the steel core is a dominant factor to predict electromagnetic properties o f 
single layer conductors with strong internal electromagnetic field. The analyses show:
8. Spiraling effect, skin effect, and transformer effect are necessary to predict the ac 

resistance for stranded single layer ACSR conductors.
9. To predict the ac resistance for single layer ACSR conductors, the core losses caused 

by hysteresis and eddy currents are found in the aluminum layer and used to calculate 
the longitudinal flux in the steel core.

10. The more steel wires, the higher the ac/dc resistance ratio is. The larger the steel wire 
diameter, the higher the ac/dc resistance is. The ac/dc resistance ratio for Guinea 
conductor reaches as high as 1.99 which means that the power losses in this type o f 
single layer ASCR is appreciable and cannot be neglected in engineering practice.

11. Single layer ACSR conductors reach saturation within its thermal ratings, so 
modeling techniques for single layer ACSR conductors should consider the 
saturation. Three layer ACSR conductors do not reach saturation within their 
maximum current ratings [1,4].

12. The geometrical parameters affect the distribution o f the total current in the single 
layer ACSR conductors. For Guinea at 390 A, 87 % of the total current injects into 
the aluminum layer while 13 % o f the total current leaks through the steel core. For 
Penguin at 470 A, and Raven at 300 A, 96 % o f the total current goes through the 
aluminum layer and 4 % leakage in the steel core.

•  Conclusions for M echanical Properties

The mechanical properties are affected by the geometrical structure o f the 
conductor. Comparing the mechanical properties among Guinea, Penguin, and Raven, we 
have:
13. The thinner the wire diameter, the greater the aluminum stress decreases. The stress 

o f the aluminum layer for Raven conductor changes fastest during the conductor 
current ratings among the three kinds o f single layer ACSR conductors.

14. The steel core is supposed to carry most tension for the complete ACSR conductor. 
This is the case for three-layer ACSR whose aluminum layer carries tension less than 
20 MPa. For single layer ACSR, the aluminum layer carries higher tension than that 
for three-layer ACSR. The stress experienced by the aluminum layer for Guinea 
conductor is 33 M Pa at 100 A, for Penguin, 85 M Pa at 100 A, and for Raven, 101 
M Pa at 100 A.

15. The heavier the conductor, the higher the horizontal tension is. The horizontal tension 
o f Guinea conductor is the largest among the three because it has the heaviest weight 
among the three.

16. The accumulating loss o f tensile strength o f the aluminum layer is affected 
significantly by the conductor temperature. For a fixed current rating, Raven

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



www.manaraa.com

Ph.D. Thesis - Fang Liu - McMaster - Electrical & Computer Engineering 188

conductor has the largest loss o f tensile strength in its aluminum layer because it has 
the highest conductor operating temperature among the three types o f  single layer 
conductors tested.

17. The loss o f tensile strength o f single layer ACSR conductors reaches over 30 % under 
20 °C ambient temperature at their maximum current ratings. The loss o f tensile 
strength o f  three layer ACSR conductor Grackle is only 20 % at its maximum current 
rating under 20 °C ambient temperature [4].

• Conclusions for Thermal Properties

The steady state heat transfer model and the radial conduction model are affected 
significantly by the geometrical and environmental parameters. We can obtain some 
thermal properties for single layer ACSR conductors from the Integrated Model:
18. The solar heat gain depends on the diameter o f  the conductor, position o f  the area, 

and specific time o f the year.
19. The resistive or Joule heating is a function o f ac resistance and the current. The larger 

the current, the higher the conductor temperature, the larger the resistive heating is.
20. The convective heat cooling is a function o f the conductor temperature and the 

ambient temperature, so is the radiative cooling. The radiative cooling is around one 
third o f  the total cooling for single layer ACSR conductors.

•  Conclusions for the Investigations with Variant Parameters

The investigation o f the Integrated Model shows the influences on electrical, 
thermal, and mechanical properties o f single layer conductors with parameters as the lay 
length, ambient temperature, power supply frequency, time o f  exposure, air gap 
thickness, and span length in this research.

(1) Conclusions for the Influence of Variant Lay Lengths

The properties o f single layer ACSR conductors are greatly affected by the lay 
length o f  the aluminum layer. Observations regarding the influence o f the variant lay 
lengths can be summarized as follows:
21. The longer the lay length, the smaller the ac resistance and the ac reactance. The 

ac/dc resistance ratio decreases with the increase o f the lay length. Increasing lay 
length is a reasonable way to improve energy transmission efficiency and to reduce 
distribution or transmission losses for overhead bare single layer ACSR conductors.

22. A longer lay length results in low er conductor tem perature. A lso, saturation o f  the 
steel strand occurs at relatively larger conductor currents.

23. A longer lay length results in lower convective heat cooling and lower radiative 
cooling.

24. Loss o f tensile strength decreases as well as the increase o f the lay length with lower 
conductor surface temperature.
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25. The mechanical properties o f Penguin and Raven conductors are not affected as much 
as those o f Guinea conductor by the variation o f the lay length. For Penguin and 
Raven, the variation o f the stress o f the aluminum layer at various lay lengths is more 
obvious than the variation o f other mechanical properties.

26. The variation o f the mechanical properties is affected by the number o f steel strands 
o f the conductor at various lay lengths.

(2) Conclusions for the Effects o f the Ambient Temperature

The effects o f the ambient temperature are as follows for single layer ACSR
conductors:
27. AC resistance and ac reactance increase when the ambient temperature increases.
28. The convective heat cooling is not very sensitive to the variation o f  the ambient 

temperature, but the radiative cooling is.
29. The mechanical properties o f single layer ACSR conductors are greatly affected by 

the variation o f  the ambient temperature. The aluminum stress and the horizontal 
tension decrease with the increases o f the current and the ambient temperature. The 
sag increases with the increase o f  the ambient temperature.

30. The accumulated loss o f the aluminum layer due to annealing increases dramatically 
at the maximum current rating when the ambient temperature reaches 30°C. The 
determination o f the maximum current rating in some areas with high ambient 
temperature should be paid much attention to.

(3) Conclusions for the Influence o f Supply Frequency

The operational behaviors o f single layer ACSR conductors are greatly affected
by the supply frequency:
31. AC resistance and ac reactance are affected by the variation o f supply frequencies. 

When the supply frequency increases, the additional resistance caused by core losses 
and the current redistribution increases and it results in higher resistive heating in the 
conductor.

32. The higher the frequency, the larger the ac to dc resistance ratio.
33. The convective heat cooling and the radiative cooling increase with the increase o f 

the frequency at a fixed current rating.
34. The mechanical properties are also affected by change in frequency. The stress o f  the 

aluminum layer and the horizontal tension decrease with an increase o f the frequency. 
The sag increases with an increase o f the frequency. The aluminum layer loses tensile 
strength with an increase o f the frequency.

(4) Conclusions for the Influence o f the Time o f Exposure

Electromagnetic properties remain invariant with an increase o f exposure time.
Observations regarding the influence o f the time o f exposure are as follows:
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35. The stress o f  the aluminum layer and the horizontal tension decrease with an increase 
o f the time o f exposure, fastest during the first year o f the exposure time.

36. The sag increases with an increase o f the time o f exposure.
37. The loss o f  tensile strength o f the aluminum layer increases with an increase o f the 

exposure time. The accumulating loss increases largely after one year exposure.

(5) Conclusions for the Influence o f the Air Gap

Resistance and reactance remain constant with various thicknesses o f the air gap.
Other observations regarding the influence o f  the thickness o f  the air gap are as follows:
38. The stress o f the aluminum layer and the horizontal tension remain constant with the 

variation o f  the thickness o f the air gap except for Raven conductor at 300 A.
39. The sag remains constant with the variation o f the air gap thickness except for Raven 

conductor at 300 A.
40. The accumulating loss o f tensile strength o f the aluminum layer remains constant for 

three types o f single layer ACSR conductors with the variation o f the air gap 
thickness.

(6) Conclusions for the Influence of the Span Length

The variation o f the span length does not alter the electrical characteristics o f
single layer ACSR conductors. Observations regarding the influence o f the span length
are as follows:
41. Generally speaking, the stress o f the aluminum layer and the horizontal tension 

increase with an increase o f the span.
42. The sag increases dramatically with an increase o f the span.
43. The accumulated loss o f tensile strength o f the aluminum layer remains constant with 

the variation o f  the span at a fixed current rating.

•  Conclusions for the Sensitivity Analysis

The sensitivity analysis o f the Integrated Model shows:
44. The Integrated Model is most sensitive to a variation o f diameter and o f lay length o f 

the aluminum layer, and least sensitive to a variation o f surface layer temperature.
45. From the point view o f resistance, resistive heat, convection heat loss, and radiation 

heat loss, the m ost to least sensitive factors are aluminum wire diameter, aluminum 
resistivity, lay length, frequency and permeability, steel resistivity, surface layer 
tem perature. A m ong them , the sensitivity level o f  perm eability and supply frequency 
is almost the same.

46. From the point view o f reactance, the most to least sensitive factors are lay length, the 
supply frequency, permeability, aluminum wire diameter, steel resistivity, aluminum 
resistivity, and surface layer temperature.
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9.3 Conclusions for the Artificial Neural Network Model

The following can be drawn from the neural network modeling:
47. Trade-off between bias and variance components in the generalization error o f the 

neural network was tested in this research and the neural network topology selection 
helps to avoid overfitting or underfitting in implementations.

48. Both visual comparisons and statistical techniques such as residual analyses are 
necessary to validate the neural network model. Only with visual comparisons, it is 
not easy to determine how good or how bad the model is. Only with statistical tests, 
there is possibility to accept an incorrect model because it is impossible to qualify the 
risk o f  accepting it.

9.4 Conclusions for the Prediction o f the Daily Load Variation in Ontario

In the implementation o f the neural network model to predict daily load variation 
in Ontario, pre-processing o f the input variables is necessary as required by the majority 
o f neural network applications. Correspondingly, post-processing o f the output o f the 
neural network needs to be done to convert to the required form.
49. The mean and seasonality should be removed from the time-series input variables 

before they are trained by the neural network structure as performed in this research.
50. The daily load prediction is practically acceptable based on validation techniques. It 

can be used in optimal and efficient energy management.

9.5 Conclusions for Discussion and Prediction of M echanical Properties

Discussion and prediction o f mechanical properties o f single layer ACSR results 
in the following:
51. The elongation o f ACSR is caused by creep, cold work during stranding, conductor 

temperature, and the material itself. The stress decreases and sag increases with an 
increase o f  current resulting from the variation o f elongation.

52. The analysis o f mechanical properties with long time o f exposure shows that the 
cumulative creep strain is the determinate factor to cause the elongation. The loss o f 
tensile strength o f the aluminum layer is greatest in the first ten years.

53. The prediction o f mechanical properties such as the strain and sag with actual daily 
load demands after 55 years duration has been achieved through applications o f the 
neural network model.

9.6 Future W ork

Further development and improvement o f the Integrated Model should include the 
verification and comparison o f the results from simulations and from experiments in 
mechanical properties and thermal properties for single layer ACSR conductors.

K im and Morcos [52] state that “presently, a large number o f ACSR conductors 
have exceeded their forecasted useful life”. The conductors used on Ontario Flydro’s
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lines built before 1950 are mainly ACSR conductors. Most o f  them have exceeded their 
50-year design life [53], The average service life o f ACSR conductor predicted by 
Havard et al. [54] varies between about 67 and 77 years depending on the local 
contamination level. The remaining life prediction o f ACSR conductors will be o f great 
use in practical determination o f service life. The prediction can be completed when the 
experimental data is available from Ontario’s Hydro One.

Most o f the original lines built in Central Iowa, the United States, in the 1940’s 
and 1950’s, have 3/0 ACSR, 6/1 conductors [55], Central Iowa Power (CIPCO)’s service 
territory has a rich history o f damaging ice and wind storms, and since 1987, CIPCO has 
been rebuilding and upgrading approximately 30 miles o f 34.5 kV lines each year [55]. 
For example, 266.8 ACSR 26/7 (Partridge) and 397.5 ACSR 26/7 (Ibis) are being 
replaced by 1/0 ACSR 6/1 (Raven) and 4/0 ACSR 6/1 (Penguin) [55].

To satisfy the increasing need o f energy demand in industrialized countries, 
traditional ACSR conductors are modified or improved with the gap-type aluminum 
conductor steel reinforced (GTACSR) [56] or with trapezoidal O ’-tempered aluminum 
wires helically wound around a hybrid glass/carbon composite core produced by 
pultrusion (ACCC/TW ) [57]. To analyze those newly developed conductors, the linked 
electromagnetic, thermal and mechanical properties proposed and developed in this 
research are still useful.
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APPENDIX A

MEASURING INSTRUMENTS

A .l Thermocouple

The thermocouple we selected is type T: copper (+) versus constantan (-). The 
limits o f error for the common letter designated thermocouple types are taken from 
ASTM  E 230 [58], M ost manufacturers supply thermocouples and thermocouple wire to 
these limits o f errors or better. From the product description o f OMEGA Company, we 
know that the maximum temperature useful range o f T-type thermocouple is from - 200 
°C to 370 °C, and the limit o f error is 1.0 °C or 0.75 % above 0 °C.

These T-type thermocouples are resistant to corrosion in moist atmospheres and 
are suitable for subzero temperature measurements. Their use in air or in oxidizing 
environments is restricted to 370 °C (700 °F) due to oxidation o f the copper therm o
element. They can be used in a vacuum and in oxidizing, reducing or inert atmospheres 
over the temperature range o f - 200 to 370 °C (- 330 to 700 °F). This is the only 
thermocouple type for which limits o f error are established in the subzero temperature 
range. [59]

The type T tem perature-em f relationship and tables presented in ASTM  E230 [58] 
are the results o f empirical data developed by National Bureau o f Standards (NBS) from 
experimental data on real type T thermocouples from several sources and including 
several sizes o f wire. These documents present statistical information believed to 
represent the typical type T thermocouple. ASTM E220 [60] provides calibration 
methods to reduce the uncertainty which can be realized, especially at low temperatures. 
We assumed the thermocouples that we bought from OMEGA Engineering Incorporation 
meet the requirements stated in the ASTM standard.

A.2 Fluke 2240C Data Logger

The Fluke 2240C data logger was used to record the temperature through 
thermocouples. The thermocouple itself is very cheap and simple in construction. The 
indicating instruments are usually quite elaborate. Fluke 2240C data logger is compatible 
with IEEE Standard 488-1978, including Fluke DVM ’s, counters, calibrators, 
synthesizers, printers, and a 1720A controller. In the temperature range o f -130°C to 
400°C and for thermocouple type “T”, the system precision o f 2240C data logger is 
±0.5°C. It can be operated in conjunction with other instruments compatible with the 
same standard. Fluke 2240C meets requirements o f MIL-T-28800 for the shock and 
vibration. Fluke 2240C needs one hour to warm up, and one hour later it reaches its full 
accuracy and accuracy reduced by 0.02 % o f range on initial turn-on. In this physical 
experiment, the actual measurement was performed one hour later after Fluke 2240C was 
turned on.
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A.3 HP 3575A Gain-Phase M eter

The Hewlett-Packard Model 3575A gain-phase meter is used to record the phase 
difference between the probe voltage and the conductor current. An accurate phase meter 
is o f little value unless the precision can be maintained in the presence o f noise and 
distortion. Unlike conventional phase meters, the 3575A uses two phase detectors rather 
than a single phase detector. This, in conjunction with a highly effective error correction 
scheme, greatly reduces the effects o f noise and distortion on phase readings.

When phase display is selected, the 3575A measures the phase difference between 
two input signals. The phase measurement range is from -180 degrees to 180 degrees 
with 12 degrees overrange and 0.1 degree display resolution. Due to the wide dynamic 
range o f the instrument, phase difference can be measured between two signals that differ 
in amplitude by as much as 100 dB.

W hen phase measurement is performed:
Error introduced by noise: < 2 degrees for a 1 V rms 10 KHz sine wave.
Error introduced by distortion:

Even harmonics: cancelled, no error
Odd, in-phase harmonics: no error
Odd, out-of-phase harmonics: < 0.6 degrees when total odd harmonic distortion
is more than 40 dB below the fundamental.

A.4 Digital Multimeters and Ruler

The BBC M2110 multimeter was made in West Germany. For dc voltage 
measurement within 300 mV, the precision reaches ± (0 .05% +  2Dig.).  When dc voltage 
is from 3 V to 1000 V, the precision is within ± (0.05% + \D ig . ) . For ac voltage 
measurement, the precision is ± (0 .25% +  2 01% .). If  this multimeter is used to measure 
ac current, the precision is ± (0.5% + 20Dig . ) . The precision is ± (0.35% + 2Dig.) when 
measuring dc current.

The BBC M2110 multimeter has 4.5 digits precision. HP 3435A multimeter has
3.5 digits precision. Generally speaking, the more digits, the more accurate the 
multim eter is. The less accurate HP 3435A is used in our experimental error analysis. The 
HP Model 3435A is a 3.5 digit, five functions, autoranging multimeter. W hen it works as 
ac voltmeter and “200 mV” range is selected, the maximum display is 199.9 mV. The 
maximum error is 0.5 mV.

The ammeter made by Conway Electronic Enterprises was chosen to measure 
current in this physical experiment. The ammeter shows “0, 5” class for alternating 
current measurement. “0, 5” class means 5 % error o f the full scale. We chose 5 A scale 
in the experiment, and the maximum error is 5*5% = 0.25 A. The ratio used in our 
experiment is 100, so the maximum error for current should be 0.25* 100 = 25 A.

The length o f probe was measured by a scaled ruler. The minimum scale o f the 
ruler is 0.159 cm (1/16 inch).
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A.5 M easuring Instruments with DC Source

The following instruments were involved:
• PFA Telfon insulated T-type 24 AW G thermocouple: limit o f error is 1.0 °C 

above 0 °C
• Fluke 2240C data logger: system precision is ± 0.5 °C
• BBC M 2110 Multimeter: 300 mV dc range, ± (0.05 % + 2 Dig.)
• BBC M 2110 Multimeter: 20 A dc range, ± (0.35 % + 2 Dig.)
• Ruler: scale accuracy in 1 mm
• Caliper: scale accuracy in 0.01 mm
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