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ABSTRACT Utilities aim to improve asset management strategies and enhance the utilization of their assets
through low-risk reliable practices. Overhead lines and conductor designs have been evolving to increase
systems’ power capacity and mechanical integrity, which have also extended asset lifetimes. Nevertheless,
it is still challenging to predict a conductor’s fatigue stresses due to wind-induced vibrations that can help
to estimate its useful life. A finite element model (FEM) has been established in COMSOL to study the free
and forced wind-induced vibrations and the resultant fatigue on single multi-layer conductors considering
their complex round and trapezoidal stranding patterns. The FEM analysis is based on multi-physics
accounting for the conductor’s thermal and mechanical aspects as well as material and geometry properties.
Consequently, the fatigue is quantified for both inter-layer and inter-wire interactions. The simulations show
that free conductor vibrations are dictated by the conductor materials and tension distribution between
the core and aluminum strands. The bigger the difference between the material properties of the core
and aluminum, the lesser the conductor vibrations, especially when the aluminum becomes slack. In fact,
a conductor equipped with carbon core (ACCC), has the best vibration resistance among other conductors
with steel core (ACSR) and homogeneous (AAACs). Forced vibration simulations identified non-linear
fatigue stresses for round and trapezoidal designs, which is more pronounced in larger conductor sizes.
Larger trapezoidal ACSRs exhibit better fatigue resistance compared to smaller and round stranded AAACs.

INDEX TERMS ACSR, aeolian vibration, conductors, fatigue, FEM, HTLS, overhead lines, uprating.

I. INTRODUCTION
The power and energy sectors are undertaking strategic
transformations to achieve the milestones of electrification
and reduction in dispatching fossil-fueled energy sources.
Such transformation entails connecting high-shares of clean
energy sources into the bulk electrical network causing a
swift increase in the power transferred within OHL corri-
dors [1], [2]. This is an inevitable result of the continuous
growth of connected renewables into the power networks
and renewable energy strategies targeting the electrification
of heat and transport to comply with low carbon emission
policies [3]-[6].

Traditionally, utilities are obliged to enforce network
expansion by building new overhead lines (OHLs). However,

The associate editor coordinating the review of this manuscript and

approving it for publication was Ildiko Peter

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

this expansion solution is expensive and frequently require
permission to be allocated the proper right-of-way (ROW).
This lengthy procedure involves, among other design and
regulation approvals, gaining social acceptance of the OHL
to ensure visual amenity and environmental compliance.

To avoid such complicated procedures, utilities seek out
more flexible, economic, and faster-to-implement reinforce-
ment methods. Such reinforcement can be achieved by
re-conductoring the existing OHL with bigger size conduc-
tors or utilizing conductors that feature new technologies such
as High-Temperature Low-Sag (HTLS). The latter enables
safe operation at higher (than ACSR) temperatures [7].

Utilities are required to maintain assets operation and aim
to enhance their lifetime by optimizing their design and
planning maintenance, which require understanding asset
ageing mechanisms and end-of-life predictions [7]. In most
cases, where corrosion degradation is not an issue, the
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OHL conductor ageing and risk of fatal failure are mainly
attributed to wind-induced energy that causes conductor
motions. The OHL-conductor system is susceptible to wind-
induced motions that impact the integrity of the conductor
as well as the line’s structure (i.e., pylons or wood poles).
In fact, the exposure of conductors to wind-induced vibra-
tions is a dominant constraint that limits their installation
tension. One of the most destructive wind-induced motions is
aeolian vibrations, which is the primary cause of conductor
strands damage and often determines the long-term ageing
mechanism and its life expectancy. Therefore, conductors
suffer from wind-induced fatigue due to inter-layer and inter-
wire interactions.

Advancements in conductor technologies led to conduc-
tor designs that are classified by their installation proce-
dure, geometrical shape, and material properties. The existing
standards used to evaluate OHL conductor’s mechanical
(i.e. vibration) and electrical (i.e. thermal) performance
implement simplified conductor geometry models using its
overall (i.e., homogeneous) properties [8]-[10]. Although
standard practices provide good results, further assessment
is necessary to differentiate the performance of the different
sizes and types of diverse single-layer and multi-layer con-
ductor technologies.

This paper presents a multi-physics Finite Element Mod-
elling (FEM) approach based on COMSOL to simulate the
structural dynamics of OHL conductors undergoing aeolian
vibration. The FEM approach permits studying the conduc-
tor’s free and forced vibrations considering its inter-layer and
inter-wire interactions. Furthermore, the paper quantifies the
effect of over-simplifying the conductor complex geometry.

The next section summarizes the existing conductor
vibration models and their associated standard guidelines.
The presented FEM approach is detailed and validated is
section III. The free vibration response and fatigue stresses
are simulated and verified using the FEM approach for var-
ious conductor sizes and types in sections IV and V, respec-
tively. The FEM approach is extended in section V to examine
vibration fatigue stresses exerted on trapezoidal conductor
strands. Conclusions and suggested future work are reported
in VL.

Il. BACKGROUND ON CONDUCTOR VIBRATION AND
FATIGUE MIODELLING
A. CONDUCTOR FREE VIBRATION CALCULATIONS
The OHL conductor vibrations have been investigated for
decades with efforts to quantify aeolian vibrations which
resulted in the Energy Balance Method (EBM) [11]-[14].
Conductor modelling is a major task in the formulation of
the conductor vibrations dynamics within the EBM, which
constitute the appropriateness of the formulated solution.
The string and beam models have been implemented to
represent the conductor geometry and response. On the one
hand, the string theory describes the conductor response with
length (L) by its basic properties including the tensile strength
(T) and mass (m.); neglecting the flexural rigidity (EI).
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On the other hand, the beam theory considers the conductor’s
vibration response based on its structural properties, includ-
ing EI. The natural frequencies (f;) of a vibrating conductor
at different free-vibration modes (1) can be calculated when
considered as a string or beam using equations (1) and (2),
respectively [15].
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The OHL conductors have been modelled using the homo-
geneous beam theory to study their vibration-induced bend-
ing stresses and strains [16]. Literature has reported that
the energy absorption and dissipation of complex sandwich
structures undergoing vibrations is highly influenced by the
composition material properties and dimensions of the outer
layers and core [17]—[23]. It has also been reported that sand-
wich beams are generally more effective than homogenous
ones on reducing vibrations [18]. In fact, vibration waves and
associated energy losses in sandwich beams have resulted in
a distinct behavior categorized by the frequency-dependent
stiffness and mass, as illustrated in [20]. Furthermore, it has
been observed in [20], [24] that both the stiffness and mass
dictate the beam vibration response in different frequency
ranges. Therefore, it is more appropriate to consider the
conductor’s materials and geometry in vibration studies to
overcome the simplifications of the homogenization of the
complex conductor structure.

B. STANDARD CALCULATIONS OF CONDUCTOR
VIBRATION FATIGUE

The existing literature has provided analytical and hybrid
(i.e. semi-analytical) models [25], [26] to predict vibration
fatigue based on homogenous beam, rod, and rope [27], [28],
but none of which gained industry’s approbation. The
Poffenberger-Swart (P-S) formula shown in (3) is the
common practice that has been adopted by IEEE since
the 1960s [13], [29], [30]. The P-S formula had been derived
by simplifying the conductor to a homogenous cantilever
beam with a horizontal tensile load that is exposed to a
forced vertical load-induced displacement on its tip causing
the bending motion. The P-S computes the maximum bending
stresses (0,) by defining the conductor tension (7)), bending
stiffness (EI), and the maximum bending amplitude (Y}) mea-
sured at a distance (x=89mm) from the contact of the clamp
with the conductor on the span.

e ((%) /4 (e<—m>_1+m)) <Y
3)

The conductor’s bending stiffness (EI) (also known as
flexural rigidity) is a measure of its strength and defined as the
product of the material’s Young modulus (E) and the conduc-
tor geometrical moment of inertia (/). Calculating E7 has been
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FIGURE 1. Fixed and transitioned bending stiffness modelling
hypotheses.

a major concern to engineers when modelling the dynam-
ics of conductors in motion. There have been many experi-
ments performed, and models derived to determine the value
of EI [31]-[33]. The interaction between the individual wires
of a helically twisted conductor defines its bending response.
There are three hypotheses to calculate EI, as summarized
in Figure 1. The first two, El;, and El, (in Figure 1),
consider the bending motion of the conductor strands assum-
ing constant value independent of conductor bending curva-
ture, while the third method, El7;qpsirion (Figure 1) considers
the tension variation between the strands as a function of
conductor bending [34]. In Figure 1, a stranded conductor
in motion imposes a shift from the stick-state (i.e., Elqx)
until the conductor reaches its full slip-state (i.e., Eli,) as
defined by the theoretical transition (Elfygpsition). There are
yet no analytical models that capture this transitional effect.
Therefore, more advanced modelling techniques are required
to predict the effective transition of the motion between the
strands. This is implemented by FEM modelling as FEM
transition zone, Elrgy in Figure 1. Consequently, FEM cap-
tures the mechanical inertia during the conductor motion, due
to the movement between the strands. This is evident from
the small bending curvature that the conductor maintains
where the stick-state and the slightly higher than the slip-state
bending stiffness it maintains at large curvatures, which is not
expected due to the surface friction between the strands.

The existing standard practices calculate the induced aeo-
lian vibrations fatigue stresses using El;, [35]. In small
vibration amplitudes (high frequencies), there is no slip-
ping between the strands. Thus the rigid beam assumption
using El,;,. can be implemented. However, the effect of
tangential compliance reduces the expected EI value to lower
than the obtained EI,,, assumed value [36]. The diverse
results on experimentally measured EI indicate that the posi-
tion of measurement and the OHL span arrangement are
crucial [31]-[33]. This endorses the fact that E7 is a complex
conductor property that depends on the bending strength of
the conductor, position of measurement on conductor span,
level of vibration amplitudes, and tension variation within the
strands. To avoid this complexity, current practices assume a
constant value of El,,;,, [34], [36].
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TABLE 1. Material properties coefficients for CIGRE safe border line.

Conductor Size Number of Vibration Cycles, Ni
Category <2x107 >2x107

Single Layer A=730and B=-0.2 A =450 and B=-0.2

Multi-Layer A=430and B=-0.17 | A=263 and B=-0.17

C. MODELLING METHODS FOR ESTIMATION OF
CONDUCTOR LIFETIME

The simplest method to perform stress-life calculations to
predict the structural vibration fatigue stresses is the so-called
Basquin model [37]. This model forecasts the stress dam-
age for the applied vibration cycles (N;) to determine the
S-N curve using the classical expression in (4), utilizing the
exponent (b) for different materials. Other lifetime predic-
tion modelling approaches implement the strain-life fatigue
method to estimate the lifetime using the calculated maxi-
mum bending strain (g,) of the structure. Such a method is
well-established by the Coffin-Manson model [38], which
consider the plastic deformation (g;) of different metallic
alloys using the exponents (b) and (c), as expressed in (5).

04 = 01 X NP 4
£ = GE x 2N + &1 x QN )

The conductor failure due to vibration fatigue can be
obtained using the CIGRE criterion introduced in [26], which
considers the failure occurring when experimentally three or
10% of the total aluminum wires break, whichever proportion
is greater. This experimental approach is expressed by (6) and
is often referred to as CIGRE Safe Border Line (CSBL) to
determine the conductor’s lifetime cycles. Due to the com-
plexity and high cost of conducting such experimentations,
the CSBL has been established -so far- for conventional
aluminum and aluminum alloys [39]. There are yet no rec-
ommendations for all OHL conductors, including the novel
HTLS technologies.

o, =A x (N)P (6)

The endured stresses (o,) by the conductor are determined
when the conductor undergoes a bending motion for a number
of cycles (N;). The A and B coefficients in (6) are deter-
mined based on the conductor material properties which are
recommended by CIGRE as tabulated in Table 1. The two
coefficients (A and B) in (6) are found by fitting the mean of
the experimental fatigue test data, as described in [40].

D. REVIEW OF CONDUCTOR GEOMETRY MODELLING
EFFORTS

Few studies, such as those conducted by [41], [42], attempted
modelling the complex structure of the conductor using, for
example, axially loaded beam and relying on the homo-
geneous beam theory in the early works on FEM analy-
sis. Some other studies implemented the homogenization
of the core strands and aluminum layers using an equiva-
lent virtual material that represents the composite conductor
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design [43], [44]. Such simplified homogenized approaches
neglect the conductor’s interstitial interactions.

One of the most recent computer modelling attempts
considers conductor complex geometry by using the beam-
to-beam contact elements in ANSYS [38]. Others intro-
duced an elasto-plastic numerical FEM approach to model
round-strand shaped conductors [45]. It aimed to model
the helically twisted conductor strands when undertaking a
quasi-static axial load. The vast majority of the reported mod-
els in literature have focused on the mechanical performance
of conductors with interest in their sizes but not their tech-
nologies nor their stranding patterns. Unlike the presented
work in this paper, the existing conductor modelling and
simulations have not considered the novel conductor designs
that have various geometrical shapes and material properties.

E. NEW ERA OF OHL CONDUCTOR TECHNOLOGIES

The advancement in designing and manufacturing OHL con-
ductors have continuously progressed to increase the flexi-
bility of the OHL systems. Monometallic conductors such as
All Aluminum Alloy Conductors (AAAC) have replaced the
bi-metallic Aluminum Composite Steel Reinforced (ACSR)
conductors to increase the power flow within the OHL power
corridors. However, such bi-metallic conductors have become
the most favorable choice in the industry to increase conduc-
tor strength and resolve sag-clearance issues. The steel core in
ACSRs increases its mechanical strength while the aluminum
increases its electrical conductivity.

Manufacturers have produced novel conductor designs
equipped with non-steel core and possibly non-round alu-
minum strands with some examples shown in Figure 2. In the
next subsections, a summary of the commercially available
and most-employed conductor technologies is presented.

1) COMPACTION OF ALUMINUM USING TRAPEZOIDAL
STRANDS

In an attempt to increase the conductor current car-
rying capacity, the aluminum part of the conductor is
manufactured using trapezoidal-wires (TW) that have
replaced classical round-shaped wires. The TW design fea-
tures compaction of more aluminum wires within the same
diametrical cross-section of that equivalent to round-wire
(RW) design. Therefore, the compact TW design occupies
more conductive material within its cross-section. The down-
side of this compaction is the reduced resistance that might
cause some cooling mechanism issues [10].

2) ENHANCED CONDUCTIVITY BY FABRICATING NEW
MATERIALS

Conductor manufacturers have introduced an upgraded class
of conventional ACSRs using the aluminum annealing
process to produce the Aluminum Conductor Steel Sup-
ported (ACSS) conductors (Figure 2). The ACSS conductor
design is featured with annealed aluminum strands, which is
weaker than the hard aluminum in ACSRs. The annealing

104582

| Ceramic
Fibers

Zircon
Annealed

Aluminum

GTACSR

FIGURE 2. Geometries and materials of new conductor technologies.

process elongates the conductor strands permanently to shift
the mechanical strength of the aluminum to its steel core.

To overcome the problem of the weaker annealed
aluminum in ACSS, conductor manufacturers introduced
another class of ACSRs using the Gap Technology to form
the Gap Technology of ACSR (GTACSR). This conductor
uses aluminum-zircon (AZR) to increase further the anneal-
ing temperature of the aluminum strands. The presence of
the Gap in between the steel core and aluminum layers for
GTACSR design requires a special installation procedure that
involves wrapping the aluminum strands around the tensioned
steel core. Within this process, conductive grease is applied
to reduce the friction between the steel core and aluminum
wires.

3) EQUIPPING THE CONDUCTOR WITH NON-METALLIC
CORE

The conductor manufacturing process has further evolved
to introduce technologies that enable replacing the heavier
in weight steel core with a composite material one. This
way, the conductor has lower thermal expansion and stronger
but lighter core compared to conventional steel. One of the
well-known conductor technologies under this category is
the Aluminum Conductor Composite Reinforced (ACCR),
which is equipped with a composite ceramic conductive core
(Figure 2). Like GTACSR, it uses AZR for its outer aluminum
layers.

Another novel conductor within this category is Aluminum
Conductor Composite Core (ACCC). This conductor com-
prises a composite carbon fibers core to reduce the weight of
the conductor further and achieve lower thermal expansion.
As shown in Figure 2, ACCC is equipped with annealed alu-
minum trapezoidal conductive strands, similar to the ACSS
design. The carbon fibers are bounded by a protective shell
of glass fibers to prevent corrosion issues.

IIl. FINITE ELEMENT MODELLING OF CONDUCTOR
VIBRATIONS AND FATIGUE STRESSES

The general concept of the proposed FEM approach for
assessing the conductor free vibrations and forced vibra-
tion fatigue stresses is summarized in the flowchart depicted
in Figure 3, highlighting its major computation steps.
In Figure 3, the Input Data of the FEM consider four main ele-
ments: (i) conductor design, (ii) OHL environmental condi-
tions, (iii) installation method, and (iv) operating conditions.
The latter three define the implemented Multiphysics and
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FIGURE 3. Computation steps of proposed FEM approach.

boundary conditions. The Conductor Design step requires
identifying the mechanical and material properties of the
conductor composition, including its stranding pattern to con-
struct its geometry based on the supplied manufacturer data.

The FEM approach in Figure 3 entails creating the
conductor’s Computer-Aided Design (CAD) in SOLID-
WORKS based on the conductor manufacturer data. There-
fore, the two-dimensional design of the conductor geometry
is created in SOLIDWORKS and extruded in COMSOL to
perform the vibrations studies. The conductor can also be
formed in COMSOL. Still, SOLIDWORKS is mostly pre-
ferred to achieve more design flexibility and accuracy to
precisely replicate the design of the conductor geometry as
per its manufacturer data.

The designed geometry is imported and discretized
(i.e. mesh finite elements generation) in the three-dimensional
COMSOL model to perform both the free and forced vibra-
tion studies, separately. The free vibrations of the suspended
conductor require the additional span length while the forced
vibrations have a fixed length as used by the standards and
hence can also be used to study conductor fatigue stresses,
taking into account the inner and outer strands for various
conductor sizes. It is worth mentioning that the forced vibra-
tion model can be expanded to execute the stress-life studies
as well.

The forced vibrations for calculating conductor fatigue
stresses require modelling the mechanics and kinematics
of the helically stranded conductor geometry undergoing a
bending motion. This FEM fatigue modelling is a compli-
cated endeavor that involves many modelling assumptions to
be realized, which are summarized in the next subsection. The
computation steps in Figure 3 are detailed next, including the
conductor CAD, boundary conditions, and discretization.

A. FEM MODELLING ASSUMPTIONS

1) CONDUCTOR STRANDS SURFACE CONDITIONS

For long-serviced OHLSs, conductors can experience cracks,
oxidation, fretting wear, tribological layers, and other surface
damages associated with vibration fretting and fatigue. Con-
sidering such weariness on the conductor surface condition
is complex, and hence the proposed model does not consider
such wear effects. Furthermore, the wind-induced excitation
frequency is used to mitigate the fretting and fatigue wear
effects. Therefore, the proposed FEM approach assumes a
purely metallic unlubricated surface. Nonetheless, some stud-
ies have shown that this conductor-surface condition is not
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significant near the clamp where the bending stresses are
measured [46], [47].

2) INTERSTITIAL INTERACTIONS BETWEEN CONDUCTOR
STRANDS

The coefficients of friction between the strands’ contact
surfaces are a function of many variables such as surface
smoothness and existing of fragments due to wires contacting
surfaces phenomenon (e.g. corrosion, metal degradation, and
cracks). Due to the limited data and studies to obtain such
data, the friction coefficients are assumed to be constant and
do not change with the mechanical load. This assumption
is considered along with the inter-layer strand contacts by
creating contact pairs between the strands’ surfaces. It must
be emphasized that the contact stiffness is assumed constant
and changes only with the strand material.

3) CONDUCTOR LENGTH SEGMENTATION

The conductor’s sag angle is neglected when executing the
bending motion of the conductor geometry. This is because a
short portion of the conductor is considered in the executed
forced vibrations. However the sag angle can be modelled in
the full conductor span for the free vibrations study.

B. DESIGN OF THE REAL CONDUCTOR GEOMETRY

The design of the conductor’s real geometry requires devel-
oping the CAD modelling of the outer and inner conduc-
tor strands. SOLIDWORKS is utilized to create the con-
ductor design based on the supplied data for the conduc-
tor geometry dimensions from the manufacturer’s datasheet.
In the presented work, the two most common conductor
stranding shapes are considered: (i) round wire (RW) and
(ii) trapezoidal wire (TW) designs.

The design of the RW conductors uses the circle shape to
create the round cylindrical wires for the conductor layers.
The number of RWs is specified for each layer with ratio-
nal adjustment of the wires altogether. However, some gaps
might become present in the outer layer of the designed con-
ductor geometry. To constrict the conductor RWs, the center
of the outer layer wires are connected with a line, as seen
in Figure 4 (top). This practice maintains the wires dimension
ratio to form constricted strands that are held firmly, as in the
real conductor design.

For the TW conductor design, the challenge is to replicate
the smooth edge cuts of the trapezoidal-shaped wires. There-
fore, it is not a straightforward design as it is the case for RW
conductors. To overcome this complexity, the sharp edges of
the trapezoid offered in SOLIDWORKS are smoothened by
creating virtual circles on its four corners and with radius r;,
as seen in Figure 4 (bottom). The condition that ensures a
proper r; for the different TW sizes is achieved by varying r;
until the sum of the removed top-left area (Arz) and
bottom-left area (Apy ) is equal to half of the total area (Ag,,)-
Fulfilling this condition ensures that the TW strand shape
is replicated based on the conductor’s manufacturer’s
specifications.
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FIGURE 5. Modelling the boundary conditions for the free-vibration of
conductor span and vibration fatigue of conductor section.

C. CONDUCTOR GEOMETRY CONFIGURATION

The proposed model considers designing the real helically
stranded conductor geometry. This is done with the aid of
CAD tools such as SOLIDWORKS, for more flexibility.
Then the designed two-dimensional conductor geometry is
imported into COMSOL to create the three-dimensional heli-
cally twisted stranded layers, as shown in Figure 5.

Each wire in the conductor’s layers is generated as a three-
dimensional extrusion of the designed two-dimensional wire
shape surfaces (e.g. circular or trapezoidal). The extrusion
process of the conductor wires is performed along the core
centroid axis with the lay length and lay angle being specified
for the length of the conductor geometry. For every single
wire, the lay length is generated as a solid element and rotated
by an angle to match and fit the previously laid length. The
same procedure is recapitulated to produce the different con-
ductor designs of the RW and TW conductors. The material
properties assigned to the conductor wires after the design
is complete. Thus a conductor can represent an ACSR or an
AAAC based on material properties used.
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D. CONDUCTOR BOUNDARY CONDITIONS

The boundary conditions are very critical when modelling
using FEM. For the study of the free vibrations, the
boundaries at both ends of conductor are selected to
be fully-fixed resembling a rigid clamping mechanism,
as considered in the experimental studies [48]. The
fully-fixed boundaries constrain the degrees of free-
dom (DoF) at both ends of the conductor and in all directions.
The conductor ends undergo a tensile force with DoFs lim-
ited to the horizontal axis while its orientation is restricted
except for the horizontal axis. This way, the conductor free
vibration frequencies at the different vibration modes of the
modelled geometry can be obtained and therefore compared
against the analytical solution based on equations (1) and (2).
The boundary conditions can also be fixed-free, as shown
in Figure 5 (top) to accommodate the flexible end clamping
mechanism. However, due to the limitations of the proposed
model, the fully-fixed boundary conditions are assigned.

For the study of the forced vibrations, the standard prac-
tice of measuring the bending stresses is replicated based
on equation (3). Therefore, the three-dimensional conductor
geometry is designed as an assembled geometry that is rigidly
fixed from one side and subjected to a bending force on the
free end, as depicted in Figure 5 (bottom). The assembled
conductor geometry has an active length of 1000 mm where
the conductor bending vibration fatigue is simulated at 89 mm
from the LPC as indicated on the conductor geometry in
Figure 5 (bottom).

The fixed and free boundaries at the geometry ends are
fully coupled, considering that the conductor layers move
independently and interact against each other with longitu-
dinal and crossover contact surfaces. For the fixed-boundary
side in Figure 5, the degree-of-freedom (DoF) for the pre-
scribed displacement (Y},) and center of rotation (®) around
each strand centroid are constrained in all directions via a
rigid connector. The free boundary is subjected to an axial
tensile force with the moments (M) and rotation axis DoFs
limited to the horizontal axis (z-axis) with a prescribed
Y), while restraining the prescribed, in the solid mechanics
physics, moments (i.e. My = My = 0, M; # 0) and orienta-
tion (i.e. ®, # 0, &, = ¥,= 0) in the remaining axis. The
prescribed amplitude is defined as a vertical displacement
entered in the input of solid mechanics physics in COMSOL.

E. CONDUCTOR GEOMETRY CONTACT SURFACES AND
MESH ELEMENTS GENERATION

The strands in a helically twisted conductor geometry are
adjacent to each other forming longitudinal contact sur-
faces within the same layer and crossover contact surfaces
between the different layers. To capture this effect correctly,
COMSOL requires modelling the conductor as an assembly,
which will allow the modular analysis to automatically assign
the pre-simulation contact pairs as Identity Pairs for surfaces
that are already in contact, as demonstrated in Figure 6. How-
ever, the bending motion of the conductor might force some
of the non-touching surfaces to become in contact during
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TABLE 2. Properties of ACSR Ibis used in the free vibrations study.

Conductor ACSR Ibis
Stranding Pattern 26 Al/ 7 St
Diameter (mm) 19.88
Mass (kg/m) 0.813
Modulus of Elasticity (GPa) 69.8 (AL), 200 (core)
Rated Breakage Strength (kN) 70.2
Applied Tension (kN) 15.86
Test Span Length (m) 13385 | 323 [ 65335

the simulations. These ““during-simulation” contact surfaces
are assigned manually between the wires as Contact Pairs in
COMSOL before running the simulations.

The discretization of the conductor geometry elements
is critical for generating its physical mesh size elements.
Each wire in the conductor layers is discretized as a solid
geometry element to account for the locally formed devi-
ations. The interaction between the individual wires must
be accurately captured when creating layer-to-layer contact
pairs. The basic solid element properties are defined in COM-
SOL by the wire radius (r), Young modulus (£), and Poisson
ratio (v). Additionally, the lay length and lay angle are prop-
erties primarily considered in this study. However, these have
been reported to create a negligible effect on the deformation
of the conductor geometry for lay angles below 15° [49]. This
step is heavily reliant on the computer capabilities, especially
when very fine geometry meshing of the finite elements is
required as it is the case when considering the interstitial inner
interaction within the bending of conductor geometry.

The mesh size has been defined manually with a max-
imum element size of 3.68mm, minimum element size
of 0.0368mm, curvature factor of 0.2, and the resolution of
narrow regions factor of 1. This achieves high accuracy with
more than 35 circumferential finite elements being generated
for each strand of the RW and TW, as seen in Figure 6.

IV. CONDUCTOR FREE VIBRATION ANALYSIS -
HOMOGENEOUS VS. COMPLEX STRUCTURE

The FEM model is initially executed to study the free vibra-
tion of composite conductors. The model is validated for
the conductor given in Table 2 by computing the natural
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TABLE 3. Natural vibration frequencies for ACSR Ibis in Hz.

Mode Conductor T =22.6%
No. Experimental Analytical ‘ COMSOL I Error, Af(%)
[48] (fEx) Eqn. 2) () (frEm) | SEx - frEm I Sn - frEm
Span Length = 13.385m
1 5.2200 5.2185 5.2485 0.5460 0.5749
2 10.4603 10.4376 10.4450 0.1463 0.0709
3 15.6638 15.6579 15.475 1.2053 1.1681
4 20.9681 20.8801 21.262 1.4017 1.8290
5 26.1545 26.1046 25.5290 2.3916 2.2050
Span Length = 32.3m
1 1.7813 1.7762 1.7810 0.0168 0.2702
2 3.5312 3.5525 3.5321 0.0255 0.5742
3 5.2812 5.3289 5.2941 0.2443 0.6530
4 7.0312 7.1054 7.0332 0.0284 1.0161
5 8.800 8.8821 8.7850 0.1705 1.0932
Span Length = 65.335m
1 1.1250 1.0688 1.1203 0.4178 4.8185
2 2.0938 2.1375 2.0876 0.2961 2.3345
3 3.1562 3.2063 3.1484 0.2471 1.8058
4 4.2500 4.2751 4.2378 0.2871 0.8725
5 5.2812 5.3439 5.2785 0.0511 1.2238

conductor frequencies (f;;). The feasibility of the model is
carried out with the simulations extracted and compared
against experimental data and theoretical calculations.

A. VALIDATION WITH EXPERIMENTAL DATA

The FEM model is examined on ACSR Ibis (Table 2) using
the experimental data reported in [48]. The COMSOL simu-
lations used the fully-fixed boundary conditions (in Figure 5),
to compare the simulation results with the experimental data.
The simulations are also compared against the analytical
calculations expressed by (2) for the natural frequencies of
the homogeneous beam theory.

The free vibrations analyses are performed for the ACSR
Ibis using span lengths of 13.385 m, 32.3 m, and 65.335 m.
The experimental data on ACSR Ibis conductor is obtained
from [48], which was vibrated via an impact hammer system.
Five accelerometers were used to record the natural frequen-
cies along the conductor span (L) located at L/2, 3L/8, L/4,
L/8, and L/16. The recorded natural frequencies for the first
five modes are listed in Table 3. These values are compared
against the analytical calculations and the FEM simulation
outputs in the same table.

It is evident that COMSOL outputs (Table 3) are in good
agreement with the experimental data with a maximum error
of 2.39%. The simulation results are also corroborated with
the analytical results with a maximum difference of 4.82%,
which occurs at the longest conductor span length. The
discrepancies found are attributed to the sensitivity of the
boundary conditions of the conductor within the FEM model.
The error increases with the increase in span length where
the vibration frequencies (frgys) for the fifth mode reduced
from 25.5290 Hz to 5.2785 Hz. The vibration at the low
frequencies is more difficult to simulate and introduce more
complexities within the model.

B. FREE VIBRATION OF CONDUCTOR WITH VARIOUS
MATERIAL COMPOSITIONS

The free vibrations analyses are established for various com-
binations of the conductor core and aluminum materials and
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FIGURE 7. Calculated free vibration response on a 13.385 m conductor
span with different materials and tension distributions.

tensions. The analyses are carried out for five scenarios (SCs)
referred to as SC1, SC2, SC3, SC4, and SC5. The SC1 uses
all aluminum alloys and tension applied (22%RBS) to the
whole conductor. For SC2, an ACSR steel core is modelled
with the tension applied to the entire conductor as well.
In SC3, the steel core is replaced with a single composite
carbon fibers (CF) rod using properties retrieved from ACCC
datasheet. The SC2 and SC3 simulations are re-executed
when the tension (22% RBS) is entirely carried by the core
and indicated in Figure 7 as SC4 and SCS5.

The results of SC2 in Figure 7 show that the vibration of
composite conductors consisting of different core and alu-
minum material properties is not similar to the homogeneous
all aluminum (SC1). The material properties and applying
tension to the core and aluminum both affect the conduc-
tor vibration response. It is observed, from SCI1 to SC3,
in Figure 7 that the higher the difference between the core and
aluminum elasticities, the higher the reduction in vibration
frequencies. Thus, the reduction becomes more prominent in
SC3 with the composite CF core (ACCC) exhibiting better
vibration response.

It is also observed from SC4 and SCS5 that there is a further
reduction in conductor vibration frequencies when the core
carries the conductor tension entirely. This is attributed to
the expected inner interaction at higher frequencies. This fact
is not valid at lower frequencies, where higher amplitudes
are expected, which might affect the accuracy of the model
to capture the low frequencies response. Nevertheless, it is
not always correct to assume that the OHL conductor acts
homogeneously, as evidenced by this analysis. Attention must
be paid to the conductor’s type and installation conditions
when assessing its vibration response.

V. VIBRATION FATIGUE STRESSES ANALYSIS ON
MULTI-LAYER OHL CONDUCTORS

The FEM approach is implemented to predict the bending
stresses and assess the impact of the cyclic bending loads
on the conductor. The analyses here consider the conductors
listed in Table 4 with the conductors tensioned at 15% and
35% RBS, respectively.
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TABLE 4. Properties of ACSR Raven, Flicker, and Bersfort.

Conductor ACSR/RW ACSR/TW
Raven Flicker Bersfort Flicker
Stranding Pattern 1/6 7/24 7/48 7/18
RBS (kN) 19.5 140.1 180.1 76.50
Diameter (mm) 10.11 21.49 35.6 19.71
Mass (kg/m) 0.216 1.628 2.37 0.912
Conductor Layer No. of Strands and lay angle
Core |{1]0 1 0 1 0 1 0
P I 6 5.8° 6 6.2° 6 5.8°
116 ]6°|9 10.7° | 10 | 9.7° 7 10.7°
Aluminum e - 15 12.9° 16 10.7° 11 12.9°
3 - - 22 11.7° | - -
TABLE 5. Material properties for studied ACSR conductors.
ACSR/RW ACSR/TW
Conductor Property Raven Flicker Bersfort Flicker
Young Outer-layer | 69850 69850 69850 69850
g‘v‘[’g:;“s Core 207000 [207000 207000 | 207000
Poisson ratio Core 0.3 0.3 0.3 0.3
AL 0.33 0.33 0.33 0.33
Bending Eluin 3.95 54.45 61.63
Stiffness
(N-m?) Elyox 25.18 15.77 38.27
Composition Category iz;’;lre_ Zz;:r zz;‘:j_ Two-Layer

The selection of these conductors (in Table 4) is intended
to evaluate the capability of existing fatigue calculation
methods, based on the P-S formula (3), in determining
the effect of composite conductor properties instead of the
homogeneous assumption. The calculated bending stiffness
in Table 5 is not calculated for ACSR/TW because the
standard equations (El,;, and El,,,) are only capable of
calculating ACSR/RWs. The studied ACSR conductors are
ACSR/RW Raven (single-layer), ACSR/RW Flicker (two-
layer), ACSR/RW Bersfort (three-layer), and ACSR/TW
Flicker (two-layer). The fatigue stresses are calculated for a
forced bending amplitude in the range of 0 — 1 mm when
the conductors are subjected to tensile forces of 15% and
35% RBS.

A. SINGLE - LAYER ACSR CONDUCTORS

Figure 8 illustrates the fatigue stresses against the forced
bending amplitudes for the single-layer and multi-layer
ACSRs. The simulation outputs indicate a good agreement
of FEM with the P-S solution for the single-layer ACSR,
which is in line with the E1,,,;;, hypothesis. This is true for both
tensions (15% and 35% RBS) in Figure 8 indicating that the
assumption of linear behavior of EI for single layer conductor
structures is a valid approximation.

B. TWO - LAYER ACSR CONDUCTOR

The two-layer ACSR conductors adopt a more complex bend-
ing behavior, which is also dependent on the conductor ten-
sion. From Figure 8, it is evident that fatigue stresses on the
two-layer Flicker at 15% RBS cannot be predicted using the
P-S formula with either El,,, or El,,;,. In fact the FEM out-
puts indicate that Flicker’s fatigue is somewhere in between
of these two (El 4y and El,,;,) curves and it is dependent on
the tension of the conductor. This is a sensible conclusion
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FIGURE 8. Fatigue stresses of the outermost aluminum layer for
single-layer ACSR Raven and multi-layer flicker at 15%RBS and 35%RBS.
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FIGURE 9. FEM transitioned bending stiffness for low and high tensions.

as the increase in tension ‘““interlocks” the aluminum strands
of the different layers making it to respond nearer to the
P-S formula with the EI,,,,, hypothesis.

By observing the two-layer aluminum conductor fatigue
stress response in Figure 8, it can be seen that at least for the
35% RBS tension, small bending amplitudes (up to 0.2 mm)
result in a conductor behavior similar to the homogeneous
assumption response. This is not observed when the 15%
RBS tension is modelled. Thus, it indicates that the bending
stiffness is also affected by the tension attributed to the shift
of stresses to the inner layers as the tension is increased.
Furthermore, there is a finite value of bending curvature
that the conductor’s integrity is maintained by the helically
wrapped strands inward forces, which are increased at higher
conductor tensions. In Figure 9, the Elrgy indicates the
complex response of bi-metallic conductors’ vibration and
the interaction between the conductor layers. This is captured
by the FEM simulations evidenced by the dynamic fatigue
strain response in Figure 8. The next step is to investigate the
more complex case of three-layer ACSRs, as discussed in the
following subsections.

C. TRIPLE - LAYER ACSR CONDUCTOR

ACSR Bersfort, described in Table 4 and Table 5, is used
for modelling the fatigue stresses developed on more
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FIGURE 10. Fatigue stresses for Bersfort: 15% and 35%RBS.

complex larger ACSR conductors. The simulation results
in Figure 10 endorses similar non-linear fatigue stresses with
the previous two-layer bi-metallic conductor. The effect on
conductor complexity and tension indicate fatigue stresses
that lay between both hypotheses (El,i, and El,;q).

In Figure 10, the fatigue stresses of individual aluminum
layers is calculated. Again the El,;, and El,,, simplified
hypotheses do not capture the actual response of Bersfort for
15% and 35% RBS while FEM simulations can calculate the
response of the complex structure. At 15% RBS, the layer
stresses (in Figure 10) are lower and almost equal for bend-
ing amplitudes below 0.4 mm. The differentiation occurs at
higher amplitudes with the innermost layer being the most
affected one. Therefore, the assumption of calculating the
conductor fatigue stresses using the outermost layer, as in
the industry practices, may not capture the actively internal
fatigue stresses of the large conductors.

Increasing the tension to 35% RBS, the fatigue stresses
increase as it is expected and shown in Figure 10. The fatigue
stresses for all layers are very similar. This response indicates
that the strands within the different aluminum layers inter-
lock together, i.e., producing an increased contact surface
(i.e. larger area of friction) between the adjacent layers.
Therefore, the stresses of the outermost layer can be, to some
extent, used for the fatigue severity assessment.

D. TRAPEZOIDAL-SHAPE CONDUCTOR STRANDS

Flicker trapezoidal strand equivalent design, described
in Table 4 and Table 5, is used to compare the fatigue
of round (RW) against trapezoidal (TW) strand shape.
In Figure 11, the fatigue stresses for ACSR Flicker
are demonstrated for both TW and RW designs when
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applying 35% RBS. The P-S curves are calculated using
Elin and El,,,, round Flicker design and compared to the
simulated ACSR/TW.

It is observed that the predicted fatigue stresses of the
TW design are lower than that of the RW design. This could
be the result of the large contact surface areas between the
overcrossing layers of the TW strands that help on dissi-
pating energy in more mass instead of dissipating energy
on a smaller elliptical area of the RW design. Therefore,
fatigue severity for TWs is diminished on the outermost layer
compared to RWs, as evidently shown in Figure 11 and in
agreement with the work presented in [38].

VI. CONCLUSION AND SUGGESTED FUTURE WORK

The presented FEM approach in COMSOL along with the
modelling assumptions are successfully used to predict the
free and forced vibrations performance of OHL conduc-
tors. The model is implemented on single and multi-layer
ACSR/RW and ACSR/TW conductor to study the effect
of conductor design on vibration response. The simulation
results of free and forced vibrations for these conductors are
summarized as follows:

« Homogeneous AAACs have worse performance than the
ACSRs suggesting that the higher the material prop-
erty differences between the core and aluminum parts,
the better the conductor vibration response.

« The higher the tension difference between the core and
aluminum, the better the vibration response at higher
vibration modes. This implies an interaction between the
tensioned core and slack aluminum strands.

o The more aluminum strand layers a conductor has,
the better the vibration response. However, it might not
always be the outer layer that experiences higher fatigue
stresses.

o The flexural rigidity of conductors is complex and it is
dictated by the interaction of conductor layers. Hence
the shape of the strands affects its value. The best sim-
plification could be to use an average value between the
maximum and minimum flexural rigidity values used
within the P-S theory.
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It is evident that the P-S theory is very simplified to
assess conductor vibration-induced fatigue. Subsequently,
it is expected to under-estimate the lifetime of OHL conduc-
tors, especially on the novel designs that have gained their
improved electrical performance based on their increased
complexity in design, materials, and installation practices.
Consequently, estimating the life expectancy due to vibration
fatigue of new conductor designs will require further simula-
tions and experimentation to improve understanding of their
structural dynamics.
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