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Abstract

This paper examines the overall performance of overhead power lines (OHL) considering
their electro-mechanical properties, with a focus on lattice tower structures. Performance
analysis of commonly used aluminium alloy conductors (AAAC) on a 275kv lattice tower
system and the subsequent comparison with the corresponding performance of the
conductors on a 33 kV wood pole structure highlights the effect of the OHL structure
strength on the overall system performance. Further results from the analysis of the lattice
tower structure help to evaluate the effect of span length, conductor weight and bundle
configuration on the OHL system performance. Finally, a holistic analysis illustrating the
benefits of the use of novel conductors on lattice tower structures at “normal” operating

temperatures to avoid increased losses is reported and discussed.



1 Introduction

Environmental and economic barriers to building new lines, in addition to increased
electrical power demand, have led to significant strides to identify ways to increase the
capacity of existing Overhead Power Lines (OHL). This is usually achieved by increasing
either the thermal or the dynamic limit of an OHL system. The latter involves the use of
equipment which decreases the line impedance, achieving consequently phase current
optimization and voltage drop reduction [1-5]. The focus of this paper, however, is on the
former aiming to identify the system’s electro-mechanical constraints and propose
methods to improve the thermal limits of an existing OHL system that require small
structure modifications, thereby minimizing the cost of structure reinforcement and the

rights-of-way permission requirements.

Centrally linked to this topic of thermal uprating is re-conductoring, which involves the
replacement of existing conductors with conductors of larger sizes or alternative materials
and technologies. In this way the conductor resistance and/or sag are reduced, increasing
the system’s power transfer capacity. High-Temperature Low-Sag (HTLS) conductors
have opened the horizons for different conductor designs, employing new composite
materials and technologies, which allow further increase in a conductor’s thermal rating
without losing their mechanical strength [6, 7]. When investigating the performance of
these newly developed conductors it is also important to consider their weight under all
conditions expected to be experienced by the OHL. The weight affects the system’s
mechanical stress and, in some cases, is the limiting factor of the maximum conductor

diameter. Increasing the diametrical size of the conductor, to obtain higher ampacities,



may result in the need to reinforce the OHL structures increasing, therefore, the upgrading
costs that may have being avoided by operating a smaller conductor at a higher
temperature. Therefore, it is crucial to consider conductor and weather loading (conductor
resultant weight) along with OHL structure properties in the evaluation of thermal rating,
rather than solely compare conductor properties in order to identify optimum designs and

conductor sizes for a given system [6, 8-11].

Another relevant issue when evaluating lattice OHLs is the bundle configuration
employed. Early work on performance of bundle configuration identified the advantages
of bundle conductor configuration underlined their key role on, primarily, conductor
electrical stresses (e.g. radio interference, corona losses) and, secondarily, on the
mechanical characteristics [12, 13]. Furthermore, analysis of reactive supply requirements
is also considered as an important parameter for the selection of bundle configuration
[13]. Consequently, conductor bundle configuration has been used as a technique to
increase mainly the OHL’s surge impedance loading and reduce the maximum
mechanical loading on a lattice tower OHL, but not for the way the bundle affects the

electrical loading of the system.

In earlier work on a case study of a 33 kV wood pole structure [14] we showed the
importance of the OHL structure on the conductor’s sag performance which can be
classified into three zones:

e Weak conductor zone: The low conductor strength is the main reason for excessive

sag.



e Everyday Tension (EDT) zone: The sag performance of the conductor on the system
Is driven by the conductor’s self-damping vibration limit.

e Weak OHL zone: Further increase in conductor size results only in an increase of
conductor weight as maximum conductor tension (MCT) is limited by the OHL
structure.

These zones define the conductor’s sag performance, which is the main factor that limits

the ground clearance and consequently the conductor’s ampacity [14].

This paper extends the analysis and results of [14] to lattice tower systems and highlights
the effects of structure properties on OHL design principles by comparing two different
standard OHL structures. Furthermore, it explains how the sag zones [14, 15] are affected
by the OHL structure strength and the conductor bundle configuration and consequently
how these zones are manifested on different OHLs. The analyses involve the effect of
span length, conductor weight and bundle configuration on the sag-ampacity
performance. The potential benefits that can be gained from the use of novel conductors
on lattice tower structures, particularly at “non-elevated” operating temperatures, are also

discussed.

2 Methodology

In order to evaluate different uprating methods and their potential benefits for an OHL
system, a holistic computational methodology detailed in [15, 16] and briefly summarised
here, is used. This methodology facilitates sag, ampacity and tension calculations while

considering the electro-mechanical properties of the system. As a result, it enables the



selection of the most suitable conductor for a given system and consequently helps to

identify the best option of conductor size and technology type.

Conductor sag and ground clearance depend on the OHL system structure, the electrical
and mechanical conductor properties, the environment and operating conditions [15, 17,
18]. The critical operating loading conditions are those that result in the maximum sag.
Therefore, both maximum mechanical and maximum electrical loading conditions have
to be investigated, one of which influences the designed minimum ground clearance and

consequently, the power rating of a particular system.

The maximum mechanical loading (i.e. weather loading) of the OHL system influences
the maximum conductor sag developed during the harsh weather conditions when the
conductor is not electrically loaded. The maximum electrical loading of the OHL is
influenced by the maximum mechanical loading of the line, the maximum operating
temperature, the ambient temperature and the properties of the conductor. These loading
conditions determine the conductor sag, tension and ampacity at maximum operating
conductor temperature (Tmax) and are limited by the minimum permitted clearance to the
ground [18, 19] and/or the temperature at which the conductor suffers irreversible loss of

strength [20].

A holistic perspective on system performance is taken within this methodology by
considering the four groups of data (OHL, weather, conductor and operational) into the

calculations. Computations are performed at three distinct levels, defined by the



mechanical, electrical and ageing properties of the system, which interlink to compute the

final system conditions and its rating.

The conductor sag at maximum operating temperature has to be evaluated based on the
MCT which is initially calculated within the mechanical computation section. MCT is
influenced by the structure, conductor and vibration limitations, however, it is not
affected by the operating conditions and consequently it is used as the baseline to
compute the tension and sag at any operating temperature (or for a given Tyax). The
electrical computations are then performed to determine the ac resistance of the conductor
at the specific operating temperature. At the end, the ageing computation, determines the
conductor plastic elongation (creep-strain) caused by the long-term ageing at system’s
designed everyday temperature, the short-term ageing at elevated operating temperatures,
and the MCT ageing caused by the maximum tensile load and its applied duration. The
plastic elongation is then converted into the equivalent thermal elongation, and the final
system conditions of a particular system (conductor and OHL structure) are determined.
These are the conductor ampacity, conductor sag with creep, conductor sag when creep is

negated as well as the initial over-tension required to negate the calculated ageing effect.

3 System Description

According to this methodological framework [16], it is important to specify the variables

that define the OHL structure and the weather loading in order to initiate the



computations at the critical loading conditions (i.e. MCT and Tuax) as well as the initial
conductor treatment for creep mitigation.
3.1 The 275 kV Lattice Tower System
The 275 kV lattice tower studied here is a typical L3 type standard tower. The L3 tower
has a maximum loading tension of 72 kN including the safety factors [21] while its
ultimate tension strength is 180 kN and its weight 76.17 kN. The wood pole structure,
used for the comparative analysis, is a typical 33 kV single (stout) wood pole distribution
line with a 23.3 kN maximum loading tension including the safety factors [14, 22, 23].
Both OHL structures are shown in Fig. 1.

Figure 1

3.2 Conductor Types Studied

The performance of five different conductor types on the above system is investigated in
this study. These types and their properties which are derived from ASTM [24-26] and [6,
7, 11, 27] are described in Table 1. The first two types are commonly used conductors
with the ACSRs considered in two groups, the ‘soft’ having lower steel-to-aluminium
ratio than the ‘hard’ ones. This distinction is the result of the steel content influence on
conductor rated breaking strength (RBS), resistance, and weight which make similar
cross-sectional conductors to have different overall performance on the system. The

ACCR and ACCC/TW are novel composite conductors with HTLS performance [6, 7].

Table 1



3.3 Initial Conditions for Calculations

The weather conditions where the OHL structure is installed are also part of the system
specification and define the weather loading (i.e. MCT). The case of “normal” altitude
loading is considered here, with a 380 N/m? wind pressure and 12.5 mm radial ice
thickness with 913 kg/m® density at -5.6 °C [23, 28]. Furthermore, the EDT, 20% RBS
for aluminium based conductors, is applied at 5 °C. The maximum electrical loading
conditions from [29] are used with conductor Tyax varying form 70 °C to 100 °C,
depending on the investigation and conductor technology, for the steady state thermal

rating computations.

For the modelling of the aging computations, the weather conditions of the OHL systems
for the estimated period in service need to be defined (by prediction). These include the
maximum weather and electrical loading, the designed conductor EDT at everyday
temperature, as well as their predicted duration. For the purpose of this analysis the EDT
conditions are considered for 98% of a 10 year period, while maximum operating
temperature (usually set at 70 °C) and maximum weather loading (set at -5.6 °C) each
occur 1% of the time. When Tyax’s are set above 75 °C, the elevated temperature creep

effect is also calculated [30-33].

4 Performance Analysis Considering OHL System Properties



The effect of different design properties (OHL structure strength, span length, and
conductor bundle configuration) on OHL system performance is investigated in this
section.

4.1 Structure Strength Effect

The effect of the OHL structure strength is studied through the comparison of two
standard systems: the weaker 33 kV OHL system and the stronger 275 kV lattice tower
OHL system which is of central interest in this paper (Fig. 1). Comparisons at this stage
are performed using AAAC conductors because they are more uniform and thus allow for
the structure strength effect on system performance to be observed. For the same reason,
the span length of the L3 system is set to 110 m and the radial thickness of ice to 9.5 mm.
Finally, for simplicity the conductor ageing (creep) is not included in these calculations as

the focus is on the effect of structure strength on the sag zones.

Table 2 presents the calculated sag and tension values for the standard AAACSs studied at
both critical loading conditions as well as their ampacity at 70 °C. Regarding the
performance of the lattice tower system, it can be observed that the MCT of the two
smallest conductors is limited by their strength (50% RBS), while the MCT for the largest
one is limited by the OHL strength. The MCT for all other conductors is controlled by
their self-damping vibration limit tension [15]. When the calculated values (of sag and
ampacity) are compared with the corresponding values for the wood pole system it can be
seen that the stronger lattice structure can withstand larger conductors without reducing
their sagging performance. However, the smaller conductors have the same sag-ampacity

performance on both structures.
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Table 2

Fig. 2 illustrates the sag performance of the different AAACs (of Table 2) at maximum
weather (-5.6 °C) as well as at maximum electrical (70 °C) loading conditions for the
wood pole and lattice tower structures. It can be observed that the conductors of the weak
conductor zone develop excessive sag at extreme weather loading (-5.6 °C) and therefore,
the weather loading is the critical design condition for these systems. This is mainly due

to the reduced conductor strength that the small AAACs provide.

Figure 2

The results of this analysis show that as the size of the conductor installed on these
structures increases, the EDT zone is developed (Fig. 3). Within this zone the OHL
system’s performance is determined by the maximum electrical loading conditions. It can
also be observed that the increased strength of conductors is utilized by the OHL structure
since the critical weather loading sag (sag at -5.6 °C) is further reduced. The right
boundary of the EDT zone is defined by the strength of the structure and, as shown in
Fig. 2, the weaker wood pole structure has smaller EDT zone while the stronger lattice
tower structure has an extensive EDT zone allowing larger and heavier conductor sizes to
be installed improving the electrical performance of the OHL system. The opposite occurs
with the weak OHL zone which shrinks, whereas, the weak conductor zone is not affected
by the structure as it is only influenced by the conductor strength. When the maximum

conductor size that can be installed in the wood pole structure exceed the size of Upas
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(24.7 mm), the strength of the cross-members and insulator pins may be affected by the
vertical forces applied on the structure and therefore, additional reinforcing may be

needed.

It is important to emphasize at this point, that the combined electrical and mechanical
performance of the OHL systems studied in this section, could have been improved by
manufacturing the conductors within the EDT zone (i.e. with diameters between 15 mm
to 20 mm for the wood pole and up to 37 mm for the lattice tower) with weaker but more
conductive aluminium alloy. In other words, using AL7 alloy would be a better choice

than using the standard AL2 or AL5 [27].

A further increase of conductor size installed on the OHL structures worsens the sag
performance (Fig. 2). When ground clearance constraints exist the maximum operating
temperature of the OHL system will be reduced, constraining its electrical performance.
This reduced sag performance of the larger conductors within the weak OHL zone is the
effect of limited strength of the OHL structure and increased ice and conductor weight.
Two effects are observed on the sag performance of the conductors within the weak OHL
zone: (a) the increased sag developed at both critical conditions and (b) the different rates
of change of the sag values between the weak (wood pole) and strong (lattice tower) OHL
structures. These two effects indicate that light-weight conductor technologies can
improve the performance of the (studied) OHL systems. The use of lighter materials will
extend the EDT zone of the system to larger conductors and, therefore, enhance both the

electrical and mechanical performance of the OHL system as a whole. Conversely,
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reinforcing the structure could have the same effect as installing lighter conductor
technologies. It should also be noted that the strength of the conductors falling within the

weak OHL zone is the least critical factor to be considered for the OHL system design.

The end of the EDT zone occurs when the critical weather loading performance curve of
the OHL-conductor system reaches the minimum point (Fig. 2). At this point the standard
Poplar (20.1 mm) and Araucaria (37.3 mm) conductors, among the ones examined here,
perform best for the studied wood pole and lattice tower systems, respectively. Thus, this
minimum point can be used to identify the most optimum conductor size on any given

combination of OHL structure and conductor technology.

4.2 Span Length Effect

Lattice tower OHLs cover longer distances, and therefore, terrain constraints influence the
span lengths. Different span lengths, covering variations within the most common range
are modelled in order to identify the effect of this parameter on the mechanical and
electrical system performance, as shown in Fig. 3. It should be noted that the maximum
electrical loading conditions are the same as in the previous section (Structure Strength
Effect) and thus the maximum electrical loading at 70 °C, which is independent of span,

is the same as in Table 2.

The sag performance of the lattice tower OHL system reduces with the increase of span
length (Fig. 3). In the case of 440 m span length all the AAACs develop more than the

12 m maximum permitted sag by the 275 kV L3 structure exceeding the minimum safe
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clearance to the ground [34, 35]. Therefore, the standard L3 tower cannot be used with
440 m span length. From Fig. 3 it can also be derived that the increase in span length
shrinks the EDT zone and expands both the weak conductor and weak OHL zones. The
increase in span, consequently, reduces the electrical performance of the system as the
worse sag performance constrains either the maximum conductor size or Tyax. In this
case study, the sag of the large Araucaria (37.3 mm) and Redwood (41 mm) conductors
increases with corresponding increase in the span length, and for span lengths larger than
330 m, the Redwood conductor infringes the minimum clearance to ground at 70 °C
operation. Consequently, lower operating temperature or smaller conductors have to be

used in order to preserve the required clearances.

Figure 3

As already discussed earlier, the performance of the 440 m span length exceeds the
permitted maximum sag even for the conductors within the EDT zone. This signifies the
need for taller towers instead of stronger ones. In particular, for the examined system
approximately 3 m extension legs are required to increase the permitted sag to 15 m. This
observation, consequently, leads to the conclusion that a smart tower design involves
finding the optimal ratio of strength and height for the specified OHL system. An
alternative option is to reduce the sag by changing conductor technology, which is

investigated in Section 5.
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4.3 Conductor Bundle Configuration Effect

The twin bundle configuration is studied in this paper since this is the only one used for
the L3 tower structure. The analysis does not involve the surge impedance loading and
electrical stresses on conductor surface but only the effect on thermal loadings which
have not been examined previously; that was mainly because initially the use of bundles

was for voltage upgrading rather than for current uprating.

Fig. 4 compares the sag and electrical performances at 70 °C for the single and twin
bundle configurations of the AAACs in Table 2, at different span lengths. The initial sag
and the final sag with 10 years of conductor ageing are illustrated. The results in Fig. 4
show that the EDT zone is reduced when employing bundle configuration and it is
vanished for the larger 330 m and 440 m spans. Among the conductors and span lengths
studied here, the twin Poplar has the best sag performance while when increasing the size
to twin Upas the sag increases considerably for span lengths of 330 m and above. By
comparing the twin Poplar to single Araucaria as well as the twin Upas to single
Redwood (Fig. 4) configurations, similar electrical and sag performances can be
observed. Something not obvious from Fig. 4, however, is the difference in the total
conductor weight the tower has to withstand when different bundle configurations are
used. In particular, the aforementioned twin bundle configurations are approximately 40%
lighter than the corresponding single ones and consequently stress the tower less on the
vertical loading (Table 2). Therefore, the twin bundle configuration increases the

efficiency of the system by reducing the weight the tower can hold allowing larger
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conductors (in twin bundle) for the same tower strength and consequently higher

ampacities.

What is more important regarding the OHL system’s thermal rating when bundles are
employed and not mentioned in previous literature is the fact that the bundle
configuration provides increased skin factor and reduced conductor stranding effects, in
addition to increased heat dissipation through convection due to increased surface
(compared to the single conductor of equivalent size). The reduced stranding effects
resulted from the use of smaller conductors improve both the conductor’s weight and its
electrical resistance with corresponding benefits on the sag and ampacity of the OHL

system.

Figure 4

The conductor ageing varies with the conductor size, bundle configuration, and span
length (Fig. 4). The maximum ageing occurs when the OHL system is designed with
single Poplar (20.1 mm) and up to single Sorbus (33.39 mm) conductors. Moreover, the
twin bundle configuration reduces the ageing effect considerably for the conductors that

are not within the weak conductor zone.
5 Performance Comparison of Different Conductor Technologies

The electrical and mechanical performance of the different conductor technologies are

compared to evaluate benefits that may result from the improved properties (e.g. weight,
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linear expansion, strength) of novel conductor technologies, on the 275 kV L3 system at

normal operating temperatures (i.e. not above 100 °C).

5.1 Singe Bundle Electro-mechanical Performance

The L3 lattice structure described before (Fig. 1) is used with a single conductor
configuration and span length of 330 m, which is considered to approach an average OHL
span configuration. The electrical and weather loading conditions detailed under the
System Description section are used.

Figure 5

Fig. 5 (on the left) presents the sag with and without creep, and the ampacity performance
of the various conductor types studied (Table I) at maximum electrical loading. The sag
zones can again be distinguished for all the different technologies. The definition of the
zone boundaries, however, is not as clear for the bi-material conductor technologies as it
is for the AAACs due to their non-homogeneous composition, which leads to anomalies
in their sag performance [36]. It can, additionally, be seen that the stronger and lighter the
conductor technology the lower the sag values within the EDT zone; this also causes the
EDT zone to expand to a wider range of larger conductor sizes. When the creep is
considered in the calculations, the stronger conductors are less affected by the long term
creep and therefore, have slightly improved their performance. The boundaries of the
zones are not affected by the creep as it can be seen from the top and bottom graphs on
the left hand side of Fig. 5. Furthermore, comparison of these two graphs highlights the

importance of the inclusion of the ageing calculations in the analysis, since the ageing
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may indicate some conductors as inappropriate to install on a structure influencing the
system’s actual electrical performance. For example, the largest AAAC Redwood
infringes the minimum clearance to ground after 10 years of operation by 50 cm (bottom
Fig. 5), while, its initial sag performance was 5 cm below the maximum permitted sag

(top Fig. 5).

The electrical performance comparison of the different conductors (right hand side of Fig.
5) at 70 °C is performed based on their diameter, weight and their resultant weight when
maximum weather loading is considered. When the electrical performance of the
conductors is compared based on their diameter (top right graph of Fig. 5) ACCC/TWs
appear to be better than other designs due to their trapezoidal shaped strands and the
resulting higher fill factor, while all other conductor types have very similar ampacities.
However, the comparison of ampacities with respect to conductors’ weight clearly
indicates that the ACSRs are more resistive and this is particularly obvious for the hard
ACSRs. For example, the Zebra (28.6 mm) conductor, which has similar weight as Rubus
(31.5 mm) and 1033-T13 (31.7 mm), has much lower electrical performance (middle
right graph of Fig. 5). In fact, this conductor has even worse performance than the lighter
Drake-E (28.1 mm). In order to improve the system’s electrical performance with soft
ACSRs and achieve similar performance as with AAACs and HTLS conductors, Moose
(31.8 mm) has to be installed over-stressing unnecessarily the structure by approximately

23% (Fig. 5).
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Furthermore, when the conductors’ resultant weight is used to evaluate their electrical
performance it can be derived that the Drake-E with the trapezoidal shape strands and the
lighter core performs better than the other aluminium alloy conductors (ACCR, AAAC).
Again, the ACSRs are the worst performing conductors as shown in Fig. 5 and their
performance worsens when they are compared to the other conductor types at larger
conductors. This indicates that performance comparison of novel HTLS with the ACSRs
[6, 8-11] could be misleading. Instead, the AAACs which perform better compared to
ACSRs at normal operating temperatures, should be considered in such comparisons even
though there are structural differences (due to the bi-metallic properties of HTLS

conductors).

The comparison of the conductor resistance based on cross area is not shown in the figure
as the different conductor types have virtually identical performance. This may be the
result of the designing principle of bi-material conductors to have similar volume

resistivity with the AAACs.

5.2 Twin Bundle Electro-Mechanical Performance

The performance of the different conductors on the same structure is also compared when
twin bundle configuration is considered. The electrical performance of these OHL
systems can be calculated by doubling the ampacities in Fig. 5. The conductor sag
performance changes considerably as shown in Fig. 6 where one can see that the EDT

zone is not developed for the different conductor types studied here.
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Figure 6

The sag performance of the system with twin bundle configuration is heavily dependent
on the conductor weight rather than its strength making the heavier conductors (hard
ACSRs) to sag more than the lighter conductor types (e.g. AAACSs) on the OHL structure.
The novel ACCRs have similar performance to the AAACSs at low temperatures while the
ACCC/TWs, with similar weight to AAACs and lower thermal expansion coefficients,

perform better than the other types at the same Tyax (70 °C).

The larger conductors that can be installed in the structure without infringing the
minimum ground clearance when the creep is considered are Poplar (20.1 mm AAAC),
Panther (21 mm hard ACSR), 556-T16 (23.9 mm ACCR), and Grosbeak-E ( 25.1 mm
ACCC/TW) with ampacities of 886.5 A, 908.3 A, 1110 A, and 1316 A, respectively.
Therefore, from all these conductors Grosbeak-E has the best electrical performance is
achieved by and is the conductor that can be installed on the OHL without infringing the
required ground-clearance with the highest ampacity at 70 °C. However, in order to make
the comparison even more holistic, different maximum operating conditions should be
considered up to the Tuax the conductor can operate without affecting considerably its

ageing while preserving the required ground clearance on this specific system.
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6 Operating Temperature Effect on System’s Holistic Performance

This section investigates the 275 kV L3 OHL system at different operating temperatures
(Tmax’s) in order to identify the maximum power transfer capability of the system with
each of the conductor technologies in twin bundle configuration and thus evaluate the

overall system performance.

The electrical and mechanical performance of conductors of different types and sizes has
been studied for the system at operating temperatures varying from 50 °C to 100 °C. The
aim is to identify the conductors that allow the maximum power transfer through the
studied system without infringing the required 7 m ground clearance (i.e. 12 m sag),
whilst keeping the losses at low levels. It should be noted here that even though the HTLS
conductors can operate beyond 100 °C without any problem [37, 38] the AAAC and
ACSR conductors are affected by the elevated temperatures above 75 °C and their Tyax
is limited to 90 °C. Therefore, the duration of the operation at elevated temperatures (i.e.

above 75 °C) was set to 72 hours for the 10 year period.

Fig. 7 illustrates the sag performance (top) of the different conductors and their
corresponding ampacities (bottom) for the temperature constraints of 90 °C and 100 °C.
The soft ACSRs exceed the 12 m maximum sag and therefore are not presented in the
figure as they are not suitable for this structure. It can also be seen that for the hard
ACSRs two different maximum operating temperatures (80 °C and 90 °C) are selected

since a larger conductor can be employed with lower operating temperature.
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The graphs of Fig. 7 can be used to identify the ideal conductor size among different
conductor types for this OHL system. The circles indicate the largest conductors that can
be erected on the system with the best electrical performance and their ampacities at the

corresponding operating temperatures.

The performance of the different twin bundle ACSR configuration with Panther and Lynx
at 80 °C and 90 °C is very similar and both conductors perform worse when compared to
Poplar (AAAC) at 90 °C. When the HTLS conductors are considered, the power transfer
capacity of the line is increased by approximately 20% (250 A) and 65% (780 A) when
the 477-T16 (ACCR) and the Grosbeak-E (ACCC/TW) are installed, respectively. It can
also be observed that the ACCR and ACCC/TW conductors can operate even at higher
temperatures than the 100 °C with the latter having an approximate 80 cm excess of sag

allowance provided by the structure improving further the OHL’s electrical performance.

Figure 7

The comparison of the I°R losses of these conductors at different operating temperatures,
shown in Fig. 8, indicates that the Grosbeak-E (at 100 °C) produces the least losses and
the Lynx (at 90 °C) the most with the HTLS conductors generating fewer losses than the
AAACs at the same operating temperature. It is also important to note that Panther
(ACSR) and Poplar (AAAC) have identical losses since the core magnetising factor for

the examined range of temperatures for Panther is negligible.
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It is important to emphasize that the AAACs’ sag performance depends on the duration of
elevated temperature operation. For example, if instead of 72 hours at 90 °C operation,
Poplar operates at 90 °C for about 240 hours, this would increase the conductor’s sag by

approximately 25 cm within the 10 year time.

Figure 8

7 Discussion

The effect of the structure’s strength on the OHL system performance is investigated by a
comparison between two different but well known OHL structures: the 33 kV wood pole
and the 275 kV L3 lattice tower. This comparison helps to further understand the
dependence of the sag zones [14] on the OHL structure strength and extend their
application to the lattice tower systems. Furthermore, it illustrates the dynamic
performance of the zones and their importance on identifying the optimal standard

conductor size (minimum points if Fig. 2) to be erected on a given structure.

The increase in OHL structure strength extends the EDT sag zone to larger conductors
and allows their installation on the system without reducing the minimum required
ground clearance (Fig. 2) and, thus, improves the electrical performance of the system by
allowing increased power transfer through the same corridor (Fig. 3). The same effect can
be achieved by selecting conductor technologies of smaller core densities which results in

lighter conductors.
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The effect of large spans cannot be reduced by installing stronger conductors or stronger
towers (Fig. 4). Thus, the use of extension legs is more beneficial than the increase of the
tower strength. This indicates the importance of optimizing the strength-to-height ratio of
OHL structures. However, using lighter conductor technologies with lower thermal
expansion coefficients could permit large span lengths (i.e. 440 m) with shorter (or even
without) tower extension legs and therefore, could reduce the structure cost demonstrating
additional benefits that arise from novel conductor implementation at normal operating

temperatures.

The use of a twin bundle configuration on the 275 kV OHL has a twofold effect on
improving the system’s power transfer capability. Firstly, it increases the heat dissipation
from the conductor to the ambient environment and secondly, it reduces the spiralling
effect, which is more dominant on large conductors. The latter improves both the
electrical and the mechanical performance of the system, as it reduces both resistance and
weight of the conductor. Furthermore, the bundle configuration reduces the conductor
weight by 40% indicating effective use of materials and cost efficiency since less
aluminium is required for the conductors. All these benefits on thermal rating resulting

from the use of bundles are not reported in previous literature.

The analysis of the performance of different conductor technologies on the lattice tower
OHL system indicated that the AAACs have the best performance among the

conventional technologies and these conductors should be included in performance
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evaluation of any novel HTLS technology instead of using only the ACSRs. A further
improvement of the performance of AAACs can be achieved by employing alloys with

lower resistivity and strength (e.g. AL7 or other alloys).

The ampacity of the studied conductor technologies is almost identical when the
comparison is performed based on their cross-sectional area indicating that most probably
the bi-material conductors are designed to have similar volume resistivity to AAACsS,
justifying that novel conductors are designed with electrical properties to match the
existing ones and not to meet the needs of individual structures. However, when their
electrical performance is compared based on their resultant weight (Fig. 5), the
differences underline the importance of developing lightweight conductor technologies

with increased fill factors (trapezoidal shape).

It is also critical to note that new conductor technologies allow larger conductor sizes to
be employed on the same structure due to their reduced sag and therefore they may be
used to reduce system copper losses when designed to operate at normal temperatures

(e.g. 100 °C). This alone may justify the additional cost of the conductor.

8 Conclusions

The analysis in this paper shows, firstly, the importance of the sag zones in identifying the
optimal holistic (i.e. electro-mechanical) performance of conductors on arbitrary systems.

Furthermore, it has been found that the weight of the conductor is one of the factors that
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constrain the system’s performance in both structures and consequently the use of lighter
(but weaker) materials could benefit the OHL system performance. This is also apparent
from the performance comparison of the different conductor technologies on the lattice
structure. The reduction of conductor weight (through the use of lighter material) leads to
expansion of the EDT sag zone to larger conductors permitting increased thermal rating at
normal operating temperatures. A similar effect can be achieved with the increase of the
OHL structure strength, as shown with the comparison of the stronger lattice structure to

the weaker wood pole one.

The analysis of different span lengths showed that the increase in structure strength
cannot reduce the conductor sag of large span sections and therefore taller structures are
required. New conductor technologies that provide low thermal expansion coefficient and

lighter materials can also contribute to overcome this need.

On the 275 kV L3 OHL system the AAACs appear to have the best performance among
the common technologies. Therefore, if interest is on the evaluation of the potential of re-
conductoring with novel conductors, comparisons should also be made with AAACs in
order to have a more valid conclusion as opposed to the current practice [6, 8-11] to

compare to only ACSRs because of their structure similarity.

Employing bundle configuration instead of larger conductors results in better electrical
performance by the effective use of materials (i.e. 40% less aluminium). This

improvement in performance is the result of the enhanced conductor cooling and more
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importantly the improved conductivity and reduced weight resulted from the lower

spiralling effects of the smaller conductors used on bundle configurations.

Among the novel technologies investigated here it was also found that the ACCC/TWs
appear to have better electrical performance on the studied OHL systems at the 70 °C
operating temperature due to their low weight and thermal expansion coefficient. This
supports the conclusion that HTLS conductors could also be beneficial at operating
temperatures below 100 °C, with reduced losses, and not only at elevated temperatures

for which they are designed for (i.e. close to 180 °C).
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lengths.

Figure 4: Sag and ampacity of AAACSs on the L3 lattice tower for different span lengths
with and without creep mitigation at Tyax.

Figure 5: Single conductor sag (left) and the ampacity performance (right) at 70 °C on
330 m span 275 kV L3 tower OHL system.

Figure 6: Sag performance of twin bundle conductor configuration on the 275 kV L3
OHL system with 330 m span length at 70 °C electrical loading.

Figure 7: Sag (top) and ampacity (bottom) performance of the 275 kV L3 OHL system
with 330 m span length with twin bundle conductor configuration.
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Bare Conductor |Tmax C]gre StI:?; gh;\i/[r a]CEtEVCiSFlEiES O]u)ter Sgg;fﬁragterciflfgs ) Core Ztrands o ) Outer Strands_ | Cond.
o e o e o shape and materia shape and materia Diagram
Technology | (°C) jyeg/m)|Mpa)|(Gpa)i10-6/°C)|tkg/m|(Mpa) (Gpa)|(10-6/C) i i ’
. Cylindrical aluminium alloy| Cylindrical aluminium
ﬁék%'ﬁg‘é?'(mg’ 75 | 2703|205 | 57 | 23 |2703|295|57 | 23 | (6201-T81)with53%  [alloy (6201-T81) with 53 %
IACS’ conductivity (AL3) | IACS™ conductivity (AL3)
Aluminium ) A . Cylindrical aluminium
conductor steel | 75 | 7780 |1140|207 | 11.5 | 2703 12%% 57 | 23 |  Sylindrical steel With | alloy (1350-H19) of 61 %
reinforced (ACSR) ° Y | 1ACS” conductivity (AL1) woft | hard
Aluminium Cg:)ir?wdr(i)ts:ﬁlen\;\;aitrzlsr\?v?g]ix Cylindrical aluminium -
conductor composite | 210 | 3330 {1380 216 | 6.3 |2703 | 159 | 57 | 23 aluming fibers of 23-24 05 | Zirconium alloy with 61 %
reinforced (ACCR) IACS conductivity [7] IACS" conductivity [7]
Aluminium Solid cylindrical core of a | Trapezoidal fully annealed
conductor composite R hybrid non-conductive (O’) tempered aluminium
coreltrapezoidal wire| 210 | 1935|2442\ 113 | 2.77 | 2703 89-76) 57 | 23 | nojymer matrix with both  [alloy (1350-HO) with 63 %
(ACCC/TW) carbon and glass fibers [6] IACS" conductivity [6]

*International Annealed Copper Standards Tmax: Maximum operating temperature De: Density RBS=Tensi

CTE: Coefficient of thermal expansion strd: strand

e Strength  MoE: Modulus of Elasticity

Table 1
Conductor data Loading at -5.6 °C Loading at 70 °C
Code N Diameter | Area GCW 275kV L3 33 kV Wood L3 lattice tower Wood
odeName 1 mm) | (mm® | (kg/m) [MCT (kN)[Sag (m)|MCT (kN)] Sag (m) ICT (kN)[Sag (M) [Imax (A)|CT (kN)[Sag (m) [Imax (A)
ALMOND 7.02 30.1 82.9 4.44 3.82 4.44 3.82 0.36 3.45 123.2 | 0.356 3.45 123.2
FIR 8.85 47.8 131.8 7.055 2.63 7.055 2.63 0.89 2.21 164.1 | 0.887 2.21 164.1
HAZEL 9.90 59.9 164.9 8.318 2.35 8.318 2.35 1.19 2.07 1885 | 1.188 2.07 188.5
OAK 14.00 118.9 327.4 13.09 1.82 13.09 1.82 2.36 2.08 288.4 | 2.359 2.08 288.4
MULBERRY | 15.90 150.9 423.1 15.363 1.69 15.363 1.69 3.08 2.06 333.8 | 3.085 2.06 333.8
ASH 17.40 180.7 506.7 17.596 1.58 17.596 1.58 3.69 2.06 373.1 | 3.694 2.06 373.1
ELM 18.80 211 591.5 19.853 1.49 19.853 149 4.31 2.06 4104 | 4.310 2.06 410.4
POPLAR 20.10 239.4 681.0 21.396 1.47 21.396 1.47 4.94 2.06 443.3 | 4.945 2.07 443.3
UPAS 24.70 362.1 1030.2 30.92 1.24 23.333 1.65 7.48 2.06 571.4 | 5.907 2.63 571.4
YEW 28.40 479 1362.9 39.4 1.14 23.333 1.92 9.89 2.06 677.7 | 6.826 3.02 677.7
TOTARA 29.00 498.17 1417.1 40.8 1.12 23.333 1.96 10.28 2.06 694.2 | 6.975 3.08 694.2
RUBUS 31.50 586.9 1686.3 47.05 1.08 23.333 2.17 12.27 2.06 765.6 | 7.749 3.30 765.6
SORBUS 33.39 659.4 1894.7 52.27 1.04 23.333 2.34 13.8 2.06 821.3 | 8.300 3.47 821.3
ARAUCARIA| 37.30 821.1 2359.4 63.90 0.98 23.333 2.70 17.17 2.06 936.3 | 9.436 3.81 936.3
REDWOOD 41.00 996.2 2862.4 72.00 1.00 23.333 3.08 19.9 2.16 1048.6 | 10.525 | 4.16 | 1048.6
Imax: ampacity ~ GCW: calculated greased conductor weight MCT: maximum conductor tension on the OHL structure
(red = weak conductor, green = weak (lattice tower or wood pole) structure, black = vibration tension limit )

Table 2
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