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Received: 27 September 2022 line to serve the process. Therefore, the analysis and design processes of a self-supporting 400
KV steel power transmission tower considering different parameters is performed. The studied
towers are categorized as suspension type and are designed for constant height, common
clearances, common span, common conductor, and ground wire specifications. These would be
performed in a sequence of implemented procedures relying on conventional design of
transmission towers versus the developed investigations progressively.
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OPTIMUM SPACING AND MEMBER GROUPS RECOMMENDATIONS FOR A TRANSMISSION LINE SYSTEM

1. INTRODUCTION

Transmission towers are protracted structures having a height that is much more than their
lateral dimension. They are an integrated system made up of steel sections and include a conductor
as well as a ground wire subsystem and one subsystem for each class of the support structure. They
are tailored to support an overhead power line. So, they are crucial for supplying electricity to
different regions of the nation. These lines have to be stabled and carefully designed to avoid failure
during a natural disaster. The user and structural designer are responsible for settling the height of
the tower and designing the general configuration, members, and joints details. The tower acts like
a single cantilever, freely self-supporting structure that is fixed at its base; while the guyed mast is
a pin shape linked to its foundation and braced with guys or other elements [1]. Transmission towers
are used in both high alternating current (AC) and direct current (DC) voltage and are derived in
different sizes and shapes. In the past, structure optimization -regarding shape and weight- through
mathematical programming methods caught attention. For weight optimization, member sectional
areas are taken into consideration as design variables. By combining the obstacles of shape and
weight optimization, the weight of the structure is a vastly nonlinear function of the design
variables. Thus, these are the nodal coordinates. Hence, the member lengths (on which the member
sectional areas are based) differ at each stage of repetition. Consequently, the complexity of that
optimization approach lies on the growing number of design variables [2, 3].

Many researchers have paid efforts towards design and analysis of transmission line towers
using various configurations and softwares. Gust factor method is used to make a comparative
analysis of various heights of towers by different bracing systems for various earthquake forces
and wind zones [4]. This was carried out to analyze wind loads, model analysis, and response
spectrum analysis, used for earthquake loads. Design and analysis are performed for multi circuit
dead end angle transmission tower [5]. The tower was divided into panels comprising A and X
pattern bracings and leg members. Single angle sections for belt members were used to reduce the
weight. ANSYS is used to study the static reaction and corresponding strain results of transmission
tower structure due to wind load at one static immediate time on vertical and transverse positions
[6]. Also, loose vibrational analysis characteristics of the transmission tower were studied. Finally,
brief dynamic analysis of transmission tower was performed to highlight the evaluation of dynamic
response of transmission tower due to different time wind load with different wind speeds such as
displacement and axial force. Static analysis is performed using STAAD Pro to propose the joint
with the most stress [7]. Subsequently, the analysis of this joint was performed in ANSYS via the
Finite Element Method. The results demonstrated that strain values increased with joint details
consideration. This shows that joints and connections play a vital role in stress distribution inside
the transmission tower and can significantly increase the strain produced on the members. Static
and dynamic assessment of transmission tower (X form of the bracing machine) are carried out
using ANSY'S software program [8]. The masses applied on the tower were useless load, live load,
and dynamic hundreds (Seismic and wind). Static, modal, reaction spectrum, and wind analysis
were accomplished. Consequently, the maximum deformation, combined stresses, and direct strain
were attained and plotted graphically. ANSY'S software is used to examine the static and dynamic
analysis of transmission tower under seismic loads considering a square tower as an example [9].
Various types of bracing systems were compared considering different seismic zones. The study
was performed for different load cases. Finally, K type bracing system demonstrated lower
deflection compared to X type. Besides, K type bracing system demonstrated the least weight
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compared to X type. Dynamic analysis of transmission tower is studied for various sectional
properties with fluid viscous dampers taking into account earthquake loads [10]. They noted that
dampers decreased the accumulation of the strain energy particularly near the resonance condition.
Also, the angle section was found to be better than box section after providing the dampers.
Dynamic response is studied for self-supported power transmission towers exposed to wind action
[11]. Different factors like height above the ground, diverse values of wind speed, and various wind
angle of attack were included to perceive their effect on the dynamic response of the structure. The
effect of the wind on the displacement of the structure was pinpointed by comparing the results
gained in a linear static analysis which considered the load combination with and without the
presence of wind action. It was revealed from this study that displacement via dynamic analysis is
superior to a static linear one. Moreover, the studied factors gave a remarkable effect on the
dynamic response of the structure and the outcomes revealed that dynamic analysis is pivotal in
structural design. STAAD.ProV8i is used to develop 400 KV dual circuit tower of angle and tubular
sections for wind load; through linear static and P-delta analysis [12]. The results revealed a saving
of steel weight up to 20.9% when tubular section was compared to angular section.

This work aims to investigate and optimize the design of transmission towers and achieve
their minimum weight. All the used computer programs in FORTRAN and their verifications that
are written by [13] have high reliability when compared to other programs in this field.

2. TRANSMISSION TOWER

A transmission tower which is also named a power transmission tower or electricity pylon
is a tall steel structure supporting an overhead power line. In electrical grids, transmission towers
are used to carry high voltage transmission lines that are responsible for transporting bulk electric
power from generating stations to electrical substations. Transmission towers must carry the heavy
conductors at an adequate safe height from the ground. Moreover, all towers have to withstand all
types of natural disasters. So, the design of transmission tower is a prime engineering job where
civil, mechanical, and electrical engineering concepts are equally applicable.

2.1. Transmission Tower Parts

The transmission tower is a main part of a power transmission system. It consists of the
following parts as shown in (Fig. 1):

2.1.1. The cross arm of the transmission tower

Cross arms carry the transmission conductor (Fig 1-a). Their dimension depends on the level
of transmission voltage, configuration, and the minimum forming angle for stress distribution

2.1.2. Transmission Tower Body

It is the portion from the lower cross arms up to the ground level (Fig. 1-b). This portion
plays an important role in keeping the required ground clearance of the lower conductor of the
transmission line.

2.1.3. Cage of transmission tower

It is the portion between the tower body and the peak (Fig. 1-c). This portion of the tower
holds the cross arms.
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2.1.4. The peak of the transmission tower

It is the portion above the upper cross arm (Fig. 1-d). Generally, earth shield wire connects

to the tip of this peak by an earth arm.
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2.2. Transmission Tower Model Dimensions

(d)

Fig. 1: Transmission tower parts a- Cross arm b - tower body c- cage d-peak

For the aim of the study, the data for 400 KV transmission line tower is adopted. The body

of a typical single tower exposed to the vertical load is considered for the parametric study of the
effect of the element’s cross sections on the tower weight. Different grouping of elements in which
each group have a number of members having the same area and the same other properties are
chosen and the weight of the structure under the same vertical load is found. The height of the

tower is kept constant and variation in the member’s cross-section is considered.

2.3. Tower's Geometric Configurations

As shown in (Fig. 2) the tower body is 33.25m in height. (Fig. 3-a) shows the cross-section
plane of the tower with a square shape in plane 14*14m at the base level (ground level) and 6*6 m
at the top level of the tower body under the lowest cross arm (Fig. 3-b). Followed by cage part with
a height of 24.50m (Fig. 2), with a square shape in plan 6*6 (Fig. 3-b) at the start and 4.2*4.2 at
the top (Fig. 3-c). Cross arms are 13.25 m cantilever on each side (Fig. 3-b), with a height of 2.5 m
at the connection point to the tower. These cross arms were connected at levels of 33.25 ,44.25,

and 55.25. At the top, there is a separate arm for the earth wire cable (Fig. 2).

Fig. 2: Tower geometry
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Fig. 3: Tower Cross Sections

In this study, total potential energy (TPE) method was used to determine the structure
equilibrium as a repetitive process of minimizing TPE. The equilibrium occurred when the TPE is
minimum. The analysis in this work is carried out using a computer program in FORTRAN [13]
based upon TPE using the conjugate gradient (CG) method. The analysis results from the
FORTRAN program were verified using a commercial Finite Element program (SAP2000), then
different spans between the towers were studied to obtain the optimum span for the transmission
line. After that, the optimum span was tested with different member cross-section grouping to
determine the optimum tower cross-section grouping.

3.  LOADS ON TRANSMISSION STRUCTURES

Prevailing practice and most stated laws require the design of transmission lines to be
minimum to satisfy the demands of the current edition of the National Electrical Safety Code
(NESC). NESC'’s rules for selecting the capacity factors of loads and overload are stated to establish
a minimum acceptable level of safety.

Vertical Loads

The vertical load on supporting structures consists of the weight of the structure plus the
superimposed weight (including all wires).

Vertical Wire Load On Structure= Vm*Vertical Design Span*Load Factor....................... 4]

Where:

— VW, : Vertical load of wire in. (t/m)

— Vertical design span (V): is the distance between low points of adjacent spans and is
indicated in (Fig. 4).

v

1 v,

Vertical T Semispans

Horizontal
H
Fig. 4: Indication of vertical design span.
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For the case study, the loads were carried out by the previous formula and the calculated
loads on the tower for 550 m spacing transmission line are shown in (Fig. 5).

I 0.65 ton 0.65ton I

~Ic

=5
2.87 ton _;__.f--f-m :--—-._:__ _ 2.87 ton
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Fig. 5: Example of determination of vertical design load for the tower under consideration (Zone A).

4. FORTRAN PROGRAM VERIFICATION

For verification of the FORTRAN program, the model was created with the same geometry
and loading case on both the FORTRAN program and SAP2000. The deflection of the cross arm
that is shown in (Fig. 5) revealed a high agreement between the FORTRAN and SAP2000 (Fig. 6).

Joint No.
18 532 536 540 544 548 552 556 560 564 568 572 603

......
"""""""
T +—Fortran Program
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=4 d
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-60

Fig. 6: Cross arm deflection verification between SAP 2000 and FORTRAN program.

The two models of the FORTRAN program and SAP2000 member’s cross sections were
divided into three groups as illustrated in (Fig. 11), and the internal force was examined in a sample
of each group. The results are presented in (Figs. 7, 8, and 9) respectively, and showed a very good
agreement between the SAP2000 and FORTRAN program as follows:
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Fig. 7: Axial force for member group 1.
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Fig. 9: Axial force for member group 3

From (Figs. 7, 8, and 9), it could be noted that the FORTRAN program gives very accurate
results compared to the SAP2000 model.

S. OPTIMIZATION ACCORDING TO SPACING IN TRANSMISSION
LINE

Four models were carried out using FORTRAN program. The models have the same loads,
shape, and dimension but with different spacing between the tower which affect the load acting on
the tower. Each tower has three groups, and each group assumes its cross section initially. After
that, each group is designed according to the resulting internal force and the designed cross-section
is redefined to obtain the real deflection and internal force for each model

Figure (10) shows the deflection of the cross arm for different spacing of the tower. It is
noticed from using the traditional way of grouping (three groups) that, the larger span presented
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more deflection for each cross arm, in general. For the vital point at the end of the cross arm, it is
recorded that a growth in deflection for span 250 m, almost about (17.3%, 38.7%, and 41.3%) for
spans 350, 450, and 550, respectively.

Joint No.
18 532 536 540 544 548 552 556 560 564 568 572 603
0

+—span 250
. ----span 350
Tt span 450
Ny span550

--------

Deflection (mm)
e e
=) =)
@ [~

s
2

-0.05

-0.06

Fig. 10: Cross arm deflection for different tower spanning.

Regarding total line weight -T.L.W. as indicated in Table 1, it was noticed from using the
traditional way of grouping (three groups) that, the larger span showed less weight up to 350 m.
Whereas, both spans of 450 m and 550 m donated slight difference. Concerning the overall
deflection, Span 450 m was chosen as the optimized one because it showed lower deflection than
span 550 m (Fig. 10).

Table 1: Single tower weights and total line weights for different spans for 173250 m transmission line

Span Single tower weight No. Total line weight
(m) (ton) of towers (ton)
550 53.183 315 16752.65
450 43.534 385 16760.59
350 43.534 495 21549.33
250 43.534 693 30169.06

For more optimization, the tower member cross-section is divided into more groups. Firstly,
a450 m span tower is divided -as the traditional way- into three groups. The main legs were divided
into two groups and all other members as one group (Fig. 11).
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Fig. 11: 450 m span tower divided into 3 groups.

For more optimization, the optimum tower was divided into more groups as shown in (Fig.
12, six groups) and (Fig. 13, eleven groups).
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Fig. 12: 450 m span tower divided into 6 groups.
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Fig. 13: 450 m span tower divided into 11 groups.

For the most optimized span (450 m), dividing a single tower weight -S.T.W- into 11 groups
lead to more decrease in deflection by about 6 % and 2% when compared to the 3 and 6 groups,
respectively (Fig. 14). Thus, detecting the vital position of the cross arm. This means that increasing

the number of groups may result in a stiffer composition.
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Fig. 14: Cross arm deflection for different groping groups.

For the most optimized span (450 m), dividing the weight into 11 groups lead to more
decrease in S.T.W. by about 24% and 12% when compared to the 3 and 6 groups, respectively. This
means that increasing the number of groups may result in less weight (Fig. 15).

weight (ton)

as 43.24

40
.35
S8 30
£ 25
@ 20

15

10

38.24
32.83

3 groups 6 groups 11 groups
Model 450m

Fig. 15: Weights of tower for different grouping systems.

CONCLUSIONS

The importance of this manuscript can be texted below:

1) The ultimate load-bearing capacity and failure mode of the tower, which is obtained from
numerical simulation by SAP2000, are very similar to those of the same run by the FORTRAN
program.

2) Increasing the number of groups may lead to more economic cross-sectional design by more
than 24% reduction of the overall consumed cost for the most optimized selected spacing (450
m).

3) Considering both serviceability and economic conditions (deflection and overall line
weight), a span of 450 m would be recommended as the most optimized spacing for a
transmission line system.
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