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1. INTRODUCTION

The intention of this documentation is to describe and explain the mathematical concepts and calculations of the spreadsheet Mechanical Calculations of Load for Live Line (MCL LL – SAG v 1.0 and MCL LL – COND ANG v 1.0). MCL LL is the spreadsheet used by field crews to determine mechanical loads from the conductors on poles based on a series of measurements prior to the commencement of work. The loads are determined both prior and after a pole change has occurred..

What is a Catenary?

A catenary by definition is a length of chord (conductor) suspended between two supports. The true equation for a catenary is a hyperbolic function. The calculations used in the spreadsheet use a combination of trigonometry, parabolic and hyperbolic calculations to approximate the catenary due to the field measurements obtained. A visual description of a parabola and catenary are given below.
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Definition of Mathematical Symbols
All measurements are taken from Pole 2 only. Measurements to Pole 1 and Pole 3 are taken with respect to Pole 2.

The measurements obtained in the field, their mathematical symbols and definitions are as follows:














	Symbol
	Definition
	Unit

	

(
(
Span L

D

H

(alpha)

L

T

VF

HF

RF


	Mass per metre of the conductor

The angle formed between the horizontal and the conductor support height on the adjacent span 

The angle formed between the horizontal and the conductor at the attachment point

Length of adjacent span under consideration. 

Sag of adjacent span under consideration

Height change of conductors due to new pole (or support) height

Line angle or angle of deviation of the transmission line

Horizontal length of adjacent span under consideration.

Conductor tension

Vertical Force due to conductor weight and amount of span supported
Horizontal Force due to conductor tension and line angle

Resultant Force is the combination of vertical force and horizontal force.
	kg/metre

degrees

degrees

metres

metres

metres

degrees

metres

kilograms

kilograms

kilograms

kilograms




Table 1. Symbols and Definitions

2. ASSUMPTIONS OF LIVE LINE WORK USING A RIG

Basic mathematical assumptions were made regarding the scenarios of live line work so solutions for the unknown parameters could be determined by simultaneous equations. These assumptions take into consideration that rollers are used when lifting the conductors which enable the point of attachment on Pole 2 to vary according to the tension in the conductors.

Assumption 1

The conductor attachment points are fixed on the poles at Pole 1 and Pole 3. The conductor point of attachment for Pole 2 is variable with a pole change. Despite any variation to the conductor’s point of attachment on Pole 2, the overall conductor length remains unchanged.


Assumption 2


Fig. 3 Breaking down the Tension vector into Horizontal and Vertical components

When the conductor is lifted from Pole 2 to perform work (e.g pole change) the conductor is placed on a rolling mechanism that allows equilibrium to be reached. This involves the lengths of the conductors of both spans to increase or decrease to reach this equilibrium. Equilibrium is achieved when the tangential tensions T2 and T3 are equal. The primary forces involved are the horizontal components of tension about Pole 2, hence these are used to determine equilibrium conditions.

Assumption 3

The overall conductor length from Pole 1 – Pole 3 will not vary (Assumption 1), hence the weight of the conductor is the same initially as it is finally. A summation of the vertical components (kg) of all the tensions will equal the weight of the conductor. 


By summing the vertical components of tension the conductor weight can be found:



n.b This is only true for spans that do not have uplift.

3. SCENARIO DETERMINATION

A scenario identification scheme was implemented to help validate whether the input angles have been entered correctly. A scenario is determined for both the initial conditions and the final conditions after a pole change has occurred.


LEVEL

(1 = (2 = 0

HILLTOP

(1 < 0 AND (2 < 0


VALLEY

(1 > 0 AND (2 > 0


LEVEL SLOPE

(1 = -(2 

(AND (1(0. Excel does not require

this additional logic to obtain the correct 

response)


HILLTOP SLOPE

(1 + (2 < 0 AND (1 >= 0 AND (2 < 0

OR 

(1 + (2 < 0 & AND (2 >= 0 AND (1 < 0


VALLEY SLOPE

(1 + (2 > 0 AND (1 > 0 AND (2 <= 0

OR 

(1 + (2 > 0 AND (2 > 0 AND (1 <= 0

4. TRIGONOMIC CALCULATIONS

Trigonometry is used to determine the remaining parameters to perform the more complicated maths.

Calculations are completed for both Span1 and Span2. Only Span1 is looked at in this case.


Initial Height Difference (h)

x = Span L1 x sin(1 (m)


h1 = -x


h1 is used because Pole 2 is 

reference. i.e +ve (1 infers 

Pole 2 is lower than Pole 1.

Resultant Height Change (HR)

HR1= h1 + H 
(m)

where H is Height Change

Horizontal Span (L)
L1 = Span L1 x cos(1 

(m)

Resultant Angle ((R)

(R1 = tan-1(HR1 / L1) 
(deg)

Resultant Span (Span L1 RES)
Span L1 RES = L1  ( cos(R1
(m)

5. PARABOLIC CALCULATIONS

Parabolic calculations are used to approximate the catenary. They are used instead of more accurate hyperbolic calculations because they require less parameters to be resolved. The field measurements obtained require parabolic calculations to be used as a foundation for the remainder of the mathematics. 
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where L = horizontal span length (m)


D 
= sag (m)


c
= catenary constant (m)

Catenary Constant (c)

Initially each span can have a different value of ‘c’ as the scenario may not be at equilibrium.

Rearranging gives 
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A parabolic equation was used to approximate c as there were not enough field inputs to give a hyperbolic approximation.

However, “For span lengths less than 0.7c, or sags less than 9% of the span length, the difference in sag between the catenary and the parabola is less than 1%” 

– ESAA C(b)1 – 2003 E3

Conductor Length (S)
S = 
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Where: I is Span L

n.b There is a typo error in E8.2 where formula has been written as 
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, where the ‘1’ should be ‘I’.

Reformatting for conductor length of Span1 gives:
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Total Conductor Length (Stotal)

Stotal = Sspan1 + Sspan2
(m)

Total Weight of Conductor (Cond. WeightTotal)

Cond. WeightTotal = Stotal x w
(kg)

Total Force of Conductor

= Cond. WeightTotal x 9.8067ms-2
(N)

where 9.8067ms-2 is the acceleration due to gravity (ESAA C(b)1 – 2003 E5)

Calculation of Sag

The calculation of sag was implemented as practical complications could arise with measuring the sag due to field terrain and conditions. Sag was calculated using the conductor angles formed at the attachment points.
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ESAA C(b)1 E8.2

where ( is the conductor angle from the attachment point


 h is the height difference in metres between poles of either Span 1 or Span 2 


D is the sag of the span in metres


L is the horizontal distance in metres between the span

Rearranging for Span1:
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Instead of the measured value of sag being used to find the Catenary Constant (c), the calculated sag is used. The remaining calculations are unchanged.

In terms of error comparison, theoretically there are only minor differences in results. Using identical numbers will give identical results. Errors only begin occurring when the rounding off of values takes place. The error comparison can only be compared in a practical sense. There are certain terrains and scenarios (e.g very long spans, hilly terrain, forests) where measuring the sag will prove very difficult or impossible and in these instances approximating the sag would be very inaccurate. Measuring the conductor angle in these conditions may prove to be feasible and give a reliable measurement. For some short spans however, practically it may be more accurate to measure the sag, rather than calculate the sag based on the conductor angle.

6. HYPERBOLIC CALCULATIONS

A more accurate method of approximating a catenary instead of using parabolics is using hyperbolics. 

Low Point of Conductor (x)

The spreadsheet calculates both x1 and x2 for both spans. The correct value of x is determined logically by finding if the height of Pole 2 is lower or higher than the compared pole.
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use if Pole 2 is lower than compared pole
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use if Pole 2 is higher than compared pole

both from ESAA C(b)1 – 2003 E8.1

Conductor Length from Pole to Low Point of Conductor

This formula calculates the length of conductor from Pole 2 to the lowest point in the conductor (smallest vertical distance between conductor and horizontal ground level) in either Span1 or Span2.

For Span1: 
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Sign does not play a part in the calculations as S1 is a length, not a vector.
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has been used in the calculations.

Tangential Tension (T)
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ESAA C(b)1 – 2003 E8.1




Vector directions are assumed to be opposite throughout this document however hence:
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Horizontal Tension (H) = wc
ESAA C(b)1 – 2003 E3

Using Pythagoras: 
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(use hyperbolic identity cosh2x-sinh2x = 1)
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n.b hyperbolics are not supported by the Palm, BUT exponentials are supported.
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7. VERTICAL FORCE AND UPLIFT

The vertical force on Pole 2 was found by finding the amount of conductor weight that the pole is supporting. Pole 2 supports the conductors in Span1 and Span2 to the lowest point of the conductor in relation to ground level. 

Typical Scenario

V2 and V3 are the vertical 

components acting on Pole 2.

V2 = S1 x w  (kg)

V3 = S2 x w  (kg)



 


Vertical Force (VF)

Vertical Force (VF) on Pole 2 = V2 + V3 
(kg)

Uplift Scenario


 V2 = S1 x w  (kg)

 V3 = S2 x w  (kg)


 




In this case S1 and S2 are negative as both are imaginary distances due to the low point of the conductor not being present in the span. Due to S1 and S2 being negative, both V2 and V3 are negative (negative weight) resulting in an uplift situation.

8. ULTIMATE TENSILE STRENGTH

Background

Each of the following cases are at equilibrium.

















 


Theoretically T2 = T3 at equilibrium. The math used in the calculations assumes that H2 = H3 for simplicity. This assumption is still highly accurate as tension is the dominant component.

The larger value of tension will be used in the calculation to find the percentage of UTS the conductor is under.

Percentage of UTS = {[(T2 or T3) x 9.8067] / UTScond} x 100

Where UTScond is the Ultimate Tensile Strength of the conductor in Newtons.

T2 and T3 are in kilograms.

9. ASSUMPTIONS OF RIG WORK

These Assumptions are required to perform the calculations after a pole change has occurred. With a height change occurring it is assumed a rig is used that allows the system to reach equilibrium. Using the 3 Assumptions explained previously, the equations can be solved simultaneously.

Assumption 1

Conductor Length1-3 initial = Conductor Length1-3 final
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Where: I1-2 is Span L1 and I2-3 is Span L2

Stotal-initial = Sspan1 + Sspan2
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now c1 = c2 when horizontal tensions are in equilibrium. (from Assumption 2)

Substitution and rearrangement gives:
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(m)

Assumption 2

H2 + H3 = 0

Substitution gives:

wc1 = -wc2
(
c1 = -c2


c is a length, NOT a vector, hence only magnitude is required.

( c1 = c2 for equilibrium

Assumption 3

Conductor Weight = V1 + V2 + V3 + V4
=
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10. RIG WORK CALCULATIONS 

The derivations of the catenary constants for Span1 and Span2 using the Assumptions allows the conductor length and final sag of the spans to be calculated.

Checking is completed to determine if there is enough initial slack in the conductor to perform the changes.

Using Assumption 1 it was found that the slack has run out when ‘c’ cannot be calculated. This occurs when the calculation attempts to resolve the square root of a negative number. This condition will occur when:

(Stotal initial – I1-2 – I2-3) < 0

Where: I1-2 is Span L1 and I2-3 is Span L2

This condition is tested for logically.

Horizontal Force (HF)

HF = (H2 + H3) x sin(line angle/2)
(kg)

where ( = line angle












After equilibrium H2 = H3 (Assumption 2)

(Horizontal Force = 2 x H2 x sin ((/2)
(kg)

Vertical Force on Rig (VFRig)

VFRig = VF + Tag LineVF 
(kg)











The purpose of rig work is for the Tag Line to oppose the Horizontal Force on the pole from the conductors.

(HF = Tag LineHF
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Summing vertical forces gives:

VFRig = VF + TagLineVF

Tag Line Force (Tag LineForce)
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Practically, measurements for tag line angle are taken from ground level at (.

Spreadsheet uses:

( = 90 - (



Fig. 11 Tag Line Angle Measurement

Resultant Force (RF)

The resultant force on Pole 2 from the conductors in Span1 and Span2.

RF = 
[image: image36.wmf]2

2

VF

HF

+


(kg)

(2





H3





(1





H2





Fig.1 Curve type comparisons 
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The conductor must be projected past Pole 2 to determine where the low point would be.





Conductor Weight = V1 + V2 + V3 + V4	(kg)





Conductor Weightinitial = Conductor Weightfinal	(kg)





H2 + H3 = 0	(kg) 	





Fig. 2 Typical field scenario and required inputs








Conductor Length Totalinital = Conductor Length Totalfinal	(m)
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Fig. 3 Finding ‘h’





Fig.4 Vectors according to ESAA C(b)1
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Equal & opposite force applied by wall
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Fig. 9 Top view showing Horizontal Force
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Fig. 10 Tag Line Diagram
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Fig. 6 Uplift Scenario





Fig. 7 Equilibrium
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Fig. 5 Typical Scenario





Fig. 8 Forces involved with catenaries
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