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a model of thermal and me
hani
al phenomenain bare overhead 
ondu
torsOs
ar DuarteUniversidad Na
ional de Colombia, Department of Ele
tri
al and Ele
troni
s Engineeringogduartev�unal.edu.
oCarrera 30, Calle 45, Ed. 453, Of. 202. Bogotá, ColombiaAbstra
tA Modeli
a model of the thermal and me
hani-
al phenomena of bare overhead 
ondu
tors is pre-sented. The geometry of the 
atenary is also mod-eled as an important part of the me
hani
al phe-nomena. The model has been 
ompiled and testedusing OpenModeli
a. Some appli
ation examplesare also presented to illustrate some analysis that
an be done with the model.Keywords: overhead 
ondu
tors, IEEE 738,
atenary, sag1 Introdu
tionBare overhead 
ondu
tors are essential in trans-mission and distribution of large amounts of ele
-tri
al energy. They are supported by transmissiontowers and exposed to varying weather 
onditions.The me
hani
al behaivor of these suspended 
ablesis a�e
ted by thermal pro
esses. Heat transfers
hange 
ondu
tor temperature, 
ausing lenght andtension modi�
ations. As a result, the geometry ofthe 
atenary des
ribed by the 
able also 
hanges.It is very important to study this geometri
 modi-�
ations, mainly to avoid ele
tri
al failures 
ausedby the violation of se
urity distan
es.In this paper we show a Modeli
a model of thethermal and me
hani
al phenomena of bare over-head 
ondu
tors; the geometry of the 
atenary isalso modeled as an important part of the me
hani-
al phenomena. The model has been 
ompiled andtested using OpenModeli
a ([2℄, [3℄). Some appli-
ation examples, and the sour
e 
ode are availableat the Virtual A
ademi
 Servi
es of the NationalUniversty of Colombia 1.1http://www.lab.virtual.unal.edu.
o

By using Modeli
a two main advantages havearised:
• The solution of the state 
hange equation isvery simple. This is an equation that must besolved by numeri
al methods. The Modeli
amodel of the equation is done in a natural way,and the algorithms available in OpenModeli
aare 
apable to solve it.
• The 
argability analysis is immediate. Themost 
ommon models from overhead 
ondu
-tors use the ele
tri
al 
urrent in the 
ondu
torto 
ompute the 
ondu
tor temperature for ex-treme operation 
onditions and then the me-
hani
al and geometri
 variables. Cargabil-ity analysis is the inverse pro
ess: from theme
hani
al, geometri
 or thermal limit 
ondi-tions we must �nd an ele
tri
al 
urrent thatwill 
ause them. Due to the obje
t-orientedmodeling of Modeli
a, the same model 
an beused in both dire
tions.This paper is organized as follows: in se
tion 2the phys
al model is presented in two steps, thethermal model �rst (se
tion 2.1) and then the me-
hani
al model (se
tion 2.2); in se
tion 3 the Mod-eli
a implementation is explained also in two steps(se
tions 3.1 and 3.2); in se
tion 4 we show someappli
ation examples to illustrate the analysis 
a-pabilities of the implementation. Con
lusions andfuture work are summarized in se
tion 5.2 Physi
al model2.1 Thermal modelThe thermal model 
al
ulates the 
ondu
tor tem-perature for a 
ertain ele
tri
al 
urrent andweather 
onditions. The IEEE Standar 738 ([1℄)

Proceedings 8th Modelica Conference, Dresden, Germany, March 20-22, 2011 

819



de�nes two di�erent models: one for steady state
al
ulations and another one for transient 
al
ula-tions.The non-steady heat balan
e is summarized byequation 1
dTc

dt
=

1

mCp

[

RI2 + qs − qc − qr
] (1)Where:

• T is the 
ondu
tor temperature.
• mCp is the heat 
apa
ity of 
ondu
tor.
• R is the ele
tri
al linear resisten
e of the 
on-du
tor, whi
h is a fun
tion of its temperature.
• I is the 
urrent passing through the 
ondu
-tor. The term RI2 is the heat gain by Joulee�e
t.
• qs is the heat gain by solar radiation.
• qc is the heat loss by 
onve
tion.
• qr is the heat loss by radiation.The standard also stablishes detailed models forevery term in equation 1. The main features ofthese models are:

R model: ele
tri
al linear resisten
e of 
ondu
toris 
al
ulated as a fun
tion of temperature bya linear interpolation (or extrapolation) of thevalues at two di�erent temperatures (usually25oC and 75oC). These values are available inmanufa
turers data sheets.
mCp model: total heat 
apa
ity is 
al
ulatedtaking into a

ount the per
entage of mate-rials in the 
ondu
tor (ussualy steel and allu-minium).
qs model: the a
tual heat gain by solar radiationdepends on the geographi
al latitude and alti-tude in whi
h the 
ondu
tor is pla
ed, the dayof the year, the time of the day, the abosorvityand size of 
ondu
tor; two atmosphere 
ondi-tions are 
onsidered: 
lear and industrial.
qc model: natural and for
ed 
onve
tion must be
al
ulated. The greatest of the two is used inequation 1. The wind velo
ity and dire
tion is
onsidered; air density and vis
osity dependson air temperature. Temperature, size andazimuth of 
ondu
tor are also involved in themodel.

A

B

O

D

SA SB

S

∆
y

y
A

y
B

h
A

ref xfFigure 1: Geometry of the 
atenary
qr model: radiated heat is 
al
ulated using tem-perature, emmisivity and size of 
ondu
tor aswell as air temperature.Noti
e that T , whi
h seems to be expli
ity 
al-
ulated in 1 is really involved in all the terms. Amore a

urate equation shoud be:
dT

dt
=

1

mCp

[

R(T )I2 + qs(T )− qc(T )− qr(T )
](2)2.2 Me
hani
al modelMe
hani
al phenomena in overhead 
ondu
tors arewell known (see for example 
hapter 14 of [4℄). Fig-ure 1 shows an overhead 
ondu
tor that des
ribesa 
atenary. It is supported in A y B, whi
h are atheight yA and yB from the level of the lowest point(O), and with a di�eren
e of level ∆y. hA is theheight of A from a referen
e level. The span (hor-izontal separation between supports) is S. Thelongitudinal tension is Ten, where as the horizon-tal tension is H. Condu
tor lenght is L, its linearweight is W and is temperature is T . The lowestpoint O is at a horizontal distan
e SA and SB fromsupports A and B. The length of 
ondu
tor fromthe supports A and B to the lowest point O are

LA and LB.SagD is the maximum verti
al distan
e betweenthe imaginary line that 
onne
ts A and B and the
atenary. Sag o

urs at the point in whi
h the
atenary tangent is the same as the slope of thatimaginary line. The horizontal distan
e betweenthis point and the lowest point O is xf .
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2.2.1 Geometri
 
onsiderationsThe height of the 
atenary y(x) from the level ofthe lowest point O is:
y(x) =

H

W
cosh

(

Wx

H

)

−
H

W
; (3)Where x is the horizontal distan
e to O. Let x bethe horizontal distan
e to A. Then we have:

x = SA − x

y(x) = H
W

cosh
(

W (SA−x)
H

)

−
H
W

(4)The height of the 
ondu
tor in x from the refer-en
e level is
h(x) = hA − YA + y(x) (5)

h(x) = hA −
H
W

cosh
(

WSA

H

)

+

H
W

cosh
(

W (SA−x)
H

) (6)The horizontal distan
e from the lowest point Oto the lowest support is SPB

SPB =
SA

2
−

H

W
sinh−1

{

∆y/2
H
W

sinh
(

W
H
SA/2

)

} (7)Noti
e that SPB is equal to SA or SB :
SA =

{

SPB if ∆y ≥ 0
A− SPB if ∆y < 0

(8)2.2.2 Computing the sagIn order to �nd the sag, �rst we �nd the slope mof the imaginary line that 
onne
ts A and B:
m =

∆y

S
(9)The �rst derivative of equation 3 give us the
atenary tangent:

dy

dx
= sinh

(

Wx

H

) (10)
xf s the point where the slops equals m, so wehave:

xf =
H

W
asinh

(

∆y

S

) (11)The sagD is the verti
al distan
e from the imag-inary line that 
onne
ts A and B, yr, and the 
ate-nary yc, both in xf

D = yr(xf )− yf (xf )

yr(xf ) = H
W

cosh
(

WSB

H

)

−
H
W

−m(Sb − xf )

yc(xf ) = H
W

cosh
(

Wxf

H

)

−
H
W (12)

2.2.3 Computing the horizontal tensionThe total lenght L of the 
able 
an be 
omputedfrom L = LA + LB

LA =
H

W
sinh

(

WSA

H

)

LB =
H

W
sinh

(

WSB

H

)(13)The 
able longitudinal tensión at a distan
e S/2from O is
Ten = H cosh

WS

2H
(14)Suppose two di�erent 
able states 0 y 1. Thereare now two longitudinal tensions Ten0 and Ten1,two horizontal tensions H0 and H1, two tempera-tures T0 and T1 and the two lenghts L0 and L1.Then we have the state 
hange equation:

L1 = L0

[

1 + a(T1 − T0) +
Ten1− Ten0

EA

] (15)Where a is the 
oe�
ient of dilatation, E theelasti
ity module and A the se
tion area. Noti
ethat the new length must also satisfy equation 13.Usually numeri
al methods must be used to satisfysimultaniously equations 13 and 15.Assuming that W does not 
hange from state
0 to state 1, the value of H1 is obtained by thesolution of
H1

W
sinh

(

WSA

H1

)

+ H1

W
sinh

(

W (S−SA)
H1

)

=
{

H0

W
sinh

(

WSA

H0

)

+ H1

W
sinh

(

W (S−SA)
H0

)}

[

1 + a(T1 − T0)
1

EA

[

H1 cosh
WS
2H1

−H0 cosh
WS
2H0

]](16)3 Modeli
a implementationCondu
tor and span parameters are stored in sep-arated re
ords named Condu
torData and Span-Data. Day of the year and time of the day arestored in a third re
ord whose name is TimeData.Tables 1 to 3 summarize the parameters in ea
hre
ord.3.1 Thermal model14 fun
tions have been de�ned for the implemen-tation of the thermal model (see table 4). 3 
lasseshave been also designed:Conve
tionHeatFlow: a model similar to theHeatTransfer.Conve
tion model, but whoseparameters are driven by the 
ondu
tor, spanand time parameters.
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de
laration meaningReal D External diameterReal a Coe�
ient of dilatationReal E Module of elasti
ityReal W Linear weightReal A Cross se
tion areaReal C Linear heat 
apa
ityReal R_ref Linear ele
tri
al re-sisten
eReal T_ref Temperature of refer-en
eReal alpha Slope of resistan
e
hangeReal abs =0.5 AbsorvityReal emi =1.0 EmissivityTable 1: Parameters in the Condu
torData re
ord
de
laration meaningReal He Altitude above sea levelin mReal L Latitude in degReal Zl Azimuth of the line indegReal S Span length en mReal Dy Support di�eren
e oflevel in mReal T_0 Temperature of 
ondu
-tor in state of referen
ein KReal Ten_0 Tension of 
ondu
tor instate of referen
e in KgFReal L_0 Lenght of 
ondu
tor instate of referen
e in mTable 2: Parameters in the SpanData re
ord
de
laration meaningInteger Day Day of the year (1-365)Real Hour Time of the day (0-24,13.5 means 1:30 pm)Table 3: Parameters in the TimeData re
ord

SolarHeatFlow: a model similar to the Heat-Transfer.Pres
ribedHeatFlow model, butwhose value is driven by sun and spanposition.StandAloneHeatingResistor: amodel similar to the Ele
tri-
al.Analog.Basi
.HeatingResistor model,that also 
omputes the heat gain by Joulee�e
t for a 
ertain ele
tri
al 
urrent.Condu
tor: it is a Heat Capa
itor with a tem-perature signal port.3.2 Me
hani
al and geometri
al modelMe
hani
al and geometri
al model is implementedby 4 fun
tions (table 5) and 4 main 
lasses:CatenaryStateChange: this 
lass is the imple-mentation of the state 
hange equations 15and 16. (See File 1). This 
lass is per-haps, the most important of the me
hani
almodel. Here we stablish that the state equa-tion must also satisfy the new length 
ondi-tion of 13. In order to help a fast solution ofthe state 
hange equations, a starting pointfor α = H/W 
an be set. We suggest to use
300 2.Catenary: it is a partial 
lass that joins the ther-mal, me
hani
al and geometri
al models (see2). In one hand it implements equation 1 as aCondu
tor (i.e. a heat 
apa
itor) whose heatport has atta
hed models for the heat �ows(joule e�e
t qJ , solar radiation qs, 
onve
tion
qc and radiation qr); air temperature Ta is in-
luded as a pres
ribed temperature. In theother hand it has also a 
omponent of theCatenaryStateChange 
lass; the temperatureof the Condu
tor is used as an input for theState Change analysys, whose main output isthe sag D 
al
ulation. In order to use this
lass, a derived 
lass must be designed, so theele
tri
al 
urrent I is de�ned. See File 3.Ele
tri
alCatenary: it is a derived 
lass fromCatenary 
lass, in whi
h a ele
tri
al 
urrentsignal is atta
hed to the 
ondu
tor2As an example, in the simulation shown in se
tion 4.1the numeri
al methods have found α = 394.7 for t = 0
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fun
tion 
ompute:AirCondu
tivity thermal air 
ondu
-tivity as a fun
tion of�lm air temperatureAirDensity air density as a fun
-tion of altitude and�lm air temperatureAirVis
osity air vis
osity as afun
tion of �lm airtemperatureAngleFa
tor 
orre
tion fa
torfor 
onve
tion heatlosses as a fun
tionof the angle be-tween the wind and
ondu
torAsinh asinh(x)Conve
tionFlow 
onve
tion heatlossesFor
edConve
tionHigh for
ed 
onve
tionheat losses for highwind speedsFor
edConve
tionLow for
ed 
onve
tionheat losses for lowwind speedsFor
edConve
tion for
ed 
onve
tionheat losses for anywind speedNaturalConve
tion natural 
onve
tionheat lossesFilmTemperature �lm air temperatureas a fun
tion of airand 
ondu
tor tem-peraturesSolarAltitude sun Altitude as afun
tion of latidude,day of the year andtime of the daySolarAzimuth sun azimuth as afun
tion of latidude,day of the year andtime of the daySolarFlux solar heat gain as afun
tin of altitude,solar altitude, sunand 
ondu
tor az-imuths and type ofatmosphereTable 4: Fun
tions for the thermal model

fun
tion 
ompute:CatenaryLenght equation 13CatenarySag equation 12CatenarySa equation 8CatenaryXbar equation 3Table 5: Fun
tions for the me
hani
al and geomet-ri
al model Joule
I

Air

Sun
Conv. Rad.Condu
tor StateChangeqJ qs

qc qr

Tc

Ta

D

Figure 2: Catenary modelStandAloneCatenary: it is a derived 
lass fromCatenary 
lass, the ele
tri
al 
urrent value isa Real, without atta
hing any signal to the
ondu
tor. In File 2 we show how to use this
lass for some spe
i�
 simulation 
onditions.4 System analysis and examplesIn this se
tion we illustrate the analysis 
apabili-ties of the model. To do it, we have applied themodel to a real span of a 230KV distribution sys-tem in Bogotá, Colombia. The model was imple-mented using OpenModeli
a. As a part of a pre-vious 
argability study the span was modeled indetail ([5℄). Most of the parameters were available(see table 6), however some experiments were 
on-du
ted in order to identify the a
tual values of thefollowing parameters:
• Emissivity.
• Absorvity.
• Condu
tor length in the state of referen
e.
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Span parametersCondu
tor Pea
o
kAltitude 2600 msnmLatitude 4.779423o NorteAzimuth 76.14oHorizontal distan
e be-tween supports 82.31 mDi�eren
e of levels be-tween supports 0.4;mNominal longitudinaltension 2970 KgfCondu
tor parametersExternal diameter 24.2 mmLinear resisten
e at25oC 9.7 ∗ 10−5 ohm/mLinear resisten
e at75oC 0.000116 ohm/mAluminium mass 0.79716 Kg/mSteel mass 0.31227 Kg/mLinear weigth 1.16 Kg/mNominal elasti
ity mod-ule 0.7530 ∗

106 KG/cm2Nominal 
oe�
ient ofdilatation 19.73 ∗ 10−6 1/oCCross se
tion area 3, 4638 cm2Table 6: Parameters for the examples4.1 Heating analysisFirst we study the 
hange of 
ondu
tor temper-ature for spe
i�
 operation 
onditions. In thisexample we vary just two operation 
onditionsthrough a 24 hour period: ele
tri
al 
urrent I (Fig-ure 3) and air temperature Ta (Figure 4). Theseoperation 
onditions may be 
onsidered as inputsfor the present analysis where as the 
ondu
tortemperature T shown in �gure 5 is 
omputed asan output.4.2 Cargability analysisCargability analysis is the study of the maximumamount of ele
tri
al 
urrent that 
an pass throughthe 
ondu
tor without getting a limit 
ondition.In this example we state the limit 
ondition as a
ondu
tor temperature of 75oC and suppose theair temperature pro�le shown in �gure 6. Carga-bility has been drawn in �gure 7. Noti
e that theele
tri
al 
urrent now is 
onsidered as an outputof the model. The simulated model is shown in

File 4.4.3 Sag analysisWe now analize the relation between Sag and threevariables: ele
tri
al 
urrent I, air temperature Taand 
ondu
tor temperature T . We use the 
urrentpro�le of �gure 3 and the air temperature pro�leof �gure 6, and plot the sag D against the threevariables (�gures 8 to 10).Noti
e that neither I nor Ta 
an explain alonethe sag D. As the 24 hour 
y
les of I and Ta havedi�erent shapes (�gures 3 and 6), and be
ause ofthe nonlinear dynami
 nature of the phenomena,during the 24 hour the same ele
tri
al 
urrent 
ano

ur two or more times with di�erent sags.Also noti
e that inspite the non linearitiespresent in the equations of se
tion 2.2, the rela-tion between 
ondu
tor temperature T and sag Dis almost linear. This is why some fa
ilities are nowmeasuring the 
ondu
tor temperature online, andnot just the ele
tri
al 
urrent, in order to studythe real online 
argability.4.4 Catenary analysisWe 
an also draw the 
atenary. To do that we usethe dummy variable x = St using ẋ = S , and useequation 3 in a simulation with stop time of 1s.An example is shown in �gure 11
H

I

Figure 3: Example 1. Ele
tri
al 
urrent I (A) vsTime of the day H (h)5 Con
lusionsA model for bare overhead 
ondu
tors has beenpresented. It 
ombines thermal, me
hani
al andgeometri
al phenomena. The 
ore of the thermalmodel is a heat 
apa
itor whose parameters and
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H

Ta

Figure 4: Example 1. Air temperature Ta (oC) vsTime of the day H (h)
H

T

Figure 5: Example 1. Condu
tor temperature T(oC) vs Time of the day H (h)inputs are driven by operation 
onditions as statedby the IEEE 738 standard. The me
hani
al modelsolves the state 
hange equation for the 
ondu
tortemperature of the thermal model and 
al
ulatesthe 
atenary geometry.By using Modeli
a, two advantages have beenfound, that are 
lear examples of the obje
t-oriented modeling advantages:
• The solution of the state equation is very sim-ple. We just need to write two 
onditions forthe 
ondu
tor lenght. OpenModeli
a has gen-erated the sour
e 
ode that we need in orderto solve the equation.
• Cargability analysis is also simple. IEEE 738standard give us a way to 
ompute 
ondu
-tor temperature from an ele
tri
al 
urrentfor spe
i�
 operation 
onditions. However,the inverse problem (
ompute the 
urrent fora 
ondu
tor temperature) is just solved forsteady state in the standard. Using Modeli
aand OpenModeli
a the 
argability problem issolved without any new equation.

H

Ta

Figure 6: Example 2. Air temperature Ta (oC) vsTime of the day H (h)
H

I

Figure 7: Example 2. Maximimum ele
tri
al 
ur-rent I (A) vs Time of the day H (h)We plan to 
reate a Modeli
a library for bareoverhead 
ondu
tors in the short term. The li-brary will in
lude the parameters for the most
ommon 
omer
ial 
ondu
tors, and more analysisfun
tionalities.Referen
es[1℄ IEEE Power Engineering So
iety, IEEEStandard for Cal
ulating the Current-Temperature of Bare Overhead Condu
torsIEEE Std 738-2006. January 2007.[2℄ OpenModeli
a, http://www.openmodeli
a.org/last visit: november 22, 2010.[3℄ Peter Fritzson, Peter Aronsson, Adrian Pop,Håkan Lundvall, Kaj Nyström, Levon Sal-damli, David Broman, Anders Sandholm:OpenModeli
a - A Free Open-Sour
e Envi-ronment for System Modeling, Simulation,and Tea
hing, IEEE International Sympo-sium on Computer-Aided Control SystemsDesign, O
tober 4-6, 2006, Muni
h, Germany
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I

D

Figure 8: Example 3. Sag D (m) vs Ele
tri
al
urrent I (A)
Ta

D

Figure 9: Example 3. Sag D (m) vs Air tempera-ture T (oC)[4℄ Donald G. Fink, H. Wayne Beaty. StandardHandbook for Ele
tri
al Engineers. M
Graw-Hill Professional[5℄ Os
ar Duarte, Jaime Alemán, René Soto, Es-trella Parra, Fran
is
o Amórtegui, Wilson Al-dana. Identi�
a
ión de parámetros y estudiode 
argabilidad en algunas Líneas de Trans-misión de Codensa. Te
hni
al report. 2009.

T

D

Figure 10: Example 3. Sag D (m) vs Condu
tortemperature T (oC)
x

y

Figure 11: Example 4. Shape of the 
atenary.Height y (m) vs Horizontal distan
e x (m)File 1: CatenaryStateChange.mo
� �with in Catenary ;model CatenaryStateChangeparameter Real W;parameter Real S ;parameter Real Dy;parameter Real T_0 ;parameter Real Ten_0 ;parameter Real L_0 ;parameter Real a ;parameter Real E;parameter Real A;Real T, Ten , L ,H, alpha ( s t a r t =300) , Sag ;TemperatureSignalPort port_T ;equat ionT=port_T .T;alpha=H/W;Ten=H∗ 
osh (S/2/ alpha ) ;L=L_0∗(1 + a ∗(T−T_0) + (Ten−Ten_0) /(E∗A)) ;L=CatenaryLenght (S , alpha ,Dy) ;Sag=CatenarySag (S , alpha ,Dy) ;end CatenaryStateChange ;
� �
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File 2: MyStandAloneLine.mo
� �with in Catenary ;model MyStandAloneLineparameter Real Imax=500;parameter Real Imin=200;parameter Real Imin2=400;parameter Real Imax2=600;parameter Real 
urrentTable [ : , 2 ℄={{0 , Imin} ,{60∗60∗6 , Imin } ,{60∗60∗11 , Imax} ,{60∗60∗13 , Imax} ,{60∗60∗14 , Imin2 } ,{60∗60∗16 , Imin2 } ,{60∗60∗18 , Imax2} ,{60∗60∗21 , Imax2} ,{60∗60∗23 , Imin } ,{60∗60∗24 , Imin }} ;parameter Real Tmax=25;parameter Real Tmin=5;parameter Real airtempTable [ : , 2 ℄={{0 ,273.15+Tmin} ,{60∗60∗5 ,273.15+Tmin} ,{60∗60∗11 ,273.15+Tmax} ,{60∗60∗13 ,273.15+Tmax} ,{60∗60∗18 ,273.15+Tmin} ,{60∗60∗24 ,273.15+Tmin}} ;extends StandAloneCatenary ( I ( s t a r t=Imin )) ;Model i
a . Blo
ks . Sour
es . TimeTable
urrent_sour
e ( t ab l e=
urrentTable ) ;Model i
a . Blo
ks . Sour
es . ConstantwindVel ( k=0.61) ;Model i
a . Blo
ks . Sour
es . ConstantwindDir ( k=0) ;// Modeli
a . Blo
ks . Sour
es . ConstantairTemp ( k=273.15+20) ;Model i
a . Blo
ks . Sour
es . TimeTableairTemp( t ab l e=airtempTable ) ;Model i
a . Blo
ks . Sour
es . BooleanConstantatmos (k=true ) ;equat ionI=
urrent_sour
e . y ;windVelo
 i ty=windVel . y ;windDire
t ion=windDir . y ;atm=atmos . y ;ta=airTemp . y ;end MyStandAloneLine ;
� �

File 3: Catenary.mo
� �with in Catenary ;p a r t i a l 
 l a s s Catenaryparameter Condu
torData 
on (D=24.2 , a=19.7e−6,E=0.753 e6 ,A=3.4638 ,W=1.16 ,C=909.9 ,R_ref=0.000097 ,T_ref=273.15+25 , alpha=3.8 e−7,abs=0.5 , emi=1.0) ;parameter SpanData span (He=2600 ,L=4.779420 , Zl =76.14 ,S=82.31 ,Dy=0.4 ,T_0=273.15+20 ,Ten_0=2970 ,L_0=82.54) ;parameter TimeData to (Hour=0,Day=57) ;parameter Real In i t ia lTemp=20;//WeatherReal ta , taCe l 
 iu s , windVelo
ity ,windDire
t ion ;Boolean atm ;// ThermalCondu
tor Wire (C=
on .C) ;Model i
a . Thermal . HeatTransfer . Sour
es .Pres
r ibedTemperature Env ;Model i
a . Thermal . HeatTransfer . Components. BodyRadiation Rad(Gr=
on . emi∗
on .D

∗0 .0178/5 .6704) ;SolarHeatFlow Sun(He=span .He , L=span . L ,abso rv i ty=
on . abs , Zl=span . Zl , area=
on.D/1000 ,Hour=to . Hour ,Day=to .Day) ;Conve
tionHeatFlow Conv ( ax i s=true ,D=
on .D,He=span .He) ;//Me
hani
al & geometr i
CatenaryStateChange Sag ( a=
on . a ,E=
on .E,A=
on .A,W=
on .W, S=span . S ,Dy=span .Dy,T_0=span .T_0,Ten_0=span . Ten_0 ,L_0=span .L_0) ;Real T( s t a r t=Init ia lTemp , f i x ed=f a l s e ) ,Qj, Qs ,Qr ,Q
 , hour , sag ;equat ionhour=time /(60∗60) ;T=Wire .T−273.15;Qj=−HR. heatPort . Q_flow ;Q
=Conv . Q_flow ;Qs=Sun . Q_flow ;Qr=Rad . Q_flow ;sag=Sag . Sag ;// weather s i g n a l s to 
omponentsConv .Vw=windVelo
 i ty ;Conv . phi=windDire
t ion ;Sun .Atm=atm ;Env .T=ta ;t aCe l 
 i u s=ta −273.15;//Thermal
onne
t (HR. heatPort , Wire . port ) ;
onne
t (Wire . port , Sun . port ) ;
onne
t (Wire . port , Rad . port_a ) ;
onne
t (Rad . port_b , Env . port ) ;
onne
t (Wire . port , Conv . s o l i d ) ;
onne
t (Conv . f l u i d , Env . port ) ;//Me
hani
al and geometr i

onne
t (Wire . port_T , Sag . port_T) ;end Catenary ;
� �
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File 4: Cargability.mo
� �with in Catenary ;model Ca r gab i l i t yparameter Real TAmin=10;parameter Real TAmax=25;parameter Real TCmax=75;parameter Real Vvto=0.61;parameter I n t e g e r TAFlag=3;extends StandAloneCatenary ; /∗ (t aCe l 
 i u s ( s t a r t=TAmin) ,ta ( s t a r t =273.15+TAmin) ,Wire .T( s t a r t =273.15+TCmax) ) ; ∗/Model i
a . Blo
ks . Sour
es . Constanttemperature_sour
e ( k=273.15+TCmax) ;// Ex . o fTemparature o f 
ondu
tor knownModel i
a . Blo
ks . Sour
es . ConstantwindVel ( k=Vvto) ;Model i
a . Blo
ks . Sour
es . ConstantwindDir ( k=0) ;Model i
a . Blo
ks . Sour
es . TrapezoidairTemp1 ( o f f s e t =273.15+TAmin ,amplitude=TAmax−TAmin , startTime=60∗60∗6 , r i s i n g =60∗60∗5 , width=60∗60∗2 , f a l l i n g =60∗60∗5 , pe r i od=60∗60∗24) ;Model i
a . Blo
ks . Sour
es . S ineairTemp2 ( o f f s e t =273.15+(TAmax+TAmin) /2 , amplitude=(TAmax−TAmin) /2 , freqHz=1/(60∗60∗24) , phase=−Model i
a . Constants . p i /2) ;Model i
a . Blo
ks . Sour
es . Exponent ia l sairTemp3 ( o f f s e t =273.15+TAmin ,outMax=TAmax−TAmin , startTime=60∗60∗6 ,r i seTime=60∗60∗7 , r iseTimeConst=60∗60∗2 , fa l lTimeConst =60∗60∗3) ;Model i
a . Blo
ks . Sour
es . BooleanConstantatmos (k=true ) ;equat ionWire .T=temperature_sour
e . y ;windVelo
 i ty=windVel . y ;windDire
t ion=windDir . y ;atm=atmos . y ;i f TAFlag==1 thenta = airTemp1 . y ;e l s e i f TAFlag==2 thenta = airTemp2 . y ;e l s e i f TAFlag==3 thenta = airTemp3 . y ;end i f ;end Ca rgab i l i t y ;
� �

File 5: SagAnalysis.mo
� �with in Catenary ;model SagAnalys i sparameter Real TAmin=10;parameter Real TAmax=25;parameter Real Imax=500;parameter Real Imin=200;parameter Real Imin2=400;parameter Real Imax2=600;parameter Real mitable [ : , 2 ℄={{0 , Imin } ,{60∗60∗6 , Imin } ,{60∗60∗11 , Imax} ,{60∗60∗13 , Imax} ,{60∗60∗14 , Imin2 } ,{60∗60∗16 , Imin2 } ,{60∗60∗18 , Imax2} ,{60∗60∗21 , Imax2} ,{60∗60∗23 , Imin} ,{60∗60∗24 , Imin }} ;extends StandAloneCatenary (T( s t a r t =60) ) ;Model i
a . Blo
ks . Sour
es . TimeTable
urrent_sour
e ( t ab l e=mitable ) ;Model i
a . Blo
ks . Sour
es . ConstantwindVel (k=0.61) ;Model i
a . Blo
ks . Sour
es . ConstantwindDir (k=0) ;// Modeli
a . Blo
ks . Sour
es . ConstantairTemp ( k=273.15+20) ;Model i
a . Blo
ks . Sour
es . Exponent ia l sairTemp( o f f s e t =273.15+TAmin ,outMax=TAmax−TAmin , startTime =60∗60∗6 ,r i seTime=60∗60∗7 , r iseTimeConst=60∗60∗2 , fa l lTimeConst =60∗60∗3) ;Model i
a . Blo
ks . Sour
es . BooleanConstantatmos (k=true ) ;equat ionI=
urrent_sour
e . y ;windVelo
 i ty=windVel . y ;windDire
t ion=windDir . y ;atm=atmos . y ;ta=airTemp . y ;end SagAnalys i s ;
� �
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