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Abstract—OTLM (Overhead Transmission Line Monitoring) 

is a system solution for monitoring and rating of existing and new 

overhead lines (OHL) based on real-time monitoring of 

conductor temperature, sag, load, and weather conditions in 

order to ensure save maximum utilization of transmission line 

ampacity. Successful development and more than 10 years' of 

experience in using the OTLM system on transmission networks 

in several countries all over the world has initiated some system 

upgrades to ensure even more crucial information on OHL 

behaviour. The existing functionality of conductor temperature 

measurements (used for static rating–STR) was initially 

combined with a weather station measurement that enables the 

determination of dynamic rating (DTR). With additional 

inclination (sag/tension) measurements, we developed the 

OTLM-SAG application. With this additional feature we are able 

to determine the sag on critical spans. This additional 

information is especially useful in case of OHL crossings over 

roads, railroads, other overhead lines, etc. Additionally, 

measured data like angle (sag) is implemented to the software 

application to detect ice overloads or fallen trees. The 

mathematical relationship between the conductor’s tensile force 

and sag is crucial for the calculation of the conductor’s expansion 

(tension) and final length over a constant span distance. The 

reliability of ice thickness calculations mainly depends on the 

accuracy of conductor temperature and angle/sag measurements. 

The OTLM-ICE application enables the operator of the 

transmission network to monitor sag and clearance changes on a 

conductor, subjected to ice overloads. The operator can optimize 

and determine the suitable ampacity of transmission lines in 

order to prevent the damage in early phases of ice-rain. 

Keywords—Overhead Transmission Line Monitoring; OTLM; 

Teperature of Conductor; Sag of Conductor; Ice; Alarm; Tensile 

Force in Conductor 

I.  INTRODUCTION 

OTLM (Overhead Transmission Line Monitoring) is a 
system solution for monitoring and rating of existing and new 
overhead lines (OHL) based on real-time monitoring of 
conductor temperature, sag, load, and weather conditions in 
order to ensure save maximum utilization of transmission line 
ampacity. Successful development and more than 10 years' of 
experience in using the OTLM system on transmission 
networks in several countries all over the world has initiated 

some system upgrades to ensure even more crucial information 
on OHL behaviour. The monitoring of transmission is essential 
for efficient ampacity as was declared in references [7] 

II. OTLM SYSTEM 

A. OTLM – STR & DTR 

The thermal monitoring of OHL in a transmission grid is 
possible with various technologies on different power levels. 
The choice depends on the requests given by the transmission 
system operators. The sag and the conductor temperature are 
two key parameters which define the ampacity of the OHL. 
The conductor temperature is defined by thermodynamic 
equilibrium where the heat input equals heat losses. The 
conductor is heated by the solar radiation and by the heating 
effect of flowing current (I

2
R). 

Equation (1) shows the relationship between heating and 
cooling [13]: 

PJ + PM + PS + Pi = PC + Pr +Pw         (1) 

 

PJ - the Joule heating 

PM - the magnetic heating 

PS - the solar heating 

Pi - the corona heating 

PC - the convective cooling 

Pr - the radiative cooling 

Pw - the evaporative cooling 
 

The conductor temperature can be measured in one spot or 
continuously all over the length of the line. The spot method is 
cheaper but the device has to be carefully placed on the OHL. 
It should be mounted on the bottom conductor, on the part of 
the line which passes through area where the landscape 
changes sharply and line is shielded from wind by various 
natural or manmade barriers. In complex terrain, the number of 
measurement points should be greater than in flat woodless 
areas. 

Depending on the parameters that can be measured there 
are different levels of load control and line monitoring: 
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 Static rating (STR) is the basic method. It is represented 
by overcurrent protection devices at substations with 
present values according the OHL design 
documentation. For example on 110kV line, with 
typical 240/40 mm2 conductor, the switch-off current is 
set at 40% above the nominal current of installed 
current transformer and the tripping of the circuit 
breaker is activated after 5s. 

 Dynamic rating (DTR) is more advanced than static 
rating. Beside the temperature of the conductor we have 
to gather the weather parameters along the OHL line by 
installing weather stations. The data is then collected by 
an appropriate software which calculates the permitted 
load based on a modified equation (1). Dynamic 
capacity achieved in such way is higher than static one 
and extremely weather dependent because the 
climatological parameters can change instantly. 

 The system for managing transmission network load 
boundaries is the highest level of monitoring which 
includes all the features of dynamic rating along with 
load forecasting in both normal and emergency (n-1) 
state of the grid. 

The study [2] has shown that in 90-95% of the time the 
OHL line is loaded within its operational parameters (Fig. 1) 
and only 5% of the time is overloaded so the real question is 
whether it is economically feasible to do the reconstruction of 
the line if we need more capacity only 5% of the time. 

 

Fig. 1. The relationship between static and dynamic line rating [2] 

 

 

Company C&G developed the OTLM device (Fig. 2) for 
simultaneously measure temperature and sag. Temperature 
measurement was performed by direct measurement in point on 
on the OHL phase conductor [1,3-7]. 

 
Fig. 2. OTLM device on table and on the OHL conductor 

 
Measurements data are transferred to the control device via 

available communication channel. The device consist GPS 
signal receiver.. 

The OTLM device provide communication via control 
center (SCADA) and standard IEC protocols (Fig. 3). 

 

 
Fig. 3. OTLM communication block diagram adopted on OHL 

 
The ampacity was calculated by using newest CIGRE 

formula (TB 601) [8]. Considering conductor temperature and 
ambient weather conditions the real-time sag and safety height 
are calculated by using mathematical model [19]. 

B. Ampacity (DTR) 

In frame the pilot project "OTLM – DTR" on OHL 2x110 
kV Dravograd – Slovenj Gradec the system was developed and 
tested between towers SM23 – SM24, owned by ELES, 
Slovenia. 

The reason why we call this a STR+ function is because the 
input data is measured conductor temperature and measured 
ambient conditions and it takes into account the effects of 
current, conductor technical data, solar radiation and wind 
(speed, direction). 

C. OTLM – SAG 

Since February 2014 when a catastrophic glaze ice in 
Slovenia made a damage on transmission line the C&G 
company intensively working on development on sag system 



 

 

monitoring and extension to prevent ice or heavy showing 
damage. 

Mathematical model has been developed for sag and 
horizontal force calculation. The model was developed as a 
computer application. Model includes installation conditions 
and conductor characteristics and determines the 
interdependence between conductor sag and horizontal force 
for actual conductor temperatures. The computer application is 
an integral part of OTLM software. The catenary represents a 
starting condition for monitoring conductor behavior on the 
span between two towers. Temperature of conductor, ambient 
conditions and the electrical line current cause changes in 
conductor length and consequently a change in catenary 
geometry. The purpose of the conductor sag measurements in 
the span between two towers SM23 and SM24 is to: 

 determine conductor’s sag geometry for the present 
temperature load of the conductor, 

 determine accuracy of sag and horizontal force 
measurement, carried out with a computer software, 

 determine calibration parameters for the computer 
application based on the measured sag points at 
different temperatures, 

 an estimate the accuracy of the angle measurement with 
an inclinometer, which is built-in the OTLM device. 

The developed mathematical model includes mechanical 
and physical characteristics of the conductor, conductor weight 
and sag size for the calculation of internal forces. 

This enables us to estimate the change in catenary form in a 
wider temperature range. The catenary form is determined with 
optical-laser sag measurements on three different conductor 
temperatures or current loads while monitoring other ambient 
conditions in the field (Fig. 4 and 5). 

 
Fig. 4. Measuring station LEICA TS30 (OTLM devices encircled in yellow) 

 
Fig. 5. Tower SM 23 with two OTLM devices (red) and ambient station 
(yellow) 

 
Based on these measurements, a calibration curve was 

developed between the sag/angle/temperature/tensile force in 
the OHL conductor, which applies to normal working 
conditions or operational load [7]. Fig. 6 and 7 show the input 
data for measurements on 9.7.2014 and the measured forces on 
the conductor fixing point at measurement temperature 
T=+29.5°C and ambient temperature +17.39°C 

 
Fig. 6. Entering input data for points T1, T2 and T3, based on measurements 
from 9.7.2014 

 
Fig. 7. Calculated forces on the conductor fixing point at measurement 

temperature T=+29.5°C and ambient temperature +17.39°C (measurements 

from 9.7.2014) 
 



 

 

The measurement of conductor catenary on different 
conductor temperatures and ambient temperature shows an 
excellent correlation between measured sags in the field and 
the sags that were determined with a mathematical model 
"OTLM-SAG". It which confirms that the data can be used as 
an alarm when the critical sag are reached. The described 
application offers the user real-time monitoring and it helps a 
safe operation of the chosen OHL.  

Combining measurements of conductor geometry and sag 
at several conductor temperatures with software is using for 
calibration of the sag and angle function. Ensuring conformity 
is crucial for the implementation of the function ICE-ALARM, 
since a continued growth of discrepancy between the measured 
and calculated angle in ambient conditions is a sign of glaze ice 
on the conductor. 

D. OTLM – ICE 

Even before the fatal collapse of overhead power line 
pylons caused by ice in February 2014, as shown in Fig. 8, the 
company C&G ordered the development of a computer 
application of a mathematical model from the Institute of 
Mechanics, Faculty of Mechanical Engineering in the 
University of Maribor. The paper presents the concept of the 
application and the relation between the geometry and load 
parameters on the catenary curve when ice or heavy snow 
builds up and the estimated effect of the current increase on the 
melting of ice as a tool for the prevention of pylon collapse. 

  

 
Fig. 8. An icy shell on a DV 110 kV phase-conductor of Cerkno –Idrija 

transmission line 
 

A conductor is a quasi-statically loaded self-supporting 
element, where a tensile force changes depending on the 
oscillating temperatures and mechanical loading. Due to the 
complex design of the conductor it is necessary to determine 
the behavior of the conductor during the cyclic tensile loading 
and the stable elastic constant, which is applied to determine a 
change in the force depending on the elongation. Fig. 9 shows 
the method of clamping the conductor with the installed device 
measuring elongation-extensometer. Each time, a cyclical 

loading has been performed up to the tensile force of 20 kN 
with the tensile speed of 1 mm/min. 

 
Fig. 9. Tensile testing of the conductor in a laboratory 

 

After the complete relaxation, the hydraulic activator 
returned to the initial position, as shown in Fig. 10. A 
permanent deformation increased every cycle and stabilized 
only after the 10th cycle. A deformation measurement by 
extensometer was carried out simultaneously. The results of the 
measurements in Fig. 11 show that the conductor contracts in 
the first cycle and stretches only after the second and 
subsequent cycles. It is interesting that each time the conductor 
is loaded by 20 kN, a successive relaxation follows the same 
curve as the previous loading, but the following loading cycle 
begins by a displacement of the new permanent deformation – 
initial position. 

 
Fig. 10. Tensile characteristics of the conductor with a multiple cyclic loading  

 

Such behavior has to be included in the model in case that 
building-up of ice and/or wet snow causes different conductor 
sag than the one before the activity of the ice and/or wet snow. 
This means that the initial position of the angle changes when 
such high tensile forces are active. Fig. 11 also shows that there 
is no change in the slope (elastic constant) of the function in 
case of a low number of recorded data and tensile speed of 50 
mm/min, and that it practically amounts to 26.447 kN/strain all 
the time. 

http://www.evroterm.gov.si/svez_slovar5.php?jezik=slov&iskanje=1&izpis=3&sourcel=SL&targetl%5b0%5d=all&podrocje%5b0%5d=any&id=2791&beseda=discrepancy


 

 

 
Fig. 11. Experimental determination of the elastic constant of the AlFe 

(ACSR) 240/40 mm2 conductor 

 
The actual geometry of the catenary curve is evident from 

the laser measurements and presented in form of coordinate 
points (Fig. 12). 

 

 

Fig. 12. Orientation of the global  and local x-y coordinate systems 

 
The model as the computer application takes into account 

the geometry of the catenary curve after the conductor 
mounting, depending on the temperature of the conductor, 
where a laser measurement of the geometry of the catenary 
curve was made. The sag and thus the geometry of the 
catenary’s conductor change according to the tensile force 
relationship by changing the meteorological conditions and the 
temperature of the conductor. 

The mathematical model re-calculates the new geometry of 
the catenary and the tensile force depending on the changes in 
temperature, while the measured angle of the inclination of the 
conductor at the position of OTLM device serves as the control 
value. The model is based on the independent treatment of the 
catenary curve of the conductor from the place of clamping on 
the bracket and/or insulator to the lowest point and/or place of 
the maximum sag for each side, as presented schematically in 
Fig. 12. 

The entering of the characteristic points into the computer 
application using the input screen is presented in Fig. 13. The 
input screen is divided into three tabs, where the first one 
includes geometrical characteristics of the catenary curve of the 
conductor. 

 
Fig. 13. Orientation of the global (and local x-y coordinate systems 

 
The first tab of the screen contains the data already entered 

with the characteristic points for the measurements taken in 
February 2015, such as T1 as a support point of the conductor 
to the insulator on the pylon SM23, T2 as the lowest point of 
the conductor and T3 as the support point of the conductor on 
the insulator on the SM24 pylon. The central tab contains the 
position of the OTLM device and the value of the angle of 
inclination that is calculated by measuring the position of the 
point before and after the presence of OTLM device. The data 
about the conductor (Al/Fe 2140/40 mm

2
 ACSR) and the 

conductor temperature T= - 4 °C at which the measurements 
have been made are entered in the third tab “Conductor 
parameters”.  It is also necessary to enter the calibration 
parameters a0 and a1. The calibration parameters a0 and a1 
have been obtained on the basis of the correlation between the 
actually measured angle of the inclination and the angle given 
by the mathematical model for the conductor [7]. The 
calibration parameters include deviations of the model from the 
actual behavior of the conductor through the temperature 
interval measured. Deviations are a result of the conductor 
condition such as ageing and the history of loading that has not 
been recorded. In the literature the different models are 
available [23, 24], where these unknowns of the constructive 
elongation taken into account as a non-elastic elongation. 



 

 

 
Fig. 14. The basic calculation of tensile forces and the sag before the iterative 

calculation 

 
Fig. 14 presents the calculated values of tensile axial and 

horizontal forces in the conductor at the temperature of 
measurement, T= - 4 °C, along with the entered characteristic 
points of the catenary curve. The computer algorithm initially 
makes a separate calculation for the left and right sides of the 
conductor from the lowest sag point. The computer algorithm 
prepares an iterative calculation for an arbitrary (or the same) 
temperature up to the common matching of the sag point. The 
results are presented in Fig. 15. 

 
Fig. 15. Calculated parameters of the catenary curve and axial tensile forces in 

the conductor at the temperature of freezing rain without the ice load 

 
The criterion is the matching of the sag point smaller than 

half the thickness of the conductor, i.e. it is below 12 mm. In 
this case the difference is 5.38 mm. The computer algorithm 
now calculates the angle of inclination of the catenary curve at 
the position of the OTLM device, the angle of the tensile force 
in the support point of the conductor and the insulator on the 
bracket. The values obtained represent the initial state at - 4 °C 
without any additional load and/or ice. 

The parameters of the catenary curve at the temperature of 
the freezing rain represent the initial state of the activation of 
the ICE-ALARM computer algorithm. If favourable conditions 
for the formation of ice appear during the continuous 

monitoring of the conductor condition and condition on the 
route in the surroundings of the meteorological station then it is 
possible to estimate the amount of additional loading and the 
ice thickness on the basis of the change in the angle of 
inclination and by knowing the tension-deformation behaviour 
of the conductor at increased loading. Fig. 16 shows the change 
in the angle in accordance with the model and the angle 
measured by the inclinometer. White circles present actual 
average angles as a function of average temperature of 
conductor measured in the time interval of 30 s. Red circles 
presents the expected behavior of the conductor and/or a 
change in the angle due to the build-up of the ice on the 
conductor. 

 
Fig. 16. Change in an angle at the OTLM device position depending on 

temperature 

 

 
Fig. 17. Change in an angle of inclination during the activation of ICE-

ALARM and melting of ice 

 
The continuous line in Fig. 16 represents the angle of 

inclination depending on temperature according to the 
mathematical model. At the temperature of the freezing rain –
 4 °C the angle is the same, as shown in Fig. 15. If an angle 
significantly increases in the meteorologically favourable 
conditions and the temperature inversion and if the calculated 
angle significantly differs from the angle measured by 



 

 

inclinometer, the application informs the operator that ice has 
built up on the conductor. 

Fig. 17 shows the expected change in the angle at the 
position of the OTLM device according to the model and the 
angle measured through the time interval during the detection 
of ice build-up on the conductor. The reliability of the ice 
build-up measurement depends on the accuracy of angle 
measurement of +/- 0.25° and causes a time lag during the 
beginning of ice build-up and the beginning of the ICE-
ALARM activation. The application is activated only after the 
measured change in angle of inclination is larger than the 
statistical error of an angle measurement. ICE-ALARM warns 
the operator that an increase in the current is required. The 
larger current gradually increases the temperature of the 
conductor, but the ice can still build up, elongating the 
conductor and consequently increasing the angle of inclination. 
Based on the characteristic of the elastic and constant 
elongation of the AlFe (ACSR) 240/40 conductor recorded in 
the laboratory, it is possible to determine and monitor the 
elongation. The model (red hatched line in Fig. 17) monitors 
the elongation of the conductor and re-calculates the change in 
the angle, accordingly. At the moment, when the ice thickness 
begins to decrease (the highest value on the continuous line in 
Fig. 17), the angle measured by the inclinometer in the OTLM 
device also starts reducing. When all of the ice has melted, a 
new geometry of the catenary curve and/or a new sag of the 
conductor and new initial position before the new build-up of 
the ice are obtained, as it has been simulated by a laboratory 
testing of the conductor.  

Parameters of the catenary curve were monitored in the 
adequately long time period and under various weather 
conditions and currents in order to develop a mathematical 
model in form of the mathematical algorithm that determines 
the expected geometry of the catenary curve and the conductor 
angle of inclination at the position of the OTLM device. When 
discrepancy between the measured and the expected angle of 
inclination outside the tolerance interval of deviations is 
observed, the algorithm for the re-calculation of the change in 
the catenary curve is started due to the additional ice load 
causing an elongation of the conductor on the span. The 
elongation corresponds to the additional tensile force calculated 
in accordance with the model. Tensile testing of the conductor 
was necessary to determine the dependence of the tensile force 
to the elongation. 

Fig. 18 shows an increase in the force during the ice build-
up depending on the g factor and the angle on the location of 
the OTLM device. The initial value of the force equals the 
initial tensile strain in Fig. 15, and amounts to 15.25 kN on one 
side and to 15.24 kN on the other one, at the initial angle of 
4.25° at the position of the OTLM device. The increase is 
possible only up to critical fracture strength of the tensile force 
of the conductor, which amounts to 86.4 kN. In case of the 
presented span it corresponds to the gravity factor of 9.2·g and 
an increase in the angle by 4.56° and/or to 8.24°, as shown in 
Fig. 18. 

 
Fig. 18. The relation between force, g factor and the angle of inclination at the 

location of the OTLM device 

 
Fig. 19 presents the sag increase due to the angle of 

inclination increase at the conductor temperature of - 4 °C. It is 
evident from the diagram that the sag depends linearly on the 
measured angle by the inclinometer in the OTLM device. It is 
also evident that the sag increases by approximately 1.1 m per 
one degree change of the angle for the presented span. 

 
Fig. 19. The sag as a function of the angle increase due to ice build-up 

 
Fig. 20 presents the relations between the total angle of 

inclination, additional tensile strain in the conductor and ice 
thickness. The angle to ice thickness dependence is linear, as 
evident in Fig. 20, while the increase in horizontal (shear) 
strength up to the destruction force of 86.4 kN is exponential. 



 

 

 
Fig. 20. The relation between ice thickness, the angle of inclination and 

horizontal forces 

 
In order to calculate the current necessary to remove the ice 

build-up, Joule heating, solar radiation, radiation of the 
conductor surface, convective heat transfer and melting of 
water have to be taken into account. Since Joule heating 
represents the dominant mechanism, convection and radiation 
shall be neglected in further calculations. Specific thermal 
capacity (cFe, cAl, ci) has to be considered for each separate 
material. The heat needed to heat the conductor and ice build-
up from – 5 °C to 0 °C and the transformation of ice into liquid 
water is obtained by calculating mass of the steel core, 
conductor, Al-stripes and ice per 1 m length of conductor: 

 

(2) 

 

Heat of conductor per 1m length is in balance with specific 
electric resistance per 1m length, and therefore can be written 
as 

 

(3) 

  

Eq. (3) by rearranging gives required current, by 
considering specific heat and specific electric resistance in 
given time of heating:  

(4) 

 

The required current I also can be written by the following 
equation: 

      (5) 

 

(R/l) – the specific resistance of conductor in        [Ω/m]  
cFe – the specific thermal capacity of steel             [J/(K·kg)] 

cAl – the specific thermal capacity of aluminium   [J/(K·kg)] 

ci –   the specific thermal capacity of ice                [J/(K·kg)] 

Fe – specific mass density of steel                 [kg/m
3
] 

Al – specific mass density of aluminium  [kg/m
3
] 

i – specific mass density of ice   [kg/m
3
] 

qi – specific mealting heat of ice   [J/kg]  

i – thickness of ice    [m] 

AFe – surface section of steel    [m
2
] 

AAl – surface section of aluminium    [m
2
] 

T – conductor temperature below zero   [ K]  

t – time       [ s] 
 

To obtain the equation (2) we also neglected the 
temperature dependence of metal resistivity and electrical 
conductivity of the ice. The current as a function of ice melting 
time for various thicknesses of ice on the Al/Fe (ACSR) 240/40 
conductor observed is calculated from the equation (2), as 
shown in Fig. 20. 

Under the assumption that the ice build-up stopped at the 
time of a current increase, the time needed for ice melting can 
be graphically read from Fig. 21 

 
Fig. 21: Speed of ice melting depending on ice thickness and current 

 
A red line presents the result for the maximum current that 

is allowed by the HV equipment in the overhead power field 
(e.g. disconnector, break-switch, measuring transformers), i.e. 
800 A. This line presents the shortest possible time for the 
elimination of the ice from the conductor by an increase in the 
current. In case of strong precipitation, when the quantity of 
freezing rain on the conductor is larger than the quantity of 
melted ice, the additional loading only increases and leads to 
the tearing of the conductor at a force of  86.4 kN and at an 
angle of incidence on the position of the OTLM device at 
8.24°. 

III. CONCLUSION 

In spite of fact that temperature and angle are measured in 
one single point on conductor, it is possible to calculate sag 
geometry and horizontal forces in conductor. Based on 
experience with temperature and sag measurement supported 
by mathematic model of sag calculation it is now possible to 
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calculate ampacity of the OHLs and alert operator when 
sag/temperature conditions approach limits, which can violate 
safety standards or harm conductor characteristics. Even more, 
based on same experience additional load on OHLs conductors 
is recognized in case of icing, heavy winds or even fallen tree. 
That all gives operator better chances to fight severe 
conditions. 

The development of the ICE-ALARM application is based 
on the existing computer algorithm in the OTLM device. The 
developed computer algorithm is based on the mathematical 
model for a re-calculation of the sag and tensile strains in the 
conductor. It takes into account the actually measured form of 
the catenary curve of the conductor on the presented span at the 
conductor temperature measured by OTLM as the initial state. 
Based on the knowledge about the change in the sag of the 
catenary curve and the tensile forces dependence on the 
temperature of the conductor and monitored weather 
conditions, it is possible to determine the moment of activation 
the ICE-ALARM application. 

When ICE-ALARM is started, the required current for ice 
elimination is calculated. The current needed for heating the 
conductor and melting the known thickness of ice depends on 

the temperature difference T and heating time t. The 
maximum thickness of ice at which the conductor fails is also 
determined. The angle on the position of the OTLM device 
under maximum thickness of ice is determined by the 
algorithm developed in this paper. The loading interval span is 
given and the prevention of damage caused by accumulation of 
ice or wet snow can be influenced by the current load. 
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