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ABSTRACT

This paper describes the development of a mathematical
model for the on-line condition monitoring of electric
power transmission lines (TL). It includes environmental
considerations in the normal conditions of the TL
operation. This mathematical model is intended to be used
in the verification in real time of the operation conditions
of TL among two electrics substations (SEs). Different
meters are installed in the SEs synchronized by GPS from
where data is acquired concerning the variables that
should be monitored and it also allows the validation and
training of the model. Therefore this model should assist a
method that will allow for maintenance predictions, based
on reliability at a low cost. It will also allow verification
the result of the interventions of maintenance, checking
the efficiency of this in activities such as cleaning
insulators. The goal of this paper is to describe the model
obtained, its validations and fitting.
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1. Introduction

Maintenance applied to transmission lines (TL) is based
usually on inspections according to a preventive
maintenance scheduling and on corrective maintenance
actions. This paper describes a mathematical model for
condition monitoring of a power TL that could be used as
part of a predictive maintenance plan. This model is based
on the continuous monitoring of a power TL using
equipment installed in the electrical substations (SEs) at
the ends of the TL. This new methodology proposed is
named On-line Condition Monitoring of Transmission
Lines (MOLLT - Monitoragdo On-Line de Linha de
Transmissdo), and it allows for low cost predictive
maintenance planning based on sensors already used for
other monitoring purposes of the TL. This methodology
consists of verifying in real time the condition of a TL
through the indirect measurement of its leakage current.
As the measurement is on-line, the verification of the
conditions of the TL in real time makes it possible to

681-048

283

share this information between operation and
maintenance, following the current technological
tendency used in automated systems, optimizing the
maintenance planning and reducing its costs. This paper
describes the concepts and development of the
mathematical model used for condition monitoring of a
power TL that allows the prediction of faults.

2. Model for fault prediction of a TL

The most advanced methodology for fault prediction of
an industrial system monitored on-line corresponds to the
diagram of blocks described in figure 1. This
methodology consists of comparing the results of the
mathematical model that simulates the real behaviour of
the system with its real performance. It is verified if the
difference observed in real-time corresponds either to a
normal or an abnormal behaviour, and then the situation
is diagnosed. This diagnostic will be very important for a
possible prediction or prognosis of evolution of the
current condition of the system.
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Fig. 1 — Diagram of blocks for fault detection.

A TL can be considered as a system whose function is the
transport of electric energy. Its continuous monitoring
through representative parameters is very important to
assess its condition. The research presented in this paper
proposes the observation of representative parameters
able to indicate if the TL is in good condition for
operation or not. These parameters are used in the
mathematical model of the TL developed for the
prediction of its condition. Traditionally a TL model is
developed keeping constant the resistance, inductance and
capacitance values. The reason for this is that these values
characterize the electric circuit for which is established an
electrical current and a voltage supplying a load.
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Therefore the variables that are used in the conventional
models are voltage and current. A model for the
prediction of the TL condition should have as variables
the resistance and the capacitance, because these are
parameters that can evaluate the integrity of the circuit.
The function of the resistance is to offer continuity to the
passage of the current for the line and the function of the
capacitance is to provide electric insulation for the
passage of the current. Therefore, resistance monitoring
can be used for the detection of problems in connections
and the corona effect, while the capacitance monitoring
could detect defects for example in the isolation level due
to leakages or pollution in the insulators, or due to
burning. Therefore the model developed should
contemplate the behaviour of the resistance and the
capacitance of the TL. Here then a practical question
appears: how can the resistance and the capacitance of a
line in operation be measured? Of course this should be
done through an indirect measurement. Then which will
be the variable to be observed for anomaly detection and
diagnosis? These questions are addressed and answered in
the next sections of this paper.

3. Diagnostic parameters

The main variable to be observed to verify the condition
of a power TL used in MOLLT is the leakage current.
Through its monitoring it is possible to evaluate the
isolation conditions of the TL. Applying the law of Gauss,
the leakage current corresponds to the difference among
the input and output currents in a LT, as is shown in
figure 2.
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Fig. 2 — Simplified scheme to obtain the leakage currentina TL.

The typical wave shape of the leakage current measured
in a TL of a length of approximately 20 Km and 230kV is
shown in figure 3. Previous studies [1] have demonstrated
that by using a harmonic decomposition of the leakage
current, it is possible to detect and to locate a defect.
However the measurements already made include some
variations in the harmonic measurements that do not
represent a defect in a TL. In figures 4 and 5 the harmonic
decomposition of the leakage current of a TL can be
observed in two different moments of a TL operation on
the same day (230kV, 200A).
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Fig. 3 — Wave shape of the leakage current.
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of the

d leakage current

20h4 1min34sec - November 18, 2004

Amplitude

o
M0 13 16 19 22 26 28 31 34 37 40 43 46
Harmonic

1 4 7

Fig. 5 — Harmonic decomposition during the night time.

In spite of the amplitude of the leakage current it was
practically the same during the afternoon and the night
time periods, 4,0442A and 4,0591A, respectively.
However, the harmonic decompositions present some
very different amplitude, particularly in the frequencies
above 1.800 Hertz, where defects typically are discovered
in the insulators of a TL [2]. Analyzing the conditions in
which the measurements were accomplished, the change
was observed only in the environmental conditions. These
real measurements reinforce the need to consider the
environmental variables in the model of fault prediction
of a TL.

4. Tests for capacitance observation

In order to know the influence of environmental
conditions on the capacitance of a TL, an experimental
facility was built. This consists basically of a capacitor
installed in an environment where it is possible to control
the temperature (T), the air relative humidity (UR) and
the wind speed (W). A schematic design of this facility is
presented in figure 6.
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Fig. 6 — Schematic design for capacitance verification.

A voltage controlled source of value V1 and a frequency
of 60 Hz can supply a voltage V3 through a Potential
Transformer (TP). The voltage V3 is applied to the
terminals of a resistor of known value (R) and to a
capacitor of unknown value (C) both connected in series.
The voltage V2 is measured and determined the current
circulating. All of this allows for the calculations of the
value of C using the physical dimensions and the relative
permittivity of the air. The measurements are made for
several voltage levels and conditions of UR, T and W.
The capacitor is coax type with an acrylic cone to drive
the air, as described in figure 7. The capacitor length is 10
times larger than its diameter in order to consider the
spread effect to be negligible [3]. The coax capacitor is
installed in an acrylic box, called the test box, where the
environmental conditions are controlled.

COPPER TUBE
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SIDE VIEW OF THE CAPACITOR

Fig. 7 — Test Capacitor.

The facility includes an electronic device to control and to
measure several variables, as is shown in the diagram of
blocks of figure 8. Figure 9 shows a photo of the facility
used including an anemometer and a term-hydrometer on
the test box.

5. Capacitance behaviour

By using the test box it was possible to carry out
measurements to verify the behaviour of the capacitance
changing the environmental conditions. Through TP it
was possible to obtain data for a range of voltage from
100 to 10.000V. One of the important conclusions that
could be obtained is that in the voltage range below 5kV
the behaviour of the conditions of the air permittivity is
different than in the range above this value. This can be
observed in figures 10 and 11 that show the behaviour of
the capacitance with the wind speed and relative humidity
respectively. This conclusion indicates that there exists
the possibility that this phenomenon can be repeated for a
voltage value of 230kV, and that it is the amplitude of the
voltage of operation of the TL that will validate the
model.
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Fig. 8 — Test box instrumentation.

Fig. 9 - Experimental facility for verification of the capacitance.
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Fig. 10 — Behaviour of capacitance with the wind speed.
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Fig. 11 — Behavior of capacitance with the relative humidity.

For this reason the conclusions regarding these
measurements should be limited to the knowledge of the
tendencies of the capacitance behavior. In this sense with
the aid of the graphs obtained, it can be affirmed, for
example, that the permittivity rises with the increase of
the speed or the relative humidity of the air and that the
effects are cumulative, in other words, when for a certain
speed the humidity increases, the permittivity increases



[3] and [4]. For this reason the measurements were taken
and analyzed separately.

Starting from this initial analysis empiric, equations were
obtained from the observation of the behavior curves
presented in figures 12, 13 and 14 that correspond to the
permittivity behaviour in relation to the variation of the
temperature, relative humidity of the air and wind speed,
with the voltage. Initially a rotation was accomplished in
each one of the previous curves for a better observation of
the variation. This is presented in figures 15(a), 16(a) and
17(a). Afterwards it is put upon a curve to characterize the
behavior of the variable, as shown in figure 15(b), for
temperature, 16(b) for relative humidity of the air and
17(b) for the wind speed. The obtained equations are:

kq(T) = 5 x 1075T2 + 62 X 10*T + 0.51354 (1)

kg(Ug) = 5% 1075U,,2 — 9,5 X 1073U,, + 1.06144  (2)

kq(W) = 2 x 1074W2 + 12 X 10™W — 0,2979 (3)
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Fig. 12 — Behavior of the capacitance with the temperature and
voltage.
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Fig. 13 — Behavior of the capacitance with the relative humidity of
the air and the voltage.

The factors Ky(T), Kg(U,) and Kq(W) are applied on the
value of the permittivity of the air of the TL capacitance.
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Fig. 14 — Behavior of the capacitance with wind speed and voltage.
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Fig. 15 — Analysis of temperature variation.
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Fig. 16 — Analysis of the variation of the relative humidity with the
voltage.
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Fig. 17 — Analysis of the variation of the speed of the wind with the
voltage.

6. Behavior of the Resistance

A cable reaches a temperature in permanent regime when
there is a balance among gained and lost heat for the
cable. A cable generates heat, mainly, due to the Joule
effect q; = I°R [W/km] and due to the solar radiation
qs [w/m] and it loses heat for two known mechanisms
[3]: irradiation gq, [W/m] and convection g, [W /m].
The equation balance will be:

I’R+qs=qr+q, 4

qr+qc—qs
artdeds ©

of which is obtained: R =

7. Mathematical Model

The mathematical model is developed in the time domain
using an equivalent circuit in Pl configuration. It
considers the insulator as being a capacitor in parallel
with a resistor, as is shown in figure 18. In this scheme
the line losses can be represented by the leakage current
(I¢) and the conduction (I).
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Fig. 18 — Models used in the numeric simulation.

This model was validated using real data obtained from a
power TL located in the Brazilian Amazonian between
the SEs of Guama and Utinga of the Tucurui transmission
system of 230 kV (TUC 86 - 3003R - 5), described in
figure 19. It belongs to the system of transmission of the
Electric Central of the North of Brazil -
ELETRONORTE.

SE GUAMA

——

Fig. 19 —Transmission Line used for the experiment.

The Utinga-Guama line possesses 50 towers with a
medium distance among the towers of 213.64 m, with a
total length of 19,04316 km. The values of the elements
of the circuit R, L and C used in the numeric simulation
were obtained using the distances and relative position
among the cables and between the cables and the ground
and the cable earth. The calculations of R, L and C were
done considering a single structure, the tower type SOD
(39 towers), presented in figure 20.
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Fig. 20 — Design of the tower for determination of the distances
among the cables, these to the ground and the cable earth.
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The values obtained theoretically through calculations of
the matrix equations described in [4] are:

Capacitance: 6,13 x 10”° F/km

Resistance: 1,07808 O

Inductance: 0,026143 H/km

The matrix equations used above for the calculation of the
elements R, L and C possess a series of simplifications. In
the case of the capacitance, the matrix equation used does
not consider the effect of the resistivity and the effect of
ray for the cable. A numeric method that considers these
two effects is based on finite elements (FEM), whose
development [6] and [7] are presented in figure 21.

(a) Disc insulator I l

CTT

(c) Tower type SOD in FEM

(b) String of disc
insulator
Fig. 21 — Using finite elements for determination of the capacitance
of the line.

For the method of the finite elements, the service
capacitance for each circuit was calculated as 3,1992x10-
09 (F/km). The calculation for an insulator using the
method of the finite elements was validated by the
experimental measurements obtained applying voltage in
industrial frequency. This is shown in figure 22.

Fig. 22 — Insulator in test for verification of the capacitance.

8. Model Simulation

The model was simulated using the MATLAB - Simulink
software. The dynamic equations, extracted from the
equivalent circuit of figure 18, use the output voltage and
current of the SE Guama as voltage V; and I;, respectively.
The input voltage and the current to the SE Utinga are
represented as V, and l,, respectively. Figure 23 shows
the diagram of blocks using Simulink [8]. The diagram of
blocks shown in figure 23 has the values of R, L and C of
the TL. However, if it is necessary to use this model for
fault localization, the values of R, L and C should become
separated many times to be analyzed in the TL. This



effect is represented in the Simulink diagram of blocks
shown in figure 24, where each block, called a tower, is a
subsystem with the same structure as the one shown in

figure 23.
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Fig. 23 — Basic Block of Simulink of the mathematical model.
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Figure 25 presents the form of wave of the TL three-
phase current leakage obtained by simulation.

Fig. 25 — Form of wave of the three-phase leakage current obtained
by simulation.

In the equations used, it is necessary to take into account
the environmental variables, as described in equations 6,
7 and 8.

dav;
Iy = Gy (Tamb' Urm) d_tz (6)
dav;
Iey = (G (Tamb' Urm) d_tl (7
dl
Vi, = R(Tamp) Upm)- 11, + L'd_: (8)

Equations 6 and 7 are introduced in the simulation as
described in the diagram of blocks of figure 26.
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Fig. 26 — Environmental data inserted in the calculation of the
resistance and capacitance.

The calculation of the variation of the resistance with the
environmental variables is accomplished applying the
measurements of the environmental conditions mentioned
in equations 4 and 5, from where table 1 can be built with
the aid of MATLAB through Simulink described in figure
27.

Table 1 — Behavior of the electric Resistance, according to suggested
environmental variations (Ohm).

Speed of Environment Temperature (°C) Direction
the wind of the
e | 20| 2| 25| 28| 31| 33| [y
3 1,837 1901 1918 1,950 1,971 1,990 90°
8 1,829 1,843 1,860 1,880 1,889 1,904 60°
10 1,815 1,827 1,838 1,853 1,880 1,895 45°
12 1,809 1,819 1,835 1,845 1,853 1,861 30
Speedof | 250 | 300 | 350 ) 400 | 450 | 500 |Direction
thfmv}g; d Radiac&o Solar (W/m?) (\);it:;
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T | i,
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Fig. 27 - Responsible blocks for the calculation of the amount of heat
loosened by each process of transmission suffered by the cable.

9. Experimental Implementation

The model validation is verified by the comparison
between the results of numeric simulations and the
experimental measurements. The  experimental
measurements were carried out through energy quality
meters installed in the SEs of the Guama and Utinga,
synchronized by GPS, whose data are transmitted through
the intranet of ELETRONORTE, using the arrangement
described in figure 28.
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Fig. 28 — Connection arrangement for transmission of the data of
the meters.

The installation of the energy meters in the SE Guama is
shown in figure 29.

(a) GPS antenna
Fig. 29 — Installation of the meter of energy in SE Guama.

(b) Meter inside the electrical closet..

The measurements of the environmental variables were
accomplished with Remote Meteorological Stations -
EMRs, as shown in figure 30. They include a multi-sensor
for humidity acquisition, temperature, speed and direction
of the wind, and a sensor of solar radiation. This
information is stored in a dataloger and transmitted by
radio with a reach of 16 km. EMRs are fed through solar
panels.
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Fig. 30 — Remote Meteorological Station (EMR) in operation test.

The data transmission of the Arbiter meter is
accomplished  through  the  intranet of  the
ELETRONORTE. The data of EMRs are transmitted by
radio, until the SE where they are incorporated to the
network, as is shown in figure 31.

10. Adaptation of the Capacitance Value to
230kV

Environmental data were obtained from EMRs and

compared with those obtained from the test box. Figure

32 shows the comparison among these data in relation to
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the permittivity varying with the temperature. A similar
behaviour is observed for the two curves taking into
account that the curve described by the data obtained
from the EMRSs is at a different level. This confirms the
considerations presented in section 4, through figures 10
and 11, and it indicates the existence of change levels of
the permittivity according to levels of different voltages.
Therefore the values of the permittivity of the air (TL
capacitance) were adjusted for the values obtained from
the EMRs.
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Fig. 32 — Comparison among the permittivity obtained by the test
box and obtained by EMRs in relationship with the variation of the
temperature.

Fig. 33 — Overlap in the waves of the measured current and
calculated current, considering the test box values.

Fig. 34- Overlap in the waves with the capacitance of the
mathematical model adjusted to 20 x 10~°F.



This adjustment was accomplished observing the leakage
current. In figure 33 a comparison is observed among the
leakage current obtained by measurement and those
obtained experimentally using the values of the
permittivity of the test box. In figure 34 the form of the
wave of the leakage current is obtained theoretically using
the values of the permittivity corrected by figure 32.

11. Experimental Validation

The objective of this model is the verification of the
conditions of operation of TL through the observation of
leakage current, as shown in figure 3. So it is necessary to
decompose the leakage current in harmonic components
and to analyze the variations of the several amplitudes in
order to obtain recognition patterns. The model without
considering the environmental variables did not allow to
recognize the patterns in normal conditions as can be
observed in item 2 through figures 4 and 5 at the highest
frequencies. Figure 35 describes the harmonic
decomposition of the leakage current obtained
theoretically using the environmental variables.

Fndamental (601] = 110, THO= § 22%
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Fig. 35 - Harmonic decomposition of calculated leakage current.

These data were obtained on November 11, 2008, at 9h
20min with temperature 33°C, relative humidity 65%,
wind speed (to or up 10m) 10 m/s, direction of the wind
80 oNV, solar radiation of 380 W/m?. Figure 36
describes the harmonic decomposition of the leakage
current obtained by measurement. Improvements were
observed in the main amplitudes and more particularly in
one of the higher frequencies, where more defects in the
insulators are noticed.

Fundamertal (60%4z) = 1018, THD= 6.10%
T T

5 15| N
=

Frequency (Hz)

Fig. 36 - Harmonic decomposition of measured leakage current.

12. Conclusion

The verification method of the TL condition through the
harmonic decomposition of the leakage current has been
demonstrated to be successful. However in order to be
used for a on-line monitoring of a TL, it is necessary to
include some improvements in the model. For this reason,
the characterization of the capacitance for the variation of
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the environmental conditions was incorporated. The
adjustment required verified the value of the permittivity
of 230kV, in spite of the behavior of the permittivity, to
be the same ones for the range of voltage variation. The
result of the introduction of the environmental variables
in the model was a better representation of the harmonic
in the highest frequencies in which the defects in the
insulators are noticed. It is necessary to obtain more
values and characterization of defects for the
consolidation and wuse of the method proposed.
Considering that TL are dynamic systems in this model, it
is still necessary to increase the training for adjustment
throughout the useful life of the TL.
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