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Abstract

Increasing the safe operating temperature limits of the transmission line, by a small percentage above the present safe
operating temperature limit can help in transmission of more power over existing lines and it would also help in avoiding
huge investment and loss of time due to regulatory processes for establishment of new lines. Since the operating tem-
perature is a critical parameter for transmission of the power, low cost sensors on high tension lines would enable data
acquisition on real time basis for faster decision making. This is an alternative power source to the battery or solar panels.
The results of laboratory experiments and data on simulation for the developed self-powered temperature, sag and tension
monitoring system are presented and discussed in this paper. A comparison of two different methods of computation of
temperature based on frequency and amplitude of output signal and cost benefit of the different methods of powering the
wireless sensor nodes for transmission line application are also discussed.
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1. Introduction

The maximum loading capability of power transmission
line is determined by the system stability, permissible
voltage regulation and thermal limit of the conductors*2
Among these operational parameters, the thermal limit
depends on both operations of transmission line as well
as ambient conditions. For a given transmission line con-
ductor, there are two parameters that are very important
form the point of temperature. These are the operating
limits® (which is decided by regulatory authority) and
the thermal limit* (which depends on conductor design
and material). Thermal limit of a conductor is associ-
ated with the steady-state and overload conditions. It
is the maximum temperature at which a conductor can
operate continuously by maintaining its tensile strength*
within the safe limits as recommended by the manufac-

*Author for correspondence

turer. Therefore, the thermal limit of conductor is higher
than the operating limit and a cross over beyond this limit
would reduce the mechanical strength of conductor due
to annihilation, which is 93°C for aluminum’. The typical
thermal limits of different grades of conductors are shown
in Table 1.

Table 1. Maximum conductor temperature limits?

Conductor material Temperature limits
Normal Normal
rating(°C) rating(°C)
ACSR, steel >=7.5% area 93 93
ACSR, steel < 7.5% area 93 93
AAAC,AAC, & ACAR 93 93
ACSS, steel >=7.5% area 200 200
Copper 75 75
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Limit of the conductor has been set at 65°C"*>.
However, by increasing the safe operating thermal limit
of the conductor to 85°C, would help in transmission of
more power to the load centres. It is estimated that on
allowing conductor temperature to rise by every one
degree above 65°C (which is the present safe thermal
operating limit), there is a possibility of transmitting an
extra 6.5 MW of power in a 400 kV system when ambient
temperature is at 40°C. Since temperature of the conduc-
tor as well as local ambient temperatures play a critical
role in power transmission capability, there is a need for
a sensitive Temperature Monitoring System (TMS) which
can be integrated to a communication facility for online
monitoring of the temperature of the transmission line.
Since tension and sag of the conductors depend on tem-
perature, a Sag and Tension Monitoring System (STMS)
along with temperature sensor is also essential for the
transmission lines.

In the designed Temperature Monitoring System
(TMS) and Sag and Tension Monitoring System
(STMS), the sensor unit will be fixed on the con-
ductor. The sensor unit measures the temperature,
tension and sag of conductor and communicates the
measured data at a predetermined time interval to a
base station on the tower. To energize the monitoring
system an energy harvester system has been designed
and this system harvests energy*** from magnetic
field of the conductor.

This paper discusses the experimental and simu-
lation results of the developed compact, reliable, all
weather proof TMS and its extension to STMS. Two
different methods of measurement of temperature, one
based on variations in amplitude and other using varia-
tions in frequency of the signal are discussed. The cost
comparisons of battery powered, solar powered and
energy harvester powered wireless monitoring systems
are compared to highlight the advantages of the pro-
posed energy harvester.

2. Theoretical Background

2.1 Effect of Weather on Power
Transmission Capacity

The electrical conductors are designed to a ‘rated ampacity,
which is the maximum current the conductor is capable
of carrying under standard ambient temperature and wind
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conditions®”. Increase in ambient temperature will reduce
the ampacity of transmission line conductor due to reduc-
tion in its ability to dissipate heat’. In winter season, when
the ambient temperatures are low, there is better heat dis-
sipation from the conductor and hence, larger current can
be carried by the conductors. In summer, the difference in
ambient temperature and the maximum operating temper-
ature is reduced, and hence the current carrying capability
of the conductor reduces correspondingly. To understand
the reductions in the ampacity of the conductor under fluc-
tuating weather conditions, the thermal energy balancing
model is used. The dynamic energy balance of overhead
power line is given by equation:

Under steady state condition, AE=0 and ¢ , =0 since
there is no conduction of heat.

9. heat dissipation due to convection over a length of
one meter of the conductor.

q, heat emission due to radiation from one meter
long conductor.

9; generation of heat due to current flow in conduc-
tor per meter length of the conductor.

g, solar heat gained per meter of length of the con-
ductor.

For equilibrium conditions in the system, total heat
input to the conductor must be equal to total heat transfer
out of the conductor.

Increasing in heat due to electrical loading is dependent
on current transmitted through the conductor (I) and

resistance of the overhead conductor (R) at a given tem-
perature” according to the Equation:

q,=I'R 3)

Rearranging the terms in the heat balance equation, the
maximum allowable current in a conductor is given by

I= fw—’_q‘ at constant temperature (4)
R

The expanded form of rated ampacity of an over-
head conductor can be expressed in terms of weather
parameters (ambient temperature, wind speed, solar
insolation), conductor properties (diameter, surface
area, material properties) and can be expressed using
the equation
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ﬂ'h'D'(Tcanductor - Tumbient )
_ tn.€ 'G'D(Tcanductar4 B Tumbient4) B 5'D'as
R (5)

Here

h average heat transfer co-efficient
D conductor diameter

Tombient ambient temperature

€ emissivity of conductor surface

O Stefan-Boltzmann constant

0 incident solar radiation

a; absorptivity of conductor surface

2.2 Effect of Weather Condition on sag of
the Transmission Line

Maximum thermal operating temperatures for conduc-
tors are defined to ensure compliance with air clearance
from the ground level along with guide lines, in addition
to avoiding mechanical damage of the conductors and
line hardwire parts®. For a typical Aluminum Conductor
with Steel-Reinforcement (ACSR), the maximum allow-
able operating temperatures may vary from 50°C to
180°C, depending on the engineering practices, tolerance
and the duration of thermal exposure’. When transmis-
sion line conductors are operated beyond the maximum
operating temperature, it results in additional sag and loss
of mechanical strength”. To avoid increase in maximum
thermal operating limit of the line, the operators usually
limit the current flow in the conductor to be well within
the thermal limits®”. The increase in temperature of the
conductor causes elongation in the conductor, which in
turn increases the sag® according to the Equation:

B _oar ©)
L

Here a is the coefficient of linear thermal elongation and it
depends on the ratio of aluminum-to-steel surface area and
it is specific to each transmission line. Due to the property
of the material, aluminum elongates twice in comparison
to steel’. Therefore, aluminum suffers a larger thermal
expansion and contributes significantly towards sag.

3. Description of the TMS
3.1 Components of TMS

The developed TMS consists of an online sensor and a
communication unit, which is fixed on the transmis-
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sion line conductor and a local communication module
which is fixed at the base of the tower. This local com-
munication module, at base of the tower, communicates
with the communication module, which is fixed on the
transmission line conductor. The system components
of the designed TMS for transmission line are shown in
Figure 1(a).

3.2 Electronics of TMS

There are two major units in a TMS namely the sensor/
communication module which is fitted on the trans-
mission line and a local base station at the base of the
tower. Inside the sensor and communication unit, a tem-
perature sensing element with required electronic signal
conditioning circuits are placed. In this case, a PT100
sensing element is used. Whenever there is a change
in temperature, the resistance of PT100 sensor would
change leading to either change in amplitude or change
in time period of the signal generated at the output of
the electronic circuit. Hence, measuring the variation in
either of the two quantities i.e. signal amplitude or signal
frequency and comparing them with the corresponding
reference value of amplitude and time period would
give the actual value of the temperature. A conceptual
representation of the sensor and communication unit is
shown in Figure 1(c).

For measurement of the variations in amplitude of
the signal, a wheat-stone bridge and instrument ampli-
fier circuit are used in the circuit and for measurement of
the variations in frequency; a two stage oscillator circuit is
used. A microcontroller unit is integrated in the electron-
ics for performing the internal mathematical operation
and calibration followed by data transmission. A block
diagram of the proposed TMS is shown in Figure 1(b)
depicting different blocks used in the sensor and commu-
nication unit of the TMS.

4. Assessment of Electronic
Circuit of TMS by Simulation

In the simulation, a PT100 temperature sensor is used
and its resistance is varied to respond the changes in tem-
perature.
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Figure 1. Components of TMS. (a) System components of
online temperature monitoring system (TMS); (b) Schematic
of the developed TMS; (c) Conceptual block diagram of the
electronics of the sensor and communication unit.

The change in resistance modifies either the amplitude
or the frequency of the output signal. The variations in
either of these two electrical parameters are measured to
determine the changes in the temperature. Two methods of
temperature measurement based on the amplitude varia-
tion and frequency variations are discussed in this paper.

4.1 Temperature Measurement using
Frequency Method

The circuit of this method consists of a two stage opamp
circuit as shown in Figure 2(a) used for conversion of
temperature to frequency. A PT100 sensing element is
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connected to the positive terminal of the 2" stage of the
opamp.

For both simulation and experimental measure-
ments, MCP604 opamp was used. A 3-pin regulator
LT1083 was used for control of the output voltage to
3.3 V. Resistance of the PT100 element is varied from
100 to 200 Q) in steps of 10 Q each. For simulation, LT
spice and Proteous 8.4 simulators were used. Figure 2(b)
shows the linear relationship between change resistance
and change frequency for frequency method. The results
of simulation depicting the variation in time period
with constant amplitude due to changes in resistance of
PT100 is shown in Figure 2(c).

Table 2 shows the dependence of output frequency
on resistance of PT100 element when temperature to
frequency converter circuit is used. Here the data is
transmitted using UART module of PIC16F1936 con-
troller to the remote host receiver module. In Proteous
8.4 simulator, a virtual window terminal was used as
the receiver unit for receiving and displaying of the
results. The data received at the virtual terminal is in
the form of hexadecimal numbers, and it is presented
in Table 2.

Table 2. Data of the receiver window of the simulator

Change in Variation in output | Data received at
resistance due frequency due virtual terminal
to temperature to temperature window of

effect (Q) effect(Hz) simulation

110 739.929 0523
120 738.299 064A
130 736.679 0770
140 735.069 0897
150 733.454 09BE
160 730.814 0AE4
170 728.174 0CO0A
180 725.281 0D30
190 722.172 0E57
200 719.041 0F7E

The variation in frequency for different values of resis-
tances are shown in Figure 2(c) and it is observed from
figure that amplitude of signal remained constant but fre-
quency of the signal changed when there is a change in
resistance of PT100. It is also observed that with increas-
ing in resistance due to increase temperature, there is a
corresponding fall in the output frequency of the sensor
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module. This variation in the output frequency is mea-
sured using the microcontroller unit.

It is also observed that with increasing in resistance
due to increase temperature, there is a corresponding
fall in the output frequency of the sensor module. This
variation in the output frequency is measured using the
microcontroller unit.
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Figure 2. Temperature measurement by frequency

method. (a) Circuit for temperature to frequency conversion;
(b) Variation in output frequency of the sensor node with
respect to variations in PT100 resistance due to changes in
temperature; (c) Results of simulation showing the effect of
variations in PT100.

4.2 Flow Diagram for Temperature
Measurement by Frequency

In this method, CCP (Capture/Compare/PWM) mod-
ule of PIC16F1936 controller is used". The CCP module
helps in capturing the input signal based on the edge
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selection (rise/fall/level). On arrival of the first edge of the
input signal at input pin of the controller, ISR (Interrupt
Service Routine) is invoked and the timer]l module data
is loaded to the CCPR resistor. A similar action takes
place on the arrival of the second edge of the input signal.
Therefore, the difference between two consecutive values
of CCPR register correspond to the difference in time
period between two consecutive edge of signal, which is
the time period of the signal and reciprocal of it gives the
frequency of the signal.

UART module and TXREG register'? of Pic16F1936
are used for serial communication of temperature data of
conductor to remote computer. For this particular appli-
cation Xbiee communication protocol® is used. The flow
diagram for the temperature measurement using fre-
quency method is shown in Figure 3

Configure Tx & Rx

Start timerl

Check rising
edge

Y

Read CCPR
register

Perform FF - CCPR
‘Value and store it in memory

Check for nex
rising edge
Y

{ Read CCPR register value and subtract it ] [ Read CCPR register and add Previous mluj

Check for next
rising ed;

from previous CCPR value and this is the of (FF-CCPR) to it. This is the data for
data to be transmitted transmission.

“heck status - Reset
of receiver receiver
Ni

ot healthy
Healthy

N !
TXREG register

Flow diagram of temperature measurement

received. Wait till receiving action is completed.

Data from remote control station is being
Read received data.

Data from sensor module is being transmitted and
wait as previous Transmission action is in progress.

Figure 3.
using frequency method.
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4.3 Temperature Measurement Using
Amplitude Method

In this approach, a wheatstone bridge circuit is
used,which remains at balanced position when PT100
resistance is at 110 Q. When there is change in tem-
perature, the resistance of the PT100 element changes
and the bridge balance condition is disturbed.It is well
known that the output of the wheatstone bridge under
balance state generates zero output voltage'’. During
the unbalanced condition, the output voltage that is
generated is proportional to the change in the value of
the resistance of the bridge. The output voltage of the
bridge circuit is further amplified to the desired range
by using an instumentation amplifier circuit as shown
in Figure 4(a). For simulation, the resistance across RV1
was varied at an interval of 10 Q) from 110 Q to 200 Q
and results are shown in Table 3. The corresponding
output voltage of the electronic circuit and the data unit
received for variations in resistance is shown in Table 3
in hexa decimal format.The variation of output voltage
with respect to resistance is shown in Figure 4(b).

Table 3. Data of receiver window of the simulator

Change in Change in output | Data received at
resistance due voltage due to virtual terminal
to effect of temperature window of

temperature () effect(V) simulation
110 0.79 0F BO
120 1.51 01 EO
130 2.16 02 AE
140 2.76 03 6C
150 3.31 04 1B
160 3.82 04 BD
170 4.29 0552
180 4.72 05 DA
190 5.13 06 5D
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Figure 4. Temperature measurement using amplitude
method. (a) Circuit for temperature to amplitude conversion;
(b) Variation of output voltage of sensor node with the variations
in the resistance of PT100 using the amplitude method.

4.4 Flow Diagram for Temperature
Measurement by Amplitude Method
Using TMS

In this method, an ADC module is used to measure the
amplitude of the signal and the sensitivity of ADC to get
the actual amplitude of the signal. For communication
of the data to the remote computer, UART module and
TXREG register were used in the prototype of TMS. The
flow diagram for the temperature measurement by ampli-
tude method is shown in Figure 5.
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Figure 5. Flow diagram of temperature measurement
method using amplitude method.
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5. Experimental Results

For the development of a fully functional TMS unit for
transmission line temperature measurement, the work
was divided into three parts.

In first part a prototype electronic module was fab-
ricated using temperature to frequency converter circuit
and the corresponding algorithm was implemented in
the controller. The output of the electronic module was
tested and results were validated by powering it through
an external DC source. In second step, an energy har-
vester was designed to supply 3.3 V, 156 mA current for
powering the electronics of the TMS and the results were
verified by varying the conductor current from 50 to 240
A. In the third step both TMS electronics module and
energy harvester were integrated and the functionality of
electronics of TMS was validated by powering it through
energy harvester unit. The details of these three steps are
discussed in the sections to follow.

5.1 Validation of Performance of TMS

A prototype electronic module was fabricated to trans-
mit the temperature of conductor, using the temperature
measurement by frequency method and the test setup for
validation of results of the prototype electronic module is
shown in Figure 6.

For the purpose of verification of the results of the
prototype, it was powered from a 0-12 A, 0-24 V variable
dc source (in place of energy harvester) in the laboratory

and an oscilloscope was connected across the output of
as shown in Figure 6(a). The output of temperature to
frequency converter circuit is a square wave with con-
stant amplitude and varying time period as shown in
Figure 6(a).

A PT100 sensor was integrated into the electronic
module for sensing the temperature of the conductor
which was heated by an external heat source and the
variations in resistance across the PT100 element due to
temperature was recorded by using a digital-meter and
corresponding frequency was recorded through an oscil-
loscope. The results of experiments and simulation are
compared in Table 4 (see appendices). It is observed that
the deviation of resistance in experiment and simulation
are about 0.6 Q which corresponds to B12°C variation in
temperature.

After verification of the functionality of tempera-
ture to frequency converter circuit a fully functional
PCB was designed using a microcontroller unit
(PIC16F1936), a communication module (Tarang P-20
RF module®) and the temperature to frequency con-
vert circuit. This circuit was also integrated with an
inductive charge booster which boosts dc voltage from
0.5 to 3.3V. At the output of power supply section a
LED was connected for indication of healthiness of
power supply (i.e., 3.3V, + 2%) . The photograph of the
set up for testing of the power supply section of PCB is
shown in Figure 6(b).

Table 4. Comparison of experimental data and results of simulation using the temperature to frequency conversion

method
Change in resistance due to Difference in Variation in output frequency Difference in
Temperature temperature effect (Q2) rf:sistan'ce from due to temperature effect(Hz) fTequen‘cy from
Q) mmula‘tlon and mmulaflon and
Experimental Simulation experimental Experimental Simulation experimental
results results results ( Q) results results results (Q)
28 112.12 110 2.12 738.9 28 112.12
50 119.43 120 -0.57 737.4 50 119.43
80 131.51 130 1.51 734.6 80 131.51
100 140.71 140 0.71 734.9 100 140.71
130 149.23 150 0.77 732.5 130 149.23
158 162.24 160 -2.24 731 158 162.24
188 168.35 170 1.65 727.1 188 168.35
208 181.21 180 1.21 723.9 208 181.21
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by the circuit
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indicates healthiness of power
supply section.

Figure 6. Validation of performance of TMS. (a) Photograph
of the sensor electronics module for frequency method,
showing a square wave is generated by the module;
(b) Photograph showing the testing of the power supply
section of sensor electronic module.

5.2 Development of Energy Harvester Unit
for Powering the TMS

After fabrication of all electronics of TMS module the
design of energy harvester module was taken up. Two
rectangular ferrite bars of dimension of 97.5mm x 35mm
x 5mm and a U-shaped lamination of dimension 140mm
x 80mm x 4mm were used in the design of the energy
harvester. The rectangular ferrite bars are placed on the
both sides of the conductor and the U-shaped lamination
was fixed across the ferrite bars from the bottom side of
the conductor. Copper wire of 42 gauge and 2500 turns
were wound around the U-shaped lamination. In the
designed energy harvester the rectangular ferrite bar acts
as a flux collector and the U-shaped lamination provides
a low reluctance path towards the coil. The energy har-
vester unit was used to power the electronics of TMS in
the experimental set up for transmission of temperature
of the conductor. A photograph of the developed TMS
for transmission line along with the energy harvester, are
shown in Figure 7.
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Figure 7. Photograph of developed TMS unit with energy
harvester.

5.3 Experimental Results

It was difficult to replicate the exact transmission line
model in the laboratory for loading the line with different
magnitudes of ac current.

Hence, a low voltage, high current variable ac cur-
rent source of 1000 kVA capacity was used for generating
currents. Copper conductors of 35 mm2, 50 mm?2 were
used for experiment purpose. Conductor was connected
across the output terminals of the low voltage, high cur-
rent source and the energy harvester module was fixed to
the conductor as shown in Figure 8. An alternating cur-
rent of magnitude from 50 to 240 A was passed through
the conductor and current was increased in steps of 10 A
and maintained for 4 to 6 hours for reaching the steady
conditions. The wireless sensor node was programmed
to transmit the temperature of conductor at intervals of
1 min and a computer was used for receiving and record-
ing of the data. A receiver module was connected to the
serial port of the laptop and data was recorded using the
TMFT software. The data recorded by the computer is
shown in Table 5.

Table 5. Experimental results showing the data

recorded by the remote computer corresponding to
each line current in the hexa decimal format

Primary line current(A) Data recorded by remote
computer in hexa decimal
format
50 0372
60 0376
70 0377
80 03 7A
90 037D
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Primary line current(A) Data recorded by remote
computer in hexa decimal
format
100 03 80
110 03 81
120 03 83
130 03 84
140 03 87
150 03 8C

(a)

Figure 8. Experimental set up for TMS for validation of
result. (a) Photograph shows sensing element connected
to connector; (b) Photograph shows multimeter showing
developed e.m.f; (c¢) Photograph shows remote computer
receiving data from TMS module.
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Figure 9. Variations in the data recorded at remote
computer with respect to variation in the line current.

Table 6. Variations in the conductor temperature
corresponding to line current at an ambient
temperature of 23°C

Primary line current(A) Conductor temperature

)

50 29

60 29.5

70 30

80 30.5

90 31

100 32

110 32,5

Table 6 also shows the temperature data received at the
remote terminal of the computer. From Figure 9 it is
observed that the data received at the remote computer is
nearly linear with respect to variations in the line current.
The linearity was further improved by using calibration
of data at the software level. From the experimental and
simulation results it follows that

o There is an average deviation of 1.5 Hz in experimental
results as compared to results of simulation. This devi-
ation arises mainly, because of the resistance values in
the experimental approach, do not match the resis-
tance value considered in simulation. The deviation in
resistance value between simulation and experiment
is around 1.9 Q.

o The performance of energy harvester and charge
pump unit were also verified. It is observed that
energy harvester along with charge pump unit, works
satisfactorily by supplying 3.3 V and 156 mA for line
current of 50 A on-words.
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o The temperature data from TMS was communicated to
remote computer, and recorded at TMFT software in
the remote computer. The temperature data recorded at
remote computer for different line current magnitude
and it was observed that the variation in conductor
temperature and line current is almost linear.

5.3.1 Sensitivity of Measurement

Temperature measurement using frequency method
The following equations are used for calculation of sen-
sitivity:
AQOutput
Sensitivity(S)= b chand
Alnput

AOutput voltage

- Alnput Resistance due to temperature
_738.299-739.929 _ 0.163&
120-110 Q

Temperature measurement using amplitude method
The following equations are used for calculation of sensitivity:

AOutput

Sensitivity(S)=
ve) Alnput

AOutput voltage

- Alnput Resistance due to temperature
1.51-0.79 Vv
=——=.072

C120-110 T Q

It is important to note that in sensitivity calculation the
sensitivity of CCP and ADC module of controller are not
considered. Considering the complexity of implementation
of algorithms, for the method of temperature measure-
ments by variation in amplitude is easier to implement as
compared to the method of temperature measurement by
variation in output frequency because in former case ADC
and UART module are required to be configure.

6. Conclusion

The important conclusions of this study are as follows:

o An online Temperature Monitoring System (TMS) has
been successfully developed and its performance is
observed to be satisfactory.

o Two methods of computation of temperature,one
using the amplitude and the other one using the fre-
quency have been evolved.lt is observed that the
sensitivity of the circuit used for ampitude method is
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better as compared to the circuit used for frequency
method.

o The energy harvester unit designed is capable of delever-
ing 3.3 V, 156 mA for a minimum line current of 50 A.
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