
1. INTRODUCTION

The achievements of modern civilization have mainly been
due to the use of electrical energy. In spite of the great ad-
vances in the development of local sources of energy such as
fuel or photoelectric cells, almost all energy is generated at
power stations and transmitted over long distances through
overhead power lines at medium and large voltages. Although
the lines are of great economic importance, they pose a threat
to low-flying planes, motor glides and other aerial vehicles.
They may also cause disturbances and, in consequence, im-
proper operation of various control and measurement sys-
tems as well as medical equipment. Another important pro-
blem is the fact that power lines emit electromagnetic fields,
and prolonged exposure to EMR is known to have adverse
effects on living organisms. During warfare, power grids are
primary targets especially for air power, as their destruction
paralyzes rail transport and industrial production.

Flying objects need to be equipped with measurement de-
vices for detection and location of power lines, as there is
a danger of collision with such obstacles. The reliability and
precision of these devices is essential, particularly in war-
time when power lines need to be destroyed by means of mis-
siles, aerial cluster bombs or unmanned combat aerial vehi-
cles [9, 10]. High speed combat maneuvers require that such
obstacles and targets be detected and located at a distance of
at least 1000 m. It is vital to employ high-sensitivity mea-
surement instruments able to suppress disturbance signals
originating from transmission lines or, in wartime, the mask-
ing noise purposefully produced to protect them. The perfor-

mance of such a system needs to be verified under real condi-
tions. During transport and operation, it may be exposed to
climatic changes, for instance different temperatures, mois-
ture content, and frost. It may suffer mechanical damage, e.g.
substantial overloads and surges, as well. All these effects
have to be taken into account.

The aim of the investigations was to develop a measure-
ment system for effective detection and location of overhead
power lines. Active filters were applied to reduce the
disturbance.

2. SCOPE OF THE STUDY

Overhead high-voltage transmission lines are technological
devices emitting electric and magnetic fields with a frequ-
ency of 50 Hz. The intensity of the electric field is constant in
time and proportional to the electric voltage along the length
of a transmission line; it depends on the distance from the so-
urce of the field and the shield configuration such as earthed
support structures and transmission pylons. The intensity of
the magnetic field, on the other hand, is proportional to the
voltage of the electric current and varies according to the po-
wer line load. A sudden fall in the field intensity may be re-
ported when a pylon structure characterized by shield pro-
perties is approached or the distance from the line axis has in-
creased. Nearby trees, shrubs or buildings with shield pro-
perties may cause a substantial decrease in the intensity of
the electric field [7]. Moreover, the intensity of these fields
vary depending on the height at which a measurement is ta-
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ken, the height being in the range 0.5–2.0 m above the gro-
und. The investigations conducted within the framework of
the research project described in Ref. [8] show that the value
of the electric field intensity measured close to a high- or me-
dium-voltage transmission line increases almost linearly
with the height above the ground. Due to the fact that the
electric field intensity is mainly dependent on the voltage
and not dependent on the line load, it can be assumed that it is
the electric field Zintensity that makes target detection and
location possible.

3. DESCRIPTION OF THE MEASUREMENT

SYSTEM AND INITIAL TEST RESULTS

An initial study was carried out to determine the relationship
between the changes in the electric field intensity and the di-
stance from the signal source, i.e. an overhead power line. A
special-purpose measurement amplifier was developed. As
can be seen from the diagram in the Figure 1, the main elem-
ent is a ‘new-generation’ integrated circuit of the INA128PA
type made by Burr–Brown (W1). The first-stage amplifica-
tion K1 of up to 10 000 is adjusted by means of a Helipot mul-
ti-turn potentiometer R0. The coil employed as the sensor of
the measurement path consists of 4100 turns of enamel-in-
sulated Cu wire with a diameter of 0.17 mm. The coil was
mounted to the core of annealed low carbon steel wire with a
diameter of 10 mm and a length of 150 mm. The ends of the
core were connected directly to the corresponding inputs of
the measurement amplifier. An attempt was made to employ
a ferrite core, yet, due to its susceptibility to crack growth un-
der large overloads, the idea was abandoned at an early stage.
The sensor inductivity, L, and capacity C1 constitute a reson-
ant circuit with a frequency of 50 Hz.

The operational amplifier, W2, being part of the OP290GP
system was employed for the second-stage amplification, K2,

equal to 1000. The maximum total amplification Kmax was
107. The resistance-capacity method of coupling (R3, C2)
was used for the two stages of amplification.

The measurement amplifier was powered by a single 12
volt battery. As can be seen from Figure 1, the operational
amplifiers require a double voltage supply. It was necessary
to construct an active voltage divider using the rest of the
OP290GP amplifier. As a result, it was possible to establish
the virtual mass point with regard to which the voltages sup-
plied to the amplifier were +5 V and –5 V. The diagram of
the active divider is not included in this paper.

Since the tests involved measuring an alternating signal,
it was necessary to establish the artificial mass potential. The
other part of the OP290GP system was used to construct an
active divider of the voltage supplied. The output of ampli-
fier W3 constitutes the virtual mass point, which the voltage
signal was referred to. The signal was induced in the antenna,
Ant, and amplified at the outputs of amplifiers W1 and W2.
A schematic diagram and detailed description of this mea-
surement system can be found in Refs. [8, 10].

It was necessary to determine the effects of a transmission
line on the value of voltage induced in the receiving antenna
of the measurement system. A field study was conducted in
the vicinity of medium and high voltage lines (15 kV and
110 kV). As shown in Figure 1, the voltage was measured
at the output of amplifier W1. However, if the distance
from the signal source was bigger, it was measured at the
output of amplifier W2. The voltage induced in the coil was
calculated by dividing the alternating voltage of 50 Hz at the
output of amplifier Uwy by the coefficient of amplification:
UA = Uwy/K. Figure 2 shows the results of measurements of
the voltage induced in the coil of the measurement system
presented in the Figure 1.

The performance of the measuring device was reported to
be dependent on the distance from the medium-voltage
power line (up to 15 kV), or rather, its horizontal projection.
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Fig. 1. Schematic diagram of a measurement amplifier



The relationship between the distance and the device per-
formance was clear and nonlinear. The voltage was found to
fall rapidly, when the device was at a distance of up to 20 m
and moved away from the line. When the distance was more
than 20 m, the decrease in the voltage was steady and ap-
proximately linear. At a distance of more than 50 m, a num-
ber of various disturbance signals were recorded, so the sig-
nal became practically non-measurable.

An extremely nonlinear relationship between the voltage
induced in the coil and the distance from the line was report-
ed also for high-voltage transmission lines (up to 110 kV).
The signal became measurable at a distance of 80–100 m
from the transmission line. The tests were conducted under
stationary conditions when the measurement system was at
idle. If the system is to be mounted on board of an aerial vehi-
cle as part of a unit for detection and location of transmission
lines, its sensitivity needs to be higher than that obtained dur-
ing the tests. The amplitude of the disturbance signals was
found to be higher that the amplitude of the useful signal,
therefore it would be unadvisable to increase the amplifica-
tion of the measurement path above 106 [V/V].

Before the construction work could be continued, the
model system had to be tested at a brisk walking pace as well
as at a running pace. The aim was to determine how mechani-
cal overloads affected the system operation. The tests were
conducted at distances from the line where the signal was
still measurable under static conditions. The system was re-
ported to malfunction both at a brisk walking pace and at
a running pace. The disturbances occurring at the output of
the measuring system were characterized by a low fre-
quency, which was difficult to determine, and an amplitude
much higher than that of the useful signal. At a distance of
about 60 m from the high-voltage power line (up to 110 kV),
the amplitude of the disturbances was nearly 100 times
higher than that of the useful signal. The disturbances af-
fected the performance of the measuring system substan-
tially, so it was unsuitable for the detection of transmission

lines. A high amplitude of disturbance signals in open terrain
could result in complete disorientation of the pilot.

As it was necessary to determine whether the disturban-
ces were not owing to the nearby power lines or high-voltage
receivers, the tests were conducted in a remote area at a dis-
tance of at least 1 km from the power line. Strong disturbance
signals occurred during brisk walking, running or ladder
climbing. The occurrence of the useful signal was not re-
ported, not even under stationary conditions. To find the
source of disturbances, it was essential to conduct laboratory
tests again. The sensor and the amplifier of the measuring
system had to be tested first. The output signal of this ampli-
fier was sent to an oscilloscope, and the plate with the initial
amplifier was attached to one end of a wooden bar several
dozen centimeters in length. The bar was then moved vigor-
ously in the vertical or horizontal directions. The voltage sig-
nal with a frequency of an order of several to several dozen
hertzs was reported to occur when the bar was moved vigor-
ously, because the plate with the measuring amplifier
changed its location in space. It was thus assumed that the
voltage disturbances of a low frequency induced in the an-
tenna could be attributable to the fact that the sensor (an-
tenna) was quickly crossing the lines of force of the Earth’s
magnetic field.

The laboratory tests showed that the system was suscepti-
ble to disordered disturbances in the form of electrostatic
discharges generated by rubbing the system casing with
a charged fabric. Disturbances of this type were also gener-
ated by the flow of air through the nozzle and around the cas-
ing. This finding is of great importance because such signals
may affect the operation of a measuring device mounted on
board of an aerial vehicle.

4. SELECTING THE FILTER SYSTEM

AND REDUCING THE DISTURBANCE SIGNALS

The disturbance signals caused by the motion of the measur-
ement system and those generated by electrical equipment
operating in the system vicinity may have various frequenc-
ies that are difficult to predict. At the same time, the signals
may be characterized by considerable amplitudes much hi-
gher than that of the useful signal. The greater the distance
from a power line, the more undesirable the effect is. It was
necessary to select and apply a suitable band filter that would
be able to isolate and let the useful signal pass through and,
simultaneously, suppress the disturbances. Model systems of
the active filters had to be constructed and tested under labor-
atory conditions. Their suitability was checked at the sub-
sequent stages of the investigations. It should be noted that
the greater the difference between the frequency of the useful
signal and that of the disturbance signals, the more correct
the simple filters proved. Disturbance signals interfering
with signals with similar frequencies had to be isolated by
means of filters with an amplitude characteristic that is flatter
in the pass band and has a very steep slope in the transition
region between the pass and the barrier bands. Simple cas-
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Fig. 2. Relationship between the voltage induced in the coil, U, and
the distance from a medium-voltage line (up to 15 kV) and a high-

-voltage line (up to 110 kV), L



cade-coupling of the RC filters was not sufficient, because
the initial impedance of each section overloaded the previous
one. Using impedance transformers (separators) between the
component sections was an ineffective solution. The bend of
the amplitude characteristic – transition between the pass
band and the barrier band – would not be sharp enough [3].

First, two medium-pass filters with a medium frequency of
50 Hz were designed and constructed. Figure 3 shows a sche-
matic diagram of a square medium-pass filter with an invert-
ing amplifier and a multiple feedback loop [6]. Figure 5 illus-
trates a normalized amplitude characteristic (curves 1 and 2).
The values of the particular elements were calculated ac-
cording to the guidelines given in Ref. [6].

Next, a two-pole filter for modeling state variables [3] was
developed. Its schematic diagram is shown in the Figure 4,
and its amplitude characteristic is included in the Figure 5
(curve 3). Although such filters incorporate numerous com-
ponents, they are characterized by sharp amplitude charac-
teristics (high Q-factor) [3].

When the filters were ready, they were used in a model
measurement system shown in the block diagram in the Fig-
ure 6. Each signal leaving the sensor was amplified in the
measurement amplifier and fed to the input of the band-pass
filter. After filtration, the signal was amplified again in the fi-
nal amplifier and then measured by means of the digital
voltmeter.

After modification the measurement system was able to
recognize signals emitted by high-voltage power lines (up to
110 kV) under stationary conditions from a distance of about
200 m. It was essential to study the system susceptibility to
disturbance when in motion. Some improvement in the per-
formance was reported, because it was possible to suppress
part of the low frequency disturbances resulting from the
system horizontal or vertical motions. The slow-varying dis-
turbances resulting from accidental displacements of the sys-
tem as well as the disturbances caused by electrostatic dis-
charges were not reduced. From the amplitude characteris-
tics in Figures 4 and 5, it was clear that the disturbance sig-
nals with a frequency of a dozen to several dozen hertz could
be transmitted through the particular filters provided that
their amplitudes were several times higher than the
amplitude of the useful signal.

The filters under analysis were filters of the second order
with two-pole transfer functions. An attempt was made to
improve the amplitude characteristics – the slope of the tran-
sition between the barrier and the pass bands. Their cas-
cade-coupling turned out to be ineffective; a steeper slope of
the characteristics resulted in worse parameters of the im-
pulse response and the phase characteristic [3].
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Fig. 3. Square medium-pass filter with a multiple feedback loop and
an inverting amplifier [6]: Auf = 10, Q = 5, f0 = 50 Hz; R1 = 15.9 k�,

R2 = 3.54 k�, R3 = 318.5 k�, R4 = 320 k�, C1 = C2 =100 nF

Fig. 4. Medium-pass filter used for modeling state variables [3]:
Auf = 0, Q = 20, f0 = 50 Hz, R1 = 30 k�, R2 = 900 k�� R3 = 900 k�,
R4 = 300 �, R5 = 318.5 k�, R6 = 300 k�, R7 = 318.5 k�,

R8 = 300 k�, C1 = C2 = 10 F

Fig. 5. Amplitude characteristics of the square filter and the filter
for modeling state variables for various values of the Q-factor:

1 – Q = 5, 2 – Q =10, 3 – Q = 20



During the tests it was established that the filter distor-
tions were attributable to filter tuning, thus indirectly to
changes in the mid-band frequency f0, changes in the capaci-
tor capacity and considerable fluctuations in ambient tem-
perature. The main disadvantage of the square filters and the
filters used for modeling state variables is that the values of
the particular elements have to be selected very carefully,
which is troublesome. It is easy, however, to select resistors
so that their susceptibility to changes in ambient temperature
is negligible and equal to 0.2%. Selecting capacitors with
a proper capacity, i.e. not greater than 2%, is more difficult,
because they have to meet the requirements included in the
standards. The process of selection is very labor-consuming,
and therefore useless if conducted under laboratory condi-
tions. If the measuring system is to have, for instance, mili-
tary applications, it is envisaged that the temperature changes
will range 220–320 K. There is always a risk that the mid-
-band frequency f0 will change. This may cause a significant
reduction in the level of the useful signal, or even its loss in
an extreme case, if the steepness of the filter characteristic is
high and the pass band narrow.

The analysis showed that a new model of the active filter
had to be constructed. Since the disturbance signals entering
the filter caused its self-tuning under changeable climatic
conditions, it was necessary to construct a band filter with
a very steep amplitude characteristic, which would enable to-
tal or substantial attenuation of disturbance signals with fre-
quencies of less than 0.5f0 and more than 1.5f0.

It was assumed that the most desirable feature of the fil-
ters used in the analyzed system was the sharpness of their
characteristics. Chebyshev filters seemed to be the most suit-
able. An optimal six-pole high-pass Chebyshev filter with a
waviness of 0.5 dB and a boundary frequency of 40 Hz was
developed and constructed by coupling three two-pole filters
to form a cascade. Furthermore, it was necessary to construct
a low-pass filter with a boundary frequency of 70 Hz. The fil-
ter was designed effectively by applying a table for simpli-
fied design of VCVS (voltage-controlled voltage source) fil-
ters provided in Ref. [3]. It should be noted that the structure
of VCVS filters is fairly universal. It is possible to change
discrete elements easily. For instance, a Chybyshev filter can
be replaced by a Bessel or Butterworth filter and vice versa.
This information is important to designers conducting an ini-
tial study on functional blocks or even a whole device.

The initial amplifier was cascade-coupled to the high-
-pass and low-pass filters in order to modify the input system
with a set of filters. The model system with a pass band in the
range 40–70 Hz was tested first under laboratory and then
under field conditions.

The field study showed that the performance of the modi-
fied model system was better, which suggests that the pass
band assumed for this set of filters was too broad.

The test results were analyzed and the following conclu-
sions were drawn. The attenuation of disturbance signals in-
terfering with the system for detection and location of over-
head transmission lines requires employing a band-pass filter
with a narrow pass band (high Q factor) and very steep
slopes of the amplitude characteristics in the transition re-
gion between the pass and the barrier bands. The filter is able
to tune itself to a medium frequency due to a change in the
value of discrete elements RC. A switched-capacitor filter
whose medium frequency is retuned with a clock signal was
selected. An example of such a filter is a Maxim MF10 inte-
grated circuit consisting of two independent active CMOS
filters. A clock signal and 3–4 resistors are required to con-
struct a filter of the second order. A fourth-order filter can be
constructed in one MF10 circuit by cascade-coupling of two
filters of the second order. Filters of a higher order can be
made by connecting several MF10 circuits. The system can
combine the different functions of Bessel, Butterwoth, Cauer
and Chebyshev filters (Fig. 7).

A Butterworth filter makes it possible to obtain a flat am-
plitude characteristic in the pass band and minimize ampli-
tude distortions of the transmitted signal. On the other hand,
the bend of the amplitude characteristic is less sharp in the
transition region between the barrier and the pass bands.

A Bessel filter (also known as a Thompson filter) makes it
possible to obtain the most linear phase characteristic in the
pass band and therefore, minimize phase distortions. This
leads to a considerable decrease in the steepness of the slope
of the amplitude characteristic between the pass band and the
barrier band.

A Chebyshev filter enables obtaining the steepest slope of
the amplitude characteristic in the transition region between
the pass and the barrier bands. The steepness causes fluctua-
tions in the pass or barrier band [3].

An elliptic (Cauer) filter is similar in design to a Cheby-
shev filter. The fluctuations of the amplitude characteristic
are in the pass and barrier bands. Cauer filters are character-
ized by a steep slope. A more critical selection of elements is
required than in the case of the Chebyshev filters [5].

The MF10 system possesses separate outputs for the
high-pass, band-pass and low-pass filters. As the medium
frequency of a filter is dependent solely on the frequency of
the clock signal generated by the quartz oscillator, the fear is
that it may be retuned due to ambient temperature changes.

To guarantee a desirable response of the MF10 filter,
it was essential to meet the condition that for medium fre-
quencies lower than 5 kHz, the Q-factor of each filter section
could not exceed 150. For higher values of medium frequen-
cies f0, the admissible value of the Q factor is smaller. For
example, for f0 = 10 kHz, the Q factor could not be more than
20 [4].
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Fig. 6. Block diagram of the measurement system



Considering all the pros and cons of each filter type, the
authors found it necessary to make a compromise between
the processing accuracy in the time domain and the sharp-
ness of the amplitude characteristic.

The Butterworth band-pass filter with the following pa-
rameters was selected:
– lower edge of the transmission band, f1 = 48 Hz,
– upper edge of the transmission band, f2 = 52 Hz
– maximum attenuation in the transmission band,

�p = 0.5 dB,
– edge of the barrier band, f3 = 45 Hz,
– edge of the barrier band, f4 = 55 Hz,
– minimum attenuation in the barrier band, s = 50 dB.

Using the method of filter designing discussed in Ref. [5],
it was possible to determine that N = 6. In practice, however,
the filter had to be equipped with two MF10 circuits, and the
final assumption was that N = 8. Subsequently, a rounded
value of the filter quality factor was determined and it was
equal to 10. All the design requirements provided by the
manufacturers in catalogues had to be met before the values
of the Q-factor in the particular filter sections could be calcu-
lated. They values were as follows: Q1 = 10, Q2 = 15.5,
Q3 = 19.6, Q4 = 23.

Figure 7 shows a diagram of the band-pass Butterworth
filter of the 8th order, while Figure 8 presents the filter am-
plitude characteristics for different values of the quality
factor Q.

Finally, the filter was constructed and used in the mea-
surement system according to the block diagram shown in
the Figure 7. The tests were conducted under laboratory and
field conditions. A significant improvement in the perfor-
mance of the system was reported. It was possible to detect
a high-voltage line (up to 110 kV) from a short distance of

800 m. The system showed considerable resistance to slow-
-varying disturbances produced during a high-speed flight.
It seems that a further improvement in the filter properties is pos-
sible if the quality factor and the filter order are increased.

4. CONCLUSIONS

Slow-varying disturbances with frequencies close to the
frequency of the useful signal (50 Hz) and amplitudes of up
to several hundred times bigger than the amplitude of the
useful signal are reported to have a negative influence on the
operation of systems used for detecting and locating high-
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Fig. 7. Diagram of the band-pass filter of the 8th order composed of MF10 circuits. R1 = R3 = 100 k�, R2 = R5 = R8 = R11 = 10 k�,
R4 = R6= 160 k�, R7 = R9 = 200 k�, R10 = R12= 230 k�

Fig. 8. Amplitude characteristics of the Butterworth filter of the 8th
order for the following values of the Q-factor: 1 – Q = 2, 2 – Q = 4,

3 – Q = 6, 4 – Q = 8, 5 – Q = 10



-voltage power lines from a distance of an order of several
hundred meters.

Disturbance signals induced in the sensor (antenna) are
attributable to the sensor intersecting of the Earth’s magnetic
field lines; they are also due to electrostatic discharges pro-
duced by the flow of air around the system casing or by acci-
dental rubbing of the casing with a charged fabric, i.e. a labo-
ratory worker clothing.

Isolating the useful signal requires applying high-order
high Q-active filters. It is advisable to use switched-capacitor
active filters with a quartz oscillator assuring medium
frequency stability.

Decreasing the bandwidth of the pass filter will substan-
tially reduce the disturbance signals and enable accurate de-
tection and location of high-voltage power lines from a dis-
tance of more than 1000 m. The systems can be used in mis-
siles with automatic self-guidance.
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