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ABSTRACT Leakage current measurement and its harmonics have been widely used for the pollution
level estimation of HV insulator strings. However, the solutions available to applications into transmission
lines and substations are few and it reduces the creepage distance (mm/kV), must be installed by de-
energizing the electrical power system or do not allow the characteristic harmonics of the leakage current
to be obtained. This paper presents the design, implementation, testing, and experimental validation of a
transducer for measuring and online monitoring of leakage currents on high-voltage insulator strings. The
transducer is composed of a clamp-type current transformer with a supermalloy material core. The leakage
current is reconstructed from the transducer output voltage by applying the Fast Fourier Transform (FFT)
and its own inverse transfer function, which allows it to obtain the leakage current with its characteristic
harmonics and reduces the electromagnetic noise present in power systems. The output voltage of the
transducer was acquired, processed, and transmitted using a dedicated device installed in the HV tower. The
proposed transducer was first tested on an insulator inside an artificial fog chamber according to the IEC
60507 standard. The transducer was experimentally validated on an insulator string in a 220 kV substation.
The results showed that the designed transducer measured the leakage current and its harmonics with an
average error less than 1.76%. With these results the transducer can be used for the on-line monitoring of
pollution levels of insulator strings without reduces the creepage distance.

INDEX TERMS Current transducer, HV insulator strings, leakage current, on-line monitoring, pollution
level estimation.

I. INTRODUCTION

Insulator strings in overhead transmission lines present one
of the highest failure rates in electric power transmission
systems [1]. Their exposure to different environmental pollu-
tants combined with climatic factors and humidity decreases
the insulation capacity of the insulator string [2], which is
manifested by an increase in the amplitude and distortion
of the leakage current that circulates on the surface of the
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insulator [3]. A considerable increase in the leakage current
may cause a ground failure called a flashover [4]. In many
cases, this failure causes circuit breakers to open in sub-
stations adjacent to the power lines, generating significant
economic losses for the transmission companies and harming
the development of industrial activity and the quality of life
of the people [5].

Pollutants based on dust, soluble salts, or chemical emis-
sions are deposited on the surface of insulators, promoting
the generation of dry bands that modify the waveform of the
leakage current [3]-[6]. The characteristic harmonics found
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in these currents are odd, and are mainly found between the
first and eleventh harmonics [7], [8].

Numerous authors have presented different techniques to
obtain the pollution level of insulators from the analysis of
some parameters of the leakage current [9], [10]. Therefore,
the leakage current may be considered one of the most impor-
tant pollution level indicators in the literature [11], [12], [13].

Some parameters calculated from the measurement of the
leakage current are as follows: the root-mean-square (RMS)
value, maximum amplitude, number of pulses, harmonic
spectrum, total harmonic distortion (THD), change in ampli-
tude of some harmonics (3rd, Sth and 7th) and the association
between them. These have been described and are directly
related to the different degrees or levels of pollution on insu-
lators [14]-[17].

The classification of pollution levels is presented by the
IEC 60815 standard [18] and is directly related to the amount
of pollutant adhered to the insulator surface, established by
the ESDD (Equivalent Salt Deposit Density) and the NSDD
(Non-Soluble Surface Deposits) [19]. It should be noted
that previous studies have defined associations between the
increase in some parameters of the leakage current and the
increase in ESDD [3].

However, electrical utility companies are required to esti-
mate the pollution level of insulator strings in real time
to efficiently plan the maintenance of their power lines by
washing them with distilled water under pressure [20]. The
washing programs are specific to each company and are deter-
mined based on different mechanisms, such as experience,
laboratory conductivity measurement of the contamination
deposited on the control insulator part of test stations, and
leakage current measurement equipment that works mainly
connected in series to the insulator strings. This solution can
affect the insulation capacity of an insulator string. Among
the solutions available for real-time monitoring, those pre-
sented in [21] are worth noting because they develop a satel-
lite network for the remote monitoring of lines of 220 and
500 kV, or by [5], who developed a remote unit with a GPRS
connection. Both solutions measure the leakage current using
an optical sensor connected in series to the string.

In recent years, there has been an important development
in the way the pollution level is determined according to the
leakage current; however, solutions to measure the leakage
current on the insulator strings of transmission lines and
substations without affecting the insulation are limited.

Some prominent methods for measuring the leakage cur-
rent are the aforementioned fiber-optic sensors, which are
connected in series to obtain an optical signal with modulated
amplitude. This method makes it possible to obtain a full
waveform and is highly immune to magnetic noise. In addi-
tion, other authors [10]-[22] used a collector ring consisting
of a metal ring attached to the insulator cap that bypassed the
current. This system allows the current signal to be obtained
by passing the current through a shunt resistance, which
determines the current by measuring the voltage drop across
the resistor. These alternatives are based on diverting the
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FIGURE 1. Current transducer on insulator string.

leakage current between the last and penultimate insulators
of the string, connecting different sensors in parallel, which
could decrease the creepage distance (mm/kV) because the
last insulator is bypassed.

Another author presented a condition-monitoring insula-
tor based on the output voltage and its harmonics with a
Rogowski coil transducer [23]. This technique determines
the pollution level without reconstructing the leakage current.
Therefore, its use is limited to its own technique for obtaining
the pollution level in the output voltage.

Finally, a method to determine the pollution level based
on the leakage current has been used in numerous articles
in recent years. However, the solutions proposed for mea-
suring this current are invasive and deviate from the current
on the last insulator closest to the metallic structure. This
paper presents a new proposal to measure the leakage current
that can be used for online monitoring and permanently on
insulator strings. The insulation capacity was not affected,
and the installation procedure could be performed without
affecting the operation of the power system.

The design, implementation, and evaluation of the non-
invasive current transducer with a toroidal core made of
supermalloy material with high permeability to obtain a
greater amplitude of output voltage are presented (Fig. 1).
The output of the current transformer was amplified using
an electronic circuit attached to it. The transducer housing
was airtight, made of aluminum, and connected to the ground
of the power system. This transducer has been tested in
the laboratory for different frequencies and leakage current
amplitudes, as well as in a 220 kV substation. Through this
set of tests, it was confirmed that the transducer meets the
required performance and can be used to obtain the pollution
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TABLE 1. Core characteristics.

Description Value
Internal radius (R;) 1.6x10” m
External radius (R,) 2.1x10% m
Core height (h) 5.0x10% m
Core width (d) 5.0x102 m
Secondary Turn (Ng) 8000
Air gap (1) 1.0x10° m
Core material Supermalloy

level based on the measurement of the leakage current, and
has been used in the field for online monitoring.

Il. CURRENT TRANSDUCER DESIGN

The transducer was designed for use on insulator strings,
extensively using a cap and pin type insulator. This charac-
teristic imposes a limitation on the physical design because
the transducer must have sufficient dimensions to be installed
on the fitting that holds the insulator with a metallic structure
(tower). Other limitations do not affect the insulation capacity
of the string, being immune to noise, and measuring very
low-amplitude currents (©A and mA). Thus, it must also
have a sufficient bandwidth to measure the 7th or 11th har-
monic, according to the needs presented by different authors
[24]-[27] in the analysis of the leakage current.

The current transducer is composed of a transformer with
a magnetic core and an electronic circuit designed to amplify
the output signal of the transducer. The output voltage is con-
nected to a shielded conductor, which is designed to provide
measurements to a dedicated data acquisition, processing,
and transmission device located in the lower part of the HV
tower. This device is responsible for sending data wirelessly
to a control center, where they are processed using the tech-
nique described below.

Both the electronic circuit of the transducer and the data
acquisition, processing, and transmission devices are sup-
plied from an independent energy source made up of a 100 W
photovoltaic module, lithium batteries (storage system), and
a voltage regulator that provides 12V and 5V.

A. CHOICE OF CORE GEOMETRY, MATERIALITY AND
ISOLATION

The core is designed to be installed in a non-invasive manner
to fit the last insulator of the string, which is connected to the
metallic structure, as shown in Fig. 1. The core was chosen
to have a toroidal shape with two air gaps (clamp type). The
primary corresponds to the pin or fitting of the insulator, and
the secondary corresponds to a winding with 8,000 turns. The
primary technical characteristics are listed in Table 1.

The high permeability of the Supermalloy core offers high
magnetic permeability and low reluctance, which favors the
measurement of low currents. For low currents it is conve-
nient to use materials that require a low field strength for
magnetization [28]. The Supermalloy material corresponds to
an alloy of nickel (79%), iron (17%) and molybdenum (4%),
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TABLE 2. Parameters used in the design.

DESCRIPTION Symbol
Vacuum permeability Lo
Relative permeability of the material Uy
Air gap length lg
Core cross section thickness d
Internal radius R;
External radius R,
Frequency f

with which a higher output voltage amplitude can be obtained
for low input currents compared to a pure iron or ferrite
core [29].

The transducer was designed to be installed exclusively in
the insulator fitting connected to the HV tower (on the first
insulator); therefore, it was exposed to a potential of 0 V.
In any case, the transducer fulfills the requirements of pro-
tection against partial discharges (PD) should some particular
faults occur in the electrical power system.

The transformer core was insulated from the secondary
windings with NOMEX paper of high inherent dielectric
strength (30-40 mm/kV). The insulator fitting is insulated
from the metallic transducer using a silicone cylinder that
also generates a significant clearance distance of 106 mm and
creepage distance of 135 mm, fulfilling the recommendation
of the IEC 60644-1 standard for 100 kV (maximum value).
In addition, the housing is grounded with a conductor that
screens and protects the active part of the transducer from the
electrical fields that could interfere with the correct measure-
ment of the leakage current, offering a low-impedance path
in case of an important potential difference.

B. TRANSDUCER GAIN

The gain of the transducer is calculated as a combination
of the gain of the transformer and the gain of the electronic
amplification circuit. For the transformer, the gain is defined
as the ratio between the output voltage (V) and the primary
current (/,,), as given in Equation 1. Where Vi is calculated
as the proportion of the number of turns (N;) to the derivative
of the magnetic flux (¢) in the core.

Vs =N, d 1

Considering that the magnetic flux depends on the reluctance
and coil current, the gain expression expressed in Equation
2 was deduced.

Vs 21fNspomr (Ro — Ri)?

Gtr = =
I 7 (Ro +R) + 2lgl/Lr

(@)

Equation (2) shows that the gain of the transformer is inde-
pendent of the amplitude of the input current but linearly
dependent on the frequency of the same current. Table 2 lists
the nomenclature for the variables used in the design.

VOLUME 10, 2022



R. J. Villalobos et al.: New Current Transducer for On-Line Monitoring of Leakage Current

IEEE Access

n R,

vA

jols
Mo

R. jwL,

-———d

FIGURE 2. Transformer parameters.

The electronic circuit was designed with an operational
amplifier type INA121P, which is part of the transducer and
is attached to the transformer. The circuit was fed from a
power source provided by the acquisition and measurement
data processing device located at the bottom of the HV tower.
The gain of the electronic circuit is shown in (3), the value of
which is given by the input resistance, Rg. The value of this
resistance was 50 k€2 to obtain a maximum voltage transducer
limited by the maximum input voltage of the acquisition,
processing, and transmission data device.

However, the maximum output voltage must be associated
with the maximum current expected on the insulator, which
was set to 300 mA.

The amplification circuit has a constant gain throughout
the operating range (50-550 Hz), as defined in Equation 3.

Gao= 1+ﬁ 3)

Rg
Finally, the transducer gain (G7;) is defined as a combination
of Equations 2 and 3, and is defined as shown in Equation 4.

Vstr

Gt = =4n f Ay “@

m
where Vg, is the output voltage of the transducer and A,
is a constant that depends on the physical and magnetic
design parameters of the current transformer and the gain of
the amplification circuit. Equation 4 shows the gain of the
transducer, which is directly proportional to the frequency of
the primary current.

C. TRANSDUCER PARAMETERS
Using DC resistance measurements and short-circuit and
open-circuit tests, the parameters of the simplified trans-
former model were obtained, as shown in Fig. 2. The pri-
mary resistance (R,,) and leakage inductance of the primary
(Lpk ), can be disregarded because of the characteristics of the
primary. Table 3 lists the values obtained for the secondary
resistance (R;), leakage inductance of the secondary (L),
magnetizing inductance (L,,) and the loss resistance in the
core (R.).

The large number of turns in the core (8000 units) produces
a high leakage inductance in the secondary, even when care-
fully and homogenously wrapping the enameled conductor
around the core. However, this inductance and resistance do
not produce a relevant voltage drop in the secondary circuit,
and they do not affect the voltage regulation owing to the
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TABLE 3. Transformer parameters.

DESCRIPTION Value
R 416 Q
L 11.3H
Ly, 123 H
R, 275Q

FIGURE 3. Current transductor construction process. (a) Supermalloy
core. b) Core with secondary coil with copper cable of 0.2 mm diameter.
) Aluminum housing of the transformer and circuit amplifier.

high impedance differential (1-10'2€2) of the amplifier circuit
(INA121P) connected to the transformer output.

On the other hand, the transformer parasitic input-output
capacitance were measured and its value was of 17 pF
This value does not allow important common-mode current
circulation because the harmonic characteristics are mainly
between 50 and 550 Hz and not at high frequencies, as in
other applications [30].

Ill. CONSTRUCTION AND EVALUATION

The transducer manufacturing process for measuring the
leakage in high-voltage insulator strings is described. The
construction is based on the design presented in Section II.
The evaluation of the prototype at a low voltage is detailed,
and the experimental gain is shown. The results of the tests
performed on the transducer at medium and high voltages are
highlighted.

A. CONSTRUCTION

This section presents the results of the transducer construc-
tion based on the design described. Fig. 3 (a) and 3 (b) show
the supermalloy core and the 0.2 mm enameled copper
wound core with 4000 turns on each half toroid, respectively.
Fig. 3 (c) shows the current transducer and electronic circuit
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TABLE 4. Physical design.

DESCRIPTION mm
Length 133
Width 42
Height 16
Internal radius 10.8
External radius 30
Length (Amplifier Circuit box) 60
Width (Amplifier Circuit box) 42
Height (Amplifier Circuit box) 30

encapsulated in an aluminum housing. The package was
grounded in an electrical system to dissipate electromagnetic
noise.

The physical dimensions of the transducer housing are
shown in Table 4.

B. EXPERIMENTAL ESTIMATION OF GAIN AND PHASE
SHIFT

On insulator strings used at 220 kV, the leakage current
presents amplitudes ranging from microamperes to mil-
liamperes [11].

To determine the gain and phase of the transducer in
terms of frequency, experimental tests were carried out for
each of the characteristic harmonics of the leakage current,
up to the 11th harmonic, and with different values of current
amplitude for each of the harmonics. The frequency response
of the transducer was obtained for different amplitudes and
frequencies.

The transducer gain is defined as the association between
the peak voltage value of the output transducer (Vpeqk ) and the
peak current value of the primary (I.qx ) for each frequency of
the characteristic harmonic wy,(27f;) as given in Equation 5.

G (wn) = @ )
peak
The phase shift was calculated as the difference between the
angle of the output voltage (@oupur) and the angle of the
primary current (@;npu ), as shown in Equation 6.

0 (wp) = Poutput — Pinput (6)

The results of the tests carried out for different current ampli-
tudes and frequencies are shown in Fig. 4 (a). Here, it can be
observed that the gain has a linear performance and is directly
related to the frequency of the primary current. Furthermore,
the gain of the transducer was independent of the current
amplitude. Fig. 4 (b) shows the phase of the transducer in
terms of frequency. Notably, the phase shift is close to 90 °,
with a slight dependence on the frequency. Knowing the
performance of the transducer as a function of frequency in
terms of gain and phase, it is possible to determine its transfer
function.
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FIGURE 4. Transducer frequency response. (a) Gain. (b) Phase.

To obtain the leakage current measured in the insulator
from the output voltage of the transducer, and the gain of
the transducer, the fast Fourier transform (FFT) is used. The
FFT up to the 11th harmonic was calculated from the output
voltage of the transducer, and an inverse transfer function
was applied. Therefore, the reconstructed leakage current is
obtained. It should be noted that the use of the FFT also allows
the signal to be filtered by eliminating non-characteristic
harmonics from the output voltage, and therefore, also from
the reconstituted leakage current.

From these experimental results, it can be concluded that
the current transducer can measure currents ranging from
50 pA to at least 300 mA. This wide measurement range
allows the use of any technique for pollution level determi-
nation based on leakage current for all types of insulators
and creepage distances present in power systems. This char-
acteristic differs from others, which shows results for ranges
from 5 to 60 mA and that necessarily decrease the creepage
distance of the string. In addition, this solution differs from
other solutions that could have a similar measurement range,
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FIGURE 5. Experimental implementation in the laboratory.
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FIGURE 6. Medium voltage leakage current measurement set-up.

but it must be installed to de-energize the power system where
it is connected.

C. MEDIUM VOLTAGE TRANSDUCER TESTS

An artificial fog chamber based on the IEC 60507 stan-
dard [31] was constructed to obtain measurements of the
leakage current on the cap- and pin-type insulators.

Fig. 5 shows the leakage current transducer on the insulator
inside the artificial fog chamber.

Fig. 6 shows the setup of the test, where the insulator
and transducer are subjected to a voltage of 9 kV, which is
regulated through a 380 V single-phase Variac. The current
that circulates through the insulator is measured using a trans-
ducer and commercial current sensor. Data were acquired
and processed by a National Instrument acquisition and pro-
cessing card and displayed using LabView software. For
these tests, the sprinklers in the artificial fog chamber were
controlled to internally generate a relative humidity of 95%.

Fig. 7(a) shows the output voltage of the transducer, which
was measured using a voltage probe connected to the National
Instruments device. Fig. 7(b) presents the results of the leak-
age current on the insulator, one obtained by a standard
micrometer and the other by the transducer.

In Fig. 8(a) and 8(b), the harmonic spectra for these cur-
rents are presented. It can be observed that the constructed
leakage current has characteristic harmonics of the leakage
current in this type of insulator.
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Likewise, it has similar amplitudes to those measured by
the other sensor.

It is noted that At 50 Hz, the amplitude of the current
measured by the commercial micrometer was 0.168 mA, and
that one measured by the transducer was 0.160 mA, with a dif-
ference of 3.9%. A similar occurs with the 3rd, 5th, 7th, 9th,
and 11th harmonics, where the average difference is 1.23%.
These results indicate that the transducer functions correctly
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FIGURE 9. On-site installation at the Tarapaca substation. (a) Insulator
string and line frame (Left). (b) Current transducer (Right).

when installed on the insulator fitting and is subjected to a
nominal voltage for the insulator (9 kV).

This section shows a known frequency response for the
current transducer up to the 11th harmonic, which allows it to
be used for pollution-level estimation based on the harmonics
of the leakage current.

The developments presented in the literature, such as those
already mentioned [21], show some measurements in RMS
values until 60 mA, and its harmonics are not known.

D. TESTING IN A 220 kV SUBSTATION

The 220 kV Tarapaca substation is located in the desert of
northern Chile, 100 m from the Pacific Ocean, and presents
important industrial activity around it, which allows the
transducer to be tested in a saline and highly contaminated
environment. For a full-scale evaluation, the transducer was
installed in one of the energized insulator strings of this sub-
station. Its installation was performed in the insulator fitting
closest to the metal structure, and its output was connected to
a shielded conductor in charge of transmitting the data to the
data acquisition and processing device located in the lower
part of the HV tower.

This device has been specially designed for the transducer
and is capable of wirelessly acquiring and transmitting trans-
ducer data through LoRa technology to a control center.
These data are uploaded to the Internet and processed on a
PC with access to the Internet. This process involves calcu-
lating the FFT of the signal measured by the transducer and
applying the inverse transfer function obtained previously.

Fig. 9 (a) shows a photograph of the insulator string,
where the transducer was installed by specialized person-
nel at a height of 20 m in a metallic structure line frame.
In Fig. 9 (b), the transducer already installed in the insulator
fitting, specifically in the tensioner of the insulator closest to
the metallic structure, is observed. The cable responsible for
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transporting data from the transducer to the acquisition device
is also illustrated. The data measured by the transducer and
transmitted by the acquisition device were processed in a PC
several hundreds of kilometers from the Tarapaca substation.

In this article, the data obtained from the leakage current
measurement over a period of one week are shown. The
leakage current reconstructed using the proposed technique
is shown in Fig. 10. The figure shows that the leakage current
has an average value of 0.48 mA that fluctuates between
0.22 and 0.65 mA. This fluctuation has a 24-hour periodicity
and depends on the humidity, which for the area is associated
with day and night. Specifically, the leakage current increases
in amplitude during the early morning hours when humidity
increases.

Fig. 11 (a) shows the waveform of the current reconstructed
for an instant when the humidity is high (90%) but with low
pollution on the insulator. Fig. 11(b) shows the harmonic
spectrum of this current with harmonics of the 3rd, 5th, and
7th orders with amplitude values below 3%. Similar values
of leakage current harmonics can be found in the article
[8], where the 3rd and 5th harmonics reach values between
2.5 and 3% for a purely sinusoidal applied voltage or with
low harmonics. The calculated THD reached a value of 14.8%
under the conditions described above.

IV. CONCLUSION
A new transducer designed and manufactured to measure the
leakage currents on HV insulator strings is presented.

The gain and phase shift of the transducer for the relation
between the output voltage and the primary current of the
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transducer was experimentally calculated until the 11th har-
monic. The obtained gain increases linearly with frequency,
and the phase shift is known to be close to 90 °. These
characteristics allow the leakage current to be reconstructed
as a function of the measured output voltage, filtering out
unwanted harmonics, such as those produced by the electro-
magnetic noise of power systems.

The design of a current transducer with a core made
of supermalloyd material with high magnetic permeability,
together with a winding of 8000 turns on the secondary,
allows the generation of a voltage of at least 2 mV ampli-
tude on the secondary side of the transformer, which can be
acquired to measure and calculate the leakage current in the
insulator string, as has been shown in laboratory and field
tests.

The current amplitude and waveform measured by the
current transducer were compared with those of a commercial
leakage current sensor (in an artificial fog chamber). The
results showed a difference of 3.90% in the first harmonic and
less than 1.23% in the higher harmonics. These differences
can be neglected for the measurement of the leakage current
on insulators because high precision is not required for the
fundamental current value.

The transducer was installed on an insulator string without
interrupting the operation of the power system or affecting
the insulation capacity (mm/kV) of the insulator string. The
measured current was of 0.42 mA comparable to the 0.2 mA
obtained in the artificial fog chamber and to the 0.4 mA in
other articles at 220 kV.

The results indicate that the transducer makes it possible
to accurately measure the leakage current present on insulator
strings, which constitutes a very effective tool for determining
the pollution level. This can be an important support for
defining cleaning programs aimed at reducing failure rates
and increasing the continuity of service of transmission lines
and electrical substations.
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