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ABSTRACT
Current techniques used for monitoring the levels of contamination on high voltage
insulators, such as leakage current and infrared, are not effective in dry conditions
since they require the surface of the insulator to be wetted by fog, rain or snow. If a
buildup of contamination occurs during a prolonged dry period prior to a weather
change there will be a significant risk that flashover may occur before there is time to
implement preventative maintenance. Previous work has demonstrated the use of
microwave radiometry to determine the levels of contamination on an insulator
material under dry conditions, however practical applications are limited by low
sensitivity. This paper reports the development of a novel technique based on
microwave reflectometry to detect the power levels reflected from the surface of the
insulator material. The level of contamination is then determined as a function of
received power. A theoretical model establishes the relationship between equivalent salt
deposit density levels on insulator surface and the dielectric properties of the
contamination layer. A Finite Difference Time Domain (FDTD) model is used to
simulate the total loss as a function of the contamination level. Experimental results
verify the FDTD model and demonstrate the sensitivity of the reflectometer system to
be approximately 100 times greater than the radiometer system. Therefore, the
reflectometry system has considerably greater potential for practical applications to
provide advance warning of the future failure of insulators under dry conditions for
both HVDC and HVAC systems.
Index Terms — Insulators, Microwave reflectometry, Insulator contamination,
Pollution measurement

1 INTRODUCTION
HIGH Voltage (HV) insulators are a key component in AC
and DC transmission and distribution lines and substations.
The build of a contamination layer on the insulator can lead to
flashover resulting in failure of the network and power outage.
The ability to monitor the buildup contamination could provide
an important aid to implement an effective preventative
maintenance scheme.
CIGRE working group, C4.303, reported that build-up of
contamination on the insulator surface of High Voltage Direct
Current (HVDC) insulation can be up to 10 times more severe
than that on comparable High Voltage Alternating Current
(HVAC) insulation under the same environment. This was
Manuscript received on 31 July 2015, in final form XX Month 2005.

attributed to charge build up not being cancelled by polarity
reversals on HVDC insulator resulting in more aggressive
arcing during the formation of the dry-bands [1]. The recent
growth in HVDC networks therefore makes the development
of an effective monitoring system for contamination levels
more imperative.
The severity of the pollution is determined in term of both
equivalent salt deposit density (ESDD) which contributes to
electrical conduction and non-soluble deposit density (NSDD)
which contributes to water retention [2]. Because the
contamination has low conductivity under dry condition, it is
usually less significant to the insulation level. However, after
the surface is wetted by rain, snow, fog or dew, the

contaminants dissolve to form a conductive layer on the
insulator surface thereby initiating leakage current and dryband arcing, and which can ultimately lead to flashover [2-4].
In order to keep the contamination under control, a variety
of condition monitoring techniques have been developed for
both on-line and off-line measurements. The standard method
given by IEC 60815 is the direct reading of ESDD and NSDD
by cleaning the insulator in a specific volume of water [5].
However, this method requires the insulator to be taken offline. For on-line monitoring, most countries determine the
pollution severity based on leakage current or electrical field
[6-8]. These conventional monitoring systems have several
drawbacks:
a. The systems have only been studied and tested for
HVAC system. The application of these systems for HVDC
system is limited where the contamination problem has been
reported to be 10 times more severe than HVAC system [1, 9].
b. Both leakage current and electrical field monitoring
systems are only effective when the contamination layer has
been wetted by rain, fog or condensation; under these
conditions flashover might occur before there is time to
implement remedial measures such as cleaning [10].
c. The outputs of these systems are hard to convert to ESDD
and NSDD which directly present the pollution severity.
To address these problems, the authors have previously
reported a novel method based on microwave radiometer for
monitoring high voltage insulator contamination level [20, 21].
The microwave radiometer system demonstrated its potential
to detect different levels of contamination on insulator material
under dry conditions without any physical contact with
insulation system. However, the radiometer system suffers
from low sensitive and interference. This paper suggests
another novel method that builds on the radiometer system by
using microwave reflectometry to achieve higher sensitive and
less susceptible to interference. As a non-invasive technique,
microwave reflectometry is used for analysing the properties
of a medium. It has been widely used in radar, oceanography,
non-destructive testing and medical imaging [11]. The
technique is based on a transmitter that generates a radio
frequency (RF) signal. The RF signal is reflected at the
interface of interest and the reflected signal is detected by a
receiver. Properties of the reflected signal such as magnitude,
time delay and power level contain the information concerning
the object under test. In this paper, the power level of the
reflected signal is investigated. The contamination layer on a
polluted insulator reflects a different electromagnetic energy
level compared to a clean insulator under the same microwave
illumination. Thus, the contamination level on an insulator
surface can be determined by measuring the received power
level of the reflected signal [12]. It could be developed to a
safe, reliable condition monitoring method for both HVDC and
HVAC system, which is effective under dry conditions at a
reliable long distance.
To remove the effect of the complex surface geometry of
the HV insulators for testing the concept, it was decided to

develop an initial theoretical model and an associated
experiment using a flat plane. The paper presents a
theoretical model for determining the relationship between
ESDD levels on insulator surface, dielectric properties of the
contamination layer, geometry and the total loss of the polluted
sample. The total loss, which represents the ratio between
reflected power and transmitted power is simulated by a finite
difference time domain (FDTD) model. To verity the theories,
a 10.45 GHz microwave reflectometer was specifically
designed with high sensitivity and stability and with relatively
low cost and then tested under dry conditions.

2 THEORETICAL MODEL
Microwave reflectometer techniques are widely used in
soil moisture and salinity measurement for determining
dielectric properties and work has been published on the
use of models to measure the dielectric properties of multilayer materials [13-15]. Obtaining the ESDD of a
contamination layer can be treated in a similar manner to
the soil salinity detection problem with multiple layers. In a
microwave reflectometer system the total loss describes the
reduction in power density of an electromagnetic wave as it
propagates through the object under test. The material
properties of the contamination layer and the system
geometries will affect the total loss. Material properties
include the complex dielectric constant and permeability of
the contamination, which are related to ESDD. The
dielectric properties of the material involve several
unknown parameters including moisture, salinity, bulk
density, thickness and surface roughness. The
contamination layer on an insulator is relatively thin with a
smooth surface, therefore the influence of thickness and
surface roughness can be ignored when compared to
moisture and salinity. The bulk density is calculated based
on the properties of the artificial contamination layer
described in IEC 60507 [16]. With these simplifications, the
only parameters that need to be inferred are moisture and
salinity.
Figure 1 shows the proposed system model relating the
total loss of the reflectometer to the ESDD on insulator
surface. Within this framework, the dielectric mixing model
evaluates the complex permittivity and permeability of
insulator contamination layer as a function of moisture,
salinity, environment temperature and humidity by
assuming it is salt and water affected soil. The FDTD

Figure 1. Theoretical model of applying reflectometry to monitor insulator
contamination.

model evaluates propagation of the electromagnetic wave
through the complex geometries of antennas, insulator and
contamination layer. Finally, the receiver model calculates
the system total loss by the output voltage of the receiver
which is inversely proportional to the reflected power.
2.1 DIELECTRIC MIXING MODEL
The objective of the dielectric mixing model is to
determine the complex permittivity and permeability of the
contamination layer. The model to calculate the complex
permittivity was developed in previous work reported by
the authors on microwave radiometer [12, 17, 18]. In this
paper, only the main steps of the dielectric mixing model
are presented for clarity in the development of the complete
microwave reflectometry model.
The real and imaginary parts of the complex permittivity
of saline water, derived from a formulation given by
Stogryn, are respectively given by [19-21]:
{

According to the Figure 2, moisture and salinity affect both
the real and imaginary part of the complex permittivity
while the real part is more sensitive to the change of the
water content and the imaginary part is more sensitive to
the change of the salinity. The complex permittivity is more
sensitive to salinity in the lower frequency range [23].
However, a lower observation frequency has a longer
wavelength as shown in the equation
, which
leads to poorer spatial resolution. With poor spatial
resolution, electromagnetic wave can easily propagate over
the test samples by diffraction. In order to achieve a balance
between system sensitivity and spatial resolution a
frequency of 10.45 GHz was selected, with a wavelength of
28.7 mm this compares with the size of the insulation
sample 500 mm × 200 mm, was chosen for further studies.

(1)

where

is the high frequency limit of
and
is the permittivity of free space.
According to IEC 60507 [16], the saline water in the
insulator contamination layer can be represented as NaCl
solution.
Equation (2) below, developed by Dobson [22],
represents the dielectric constant of soil as a function of soil
moisture, mv, dielectric constant of pure water inside soil,
εpw, permittivity of dry soil, εs, bulk density of dry soil, ρs
and bulk density of wet soil, ρb.
{

(2)

where α and β are related to the soil texture. By
combining equation (2) with Stogryn’s model given in
equation (1), the dielectric constant of pure water is
replaced with the dielectric constant of saline water where
and
. In IEC 60507, the contamination
layer consists entirely of Kaolin, which is a form of clay
with a typical bulk density of ρb = 1 g/cm3.
The complex permeability of the contamination can be
expressed by:
(3)
Where is the phase velocity of light;
is
the complex permittivity of the contamination layer in
equation (2) and
is the permeability of free space.
Figure 2 shows the relationship between the complex
permittivity, moisture (M in percentage), salinity and
observation frequency from the dielectric mixing mode.

Figure 2. Theoretical relationship between complex dielectric constant,
moisture, frequency and salinity at 10.45 GHz.

2.2 FDTD MODEL
A 3-dimensional Finite Difference Time Domain
(FDTD) model was developed to simulate the
electromagnetic propagation from transmitter to receiver
and to study the relationship between the reflected power
from the contaminated surface of the insulator and the
material properties of the contamination layer. The FDTD
simulation will also enable models for more complex
geometrical representations of the insulator with
contamination layer to be developed in future. The present
study replaced the complex geometrical shape of the sheds
on a HV insulator with a flat insulator of dimensions of 500
mm × 200 mm and 8 mm thickness. This enabled the
proposed FDTD model to be verified independent of the
geometry of the insulator.
The FDTD model was based on the arrangement shown
in Figure 3. The sample is covered with a 0.3 mm thick
homogeneous contamination layer and two X-band horn
antennas are placed to point to the flat sample with an angle
θ, as shown in Figure 3.

Figure 3. Geometry of the FDTD model, Tx: transmitter, Rx: Receiver,
Lpath: path loss from transmitter to receiver, Lcon: loss on pollution layer, LR:
loss on insulator sample.

A 10.45 GHz sinusoidal signal is injected at the
transmitter horn antenna, Tx, shown in Figure 3, while the
received power at the receiver horn antenna, Rx, is recorded
by a plane sensor. The sample is placed 600 mm away
along and with its center on the boresight of the antennas.
The power level at the receiver will be dependent upon the
losses associated with Lpath, LR and Lcon.
The material properties used for the contamination layer
were the complex permittivity and permeability calculated
by dielectric mixing model at 10.45 GHz with 6 different
ESDD levels under dry conditions. The insulator plane was
assigned constant permittivity and permeability of glass or
porcelain as show in Table 1 [24, 25]. The antennas were
treated as perfect electrical conductors. All the boundaries
were defined using absorbing boundary conditions to
eliminate unwanted microwave reflections into the region
of interest. Each simulation ran 40 ns with 4 ps time step.
Table 1. Permittivity and permeability of insulator material at 10.45 GHZ.
Material

𝜀

𝑡𝑎𝑛𝛿𝜀

𝜇

𝑡𝑎𝑛𝛿𝜇

Glass

4.2

0.00058

1.13

1.15

Porcelain

2.09

0.00004

1.06

1.02

Figure 4 shows the simulated power received when θ =
30°and ESDD level is 0.12 mg/cm2. It shows that the wave
travels from the transmitter to sample and finally reaches
the receiver after 5 ns. The received signal takes another 15
ns to stabilize. The output of the receiver is proportional to
the average power after the system becomes stable.

Figure 5. Simulated total loss, 𝐿𝑡𝑜𝑡 (dB), as a function of ESDD level for
glass and porcelain substrates calculated by the FDTD simulation for θ =
30°.

total loss in the simulations,
, is defined as the ratio of
transmitted power, , to the received power, , as given
by:
(4)
Note that all simulated variables in this paper are
decorated with double prime symbol, ˝, to differentiate from
the experimental variables. The results show that the
different ESDD levels can be clearly distinguished. After
using a receiver circuit to detect the power received by
antenna and calculate the total loss, the reflectometry may
therefore be able to detect different ESDD levels under dry
conditions.

3 REFLECTOMETER SYSTEM
3.1 REFLECTOMETER DESIGN
A schematic diagram of the transmitter and receiver
circuits used for the microwave reflectometer are shown in
Figure 6. The transmitter used for the experiment is an Xband horn antenna with 20 dB gain and 16.5°beam width
directly connected to a 10.45 GHz Gunn oscillator with +13
dBm output power. The receiver is a power detector with a
superheterodyne architecture. After the receiver horn
antenna, a low noise amplifier (LNA) amplifies the signal
and a bandpass filter selects the 10.45 GHz signal prior to
the downconverter and low-frequency circuit. The
superheterodyne circuit contains a mixer and a 10.65 GHz
local oscillator. It downconverts the 10.45 GHz input signal

Figure 4. Power received by the receiver antenna of the FDTD simulation
(glass sample, θ = 30°, ESDD = 0.12 mg/cm2).

Figure 5 shows the relationship between the total loss
and the ESDD (from 0 to 0.12 mg/cm2 with 0.02 mg/cm2
step) calculated by the FDTD simulation for θ = 30°. The

Figure 6. Transmitter and receiver circuits.

to a 200 MHz signal. The LNA and a bandpass filter at this
frequency further improve the signal-to-noise ratio before a
square-law power detector provides a dc output voltage that
is inversely proportional to the input power.
3.2 CHARACTERISATION OF SYSTEM OUTPUT
AS A FUNCTON OF TOTAL LOSS
In order to establish the relationship between the output
voltage from the microwave radiometer and the properties
of the contamination layer on the insulator surface, as
determined by the FDTD model, it is necessary to calibrate
the system in terms of the overall total loss.
The dc output voltage of the power detector, shown in
Figure 6, is given by:
(5)
where
and
are the gradient and offset of the
power detector;
is the gain of radio frequency (RF)
circuit, is the received power of the antenna and
is
the power due to noise generated by the circuit components.
The dc output voltage is amplified and filtered by a low
frequency (LF) circuit and the final output voltage at the
DAQ is given by:
(6)
where
are the low frequency gain and dc
offset of LF circuit. By substituting (5) into (6), the output
voltage as a function of the received power is given by:
{

(7)

In the experiment, G and C are constants defined by the
gain and voltage offset of the circuit. The only variable is
the received power :
(8)
where
is the transmitted power,
is the external
noise from the surrounding environment and
is the
total loss due to the propagation path from transmitter to
receiver,
, the reflection loss from the insulator
material sample plane, , plus an additional loss due to the
contamination layer on the insulator surface,
, (as
shown in Figure 3):
(9)
is the only variable that is dependent upon the
properties of the contamination layer on the insulator
surface. A reference sample is tested at regular intervals
during measurement in order to remove the effect of the
variables
,
,
and
, The reference sample has
the same geometry and properties as the test sample but no
contamination layer. The received power from the reference
sample,
, is:
(10)
where
. Thus, the output voltage
difference between the test sample and the reference is:
(

)
(11)

Thus, the loss due to the contamination layer in the
experiment can be calculated by equation (12),
(12)
where
is a constant which is determined by the
circuit components and the transmitted power. In the FDTD
model, the loss due to the contamination layer,
, can be
calculated by:
(13)
where
is the received power of the reference
sample in the FDTD model. For the purpose of testing the
concept, the effectiveness of this method can be verified if
experimental loss due to the contamination layer,
,
agrees with the simulated value,
.

4 EXPERIMENT
4.1 SAMPLE PREPRATION
The solid layer method recommend in IEC 60507 was
employed to form an artificial pollution layer on the sample
surfaces. This method involves uniformly spraying a
pollution suspension through nozzles of a commercial type
spry gun with 30 cm distance on the sample surfaces to
form a solid layer [16]. The composition of the suspension
used in tests contained 6.5 g Kaolin, 150 g water and a
suitable amount of NaCl to control the ESDD level. A 150
ml suspension was sprayed evenly on one sample surface
and the sample was then left to dry for 48 hours in a low
humidity room. After the test had been completed, the solid
layers were washed off by a clean cloth with 500 ml
distilled water and the ESDD of each sample was obtained
by measuring the conductivity of the washing water and
then calculated using equation (14) [2]:
{

(14)

where Sa is the salinity, σ20 is the conductivity of the
NaCl solution corrected to 20 °C, V is the volume of
distilled water and A is the sample surface area.
Six pairs of glass and porcelain samples were tested, each
with different contamination levels. Table 2 lists the
properties of the contamination layers on these sample
pairs.
Table 2. Properties of the contamination layers on 6 sample pairs.
Sample
pair
1
2
3
4
5
6

NaCl (g)
3
6
9
12
15
18

ESDD on glass
(mg/cm2)
0.0221
0.0440
0.0610
0.0797
0.1051
0.1221

ESDD on porcelain
(mg/cm2)
0.0211
0.0413
0.0582
0.0746
0.0952
0.1125

4.2 EXPERIMENTAL SETUP
Both samples and antennas were fixed with specially
designed clamps to minimize any difference in the
positioning of the samples relative to the antenna. Figure 7
shows the system setup. The reflectometer was packaged
inside a metal box to avoid external RF noise and allowed
to stabilize for 30 minutes, to achieve thermal stability

Figure 7. Experimental setup of the reflectometer system.

within the system, before any measurements were recorded.
The output voltage for each sample was averaged over 30
measurements to reduce experimental variation and to study
the repeatability of the measurements. For each
measurement, the reflectometer outputs were recorded with
the system integration time of 1 second to provide a single
dc value. After each measurement, the reference sample
was tested and its output voltage was recorded to monitor
the system stability.
4.3 RESULTS
Figure 8 shows the typical output voltages of the
reflectometer system when testing clean, light polluted and
heavy polluted samples. The results clearly show significant
varying dc offset in the output voltages for the varying
levels of contamination with an approximate 350 mV
difference between the heavy polluted samples and the
reference. The reference sample shows the best stability
with the variation in the output voltage of less than  1%
while the voltage output from the heavy polluted sample
has a variation of 25%. The change in variation between the
samples may be attributed to the rougher surface of the
sample with higher ESDD.

taken over the results from 30 repeated tests. Although
there were overlaps of the error bars between the
neighbouring samples, the average results could be used to
distinguish the ESDD levels clearly. There are several
reasons that cause the disagreement between the theoretical
model and the experimental results. Firstly, the
in
equation (12) was calculated by using the circuit properties
from the datasheet which may have the errors between the
practical values. Secondly, for lower ESDD level, the
solution with little NaCl was hard to form a uniform
contamination layer. The most seriously, for higher ESDD
level, the crystallization of the high salinity solution made
uneven surface of the contamination layer. It greatly
increased the surface roughness and the scattering of the
surface became no longer negligible. Besides, external RF
interference inside the passband of the filter may be strong
enough to bring in some small noise. The results were
similar on the porcelain samples, with Figure 9b showing
good agreement between the theoretical model and the
experimental results. Compared with the glass samples, the
system presents lower sensitivity of the ESDD levels.

(a)

(b)
Figure 9. Experimental measurements and FDTD simulation of the Lcon
and 𝐿𝑐𝑜𝑛 as a function of ESDD levels for (a) glass, and (b) porcelain
samples.
Figure 8. Output voltage of the reflectometer for different pollution levels.

Figure 9a shows the Lcon calculated using equation (12)
and the
calculated using equation (13). It shows good
agreement between the theoretical model and the
experimental results for glass samples while the Lcon was
increasing with the ESDD level. The error bars of
experimental results show the variation in measurement

Figure 10 shows the comparison of the sensitivity of the
output voltages to changes in ESDD levels for both the
reflectometer and the radiometer systems [21]. The
sensitivity is defined as the change in output voltage in mV
for a change in ESDD level of 1 mg/cm2. Identical receiver
circuits were used for both systems to ensure the same level
of gain. Both systems have demonstrated the ability to
detect pollution levels under dry condition. However, as can
be seen in Figure 10, the sensitivity of the reflectometer

system is approximately 100 times greater than the
radiometer system with values of 4750 mV/(mg/cm2) and
50 mV/(mg/cm2) respectively. In addition, the reflectometer
system is shown to be more stable under harsh
environments and less susceptible to background EM
interference since the power levels reflected from the
insulator surface are significantly higher than the
background levels of EM interference. Although the
reflectometer has more complex circuit and requires an
additional source, it is a more practical method for
monitoring insulator contamination level compare to the
radiometer system.

would increase the theoretical working distance to over 6
meters.
The work provides a foundation for future investigations
into the development of an on-line monitoring system for
insulator pollution that is effective under dry conditions and
the both HVDC and HVAC systems.
In future, the effects of non-soluble salt deposit density
and the scattering of the rough polluted surface will be
studied. The system will be also tested for monitoring
energized insulators to evaluate any potential effect of the
electric field around insulator. Additional frequency bands
may also be employed to increase the accuracy. More
advanced FDTD models for insulators with more complex
geometries and materials will also be necessary to simplify
the conversion of the Lcon to the ESDD levels.
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