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ABSTRACT As the voltage level of the grid continuously rises, more andmore new insulating materials with
better performance are put into use. Nevertheless, air gaps often appear in insulating materials due to poor
material quality, structural design flaws, etc. High-field-strength air gaps will produce partial discharge or
even breakdown, resultingss in electrical equipment failure. In addition, during operation, organic insulating
materials are simultaneously exposed to high temperatures, mechanical stress, electrical stress, and moisture.
Consequently, aging is inevitable. The aging of insulationmaterials is the root cause of the reduced insulation
properties of the degradation of the insulation properties of electrical equipment in long-term operation.
In order to improve the safety performance of power equipment and assure the safety of power grids, the
detection and identification of internal structural defects and aging states of insulating materials have always
been hot issues in related fields. However, structural defects inside the insulation materials used in power
equipment, which are tiny (microns to millimeters), are exceedingly challenging to detect. While there are
various destructive methods for detecting the aging status, non-destructive in-line inspection methods are
still less commonly reported. In recent years, some scholars have begun to try to use terahertz spectroscopy
to detect insulating materials. Numerous scholars have discovered that terahertz spectroscopy can not only
detect structural defects inside insulatingmaterials but can also detect non-destructive testing on the degree of
material aging and even the type of material, which has excellent engineering value and promotion prospects.
In order to help relevant researchers understand the application of this emerging technology in the field of
insulating materials, this paper reviews the basic principles of terahertz detection and its applications in air
gap detection, moisture detection, and aging analysis of insulating materials. Existing problems and future
development directions are discussed.

INDEX TERMS Aging, gap defects, moisture content, species identification, terahertz nondestructive
testing.

I. INTRODUCTION
As the voltage level continues to increase, the power grid
has ever-increasing requirements for the insulating perfor-
mance and reliability of power equipment. Silicone rubber,
epoxy resin, XLPE (cross-linked polyethylene), and other
organic materials are widely utilized in high-voltage power
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equipment due to their superior insulating qualities and wide
availability of raw ingredients [1]. These pieces of equipment
include composite insulators, insulating paperboards, XLPE
insulated cables, etc., as shown in Figure 1. However, due
to the material’s quality, the manufacturing process, and the
influence of the electric field, temperature, and moisture that
may be encountered during operation, air gaps may occur
within the organic insulatingmaterial, andmaterial properties
also decline due to aging [2], [3], [4], [5], [6], [7]. Because of
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the concentrated electric field at the air gap and the air gap’s
poor dielectric strength, it is quite likely that the internal
air gap will produce partial discharge, accelerate the aging
of the material, and eventually cause the breakdown of the
material [8], [9], [10], [11], [12]. In addition, as the material
ages, its insulating properties, mechanical properties, and
thermal properties decrease to varying degrees, resulting in
electrical failure, mechanical failure, and overheating failure
of the equipment after a long-term operation, which poses
a significant threat to the normal operation of the power
system. Therefore, material properties are the core factors in
the long-term safety of equipment operation and the depend-
ability of power grid operation [13], [14], [15], [16], [17].

FIGURE 1. Application of organic insulating materials in High Voltage
Equipment. (a) Composite insulators; (b) Insulating paperboard; (c) XLPE
Insulated Cables.

Power system researchers have long placed a premium on
non-destructive testing since it may rapidly and online detect
internal flaws in materials and prevent catastrophic break-
downs caused by the continued operation of equipment with
flaws. For non-destructive testing of insulating materials,
researchers have recently proposed new technologies such
as infrared thermal imaging detection technology, microwave
detection technology, terahertz time-domain spectroscopy
(THz-TDS) detection technology, nonlinear ultrasonic detec-
tion technology, and computed tomography (CT) detection
technology [18], [19], [20], [21], [22]. The advantages and
disadvantages of each nondestructive testing (NDT) tech-
nique are shown in Table 1. Terahertz spectrum detection
technology is the only one that can detect moisture con-
tent and insulating materials in an aging state, as well as
non-destructive identification of aging types. It significantly
enhances the connotation of non-destructive testing in the
sphere of electric power and has significant engineering and
scientific value [23]. The applications of terahertz nonde-
structive testing technology to insulating materials are shown
in Table 2. In addition, Mustafa et al. used Extended Volt-
age Response (EVR) and dielectric spectroscopy to identify
the radiation aging state of the cable, which presented a
new method for the study of the aging state of composite
materials [24], [25], [26], [27].

This paper describes in detail the mechanism of terahertz
time-domain spectroscopy and terahertz imaging technolo-
gies. Then, by investigating the classic cases of terahertz
time-domain spectroscopy in the power field, the application
of terahertz nondestructive testing technology in the detection

TABLE 1. Advantages and disadvantages of non-destructive testing
technologies.

TABLE 2. Applications of terahertz nondestructive testing technology to
insulating materials.

of gap defects in insulating materials, water content analy-
sis, aging analysis, and kind identification in practical engi-
neering feasibility issues is analyzed. Finally, based on the
existing limitations of terahertz time-domain spectroscopy
technology, the future development direction of terahertz
technology is prospected.

II. THE PRINCIPLE OF TERAHERTZ NONDESTRUCTIVE
TESTING TECHNOLOGY
Terahertz radiation and detection are similar to other
electromagnetic waves in principle. Still, due to their
unique frequency bands, terahertz waves have the char-
acteristics of high penetration, low energy, and transient
properties [28], [29], [30]. Terahertz nondestructive test-
ing technology has considerable application potential due
to these characteristics. At the moment, terahertz radiation
is mostly used for terahertz time-domain spectroscopy and
terahertz imaging [31], [32], [33], [34].

The primary components of the terahertz time-domain spe-
ctroscopy system are a femtosecond laser, a beam splitter,
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a photoconductive antenna, a time delay control system,
a parabolic mirror, a terahertz (THz) wave detector, and a
computer. A femtosecond laser pulse is emitted by a fem-
tosecond laser, and the pulse is split into two perpendicular
beams by a beam splitter: a pump beam and a probe beam.
Through the reflector and the time delay device, the pump
beam is then focused on the substrate surface of the pho-
toconductive antenna, stimulating the THz emitting element
to form a THz pulse. A parabolic mirror collimates and
focuses the THz pulse on the test sample. The THz pulse
carrying sample information transmits through the sample,
is collimated and concentrated by a second pair of parabolic
mirrors, and collinearly travels through the detector with the
probe beam. Finally, the detector transmits this signal to the
computer for further data analysis and processing [35]. Thus,
significant information about the sample can be acquired,
and the measurement signal and the reference signal can
be processed using a rapid Fourier transform to obtain the
sample’s refractive index, absorption coefficient, etc. [36].
When utilizing terahertz to detect composite materials, it is
usual practice to extract the important optical parameters
of the sample from the transmitted terahertz time domain
spectrum. When the terahertz pulse is vertically incident on
a non-polar material with a uniform thickness, the refractive
index of air is taken as 1, and assuming that the material
thickness is large, the reflected echo can be ignored. Terahertz
transmission function to the material can be expressed as [37]

H (ω) = 4ns
/
(ns + 1) · exp

[
−i(ns − 1) · ωl

/
c
]

· exp
[
−Ks · ωl

/
c
]

(1)

Two different parameters ns and Ks are extracted from
formula (1), as follows:

ns = −c
/
ωL {arg [H (ω)]− arg

[
4ns

/
(ns + 1)

]}
+ 1 (2)

Taking the logarithm of both sides of the formula (2) yields:

Ks = −c
/
ωL

{
ln |H (ω)| − ln

∣∣4ns/(ns + 1)
∣∣} (3)

In formulas (1)-(3): L—thickness of the material; ns—
complex refractive index of the material; KS—the extinction
coefficient; the speed of light c is a constant (3.0× 108 m/s).
The difference between polar objects and non-electric polar
objects lies in the complex refractive index ns. Since the
attenuation of terahertz waves in polar objects is more signif-
icant, the size of the complex refractive index ns is affected.
Through the foregoing calculation procedure, the complex
refractive index ns and the extinction coefficient Ks may
be derived, i.e., by realizing the use of terahertz to analyze
and study the material to be tested, extract the distinctive
parameters, and acquire the material’s characteristics. The
approach offers a high detection signal-to-noise ratio, a broad
detection bandwidth, and a high detection sensitivity, and it is
applicable to widely used in the detection of diverse samples.

Terahertz imaging technology combines terahertz time-
domain spectroscopy with a two-dimensional scanning
procedure to acquire terahertz picture data by scanning

the terahertz time-domain signal of each pixel point by
point [38], [39]. Figure 2 shows the principle of terahertz
time-domain spectrum imaging. Existing mainstream tera-
hertz imaging techniques include continuous wave imag-
ing, real-time imaging, tomography, near-field imaging, and
pulsed wave imaging. Common methods for detecting tiny
defects inside electrical equipment using terahertz imaging
technology include continuous wave imaging and pulse wave
imaging [40].

FIGURE 2. Terahertz imaging principle [39].

Terahertz continuous wave imaging is a point-by-point
scanning method of imaging by recording the intensity infor-
mation of successive terahertz waves through the sample or
after reflection. Since the intensity information is collected,
pausing at each scanning point is not necessary. At the same
time, due to the large beam aperture, the scanning is sig-
nificant, but the imaging resolution is relatively low, at the
millimetre level.

THz-TDS is the most prevalent pulsed terahertz imaging
technology. That is, single-point detection is performed on
the sample by generating terahertz pulses via photoconduc-
tive or optical rectification, and then multi-point detection
forms a two-dimensional matrix point with transmitted or
reflected wave information. The principles of imaging have
two methods: time-domain signal imaging and frequency-
domain signal imaging. Among them, time-domain signal
imaging is imaged because the reflected wave carries infor-
mation such as phase, amplitude, etc. By processing the peak
value, average signal intensity, and phase information of the
time-domain signal, a two-dimensional image of the sample
can be obtained. Frequency domain signal imaging is to
perform a fast Fourier transform on the terahertz spectrogram
to obtain frequency domain information, and then uses the
spectral peaks of the collected frequency domain signals and
information such as the frequency corresponding to the peaks
to process data to obtain a two-dimensional image [41].

The terahertz pulse is shown in Figure 2, t1 is the time
interval of all zero crosses, t2 is the time interval of pos-
itive and negative peaks, and both E1 and E2 are peaks.
When a terahertz wave propagates in an insulating material,
the zero crosspoints and peak value of the waveform will
vary, which corresponds to the phase and amplitude of the
wave. When extended to the frequency domain, these appear
as spectral peaks and peak frequencies. By controlling the
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two-dimensional scanning stage, the moving sample is
scanned, and the intensity and phase of the signal are
extracted according to the analyzed frequency domain and
time domain characteristic parameters. The feature parameter
extracted each time is used as an imaging point, and its
gray value is set [42]. Finally, a terahertz image is formed.
Terahertz pulse imaging has a higher resolution than terahertz
continuous wave imaging.

FIGURE 3. Terahertz pulse [42].

The above-mentioned terahertz testing technology pro-
vides distinct advantages over other non-destructive testing
methods for finding interior defects in non-metallic materials.
Terahertz inspection is not only easier to operate than conven-
tional ultrasonic inspection, but it can also achieve imaging
without touching the object’s surface. And in some materials,
sound waves are extremely attenuated, but terahertz waves
are suitable for these materials. Compared to X-ray digital
imaging technology, terahertz spectroscopy technology is
safer, which causes no pathological reactions in the human
body and has exceptionally little radiation damage. Passive
infrared thermal imaging technology detects internal defects
by capturing abnormal surface temperatures caused by partial
discharges. However, the discharge voltage and intensity of
partial discharges have no clear relationship with defect size
and structure and surface temperature. Therefore, the tech-
nique is unable to obtain the size and structure of the defect.
Compared to infrared thermal imaging detection technology,
terahertz imaging technology can picture the internal flaws of
equipment and materials with greater reliability and interfer-
ence resistance. In comparison tomicrowaves, it compensates
for the latter’s poor ability to penetrate dielectric materials
and can only be used for near-field detection.

III. INTERNAL GAP DEFECTS IN ORGANIC INSULATING
MATERIALS
In the process of power system operation, the performance
of insulating materials has a great impact on the operation of
the overall power equipment and power system. Due to the
preparation process and the influence of electrical, thermal,
mechanical forces and other factors, insulating materials will
produce defects or foreign matters in their interior, which

will affect the electrical performance. Long-term operations
may lose insulation capacity and cause economic and security
losses. Therefore, a reliable nondestructive testingmethod for
insulating material defects is very necessary. Common non-
destructive testing techniques include the penetrationmethod,
ultrasonic method, eddy current method, X-ray method, and
magnetic particle method. However, these traditional meth-
ods have their limitations in use. The penetrant method
must be cleaned before detection, and the penetrant oil and
developer used in the test are contaminated. When using the
ultrasonic testing method, a coupling agent is required, and
different probes are required for different defects. The eddy
current method can only detect the surface and near-surface
defects of conductive materials and can also identify the edge
effect caused by the sudden change of part geometry. The
cost of experimental equipment required by the X-raymethod
is large, and the experimental process is harmful to human
body. The carbon powder method is only applicable to the
detection of ferromagnetic materials, and has a small scope
of application [43]. Compared with traditional methods, Ter-
ahertz spectroscopy technology is a new visual detection
method that has the characteristics of high security, strong
anti-interference ability, a wide application range, and can
be applied to non-metallic media. Compared with traditional
nondestructive testing methods, it has unique advantages.
Therefore, it is suitable for defect detection of insulating
materials [44].

A. AIR-GAP DEFECTS
Due to the thermal expansion and contraction effects,
mechanical force, manufacturing process level, and other
factors of insulating materials during operation, air gaps or
internal cracks will be produced, which belong to common
air gap defects. The refractive index of the terahertz wave will
change in the insulating medium of air gaps or cracks, result-
ing in transmission and reflection changes. The amplitude and
phase information of the wave will also change. Therefore,
terahertz waves can be used to detect air gaps or cracks in
insulating materials.

Wang et al. used the terahertz time-domain system to
emit pulsed electromagnetic waves to test insulator models,
which have different interface defects. They find that there
is a significant difference in the position of the wave crest
between defects and non-defects. It is proved that terahertz
waves can be used to detect interface micro defects, and
defects with thicknesses less than 1 mm can be identified.
The methods include transmission detection and reflection
detection. Transmission detection is judged by the posi-
tion and amplitude of the peak, while reflection detection
is judged by the peak. For actual composite insulators,
the reflection method is more suitable for detection [45].
Cheng et al. used a reflective terahertz time-domain spec-
troscopy system to test composite insulator samples with
artificial holes. By analyzing the amplitude and time delay
of the time domain waveform, the 0.4 mm deep defect can
be accurately located, and the minimum defect size that can
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be detected is 1.5 mm, with an error of less than 3%. When
there are small defects in the composite insulator, there is a
new reflection peak with a large amplitude in the terahertz
waveform, and its position is determined by the thickness
of silicone rubber [46]. Figure 3 shows the THz analysis
result of the sample with artificial defects. Zhang et al. used
terahertz time-domain spectroscopy to study the terahertz
spectral characteristics of room temperature and high tem-
perature cured epoxy resins. The former basically contains no
bubbles, while the latter contains trace bubbles. Calculating
the refractive index and absorption coefficient of the sample
in the frequency band of 0.1∼1.5thz, the average refractive
index of the former is about 1.7, which is higher than that
of the latter about 1.65. And in both samples, the absorption
coefficient is positively related to the frequency, there is no
obvious absorption peak, and the absorption coefficient of the
samples prepared at room temperature is higher [43]. Li et al.
established a terahertz transmission model to analyze the
terahertz time-domain spectrum of bubble defects in epoxy
resin coating samples. The model can not only qualitatively
distinguish whether there is a bubble stripping layer in the
coating, but also quantitatively estimate its thickness and size.
Bubble defects with a cross-section diameter of 3.5∼8 mm
and a thickness greater than 0.6 mm can be detected [47].

FIGURE 4. THz time-domain waveform results of sample with artificial
defects. (a) 100–200 ps waveform; (b) 250–350 ps waveform [41].

In order to improve the imaging quality of terahertz detec-
tion technology, many scholars have studied it. Mei et al.

based on the traditional terahertz detection method, used the
time domain deconvolution method to process the terahertz
waveform and reduce the overlap of reflected pulses, they
successfully distinguish 0.173 mm air gap defects from insu-
lating materials with double air gap defects [48]. The three
characteristic parameters of maximum absolute value, signal
power and envelope area can be used to identify double-
layer defects with depths of 0.4 mm and 0.83 mm respec-
tively. The imaging of the signal power and envelope area
has advantages in defect morphology recognition and resolu-
tion [49]. The experiment expands the application scene and
accuracy of terahertz time-domain spectroscopy. Zhang et al.
proposed an imaging detection method based on waveform
difference for corrosion defects. According to the charac-
teristic information of terahertz waveform, the interface air
gap and erosion defects are classified and diagnosed [42].
Jiang et al. used principal component analysis technology
to fuse and image terahertz characteristic parameters, which
improves the imaging performance of terahertz technology
on composite insulators and obtains higher quality defect
images [50]. The comparison diagram of the fusion imaging
effect based on principal component analysis technology is
shown in Figure 4.

FIGURE 5. Comparison of fusion imaging effect based on principal
component analysis technology. (a) Sample with air gap inside;
(b) Fusion data imaging result [46].

In addition to utilizing terahertz time-domain spectroscopy
to detect internal gap defects in insulating materials and
improve imaging quality, researchers have proposed a variety
of new terahertz detection methods based on terahertz detec-
tion technology. Zhang et al. verified that the superposition
of terahertz waves in samples with internal air gap is approx-
imately linear, and provided an internal air gap measurement
method based on a waveform database to solve the problem
that terahertz waves are difficult to measure the thickness of
internal air gap [51]. Lee et al. detected the defects with
the size of 0.5 mm in the cross-linked polyethylene plate
according to the two-dimensional image of a continuous
terahertz wave passing through the cross-linked polyethylene,
proving that the continuous terahertz wave imaging system
can detect the internal defects of insulating materials with
efficient detection [52]. Cao et al. used terahertz time-domain
spectroscopy to detect the internal defects of three-phase
composite structures. They selected 0.348thz wave to pass
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through the sample along three mutually perpendicular direc-
tions can clearly show the location and geometry of gap
defects [53]. A new idea of nondestructive testing of three-
phase composites is provided.

B. FOREIGN BODY DEFECT
When the insulatingmaterial is polluted by particles and other
impurities due to unqualified materials or improper manufac-
turing processes, it may lead to a decrease in hydrophobicity
and the medium is prone to moisture. Partial discharges occur
at defective areas, which may eventually form water trees
and lose their insulating qualities in the long run. Therefore,
it is necessary to detect foreign material defects in insulating
materials.

Rheenen et al. prepared epoxy samples doped with
graphene powder of different concentrations and measured
the conductivity of the samples. The dielectric parameters,
especially the absorption coefficient, were measured by ter-
ahertz transmission spectrum. It was found that with the
increase in graphene concentration, the absorption of ter-
ahertz increased and the conductivity also increased [54].
Mori et al. Tested the optical absorption spectrum of epoxy
resin nanocomposites containing MgO, SiO2 and TiO2 in the
frequency range of 0.5∼5THz, and found that when micron
level MgO and nano level SiO2 fillers were added to the
epoxy resin, they would absorb a lot, while small absorption
occurred in epoxy resin nanocomposites containing TiO2.
As for using terahertz to explore the mechanics of nano-
composites rapidly [55]. Li et al. prepared nanocomposites
with different filler contents based on epoxy resin, and stud-
ied their dispersion characteristics in the terahertz range.
It is found that the dielectric constant of nanocomposites
increases with the increase of the content of nanoparticles
at 1THz, its dielectric constant shows different variation
laws at 1Hz, the fitting damping coefficient has the opposite
trend with the filler content, and there is a strong correla-
tion between low-frequency dielectric constant and damping
coefficient. Their research shows that terahertz time-domain
spectroscopy is conducive to exploring the mechanism of
nanocomposites [56]. Mizuuchi et al. used terahertz waves
to detect epoxy resin samples with different defects and
thicknesses inside: voids, metal fragments, and resin burrs.
The image shows that the terahertz reflection intensity varies
greatly with the type of defect. The reflection intensity of
metal fragments is the highest, followed by voids, and resin
burrs are the weakest. The delamination thickness can be
estimated from the delay time difference of terahertz wave.
It shows that terahertz wave technology can distinguish the
defect types of insulating materials [57].

Kong et al. used terahertz time-domain spectroscopy to
measure epoxy resin, silicone rubber, ceramics and their
mixtures, and obtained the time domain, frequency domain,
absorption spectrum and refractive index of the four groups
of samples. It is found that these four parameters are signifi-
cantly different from the samples after adding copper powder.
Therefore, terahertz technology can be used to detect whether

the solid powder of gas insulated switchgear (GIS) equipment
contains metal foreign matters [58]. Li et al. analyzed the
time-domain and frequency-domain waveform characteris-
tics of terahertz pulse wave propagating in the insulation
paperboard model mixed with metal foreign bodies through
terahertz time-domain spectroscopy. It is found that when the
thickness of paperboard coating is less than 5mm, the location
and size of internal defects can be accurately obtained by
using the amplitude and delay characteristics of terahertz
time domain signal. Non-destructive testing of inner defects
of insulation paperboard is realized effectively [22]. The
imaging data diagram of terahertz pulse reflection wave is
shown in Figure 5. Zong et al. detected the metal particles
in the transformer by terahertz time-domain spectrometer
and found that after adding metal particles, the time domain,
frequency domain, absorption coefficient and refractive index
of transformer oil were significantly different from those
in the pure state. The absorption coefficient and refractive
index decrease with the increase in copper content. It shows
that the time domain, frequency domain, absorption coef-
ficient and refractive index of the terahertz spectrum can
effectively judge whether there are metal impurities in trans-
former oil [59]. The coefficient spectrum and refractive index
spectrum of transformer oil with different copper content are
shown in Figure 6.

FIGURE 6. Imaging data map of THz pulse reflected wave [54].

IV. ANALYSIS OF MOISTURE CONTENT IN INSULATING
MATERIALS
Moisture is an important cause of insulation deterioration of
power equipment. Too much moisture will lead to insulation
breakdown due to the excessive aging of materials, resulting
in immeasurable damage and even harm to the entire power
system. Therefore, it is very necessary to detect the moisture
content in the material and evaluate and judge its current
insulation state. Terahertz spectroscopy is ideally suited for
non-destructive testing of insulating materials due to its abil-
ity to penetrate most materials without causing damage to
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FIGURE 7. (a) Absorption spectrum of transformer oil with different
copper content; (b) Refractive index spectrum of transformer oil with
different copper content [55].

them [60]. Moreover, water molecules have a strong absorp-
tion effect in the terahertz frequency band [61], which enables
the terahertz spectroscopy technology to precisely analyze the
water content in insulating materials so as to find its problems
early and prevent serious accidents, thereby improving the
economics of equipment and the entire grid.

In general, the detectionmethods for water content in trans-
former oil include distillation, Karl Fischer titration, gravi-
metric, dielectric constant, and other approaches [62]. The
disadvantages of the distillation method are time-consuming
and imprecise. The Karl Fischer titration is the most common
method for measuring the micro water content of transformer
oil; this detection method must take into consideration a
number of variables, and the chemical reagents used will
pollute the environment. The gravimetric approach lacks
precision. The dielectric constant method has high require-
ments for environmental factors [63]. Jiang et al. utilized
terahertz spectroscopy technology for the detection of water
content in transformer oil and constructed a system that may
be employed for this purpose. The fundamental principle
is to use optical rectification to generate terahertz waves,
free space electrooptical sampling and detection of terahertz
waves, terahertz pulses propagating in free space, collimated
and focused by two sets of off-axis parabolic mirrors to the
terahertz detection source, and the refractive index ellipsoid
of the detection source changing [64]. Its phase will be mod-
ulated when the probe beam and the terahertz pulse propagate
collinearly inside the probe source. By adjusting the posi-
tion of the optical delay line, the time difference between
the two pulses can be altered, and the time domain wave-
form of the terahertz electric field can be obtained by using
the free space electrooptic sampling technique. They use
DB-25# oil as the sample and the terahertz time-domain spec-
trum to determine the absorption coefficient and refractive
index of transformer oil with various water concentrations,
as illustrated in Figure 7 and Figure 8. It can be seen that the
absorption coefficient and refractive index always maintain
an upward trend with the increase of moisture content in
different frequency bands. The test findings indicate a linear
relationship between the absorption coefficient and refractive
index of this transformer oil and its water content. The refrac-
tive index and absorption coefficient increases progressively
as the water content increases. This provides a foundation for

further developing terahertz spectroscopy for the detection of
water content in transformer oil.

FIGURE 8. Absorption coefficient of DB-25# oil with different water
content as a function of frequency [59].

FIGURE 9. Refractive index of DB-25# oil with different water content as
a function of frequency [59].

Epoxy resin is widely used in electrical equipment, and
the detection of its water content is equally important.
Lin et al. conducted a sensitivity analysis to quantify the
water absorption of hydrothermally aged epoxy resin sys-
tems by terahertz time-domain spectroscopy [65]. They
conducted transmission terahertz spectroscopy with a com-
mercial THz-TDS setup (Terapulse 4000, Tera View Ltd.,
Cambridge, UK) and used a high-resolution sweep mode
with 20 waveform averages; each measurement took around
40 seconds. By evaluating the refractive index and absorption
index of various aged epoxy resin materials after the inci-
dence of a terahertz wave, the size of their water content may
be determined, but with some errors due to the lack of control
over water molecules in the atmosphere and room humidity.
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Sindhu et al. investigated the differences in epoxy resin’s per-
formance under variousmoisture conditions. In order to avoid
the errors of water molecules in the atmosphere and room
humidity during sample processing, the device was enclosed
in a box made of plexiglass, and nitrogen gas was employed
continuously to purge the air’s humidity, further ensuring
precise findings [66]. The results of the refractive index and
absorption coefficient are shown in Figure 9. Evidently, the
current research can be used to detect the moisture content in
epoxy resins, but additional research is required to determine
the precise distribution of moisture in epoxy resins and to
develop more intuitive characteristic parameters. Liu et al.
created an epoxy resin water absorption prediction model
based on Langmuir’s law and optimized it using terahertz
technology. Epoxy resins that absorb water for 24 hours
were examined by THz-TDS, and the experimental results
were incorporated into the prediction model to predict the
saturation water absorption of epoxy resins and to draw the
water absorption curve. The deviation between the predic-
tion curve and the actual water absorption curve was less
than 5%. [67]

FIGURE 10. (a) Refractive index versus frequency curve of different
samples; (b) Absorption coefficient versus frequency curve of different
samples [66].

The same trace moisture contained in the oil-paper insu-
lation system of the transformer will accelerate the aging of
oil paper and reduce its insulation properties, which is not
conducive to safe and reliable operation [68], [69]. Terahertz
spectroscopy can also analyze the moisture content of insu-
lating oil paper. Yin et al. found that as the water content
of oil-paper samples increased, so did their absorption of
terahertz waves; as a result, the peak of the time-domain
energy spectrum after terahertz wave projection would drop,
and the peak time would be delayed as the water content
increases [35]. The terahertz pulse reaches the detector ear-
lier as the water content lowers. According to this principle,
the magnitude of the energy spectrum’s peak and the delay
time in reaching the peak can be utilized to swiftly identify
the micro-water content of oil paper. In addition, as the water
content of oil-impregnated paper grows, so does the degree
of polarization, resulting in a progressive increase in dielec-
tric loss. The amplitude of its resonance term can indirectly
reflect the number and bond energy of cellulose-water hydro-
gen bonds and water-water hydrogen bonds, characterize the
water state and polarization behavior in oil paper, and is

positively correlated with the water content of oil paper, so it
can also be used as a characteristic quantity to detect the
moisture content of oil paper. Cheng et al. also conducted
relevant tests and preliminarily estimated the calculation
formula for water content [70]. Moisture in the insulating
cardboard causes the terahertz transmitted wave to change,
which is reflected in the delay of the phase and the atten-
uation of the amplitude. The moisture content also affects
the energy transmittance of the terahertz wave in the sample.
The higher the moisture content, the lower the signal energy
transmittance and the more delayed the phase. The frequency
domain diagram of the test results is shown in Figure 10. The
test results prove that this method can accurately reflect the
moisture content of the insulating paperboard and its specific
distribution within the insulating paperboard and can realize
nondestructive testing.

FIGURE 11. Frequency-domain results of different moisture contents [70].

Terahertz spectroscopy technology has a wide range of
applications in the non-destructive testing of the moisture
content of power equipment insulation materials, which is
of great importance in the evaluation of power equipment
performance. However, the current research in this field still
needs further in-depth and application to the actual project.

V. AGING ANALYSIS AND SPECIES IDENTIFICATION
A. AGING ANALYSIS
Due to the long-term operation and the influence of com-
plex working environment, the insulation aging of electrical
equipment and its related components is growing in inten-
sity, which leads to the reduction of insulation performance,
affects the normal work of power equipment, and causes great
hidden dangers and harms to the safety and stability of power
grid operation. However, the traditional insulation aging diag-
nosis method has many limitations, such as it can’t find the
local insulation aging problem timely and is non-destructive.
For maintaining the stability of the power grid, the blind over-
haul or replacement strategy is generally adopted across the
board, whichwill cause huge economic losses. Therefore, it is
particularly important to study the method of timely, accurate
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and nondestructive detection of the aging of power equip-
ment and its related components. Figure 11. shows the harms
of electrical equipment aging. Because the rotation, vibra-
tion and weak interaction energy levels of many molecules
(such as hydrogen bonds) are located in the terahertz band
(0.1-10THz), THz-TDS can be used to analyze the properties
of materials. The absorption spectrum can be obtained by
Fourier transform of terahertz signal, and parameters such
as absorption coefficient, extinction coefficient, return loss,
refractive index, dielectric loss and complex dielectric con-
stant can be obtained by combining with relevant mathemat-
ical models, which are used to evaluate the aging degree of
materials.

FIGURE 12. The harms of electrical equipment aging.

Zhang et al. carried out thermal oxidation experiments
on natural vulcanized rubber, and measured the variation
tendency of the terahertz dielectric spectrum of rubber. Com-
bining the changing trend of complex dielectric constant and
dielectric loss with the characteristics of rubber sample struc-
ture and the aging process, the polarization law of the sample
under the action of the terahertz field was analyzed [71]. The
results show that during sample aging, the main processes
of chemical reactions are the breaking of the whole structure
of macromolecular chains, the decrease of molecular weight
and the weakening of intermolecular binding force, and the
generation of polar small molecular groups (-OR group,
-OH group, etc.), which leads to the enhancement of atomic
polarization and orientation polarization in terahertz field.
Against the backdrop of the aging of silicone rubber (SiR) in
the nuclear power plant environment, Takuya Kaneko et al.
analyzed four different aging processes (thermal aging, radi-
ation aging, concurrent aging and hydrolysis aging) of SiR
by terahertz absorption spectrum, Fourier transforms infrared
spectrum and nuclear magnetic resonance. The results show
that the aging mechanism of SiR depends on aging condi-
tions [72]. In the process of thermal aging, the formation of
cross-linked structures leads to absorption peaks at 4.0 and
4.6 THz in THz absorption spectrum. In the process of radia-
tion aging, cyclic siloxane on SiR surface oxidizes and forms

carbonyl groups on the surface. The increase of absorption in
the whole frequency range of 0.5-5 THz is probably caused
by carbonyl groups. In the process of hydrolytic aging, SiR is
hydrolyzed and cross-linked, and the increase of absorption
in the frequency range of 0.5-2.5 THz may be caused by
the presence of water. The specific changes in THz absorp-
tion spectrum correspond to these aging processes, so THz
absorption spectrum can be used to monitor the status of SiR.

Chang et al. measured the thermal aging process of carbon
black and silica filled natural rubber (NR) periodically by
terahertz time-domain spectroscopy, and quantitatively evalu-
ated the aging degree of the samples by analyzing parameters
such as terahertz dielectric constant and optical refractive
index [73]. The results indicate that as thermal aging pro-
gresses, the terahertz extinction coefficients of the NR filled
with carbon black grow significantly after around 30 days.
In other words, after about 30 days of thermal aging, the NR
filled with carbon black goes through a change in its aging
state. And the variation rules of the extinction coefficient are
shown in Figure 12. Chang’s research has proved the feasi-
bility of terahertz dielectric spectroscopy as a nondestructive
testing tool to determine the thermal aging state of rubber.

FIGURE 13. Extinction coefficient versus terahertz frequency of NR filled
with carbon black in different aging states [73].

Yang and Wu studied the relationship between the relative
dielectric constant of silicone rubber and the molecular chain
length through molecular simulation calculations, and put
forward a molecular chain breaking model. It was calculated
that the dielectric constant of silicone rubber increased with
the decrease of the averagemolecular chain length [74], [75].
Then, the relationship between the aging degree of sili-
cone rubber and the terahertz input return loss was obtained
through the simulation calculation of the electromagnetic
model of the terahertz signal incident on the silicone rubber
sheet. Finally, the reliability of the relationship between the
aging degree of silicone rubber and the terahertz input loss
was verified by the terahertz reflection experiment. Figure 13.
shows the relationship between the aging degree of silicone
rubber and terahertz input return loss.
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FIGURE 14. Return loss parameters corresponding to different aging
grades [75].

Yu et al. carried out thermal aging experiments on XLPE
cable insulation, using terahertz time-domain spectrometer
to test the time-domain signals of reference samples and
XLPE samples, respectively, and using differential scanning
calorimeter and Fourier transform infrared spectroscopy to
study the changes in the chemical structure of samples during
aging [76]. The results show that during thermal aging, the
molecular chain of XLPE is broken and oxidized, its chemical
structure is destroyed, and the movement ability of molecular
chain segments is enhanced, which leads to a real increase
in the dielectric constant of XLPE at terahertz frequency.
Aging results in the decrease of the crystallinity of XLPE, the
weakening of lattice vibration intensity, and the decrease of
the imaginary part of the dielectric constant. Figure 14. shows
the variation of the dielectric constant with frequency.

FIGURE 15. Changes of dielectric constant of XLPE samples with aging
time in the range of 0.5∼2.5THz. (a) ε’; (b) ε’’ [76].

Ohki et al. prepared two kinds of epoxy resins (HE and SE),
after thermal aging experiment or radiation aging experiment,
and measured their terahertz absorption spectra in the fre-
quency range of 0.5∼5.0 THz [77]. The results show that the
intensity of terahertz absorption in SE is closely related to the
intensity of infrared absorption (mIR) due to the formation of
carbonyl groups. In contrast, there is no obvious difference
between THz and mIR absorption spectra of HE.

Lee et al. analyzed the thermal aging process of cellulose
insulation paper by terahertz time-domain spectroscopy, and

found that the refractive index decreased rapidly at 400◦ and
above, which was close to the temperature at which the gly-
cosidic bond in cellulose broke [78]. Subsequently, Lee et al.
confirmed that the abrupt change in refractive index caused
the thermal aging and continuous thermal breakdown of the
cellulose platen. Therefore, they speculated that the changes
in refractive index and extinction degree that always appeared
in the experimental results were caused by the breakage of
glycosidic bonds in cellulose. Wang found that the average
refractive index of unaged cellulose insulation paper was
1.531 in the range of 0.1-1.80 THz by analyzing the THz
optical parameters of cellulose insulation paper with differ-
ent thermal aging degrees, and it increased with the aging
degree [79]. Figure 15. shows the variation of refractive index
with frequency.

FIGURE 16. Refractive index diagram of mineral oil impregnated cellulose
insulation paper with different thermal aging degrees [79].

Wang et al. carried out thermal aging experiments and
THz-TDS analysis on mineral insulating oil paper and FR3
vegetable insulating oil paper, respectively, and used the
improved electromagnetic wave transfer function to process
the signal to eliminate the echo oscillation in the frequency
domain spectrum signal. Finally, the terahertz optical param-
eters of insulating oil and paper were calculated [80]. By com-
paring and analyzing the absorption spectrum and refractive
index spectrum of mineral insulating oil in different aging
states, it is found that there are two different absorption peaks
in mineral insulating oil and FR3 plant insulating oil, which
can be used as the characteristic absorption peaks of both of
them in THz band, as Figure 16. shows. However, with the
aggravation of aging, the absorption peaks become stronger
and stronger, and at the same time, a violent chemical reaction
takes place in the oil, which leads to the increasing content of
aging by-products such as water in the oil. In order to further
verify the reasons for the change of optical parameters in
THz spectrum of FR3 insulating oil, Wang prepared samples
with the same aging degree and different moisture content
through the natural moisture absorption test of natural ester

121556 VOLUME 10, 2022



C. Guo et al.: A Review: Application of Terahertz Nondestructive Testing Technology in Electrical Insulation Materials

insulating oil. Further analysis of the influence of moisture
content in insulating oil on THz optical parameters found that
moisture is the main factor affecting THz optical parameters
of insulating oil [79].

FIGURE 17. Absorption coefficient of insulating oil in THz band
(a) Mineral insulating oil (b) FR3 type vegetable insulating oil [79].

B. SPECIES IDENTIFICATION
When using terahertz time-domain spectroscopy to analyze
the aging degree of materials, as many components in mate-
rials are the same, in the terahertz spectrum of different types
of the same materials, the peaks in some areas are relatively
close, and the characteristic peaks may also be relatively
close, which is difficult to distinguish. It is necessary to
use the method of spectral feature extraction to establish
a suitable classification model for data processing. At the
same time, the measured data of THz spectrum may have
some problems, such as unobvious absorption characteristics,
a large amount of data, high dimensions and so on. It is
necessary to extract the features of the data and reduce the
dimension of the data, so as to simplify the data and suppress
the interference of some noise, which is very important for
the classification and identification of the spectrum.

Miao et al. studied four kinds of epoxy resins with dif-
ferent epoxy values by terahertz time-domain spectroscopy,
calculated the refractive index and absorption coefficient of
the samples in the 0.2∼2.6THz band, and distinguished the
four samples by their different absorption coefficients and
refractive indexes in the THz band [81]. On this basis, the
epoxy resin was identified qualitatively by a simple least
square regression method.

Yin et al. detected four kinds of rubber samples based
on the THz-TDS system, respectively used kernel principal
component analysis (KPCA) and kernel canonical correla-
tion analysis (KCCA) to extract the characteristics of THz
spectra of rubber, introduced PCA and CCA as a comparison,
combined with support vector machine (SVM) to establish
a classification model, and finally used partial least squares
discriminant method (PLS-DA) to identify rubber [82]. The
results show that SVM combined with the feature extrac-
tion method can classify rubber spectra, KPCA-SVM has
the best classification effect on absorption spectra, while
PLS-DA has a better classification effect on refraction spectra
than SVM, and KPCA has a better feature extraction effect
on spectra than standard KCCA. It provides a new method

for the identification and analysis of experimental rubber.
In order to improve the accuracy of classification, Yin et al.
introduced the modeling method of improved particle swarm
optimization support vector machine (MPSO-SVM) into the
qualitative analysis of terahertz spectrum. The accuracy of
classification was measured by confusion matrix, and the
results showed that the accuracy of comprehensive classifi-
cation was over 81.25%. In addition, the recognition time of
(MPSO-SVM) method was also accelerated, and the overall
time consumption was less than 9.4s [83].

VI. CONCLUSION
At present, preliminary research has indicated that THz time-
domain spectroscopy technology has certain effects in the
detection of gap defects in insulating materials, moisture
content analysis, aging analysis, and species identification.
However, the application time of THz detecting technology
in the electrical field is brief. There are still certain problems
to be solved for the extensive applications in the power field:

1) MINIATURIZATION OF APPARATUS
The current terahertz detection system is mainly composed of
a THz wave source, a terahertz signal detection system, and
a data acquisition system. The size is relatively substantial
overall. Under the condition of maintaining precision, it is
required to improve equipment integration to reduce size.

2) INTERFERENCE RESISTANT OF THE EQUIPMENT
Electromagnetic fields can cause electromagnetic interfer-
ence to terahertz waves, but there is typically a strong elec-
tromagnetic field near high-voltage power equipment, so the
interference of electromagnetic fields will be inevitable.
A worthwhile study is how to eliminate the effects of elec-
tromagnetic fields.

3) SOURCE ANALYSIS OF MATERIALS
Due to the wide number of producers of electrical insulating
materials, their quality, particularly their aging properties,
is often uneven. The origin of the material can currently only
be demarcated by lots of destructive refinement analysis in
the laboratory. Using the terahertz technology to trace the
origin of material is also crucial for equipment manufacturing
and testing equipment admission.
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