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ABSTRACT Composite insulators are widely used in power grids at home and abroad. The anti-pollution
flashover performance, hydrophobicity and hydrophobic migration, and pollution flashover mechanism of
composite insulators have been the focus of international attention. Temperature is one of the important
parameters to describe the flashover of composite insulators. In this paper, the internal temperatures of a
composite insulation sample were detected based on FBGs (fiber Bragg gratings). The sample was layered
and made of one layer of silicone rubber 3 mm in thickness and one layer of epoxy-GFRP (Glass Fiber
Reinforced Plastics) similar to 220 kV composite insulators. Three gratings were embedded in the interface
of the two layers between long and short electrodes on the surface of the sample. Temperature calibration
tests were carried out on the gratings in the sample. Then, discharges tests were done on the sample with
embedded FBGs. Internal temperatures as well as leakage currents were measured, and the arcs process of
the discharges on the sample was photographed. The test conditions are as follows: the output voltage was
increased by approximately 0.5 kV/s; the equivalent salt deposit density (ESDD) was about 0.5 mg/cm2

and the non-soluble deposit density (NSDD) was about 1.2 mg/cm2.The results show that the internal FBGs
could sense the flashover on the surface of the sample. An interface temperature rise caused by the discharges
is within 11 ◦C in this paper. There is a time delay of 1.4 s from the leakage current arise to the temperature
rise during the discharges. The arcs always develops from the small electrode to the large electrode on the
surface of the sample, the rise process of the internal temperature at the interface under the middle surface
position of the two electrodes is significantly different from that near the small electrode, the arcs starting
electrode, while similar to that near the large electrode, the flashover electrode.

INDEX TERMS Fiber Bragg gratings, internal temperature, contaminated silicone rubber, discharges.

I. INTRODUCTION
Composite insulators have the advantages of good anti-
pollution performance, small size, light weight, highmechan-
ical strength, less maintenance and convenient transportation,
are widely used in power grids at home and abroad [1].
According to statistics, the total length of 110 kV and above
overhead lines in China has reached 103 million kilometers
by 2019. Meanwhile, the number of composite insulators
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used in 110 kV and above transmission lines in China has
exceeded 10 million by March 2019 [2]. The excellent pol-
lution flashover resistance of composite insulators is a main
reason for its wide use. The anti-pollution flashover per-
formance, the hydrophobicity and hydrophobic migration,
the pollution flashover mechanism of composite insulators
have been the focus of international attention.

In 1958, Obenaus F. proposed the physical model of
a local arc and a residual pollution resistance for pol-
lution flashover [3]. Subsequently, surface discharges of
contaminated insulation were investigated by domestic and
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foreign scholars. In 2006, Zhang Z. J. summarized the impor-
tant symptoms in diagnosing the condition of insulators and
the relationships between flashover voltage and pollution or
atmospheric pressure [4]. In 2008, Zhang Z. J. summarized
the pollution flashover mechanism of composite insulators
and pointed out that the formation and development of local
arc is a key stage for pollution flashover [5].

A plate model is an effective way to study surface dis-
charges of contaminated insulation. Using a plate model in
the 1990s, Zhang R. Y. investigated the AC arcs on the surface
of a polluted glass. It was found that the length, temperature
and brightness of arcs changed periodically with leakage
current. The amplitude of current and the length of local
arc increased sharply at the moment of flashover, and the
core temperature of arcs reached 14000K [6]–[8]. In 2013,
Li J. used a triangular glass plate to study the development
mechanism of the arc on contaminated surface. It was found
that the main reason for arc root movements was the break-
downs at the front end of arc [9]. In 2015, Sun X. F. used
a triangular silicone-rubber plate to study the effect of water
droplets on the arcs under DC electric field and proposed that
the electric field distortion caused by separated droplets was
the reason for local arc initiation [10].

Temperature is one of the important parameters to describe
flashover of composite insulators. In 2000, Vitelli M.
simulated the surface temperature distribution of outdoor
contaminated insulators. It was found that the smaller the
thickness of a contaminated layer, the lower the probability
of a dry zone formation and the lower the peak temperature
of the contaminated layer [11]. In 2004, Skopec A. measured
the temperature in composite insulation by a thermocouple.
The relationship between the internal temperature and the sur-
face temperature was established. Meanwhile, the relation-
ship between the surface temperature under arc discharges
and the heat flux density was calculated. The time-domain
temperature variations of a composite insulator exposed to
arc discharges were studied [12]. In 2014, through infrared
thermal imaging technology, Liang F. found that the insu-
lating surface of a rectangular glass plate presented local
persistent high temperature before the formation of a dry zone
during the process of pollution flashover. After stabilization,
the middle temperature in the dry zone was the highest. The
temperature symmetrically decreased from the middle of the
dry zone to two sides of both electrodes. Furthermore, if the
equivalent salt deposit density (ESDD) increased, the forma-
tion time of dry zone would shorten and the width of dry zone
would decrease [13], [14]. In 2018, Zhang D. experimentally
studied the influence of surface resistivity, distributed volt-
age and wind on the surface temperature distribution of wet
contaminated basin insulators. In addition, the heating and
discharge mechanism of wet contaminated basin insulators
were discussed [15].

The temperature sensing technology by optical fiber has
rapidly developed in recent years. In 2013, Luo J. B.
established a distributed optical-fiber sensing system with
an accuracy of 2 ◦C to detect the core temperature of

overhead lines [16]. Du S. implanted FBGs into the GFRP
rod of a composite insulator with a temperature coefficient
of 13.5∼14.1 pm/◦C [17]. In the same year, the experiments
including GFRP fracture, sheaths damage and end fittings
crimped degree of the composite insulator with embedded
FBGs were carried out by Wen S. to study the relationship
between thermal strain and FBG wavelength was studied by
the above experiments. It was shown that the temperature
sensitivity coefficient of the grating in crimping zone obvi-
ously increases with the increase of the lateral pressure of
end fitting [18]. In 2017, the internal temperature conversion
coefficient of gratings in a composite insulator was studied
by Chen and Tang [19].

The purpose of this paper is to study whether the FBGs
embedded into composite insulation could detect contami-
nated flashover on the insulation, what the maximum temper-
ature rise of the FBGs in insulation is, what the time-domain
relationship between leakage current and internal temper-
ature rise is, and whether the internal temperatures under
short-distance contaminated flashover are different. Accord-
ing to the structure and size of the rod and sheath of 220 kV
composite insulators, a two-layer plate sample wasmadewith
embedded FBGs. The temperature calibration tests on the
FBGs embedded in the sample and the discharge tests of
the contaminated sample were carried out in laboratory. The
leakage current and internal temperature were measured, and
the arc process of discharges was photographed. A method of
detecting the internal temperature distribution under surface
polluted discharges by FBGs is investigated.

II. DETECTION PRINCIPLE
Fiber Bragg Grating (FBG) is a diffraction grating formed
by the periodic axial modulation of the refractive index of
the fiber core. In engineering applications, the variation of
temperature and strain around the grating will change the
cycle of refractive index distribution, and shift the corre-
sponding reflection or transmission wavelength. According
to the relationship between wavelength offset and influencing
factors, temperature and strain can be calculated.

The peak wavelength of the reflection of the FBG λB will
change due to the thermal expansion and thermo-optic effect
of the FBG when the temperature changes [20], which is
expressed as

λB = 2neff ×3 (1)

where neff is the effective refractive index of FBG, and 3 is
the cycle of FBG.

Taking the derivative of temperature T in equation (1),
and (1) can be written as

dλB
dT
= 2neff ×

d3
dT
+ 23×

dneff
dT

(2)

Combining equation (1) and (2):

dλB
λB
=

(
1
3
×
d3
dT
+

1
neff
×
dneff
dT

)
× dT (3)
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If letting ζ = 1
neff
×

dneff
dT , α = 1

3
×

d3
dT , then

dλB
λB
= (α + ζ )× dT = KT × dT (4)

1λB = KT × dT (5)

where α is the thermal expansion coefficient, ζ is the thermo-
optical coefficient, KT is the temperature coefficient related
to central wavelength offset,1T is the temperature variation
and 1λB is the wavelength offset.
The change of reflective wavelength of FBG is also

affected by strain. In sensing applications, special encapsu-
lation can make gratings unaffected by strain to make tem-
perature sensors.

III. EXPERIMENTS
A. TEST SYSTEM
The test system includes filter, voltage regulator, transformer,
test product and computer, as well as discharge video camera
unit, FBG demodulator and leakage current measurement
device, as shown in Fig. 1.

FIGURE 1. Schematic diagram of test and measurement equipment.

A 220 V, 50 Hz power source was connected to the
voltage regulator with 1.5-500 kVA capacity through a
200 V/30 A, 6 kVA low-pass filter with non-partial discharge.
A 50 kV/120 mA, 6 kVA transformer was a light pneumatic
non-partial discharge test transformer which its partial dis-
charge was less than 5 Pc.

The implanted FBG parameters of test sample are
shown in Table 1. A demodulator with JEME-iFBG0-S08,
1510-1590 nm wavelength, 1 pm accuracy, 10 Hz scanning
frequency recorded the wavelength data during the exper-
iment. The FBGs were connected to the demodulator by
optical fiber.

TABLE 1. Parameters of FBGs.

Leakage current was recorded twice per second by UT61E
RMS module.

The arc process camera was Canon EOS 5DMARK II with
1920 × 1080 image resolution and 30 fps.

B. TEST SAMPLE
The types and structural parameters of composite suspension
insulators commonly used in transmission lines are shown
in Table 3. It is evident that the GFRP rod’s diameter and
housing’s thickness of 10 kV, 110 kV and 220 kV composite
suspension insulators are 18 mm and 4 mm respectively.
In this paper, silicone rubber-epoxy-GFRP double-layer plate
sample are made with the same material as composite sus-
pension insulators in service. The parameters are shown
in Table 2.

TABLE 2. Parameters of the sample.

TABLE 3. Structure parameters of composite suspension insulators.

Two copper electrodes, long and short, were arranged in
parallel on the surface of silicone rubber plate with sizes
of 70 × 10 × 10 mm3 and 20 × 10 × 10 mm3, respec-
tively. The distance between the two electrodes was about
75mm. On the other surface of the silicone rubber plate, there
were three elongated grooves equally spaced at the distance
between the two electrodes. The groove depth and width
were both 1 mm, and the distance from the short electrode
were 10 mm, 42.5 mm and 75 mm, respectively. Diagram are
shown in Figs. 2(a). FBGs were placed in the groove and
filled with Room Temperature Vulcanized Silicone Rubber
(RTV). After above RTV solidified, the grooved side surface
of silicone rubber was bonded with epoxy GFRP circular
plate by RTV again, and then a silicone rubber-epoxy-GFRP
circular plate sample embedded with three grating sensors
was fabricated, as shown in Figs. 2(b). The positions of
FBG1, FBG2 and FBG3were located on the central line of the
two electrodes, as shown in the red part of Figs. 2(c). In this
paper, the FBG was not encapsulated and directly contacted
with silicone rubber and RTV.
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FIGURE 2. Plate model of silicone rubber-epoxy-GFRP samples.
(a) Perspective view, (b) lateral view, (c) schematic diagram of FBG and
surface contamination zone.

C. TEMPERATURE CALIBRATION TEST
Temperature calibration test was carried out on grating
temperature sensor implanted in the sample. The test was
completed in a constant temperature and humidity box, model
HSP-250BE. The surface temperature of the sample is equal
to the temperature in the box. The internal temperature at the
grating is the same as that at the surface after several hours.

Therefore, the relationship between the grating wavelength
and the temperature at the grating can be calibrated. The
process was as follows:

1) The silicone rubber-epoxy-GFRP round plate sample
embedded with FBGs was put into the constant temperature
and humidity box. The optical fiber was pulled out from the
box, and connected with the demodulator and computer. The
scanning time of the demodulator was 100 ms.

2) The temperature of the box was regulated to 13 ◦C,
26 ◦C, 32 ◦C, 38 ◦C, 46 ◦C, 52 ◦C, 55 ◦C and 59 ◦C, respec-
tively, and the humidity was 65 %. The grating wavelength of
the sample was continuously recorded until the wavelength
variation value was stable (< 10 pm/min). It takes about
8 hours for composite suspension insulator to reach the same
temperature inside and outside [17]. In the accordance of
above time, it will take several hours for the internal and
external temperatures of the sample to be uniform. In the
whole process described here, the sample must be kept static
in the box.

D. POLLUTION DISCHARGE TEST
As mentioned above, the contaminated area on the surface
of the sample was a trapezoid to reduce the change of arc
position as far as possible. The two electrodes at both edges of
the trapezoid were copper blocks with different lengths stated
in Section III B. The 10 mmwide dry-band was set aside near
the short edge of electrodes in the polluted area for simulating
the dry-band of pollution discharge of composite insulator in
service. Therefore, the practical length of polluted area was
about 65 mm, as shown in Figs. 2(c).

In the accordance of standard [21], the sample needs to
be cleaned with tap water and ethyl alcohol before being
polluted. After drying, a layer of dry kaolin was uniformly
coated on the surface of the sample with a soft brush. Quanti-
tative brushing method was used to contaminate the sample.
The contamination solution consisted of kaolin, NaCl and
deionized water. The ratio of NaCl and kaolin was 1:2.4. The
equivalent salt deposit density (ESDD) was 0.5 mg/cm2 and
the non-soluble deposit density (NSDD) was 1.2 mg/cm2.
The process was as follows:

1) The silicone rubber surface was contaminated.
2) The voltage was directly applied to the sample when it

was moist. At the beginning moments of voltage variation,
the video, FBG demodulator and leakage current measure-
ment were started at the same time. In this paper, the uniform
boosting method was adopted [22].

3) The voltage was boosted evenly to 10 kV in 20 seconds.
After the achievement of 10 kV, the voltage was maintained
for 60 seconds.

IV. RESULTS AND DISCUSSION
A. THE RELATIONSHIP BETWEEN GRATING
WAVELENGTH AND TEMPERATURE
The experimental results of grating temperature calibration
in the HSP-250BE are shown in Fig. 3. Fig. 3 shows that
the wavelength of the grating is linear with temperature.
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FIGURE 3. Relationship between the wavelength of FBGs and the
temperature inside the sample.

The goodness of fit R2 all are approximately 0.99. The gradi-
ents of three straight lines in the Fig. 3 are temperature sensi-
tivity. The temperature sensitivity of FBG1, FBG2 and FBG3
are 20.4 pm/◦C, 17.2 pm/◦C and 28.8 pm/◦C, respectively.
The temperature sensitivity of bare FBG is generally about

13.2 pm/◦C. In addition, the temperature sensitivity is related
to the effective index, thermo-optical coefficient and thermal
expansion coefficient of FBG. Therefore, the FBGs embed-
ded with the sample was affected by the contact material so
that the temperature sensitivity was high. The difference of
temperature sensitivity of the three gratings may be due to the
incomplete uniformity of manual implantation, which results
in different thermal expansion of materials in the FBG’s area.
However, the accuracy of temperature calibration test is still
precise.

B. LOCAL ARCS CHARACTERISTICS
The surface discharges of insulators have large randomic-
ity [23]. According to the severity of surface discharges,
the surface discharges of insulators can be divided into three
types: weak discharges, intermittent arc discharges and con-
tinuous arc discharges.

Weak discharges: Corona discharges or filamentary dis-
charges are generated on the insulating surface, which is
characterized by sporadic sparks and small arcs. The range of
sparks or arcs on the surface is small. Furthermore, the dura-
tion of sparks or arcs is extremely short, which is character-
ized by sudden appearance and instantaneous disappearance
(See Figs. 4(a)).

Intermittent arc discharges:More intense arcs are produced
on the insulating surface. The arc range is larger, but the
duration is relatively short, as shown in Figs. 4(b).

Continuous arc discharges: Severe arcs are produced
repeatedly on the insulating surface. The arc range is
extremely large, and the duration is long. As shown in
Figs. 4(c), arcs almost bridge two electrodes and sometimes
arcs may levitate from the surface.

FIGURE 4. Typical surface discharges on contaminated insulation.
(a) Weak discharges, (b) intermittent arc discharges, (c) continuous arc
discharges.

TABLE 4. Duration and arc length of discharges on contaminated surface.

Fig. 4 shows the appearance moment td and the length d
of arcs, where d is the vertical distance between the initial
electrode and the farthest point of arc propagation. Through
numerous tests, the duration and arc length of various types
of discharge are shown in Table 4.

C. LEAKAGE CURRENT
In the differences of above three discharges types, the leakage
current is also an important parameter besides the duration
and arc length. The leakage current Irms in the discharges
process is shown in Fig. 5.

FIGURE 5. Leakage current Irms of discharges process on contaminated
surface. (0.5 kV/s, ESDD was 0.5 mg/cm2 and NSDD was 1.2 mg/cm2).
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FIGURE 6. Image of discharges process on contaminated insulated
surface. (a) P1-P4, (b) B1, B3, B5, B7, (c) M1-M4, (d) B2, B4, B6, B8.

Fig. 5 shows that large and small current pulse occurred at
intervals. In chronological order, P1∼P4 are the peak points
of large pulses; M1∼M8 are the peak points of small pulses;
B1∼B8 are the trough points of current. The discharges
images of corresponding time are shown in Figs. 6.

From Fig. 5, it can be seen that the occurring of arc
concentrated in 3 s∼17 s. The time intervals of M3, P4 and
M4 are about 7 s and 6 s respectively, whereas those of M1,
P2 and M2 are about 3 s and 4 s respectively. It can be found
that the leakage current is the largest when the two electrodes
are connected by arcs. Meanwhile, the time interval of M3,
P4 and M4 is about twice as long as the time interval of the
existence of the local arc.

From Fig. 5 and Figs. 6, there was no arc on the contami-
nated insulating surface when the time was from 0∼2.5 s and
40∼80 s. Furthermore, the leakage current was 0 mA within
periods of above time. In the points of P1-P4, the leakage
current was large; the arcs on the insulating surface were
intense; the length of arcs was long and the discharges area
was large. In the points of M1-M8, the leakage current was
small; the arcs were intense; the arc length was large and the
discharges area was small; in the points of B1-B8, the leakage
current was extremely small, and there may be arc with small
length and area, or even no arc occurs.

In addition, a sudden increase in leakage current repre-
sents that arcs exist on the insulating surface. The discharges
are intermittent when the current reaches about 67 mA;
the discharges are continuous when the current reaches
83 mA; the arcs levitate from the surface when the current
reaches 95 mA.

In summary, the time of arc appearance on contaminated
insulating surface is consistent with the peak points of leakage
current. The leakage current (RMS) can be used to character-
ize the severity of discharge.

According to the time evolution from the top to bottom
of the left column to the top to bottom of the right column
(see Figs. 6), it can be seen that the surface arcs presented
the phenomenon of repeated starting and extinguishing. The
arcs may levitate from the surface due to thermal buoyancy,
as shown in the images of P3 and P4 (Figs. 6(a)).

D. COMPREHENSIVE ANALYSIS OF INTERFACE
TEMPERATURE AND LEAKAGE CURRENT
The internal temperature of surface contamination discharges
is obtained through wavelength-temperature calibration rela-
tionship, as shown in Fig. 7. It should be mentioned here that
the relative ambient temperature is 20.5 ◦C. Also, the lengths
d of arcs corresponding to the current pulse time are shown
in Fig. 7.

FIGURE 7. Time evolution of temperature rise, arcs length and leakage
current during discharges on contaminated insulation surface.

From Fig. 7, it can be seen that one current pulse cor-
responds to one temperature rise. Then, the temperature
decreases slowly after the pulse. Therefore, the temperature
curve has obvious steps of rise, saturation or slow drop when
there are several leakage current pulses in the process of
pollution discharge.

In this paper, three characteristic parameters, the starting
time of temperature rise t1, the variation of temperature rise
1T and the time reached peak temperature tm, are proposed
to characterize the trend of internal interface temperature of
the sample during surface contamination discharges.

The starting time of temperature rise t1: If the temperature
of five consecutive times are higher than the initial tempera-
ture T0 from the boost of voltage and the trend is increasing,
then the first time of the five times will be the starting time
of temperature rise t1.
The variation of temperature rise1T and the time reached

peak temperature tm: The variation of temperature rise 1T
equals the maximum temperature subtract the T0. The time
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reached peak temperature tm should satisfy the condition
that the temperature in tm ± 5 is less than the maximum
temperature within that time period.

Variation characteristics of temperaturemeasured by FBGs
embedded in the sample are shown in Table 5. The λ0 is the
initial center wavelength.

TABLE 5. Variation characteristics of wavelength and temperature of
FBGs embedded in the sample.

First of all, it can be seen from Table 5 that the t1 of three
FBGs are almost identical. The heat can also be transmitted to
different internal positions with a thickness of 3mm and a dis-
tance of 65 mm at the same time, even if the weak discharges
occur. Secondly, as shown in Fig. 6 and Fig. 5, the starting
time of temperature rise t1 of the three FBGs are about 5.4 s,
which lagged 1.4 s behind the moment of sudden increase
of leakage current (t = 4 s). This is because of the time
of heat transfer from the surface to the interface. Moreover,
the thermal conductivity of silicone rubber material is about
0.6 J/m·k. The FBGs are located at the depth of about 3 mm
from the polluted discharge surface so that a certain time that
the heat of the discharge surface transferring to the interface
is needed.

Also, it can be seen that the 1T of FBG1 and FBG2 are
the same as 5.5 ◦C, which are obviously less than 10.3 ◦C
of FBG3. The 1T of FBG3 is relatively high because it is
located near the accessory of arcing electrode. As shown in
Fig. 7, the arc length of first peak is 34.6 mm, which reaches
the corresponding insulating surface position of FBG2, but
not to FBG1. Then, except for the arc of second peak, each
arc reached the position near FBG1. However, the 1T of
FBG2 is almost the same as that of FBG1. This reflects that
the effect of arc heat transfer from surface to interface on
interface temperature may be equivalent to that of leakage
current without arc. The time evolution of the variation of
temperature rise between FBG2 and FBG1 is not entirely
consistent, and tm is also slightly different, but there is still a
significant difference between FBG3 and FBG2 (or FBG1).
1T is mainly affected by convective heat dissipation and

conductive heat dissipation. Most of the heat loss is due to
convective heat dissipation with air during the transfer of
arc heat to the insulating surface; part of the heat loss is
due to conductive heat dissipation during the transmission
of temperature from the insulating surface to the interior of
the insulation. Therefore, the arc with a temperature of up to
1000 degrees in a short time caused only several degrees of
temperature variation in the insulation interior.

V. CONCLUSION
According to the material and the size of composite suspen-
sion insulator, a silicone rubber-epoxy GFRP circular plate
sample embedded with three FBGs temperature sensors were
fabricated. The interface temperature between silicone rubber
and epoxy-GFRP were detected by FBG. Combining with
the characteristics of local arc and leakage current analysis,
this paper studies the process of contaminated discharge by
measuring temperature with internal FBG. The conclusions
are as follows:

1) The temperature sensing of contaminated discharge on
the surface of silicone rubber is realized by the FBG
of 3 mm thick interface between silicone rubber and
epoxy-GFRP. The FBG implanted on the interface pro-
vides an effective detection technology for the study of
the discharge process on the contaminated insulating
surface.

2) The leakage current increases sharply due to the arc
generated on the polluted insulating surface. The tem-
perature rises at the inner interface of 3 mm insula-
tion after a certain delay of about 1.4 s. The leakage
current is consistent with the discharge intensity in
time domain. The interface temperature does not rise
when there is no leakage current on the contaminated
insulating surface.

3) If the arc always starts at one end of the electrode and
develops to the other electrode during the discharge
on the contaminated insulation surface with short gap,
the internal temperature near the arc starting electrode
differs greatly from the temperature at the middle posi-
tion of the two electrodes, while the temperature at
the middle position differs little from that near the
flashover electrode.

With the help of FBG temperature sensor implanted in
composite insulation, the further study will be: the effective-
ness of FBG temperature sensor in thicker (such as UHV)
sheaths: the relationship between temperature distribution
and leakage current in the process of wetting-drying of insu-
lating surface: the relationship between the characteristics
of starting and developing of contaminated local arc, tem-
perature distribution and leakage current; the critical condi-
tions for the development of local arc on polluted insulation
surface to final flashover. Through these studies, the dis-
charge process and mechanism of contaminated surface can
be improved.
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