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ABSTRACT 1In 2019, 27 new 500 kV AC composite insulators showed a severe heating, different from
the traditional heating failure reported in recent years, the heating area isn’t limited in the high voltage side
and 3-5 discontinuous heating area appears in the middle part. It was named ‘‘Lantern-like” heating failure
according to the shape of the heating area. With the withstand voltage test, absorption test, X ray micro-CT
test and SEM analysis, The 3D structural imaging of the through channels in the rod has been achieved,
which would change the electric field distribution significantly. Short internal through channels will change
the electrical field distribution and provide the energy to the abnormally heating. To detect these potential
channels which should be responsible for the abnormally heating in the rod, the test time of dye penetration
test has been extended from 15 minutes to 2 hours, and the improved test methods can find the through

channels easily but won’t alert for the normal ones.

INDEX TERMS Composite insulators, abnormally heating, 3D structural imaging, dye penetration test,

water immerge.

I. INTRODUCTION

Composite insulators are increasingly used in the transmis-
sion lines, especially the DC transmission grids, due to its
light weight and excellent anti-pollution performance [1]-[3].
In China, the number of composite insulators has approached
that of traditional ceramic or glass insulators, and they are
becoming the key out-door insulation equipment for trans-
mission projects. With the continuous improvement of com-
posite insulator, there have been few reports on composite
insulator failures such as brittle fracture [4]-[6], Composite
insulators have maintained a low failure rate worldwide.

In recent years, the composite insulators in China have
repeatedly experienced abnormal heating, which has attracted
the attention of many scholars [7]-[9]. It was generally
believed that, the polarization effect of moisture or pollution
should take responsibility for the abnormal heating in area
with a high humidity [10]. Take the heating failure in South
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China in 2011 as an example [10], 513 out of the 1327 com-
posite insulators (in one transmission lines) can’t meet the
infrared (IR) measurement requirements. For most insulators
which only heated under high humidity, Water polarization
was believed to be the cause of abnormal heating according
to the results of withstand voltage test and chemical analysis.
For the few remaining insulators that also heated at lower
humidity, the reason of heating still needs to be studied,
however, the existing evidence suggested that the defect of
rods is the key cause of heating [5], [8], [11].

In 2019, an abnormal heating failure of composite insula-
tors occurred in southern China. Based on the current research
results, it can be concluded that this abnormal heating failure
was caused by water polarization. After replacing new insula-
tors, it was surprising that the failure has not been eliminated
and the new composite insulators had a severe heating in
both high voltage (HV) side and the middle part. Due to
the following three reasons, these new failure samples are of
great research value: (1) the heating location is not limited to
the HV side, and the IR images are obviously different from
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(b)
FIGURE 1. The IR results onsite of the “Lantern-like” heating failure
(a) and the picture of lantern (b).

that of other failure composite insulators in the past 10 years.
(2) The failure insulators have passed the factory inspection
and could meet the current standard for composite insulators.
(3) The failure insulators were new and the aging process can
be ignored. And the aging was usually a factor which was
hard to be excluded in past studies.

In this article, firstly, the cause of abnormal heating was
studied by withstand voltage test, dissection test and micro-
structure test. Secondly, 3D image of internal defects in the
rods was obtained by X-ray micro—-Computed Tomography
(micro-CT) technology. And based on the simulation results,
the cause of abnormal heating has been further proved.
Finally, according to the cause of heating, an improved dye
penetration test method was proposed to detect such kind of
defects in the rods.

Il. BACKGROUND AND WITHSTAND VOLTAGE TESTS

In 2019, 27 new 500 kV AC composite insulators showed a
severe heating. 3 failure insulators (Sample 1#, 2#, 3#) have
been sent to National Engineering Laboratory of Ultra High
Voltage (Kunming, China) to explore the cause of abnormally
heat. The failure was repeated with the AC withstand voltage
test under 318 kV, which equals to the 1.1 times of the
operation voltage. The performance of these 3 insulators in
the withstand voltage test is quite different from other heating
insulators found in recent years [7], [10], [12]:

(1) The heating insulators are new and aging factors can be
completely eliminated.

(2) The maximum temperature rise can exceed 60°C.

(3) The heating area is no longer limited to the HV end,
and the middle part which has a low electrical field also show
an obvious heating(> 10°).

(4) The heating problems still exist in a low humidity
environment.

Fig.1 shows the on-site heating image of these insulators,
as we can see from these pictures, the heating area is dis-
continuous and covers both the HV end, ground end and
middles part. Since the heating area looked like the lantern,
This failure is called ““lantern-like” heating to distinguish it
from traditional heating failure.

The results of withstand voltage test are shown in Table 1.
The ambient temperature was about 30 °C. An insulator with
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FIGURE 2. The IR results of the withstand test in the high humidity
environment.

(a)
FIGURE 3. SEM test results of the silicone rubber: (a) heating insulators
(b) reference insulators.

a traditional heating (4#) and a normal one (5#) which oper-
ated for 5 years has also been taken as control groups. The
withstand voltage test includes that: (1) AC test under high
humidity (see Fig 2). The test voltage (Vrms) was 318 kV,
and the relative humidity (RH) in the high voltage test hall
exceeded 90% (The RH value was adjusted using sprayer).
(2) AC test under low humidity. The test voltage (Vrms)
remained 318 kV, and the insulators have been exposed to the
sunlight for 72 hours before test. The test RH was 46+2%o.

The results show that: (1) The ““lantern-like” heating fail-
ure could be repeated in the lab, 2 discontinuous heating area
in the middle part were observed during the AC withstand
test. and the maximum temperature rise in the lab was similar
with that in the field (see Table 1) (2) different from the
sample (4#) with traditional heating failures, the “lantern-
like” samples (1#, 2#, 3#) heated under high and low humid-
ity environment, which indicated that the water polarization
in the rubber sheath was no longer the main cause of the
heating [13].

IIl. FAILURE CAUSE ANALYSIS

A. ABSORPTION PROPERTY OF SILICONE RUBBER
MATERIAL

Water polarization process was responsible for the tradi-
tional heating failure in high humidity area in recent years.
To exclude the influencing of water in the sheath, the water
absorption property of samples (1-3#, 5# as a control group)
have been tested.

Firstly, internal micro-structure of silicone rubber (Fig 3a)
has been observed with scanning electron microscope (SEM)
method. Compare with an insulator which operate for 5 years
but not heat (5#, Fig 3b), It could be found that the internal
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TABLE 1. The temperature rise on site and in the withstand test.

TABLE 2. Absorption test results for silicone rubber from insulators.

Sample Temperature = Temperature = Temperature Sample Absorption (%, Absorption (%,
No. rise (°C) rise ('C) rise ('C) No. surficial material ) inner material )
On site High Low 1# 0.400 0.32
RH>90% RH=46% 2# 0.52 0.38
1# 61 56.8 61 3# 0.36 0.26
2# 9.7 7.6 7.4 S5# 0.76 0.30
3# 15.9 17.1 14.4 (refrence) : '
4# 7.2 4.6 0.8
5# 0.4 0.5 0.3

1#-3#: “Lantern-like” heating insulators, 4#: Traditional heating insulator, 5
#:Normal insulator (Operation for 5 years)

structure was similar in porosity which means the deficient
samples had the same free volume inside with the well-
behaved ones.

Then the water absorption test was conducted on the sil-
icone rubber maters from all the 4 samples. The test setup
is shown in Fig 4. 3 small rubber samples was cut from the
insulators and put them into a sealed chamber with deionized
water remaining in the bottom. And the samples have been
placed on a shelf to avoid the directly contacting with the
water [14]. The relative humidity value inside could reach
100% due to the well-sealed of the chamber. Before the
test, the samples were dried under 60°C until the weight
of samples won’t decrease, and the initial weight has been
recorded as mg. During the test, the samples were weighed
regularly, and m(z) means the average of the weight of 3
samples at time point ¢. Then the water absorption w(¢) could
be simply calculated with Equation (1):

m(t) — mg

w(t) = x 100% 1

mq

For the absorption of samples would not change after
196 hours, the w(196) was considered to be saturated water
absorption (wg). The results (Table 2) of absorption test
showed that (1) The absorption of surficial rubber from the
heating samples (1-3#) ranged from 0.36%-0.52%, while the
absorption of sample 5 # was 0.76%, which was much higher
than that of heating samples. Considering that the on-site
temperature rises of sample 5 # was only 0.4 °C, the water
polarization can’t be the main cause of the abnormally heating
occurred on sample 1-3#. (2) The absorption of surficial
material was higher than internal material, this is because the
aging process mainly affects the surface layer of the material.
And this can also be proved by comparing the results between
sample 1-3# with sample 5#. The samples with longer operat-
ing years (5 years) had a greater absorption than new samples.

In general, the “lantern-like” heating failure is totally
different from the traditional abnormally heating, and water
polarization in the silicone rubber is not the main cause of the
failure.

B. DISSECTION TEST
All the end fitting of heating samples (1-4#) were dissected
and the results showed that (Fig.5): Comparing with the
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FIGURE 4. Test setup for the absorption test.

traditional heating sample 4#, the corrosion in fitting of sam-
ple 1-3# was not serious. Only a slightly corrosion had been
found at the top of the ending. The dissection test results
has also proved the conclusion that the water intrusion in the
ending won’t result in the “lantern-like” heating. In addition,
the heating area of sample 1-3# covered the middle part of
the insulators where the electrical field was quite low, there
should be another channel for the water transporting from the
HV ending to the middle part.

C. MICRO-STRUCTURE ANALYSIS FOR RODS

To investigate the microstructure of the rod and find the
potential water transporting channel, a new method for the
rod based on the computed tomography scan has been pro-
posed [15]-[17]. Comparing with the traditional detecting
method for rod (e.g., SEM), the new method could perform
a 3D imaging of the possible internal channel. The accuracy
can reach 2 u m and the equipment type used for detection is
NanoVoxel-4000.

3D imaging results have been shown in Fig.6, the blue
part represent the air while the grey part represent the epoxy
resin and glass fiber. Comparing with the results (Fig.6b) of
traditional heating sample, there were more air gaps (Fig.6a)
in the rods of ‘“lantern-like” heating insulator (2#). The
porosity of sample 2# (which equals 0.77%) was significantly
higher than that of sample 4# (0.23%). Meanwhile a channel
composed of many short air gap has been found in the middle
of sample 2# (see Fig 6a),the diameter of the through hole is
350 pm.

When there was a through channel existed in the rods,
even if a slightly water intrusion at the end fitting (it can be
proved by the dissection results of end fitting) will change
the electric filed distribution and cause a serious heating
[[18]-[20]]. To explain the impacts of the through channel
on the electrical field distribution, a 3D insulator-tower-line
model has been built (Fig.7a), the length of the insulators was
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FIGURE 5. Dissection test results of the end fittings: (a) Seriously erosion,
(b) Slightly erosion.

(b)

FIGURE 6. 3D images of the air gap and the through channels in the rods,
obtained by the X-ray micro-CT method: (a) A through channel in rod of
“Lantern-like” heating composite insulator (b) Air gaps in the rod of
traditional heating insulators.

4450mm which equals the real S00kV composite insulators,
the pipe diameter and the ring diameter of grading ring were
50mm and 400 mm respectively. According to the micro CT
scan results, a water channel (diameter = 350 pm, length
= 2100 mm) had been placed in the middle of the rod. The
umbrella has been ignored in our model and only the sheath
has been considered.

The electrical field distribution of the insulator model was
calculated with the FEM simulation software. In the solving
process, the boundary of tower, low voltage end fitting and
grading ring was set to earthed; the boundary of line and low
voltage end fitting and grading ring was set to constant poten-
tial 318kV, which is the 1.1 times of the operating voltage.
The subdomain of the water channel was set as suspended
potential, which means the potential of these mesh elements
is always the same. The dielectric constant of the sheath and
rod was set as 3.5 and 5 respectively. The height of the tower
is 30m and the whole model was set in an air region with
volume equal to a cube 100m on each side.

If there was no channel in the rod, the electrical field dis-
tribution won’t change a lot in the high humidity. According
to our test results, the relative dielectric constant of silicone
rubber would increase from 3.5 to 4.26 after immerging in the
water for 72 hours, while the maximum electrical field only
decreased 4.7% (from 6.49kV/cm to 6.19kV/cm, see the red
and black lines in Fig 7b).

But if there was a water channel inside, the maximum elec-
trical field would significantly increase to 33.06 kV/cm (see
the blue lines in Fig. 7(b)), and the location of the maximum
electrical field shifted from the HV end to the middle.

In the simulation model, the most extreme case was consid-
ered that the through channel was continuous from HV side
to the middle part. But in real situation, the channel could be
shorter and discontinuous which resulted in more electrical
field peaks along the insulators and lead to separately heating
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FIGURE 7. 3D models and simulation results of the electrical field
distribution: (a) 3D tower-line-insulators models (b) Electrical field
distribution on the surface of insulators.

part. In Fig 8, 4 shorter channels (channel 1 = 355mm,
channel 2-4 = 400mm) has been placed in the rod to replace
the previous long channel. The maximum electric field has
decreased to 24.3kV/cm (see Fig. 8), but more peaks could
be found in the electrical field distribution which lead to the
discontinuous heating area.

According to the results of withstand voltage test, micro-
structure test and simulation test, the process of the “Lantern-
like™ heating failure could be obtained: The moisture could
invade the end fitting during the long-term operation and
cause the erosion to the end fitting (Fig 5b). If there were
through channels in the rod (Fig 6a), the water will diffuse
due to the capillary action and change the electrical field
distribution significantly (Fig.7, Fig.8). It’s well known that
the polarization power is proportional to the square of the
electric field strength, the increase of the electrical field will
subsequently cause the abnormally heating in the correspond-
ing area. In addition, considering that the unit in thermal
conducting equations is Kelvin (K), the polarization power
of 1# is only 1.17 times of that in 2# insulators(assuming
that the ambient temperature is 20°C), which means there
is a smaller difference in electrical field (only 1.08 times),
it’s difficult to distinguished the ‘‘Lantern-like” heating from
other heating failure simply by temperature rise.

IV. EXTENDED DYE PENETRATION TEST METHOD
Dye penetration test is a method to check the performance of
rod material against the water which has been recommended
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FIGURE 8. The models and results of electrical field distribution of the
insulators with 4 separate channels inside: (a) The size and the location
of the 4 short channels in the models (b) The electrical field distribution
of the insulators with 4 separate channels.

FIGURE 9. The top face conditions of samples in dye penetration test:
(a) 15min (recommended in current standards) (b) 1 h (c) 2 h.

by IEC 62217 [21]. Unfortunately, these new insulators suf-
fered a serious heating failure (temperature rise > 60°C) at
the very beginning even they have meet the requirement of
current standard. In this section an extended penetration test
had been proposed to detect the ““Lantern-like” insulators.
According to the IEC 62217, insulators (1-3#, 4# as control
group) had been cut into four 10 mm samples and placed in
a plate on a layer of glass balls. The top face conditions of
samples in dye penetration test were shown in Fig. 9a. Within
the first 15 minutes (existing test method recommended in
standards), no dye rises through the whole specimens which
means they have passed the current dye penetration test. But
according to our micro-CT test and withstand voltage test,
there should be a through channel in the rods. And dye spots
started to appear after 1 hour on specimens from sample 1#
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and 2#, and the sheath began to change color due to the
penetration process in the silicone rubber. (Fig.9b). For two-
hour penetration test, more dye spots have been found on
the top surface of the samples (see fig 9c), however, still no
dye spots can be found in sample 4# (the traditional heating
insulator).The dye penetration test has been repeated 4 times
by different samples from the same set of insulators (1-4#),
and the results is similar with that in Fig 9.

Extended dye penetration test seems more sensitive to the
micro through channels in the rods which can be seen by
micro-CT method, and if there was no channels in the rod, for
instance sample 44, it can also pass the two-hour penetration
test. But the test time can’t exceed 2 hours for the dye would
go through the silicone rubber and reach the top surface of
the specimens. The Lantern-like heating insulators can be
detected by the extended 2 hours dye penetration test.

V. CONCLUSION
eln this manuscript, a new type of heating failure on com-
posite insulators from Southern China is reported. Different
from the traditional heating failure, this heating failure has
a higher temperature rise, and a discontinuous heating area
covering both HV end and middle part. It is called ‘“‘Lantern-
like”” heating failure according to the shape of heating area.

eThe “Lantern-like”” heating insulators would heat in a
relative low humidity environment. And its absorption and
porosity of silicone rubber sheath were not inferior to well-
behaved insulators, which demonstrated that the polarization
of water in silicone rubber was not the main cause for the new
type of failure.

eTo observe the 3D structure of the potential micro chan-
nels in the rod, we developed a new detect method based
on the micro CT technology. More micron-size air gap and
through channels had been found in the rod of ‘“‘Lantern-
like” heating insulators. And the through channel affected
the electric field distribution significantly, and brought high
discontinuous high field stress area to the middle part of the
insulators which leads to the “Lantern-like’’ heating.

e With the extended 2 hours penetration test, defects existed
in rods of the “Lantern-like” heating insulators could be
detected.

REFERENCES

[11 E. A. Cherney, ““50 years in the development of polymer suspension-type
insulators,” IEEE Elect. Insul. Mag., vol. 29, no. 3, pp. 18-26, May 2013,
doi: 10.1109/MEI.2013.6507410.

[2] L. Xidong, W. Shaowu, F. Ju, and G. Zhicheng, ‘“Development of com-
posite insulators in China,” IEEE Trans. Dielectrics Electr. Insul., vol. 6,
no. 5, pp. 586-594, Oct. 1999, doi: 10.1109/94.798115.

[3] P. Biswas and M. G. Veena, ‘“Performance analysis of silicone rubber
insulator in DC high-voltage inclined plane tracking test,” Elect. Eng.,
vol. 102, no. 2, pp. 1-8, Dec. 2019, doi: 10.1007/s00202-019-00854-1.

[4] J. T. Burnham, T. Baker, A. Bernstorf, C. de Tourreil, J.-M. George,
R. Gorur, R. Hartings, B. Hill, A. Jagtiani, T. McQuarrie, D. Mitchell,
D. Ruff, H. Schneider, D. Shaffner, J. Yu, and J. Varner, “IEEE
task force report: Brittle fracture in nonceramic insulators,” [EEE
Trans. Power Del., vol. 17, no. 3, pp.848-856, Jul. 2002, doi:
10.1109/TPWRD.2002.1022814.

[5] S. Zhang, C. Guo, L. Cheng, H. Wang, and R. Liao, “Test-
ing Method for Composite Insulators Interface Based on Nonlinear
Ultrasonic,” IEEE Access, vol. 7, pp.83111-83119, Jun. 2019, doi:
10.1109/ACCESS.2019.2924050.

VOLUME 9, 2021


http://dx.doi.org/10.1109/MEI.2013.6507410
http://dx.doi.org/10.1109/94.798115
http://dx.doi.org/10.1007/s00202-019-00854-1
http://dx.doi.org/10.1109/TPWRD.2002.1022814
http://dx.doi.org/10.1109/ACCESS.2019.2924050

H. Huang et al.: Failure Analysis of “Lantern-Like” Composite Insulator Heating Defects

IEEE Access

[6]

[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Z. Yuan, Y. Tu, Y. Zhao, H. Jiang, and C. Wang, “‘Degradation behavior
and aging mechanism of decay-like fractured GRP rod in composite insu-
lator,” IEEE Trans. Dielectr. Electr. Insul., vol. 26, no. 3, pp. 1027-1034,
Jun. 2019, doi: 10.1109/TDEIL.2019.8726008.

L. Cheng, R. Liao, L. Yang, and F. Zhang, “An optimized infrared detection
strategy for defective composite insulators according to the law of heat flux
propagation considering the environmental factors,” IEEE Access, vol. 6,
pp. 38137-38146, Jul. 2018, doi: 10.1109/ACCESS.2018.2854221.

X. Liang, W. Bao, and Y. Gao, “‘Decay-like fracture mechanism of silicone
rubber composite insulator,” IEEE Trans. Dielectr. Electr. Insul., vol. 25,
no. 1, pp. 110-119, Feb. 2018, doi: 10.1109/TDEI.2018.006773.

L. Cheng, L. Wang, Z. Guan, and F. Zhang, “Aging characterization
and lifespan prediction of silicone rubber material utilized for compos-
ite insulators in areas of atypical warmth and humidity,” IEEE Trans.
Dielectr. Electr. Insul., vol. 23, no. 6, pp. 3547-3555, Dec. 2016, doi:
10.1109/TDEIL.2016.005784.

Z. Yuan, Y. Tu, H. Jiang, C. Wang, and C. Wang, “Study on heating
mechanism of GRP rod in a composite insulator,” IET Sci., Meas. Technol.,
vol. 13, no. 1, pp. 108-113, Jan. 2019, doi: 10.1049/iet-smt.2018.5255.
D. Armentrout, M. Kumosa, and L. Kumosa, “Water diffusion into
and electrical testing of composite insulator GRP rods,” IEEE Trans.
Dielectr. Electr. Insul., vol. 11, no. 3, pp.506-522, Jun. 2004, doi:
10.1109/TDEIL.2004.1306729.

Y. Tu, B. Gong, C. Wang, K. Xu, Z. Xu, S. Wang, F. Zhang, and R. Li,
“Effect of moisture on temperature rise of composite insulators operating
in power system,” IEEE Trans. Dielectr. Electr. Insul., vol. 22, no. 4,
pp. 2207-2213, Aug. 2015, doi: 10.1109/TDEIL2015.004696.

B. Lutz, L. Cheng, Z. Guan, L. Wang, and F. Zhang, “Analysis of a
fractured 500 kV composite insulator-identification of aging mechanisms
and their causes,” IEEE Trans. Dielectr. Electr. Insul., vol. 19, no. 5,
pp. 1723-1731, Oct. 2012, doi: 10.1109/TDEIL.2012.6311521.

L. Wang, Z. Zhang, and L. Cheng, “Effects of damp sheath on
abnormal temperature rise an end of composite insulator,” Power
Syst. Technol., vol. 40, no. 2, pp. 608-613, Feb. 2016, doi: 10.13335/
j-1000-3673.pst.2016.02.039.

T. Kim, S. Jeon, Y.-J. Lee, J. Yi, I.-H. Choi, J.-A. Son, and C.-W. Choi,
“Three-dimensional computed tomography and composition analysis of
porcelain insulators for 154 kV power transmission lines,” IEEE Trans.
Dielectr. Electr. Insul., vol. 26, no. 1, pp. 115-119, Feb. 2019, doi:
10.1109/TDEI.2018.007553.

E. M. Quan and D. S. Lalush, ‘“Three-dimensional imaging proper-
ties of rotation-free square and hexagonal micro-CT systems,” IEEE
Trans. Med. Imag., vol. 29, no. 3, pp.916-923, Mar. 2010, doi:
10.1109/TM1.2009.2039799.

M. Marzinotto, G. Mazzanti, E. A. Cherney, and G. Pirovano, “An inno-
vative procedure for testing RTV and composite insulators sampled from
service in search of diagnostic quantities,” IEEE Elect. Insul. Mag., vol. 34,
no. 5, pp. 27-38, Sep. 2018, doi: 10.1109/MEIL.2018.8445432.

Z. Shen, L. Yuze, and Z. Bo, “Electric fields distribution of EHV AC
transmission line composite insulators with internal conductive defects,”
in Proc. IEEE Asia Power Energy Eng. Conf. (APEEC), Mar. 2019,
pp. 115-120.

G. Kone, C. Volat, and H. Ezzaidi, ‘3D numerical investigation of internal
defects in a 28 kV composite insulator,” in Proc. IEEE Electr. Insul. Conf.
(EIC), Jun. 2014, pp. 208-212.

G. Kone, C. Volat, H. Ezzaidi, and L. Duvillaret, “Experimental investiga-
tion of internal defect detection of a 69-kV composite insulator,” in Proc.
IEEE Electr. Insul. Conf. (EIC), Jun. 2016, pp. 260-263.

Polymeric HV Insulatiors for Indoor and Outdoor Use-General Defini-
tions, Test Methods and Acceptance Criteria, document IEC 62217, 2012.

HUAN HUANG was born in Hunan, China,
in 1978. She received the M.S. degree in electrical
engineering from Chongqing University, in 2008.

AT

VOLUME 9, 2021

TINGTING WANG was born in Heilongjiang,
China, in 1990. She received the M.S. degree
in high voltage and insulation technology from
the Harbin University of Science and Technology,
in 2016.

QIANYONG LV was born in Guizhou, China,
in 1978. He received the M.S. degree in electrical
engineering from Southwest Jiaotong University,
in 2016.

XIAOHONG MA was born in Ningxia, China,
in 1978. She received the M.S. degree in high
voltage engineering from Shanghai Jiao Tong Uni-
versity, in 2005.

FUZENG ZHANG was born in Shandong, China,
in January 1979. He received the B.Sc. and
M.Sc. degrees from the School of Automa-
tion, Northwestern Polytechnic University, China,
in 2001 and 2004, respectively, and the Ph.D.
degree from the Department of Electrical Engi-
neering, Tsinghua University, Beijing, China,
in 2008. His research interests include HV engi-
neering and HV outdoor insulation.

HUARONG ZENG was born in Guiyang, China,
in 1969. He received the B.S. degree in high volt-
age engineering from Shanghai Jiao Tong Univer-
sity, in 1991.

JIANRONG WU was born in Sichuan, China,
in 1986. She received the M.S. degree in electrical
engineering from Chongqing University, in 2011.

50651


http://dx.doi.org/10.1109/TDEI.2019.8726008
http://dx.doi.org/10.1109/ACCESS.2018.2854221
http://dx.doi.org/10.1109/TDEI.2018.006773
http://dx.doi.org/10.1109/TDEI.2016.005784
http://dx.doi.org/10.1049/iet-smt.2018.5255
http://dx.doi.org/10.1109/TDEI.2004.1306729
http://dx.doi.org/10.1109/TDEI.2015.004696
http://dx.doi.org/10.1109/TDEI.2012.6311521
http://dx.doi.org/10.13335/j.1000-3673.pst.2016.02.039
http://dx.doi.org/10.13335/j.1000-3673.pst.2016.02.039
http://dx.doi.org/10.1109/TDEI.2018.007553
http://dx.doi.org/10.1109/TMI.2009.2039799
http://dx.doi.org/10.1109/MEI.2018.8445432

