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The trip probability of transmission line under lightning stroke is rapidly increasing under
complex weather conditions when large-scale renewable energy is intergrated with
modern power grid. Line arrester plays a critical role in reducing lightning damage and
economic losses, in which DC reference voltage is a critical parameter to evaluate line
arresters. Hence, a set of on-site DC test system of transmission line arresters is developed
to realize the DC reference voltage test in this article. The output DC voltage of the test
system is continuously adjustable (0–200 kV), while its rated power and the maximum
output current are set to 400W and 2mA, respectively. Furthermore, the system is
powered by a lithium battery instead of a 220/380 V AC energy source. It employs split
design and integrating assembly on-site that reduces the total weight by 36.7%, which
considerably decreases the demand for the space of test site. Besides, the weights of
control cabinet, multiplying cylinder, and energy source are reduced by 60, 54.55, and
33.33%, respectively. Meanwhile, the Bluetooth remote control module is used to
effectively ensure the safety of test personnel. This system accomplishes DC reference
voltage tests without removing line arresters on site, which can effectively enhance
maintenance efficiency and economic benefits.
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INTRODUCTION

With the development of technology and economy (Aberoumand et al., 2018; Lei et al., 2020; Tahir
et al., 2021), energy demand has further expanded and the crisis of energy shortage has become more
severe in recent years (Hori et al., 2020). Therefore, various renewable energies such as wind energy
and solar energy (Zhang et al., 2020) have attracted extensive worldwide attention due to their
prominent merits of no-pollution and recycling characteristics. For instance, the northeast, north,
and northwest regions in China possess a large proportion of renewable energy, which owns high
export demand and great development potential. Hence, a series of relevant policies are presented to
encourage the development of wind power and solar energy (Zhu et al., 2021). As a result, the
installed capacity of wind power and photovoltaic power is rising rapidly in recent years (Guchhait
and Banerjee, 2020). However, generated power from the regional power grid far exceeds the
consumption capacity of the system. Thus, it is necessary to transmit electric energy outward to
improve the consumption capacity. Besides, the intermittence and randomness of renewable energy
and the limitation of the consumption capacity of power systems lead to “abandoning wind” and
“abandoning light.”

Edited by:
Xiaoshun Zhang,

Shantou University, China

Reviewed by:
Yixuan Chen,

The University of Hong Kong, Hong
Kong, SAR China

Liang Chao,
The State Key Laboratory of Scientific
and Engineering Computing (LSEC),

China
Xuehan Zhang,

Korea University, South Korea

*Correspondence:
Jiawei Zhu

jiawei.zhu@chd.edu.cn

Specialty section:
This article was submitted to

Smart Grids,
a section of the journal

Frontiers in Energy Research

Received: 16 August 2021
Accepted: 13 September 2021

Published: 28 October 2021

Citation:
Feng Y, Li K, Gao M, Liu Y, Li X and
Zhu J (2021) Optimal Operation and

Control Design of DC Arrester for
Renewable Energy Transmission.

Front. Energy Res. 9:759434.
doi: 10.3389/fenrg.2021.759434

Frontiers in Energy Research | www.frontiersin.org October 2021 | Volume 9 | Article 7594341

ORIGINAL RESEARCH
published: 28 October 2021

doi: 10.3389/fenrg.2021.759434

http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2021.759434&domain=pdf&date_stamp=2021-10-28
https://www.frontiersin.org/articles/10.3389/fenrg.2021.759434/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.759434/full
https://www.frontiersin.org/articles/10.3389/fenrg.2021.759434/full
http://creativecommons.org/licenses/by/4.0/
mailto:jiawei.zhu@chd.edu.cn
https://doi.org/10.3389/fenrg.2021.759434
https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2021.759434


To adapt to the profound changes in energy patterns in the
future, high-voltage direct current (HVDC) transmission
(Muniappan, 2021) has been vigorously developed due to its
outstanding performance in long-distance transmission and the
optimal allocation of energy resources in a wide area (Liu et al.,
2020). In particular, the advantages of HVDC transmission
mainly include: 1) Larger transmission capacity, longer
transmission distance, and faster adjustment of the size and
direction of transmission power; 2) DC transmission makes
full use of the line corridor where the width of the line
corridor is about half of that of the AC transmission line; 3)
For large-sacle power grids, HVDC can realize interconnected
power supply between large power grids through DC
transmission without interfering and affecting each other.

In addition, HVDC transmission lines play a significant role
under the environment with complex geographical conditions,
e.g., large and fast temperature changes, as well as rough terrain
that are prone to frequent and irregular lightning (Božidar et al.,
2016) interference when severe meteorological changes occur
(Malcolm and Aggarwal, 2015). Such conditions could bring
great safety challenges to the operation of power transmission.
Note that more than 40–70% of transmission line flashover
accidents are caused by lightning.

To improve the safe operation of transmission lines, a metal-
oxide arrester (MOA) (Hoang et al., 2017) is developed to protect
the line insulation from over-current based on its superior
overvoltage protection performance that has become the
standard configuration of over-voltage protection applied in
power transmission (Vita and Christodoulou, 2016) and
transformation equipment (Seyyedbarzegar and Mirzaie, 2015).
In general, the advantages of MOA can be mainly summarized as:
1) fast response, flat volt-ampere characteristics, and high
stablility; 2) large flow capacity, low residual pressure, long
service life, and simple structure; 3) wide application in power
transmission, transformation, and distribution systems; 4)
compared with the traditional porcelain sheath arrester, the
composite sheath has the advantages of small size, lightweight,
solid structure, strong pollution resistance, good explosion-proof
performance, and so on.

Besides, another overvoltage protection equipment called line
arresters (Christodoulou et al., 2010; Sandrode et al., 2017) that
are critical to reliable operation of power system line are mainly
installed on transmission lines in mountainous areas, where the
operating environment is so complex that some arrester faults or
even explosions occur from time to time that poses serious risks
to safety operation. Futhermore, with the increasing number of
line arresters equipped on transmission lines, it is imperative to
carry out sampling tests for line arresters.

According to the power industry standard “guidelines for the
implementation of on-site insulation test lightning arrester test,”
the leakage current tests under DC reference voltage and
0.75 times DC reference voltage are applied to diagnose the
defects of line arresters damp and reflect resistor deterioration
(Marcel et al., 2015). For a general DC reference voltage test, line
arresters are removed from the transmission line (Alberto et al.,
2014; Silverio et al., 2020) to test in laboratory condition and then
installed back after the test (Hemapala et al., 2018). However, the

disassembly and assembly procedure of line arresters are time-
consuming, which consumes a lot of manpower and material
resources.

To explore a high-altitude test method without dismantling
line arresters (Petar et al., 2013; Hemapala et al., 2018), this work
presents a novel line arresters DC test system for field tests for 110
and 220 kV sectioned lines. Additionally, the rated power and
maximum output voltage of the test system are 400W and
200 kV, respectively. A thorny obstacle of conventional studies
that DC high-voltage tests can only be carried out on the ground
is effectively solved through the presented test technique with
good economic benefits. Besides, basic working principles and
key components of the test system are also described. In general,
the main contribution/novelty of this work can be summarized as
follows:

1) Compared with traditional devices with the same parameters,
the overall portability of the device is significantly improved,
e.g., the total weight of this device is decreased by 36.7%;

2) This device is designed to be more suitable for on-site tests, in
which multiplying cylinder and control cabinet can be
transported separately and lithium battery is applied for
power supply;

3) The safety is also considerably enhanced during tests. Wireless
transmission and control of the equipment are realized based
on the control of infrared measurement circuit and Bluetooth
remote control module, which guarantees the safety of testers
during the tests under the tower.

The rest of this work is organized as follows: SystemModelling
is provided in Section System Modelling. Design of power driver
and control circuit, voltage-double rectifier circuit, and remote
control module is shown in Section SystemDesign of Power Driver
and Control Circuit. The portable DC test system and test results
are presented in Section Portable DC Test System and Test. Lastly,
conclusions are given in Section Conclusion.

SYSTEM MODELING

A typical DC test system of line arrester consists of five parts
i.e., control cabinet, multiplying cylinder, lithium battery, remote
control panel, and line arrester sample, while the overall system
framework is represented in Figure 1A.

It is extremely difficult to obtain AC 220 V energy source for
line arresters on-site. Meanwhile, the volume and weight of
conventional 1 kW generators fail to satisfy on-site usage
requirements. Thus, lithium battery is employed as an energy
source for this test system. Besides, the test system is subject to
restrictions with a rated power of 400W, a continuously
adjustable output DC voltage of 0–200 kV, and a maximum
output current of 2 mA to meet the DC reference voltage test
of 110 and 220 kV sectioned line arresters. Note that energy
source power demand is calculated as 450W according to 90%
output efficiency. Mature batteries are lead-acid batteries and
lithium batteries, among which lithium batteries perform
advantages of large capacity, small size, and small weight.
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Therefore, 48 V/20 Ah lithium batteries are selected. Meanwhile,
the test time of a single arrester generally does not exceed 5 min.
A selected lithium battery discharging at 0.5°C can ensure the
continuous operation of equipment for 2 h and satisfies
continuous test of 24 line arresters.

In addition, the design block diagram of the DC test system is
shown in Figure 1B. First, 48 V DC voltage of lithium battery
pack is transformed to about 220 V continuously adjustable DC
voltage (Xue et al., 2020) through pulse width modulation
(PWM) push-pull circuit (Shi et al., 2016) and full bridge
rectifier circuit in the control cabinet. And then, full bridge
inverter circuit inverts DC voltage into a high-frequency
alternating square wave voltage of 50–80 kHz (Jing et al., 2018;
Zhang et al., 2021). Lastly, the voltage after initial boost is

transferred to DC voltage with an amplitude of 200 kV
through a voltage doubler rectifier circuit.

SYSTEM DESIGN OF POWER DRIVER AND
CONTROL CIRCUIT

Design of Power Driver and Control Circuit
Generally, the voltage-doubler rectifier mode of DC high-
voltage generator adopts AC power supply, such as AC 220
or AC 380 V, and bus voltage is often rectified to DC 300 or DC
600 V. In this work, a lithium battery with 48 V DC voltage is
adopted as the energy source to reduce its weight. If the voltage
cannot be boosted to the rated voltage under the rated current

FIGURE 1 | Composition of DC test system. (A) Overall system framework; (B) Design block diagram of DC test system.
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via the original mode, the power driver and control circuit shall
be redesigned. Considering the power limitation of lithium
batteries, internal devices and software design with low
power consumption shall be selected. Besides, the internal
auxiliary energy source should not only achieve fast boosting
speed but also ensure the stability and reliability of output
voltage.

The power driver and control circuit of this test system
consists of a pulse width modulation push-pull circuit and a
full bridge rectifier circuit. Particularly, two power transistors or
electronic tubes with the same parameters are adopted in the
push-pull circuit to implement amplification in positive and
negative half cycle waveforms, respectively. Meanwhile, only

one of the two symmetrical power switches is turned on during
working time, which effectively contributes to small conduction
loss and high transformation efficiency. In addition, the pulse
width modulator generates PWM waves to control the on-off
state of transistors and adjust voltage and power by regulating
the duty cycle of PWM waves.

The pulse width modulation push-pull circuit designed of the
test system is shown in Figure 2A, where the output voltage of
the transformer can be output in a push-pull manner by
alternately turning on B 1 and B 2. Furthermore, the later
stage is rectified by the full bridge to obtain a relatively
smooth DC voltage, which is supplied to the full-bridge
inverter. Otherwise, the driving part of the push-pull circuit
adopts a chip SG1525, which has a double-ended output pulse
width modulator that includes two independent output circuits
with opposite phases. Besides, the main control chip of the
control circuit adopts MSP430 series 16-bit mixed-signal
processor with ultra-low power.

The full-bridge inverter circuit is shown in Figure 2B, which is
designed to reverse the DC voltage into a high-frequency AC
square wave voltage. In particular, when BG 3 and BG 5 are
turned on at the same time, BG 4 and BG 6 are turned off. On the
contrary, if BG4 and BG 6 are turned on at the same time, BG 3
and BG 5 are turned off.

Design of Voltage-Doubler Rectifier Circuit
For the system design, a typical C-W voltage-doubler rectifier
circuit is adopted. As illustrated in Figure 3A, the high-frequency
AC square wave signal can reach up to 18 kV after passing
through the high-frequency transformer, while the maximum
output voltage amplitude is 200 kV and the magnification should
not be less than 11.11 times. Practically, the output voltage will be
reduced after loading. Therefore, the number of voltage doubler
stages is finally determined to be seven levels. Besides, multiplying
cylinder realizes a compact design via decreasing its size and
optimizing the layout of main components, exhibited in
Figure 3B.

Design of Remote Control Module
Because the majority of towers with line arresters are located in
mountainous areas and the test areas under towers are

FIGURE 2 | Circuit structure diagram. (A) Pulse width modulation push-pull circuit; (B) Full bridge inverter circuit.

FIGURE 3 | Voltage-doubler rectifier circuit. (A) Schematic diagram; (B)
Design drawing.
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seriously narrow, the remote control method is adopted to
control the start, stop, and lifting of DC high-voltage generator
to ensure the safety of test personnel (Tavakoli and Nafar,
2020). In addition, an infrared measuring circuit is arranged

on the top of the multiplying cylinder while the main control
chip MSP430 is used to measure the voltage and current signals
at the high-voltage end. Furthermore, collected voltage and
current signals are converted into infrared signals through
protocol coding for transmission. An infrared receiving circuit
in the control box is adopted to process the high-voltage end
signal. Then, the control box exchanges the high-voltage end
signal and other control signals with Bluetooth control box
through Bluetooth communication. Note that the main
control chip of Bluetooth remote control box adopts
STM32f030 with ARM Cortex-M0 core to amplify signal
through the front-end RF amplifier. Moreover, the
reception and emission of wireless signals can be achieved
by the way of controlling the remote equipment via a chip
nRF24L01.

The main interface of the remote control module is employed
to display the output voltage, current, current flowing through
MOA of DC high-voltage generator, and the voltage of the
lithium battery pack and test results in real time. Note that
the on-off control of equipment as well as manual and
automatic voltage rise and fall operations can also be achieved
on the main interface.

PORTABLE DC TEST SYSTEM AND TEST

The entire DC test system adopts a split design to facilitate
transportation, which is divided into five parts
i.e., multiplying cylinder, grade ring, control cabinet,
energy source, and pressurized wire. Note that multiplying
cylinder, grade ring, and control cabinet need to be assembled
on site. It is worth noting that the assembled equipment is
shown in Figure 4.

Furthermore, the total weight of this device is strongly reduced
by optimizing voltage-doubler rectifier circuit and energy source,
which is also convenient for transportation. Table 1 depicts the
comparison of the weight of each component with traditional
high-voltage DC generator. It is easy to see the weight of control
cabinet, multiplying cylinder, and energy source part is reduced
by 60, 54.55, and 33.33%, respectively, compared with traditional
devices with the same parameters. The overall weight of the
device is decreased by 36.7% even adding the remote control
module.

In addition, the high-voltage voltage and current calibration
data are measured in a laboratory to verify the test performance
of the device. Consequently, the calibration results are revealed
in Table 2 and Table 3, where the high-voltage voltage test
accuracy and the high-voltage current test accuracy are less than
0.5 and 1%, respectively. From Table 4, it can be seen that under
5 tests, all the indices can be maintained at a relatively stable
value, which further verifies its stability and accuracy during
voltage tests.

The DC reference voltage test of the arrester (i.e., YH10W-
108/281 arrester) is carried out in the laboratory, while the test
wiring diagram is shown in Figure 5. Moreover, the arrester is
tested with DC reference voltage under 1 and 2 mA, respectively,
whose test results are presented in Table 4.

FIGURE 4 | Compressed loop after assembly.

FIGURE 5 | Laboratory wiring diagram.

Frontiers in Energy Research | www.frontiersin.org October 2021 | Volume 9 | Article 7594345

Feng et al. Control Design of DC Arrester

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


CONCLUSION

In this article, a DC test system for transmission line arrester is
developed, which owns the following novelty/contributions
compared with conventional DC high-voltage generator:

1) The portability of the device is considerably improved.
Compared with traditional devices with the same
parameters, the total weight of this device is decreased by
36.7%. In particular, the weights of control cabinet,
multiplying cylinder, and energy source are reduced by 60,
54.55, and 33.33%, respectively;

2) This device is more suitable for on-site tests. The system is
powered by lithium battery instead of 220/380 V AC energy
source, and adopts multiplying cylinder and control cabinet
that can be transported separately, which realize integrated
assembly on-site and facilitate line arrester test in the testing
field;

3) The proposed device owns high safety during tests.The system
accomplishes wireless transmission and control of the
equipment through the control of infrared measurement
circuit and Bluetooth remote control module, which
ensures the personal safety of testers during the tests under
the tower.

In future studies, great focus will still be put on the
optimization of overall weight and portability of the device via
more advanced design. Also, with the proper application of 5G
technology, the speed of wireless transmission could be
considerably improved to help engineers more quickly collect
and convey device information.
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TABLE 1 | Comparison of the weight of high-voltage DC generator.

Component This system (kg) Conventional system (kg) Variety

Multiplying cylinder 8 12 −4 kg
Grade ring 2 2 0
Control cabinet 2 5 −3 kg
Energy source 5 11 −6 kg

Remote control panel 2 0 +2 kg

Total weight 19 30 −36.7%

TABLE 2 | High-voltage voltage calibration data.

Experiment 20 kV 40 kV 80 kV 160 kV 200 kV

Standard resistance voltage divider (kV) 20.1 39.8 80.4 160.3 200.7
Displayed voltage (kV) 20.0 39.7 80.1 159.8 200.1
Precision (%) 0.5% 0.25% 0.37% 0.3% 0.3%

TABLE 3 | High-voltage current calibration data.

Experiment 10 μA 200 μA 500 μA 1000 μA 2000 μA

Standard high-voltage microammeter (μA) 10.1 203 504 1,003 2007
Displayed current (μA) 10 202 502 999 2003
Precision (%) 1% 0.5% 0.4% 0.4% 0.2%

TABLE 4 | Test results of the arrester.

Number of
tests

1 2 3 4 5

DC reference voltage U1mA (kV) 164.8 164.5 164.7 164.9 164.8
Leakage current at 0.75U1mA (kV) 22 23 21 21 23
DC reference voltage U2mA (kV) 174.0 174.2 174.1 174.0 174.3
Leakage current at 0.75U2mA (kV) 15 14 15 14 16
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