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HIGHLIGHTS

e Development of a laboratory with a low-energy, mobile current waveform impulse generator.
e The goal is of this laboratory is for conducting aging tests on low-voltage zinc oxide surge arresters.

e The current waveform impulses are sufficient to induce degradation in the electrical parameters of
the tested surge arresters.

e Results of testing performed on new ZnO surge arrester samples.

Abstract: Surge arresters are at the forefront of protection against voltage surges. The loss of the protective
effect of surge arresters imposes accidents and unplanned shutdowns on the power system. It directly affects
the interruption of power supplies and imposes fines on service providers. Monitoring and diagnostics in the
lightning rod field require studies and work that present the degradation behaviour of surge arresters to help
develop and improve existing techniques. This paper presents the development of a laboratory with a low-
energy, mobile current waveform impulse generator. It allows for conducting aging tests by applying
discharges to low-voltage zinc oxide surge arresters used in the energy distribution sector. Samples of surge
arresters were subjected to the discharges produced by the developed generator, and they exhibited
degradation, thus showing asymmetry between the positive and negative half-cycles of leakage current.

Keywords: Metal oxide varistor; impulse current discharge; accelerated ageing; surge arrester degradation.
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INTRODUCTION

The electrical system comprises various equipment and devices, each performing its function for the
proper operation and reliability of the power system. The electrical system as a whole is exposed to multiple
threats, particularly atmospheric discharges, which are unpredictable. To protect the entire system, including
its equipment and devices, the use of surge arresters is widely applied [1-3].

Metal-oxide surge arresters (MOSAS) are connected to the system in parallel with what is desired to be
protected. They are subjected to constant power dissipation, temporary overvoltage, and environmental
conditions such as gas pollution, dust, and humidity. According to [4], 60% of failures in surge arresters in
China are caused by moisture penetration into the enclosure. The highest incidence occurs in porcelain surge
arresters.

The exposures of surge arresters to environmental aggressors affect their reliability. Over the years,
other monitoring and diagnostic methodologies have been developed and improved. There are techniques
classified as online, which do not require lightning rod shutdown, and offline, which require the removal of
the lightning rod [5]. The development and validation of these methodologies are carried out in controlled
environments (laboratories), requiring ways to induce aging in study samples in the shortest possible time.
The literature presents studies aimed at understanding the behaviour and changes caused in surge arresters
through the application of laboratory tests, as seen in [6-9], which form the basis for future work in monitoring
and diagnostics.

Understanding how degradations occur and how each type of aggressor affects the electrical properties
of surge arresters is of great interest in the maintenance field. This knowledge enables the improvement and
development of new methodologies for monitoring and diagnostics.

The existing laboratories for aging tests are excessively large and costly, especially for current impulse
applications, which impose financial limitations and hinder their involvement in the field of lightning arrester
monitoring and diagnostics. Therefore, it is necessary to develop more affordable equipment and
methodologies, and one of the purposes of this article is to present an accessible solution that can be easily
replicated.

This paper presents the development of a gapless metal-oxide surge arrester (MOSA) testing laboratory.
It employs current impulse applications via a low-energy generator and moisture effects directly delivered to
the surge arresters' internal disks. The following section explains the theoretical features required to
comprehend the results reported in this paper, including a brief introduction to the operating principle of
MOSAs and the technical terms discussed. After that, another section summarizes the primary substances
that cause surge arrester deterioration. And then, a section describes the developed laboratory, equipment,
and techniques. Finally, another section provides the results of testing performed on new ZnO surge arrester
samples.

ZINC OXIDE SURGE ARRESTERS

Developed in the mid-1970s by Matsuoka and his research team, zinc oxide (ZnO) surge arresters exhibit
excellent characteristics for applications in overvoltage protection. Its high nonlinearity [10], compared to its
predecessor, silicon carbide (SiC), allowed for the development of new surge arrester structures without the
need for gaps. Under normal operating conditions, the metal-oxide surge arrester (MOSA) behaves as an
insulator, with only a few microamperes of current flowing [11]. In the presence of transients, it responds
rapidly and enables the flow and drainage of high levels of electrical current (in the kiloampere range). After
the transient is removed, it returns to its insulating state. Figure 1 shows the primary equivalent circuit of a
metal oxide lightning arrestor.

[R R IC

i

Figure 1. MOSA primary equivalent circuit [12].
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Leakage current

Due to the removal of the gap in the surge arrester structure, there is the flow of electrical current through
the surge arrester, known as leakage current, which is of low intensity under normal conditions. All currents
are time-dependent. The currents shown in Figure 1 are the currents that flow through the varistor discs
during their operation. Furthermore, according to [12-14], the resistive component increases with varistor
degradation, while the capacitive component remains unchanged or undergoes minimal changes. The
resistive component of the leakage current is sensitive to various types of degradation [15]. It is the most
widely applied condition monitoring method in the literature [16].

Nonlinearity

The high nonlinearity characteristic of ZnO varistors is a result of their microstructure. According to [17],
the homogeneity of the microstructure and the grain size are essential factors in determining the varistor's
characteristics. The nonlinearity property of the varistor is due to the segregation layer formed by additives,
where a depletion layer exists.

This behaviour has a coefficient that can be obtained from the parameters of the "VxI" curve. The
coefficient of nonlinearity can be obtained using equation (1).

~ log G—i) (1)

“T log (%)

Where a is the coefficient of nonlinearity, I, and I; are current values at points on the VxI curve (Figure 2),
and V, and V; are the corresponding voltages for those currents.

Volts [Vp]

v

Log | [A]
Figure 2. Typical VxI curve of ZnO

DEGRADATION AND FAILURE OF METAL OXIDE LIGHTNING ARRESTER

Surge arresters are subjected to constant power dissipation, temporary overvoltage, and environmental
conditions such as gas pollution, dust, and humidity. The causes of failures and loss of electrical
characteristics of the varistor blocks can be attributed to the factors described below:

Atmospheric discharges

Temporary overvoltage

External pollution of gases and Dust
Bad sizing

Moisture ingress
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Reference [18] categorizes these factors into two types: electrical and non-electrical. Degradation
resulting from non-electrical factors causes very slight changes in the "voltage-current" behaviour of zinc
oxide surge arresters. These factors include humidity, temperature, wind speed, and solar radiation.
Humidity, in particular, leads to an increase in the leakage current of the surge arrester.

Figure 3. Surge arrester damaged after failure in operation [19].

Atmospheric discharges

The damage caused to surge arresters due to lightning strikes is a common reason for their replacement.
Due to their role in mitigating the effects of lightning strikes, surge arresters experience high energy
applications in very short periods, resulting in total or partial loss of their protective capabilities.

According to [20], there are two types of damage: fault or degradation of the elements. Fault-type
damages result in instant damage to the varistor elements, manifesting as destruction (Figure 3) or punctures
and perforations (Figure 4). On the other hand, degradation damages affect the V-l characteristic of the
varistor blocks, which can eventually lead to a fault.

Figure 4. Damage caused by lightning [21].

Temporary overvoltage

Continuous exposure to alternating voltage imposes a constant current flow through the ZnO surge
arrester, resulting in energy dissipation. This dissipation increases the operating temperature of the varistor
blocks, and as long as it remains within its thermal capabilities, it enables the functioning and reliability of
equipment protection.
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The degradation exhibited by the surge arrester when subjected to this transient situation is progressive
and, in some cases, more critical, particularly when the duration exceeds several tens of seconds. In this
second case, the surge arrester may enter a process of thermal runaway [22, 23], leading to a fault or failure.

The damages caused by surges, including lightning strikes, temporary overvoltages, and switching
surges, result in the effects previously mentioned in a previous section.

External pollution by gases and dust

During its service life, the surge arrester is exposed to the accumulation of contaminants, dust, and
humidity along its body. This uneven concentration alters the voltage distribution along the surge arrester's
body, resulting in stress-induced degradation [24, 25]. Consequently, the leakage current flowing through the
exterior surfaces increases and becomes part of the total leakage current of the surge arrester, thereby
affecting leakage current monitoring methodologies. According to the manufacturer ABB [26], silicone
polymer housings exhibit lower susceptibility to the effects of degradation caused by external contamination.
The literature presents several studies that address the effect of pollution on the exterior of the enclosures
[27-30].

Bad sizing

Indeed, inadequate planning and sizing of the surge protection system, including selecting inappropriate
surge arresters, can lead to failures. The choice of the operating voltage level of the surge arrester is a crucial
factor for its application. Under sizing can result in thermal runaway processes. The type of enclosure,
whether polymer or porcelain, should be specified based on the environmental conditions in which the device
is installed.

Moisture ingress

According to [1], the primary source of degradation in high-voltage equipment is moisture ingress, which
causes deterioration of internal and external parts of the surge arrester. Exposure of contacts and electrodes
initiates the process of oxidation (Figure 5) and internal partial discharges. The high moisture content
combined with the elevated internal temperature of the surge arrester results in changes in the physical state
of water molecules, known as condensation. It is the point where water accumulates in its liquid form,
imposing an electric current and water flow on the ZnO blocks. In [31], a study on the effects of moisture
penetration in low-voltage ZnO blocks is presented, where oxidation reactions occurred on the surfaces of
the blocks.

The presence of moisture causes a decrease in the overall performance of the ZnO blocks. The increase
in leakage current, especially its resistive component, directly affects electrical losses and heat generation in
the surge arrester. The change in the system's thermal behaviour can result in the loss of thermal stability,
where the surge arrester cannot dissipate all the heat generated to the surrounding environment. Considering
the aggravating effects caused by moisture and how it can enhance other factors, its influence and impact
on the lifespan of surge arresters are evident [32].

Figure 5. Metal oxide varistor block affected by moisture [33]
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THEORETICAL BASIS

The impulse generator circuits can produce a high voltage level at their output for short periods of time
The standard IEC 60060-1 [34] defines the types of impulse waveforms and their characteristics.
Current impulse

The current waveform impulse is defined by the standard [34], which specifies three types of waveforms

(Table 1 [34]). The parameters T; (front time) and T, (tail time) are defined, with variations of up to 10% of
the standard values being accepted for each parameter (Figure 6).

Table 1. IEC 60060-1 impulse current waveforms.

Type T,[us] T,[us]
1 4 10
2 8 20
3 30 80

The standard curve includes the Undershoot effect, defined by the norm and limited to values not
exceeding 20% of the peak value of the generated waveform.

0o RS
90

Current [%]
L
=

i i Vm]'n <20%

Time [ ps]

Figure 6. Impulse current wave parameters[34]
Wave conditioning circuit
To generate the current waveform impulse, the base circuit (Figure 7) was used, where the value of

resistor Rp determines the tail time of the waveform, and Rs and Cb determine the front time of the waveform.

The front time T; is obtained using the relationship given in equation (2), and T, can be determined using the
connection shown in equation (3).

SG Rs
0@ e

Uch (g Rp Cb V()

Figure 7. Current waveform impulse generator electric circuit — based on [35].
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Where Uch Is the charging voltage; Cg is the capacitance of the generator; SG is the spark gap that defines
the firing voltage; Rp is the parallel resistance, responsible for the tail time; Rs is the series resistance,
responsible for the front; and Cb is the capacitance presented by the load.

Tl = 3,25RSC1
C,.C
¢, = Lo Cb) 2)
(Cg + Cp)
T, = 0,693R,C; (3)
Co = Cy+ Gy

DEVELOPED LABORATORY

This section presents a mobile laboratory developed for the partial aging process. Detailed construction
and technical information will be provided to enable the replication of the experiment. The laboratory, shown
in Figure 8, is designed to apply up to 30 kV peak voltage with an energy of 0.1 kJ. It generates an 8/20 us
waveform, and modifying components in the waveform conditioning circuit can make adjustments.

4

Figure 8. Laboratory portable impulse current waveform low energy.

Electric diagram

The electrical diagram is presented in Figure 9, composed of a Marx generator [36]. The circuit is fed
with direct voltage and provides a parallel association of capacitors, and series resistors allow different
charging times for each capacitor. At the end of the charge, the last capacitor in the array reaches sulfficient
electrical potential to break the dielectric strength of the air and conduct it through the spark gaps. Conduction
creates the path highlighted in red (Figure 9a) through which the capacitors are connected in series and
discharged in the conditioning circuit (Figure 9b).
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Figure 9. Impulse generator electrical diagram: a — Marx generator, b — Conditioning circuit.

Capacitors

The specifications of the capacitors shown in Figure 11, used for voltage boosting of the DC source and
energy supply, are provided in Table 2. A series combination of 9 capacitors was used to achieve a voltage
increase of 9 times. The capacitors need a high insulation rating, in this case, 5 kV.

Table 2. Technical data high voltage capacitors
Capacitance [uF] Quantity Association  Type Temp [°C]

1 9 series T 105

Resistors

The resistance values adopted for the conditioning circuit and Marx generator resistors are shown in
Table 3. The resistors used in the waveform conditioning circuit are of the wire-wound type and exhibit

inductive effects. For the high-voltage capacitor charging resistors, high-insulation carbon film resistors were
used.

Table 3. Values of resistors used in electrical circuits

Resistance [Q] Quantity Application Type Temp [°C]
1M 20 Capacitor R load Metal film 105
100 1 Rp Wirewound 400
4.7 2 Rs Wirewound 400

Sphere gap

The sphere gap (Figure 10) was used due to its uniform electric field distribution. It was affixed on a
Polyvinyl Chloride (PVC) structure to ensure high dielectric strength and prevent partial discharges.

The spheres have a diameter of 30mm and can be adjusted to change the spacing between them,
allowing for the adjustment of discharge voltage levels.
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Figure 10. High voltage structure made of PVC material.

Power supply

The power supply was obtained using a potential transformer connected to a bridge of diodes (Figure
11). The specifications of the transformer are presented in Table 4.

Table 4. Power supply power transformer board datasheet
Frequency [HZ] Transform ratio S[VA]
60 1:120 500

e bridge

Figure 11. Circuit based on the Marx generator.
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RESULTS

The impulse waveform generator was tested in the laboratory along with new surge arresters. Three
units of distribution-type surge arresters with a nominal voltage of 6[kV] and a nominal current of 10[kA] were
tested. The yellow curve represents the voltage waveform, with flattening due to the capacitance of the surge
arrester, while the green curve represents the discharge current. The residual values in the tested surge
arresters were 19[kV] and 152[A] peak, as shown in Figure 12.

BCHO! RTH1004 - Digital Oscilloscope - Isolated -

--
--==r§i1 I
g D O I ‘-V

l — __f'"L

B o~ B S0

F2

Figure 12. Impulse voltage and current waveforms.

The presence of asymmetry in the leakage current waveform is an indication of degradation. This
asymmetry results from the polarization caused in the surge arresters due to the application of impulses,
which can vary depending on the characteristics of the applied impulse waveform.

The voltage applied to the lightning arrester was measured to allow the extraction of the resistive leakage
current, achieved by subtracting a virtual capacitive current considering only the 60Hz component. The
observed effect was the polarization of the three samples (Figures 13-15), which directly impacts the VxI
curve behavior. This type of effect occurs after subjecting the lightning arrester to atmospheric discharges,
demonstrating the capability of the developed laboratory to induce degradation in low-voltage distribution-
type lightning arresters.

Voltage source 60Hz
Resistive leakage current
Total leakage current

Normalized magnitude

1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000 4200 4400 4600
Samples

Figure 13. Asymmetry leakage current arrester PR-9.
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Resistive leakage current
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Figure 14. Asymmetry leakage current arrester PR-12.
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Voltage source 60Hz
Resistive leakage current
Total leakage current

1600

1800 2000 2200 2400 2600 2800 3000 3200 3400 3600
Samples

3800 4000 4200 4400 4600

Figure 15. Asymmetry leakage current arrester PR-13.

CONCLUSION

The detection of incipient failures is the objective of the predictive maintenance field. Identifying the
predisposition of a surge arrester to failure in the face of future disturbances ensures the reliability of the
system it is intended to protect. This article presents the development of a laboratory for conducting aging
tests on low-voltage zinc oxide surge arresters. The current waveform impulses applied in the laboratory are
sufficient to induce degradation in the electrical parameters of the tested surge arresters. The impulse test
conducted in the laboratory allowed for the observation and study of the polarization effects on the surge
arrester, evident in the asymmetry between the positive and negative half-cycles of the leakage current.

For future work, the objective is to modify the impulse generator laboratory to allow for higher energy
capacity by introducing a capacitor bank charging stage and an additional discharge excitation mechanism.
Due to the compact nature of the laboratory, the structure will need to be altered to enhance its dielectric
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rigidity to withstand higher voltage levels, enabling its use with medium-voltage surge arresters. This
modification requires further studies to ensure the structural changes maintain the mobility capabilities of the
laboratory while ensuring safety and efficiency.

Funding: This paper presents part of the results obtained during the execution of the R&D project of code PD-06491-
0509/2018 titled “LIGHTNING ROD DETERIORATION MONITORING SYSTEM,” executed by the Gnarus Institute for
Copel Geragédo e Transmissédo S.A., the project’s financier, under the Research and Development Program of the
Brazilian Electric Sector, regulated by the National Electric Energy Agency—ANEEL.
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