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Abstract: Metal Oxide Surge Arresters (MOSA) is device which protects electrical power
system against surge voltage. ZnO blocks degrades due to ageing effect under various
operating conditions. Premature failure of surge arresters observed due to ageing. To avoid
premature failure condition monitoring required at periodic intervals. Offline condition
monitoring techniques required system shutdown and required costly equipment hence not
preferred technique. Online condition monitoring techniques based on measurement 3™
Harmonic leakage current flowing through surge arrester. This method effected by presence of
harmonics in the supply which needs to be compensated. Novel technique of leakage current
measurement with frequency variation approach is proposed in this paper. Measurement of
total leakage current and resistive leakage current at frequency range from 20 Hz to 200 Hz has
been proposed in this paper. The experiments with frequency variation from 20 Hz to 200 Hz is
carried out in the laboratory on 30 kV fresh and aged MOSA. Measurement of total leakage
current and Resistive leakage current has been carried out. The data base of leakage current at
frequency range from 20 Hz to 200 Hz in steps of 10 Hz is created. The results of current
components at different frequency, I-F characteristics of MOSA are considered to verify its
healthiness. The proposed technique has been proven useful to check healthiness of MOSA.
The obtained results are analyzed and validated using other diagnostic techniques which is
useful for instruments manufacturer, utility and manufacturers.
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1. Introduction

MOSA is one of the most important equipment applied in power system for protection
against over voltage. While over voltage appears in the system, a surge arrester is functioning
as an over voltage limiting device. It is expected to behave as an insulator with very low
current under normal operating condition. The insulating properties are essential for the
arrester life expectancy and for the power system operation reliability [1]. The working of
MOSA is affected by ageing and insulation breakdown inside the arrester. Therefore it is
necessary to protect the MOSA from further damage and deterioration, which may cause
interruption in electricity transmission and distribution. [2]. The equivalent circuit of MOSA
constructed with zinc oxide (ZnO) element is given in Fig. 1. Where, voltage applied across
surge arrester is V, equivalent capacitance denoted by C and non-linear resistor is denoted by
R. Total leakage current (It) is flowing through surge arrester. Due to the non-linear
characteristics of ZnO element a current in the range of 1 mA flows through the surge arrester
under normal service condition [3].

The total leakage current is divided into capacitive component I¢ and resistive component
Ir. The total Current (It) of flowing through MOSA is given by a vector sum of a capacitive
current component (I¢) and Resistive current component (Ir).

Ir=Ir+Ic (1)
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Fig. 1. Equivalent Circuit of MOSA
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Fig. 2. Phasor diagram of leakage current

Fig. 2 shows phasor diagram of Capacitive Leakage Current (Ic), total leakage current (Ir),
Resistive leakage current (Ir) and applied voltage (V). It can be seen that Ir lag It by angle o
and Ic lead It by an angle o. The resistive components of leakage current exceeds from its
capacitive component with the rise in applied voltage [4]. Ideally the capacitance of a ZnO
element in the range of 60 pF.kV/cm? to 150 pF.kV/cm? [5]. The capacitive current (Ic) can be
computed from its capacitance value C.

Ie = VwC )

where, CO = 2nf

Resistive component of leakage current is sensitive indicator of change in voltage-current
characteristics of metal oxide resistors. Therefore, resistive current is use as effective tool to
ascertain condition of metal oxide surge arrester [5]. The capacitive current is attributed to the
grading capacitance of MOSA housing and permittivity of metal oxide element [6]. The power
loss measurement is frequently used in the laboratories but is rarely used online because
simultaneous leakage current and operating voltage measurements are required [7]. The power
loss in the surge arrester can be computed based on the leakage current and applied voltage
data the following formula can be use to calculate active power loss [8].

P =1 v il0de 3)

The power loss measurement method has some advantage such as being a good indicator
for the MOSA’s condition evaluation and giving a realistic picture of MOSA’s electrical
characteristics and changes due to various types of degradation. [9] [10]. As a results, although
it is insensitive to the operating voltage harmonic, even under direct or non-sinusoidal voltage
it provides reliable results and is another benefit of the power loss measurement [11]. A
leakage current based condition assessment is most extensively opted method to monitor the
ageing and deterioration of zinc oxide surge arrester [12]. Many offline and online approaches
have been presented for condition monitoring of surge arresters. Such as measurement of
power loss, V-1 characteristics, leakage current measurement, temperature measurement,
partial discharge measurement etc. Leakage current measurement is the most commonly
applied for condition assessment of MOSA. [13]-[16]. Research indicated that if the maximum
voltage of V-I characteristics decreased by 10 % then a surge arrester is classified as “aged
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[17]. The previous research studies have illustrated that the magnitude of leakage current is
mainly affected by the ageing and deterioration of MOSA. [18] [19]. There are method such as
arrester temperature and electromagnetic field measurements are used for online testing of
arresters [20],[21],[22]. Earlier, measurement of fifth harmonic resistive current as ageing
indicator is proposed [23]. Ratios of third to fifth resistive harmonic components and ratio of
resistive to total leakage current fundamental components have been also proposed [24]. The
U-I characteristics with and without harmonic distortion has been compared to check
healthiness MOA blocks [25]. Accurate results may be obtained by using the offline methods
compared to online methods which are based on leakage current measurement. Offline
methods required expensive equipment for experimentation and also need for disconnection of
surge arrester from the system. This is the major drawback of the offline methods.

In this paper new approach for the condition monitoring of MOSA has been proposed. The
proposed technique is based leakage current measurement at different frequency range from 20
Hz to 200 Hz. Variation of total leakage current and resistive leakage current with different
frequency (I-F characteristics) has been considered as condition monitoring tool of MOSA.
This proposed technique of I-F characteristics is novel method and not used by any researcher
earlier which can be implemented offline measurement mode. The results of the proposed
techniques is validated by tan 6 and partial discharge values. Research is continue on
measurement of I-F characteristic with further higher frequency i.e up to 500 Hz. The ageing
process of lightning impulse current, temperature, voltage application under salt fog and water
immersion has been adopted, which has not been followed by earlier researcher. The proposed
method has been explained in section 2. The experimental set-up is illustrated in section 3.
Results of the proposed method has been discussed in section 5. The proposed method to check
healthiness of the surge arresters has been validated by the obtained experimental results.

2. Proposed Method

In this paper, condition monitoring and diagnostics method to identify the healthiness of
MOSA has been proposed which is I-F characteristics of MOSA. Leakage current
measurement at different frequency range from 20 Hz to 200 Hz has been proposed. The major
advantage of the proposed technique is the since the measurement is carried out at wide range
of frequency the effect of the harmonic present in the supply gets nullified. In this proposed
techniques measurement of total leakage current and resistive leakage current has been carried
out at different frequency. F-I characters obtained from the results for the new MOSA.
Similarly, F-I characteristics obtained for aged MOSAs. Hence, F-I characteristics of MOSA
has been considered as health index of MOSA. As per proposed techniques measurement of
leakage current is carried out from 20 Hz to 200 Hz frequency in steps of 10 Hz on new & aged
30 kV MOSA. The measurement of leakage current is carried out at voltage level of 15 kV.
The F-I characteristics, ageing process and experimental results of the condition monitoring are
explained further. The data base of measurement results has been prepared. After initial
measurement MOSA has been kept for various ageing process. For this research work 30 kV
MOSA has been chosen for the laboratory experiments. The healthiness of the MOSA and
proposed novel method has been verified by performing condition monitoring tests and
rigorous ageing process followed. Details of experiments have been explained in detail at
section 3. Ageing process followed has been explained in detail at section 4.

3. Laboratory Experiments
Experiments carried out on 30 kV MOSA in the high voltage partial discharge laboratory.
Initially, following tests have been carried out on both the MOSAs.
1. Partial discharge measurement
2. Measurement of reference voltage at reference current at fundamental frequency
3. Measurement of capacitance and Tan 6
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The technical specifications of the MOSA used for experiment are given in table 1.

Table 1. Specification of MOSA

Rated Voltage (Ur) 30 kV
Maximum Continuous Operating Voltage 24 kV
Nominal Discharge Current 10 kA
Maximum Residual Voltage 90 kVp
Frequency 50 Hz
Basic Insulation Level (BIL) 170 kVp
External Creepage distance 845 mm

80 kV PD free high voltage source, Coupling capacitor (CC), PD detector having sensitivity
less than 0.1 pC has been used for measurement of partial discharge. PD calibrator of 5 pC &
100 pC has been used for calibration of PD circuit The measurement has been carried out in
double shielded high voltage lab with background PD less than 0.1 pC. . The test set-up of PD
measurement has been shown in figure 3. The PD measurement circuit has been shown in
figure 4.

0-80kV
Cc1 cc

7 306V

0-400V ‘ ‘ MOSA
c2 z

Exciter

Transformer 1 1 L J__

kV Meter To PD
Detector

Fig. 4. Experimental circuit for PD measurement

Measurement of reference voltage at reference current of 1 mA has been carried out with
same high voltage source of 80 kV. The MOSA has been earthed through 10 kQ non inductive
resistance. The voltage and current measurement has been done on digital oscilloscope (DSO).
Capacitance and tan delta measurement has been done at 1 kV, 5 kV and 10 kV. For the
measurement of total leakage current and resistive leakage current at frequency ranging from
20 Hz to 200 Hz, 33 kV, single phase high voltage source has been used for voltage
application. Grid simulator of 30 kVA having output frequency range of 16 Hz to 400 Hz has
been used for variation of frequency from 20 Hz to 200 Hz is steps of 10 Hz. The applied
voltage measured using AC/DC High voltage probe. The output of the HV probe has been
connected to digital oscilloscope for voltage and frequency measurement. For the measurement
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of leakage current FFT analysis on digital oscilloscope was used in earlier research [26]. In
this research Leakage current (Ix & It) of surge arrester has been measured using accurate
Leakage Current Analyser (LCA). The measurement has been carried out at voltage level of 15
kV. This measurement has been carried out on both 30 kV MOSA before and after ageing and
database of F-I characteristics has been created. The experimental set-up for the leakage
current measurement has been shown in figure 5 and experimental circuit has been given in
figure 6. The obtained results has been discussed in results and discussion section 5. After
conducting above tests, both MOSAs has been kept for ageing process.

| | |
- )
f A \ =
/=%
/
/
I

Fig. 5. Experimental set-up for leakage current measurement.

Grid Dso
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—\ ‘ ‘ LCA
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0-400V 0-33kV =
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input

Fig. 6. Experimental circuit for leakage current measurement
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4. Ageing Process
The accelerated ageing process for MOSA has been shown in figure 7. Ageing oven of
sufficient capacity used for temperature ageing at 150 °C of MOSA.

eAgeing at temperature at 150 "C— 168
Hours

168 Hour

eApplication of Impulse Current, 1 kAp,
500 Shots

500 Shots

hours

eSalt fog and voltage application 168
168 Hours

*Water immersion for 168 Hours
168 Hours

Fig. 7. Ageing Process of 30 kV MOSA

First MOSA has been kept ageing oven for temperature ageing process at 150 °C for 168
Hours. The MOSAs under temperature ageing has been shown in figure 8(a). After temperature
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ageing, the MOSA has been aged for application of impulse current of 1 kA. Lightning impulse
current of 8/20 uS applied on MOSA. 800 kVp, 40 kJ Impulse voltage system used for Impulse
current application. Non-inductive current shunt of 1 Q used for measurement of impulse
current shunt.

(a) MOSA kept on Oven for temperature

. TR o
(d) MOSA immersed in water
Fig. 8. MOSA Ageing Process
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Capacitive voltage divider used for the voltage measurement. High resolution impulse
analyser used for waveform recording and analysis. The test set-up for ageing by impulse
current application has been shown in figure 8(b). After Impulse current application MOSA
kept inside the salt fog chamber for 168 hours. Salt fog chamber having volumetric dimension
of 15 M? used for salt fog for 168 hrs. For voltage application 50 kV, 1 Amp high voltage
source has been used. MOSA under salt fog ageing has been shown in figure 8(c). Test
parameters maintained in the salt fog chamber is given below,

Applied voltage : 20 kV

Ageing duration : 168 hrs

Water flow rate  : 0,4 1/h/m3 £ 0,1 I/h/m3

Size of droplets : S umto 10 um

Temperature :20°C+£5K

NaCl content of water: Between 1 kg/m3 to 10 kg/m3

After salt fog ageing MOSA has been immersed in normal water at room temperature for
168 hours. Normal tap water used for immersion and kept at room temperature. The water
immersion ageing is shown in figure 8(d). After ageing process, the aged MOSA has been
again evaluated for the similar test. The leakage current at frequency range from 20 Hz to 150
Hz has been measured. The power loss at the same frequency range has also been measured
and data base has been created for the results. The results of leakage current at various
frequency range “I-F characteristics” has been compared for condition monitoring of MOSA.
Additionally, partial discharge measurement, reference voltage at reference current has been
measured to validate the ageing effect of MOSA. The obtained results are discussed in further
in next section.

5. Results and Discussion

Initially, healthiness of both the MOSAs have been verified by conducting various offline
tests. It has been seen that the value of partial discharges increased to very high value. The
reference voltage also increased 9.97 % & 11.37 % after ageing process. The values of
capacitance has not changed significantly but value of tan J increased significantly. The
increased value of tan  indicates moisture penetration inside MOSA. These results indicates
degradation of both the MOSAs after ageing process. The test results of condition monitoring
tests before and after ageing process has been given in table 2, table 3 and table 4. The
variation in capacitance has been given in figure 9 and variation in tan & value has been
shown in figure 10.

Table 2. Measurement of Partial discharges

30kV Applied Measured PD (pC)

MOSA voltage Before Ageing After Ageing
Sample 1 25.2 2.6 1590
Sample 2 25.2 1.2 1230

Table 3. Measurement of Reference voltage at reference current
Ref. Current Measured Ref. Voltage (kV)
kV MOSA
30kVMOS (mA) Before Ageing After Ageing
Sample 1 1.01 30.1 kV 27.1kV
Sample 2 1.01 29.9 kV 26.5 kV
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Table 4. Measurement of capacitance and tan 6

30 KV Applied Before Ageing After Ageing
MOSA Voltage Measured Measured Measured Measured
capacitance Tan 6 capacitance Tan 6
g le 1 1 kV 61.60 pF 0.002519 61.02 pF 0.04529
ample 5KV 60.75pF | 0.007136 | 61.15pF 0.04736
10 kV 59.38 pF 0.005360 60.38 pF 0.05460
1 kV 62.40 pF 0.005216 62.11 pF 0.05886
Sample 2 5kV 61.55 pF 0.005657 61.95 pF 0.06157
10 kV 60.18 pF 0.004256 60.75 pF 0.06742
Variation in capacitance Value
63
62
861
£ 60
& 59
58
57
1 kv 5 kv 10 kv 1 kv 5 kv 10 kv
Sample 1 Voltage Sample 2
m Before Ageing Measured capacitance
m After Ageing Measured capacitance
Fig 9. Variation in capacitance
Variationin Tan 6 Value
0.08
0.06
w0
c 0.04 :I
f
0.02 I I I I
0 f— | - - | —
1 kv 5 kv 10 kv 1 kv 5 kv 10 kv
Sample 1 Sample 2
Voltage
B After Ageing Measured Tan & B Before Ageing Measured Tan 6

Fig 10. Variation in tan o

As per proposed method results of measurement of total leakage current and resistive
leakage current at different frequency before and after ageing has been given in table 5. The
measurement has been carried out at 15 kV voltage level with variation in frequency from 20
Hz to 200 Hz.
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Table 5. Measured leakage current at different frequency

F-I characteristics for sample 1
f (Hz) Before ageing After ageing % variation
It (nA) Ir (nA) It (RA) I (LA) It Ir
20 55.4 11.1 105.4 11.5 90.25 3.60
30 97.2 29.6 142.9 32.2 47.02 8.78
40 137.7 31.2 198.4 35.2 44.08 12.82
50 178.1 36.5 251.7 38.4 41.33 5.21
60 2133 40.2 306.1 40.5 43.51 0.75
70 250.6 41.2 358.4 52.3 43.02 26.94
80 277.3 43.2 409.6 64.5 47.71 49.31
90 324.6 45.5 460.8 68.9 41.96 51.43
100 361.6 48.1 516.2 73.2 42.75 52.18
110 397.8 50.1 568.5 82.4 4291 64.47
120 436.2 53.2 622.9 86.5 42.80 62.59
130 472.5 58.6 675.2 91.2 42.90 55.63
140 510.9 259.1 729.6 368.7 42.81 42.30
150 548.2 368.7 784 522.1 43.01 41.61
160 586.6 390.6 837.3 562.2 42.74 43.93
170 624.2 112.9 892.8 160.5 43.03 42.16
180 662.4 80.1 943.2 112.9 42.39 40.95
190 701.8 61.9 1003.7 91.8 43.02 48.30
200 740.2 54.7 1058.1 72.9 42.95 33.27

It can be seen that the total leakage current of MOSA increase linearly with increased
frequency. Resistive leakage current increased linearly up to frequency of 130 Hz, then
increased exponentially up to frequency of 160 Hz, and decreased linearly above frequency
160Hz. The I-F characteristics for MOSA sample-1 has given in Fig 11.

1200

HA
g
o

Lakage current in
N & OO O
g 888

=]

I-F characteristics of 30 kv MOSA - Sample 1

—9— Before ageing I
—0— After ageing I

100

Frequency in Hz

150

200

—@— Before ageing I,
—@— Afterageing Iy

250

Fig. 11. I-F characteristics of 30 kV MOSA, Sample -1.

The results of measurement of total leakage current and resistive leakage current at
different frequency at 15 kV before and after ageing for sample — 2 has been given in table 6.
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Table 6 Measured leakage current at different frequency

F-I characteristics for sample 2
f (Hz) Before ageing After ageing % variation
It (uA) IR (uA) It (RA) Ir (LA) It Ir
20 55.4 11.1 81.2 12.2 46.57 9.91
30 99.2 25.8 135.4 30.8 36.49 19.38
40 139.7 29.1 200.5 37.2 43.52 27.84
50 181.3 31.2 256.5 38.3 41.48 22.76
60 216.5 32.5 3104 42.1 43.37 29.54
70 252.8 34.5 361.6 55.2 43.04 60.00
80 291.2 45.1 416.5 68.1 43.03 51.00
90 328.5 46.3 470.4 72.3 43.20 56.16
100 364.8 52.3 524.8 74.5 43.86 42.45
110 403.2 54.1 578.1 78.3 43.38 44.73
120 440.5 55.2 632.5 82.3 43.59 49.09
130 480.2 63.1 686.9 96.6 43.04 53.09
140 514.1 249.2 741.3 390.6 44.19 56.74
150 555.7 379.4 795.7 543.2 43.19 43.17
160 594.1 405.3 851.2 583.8 43.28 44.04
170 636.7 118.9 905.6 170.9 42.23 43.73
180 672.2 81.6 961.5 115.1 43.04 41.05
190 709.3 70.4 1018.6 96.6 43.61 37.22
200 749.8 51.9 1073.2 81.6 43.13 57.23

Here similar pattern has been observed i.e.

Total leakage current of MOSA increase

linearly with increased frequency and resistive leakage current increase up to 130 Hz than
restive leakage current exponentially for 150 Hz and above 160 Hz frequency resistive current
decreased. The I-F characteristics for MOSA sample-2 has given in Fig 12.

El

Lakage current in

1200
1000
800
600
400
200

I-F characteristics of 30 kV MOSA - Sample 2

100

150

Frequency in Hz

—@— Before ageing |l;
=—0— Aftee ageing IT

200

—@— Before ageing IR
=0— Aftee ageing IR

250

Fig. 12. I-F characteristics of 30 kV MOSA, Sample 2.

For Sample -1 after ageing process it can be seen that the total leakage current (Ir) at 20 Hz
increased by 90.25 %, at 50 Hz increased by 41.33 %, at 100 Hz increased by 42.75 %, at 150
Hz increased by 43.01 % and at 200 Hz it is increased by 42.95. After ageing process resistive

631




Novel Approach for Condition Monitoring of Metal Oxide Surge Arresters

leakage current (Ir) at 20 Hz increased by 3.60 %, at 50 Hz increased by 5.21 %, at 100 Hz
increased by 52.18 %, at 150 Hz increased by 41.61 % and at 200 Hz it is increased by 33.27%.
For sample — 2, after ageing process it can be seen that the total leakage current (Ir) at 20 Hz
increased by 46.57 %, at 50 Hz increased by 46.57 %, at 100 Hz increased by 43.86 %, at 150
Hz increased by 43.19 % and at 200 Hz it is increased by 43.13. After ageing process resistive
leakage current (Ir) at 20 Hz increased by 9.91 %, at 50 Hz increased by 22.76 %, at 100 Hz
increased by 42.45 %, at 150 Hz increased by 43.17 % and at 200 Hz it is increased by 57.23%.
There is major increased observed in total leakage current and resistive leakage current after
ageing, it indicates degradation of MOSAs. The results of Partial discharges and tan &
measurement also indicates degradation of both the MOSAs. Hence, proposed technique in
useful tool to verify the healthiness of MOSA. The F-I characteristics with further higher
frequency i.e. up to 500 Hz and different voltage level is further scope of research.

6. Conclusion

In this paper new criteria based on I-F characteristics has been proposed, as condition
monitoring tool for metal oxide surge arrester. The results are as follows.
It has been observed that total leakage current increased with increased in frequency however
resistive leakage current observed maximum between frequency of 140 Hz to 160 Hz. Similar
results obtained for both the samples for new and aged MOSAs. It can be seen that the surge
arrester degradation effects on residual voltage and reference voltage of surge arrester. The
value of capacitance does not indicate variation, however value of dissipation factor i.e. tan &
considerably increased after ageing. The F-I characteristics with further higher frequency i.e.
up to 500 Hz and different voltage level is further scope of research.
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