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ABSTRACT ... 
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Abstract 

Metal Oxide Surge Arresters (MOSA) degrade in service under the influence of constant 

working voltage, interna1 partial discharges, non-uniform voltage distribution, possible 

moisture ingress and the occurrence of transient or sustained over-voltage; al1 of the above 

result in an increased vaiue of resistive leakage current. The degradation of MOSA in ser- 

vice is diagnosed by using the third harmonic content of the resistive portion of the 

arrester leakage current as an indicator. 

This thesis investigates errors in the diagnostic indicator due to the hysteresis character of 

the valve elements, the effect of stray capacitance and voltage harmonics. 

A method is proposed to assess the discerning ability of the diagnostic indicator due to 

hysteresis character of the valve elements and voltage harmonics. Effect of stray capaci- 

tance on the diagnostic indicator is investigated by carrying out simulations in P S C A D ~ ~  

using a mode1 developed in the present work. 

The simulation results show that the diagnostic indicator is infiuenced by hysteresis char- 

acter of the valve elements, stray capacitance and voltage harmonics. The diagnostic indi- 

cator is affected by the location of the aged valve element in the arrester colurnn. 
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CHAPTER 1 Introduction 

The pnmary function of a Meta1 Oxide Surge Arrester (MOSA) is to protect transmission 

and distribution equipment fkom overvoltages and to absorb electrical energy resulting 

fkom lightning or switching surges and from temporary overvoltages [l]. The active part 

of the arrester consists of series-comected metal oxide valve elements. 

1.1 General Characteristic of Metal Oxide Valve Element 

Meta1 Oxide (MO) valve elements are ceramic resistors with a highly nonlinear current- 

voltage charactenstic applicable for transient overvoltage suppression. The nonlinear 

resistivity is an inherent bulk property of this composite ceramic resistor, which consists 

mainly of Zn0  with a relatively small amount of several additives of other metal oxides 

such as Bi203, CoO, Mn03, Sb203. These additives determine essentially the electric 

properties of the valve element. On a rnacroscopic scale the additives are almost homoge- 

neously distributed throughout the varistor body. The microstnicture of the composite 

ceramic is built up of electrically conducting Zn0  grains separated by grain boundaries or 
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thin intergranular phases of significantly different composition. The varistor therefore rep- 

resents a network of series and parallel arrangements of highly doped Z n 0  grains sepa- 

rated by intergranular junctions. These junctions contain localized charges which give rise 

to depletion regions within the doped grains and, as a consequence, to symmetrical Schot- 

tky bamers at the grain boundaries. These barriers cause the observed nonlinear conduc- 

tion [2]. Fig. I.l(a) shows the microstructure of a metal oxide valve element and Fig. 

1.2(b) its schematic representation. For a large number of grains in parallel and series the 

two structures lead, statistically, to the same electric properties. 

Fig. 1.1 a) Microstructure and construction of Zn0 valve element b) Schematic 
representation of senes and parallel arrangement of grains and junctions. 
A:comections; B:Metallic electrodes; C:Intergranular layers; D:ZnO grains [2] 

The nominal voltage of  a valve element is proportional to its length. The valve elements of 

equal cross section can be connected in series (stacking), whereby the nominal voltages 

are added. The current carrying capacity of a valve element is proportional to its cross sec- 

tion. 
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1.2 Modeling of Meta1 Oxide Valve Element 

The expenmentally derived voltage-current charactenstics of a standard metal oxide valve 

element, 80 mm in diameter and 20 mm high, is shown in Fig. 1.2 for different tempera- 

t ue s  [3]. The variation of the resistive component 1, and the capacitive component 1, of 

the current through the metal oxide disk may be explained on the basis of the conduction 

mechanism of the microstructure shown in Fig. 1.1. 

Fig. 1.2 Typical voltage-current charactenstics of a metal oxide disc (80 mm diameter, 
20 mm height) [3] 

As seen from Fig. 1.2, the characteristics of the resistive component are divided into three 

regions. The conduction mechanism in the region 1 is explained by means of energy barri- 

ers in the granular layer. The barriet prevents electrons fiom moving fiom one layer to 



another. An electric field has the effect of lowering these barriers and electrons pass over 

them thermally. This is called Schottky emission and gives rise to small current through 

the material. 

In the middle and high electric field regions, the conduction mechanism of metal oxide 

valve element can be explained by the tunnel effect and reversed-biased Schottky emis- 

sion respectively [3]. 

Fig. 1.3 Representation of metal oxide valve element. 

For the entire operating region a valve element may be represented as in Fig 1.3 [3]. Here, 

Ri represents the non-linear resistance of the granular layers, where the resistivity p 

changes from 108 Rrn for low electric field stress to just below 0.01 am for high stress. 

The granular layer has a relative dielectric constant between 500 to 1200 depending on the 



manufacturing process; R, is the resistance of the Zn0  grains with resistivity of about 

0.01 Rm; L represents the inductance of the metal oxide disc and is determined by the 

geometry of the current flow path. 

The objective of arrester application is to select the lowest rated surge arrester that will 

have a satisfactory service life on the power system while providing adequate protection 

of equipment insulation. An arrester of the minimum practical voltage rating is generally 

preferred because it provides the greatest margin of protection for the insulation. The use 

of a higher voltage rating increases the capability of the arrester to survive on the power 

system, but reduces the margin of protection it provides for a specific insulation level. 

Thus, arrester selection must strike a balance between arrester survival and equipment 

protection. The continuous operating voltage of an arrester falls within region 1. The 

scope of this thesis is limited to a study of arrester characteristics in region 1 as shown in 

Fig. 1.2. 

In region 1, RZ « Ri and inductance L cm be neglected. Therefore in the normal operat- 

ing region we can mode1 the metal oxide valve element as a nonlinear resistor with linear 

capacitive elernent in parallel. Characteristics of the non-linear resistor and capacitive 

valve element are discussed in Chapter 2. 

1.3 Deterioration of MOSA 

MOSA degrades in service under the influence of constant working voltage, intemal par- 

tial discharges, non-uniform voltage distribution, possible moisture ingress and the occur- 



rence of transient or sustained over-voltage; al1 of the above result in an increased value of 

resistive leakage current [4]. 

Interna1 partial discharges cause degradation of MOSA. It is known that some gases may 

be formed in service because of partial discharge inside the MOSA housing. The granular 

layer of MOSA reacts chemically with the surrounding unstable gas molecules, which 

results in the deterioration of the electrical property of the combination of Zn0 and its 

granular layers. To limit this effect, measures may be taken in the process of selection of 

MOSA and sealing techniques. 

The axial voltage distribution is affected by the stray capacitance. The existence of any 

stray capacitance will cause a non-uniform voltage distribution. Thus, the gradient will be 

higher than the average across the valve element near the top, and lower than the average 

across valve elements near the bottom. If the axial voltage is non-uniform, premature age- 

ing of some valve elements will result in the short lifetime of the arrester [SI. 

A high transient or sustained voltage, hence a high current stress on MOSA, will also 

cause the degradation in MOSA. High current through MOSA results in an excessive local 

current density through the granular layers, and this may partially destroy them. 

Thus, with the passage with time, a MOSA may exhibit ageing. The aged MOSA mani- 

fests itself in an increased component of resistive leakage current, especially the 3rd har- 

monic component. A senous consequence of this increased leakage current is that the 

energy absorption capability decreases which in tum may lead to thermal mnaway and 
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cause failure of MOSA. Therefore, it is very important to periodically check the condition 

of MOSA in service to ensure that its operating characteristics are acceptable. 

1.4 On-site Diagnostic Testing Techniques 

Different rnerhods have been proposed for monitoring the condition of MOSA. Some of 

these techniques are based on the measurernent of radio interference, partial discharge and 

emitted electromagnetic radiation. However, these methods may not detect the real operat- 

ing condition of MOSA due to interference from the other sources on-site. 

On the other hand. diagnostic techniques based directly on the measurement of Ieakage 

currents are popuiar and have offered the most promise. These methods which are cur- 

rently used for on-site diagnostics include: measurement of the total current 161, the resis- 

tive leakage current[7, 81, higher order harmonic currents in the total current [ I l  and the 

zero sequence current measuring method [9]. 

As an alternative to leakage based methods, the temperature of MO valve element can be 

be used for diagnosis purposes [IO]. 

1.4.1 Measurement of total leakage current 

Measurement of the total leakage current is commonly implemented by means of a pema- 

nently installed milliampere-rneter, which shows the average of the rectified leakage cur- 

rent, or by a portable instrument for average and peak level measurements. These 

measurements have a very low sensitivity and are inadequate for determining the condi- 

tion of MOSA [12]. 



INTRODUCTION 8 

1.4.2 Direct measurement of the resistive leakage current 

A direct de:mnination of the resistive leakage current component is the most desirable 

method since it allows an immediate comparison with the expected level of resistive cur- 

rent at the prevailing operating condition. The resistive component of the current is found 

by registering the leakage current at the instant when the voltage across the arrester is at its 

peak. However, this method is usually hard to apply in practice. First, it requires that the 

voltage across the arrester be measured simultaneously with the leakage current and, sec- 

ondly, the phase shift of the voltage measurement to be negligible. Furthermore, it is 

required that potential transformers fulfilling this requirement, are present in al1 phases, 

and that the connections can be made during the operation of the system. 

It is very difficult to satisfy al1 the conditions for in-service diagnosis. Therefore direct 

measurement of the resistive leakage current is possible to perform only in special cases. 

This method could be used in a laboratory setup. Manitoba Hydro uses such a method to 

check the condition of MOSA in a laboratory setup as well as under field conditions. The 

method used by Manitoba Hydro is discussed bricfiy in Appendix A. 

1.4.3 Harrnonic analysis of the leakage current 

Due to the non-linear resistance of the metal oxide valve element, the leakage current con- 

tains harmonies when the arrester is energized with a sinusoidal voltage. Since the ampli- 

tude of the harrnonic currents increase with the resistive component of the leakage current, 

the harrnonic content can be used as an indicator of the arrester condition. 



Different irnplementations of this method have been presented in the past: Determination 

of the ratio of the surn of the harmonics to the total leakage current [ l l ] ,  and measure- 

ments of the third order harmonic current alone [l]. The presence of harmonics in the sys- 

tem may, however, interfere with the harmonics generated by the non-linear resistance of 

the surge arrester. To compensate for this error a new method was proposed in [ 121. A 

diagnostic instrument based on [IS] is available at Manitoba Hydro. This instrument uses 

a field probe to compensate for harmonics in the system voltage. The diagnostic indicator 

is influenced by the probe position 141 and this may again lead to errors. 

1.4.4 Measurement of the temperature of MO valve element 

There are several parameters that effect the temperature of the MO column. At any time, 

independent of element history, the energy absorption capability of the arrester is deter- 

mined by the actual MO valve element temperature [IO]. Therefore, the temperature of the 

MO column can be used as a critenon whether the arrester is working in (thermally) stable 

condition or not. The recent development of a temperature measurement technique which 

allows remote measurement of temperature by passive sensors directly within the MO col- 

umn [13], gives rise to the possibility of using temperature as a diagnostic indicator. 

1.5 Scope of the Present Investigation 

In this study the 3rd harmonic component of the resistive current is considered as the diag- 

nostic indicator. This thesis investigates errors in the diagnostic indicator due to the hys- 

teresis character of the valve elements, the effect of stray capacitance from a ta11 arrester 
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column, valve element non-homogeneity and off center positioning of the valve elements 

@orcelain housing). 

1.5.1 Effect of hysteretic cbaracteristics of the valve element on diagnostic indicator 

The third harmonic content consists of two components, Le., a component due to the non- 

linear volt-ampere characteristics of the MOSA and an error component due to the pres- 

ence of voltage harmonics. In previous work [14] the disceming ability of a diagnostic 

method to the error component was investigated using simplified v-i, charactenstics. In 

the present study a similar analysis is carried out considering the hysteretic nature of the 

valve element. The proposed method involves the expenmental determination of the v-i, 

characteristics of an arrester followed Sy a simulation procedure which calculates the third 

harmonic currents. This aspect is discussed in detail in Chapter 3. 

1.5.2 Off-center positioning of MO valve elements 

In the older versions of porcelain type MOSA, there is a gap between the arrester stack 

and the porcelain case. Due to this gap and due to handling valve elements may not be 

lined up vertically. The effect of this off-centering on the diagnostic indicator is investi- 

gated. Results are given in Chapter 2. 

1.5.3 Simulation of 115 kV MOSA 

A 1 15 kV arrester was simulated using PSCAD/EMTDC! This allows the investigation of 

stray capacitance effects and ageing of individual valve elements. Chapter 4 deals with 



modeling of MOSA with stray effects and the simulated results for various cases are given 

in Chapter 5 .  

t EMTDC is a general purpose time dornain simulation program for simulating power systerns transients and its con- 
trols. PSCAD is its integrated graphical user interface. 



CHAPTER 2 Modeling of Metal Oxide Valve 
Elements 

As indicated in Chapter 1, a Meta1 Oxide (MO) valve element can be modelled as a non- 

linear resistor in parallel with a capacitive element. Fig. 2.1 shows the simple mode1 con- 

sidered in this thesis. This chapter deals with finding the characteristics of the resistive 

eiement and the value for the capacitive element. 

Fig. 2.1 Simplified representation of MO valve element 
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2.1 Simple MO Valve Element Model 

Under normal operating conditions, there is a small leakage current, I,, in the arrester. This 

current contains two components: a resistive component, 1, due to the resistive element 

and a capacitive component, I,, due to the capacitive element. The resistive component of 

the current through the MO valve element depends on the granular layer and is thus influ- 

enced by the manufacturing process, selection of the material and production. Hence, a 

considerable variation of the resistive current characteristics for different production lots 

and, in particular, for different manufacturers should be expected [3]. Typically 1, is in the 

range of 50 to 250 pA [12]. 

2.2 Derivation of v-i, Characteristics of the Resistive Element. 

The denvation of v-i, characteristic requires experimental data and use of a software pro- 

gram to implement a numerical technique. The experimental set-up is shown in Fig. 2.2. 

D ivider i VI- 3 
O sclloscope 

TEK TDS-340 

:A.*. -- . 
. ... ..-,. . - m 

GPIB 

Computer PSOO 

Fig. 2.2 Schematic diagram of single phase laboratory set-up to obtain applied voltage 
and leakage current. [V.E.: MO valve element] 
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2.2.1 Experimental set-up to record voltage and leakage current 

The laboratory set-up is shown in Fig. 2.2.; two MO valve elernents were used in series. 

The dimensions of the disk were 40 mm in height and 35 mm in diameter. The shunt is 

purely resistive with resistance value of 9.94 ka The resistive divider ratio is 1000: 1 

[ 1 OOMO / 1 OkR]. The total current through the valve element was measured by measuring 

the voltage across the shunt and total applied voltage was obtained through the divider. 

These two signals were captured using digital storage oscilloscope TEK 340 [15]. 

Fig. 2.3 Applied voltage and leakage current waveforms for unaged MO valve element 
pair. 



MODELING OF METAL OXIDE VALVE ELEMENTS 15 
- 

Fig. 2.3 shows voltage and current waveforms obtained for an applied voltage of 11.5 kV 

for a unagedt MO valve element pair. Voltages are expressed in p.u. using a base of 1 1 kV 

for the valve element pair. 

Once the voltage and total current had been obtained, the resistive leakage current was 

found by using a technique described in the following section. 

2.2.2 Derivation of v-i, characteristics 

Using the Compensation Technique described in [4] the v-ir characteristic for the MO 

valve element can be found. This characteristic essentially describes the nonlinear behav- 

ior of the resistive etement. 

The Compensation Technique is a numerical method which employs the orthogonal prop- 

erty of 1, and 1, to calculate the value of capacitance, C Fig. 2.1 on page 121. A detailed 

discussion on the capacitive element is included in section 2.3. Once the capacitance and, 

fundamental and harmonic components of the applied voltage are known, 1, due to funda- 

mental voltage and other harmonics present in the applied voltage can be calculated. Since 

the voltage magnitude of the harmonics above the 1 lLh order are usually small, 1, due to 

these voltages are neglected. Knowing I,, 1, can be found by removing the capacitive com- 

ponent from the tota1 current. Fig. 2.4 shows the voltage, capacitive current and resistive 

current corresponding to the waveforms shown in Fig. 2.3. 

t Previous work by Zhu [4] catcgorized valve elements into unaged. aged and damaged bascd on their simplified v-ir 
chancteristics. 
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0.01 
Time (s) 

Fig. 2.4 Waveform of applied voltage, capacitive current and resistive current of MO 
valve element pair. 

It has to be noted that Ir is not symmetrical about its peak value. This unsymmetrical 

nature can be clearly seen in Fig. 2.5 which shows the v-i, characteristic of the resistive 

element. There is a zero offset in 1, and it is high compared to Manitoba Hydro's mea- 

sured data. In Manitoba Hydro, they use a technique based on hardware implementation 

where as in this work software based rnethod, which does not account for any inductance 

in the circuit, is used. 
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This characteristic is unique to the resistive element for the particular peak value of the 

applied voltage used to derive it (i.e. 11 -5 kV) and it is independent of the hamonic con- 

tent in the applied voltage. This characteristic shows a hysteretic behavior, and an expla- 

nation of this behavior is beyond the scope of this thesis. 

- 

- 

- 

-21 1 1 1 1 I 1 1 1 1 i - 1 -0.8 -0.6 -0.4 -0.2 O 0.2 0.4 0.6 0.8 1 
Resistive Lea kage Cu rrent(mA) 

Fig. 2.5 v-i, characteristic curve of MO valve element pair at voltage of 1 1.5 kv 

The v-i, characteristics for different voltages were obtained and Fig. 2.6 shows a few such 

curves that have been used to find the simplified v-i, curve of the MO valve element as 

described in the next section. 
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The v-i, characteristics of an actual arrester tested by Manitoba Hydro is shown in Fig. 

A.4 of Appendix A. This characteristic was derived using Manitoba Hydro's experimental 

data Fig. A. t on page 581 and the Compensation Technique. In Appendix A the possibil- 

ity of including the Compensation Technique in Manitoba Hydro's test procedure is sug- 

gested. 

The v-i, characteristic is sensitive to temperature of the MO valve elernents. Therefore 

when collecting data, a sufficient time interval should be allowed between two successive 

readings so that data is not effected by the temperature rise in the MO valve elernent. 

Resistive Leakage Current(mA) 

Fig. 2.6 v-i, characteristics at different voltages [10.5 kV, 1 1 .O kV, 1 1.5 kV]. 
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2.2.3 Derivatioa of simplified v-i, characteristics 

Surge arresters consist of several valve elements in series to obtain a desired protection 

level. To mode1 a surge arrester, we need the v-i, characteristics for the valve element 

which are valid for the range of voltages considered in the simulation. Accurate m o d e h g  

requires either analytical or experimental determination of the v-i, relation for voltages 

considered in the simulation. An analytical approach is very dificult if not impossible. 

Experimental determination is not practical since it requires determination of the v-i, char- 

acteristics at many voltages covering the expected range of voltage variations in practice. 

x Tps of hysteretic v-ir curvcs . - Simpüfied r i r  curve 

1 1 .S 2 2.5 
Resistive Leakage Current(rnA) 

Fig. 2.7 Simplified v-i, curve for unaged MO valve element pair. [I .O pu .  = 15.56 kV] 
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To overcome this problem, a simplified v-i, characteristic, which approximates the resis- 

tance of the MO valve element was derived.This curve is the locus of the tips of the v-i, 

characteristics obtained using the laboratory set-up p i g .  2.2 on page 131. 

Fig. 2.7 shows the experimental data corresponding to the tips of the v-i, characteristics 

and the simplified v-i, characteristics of an unaged MO valve element pair. The sirnplified 

curve is a multi-segment polynomial representation. From examination of the data in Fig. 

2.7, it is obvious that the v-i, relationship is prominently nonlinear for v > 0.8 1 p.u. For v 

10.8 1 p u  the nonlinearity, although evident, is not as pronounced. A two segment poly- 

nornial representation is therefore proposed. It was found that a good fit could be achieved 

by using a fifth order polynomial representation. In the voltage range v 5 0.81 p.u, the 

polynomial representation is given by: 

and for the voltages greater than 0.8 1 p-u., the representation is: 

However these equations can not be directly used in the simulation model discussed in 

Chapter 4. In the simulation model nonlinear resisiance is represented in the form of a data 

file that agrees with v-i, characteristic. Therefore a data file is created to represent the 

derived equation and in the data file, the step length of voltage is 0.01 p.u. If voltage and 

resistive current are known, the nonlinear resistance of the valve element is the ratio 

between instantaneous voltage and current. In the simulation model a data file represent- 
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ing voltage and resistance is used. Simplified v-i, characteristic for an aged element set 

was also obtained and handled in a similar manner. 

2.3 Capacitive Element of the MO Valve Element 

The capacitance of the MO valve element depends only weakly on the applied voltage, 

temperature and frequency [Ml. Temperature dependency is not considered in this thesis. 

This section deals with voltage dependency of the capacitive element. The physics behind 

the vol tage-current properties are discussed in [ 171. 

The typical specific capacitance of the MO valve element is 75 p ~ . k ~ l c m 2  and typical val- 

ues of the capacitive current range from 0.5 to 3 mA [12]. For a complete surge arrester, 

the capacitive current depends on the number of valve elements in parallel, the stray 

capacitance and the actual operating voltage. 

2.3.1 Measurement of capacitance 

The capacitance of a MO valve element pair for different voltages were measured using 

the Capacitive and Tan Delta Bridge [18]. The results for unaged and aged valve elements 

are given in Table 2.1. 

Table 2.1 Results of experimental and simulation values of capacitance of MO v 
element pair. Capacitance is given in pF. 

Voltage 

[kv] 
1 .O 

2.0 

3 .O 

Aged 

Experimental 

328.3 1 

326.28 

322.28 

Unaged 

Simulation Experimental 
296.33 

295.76 

293.68 

Simulation 
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Table 2.1 Results of experimental and simulation values of capacitance of MO valve 
elernent pair. Capacitance is given in pF. 

Voltage Unaged 

Experimental 
290.48 

Simulation 

Measurements were made up to 8.0 kV rms. The capacitance found using the Compensa- 

tion Technique is also tabulated. At very low voltages the resistive current is so insignifi- 

cant that the Compensation Technique can not be used to calculate capacitance accurately. 

The capacitance values derived from experiment and simulation are close and the trend of 

variation is similar for aged and unaged MO valve elements. Both techniques, experimen- 

ta1 and simulation, assume MO valve elements to be modelled as a nonlinear resistor in 

parallel with a capacitive element Fig. 2.1 on page 121. The capacitance of the MO valve 

element depends on the voltage; thus the value found in both methods yield only the aver- 

age value of valve element capacitance. For a more accurate value, rnixed voltage tests 

1191 where the ratio of the AC component to the total voltage can be varied, may be used. 

In this method a very small alternating voltage is superimposed on a larger direct voltage. 

The altemating voltage level is then kept constant and direct voltage is varied. The capac- 

itance of the MO valve element is measured using special setups and bridges. 
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Voltage (kV) 

Fig. 2.8 Experimental and simulation values of capacitance for unaged and aged MO 
valve elements 

2.4 The v-i, Characteristics of Off-Centered Valve Elements 

Due to the air gap between MO valve elements and it's casing, in a porcelain housing, MO 

valve elements may be off-centered. Effect of this was examined using the set-up shown 

in Fig. 2.2. Due to off-centering, the contact surface between two adjacent MO valve ele- 

rnents are reduced. Three cases were considered. 

1. There is no off-centenng Le. 100% of the surfaces are in contact. 

2. Only 95% of the surfaces are in contact due to off-centering 

3. Only 90% of the surfaces are in contact due to off-centering 
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The magnitude of diagnostic indicator (obtained experimentally) for different cases with 

varying voltages are shown in Table 2.2. 

Table 2.2 Effect of off-centering on the diagnostic indicator (PA) of unaged arrester. 

For each case in Table 2.2 [column #3], the applied voltage was adjusted to 11  .O kV rms. 

After recording data it was found that the actual voltages were 1 1.18, 1 1.22 and 1 1 .O5 kV 

rms for the 3 cases respectively. The conclusion is that the effect of off-centering on the 

diagnostic indicator is minimal and that the error can be ignored. 

- - 

A similar conclusion was arrived at by examining the data obtained at a voltage of 10.0 kV 

rms. In this case recorded voltages were 10.01, 10.31 and 10.17 kV rms for the 3 cases 

respective1 y. 

Case 

Case 1 

Case 2 

Case 3 

Voltage (kV) 

10.0 

48.39 

57.5 1 

49.12 

11.0 

129.48 

1 29.96 

127.85 



CHAPTER 3 Muence of Hysteretic v-i, 
Characteristics on Diagnostics 

-- -- - 

The degradation of Metal Oxide Surge Arresters (MOSA) in service is diagnosed by using 

the third harmonic content of the resistive portion of the arrester leakage current as an 

indicator. The third harmonic content consists of two components, i.e., a component due to 

the nonlinear volt-ampere characteristics of the MOSA and an error component due to the 

presence of voltage harmonies. 

In order to assess the disceming ability of an on-site diagnostic method to the error com- 

ponent its indicator has to be compared with that of a benchmark method [20]. This chap- 

ter discusses such a method. 

3.1 Introduction 

As discussed in Chapter 2, a MOSA can be modeled as a nonlinear resistive element in 

parallel with a capacitive element. The total leakage current comprises of capacitive and 

resistive currents. The third harmonic content of the resistive component, Ijr(NL+h). arises 

due to two reasons (141: the nonlinear characteristics of the resistive element (identified 
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by the letters NL in IJr(NL+h)), and secondly due to the presence of harmonics in the sys- 

tem voltage (identified by the letter h in 13rRn+h)). The third harmonic component due to 

the presence of voltage harmonics depends on the phase and the magnitude of voltage har- 

monics. Essentially this component is impacted by a change in the peak of the applied 

voltage and its shape. 

When using a diagnostic rnethod to determine the condition of a MOSA, it is important to 

know whether it measures the tme third harmonic component, 13r(NL), arising solely due to 

the nonlinear v-i, relation of the MOSA. If not, it may be of some benefit to have knowl- 

edge of the error arising due to the difference between 13r(NL) and 13rmL+h)- 

In this chapter, a method is proposed to assess the discerning ability of a diagnostic 

method to the error component. The proposed method involves the experimental determi- 

nation of the volt-ampere characteristics of an arrester followed by a simulation procedure 

which calculates the third harmonic currents, 13r(NL) and 13r(NL+h) This information 

together with the third harmonic current obtained from a diagnostic method enables one to 

assess it. 

3.2 Evaluation of Discerning Abitity of a Diagnostic Indicator 

This proposed method is explained by application to two metal oxide transmission class 

valve elements in series. The MCOV of this arrangement is 11 kVms, which is considered 

to be 1.0 p.u. throughout this chapter. The procedure is explained in the following sec- 

tions. 
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3.2.1 Evaiuation procedure 

A Derivation of v-i, characteristics 

As discussed in Chapter 2, hysteretic v-i, charactenstics for different voltages were 

obtained. One such graph shown in Fig, 3.1. The voltage considered in denving the char- 

acteristic in Fig. 3.1 includes harmonies. 

-2 1 1 1 I 1 1 I 1 1 - 1 -0.8 -0.6 -0.4 -0.2 O 0.2 0.4 0.6 0.8 1 
Resistive Leakage Cunent(mA) 

Fig. 3.1 v-i, characteristics of MO valve element 

This characteristic, which is hysteretic in nature, is the tme voltage-current charactenstic 

of the two valve elements considered in this work. 
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B 1, due to noniinear characteristics 

The characteristic in Fig. 3.1 depends on the peak value of the applied voltage but is inde- 

pendent of the harmonic content of the voltage i.e. although 1, depends on the hamonic 

content of the applied voltage, its voltage-cwent characteristics are independent of har- 

monic content but depend on the peak value of the voltage. Based on above premise, the 

characteristic in Fig. 3.1 can be used to obtain 13rwLp In this procedure the v-i, character- 

istic is represented as a look-up table where voltage is the input and the output is Ir. The Ir 

due to nonlinear effect only may be found by using a pure discretized sine wave as input. 

Table 3.1 Tabulation of current 13r(NL+h) and 13r(NL) at various voltages 

C Obtaining the diagnostic indicator 

v 

Fourier analysis is performed on the 1, obtained in the previous step and on the Ir fkom 

experimental data. Table 3.1 gives the results of cornparison of the diagnostic indicator. 

Error 
YO 

5.54 

6.12 

6.84 

6.07 

4.38 

5.80 

3 -96 

4.28 

8.24 

4.99 

3.79 

Voltage 
[kV) rms 

10.50 

Vpeak 
[P-u-] 
0.953 

IJ~ (NL+~)  
[mA]rms 

0.0665 

10.60 

10.70 

10.80 

10.90 

1 1 .O0 

11.10 

1 1.20 

1 1.30 

1 1.40 

1 1.50 

I~~(NL) 
[mAIrms 

0.0704 

0.0690 

0.0763 

0.0898 

0.0960 

0.0975 

0.1 141 

O. 1252 

0.1314 

0.1523 

0.1876 

0.963 

0.969 

0.983 

0.993 

1.000 

1 .O09 

1 .O 19 

1 .O34 

1 .O41 

1 .O47 

0.0735 

0.08 19 

0.0956 

0.1004 

0.1035 

0.1 188 

0.1308 

O. 1432 

0.1603 

O. 1950 
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The diagnostic indicator obtained experimentally is shown in the column 3. Column 4 

shows the diagnostic indicator obtained by simulation which used a discretized pure sine 

wave as the input. 

3.2.2 Discussion 

Table 3.1 shows the results at various voltages in the range of 0.953 to 1.047 p.u. The dif- 

ference between 13r(NL) and 13rm+h) as a percent of 13r(NL) is listed in the Table 3.1. 

The error is positive and depends on the harmonic content of the voltage which, in the lab- 

oratory set-up, was not constant. For exarnple the 3rd, 5th, and 7'h harmonics at a voltage 

of 1 .O34 p.u. were 0.33%, 2.72% and 1.39% respectively; at 1.047 pu. of voltage the cor- 

responding values were 0.18%, 2.32% and 0.87% respectively. 

It is very important that the peak of the discretized voltage should be exactly equal to the 

peak of the applied voltage used in the experiments to amve at the particular v-i, plot. If 

this is not the case the resulting current waveform will be erroneous because of abrupt 

changes at the peak of the applied voltage where the slope changes sign. 

3.3 Investigation of Influence of Voltage Harmonies on the Diagnostic Indicator 

As pointed out earlier, the v-i, characteristic denved in the previous section [See "Deriva- 

tion of v-ir characteristics" on page 27.1 is the true v-i, characteristic of the device. The 

influence of harmonics on the diagnostic indicator can be examined by simulation. Volt- 

age waveforms with known harmonic content were generated digitally. Third, fifth and 
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angles with respect to the fundamental are 180,0, and 90 degrees respectively. These val- 

ues were chosen because the results of previous work [4] and the present effort indicate 

that the effects of the voltage hamonics are most pronounced at these phase angles. For 

each voltage waveform the corresponding resistive current wavefonn is obtained from the 

v-i, charactenstics. 

Table 3.2 Simulation results showing effect of voltage hannonics on the diagnostic 
indicator 

Harmonic analysis of the current waveform yields 13r(NL+h). This is compared with 13r(NL) 

found by harmonic analysis of the resistive current obtained by consideration of a pure 

sinusoidal voltage as explained earlier. Table 3.2 shows the results obtained. 
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It is seen that the voltage-harmonic induced error varies over a wide range of vaIues fiom 

negative to positive. At a particular value of applied voltage the error increases as the har- 

monic content increases. For the same hannonic content the error generally increases as 

the applied voltage magnitude increases. 

-1.21 I I 
t I 1 1 1 1 

O 2 4 6 8 1 O 12 14 16 
Time (ms) 

Fig. 3.2 Applied voltage. Continuous curve is contaminated with harmonies and the 
other is pure sine wave. 

As an arrester ages its resistive current increases and the effect of voltage harrnonics will 

be similar to that shown in Table 3.2 as the applied voltage is increased. Fig. 3.2 shows 

waveforms of applied voltage for the hmon ic  contaminated and pure sinusoidal voltage 
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of peak value 1.0 pu. The 3rd, 5th, and 7th hannonics in the harmonic contaminated volt- 

age were 1.50%, 1 -5 1 % and 1.50% respectively 

-0.5 - 1 1 1 1 I 1 1 I 

O 2 4 6 8 1 O 12 14 76 
Tirne (ms) 

Fig. 3.3 Resistive current corresponding to harmonic contaminated voltage (thin 
continuous line) and pure sine voltage. 

Fig. 3.3 shows resistive currents corresponding to applied voltages shown in Fig. 3.2. 

The method discussed in this section allows one to obtain a diagnostic indicator which is 

independent of the harmonics in the applied voltage. This could be used as a benchmark to 

evaluate the performance of other diagnostic tools under harmonics contaminated volt- 

ages. 
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The drawback of this method is that it requires knowledge of applied voltage and this 

imposes a limitation on the application of the technique. However for new and used 

MOSA, diagnostic tests are camied out in laboratories (e.g. Manitoba Hydro Test Lab) and 

this method could be used under such conditions. 



CHAPTER 4 Modeling Technique of MO Surge 
Arrester Including Stmy 
Capacitance 

- - - - -- - 

A Meta1 Oxide Surge Arrester consists of a stack of valve elements mounted in a sealed 

housing. This chapter deals with modeling of a 115 kV arrester considering stray capaci- 

tance to ground. 

4.1 MOSA without Stray Capacitance 

A porcelain arrester rated at 1 15 kV is considered which consists of 14 MO valve ele- 

ments in senes; the relative permittivity of each valve element is approximately 500. The 

mode1 considered in the simulation is shown in Fig. 4.l(a). Each valve eIement pair is con- 

sidered as a unit and each unit is modelled as discussed in Chapter 2 [Fig.4.l(b)]. The 

resistance of the MOSA varies with instantaneous applied voltage and it's nonlinear char- 

acteristics are govemed by the simplified v-i, characteristic shown in Fig. 4.1(c). The 

capacitance varies with applied voltage as well but it is not significant, and it is assumed to 

be constant at a value of 275pF. Without stray capacitance, the voltage distribution along 

the arrester is uniform. 
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V4r Characteritics 

'" 1 

Fig. 4.1 MOSA without strays 

4.2 MOSA with Stray Capacitance 

nie distribution of stray capacitance was considered as shown in Fig. 4.2. The MOSA 

Table 4.1 Stray capacitances considered in the simulation 

considered in this work does not have a grading ring, thus stray capacitance to high volt- 

age conductor can be ignored. 
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Table 4.1 gives the stray capacitance values for the different cases considered in the simu- 

lation. The symbols DSl  and DS2 stand for the cases where the stray capacitance is con- 

sidered to be distributed and their values are given in Table 4.1. The strays Cg20 through 

Cg60 indicates capacitance values fiom various nodes to ground and are shown in Fig. 

4.2. The symbols CS1 and CS2 stand for the cases where the stray capacitance is consid- 

ered to be constant. The capacitance value corresponding to the first column (Cg20) of 

DS 1 is taken as the constant stray capacitance value of CS1 . Similarly, the value of CS2 is 

selected from DS2. 

Fig. 4.2 MOSA with strays 
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The values for cases DS 1, DS2 were selected on the basis of previous work [S,  2 11. In [2 11 

the earth capacitances of the arrester were determined by measuring the axial current dis- 

tribution along the arrester column. This was done by specially designed, battery powered 

current sensors with signal transmission to earth by fibre optic cable. The sensors have the 

same dimensions as a single MO disk and can be placed anywhere in the arrester column 

instead of a MO disk. For the measurement a voltage much less than the normal operating 

voltage was applied to the arrester so that the resistance and the capacitance of the MO 

disks can be assumed to be linear elements. Inserting their values into the electrical equiv- 

alent circuit [21], the distribution of earth capacitance of the arrester column can be deter- 

mined from the measured current distribution. 

In [ 5 ]  the voltage distribution of the arrester was arrived at numerically based on the finite 

element method. The authors found that the axial voltage distribution along the MO valve 

element column became more non-uniform with decrease of permittivity. More over, the 

voltage distribution of the arrester with composite housing was slightly non-uniform than 

that with porcelain housing. Thus voltage distribution dong the arrester is influenced by 

the permittivity and type of housing selected. 

The selected variation in the stray capacitance values [Table 4.1 on page 351 agrees with 

that reported in [21]. In cases CS1 and CS2 the capacitance values were selected to be 

equal to that from the top most node i.e. Cg20 in cases DSl and DS2 respectively. Com- 

parison of results yields the effect of a distributed capacitance on the diagnostic indicator. 
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The presence of stray capacitance introduces a non-uniforrn voltage distribution. The 

resistance of the non-linear resistive element changes with voltage. The voltage distribu- 

tion is determined not only by capacitances but also by the value of resistance. Therefore 

finding the correct value R, poses quite a challenge. In this thesis an iterative method has 

been developed and the algorithm is shown in Fig. 4.3. 

Set Initial Voltage v 
1 Calculate R 1 

Measure Voltage F 

Fig. 4.3 Algorithm used in calculating resistive eIement R 

In the simulation process the solution is initiated by choosing suitable values for the volt- 

ages across valve element pairs following which the program cornputes the actual voltage 
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distribution and the voltage across each valve element taking into account the presence of 

stray capacitances. These values are then used as the valve element voltages in the next 

iteration. This procedure is repeated until convergence is achieved. 

MOSA including 
Stray Capacitance I 

MO VE Charaderistics 1 

Fig. 4.4 PSCAD case 
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Fig. 4.4 shows a PSCAD case used in this simulation which corresponds to the final itera- 

tion where initial and actual computed values are the same. The section labelled "MO VE 

Characteristics" are data files that determine the nonlinear resistance of the valve ele- 

ments. in each valve element there is an individual data file labelled as Ri-unaged.txt 

(i =1..7). For this particular exarnple only unaged charactenstics are considered. By 

changing the text file, the charactenstics of the individual valve elements can be changed. 

Control elements labeled "Initial Voltages" correspond to the initial guess value of the 

voltage across the valve element i.e. 10.08 kV for top valve element and 9.05 kV for bot- 

tom valve element. The graphical meters, "Actual voltage across VE", show the computed 

voltages across the individual valve elements. In this particular case computed values are 

the same as initial voltages thus the iterative process has converged. 

Table 4.2 Voltage across the MO valve elements 

Table 4.2 shows the complete results of the 3 iterations which converged to voltages as 

seen in Fig. 4.4. In this example we have considered the applied voltage across the arrester 

to be a pure sinusoid, and a case where al1 the valve elements are unaged and stray capaci- 

tance distribution is as per row 3 in Table 4.1 i.e. DS 1. Initially it is assumed that the volt- 

Voltage across 
the VE] 

[Fig. 4.4) 

VI 

V2 

V3 
V4 

V5 

V6,V7 

Initial Voltage 

(kV)rms 
9.429 

9.429 

9.429 

9.429 

9.429 

9.429 

Iteration 

#1 

10.09 

9.492 

9.536 

9.324 

9.159 

9.045 

#2 

10.08 

9.789 

9.537 

9.327 

9.1 62 

9.050 

#3 

10.08 

9.789 

9.537 

9.327 

9.162 

9.050 
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age distribution across the arrester is uniform Le. voltage across each valve element is 

9.429 kV. Those voltages are shown in column 1. Let us consider voltage across the first 

valve element pair (top most valve elements in Fig. 4.4 on page 39). For a uniform voltage 

distribution, V 1=9.429 kV. After running the simulation for 1 sec. with a time step of 50 

ps, the actual voltage computed for each valve element is shown in column 3 (Le. iteration 

#1). The voltage across the top most valve element, VI, is now 10.09 kV. This indicates 

that the initial guess was wrong and further iterations are required. Now, the initial volt- 

ages are replaced by values computed in the first iteration i.e. for case of the top valve ele- 

ment V1=9.429 is replaced by V I=lO.O9 kV. This procedure is repeated for al1 the valve 

elements. After each iteration the actual values computed in the simulation become initial 

voltages for the next simulation. This process is repeated until the initial and actual com- 

puted voltages are the same. As shown in Table 4.2, after 3 iterations the initial and com- 

puted actual voltages are the sarne, and thus correct non-linear resistance values were 

found. 

Fig. 4.3 shows the voltage distribution dong the arrester for the case considered. It is seen 

that the selection of stray capacitance [Table 4.1 on page 351 gives rise to a voltage distri- 

bution which agrees with that in [5] .  
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3 4 

Position 

Fig. 4.5 Voltage distribution along the MOSA. 1 .O p.u. corresponds to uniform voltage 
distribution i.e. 9.429 kV rms.[ Position 1 is the high voltage terminal] 

4.3 Aging of MO Valve Element 

Aging is defined as change (deterioration) of physicai characteristics of the valve element 

during the operation [22]. Using the simulation mode1 discussed in this chapter aging of 

individual valve elements cm be studied. The characteristics of the resistive elerne~it 

change as shown in Fig. 4.6. The unaged characteristics, CHI, and the aged characteristic, 

CH5, were obtained experimentally as discussed in Chapter 2. The rest of the characteris- 

tics were derived using CH1 and CH5 CH3 is the average of CH 1 and CH5; while CH2 is 

the average of CH 1 and CH3. 
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- CH1 -- -CH2 
- - -CH3 

CH5 
0 Expt'al Data 
0 Expt'al. Data 

Fig. 4.6 Simplified v-i, characteristics for unaged and aged MO valve element pair 

For each characteristic (CHl..CHS) a separate file was evaluated that stores data points 

correspond to the v-i, relation. The characteristics of any MO valve element can be 

changed simply by changing the file reference in "MO VE Characteristics" [Fig. 4.4 on 

page 391. 

4.4 Simulation Procedure 

Simulations were carried out using PSCAD/EMTDCTM 1231. Depending on the case con- 

sidered i.e. CS 1 ,DS 1 or no stray (NS) etc., different PSCAD cases were considered. For 
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each case the valve element characteristics and voltage source were selected first. Next 

simulations were carried out using the iteration technique discussed earlier. Once the corn- 

puted actual voltages converged to the initial voltages, one last simulation run was carried 

out. After the simulation, the voltage across the MOSA, V, and total current 1, Fig. 4.4 on 

page 391 were saved into a data file. Fig. 4.7 shows example of such waveforms saved into 

a data file. The total voltage across the arrester in this case is 66 kV rms. Since the arrester 

is operated well below its maximum continuous operating voltage (MCOV) the resistive 

component is considerably small. 

Fig. 4.7 Waveforms of arrester voltage and total arrester current from simulated results 
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Time (s) 

Fig. 4.8 Waveform of applied voltage, arrester capacitive and resistive currents. 

Applying the Compensation Technique to the above data file, the effective capacitance is 

calculated. As discussed earlier [See "Denvation of v-ir Characteristics of the Resistive 

Element." on page 13.1 the resistive leakage current and thus diagnostic indicator can be 

calculated. Fig. 4.8 shows the resistive and capacitive currents which corresponds to Fig. 

4.7. 



CHAPTER 5 Effêct of Stray Capacitance and 
Ageing on MOSA Diagnostic 
Indicator 

This chapter is concemed with the results of a simulation study in which the 115 kV 

arrester [Fig. 4.2 on page 361 has been considered and the effects of voltage harrnonics 

and valve element condition on the diagnostic indicator have been evaluated taking into 

account the presence of distributed stray capacitance by using the simulation procedure 

described in Chapter 4 [24]. 

5.1 Effect of Stray Capacitance on the Diagnostic Indicator 

To evaluate the effects of stray capacitance on the diagnostic indicator the applied voltage 

was considered to be a pure sinusoid, valve element capacitance considered constant and 

unaged valve elements were considered. Five cases of stray capacitance were considered 

Le. no strays (NS). constant stray capacitance (CSl. CS2). and distributed stray capaci- 

tance (DS 1. DS2) [Table 4.1 on page 35). For each of these cases the procedure described 

in Chapter 4 yielded the diagnostic indicator and those values are listed in Table 5.1. 
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Table 5.1 Effect of stray capacitance on the diagnostic indicator (pA) of unaged 
arrester. Voltage harmonic content nil. Stray capacitance as per Table 4.1. VE 
capacitance constant. 

Case 

It is seen that inclusion of a realistic distribution of stray capacitance (DSI and DS2) 

results in an increase in the indicator of 32% to 50% over that when the strays are 

neglected. These results show the danger of comparing field and laboratory data on the 

same arrester. Comparison of the diagnostic indicator obtained with CS and DS show that 

the differences are small i.e. = 5 to 8%. These differences should be borne in mind in sim- 

ulation studies. 

5.2 Effect of Ageing on the Diagnostic lndicator 

As stated in Chapter 2, as a MOSA ages it's capacitance tends to increase. In this section it 

is assumed that the capacitive element of the metal oxide valve element remains constant. 

To evaluate the effects of ageing on the diagnostic indicator the applied voltage was con- 

sidered to be pure sinusoid and valve element capacitance constant. Ageing was modelled 

by consideration of characteristics CH2, CH3 and CH5 [Fig. 4.6 on page 431. 

5.2.1 Only one valve element pair is aged 

There are 7 valve element pairs in the simulated MOSA. The results in this section con- 

sider only one element pair to be aged. The location of the aged pair was varied. Five loca- 

tions have been considered i.e. VE #1 & #2 [Fig. 2.2 on page 131, VE #3 & #4 etc. For 
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each case five cases of stray capacitance distributions were considered as outlined in Table 

Table 5.2 Effect of ageing of VE #1 & #2 on the diagnostic indicator (PA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. VE capacitance constant 

Case 

Table 5.3 Effect of ageing of VE #3 & #4 on the diagnostic indicator (FA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. VE capacitance constant. 

Valve element 
characteristics 

CH2 

CH3 

CH4 

CH5 

Table 5.4 Effect of ageing of VE #5 & #6 on the diagnostic indicator (FA). Voltage 
harmonic content niI. Stray capacitance as per Table 4.1. VE capacitance constant 

NS 

9.930 

13.116 

16.142 

19.007 

Valve element 
characteristics 

L 

CH2 

CH3 

CH4 

CH5 

Case 

Valve elcmcnt 
characteristics 

CH2 

CH3 

CH4 

CH5 

CS1 

15.224 

2 1 .O67 

26.685 

32.5 13 

NS 

9.930 

13.1 16 

16.142 

19.007 

CS2 

18.395 

25.905 

33.870 

d a  

DS 1 

14.365 

19.712 

24.982 

30.04 1 

Case 

DS2 

16.535 

22.9 18 

29.5 17 

36.037 

NS 

9.930 

13.1 16 

16.142 

CS1 

13.886 

18.325 

22.624 

26.854 

DS 1 

13.866 

18.325 

32.264 

26.854 

CS2 

15.669 

20.4 18 

25.0 17 

29.570 

DS2 

14.744 

19.385 

23.985 

28.39 1 

CS1 

12.859 

16.419 

19.828 

CS2 

14.506 

18.090 

2 1 .580 

19.007 1 23.058 

DS1 

12.397 

15.971 

19.385 

24.930 

I 

DST 

13.717 

17,395 

20.9 10 

22.633 24.258 
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Table 5.5 Effect of ageing of VE #7 & #8 on the diagnostic indicator (PA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. VE capacitance constant 

Table 5.6 Effect of ageing of VE #9 & #10 on the diagnostic indicator (PA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. VE capacitance constant 

Valve elcmcot 
chancteristics 

CH2 

CH3 

CH4 

CH5 

For any chosen nature of stray capacitance i-e. NS, CSl, etc. the diagnostic indicator 

Valve clemcnt 
chanctetistics 

CH2 

CH3 

CH4 

CH5 

increases as ageing is considered. For example when VE #1 & #2 are considered to have 

aged considerably i.e. characteristics CHS, and the stray capacitance distribution is DS2, 

NS 

9.930 

13.1 16 

16.142 

19.007 

the diagnostic indicator changes by approximately 265%t. This is the worst change; the 

least change i.e. 109%, occurs when VE #7 & #8 are similarly aged stray capacitance cor- 

CS1 

12.019 

14.830 

17.500 

20.022 

CS2 

13.380 

16.083 

18.655 

21.019 

Case 

responds to D S Z ~ .  A sirnilar trend iç evident for al1 the cases reported when values in 

Table 5.1 are compared with corresponding values in Table 5.2 to 5.6. 

f From Tables 5.1 and 5.2 (36.037-9.878)/9.878% 
From Tables 5.1 and 5.5 (20.632-9.878)/9.878% 

DS 1 

1 1.627 

14.497 

17.172 

19.736 

NS 

9.930 

13.1 16 

16.142 

19.007 

DS2 

12.736 

1 5.463 

18.1 19 

20.632 

CS1 

12.128 

15.219 

18.355 

2 1.546 

CS2 

1 3.487 

1 6.473 

19.500 

22.5 19 

DS1 

1 1.733 

14.887 

18.030 

2 1.359 

DS2 

12.847 

15.847 

18.974 

22.166 
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For any chosen nature of stray capacitance variation ageing of top most pair (VE #1 & #2) 

results in the greatest increase in the diagnostic indicator. As the location of the aged pair 

is shifted down the arrester column the increase in the diagnostic indicator becomes less. 

There is a slight increase in the diagnostic indicator when VE #9 & #10 are aged com- 

pared to the valve element pair just above. Transfer of voltage across the other elements in 

the top of the column is more pronounced in this case as opposed to the case where VE #7 

& #8 are aged. 

5.2.2 Multiple valve elements are aged 

The following table shows the effect of aging of more than one valve element pair. The 

location of the first pair and its v-i, characteristics are identified in the first two columns 

and that of the second aged pair identified in the third and fourth columns. The distribution 

of stray capacitance considered corresponds to NS, DS2 and CS2 [Table 4.1 on page 351. 

The applied voltage was considered to be a pure sinusoid and the valve element capaci- 

tance considered constant. 

Table 5.7 Effect of ageing of four VE's on the diagnostic indicator (PA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. VE capacitance constant 
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Table 5.7 Effect of ageing of four VE's on the diagnostic indicator (FA). Voltage 
harmonic content niI. Stray capacitance as per Table 4.1. VE capacitance constant 

For stray capacitance variations corresponds to CS2 and DS2 ageing of top two pairs (VE 

#1, #2, #3 & #4) result in the greatest increase in the diagnostic indicator. For exarnple, 

with slightly aged valve elements (i.e. characteristic CH2) the diagnostic indicator 

increases by 1 1 7% when the stray capacitance distribution is DS2. As the Iocation of the 

aged pairs are shified down the arrester column, the increase in the diagnostic indicator 

becomes less. In the case of ageing of VE #5 to #8 (Le. charactenstic CH2) the diagnostic 

indicator increased by 68% only when the stray capacitance distribution is DS2. This trend 

is comrnon to al1 the cases reported in Table 5.7. For stray capacitance distributions corre- 
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sponding to CS2 and DS2 the percent increase in the diagnostic indicator due to ageing is 

the sarne. 

5.3 Effect of Harrnonics on the Diagnostic Indicator 

For a selected number of cases, the effect of the presence of hamonics in the system volt- 

age was simulated. The stray capacitance distribution was selected corresponding to case 

DS2 and valve element capacitance was considered constant. The charactenstics of the 

valve element and its location are given in columns one and two respectively. Tne value of 

the diagnostic indicator for voltages with harmonics and without harmonics are listed in 

columns three and four respectively. Harmonic content was selected to reflect practical 

values prevalent in Manitoba Hydro's 230 kV system. Le. 0.282%, 0.373% and 0.289% of 

3rd, 5th and 7th voltage harmonics respectively. 

Table 5.8 Effect of voltage harmonics on the diagnostic indicator (PA). Distributed 
stray capacitance as per DS2 (Table 4.1). VE capacitance constant. 

Characteristics Location of the 
of the VE 1 aged VE's 

CHI 1 None 

Applied Voltage 

For each case in Table 5.8, the error due to the presence of harmonics is less than 1.5%. 

The conclusion is that the effect of harmonics on the diagnostic indicator is minimal and 

that the error can be ignored in simulation studies. However if the harmonic content is sig- 

nificantly higher (Le. in the range of 3 to 5%) the effect of haimonics need to be consid- 
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ered [14]. Furthemore in the present study simplified v-i, characteristics have been used 

and the characteristics are not so sensitive to harmonies in the applied voltage as would be 

the case where hysteretic characteristics were used Fig. 2.5 on page 171. 

5.4 Effect of Change in Capacitance of the VE due to Ageing 

As discussed in Chapter 2, as a MOSA ages it's capacitance increases. The following table 

shows the effect on the diagnostic indicator. Column one identifies the cases considered in 

the simulation; the location of the aged valve elements according to column two are VE #5 

& #6. The characteristics of the aged valve element correspond to CH5 Fig. 4.6 on 

page 431. Column three and four Iist the results of the simulation study. In this study 

extreme case of ageing i.e. characteristics CH5, is considered when the capacitive element 

of the valve element changes to 290 pF from 275 pF due to ageing. 

Table 5.9 Effect of change in the capacitance on the diagnostic indicator (pA). Voltage 
harmonic content nil. Stray capacitance as per Table 4.1. 

It is seen that a change in capacitance results in a 25% (approx.) decrease in the diagnostic 

indicator. If the change in valve element capacitance with ageing is ignored in simulation 

studies, the diagnostic indicator obtained would be an optimistic value. For cases of slight 

ageing i.e. characteristics CH2, the change in capacitance is not so significant and thus it 

can be assumed to be constant. 

Case 

NS 

DS 1 

Location of 
the aged 

VE's 

5.6 

5 .6  

Capacitive element (pF) 
1 

C=275 

19.0073 

22.633 1 

C=2W 

1 3.7943 

17.4967 
m 
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5.5 Practical Significance of Simulation Results 

The presence of stray capacitance leads to a non-uniform voltage distribution which in 

tum affect arrester diagnostics. In the presence of stray capacitance the increase in the 

diagnostic indicator is most pronounced where valve elements are at top of the column are 

aged. This increase is greater as ageing become more pronounced. 

In the absence of stray capacitance (NS) the location of the aged elements have no influ- 

ence on the change in the diagnostic indicator. In [5 ]  the use of valve elements with differ- 

ent permittivity has been suggested with a view to improve the voltage distribution to as 

near unifonn as possible. In this event the above conclusion applies. 

When comparing field and laboratory data, one must consider the effect of harmonies and 

stray capacitance distribution because the field values of these parameters will not be the 

same as the lab values. 



CHAPTER 6 

6.1 Summary 

In this thesis, effect of hysteretic v-i, charactenstics, stray capacitance and voltage har- 

monics on the diagnostic indicator are investigated. The active part of an arrester is the 

MO valve elements. Chapter 2 explains how these valve elements can be modeled using a 

simple model valid for normal operating voltages of the arrester. The elements of this 

model are derived using an experimental set-up, and a numencal technique which is 

implemented using Matlab. Presence of harmonics in the applied voltage results in errors 

in the diagnostic indicator. In Chapter 3, a method is proposed to evaluate the disceming 

ability of the diagnostic indicator due to hysteresis character of the valve element and volt- 

age harmonics. Metal Oxide arresters consist of a stack of valve elements mounted in a 

sealed housing. Chapter 4 discusses the modeling technique of MO surge arresters includ- 

ing stray capacitance. Finally, in Chapter 5, effects of stray capacitance and voltage har- 

monics on the diagnostic indicator are discussed by presenting the results of the 

simulation work carried out using the model discussed in Chapter 4. 
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6.2 Conclusions 

The following conclusions may be drawn fiom the study in this thesis: 

1. The effect of off-centering of valve elements due to the air gap between MO valve ele- 

ment and its casing, on the diagnostic indicator is minimal and can therefore be 

ignored. 

2. Due to hysteretic v-i, characteristics of valve elements, the diagnostic indicator is very 

sensitive to harmonics in the voltage. Neglecting voltage harmonics in arrester diagnos- 

tics may lead to misleading conclusions. 

3. The diagnostic indicator is influenced by the voltage distribution along the arrester col- 

urnn. Presence of stray capacitance result in the non-uniform voltage distribution. 

Therefore when cornparhg diagnostic indicators it is important that tests be carried out 

under similar conditions. 

4. The diagnostic indicator is affected by the location of the aged valve element in the 

arrester column. 

5. In the absence of stray capacitance the location of the aged valve element has no influ- 

ence on the change in the diagnostic indicator. 

6.3 Recommendations for Future Research 

1. The possibility of incorporating the Compensation Technique in the routine test proce- 

dure used by Manitoba Hydro should be explored. 

2. The effect of change in capacitance of the valve element due to ageing should be inves- 

tigated. 



APPENDIX A Inclusion of Compensation 
Technique in Manitoba Hydro Test 

To monitor and evaluate the condition of MOSA, various tests are performed by Manitoba 

Hydro. This section deals with one such method used in their laboratory. Furthemore the 

possibility of using the Compensation Technique to enhance the tests camed out by Mani- 

toba Hydro is explored. 

A.l Laboratory Test Procedure 

As already discussed, ageing of MOSA results in an increase in resistive current. For new 

and used arresters, Manitoba Hydro conducts certain tests that can be used to evaluate the 

condition of the arrester. This test set-up allows the measurement of peak resistive current 

of the arrester using a hardware technique. The following four tests are carried out evalu- 

ate arrester condition. 

1. Voltage equal to Maximum Line-to-Ground Operating Voltage of the arrester is 

applied and waveforms of applied voltage and total leakage currents are recorded. 

2. A voltage of IO% above Maximum Line-to-Ground Operating Voltage is applied to the 

sarne arrester and their waveforrns are recorded. 

57 
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3. Voltage is increased so that peak value of the resistive current is 1 mA, this value of 

voltage and the waveforms are recorded. 

4. Findly, voltage is further increased till the peak value of the resistive current is 2 mA 

and this value of voltage and the waveforms are recorded. 

Recorded waveforms and voltages derived from a 33 kV arrester are shown in Fig. A. 1. 

Fig. A.l Test Data sheet for a 33 kV arrester [Courtesy Manitoba Hydro] 
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A.2 Voltage and Total Current Waveforms of the MOSA 

Application of the Compensation Technique requires the availability of waveforms of 

applied voltage across the arrester and total current. Furthemore these waveforms should 

be in digital format which car, be used by a software program written in Matlab. Unfortu- 

nately, waveforms only in paper format were available and one of these test sheets is 

shown in Fig. A. 1. To overcome this problem, using an Image Editor, one of the voltage 

waveforms in Fig. A. 1. and its corresponding current waveform were converted to a digi- 

tal file manually. For this purpose voltage corresponding to resistive current of 1 mA was 

selected. The horizontal axis (time) was divided into 286 points per period. Corresponding 

to each point voltage and current were calculated. Fig A.2 shows the reproduction of volt- 

age and current using data points obtained. 

A 3  The v-i, Characteristic of the MOSA 

The Compensation Technique can be used on the waveforms shown in Fig. A.2 to yield 

the effective capacitance of the 33 kV arrester used in the test. Knowing capacitance and 

harmonics in the voltage we can find the capacitive current. Subtraction of the capacitive 

current from the total current yields the resistive current. Fig. A.3 shows voltage, capaci- 

tive current and resistive current corresponds to the MOSA considered. 
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Fig. A.2 Applied voltage and total leakage current. 
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Fig. A.3 Waveform of applied voltage, capacitive current and resistive current of 
MOSA. 
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The v-i, characteristics of the MOSA is shown in Fig. A.4. 

-2.5 1 I I I 1 1 t 1 
-0.8 -0.8 -0.4 -0.2 O 0.2 0.4 0.6 0.8 

Resistive Leakage Current(mA) 

Fig. A. 4 v-i, characteristics curve of MOSA 

A.4 Application of Compensation Technique to Manitoba Hydro Test 
Procedure 

As demonstrated above, using the Compensation Technique one can find not only the 

applied voltage and peak resistive current, but also the v-i, characteristics. This informa- 

tion will complement the test procedure. It would be interesting to know how the v-i, char- 

acteristics change with ageing at elevated voltages considered in this test procedure. 

Further work in this area is required before arriving at a conclusion. To incorporate the 

Compensation Technique into Manitoba Hydro test procedure, only a digital oscilloscope, 

and a personal computer and Matlab are required. 
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