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ABSTRACT

Valve elements in Metal Oxide Surge Arresters (MOSA) are subjected to ageing in
service due to absorption of energy associated with transients, thermal effect,
moisture ingress and pollution. The degradation causes changes in the volt-current
characteristics and results in increased magnitude of resistive current flow under
normal operation. Due to the negative temperature coefficient of resistance, thermal
runaway becomes possible as degradation progresses. Therefore diagnostic methods
are necessary to assess the state of MOSA in service.

In this thesis, some diagnostic methods were proposed to detect MOSA valve
elements degradation as well as to diagnose the cause of degradation.

The valve elements were laboratory aged; ageing was accomplished by insertion in
an oven (thermal ageing), by applying 60Hz AC voltage in the presence of moisture,
by passage of current impulses of short or long duration (transient ageing) and by
hybrid thermal/transient effect.

The diagnostic results were studied and then compared in details. It is shown that
some diagnostic methods are capable of detecting ageing but not the cause of
degradation; other diagnostic methods are suitable for distinguishing the cause of
degradation but not very powerful in detecting the degradation. A comprehensive use

of these two types of diagnostic methods yields more reliable result.
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CHAPTER 1
INTRODUCTION

In the last two decades, the use of the Metal Oxide Surge Arresters (MOSA) in power
systems as protective devices has grown very rapidly because of their excellent protective
characteristics and high energy handling capability. MOSA are now being extensively
applied in power systems to protect electrical equipment against over-voltages and to
absorb energy resulting from lightning and switching surges as well as from temporary

over-voltages.

1.1 History of surge arresters

Historically, various types of surge arresters have been used for power system protec-
tion. The use of pellet and expulsion-type arresters diminished when valve-type arresters
were introduced and refined. The basic elements of valve-type arresters are the gap unit
(employed in some designs and for most silicon carbide arresters) and the valve element,
The gap unit is configured and augmented so as to achieve the most desirable balance
between (low) sparkover and reseal capability consistent with cost. The valve elements
consist of non-linear resistance that exhibit a relatively high resistance at a low voltage
(and current) and a much lower resistance at a high (surge) voltage and current. This non-
linear property greatly enhances overall arrester performance because it presents the low-
est resistance (low surge impedance, in effect) at the important high-surge current condi-
tion while its high-resistance property at low surge and normal voltage levels assists the

gap unit in resealing after surge discharge to prevent continued flow of follow (power)
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current [1].

Newly developed highly non-linear metal oxide valve elements, specifically of zinc
oxide base, became available in arrester design that rendered series gaps unnecessary
because of the sufficiently high non-linearity of valve element resistance [2]. Zinc Oxide
(Zn0) varistors were first developed by the Matsushita Electric (Japan) in 1968; the fol-
lowing year they were commercialized under the trade name ZNR. In the first decade after
its invention, various additives to improve the electrical properties were discovered and
the processing conditions were optimized. In the next decade, the microstructures and the
physical properties of the grain boundaries were gradually identified, and applications
were rapidly found in the protection of electrical equipment and electronic components
such as transistors and ICs against voltage surges [3]. Since a MOSA does not have any
series gaps, the disadvantage associated with gaps such as introductien of transients dur-
ing sparkover by the gaps themselves is avoided. Also the relatively constant voltage char-
acteristic of the valve elements initiates and completes the surge protective cycle in a more

ideal manner as compared to valve-type arresters previously available.

1.2 MOSA

MOSA are highly non-ohmic resistors. The resistance of a MOSA element is very high
(more than IOIOQcm) below a threshold voltage, whereas it is very low (less than several
(Xcm) above the threshold. Hence the MOSA is ideally suited for the purpose of surge
protection in power systems.

Empirically the following simple equation is used to represent the non-linear character-

istic of MOSA elements.
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(2

where C is a constant. When oi=1, it is a linear resistor, and when o=infinity, it is an ideal
varistor. Typical o values for ZnO varistors are between 30 to 100, while o for conven-
tional varistors such as silicon carbide (SiC) varistors do not exceed 10 [3].

A typical non-linear valve element I-V characteristic is shown in Fig. 1.1 (this figure

actually shows the relationship between the applied voltage and the current density). The

volt-current characteristics of ZnO varistors may be divided into three regions. In region I,

below the threshold voltage (typically a voltage at which the current density is 1pA/cm?),
the non-ohmic property is not so prominent and highly dependent on the temperature. In

region II between the threshold voltage and a voltage which causes a current density of
about 100A/cm?, the non-ohmic characteristic is very prominent and almost independent

of the temperature. In region II1, with current densities above iOOA/cmz, the non-linearity
in the resistance gradually decays. ZnO varistors are characterized by the magnitude of ¢,

and the width where the highly non-ohmic property is exhibited. The [-V characteristics
below 100mA/cm? are usually measured using a DC electric source, whereas those above

1A/cm? are measured using an impulse current source. The data in Fig. 1.1 in region III
was obtained by using an impulse current of waveshape 8x20 ps. This waveform is used
as a standard impulse current to test lightning arresters. As indicated in Fig. 1.1 the volt-
current characteristics measured by impulse current show a voltage higher than those
measured using a DC source. The difference is usually 10%-20%. This difference is
caused by the delay of electrical response in ZnO varistors. The response delay is consid-

ered to be caused by electron trapping and hole creation at the grain boundaries.
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Fig. 1.1 Volt-current characteristics of a typical ZnO varistor [3]

In service, MOSA are subjected to degradation due to various reasons. One cause of
ageing is the absorption of energy associated with transients. Secondly, the valve elements
are continuously stressed under operating voltage because of the absence of series gaps.
This, in combination with the heating effect due to different reasons such as exposure to
sun, non-linear voltage distribution [4] and pollution {5, 6, 7, 8, 9] on the external surface,
induce thermal ageing. The interaction between the polluted porcelain housing and the
inner valve clements column due to capacitive coupling has been found to be responsible
for the temperature rise of valve elements. The difference between the internal voltage dis-
tribution and the external voltage distribution causes a high radial electric field which can
lead to internal discharge if the radial insulation system is not properly designed [10].
Practical experience indicates that moisture ingress is also a major cause for failure of
surge arresters including MOSA [11, 12].

Under the above circumstances, it is expected that the MOSA elements maintain their
original electrical characteristics. However MOSA elements are known to exhibit an

increase in current with time [13], the rate of increase being exacerbated with increasing
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applied voltage and/or ambient temperature. The consequence of increasing current
(therefore resistive current) with time is the eventual attainment of a state of thermal insta-
bility that may lead to arrester failure. Therefore it is necessary to detect the degradation
of valve elements in MOSA to ensure safe system operation. It is for this reason that the

diagnostics are of great value,

1.3 A review of existing diagnostic methods

In practice, measurement of the peak value of the total current through the valve ele-

ment is probably the easiest in-service diagnostic method. This diagnostic indicator, how-

ever is not effective because under MCOV (Maximum continuous operating voltage)l, the
resistive current is usually very small compared to the capacitive current; therefore the
total current is not a good indicator unless the valve clements are severely aged.

Another commonly used method by the utilities is to measure the r.m.s. voltage neces-
sary to cause 1mA ., resistive current (I;p)- This method is used to examine the quality of
the arresters before installation or after disconnection from service of the arresters sus-
pected to have aged. The method can not be used when the arresters are in operation.

Measurement of resistive current is a more meaningful in-service diagnostic method for
MOSA. Fig. 1.2 shows some proposed methods of measurement of the resistive current
through an arrester. Fig. 1.2(a) shows a conventional method using the reference voltage
source to generate a capacitive cancelling current component. This method is used widely.

Fig. 1.2(b) shows a circuit used for detecting high frequency components in the total cur-

I. MCOV---The maximum designated root-mean-square value of power frequency voltage that
may be applied continuously between terminals of arresters [14]. For example, 230kV system
uses 140kV MCOV arresters and 345kV system uses 210kV MCOV ones.
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rent of MOSA elements. The accuracy of this method is not so high because of the exist-
ence of the harmonics in the line voltage. Fig. 1.2(c) shows a circuit in which the arrester
terminal voltage is scaled down by a non-linear resistor to derive a reference voltage

source fo cancel the capacitive current from the total current [15].

Line { }
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Canoelation i
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Generator Differential
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my; ; a3
- Bond , P Indirator
L
o Ho—O
Filtgx ]
T.ine
] {c)
F Ditferential
LA TineVatas | JCancelation] Amp
Yawe Form MComponent
Detegtor Gensrator
. r\
K i T # L Resistive
Afnp Current
hiccats N Indicater

Fig. 1.2 Schematic diagram used to measure resistive component of current [15]

In [16] the author proposed a diagnostic method after extensive experiments on 65 dis-

tribution surge arresters (of both gapped silicon carbide type and gapless MOSA type).
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The 65 new arresters were supplied by 6 different manufacturers. 3 grams of water were
introduced in each arrester and the arresters were energized at their rated voltages for a
month. The author discovered that before ageing, 7 of the total 65 arresters emitted elec-
tromagnetic radiation in the range of 5 ~ 200MHz; while after ageing, 64 out of these 65
arresters emitted electromagnetic radiation. The author believes that the electromagnetic
radiation before ageing was caused by leaking seals. Comparing to the other parameters
such as total leakage current and 60Hz sparkover voltage, electromagnetic radiation was
the most sensitive to ageing and the signal was easily detectable in the field using a
receiver and a directional antenna. He concluded that electromagnetic radiation could be
used as a diagnostic tool, but the author did not mentioned the effectiveness of this method
for ageing caused by other reasons.

The setup of Fig. 1.3 was used by the author of [17] to detect thermal ageing. A spe-
cially designed measuring device allows measurement of the voltage and total current
without disconnecting the arrester. A transient recorder was used to record the voltage and
total current waveform at a voltage higher than the MCOV (maximum continuous operat-
ing voltage). The data were then fed to a computer for calculation of the diagnostic indica-

tor A, = Eﬂ_ as shown in Fig. 1.4. In Fig. 1.4 the v-i, curve was obtained for one

1+A2
quarter of a cycle of the applied voltage. The method is capable of detecting a decrease in

the parameter A, if the element is thermally aged only [17].
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Fig. 1.3 Measuring scheme used in [17]
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Fig. [.4 v-i,. characteristics of a ZnO varistor [17], used to calculate Arer

An elaborately designed clamp type CT for detection of arrester current without discon-
necting the ground wire has been presented in [18], Fig. 1.5 shows the schematic circuit of
the measuring device. A band-pass filter with centre frequency of [50Hz band width of
70Hz (developed in Japan where fhe fundamental frequency is S0Hz) was used to obtain
the 3rd harmonic content of resistive current i . It was found that the 3rd harmonic content

of i, increases more rapidly with ageing than other harmonic components; hence this

parameter was used as an ageing indicator.
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Fig. 1.5 Circuit for measuring resistive current in MOSA [ 18]

A relatively new method has been presented in [5] to measure the resistive current accu-
rately. This method has low sensitivity to the harmonic content in the system voltage. A
field probe was used to calibrate and cancel the capacitive current caused by the harmon-
ics in the voltage. Fig. 1.6 shows the principal design of this leakage current monitoring

equipment. This method is reviewed in detail below.

10
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Surge counter with
current transformer

(a) (b)
Fig. 1.6 Principal design of the Ileakage current monitoring equipment proposed in [5] and main
parameters

The author assumes that the 3rd harmonic is the only harmonic present in the system
voltage (the method also applies if other harmonics are present). Because the capacitive
current caused by the 3rd harmonic voltage is comparable to the total resistive current
under operating voltage, it is essential to remove that part of the capacitive current from
the diagnostic indicator. The tofal 3rd harmonic current, i3, comprised of i3, and i,
where i3, is the 3rd harmonic capacitive current due to the existence of 3rd harmonic in
the system voltage, i3, is caused by application of the applied voltage to the non-linear

resistive valve element. These 3 currents are related by

ij’.:i3t-j3(.. (12)
i3; could be obtained by conducting Fourier analysis on the acquired total current flow-

ing through the arrester. The author uses a field probe to acquire iz, hence i3, can be

obtained by subtraction.

11
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The amplitude of the fundamental frequency component of the field probe current ip)
and the amplitude of the fundamental component of the total current (I; ;) were acquired by
application of Fourier analysis on the probe and total current respectively. The factor k
was then calculated where

ky =151y, (1.3)

Since under operating voltage, the resistive current is very small compared to the capac-
itive current, so

1. /1 (1.4)

kl = Ilf/] Ic” “Ip

1p~
Similarty kg was defined as

ks = 1313, (1.5)
Therefore I, = k313p (1.6)
The author obtained I3, by application of Fourier analysis on the probe current. If k;

could be found then the component I3, is obtained from Eq. 1.6 and hence I, can be found

using Eq. 1.2 with information of phase angles.
For a three phasc arrester there is a phase difference of 2r/3 radian between each funda-
mental frequency phase voltage while there is no corresponding phase shift for the third

harmonic voltage. In a three phase application k; is not the same as k3. The reason is that
the measurement of Ij;, Is influenced by the other phases. (In a single phase application K,
= k3.) Since k3 can not be found directly, the author finds the ratio of ky/k; and hence k3
because k; is known.

Since k; and k3 are field dependent, the author calculates the field strengths at the loca-

tion of the field probe and the pedestal of the arrester to find

2
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Fig. 1.7 Fundamental frequency and 3rd harmonic fields at arrester base [5]

) k . . ) .
The ratio of A—‘ was therefore established. The author found that this ratic remained rela-
1

tively constant at all three location under 3 phases with different harmonic content in the

system voltage and different arrester geometry. Hence I3, could be determined using Eq.

1.9 with proper phase angles.

/ ki i k3
= f, ki, =1, ——=
31 3 3p 31

kl

i3, = i3, — Iy, k]r3p (1.9)

ar

I3 could be converted to I, by multiplying a pre-determined converting factor. The author

claims that this technique yiclds a result that has relatively low sensitivity to the harmon-

ics in the system voltage.

13
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Fig. 1.8 System layout of the measuring device in [19]

Fig. 1.8 shows the layout of a high voltage AC resistive current measuring device of
novel design used by the author in [19]. This device uses “computer based digital Watts

technique” [19] to calculate the resistive current. V... was obtained using numerical inte-

Y [v(k)17). Average Walts =% S v k)i (k)

E=1 k=1

gration of the digitized voltage data (v -

rhLy

v(k) and i(k) represent digitize values of voltage and total current with respect to time. The
resistive current was calculated by dividing the average walts by the rms voltage across

the valve element.

1.4 Scope of the present work

Since diagnostics are necessary and important for secure operation of power systems, a
study of diagnostic methods is therefore of value to utilitics.
Ideal diagnostic methods should be capable of detecting ageing, be sensitive to small

changes in the v-i, characteristics and should be able to determine the cause of ageing;

14
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also the methods ought to be easily realizable and preferably have good sensitivity at the

operating voltage of MOSA.

The objective of the work reported in this thesis is to compare the effectiveness of sev-
eral leakage-current based methods in diagnosing degradation of MOSA valve elements
due to different causes, namely thermal ageing, moisture ingress and passage of long and
short duration surge currents. Also some new diagnostic methods were proposed. The
effectiveness of the various methods in distinguishing the cause of ageing is also studied.

Five types of aging have been considered in this project. They are:

1) Thermal ageing: this was accomplished by heating the valve elements in an oven set at
a selected high temperature with accurate temperature control.

2) Moisture ingress caused ageing: this was completed by placing the energized element
in a sealed chamber into which a controlled amount of tap water was introduced.

3) Ageing caused by absorption of energy related to transients: this was accomplished by
passing long and short duration current impulses through the valve elements using an
impulse current generator.

4) Thermal ageing followed by transients caused ageing.

5) Transients caused ageing followed by thermal ageing.

The last two types of ageing simulate multi-factor degradation for MOSA in service.

1.5 Electrical representation of MOSA elements

The conduction mechanism of MOSA is still not yet fully understood. Seven possible
mechanisms have been proposed [3] and different equivalent circuits have been proposed

by different researchers.
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The most commonly used simplified equivalent circuit comprises of a non-linear resist-
ance in parallel with a capacitance as shown in Fig. 1.9, The non-linear resistance is a
function of the applied voltage across the valve element. The total current flowing through
the valve element (i) is a combination of the capacitive current i, and the resistive current
i, which is in phase with the voltage applied to the element. This model has sufficient
accuracy and is widely used. Since the diagnostics were all carried out under 60Hz voltage
and the objective of the project is to compare the effectiveness of the several leakage cur-
rent based diagnostic methods, the above simplified equivalent circuit was employed

throughout this study to represent the MOS A elements.

Fig. 1.9 Simplified electrical representation of MOSA clements

16
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CHAPTER 2

EXPERIMENTAL SETUP, PROCEDURE AND
DIAGNOSTIC TECHNIQUES

This chapter describes the experimental setup, the details of the experimental procedure

employed to artificially age the valve elements and also the diagnostic techniques.

2.1 Data acquisition system

L oscilliscope 3 6—
=
valiage ¢:F__;”r
divider ==
d‘\
=
ey
=
R
valve l ' o
element {;35 !
== IBM PC
;\\
T
Transformer R
shut -=3f::
:::_b}
= | Interface toPC

Fig. 2. 1 Computer-aided data acquisition system

The computer aided data acquisition system used in this project is shown in Fig. 2.1. A

17
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resistive voltage divider was chosen for measuring the applied voltage across the valve
element. This is because the input resistance of the device labelled as “interface to PC” in
Fig. 2.1 is not infinity but 650k€. Using a capacitive divider for voltage reading intro-
duces error in the measured voltage because the capacitive divider and the 650k input
resistance form a local R-C circuit. The resistive divider used had a ratio of 5007.127 to 1.
The total current through the valve element was measured by measuring the voltage across
the shunt resistor. The value of the shunt resistors varies from 101Q to 100092 depending
upon the magnitude of the current being measured. The total current and the applied volt-
age signals were digitized by a set of A/D conversion devices with data acquisition soft-

ware by National Instrument Inc. and stored in an IBM PC for diagnostics.

2.2 Experimental setup

2,2.1 Thermal ageing

In this project, thermal ageing was accomplished by exposing the unenergized valve ele-
ments to high temperature (160°C) in an environmental chamber. This environ-
mental chamber (-16~360°C) is equipped with an accurate temperature controller

(temperature deviation did not exceed +1°C).

2.2.2 Moisture ingress caused ageing

Moisture ingress caused ageing was investigated using a specially-designed water-tight
environmental chamber of dimensions slightly larger than the valve element. A schematic
graph of the setup is shown in Fig. 2.2. The applied voltage and total current flowing

through the element were continuously monitored by an oscilloscope.

18
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Fig. 2.2 Set-up for moisture ingress caused ageing test

2.2.3 Transients caused ageing

Transients caused ageing was caused by passing long or short duration current impulses
of different magnitudes through the valve elements. A self-triggered impulse current
generator which comprised of six 0.7)tF, 75kV capacitors in parallel was employed to
generate current impulses of different waveshapes. This generator produced a short
duration waveform of 1.5 x 4 pus without insertion of any external inductance. A long
duration waveform, 15 x 29 us was obtained by insertion of a 6uH external induct-
ance. The impulse current was monitored by a Pearson current monitor, model 1080 in

conjunction with a Tekironix TDS 540 oscilloscope.

2.2.4 Thermal ageing followed by transients caused ageing

The element was initially aged thermally in the environmental chamber at 160°C; after-

wards the element was subjected to a series of short duration current impulses with a

19
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waveform of 1.5 x 4 ps.

2.2.5 Transients caused ageing followed by thermal ageing

A valve element was thermally aged in the environmental chamber at 160°C after being
subjected to a series of long duration current impulses (with a waveform of 15 x 29 ps)

ageing.

2.2. 6 Infrared imaging

In transient caused ageing tests, an Inframetrics 740 infrared imaging radiometer was
used to investigate the temperature distribution in the valve element. The radiometer
was connected to a VCR to enable observation of the temperature distribution zone.
This information could also be stored on a video tape or a floppy disk for later analy-

Sis.

Fig. 2.3 (a) Camera of the Inframetrics 740 infrared imaging radiometer

20
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Fig. 2.3 (b)Inframetrics 740 infrared imaging radiometer and the VCR

Fig. 2.3(c)A close look of the Inframetrics 740 infrared imaging radiometer and the VCR in conjunction
Fig. 2.3 Setup of the Inframetrics 740 infrared imaging radiometer

2.2,7 MOSA valve elements

Altogether three types of valve elements were used in this project. Type I belongs to a

2]
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42kV MCOV distribution type arrester with 10 elements in series. They are 62mm in
diameter and 40mm in height. In thermal ageing, transients caused ageing and the two
types of hybrid thermal/transient ageing, type I valve elements were used. Type II belongs
to a 66kV MCOV substation type arrester with 30 valve elements in series. These ele-
ments were also 62mm in diameter but 23mm in height. They were only used to verify
some results in the transient caused ageing test. Type III valve elements provided by
Manitoba Hydro were 78mm in diameter and 44mm in height. This type of element was
used for moisture ingress caused ageing. Its MCOV is approximately 5.2kV as determined
by experiment.

Diagnostics were initially carried out on the unaged valve elements. All diagnostics
were carried out at five voltage levels. One of the levels corresponds to the MCOV of
the valve element (defined as MCOV of the arrester divided by the number of the ele-

ments in the arrester); the highest voltage level applied is approximately 40% greater.

2.3 Experimental procedure

2.3.1 Thermal ageing (in the absence of applied voltage)

-The unenergized element was heated in the environmental chamber at a selected tem-
perature of 160°C. At first the temperature was set at 140°C according to some literature

[20]. The element was heated at 140°C for 20 hours every day and then cooled in ambient

air for 4 hours before its volt-amp characteristics was examined. It was found that the
aging process under 140°C thermal ageing was very slow; hence the temperature was

raised to [60°C in future experiments. Diagnostics were conducted immediately after the

element was taken out of the oven. It was ensured that the time used for diagnostic did not

22
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exceed 20 seconds.
Two types of thermal ageing were carried out on the same type of valve elements. The

first type of thermal ageing was accomplished by heating the element in the oven for 8

hours every day at 160°C followed by 16 hours of cooling in ambient air, The aging
scheme simulates the natural heating and cooling cycles an arrester in service is subjected
to. This type of ageing is referred to as cyclic thermal ageing in the remaining part of this
thesis.

The last type of thermal ageing was accomplished by heating the element without inter-
ruption, i.e. 24 hours every day. It is referred to as continuous thermal ageing.

In the above 2 types of thermal ageing, the volt-current characteristics were initially

checked everyday for the first 25 days, then checked once every three or four days.
2.3.2 Moisture ingress caused ageing

The element was placed in the sealed chamber shown in Fig. 2.2 (page 19). A measured
amount of tap water was introduced in the chamber. Continuous 60Hz AC voltage corre-

sponding to V].ef] [20] was applied to the element in the chamber. In four different tests,
12.1g, 6.6g, 2.2g and 1.1g tap water were introduced into the chamber respectively. In

cach test, diagnostics were conducted at all five voltage levels® at intervals of 30 minutes

to 2 hours depending on the time rate of the increase of total leakage current.

1. Vi is the applied AC voltage whose peak value is equal to a DC voltage that results in a current

density of IpA/mm? in the valve element.
2. The five voltage levels at which diagnostics were conducted are T0%, 100%, 120%, 130% &
140% of the MCOV respectively.
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2.3.3 Transients caused ageing

Two Type I valve elements were subjected to short duration impulse (1.5 x 4 ps)
current ageing. The first element was subjected to impulse current tests as follows: 10
shots @10kA, 2 series of 10 shots @ 25kA, 2series of 10 shots @ 30kA, 20 shots @
40k A, 20 shots @ 50kA, 20 shots @ 65kA and 20 shots @ 70 kA. The second element
was subjected to the following series of tests: 20 shots @ 25kA, 20 shots @ 50kA, 20
shots @ 60kA, 40 shots @60 kA, 20 shots @ 60kA, 2 series of 20 shots @ 55kA.

Also two Type I valve elements were aged by long duration impulse (15 x 29 ps)
current. The first element was aged as follows: 10 shots @ 6.0kA, 2 series of 30 shots
@ BkA, 25 shots @ 10kA, 4 series of 30 shots @ 9.5kA, 30 shots @ 10kA. The sec-
ond element was aged as follows: 4 series of 20 shots @ 15~20 kA, 3 series of 30
shots @ 20kA, 10 shots @ 20kA.

Diagnostics were conducted at the conclusion of each series after the element was

cooled naturally to ambient temperature.

2.3.4 Thermal ageing followed by transients caused ageing

A type I element was first thermally aged in the environmental chamber at 160°C for
480 hours. Next it was subjected to short duration current impulse ageing as follows: 2
serious of 10 shots @ 30kA, 2 serious of 20 shots @ 30kA, 20 shots @ 40kA, 30 shots @
50kA, 30 shots @ 60 kA, 18 shots @ 60KA. This type of ageing is referred to as thermal/
transient ageing in the remaining part of the thesis.

Diagnostics were conducted at the conclusion of each series after the element was

cooled naturally to ambient temperature.
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2.3.5 Transients caused ageing followed by thermal ageing

A type I valve element was first subjected to long duration current impulse ageing as
follows: 4 series of 20 shots @ 15~20 kA, 3 series of 30 shots @ 20kA, 10 shots @
20kA, followed by continuous thermal ageing at 160°C in the environmental chamber for
30 days. The diagnostics were carried out on the elements every 48 hours. This type of

ageing is referred to as transient/thermal ageing.
2.3.6 Infrared imaging

The transients caused ageing was monitored by observation of temperature distribution
in the valve element using the Inframetrics 740 infrared imaging radiometer. This infor-
mation was recorded on the tape via the VCR connected to the radiometer. During the
ageing tests, the temperature distribution inside the element was continuously moni-
tored and every temperature distribution image that was of interest was stored on a
floppy disk for later analysis. Inmediately after every series of tests, a top view of the
temperature distribution inside the valve element was recorded to study the change in

the power handling capability of the valve element.

2.4 Diagnostic techniques

Diagnostic methods were conducted by examination of the following nine
indicators.

1) I].p , the peak value of the resistive current 7,(r).
2) I;3 , the peak value of the 3rd harmonic content of the resistive current i.-(1).

3) The power dissipated in the valve element under 60 Hz AC voltage.

25



Chapter 2

4) The r.m.s. voltage necessary to cause Iip = ImA.
5) The ratio of I3/ I,
6) The ratio of two areas (A1/A2) derived from the v-i, characteristics (see Fig. 2.4),

where v is the applied voltage.

R SR ST TGS S T G KN SRR I RTINS SRS RS AT R

i (A)

R e e T e s
0 1000 2000 30600 4000 5000 6000 700C 8000 9000
Applied voltage (V)

Fig.2.4 Typical v(1)-i,(1} characteristics of MOSA elements
7) The capacitance of the valve element [21].

8) The parameters A and [ in the relation

in(r) = (L2 2.1y

relating the instantaneous values of i,(f) and v(z). This relationship was obtained at
specified voltage levels. At each voltage level the relationship is characterized by
a value of A and B, which represent the non-linearity in the valve element resist-

ance. The relationship in Eq. 2.1 is not the same as the commonly used empirical

relation stated in Eq. 1.1 ( 7 - (g)a ), which relates peak values of the applied volt-
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ages and the resistive currents.
9) In addition to the above indicators, examination of the positive and negative peak

values of i, was included as a diagnostic method to detect impulse current caused age-

ing after preliminary test results indicated that passage of current impulses resulted in

an asymmetry in the waveform of i, . A similar result has been reported in [22].

All the diagnostic methods are based on the knowledge of resistive current through the

valve element i,(z). This current was obtained by application of Fourier analysis on the
total current i,(7} as well as the applied voltage waveform.
Assume the applied voltage can be represented by
v(t) = vf(t) +v, (f) = v cos (0f) +vycos (30rf +®@;) +vgcos (Swr+ D) + ...

(2.2)

where \{,{ 7) stands for the fundamental frequency voltage v;cos(wr) and v,(t) denotes the

total of the harmonic voltages which is comprised of v;cos(3wr+®;)+vscos(Swr+®g)+...,

and @3 @5 are the phase angles. Total current i(7) is the combination of the resistive cur-

rent and the capacitive current (see the electrical representation of valve clements shown

in Fig. 1.9), hence

i =1i.(r) +i,.(7)
=i, (1) + wCv, cosLmr - 90“} +3wCv, cos(3ml + D, - 90"J

+5mcv5cosL Sof+ O~ 90"J o

(2.3)

where (1) is the resistive current, i(f) is the capacitive current, C is the capacitance of the

27



Chapter 2

MOSA valve element,

The capacitance of the valve element C was found by consideration of the fundamental
frequency voltage and current component which is 90° out of phase with the former. By
subtraction of all the capacitive current components, caused by the fundamental and har-

monic  voltages  (WCv;cos[wt-90°]+30Cvzcos[3wt+P3-90°] +50Cyscos[Sot+Ds-

90°]+...), from the total current i (7), the resistive current i,{t) was found. By application of
Fourier analysis on the resistive current the harmonic content in i, could be found. The
power dissipated in the element in one cycle could be calculated by numerical integration

T

r At
using Powerle v(r)ir(r)df=%,2v(r)i,_(1) Ar. (Ar being the time interval between 2 succes-
It} 0

sive data points).

The r.m.s. voltage necessary to produce I,, = ImA was found by interpolating the data
of applied voltage (rms value) and the peak resistive current (I;p) obtained under all five

voltage levels using a spline function.
The parameters A and [ in the relation i.(r) = vin were obtained using a curve fitting
p ¥ A o =]

scheme on the data of v(r} and i,(r} acquired in one quarter cycle [23].

28



Chapter 3

CHAPTER 3

METHOD TO ACCOUNT FOR THE VOLTAGE
HARMONICS IN THE SYSTEM

In this chapter, the method employed to remove the influence caused by voltage har-
monics is discussed. Some diagnostic results on a transients aged element are presented to
demonstrate the importance of accounting for the influence of harmonics. Since the
voltage measurements were taken with the valve element in circuit, the effect of source

impedence was eliminated.

3.1 Problem

All of the diagnostic methods studied in this work are based on the measured 60H7 cur-
rent through the valve elements. Because of the non-linear v-i, characteristics of the
MOSA valve elements, even a slight distortion in the applied voltage results in a signifi-
cant difference in the measured current if the distortion is present at a voltage higher than
the turn-on voltage of the element. It was found that the voltage supply in the high voltage
laboratory was harmonic contaminated and this caused significant inaccuracy in the
results. The harmonic content in the voltage signal (see Table 3.1 on page 30) was differ-
ent at different times of the day; the most significant being the 3rd and the 5th. If the volt-

age harmonics are not accounted for, erroneous diagnostics will be obtained.
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Table 3.1 Harmonic content in a wall-outlet in the laboratory

Jan. 7, 1995. 16:17 1.14% 1.50% 0.71% 0.33%
March 1, 1995. 18:07 1.82% 1.77% 1.19% 0.19%

April 10, 1995. 17:36 1.29% 1.78% 0.85% 0.30%

August 22, 1995. 17:25 2.13% 1.41% 0.40% 0.30%

Since the v-i, characteristics of the MOSA valve elements are very non-linear, so unless
the intervals between data points are small enough, it is not acceptable to use linear inter-
polation to correct for the influence. In the experimental setup employed in this work,
about 720 data points were collected in every cycle, therefore it is not acceptable to use

linear interpolation to account for the influence caused by the harmonics.

3.2 Proposed method

The following method is proposed. Let f be a function defined in a closed interval
between ¢ and «¢+/. Assume that the function has n derivatives in this interval, and that all

of them are continuous functions. Then

fla+h) = Zf (0)” )(h”“) (3.1)

or

(1)

2) 2
fla+h) = fla) +f(”(a)h+f-—g’ﬁ~+... A

(' )’ o(h””) 3.2)

Let v(t} denote the applied voltage, which is comprised of vr(t) fundamental frequency
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voltage, and vy(7), the sum of all the harmonics. The following relationships apply,
Vv =y f+ vy (3.3)
The resistive current, i, is a function of the applied voltage, hence
i = F(vf+ vhJ (3.4)
&

b = F(ve) (3.5)
where i, is the resistive current (influenced by the voltage harmonics) and I;r1s the resis-
tive current if the valve element is only subject to pure fundamental frequency voltage; Irf
is the current that gives true ageing information of the valve elements.

Consider:

i, =F( Vet vy )

(2)7 N 2 ey
- Aoer e b g

Because v, << vy (According to IEEE std 519-1992, individual voltage distortion should

not exceed 3.0%, total voltage distortion should not exceed 5.0% [24]), hence

F(ll)(‘tf)xﬁ-(ll)(1:}c+ vh] n=123..

Eq. 3.6 may be rewritten as:

(2) (n) T

I Vot vy v F v+ v, |y
i ~Fp (D , (f /1) h (_f Ir) h (H+])
rr~]"(1f)+] (‘\f+111)1h+ o1 + ...+ o + 0 Yh

2 2
+ +o| v

|
=F(sif)+F( ) () v+ 4 o (3.7)

2! n!
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Hence
(2) 2
F (v
1
iy = Fv) - A OU—— (3.8)
or
M AL
R A O if — (n> 1) is relatively small. 3.9

2

. . .o di di
Eq. 3.9 allows the calculation of i from i, if d—i{ and :—2' etc. are known. In the present
dv

work, derivatives of order 2 and higher were not considered since they were relatively

F® (v) 1’2 i di
small ( 5 " was less than 5% of F! )(v)v,,). - was found from
di .
di [T,]
ro_ 4
i (d_‘) (3.10)
dt
di,

o and i—% were found by performing Fourier analysis on i.{¢) and v(1).

Estimation of eirrors in the method

The errors arise from the assumptions:

1, F(”)(l'fJZF(n)(ljfi- vh) )

]
2.~ i’_—F( )(\')vh.

The second error can be reduced by inclusion of terms of higher order in Eq. 3.9, i.e.

2
. e P g
=T (Pfj I A e T
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3.3 Verification of the method by simulation

Assume a fundamental voltage of peak value 8200V and 3rd harmonic of 1-2%, i.e.
vy = 8200sin{wt) & vy =1~2 % [ 8200sin(3wt + O3)]
v = v+ vy, = 8200sin{ot) + [~2% [ 8200sin(3wt + @3)] 3.11)

It is assumed that the 3rd harmonic is the only harmonic present. The resistance of the

valve element is non-linear and it can be approximated by the relationship

e

with A = 25859.57, B=5.66 (3.12)
Hence
v B
e [ij (3.13)
v+, 1B
. f h
& =( A J (3.14)

The suggested method of correction was applied to the waveform of /. from Eq. 3.14. The

derivative ;—I" was obtained from Eq. 3.12 by direct differentiation as well as by using the

method outlined in Eq. 3.10, the difference between the results from both methods is small

and negligible. The corrected waveform, i, , was then compared with L,r from Eq. 3.13.

The results are shown in Figs. 3.1 and 3. 2 and Table 3.2.
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Fig. 3.1 Resistive current waveforms
(a) Harmonic affected (7, ) and unaffected ( iyp) waveform. 3rd harmonic content in
voltage = 2%, phase shift ©; = (°
(b} Corrected waveform ( 7, ) and unaffecied ( i,y } waveform. 3rd harmonic content
in voltage = 2%, phasc shift ©; =0°

O ;

i i i i v
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ir (A)

D ' U.tiDS ) B.;D1 ' U.C:‘IE ) 0.32 ) 0.025
Time (s)
(b)
Fig. 3.2 Resistive current waveforms
(a) Harmonic affected { 7, ) and unaffected (i;y) waveform. 3rd harmonic content in
voltage = 2%, phase shift ®; = 180°
(b) Corrected waveform ( i, ) and unaffected (i 1y} waveform. 3rd harmonic content
in voltage = 2%, phase shift ®; = 180°

fr_”rf‘ and (b)l’__ff’

Table 3.2 Absolute percent maximum deviations (a) "f_‘ !
‘rf I’f

phase shift of E ic content
the 31d it
ha”(;z“ic 1.0% 1.5% 2.0%
(a) (b (a) (b) (a) (b)
0 5.53% 0.13% 8.20% 0.29%% 10.81% 0.50%
/4 5.43% 0.13% 8.05% 0.29% 10.52% 0.52%
T2 5.43% 0.15% 8.23% 0.35% 11.10% 0.63%
2n/3 5.61% 0.14% 8.51% 0.32% 11.48% 0.58%
T 5.79% 0.14% 8.79% 0.31% 11.86% 0.55%

From the simulated results, it is obvious that correction is necessary because [% ~ 2%
of third harmonic leads to 5% ~ 12% error if this influence is not corrected; the error may

be positive or negative which results in either an over or under-estimation of the degrada-

tion of the valve element.
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Diagnostic methods were applied to an impulse current aged element at different stages
of ageing. The diagnostic indicators are plotted in Figs. 3.3 ~ 3.5 against progress of age-
ing. In impulse current caused ageing the progress of ageing is monitored by the cumu-
lated energy expended in the valve element. In each plot, the harmonic influenced and
corrected results are both shown. These results correspond to the diagnostics conducted
under 1.4 times MCOV because at this voltage level, the harmonic influence on the diag-

nostics is more prominent. Figs. 3.3 ~ 3.5 show the behavior of diagnostic indicators Iip»
the power dissipated in the element and Ii3/l;p. When the influence of harmonic is not

accounted for, Figs. 3.3 and 3.5 show that the variation in the indicator exhibits a different

trend; while Fig. 3.4 shows that the power dissipated in the valve element is greater.

|~ Before correclion
weneenn After comeclion

T ! T T T T T 1 T T T 1
a 100 200 300 4060 560 £0a

Energy expended in the valve element(kJ}

Fig. 3.3 Diagnostic indicator #1, Iy
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: : .| weeeew  Before comection
] : : wwwenw After coneclion

Power dissipated in the element (W)

i} I 160 ' ZDID I Slllﬂ | 4£IIB I SDID I 6[]IU
Energy expended in the valve element(kJ)

Fig. 3.4 Diagnostic indicator #4, power dissipated in the
element under 60H7z voltage.

Ratio of Ls/1,

A,.,MMvM.m»(a
.,,»"'ﬁ;www :
: e Before correction
_m,,,én"”“""v” : : wevms Afler comection
028 e
o] 40 200 300 400 506 600

Energy expended in the valve element(kJ])

Fig. 3.5 Diagnostic indicator #5, 1,3/ I,

Therefore it is important to account for the influence of voltage harmonics in diagnostic
results which are used to detect the degradation in valve element of Metal Oxide Surge
Arresters. The technique discussed in section 3.2 was applied to all the resistive current

data in the rest of this thesis work. In the next chapter, only the harmonics-effect-removed

results are presented.
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CHAPTER 4
COMPARISON OF DIAGNOSTIC METHODS

In this chapter, all the diagnostic results are presented and the effectiveness of the
diagnostic indicators in detecting degradation and detecting the cause of degradation is
discussed. Infrared images of temperature distribution in the valve element after being

subjected to current impulses are also shown.

4.1 Presentation of the diagnostic data

A. Thermal ageing

Though the procedure for cyclic thermal ageing and continuous thermal ageing is differ-
ent, it was found that the trend of the results obtained under these two types of thermal
ageing was very similar. However continuous thermal ageing caused a greater change in
the diagnostic indicators because of the longer ageing time. Therefore in the next section,

only the results obtained under continuous thermal ageing are presented.

B. Moisture ageing

When 12.1g water was introduced in the sealed chamber, the initial height of the
water in the chamber was approximately one fifth of the valve element’s height and
thermal runaway occurred very rapidly (See Fig. 4.1(a)). With 6.6g water in chamber,
the initial height of water in chamber was about one tenth of the total height of the
element. It took a longer time to reach the thermal runaway condition. With 2.2g
water in the chamber, the initial height of the water in the chamber was only approxi-

mately one twenty-fifth of the element height; it took an even longer time for thermal
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runaway to occur. In the last experiment with 1.1g water, corresponding to one fiftieth
of the element height, the total current rose initially but eventually settled at a stable
level (see Fig. 4.1(b)). In the first three cases, after the test was discontinued, very fine
water droplets were noticed on the sidewall. These droplets formed a chain between
the two electrodes.

In all cases, since the test was interrupted prior to thermal runaway, it was found
that the element recovered eventually, i.e. the element displayed its normal volt-cur-

rent characteristics.

| Moisture test with 1.1 gwater |

[ Moisture test with 12.1g water 28y
= Molsture test with 6.6g water 24
~ (=== Moisture test with 22g water | — |
E : B B B R B B 4E:2,3~7
S’ St
- 224
g =
E E
8 3
3 3 ;
° 5
. T R T T e o RS SN Sy} N M e e — - A
{ Pt 200 3600 300 300 &00 IO SR 000 000 0 1600 2090 a0 4000 sGon 6093
Time of moisture ageing { Minutes ) Time of moisture ageing { Minutes )
(a) (b)

Fig. 4.1 Current variation with time in moisture ageing test

(a) Moisture ageing lest with 12.1g, 6.6 g and 2.2g water
(b) Moisture ageing test with 1.1 g water

The results presented in the next section correspond to the case when 6.6g of water

was introduced into the chamber.

C. Impulse current caused ageing

In Figs. 4.3~4.13 in the next section, the results presented correspond to ageing

caused by short duration current impulses. Similar results were obtained with long
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duration current impulses except that the progress of deterioration was slower. This is
probably due to the different current distribution in the element under this waveshape.
The data presented in the next section corresponds to the valve element which was
subjected to: 10 shots @ 10kA, 2 series of 10 shots @ 25kA, 2series of 10 shots @
30kA, 20 shots @ 40kA, 20 shots @ 50kA, 20 shots @ 65kA and 20 shots @ 70KkA.
After the passage of the last 20 short duration current impulses @ 70kA, 2 more shots
of 80kA were applied to the valve element, after which the valve element was shat-

tered by passage of the current impulse. See Fig. 4.2,

Fig. 4.2 The shattered vaive element (right) and a new valve element (icft)

4.2 Comparison of the diagnostic methods

In this section, all the diagnostic results will be presented. The values of the diagnostic
indicators acquired on the unaged valve elements (before laboratory-controlled ageing
started) are considered as base values. The values of the diagnostic indicators acquired on

the degraded valve elements are expressed in p.u. with respect to the above base. The
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changes in the diagnostic indicators are plotted against the progress of ageing. Under ther-
mal, moisture and transient/thermal ageing, the changes in diagnostic indicators are plot-
ted against the time of ageing. Under transients and thermal/transient ageing, the
indicators are plotted versus the cumulative energy expended in the valve element. In each
case two curves are presented: one corresponds to tests conducted under the MCOV of the
valve element and the other curve corresponds to the those conducted under 1.4 times

MCOV.

In Fig. 4.3 (a) ~(e) the behaviour of diagnostic indicator #1, 1 (the peak value of the
resistive current) is presented. It is seen that there is an increase in I;p in all cases. The
indicator obtained under the application of MCOV shows more sensitivity to the degrada-
tion except in the case of thermally aged valve element and the transient/thermal aged ele-
ment. The behaviour of this diagnostic indicator is more or less the same for every type of

ageing, it is therefore difficult to distinguish the cause of the ageing using this indicator.

[
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o
= =
W o 6
oy &h
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o S
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= S 4
fa = L S
T Toe 21 1.4 imes HCOV s gt 1 4 times MOOY
e gt HCOV : : Sy G COY
g R s e { L L s It M e S e S ey s ey e
0 540 1000 1580 2000 25ag ] 100 200 3D 460 4 600 T 800 Gl {000
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Fig. 4.3 Behaviour of diagnoslic indicator #1, the peak value of the resistive current (lrp)

{a) Thermal ageing
(b) Moisture ingress caused ageing

(¢} Transient ageing
(d) Thermal/transient ageing
(e) Transient/thermal ageing

Fig. 4.4(a) ~ (¢) shows almost the same trend as that shown in Fig. 4.3. The peak values

of the resistive third harmonic current (I,3) increase in all cases. Also tests conducted

under MCOV exhibit better sensitivity than those conducted under 1.4 times MCOV

except under thermal ageing and transient/thermal ageing. The trend under each type of
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ageing is once again more or less the same which makes this diagnostic indicator incapa-

ble of distinguishing the cause of ageing.
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Fig. 4.4 Behaviour of diagnostic indicator #2, the peak value of the 3rd harmonic content in i, (I;3)

(a) Thermal ageing

(b) Moisture ingress caused ageing
(c) Transient ageing

(d) Thermal/transient ageing

(e) Transient/thermal ageing

In Fig. 4.4(b) the increase in I3 between 0 ~ 200 minutes and between 700 ~ 900 min-
utes is mainly due to the fact that the valve element is heated by the increasing current
caused by the presence of moisture as well as the fine water droplets on the sidewall. Dui-
ing the 200~700 minute period, the change in 13 is very smalil.

Fig. 4.5 (a) ~ () shows the trend of diagnostic indicator #3, the power dissipated in the
valve element. As a consequence of the increasing resistive current, this indicator also
increases with the progress of ageing. The deteriorated v-i,. characteristics result in an

increasing resistive current, hence an increasing power dissipated in the valve element,

this increasing power dissipation in turn accelerates the progress of deterioration.
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Fig. 4.5 Behaviour of diagnostic indicator #3, power dissipated in the valve element
(a) Thermal ageing
{b) Moisture ingress caused ageing
(c) Transient ageing
(d) Thermal/transient ageing
(e) Transient/thermal ageing

In Fig. 4.6 (a) ~ (e) the behaviour of diagnostic indicator #4 is shown. Since the resistive
current increases as ageing progresses, the voltage to cause Ilp = ImA decreases. Again a
similar trend in this diagnostic indicator is observed for each type of ageing. This indicator

is therefore only capable of detecting ageing; it is not suitable for detecting the cause of

ageing.
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Fig. 4.6 Behaviour of diagnostic indicator #4, voliage to cause Jp=TmA

(a) Thermal ageing

{b) Moisture ingress caused ageing
(c) Transient ageing

(d) Thermal/ransient ageing

(e} Transient/thermal ageing

In Fig. 4.7 (a) ~ (¢) the behaviour of diagnostic indicator #5, I3 /Ilp s

is presented. As the

valve element deteriorates, the third harmonic content in the resistive current increases the

fastest among all harmonics and the increase in i.5 is also more rapid than that in the total

resistive current [18]. The value of this indicator therefore increases as may be observed
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from the Fig. 4.7 (a), (c), (d) and (¢). A different trend is observed under moisture ingress
caused ageing. Here the increase in the resistive current is mainly caused by the presence

of moisture and the fine water droplets on the sidewall. The increase of Iy is greater than
the increase of I,3; therefore this indicator decreases with ageing. At the end of the ageing
test, the indicator increases. This is probably caused by the heating effect due to the pas-

sage of increasing total current,
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Fig. 4.7 Behaviour of diagnostic indicator #5, 13 / 1,

(a) Thermal ageing

{b) Moisture ingress caused ageing
{c) Transient ageing

(d) Thermal/transient ageing

(e} Transient/thermal ageing

Since under moisture ingress caused ageing, this indicator exhibits a different trend
from the other types of ageing, diagnostic indicator #5 can be used for differentiating
between moisture ingress caused ageing and other types of ageing.

Fig. 4.8 (a) ~ (¢) shows results obtained with diagnostic method #6, A1/A2. Thermal
ageing resulted in an increase in this indicator at the higher applied voltage, which is in
agreement with the conclusion in [17]. The indicator generally decreases with ageing
under moisture ingress caused ageing. For impulse current caused ageing, the behav-
iour is different; there exists a decreasing but oscillating trend of this indicator. In the case
of the hybrid thermal/transient ageing, the trend s, quite different. The change in this indi-
cator shows an increase at first and then a decrease. Transient/thermal ageing caused an
increase in the indicator which is somewhat similar to that of thermal ageing. Because of

the unique trend shown in Figs. 4.8(a), (d) and 4.8(e), this may be useful in detecting the
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cause of ageing if the element has been aged thermally (both thermal ageing and transient/

thermal ageing) or has been aged due to the combined effect of thermal and transient age-

ing (thermal/transient ageing).

The change in A1/A2
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The change in A1/A2
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Fig. 4.8 Behaviour of diagnostic indicator #6, A1/ A2
(a) Thermal ageing
(b) Moisture ingress caused ageing
(c) Transient ageing
(d) Thermal/transient ageing
{e) Transient/thermal ageing

Fig. 4.9 (a) ~ (e) shows the changes in valve element capacilance as ageing
progresses. With thermal and moisture ingress caused ageing, the capacitance
increases and the change is quite pronounced. Under impulse current caused ageing,
at MCOV and at the higher voltage, the capacitance decreases initially and then

increases, the change in capacitance is very small, Fig. 4.9(d) shows that the com-

bined effect of thermal ageing and transients caused ageing (thermal/transient ageing)
results in a trend which is very similar to that under pure transients caused ageing. For
transient/thermal ageing, the trend of this diagnostic indicator is increasing, which is
somewhat similar to the behaviour exhibited under pure thermal ageing. Therefore

this method is capable of differentiating between transients caused ageing and other

non-transients caused ageing.
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The change in capacitance

The change in capacitance
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Fig. 4.9 Behaviour of diagnostic indicator #7, the capacitance of the valve element
(a) Thermal ageing
(b) Moisture ingress caused ageing
(¢} Transient ageing
(d) Thermal/transient ageing
(e) Transient/thermal ageing

Fig. 4.10 (a) ~ (e) shows the effectiveness of diagnostic indicator #8, the parameter
B in Eq. 2.1, which, together with the parameter A, characterize the non-linearity in
the valve element resistance. Fig. 4.10(a) shows that the parameter  increases as
thermal ageing progresses. In Fig. 4.10(b) (moisture ingress caused ageing), B shows
no definite trend because the resistive current i, was influenced by the surface current
due to the presence of moisture. Under transients caused ageing (see Fig. 4.10(c)) B
decreases steadily when diagnostics were conducted under 1.4 times MCOV while
under MCOYV the change in f is not monotonous. This is probably due to the fact that
under 1.4 times MCOYV, the resistive current is larger and the curve-fit obtained indi-
cator, f3, is more reliable. The thermal/transient ageing results in a general decrease in
B, which is somewhat similar to that shown in Fig. 4.10(c) for transients ageing; but B
shows an oscillatory behaviour and therefore no general conclusion can be drawn.
While under transient/thermal ageing, 3 increases with ageing and is similar to the
behaviour under pure thermal ageing. [ may be used to differentiate thermal ageing
and transient/thermal ageing from the rest since its behaviour is unique for this kind

of ageing.
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Fig. 4.10 Behaviour of diagnostic indicator #8, parameter 3 in Eq. 2.1
(a) Thermal ageing
(by Moisture ingress caused ageing
(¢} Transient ageing
() Thermal/transient ageing
{e) Transient/thermal ageing

Fig. 4.11 (a) ~ (¢) shows the effectiveness of the other parameter, A, in Eq. 2.1. This
parameter displays a steady decrease with ageing as may be seen in Fig. 4.11(a). Once
again the results from the moisture ageing test, Fig. 4.11(b), shows no definite trend
because of the moisture caused surface current. Under impulse current caused ageing
the parameter A increases as ageing progresses when it is obtained at a voltage higher
than the MCOV (see Fig. 4.11(c)); the reason for this behaviour has been pointed out
in the above paragraph. Under thermal/transient ageing, no monotonous change in A
is noticed; again in transient/thermal ageing, the behaviour of this indicator is

decreasing and similar to that of the pure thermal ageing.
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Fig. 4,11 Behaviour of diagnostic indicator #8, parameter A in Eq. 2.1
{a) Thermal ageing
(L) Moisture ingress caused ageing
(¢} Transient ageing
() Thermal/transient ageing
(e) Transient/thermal ageing

The behaviour of the 2 diagnostic indicators in #8, i.e. parameters A and [, show

that it is possible to differentiate thermal ageing and transient/thermal ageing from the

other types of ageing considered.
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Fig. 4.12 Behaviour of diagnostic indicator #9, asymmetry in the waveshape of i,

(a) Transient ageing
{b) Thermal/transient ageing

After the very first series of impulse tests it was noticed that the waveshape of i,
became asymmetrical. The asymmetry worsened with further impulsing. Fig. 4.12
shows this result. From the above figure, it is seen that the asymmetry increases as
ageing progresses, especially at a voltage higher than the MCOV. In Fig. 4.12(a) there
is a slight drop of this indicator acquired under MCOV as ageing progresses, the rea-
son being that under MCOV the resistive current is too small compared with the
capacitive current and also the precision of the computer-aided data acquisition sys-
tem and the precision of the numerical method itself might have some influence. In
transient/thermal ageing, asymmetry appeared after transients caused ageing, but this
asymmetry did not worsen with further thermal ageing. In thermal ageing and mois-

ture ingress caused ageing, no asymmetry in i, waveform is observed, so this diagnos-

tic method is useful for determining whether the degradation is caused by the passage

of surge current or whether the element has been subjected to transient ageing.
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In order to check if the direction of passage of impulse current has any effect on the
asymmetry, tests were performed on another element (a type II element). Impulse cur-
rents were passed in one direction for the first five series (4 serious of 30 shots @
40k A, one serious of 20 shots @ 55kA); for the remaining 2 series of tests (2 serious
of 20 shots @ 55kA), impulse currents were passed in the opposite direction. Figures
4.13 shows the results. The asymmetry disappears after application of the impulses in
the reverse direction as can be seen in Fig. 4.13(a). However as Fig. 4.13(b) shows, in

spite of this, the ageing is not reversible.
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Fig. 4.13 The effects of the reversal of impulse current.
(a) Effect of reversal of impulse current on asymmetry in waveform of i,

(b} Effect of reversal of impulse current on degradation of the element
Verfical dotied line indicates that impulse currenis passed in veverse direction bevond
this stage

It is noticed that though diagnostic methods #5 ~ #9 show detectable difference amongst
the five types of ageing considered, they arc not equally effective in detecting ageing. For
example, diagnostic indicator #7, valve element capacitance could be used as a diagnostic
tool to differentiate transients caused ageing and thermal/transient ageing from other types

of ageing, but if the degradation is caused by passage of surge current (See the “V” curve
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in Fig. 4.9 (c), (d)), the change in the capacitance does not give explicit information about
how serious the degradation is. Similar remarks apply to other indicators in diagnostic
methods #5 ~ #9. So a comprehensive use of the diagnostic methods #1 ~ #4 (capable of
detecting degradation) and the diagnostic method #5 ~ #9 (capable of determining the
cause of degradation) is more reliable. To conclude this section, Table 4.1 shows the effec-

tiveness of the discussed diagnostic methods.
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Table 4.1 The effectiveness of the discussed diagnostic methods

#11p || #2. 1,3 |} #3. Power || #4. rms voltage || #5. La/Li || #6: A1/A2 || #7.Element || #8. Band A || #9. Asymmetry
. . dissipation to cause capacitance || i
Qagnostlc Irp=1mA ‘ s gl
indicators
Y Y Y Y NA NA NA NA NA
Able to detect
ageing?
N N N N N Y N Y N
Able to distinguish
thermal ageing?
Able to distinguish N N N N Y N N N N
moisture ingress
caused ageing?
N N N N N N Y N Y
Able to distinguish
transients caused ageing?
N N N N N N Y N Y
Able to distinguish
thermal/transient ageing?
N N N N N Y N Y Y
Able to distinguish
transient/thermal ageing?

Notes: Y----Yes: N---No; NA---Not able to detect all tvpes of ageing
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4.3 Temperature distribution in the valve element under impulse current

The temperature distribution in the valve element under transients caused ageing is
investigated in this project using an Inframetrics 740 infrared imaging radiometer.

Fig. 4.14. shows the temperature distribution inside the valve element obtained
immediately after the conclusion of the first four series of short impulse tests. The fig-
ure shows that

1) The temperature distribution inside the valve element is non-uniform. This might
be caused by inhomogeneity in the valve element [25].

2) As the element ages the temperature distribution gets worse which implies
that the element is very non-uniformly aged.

As ageing progressed, higher temperature rises were recorded even though impuls-
ing was carried out at the same energy level. This indicates the declining power han-

dling capability of the valve element.
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(c)

Fig. 4.14 Temperature distribution in the valve element under impulse current
(a) After 30.6kJ energy was expended in the element.
(b) After 190.3kJ energy was expended in the element
(c) After 360.4kJ energy was expended in the element

The temperature distribution in the valve element under long duration impulse cur-

rent is almost the same as that in the short duration impulse current, so it is not pre-

sented here.
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CHAPTER 5
CONCLUSIONS

5.1 Conclusions

In the work presented in this thesis, diagnostic methods for detecting degradation and
differentiating between the cause of degradation in MOSA valve clements are studied.

Chapter 1 briefly introduces the history and the basic properties of MOSA as well as the
existing diagnostic methods. In Chapter 2, the experimental setup and the procedure
employed for different types of laboratory controlled ageing methods are described in
detail, followed by the outline of the diagnostic methods used. A discussion is presented in
Chapter 3 on the method employed to account for the influence caused by the voltage har-
monics. Experimental results for all the proposed diagnostic methods are presented in
Chapter 4 with a discussion of their effectiveness in detecting ageing and distinguishing
the causes of ageing. Also the temperature distribution in the valve element under impulse
current ageing was monitored using an Inframetrics 740 infrared imaging radiometer
and some selected images are shown.

The following conclusions may be drawn:

1) A method is proposed to account for the influence caused by the harmonics in the sys-
tem on the diagnostic results. This is very important especially when the diagnostics are
carried out at voltage levels higher than the MCOV.

2) Diagnostic indicators #1 ~ #4 (pp. 25-26) all show a definite trend as ageing
progresses, hence these diagnostic methods are all capable of detecting ageing; how-

ever the trend of these indicators is similar for all types of ageing considered, which
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makes them unsuitable for diagnosing the -cause of the ageing.

3) The indicators in diagnostic methods #5 ~ #9 (pp. 26 - 27) show detectable differ-
ences amongst all types of ageing considered, which may be useful for differentiating
between the cause of ageing.

4) Though diagnostic methods #5 ~ #9 show promise of distinguishing the cause of
ageing, they are not equally effective in detecting ageing in the valve elements.
Explicit degradation information could be obtained if they are used together with
diagnostic methods #1 ~ #4.

5) The temperature distribution in the valve element is non-uniform and gets worse
as ageing progresses due to the passage of current impulses. This implies the ageing
inside the valve element is non-uniform and the non-uniformity worsens with further

ageing.
5.2 Suggestions for future work

The presented work is only a preliminary study on the diagnostic methods for MOSA,
continued and detailed research on this topic could be of practical value. Below are some
suggestions for future work.

1. All the diagnostic methods are conducted on a single valve element in this project.
Some experiments with real arresters would be very interesting. One suggestion is to age
some valve elements using the 5 proposed laboratory ageing methods, at different stages
of ageing, insert the aged element into a real arrester with other elements in the arrester
unaged and conduct the diagnostics.

2. In this thesis work, all the degradation on valve elements are caused by laboratory
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controlled ageing methods. It would be of great interest to have these diagnostic methods
conducted on naturally aged arresters in site to observe the behaviour of diagnostic indica-
tors.

3. The diagnostic methods do detect ageing but do not give explicit criteria that indicate
the end of the life for the aged valve elements. A more comprehensive study of the stabil-
ity, the electrical and thermal properties of the arresters under different operation condi-
tions and the behaviour of the ageing indicators could be helpful to determine the criteria
and make the diagnostics more powerful,

4. Multi-factor ageing schemes that simulate real arrester degradation should be studied

in more detail.
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Appendix A Some specifications for the Data acquisition
system

1. 5B40 wide bandwidth millivolt and volt input module (Main part for the compo-
nent labelled as “Interface to PC” in Fig.2.1).

Input range: -10 V ~ 10V Outputrange: -5V ~5V

Accuracy: +0.05%span+0.05(Vz) Input resistance: 650kQ

Stability vs. Ambient Temperature

Input offset: +20uV/°C Output offset: +40uV/°C
Noise

Input: 0.1/10Hz: 21V rms RTI Output: 20mV, peak-peak
Environmental

Temperature range (rated performance): -25°C to +85°C

Temperature range (Operating): -40°C to +85°C

2. NI-DAQ data acquisition Software

Input: 12 bit integer results from A/D conversion

Recommended data acquisition rates: 100,000 ~ 200,000 samples/sec
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Appendix B Programs

1. Program for data acquisition

/* The program to acquire experimental data */
#define pi 3.1415926
static double u 1[5000],ilkf5000],peaki 10];
static int git[2], chit[2],node[15];
int hdl,hdl1,hdl2,hdl3,hd14;
main{){
int i,j;
int samples,rec,recl,rec2,pos,temp,frequency;
int uv[8000},h_ps,ps2;
double delt,rate, an,dan,imax, umax,phase dr,rimsv,rmsi;
double T,dt,Rm templ;
double u[5000],v{5000],tem[6G000],ilk 1 [5000];

cls();

sam ples=6000;

dr=5007.127,

Rm=1000.; [=initialization®/
Al_Config (1,2, 10, 0y Minitialize the board*/
chit[0]=0;

eltht[1]=1;

glt{0]1=2;

gltf 1]=2; /F#specify the channels & gains™/
rate=86400.;

frequency=60;

/% Aquire data, scale & store in buffers =/
SCAN_Op (1, 2, chlt, glt, uv, samples, §6400.0, 0);
FmtOut(*Data acquired, Please shut down the voltage ! );

DAQ_Scale (1, 1, samples, uv, tem);

for (i=0;i<samples/2;i++){
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ulil=tem[2*i]*dr,
v[il=tem{2*i+1)/Rm;

}

temp = rate / { 2 * frequency );

umax={0,;

for (i=0; i<temp; i++) {
if (ufi] »umax ) {
rec =i
umax = ufi];
¥
if ( v[i] »imax ) {
recl =i;
imax = ilk{i];
¥
FimtOut{(“rec=%dwn" rec);
phase= ((recl - rec )}/ 360. * pi;
for (i=0; 1 <samples/2 - rec ; i++ ) {
wifi]=ufi+rec] ;
itk[i]=v{i+rec];
if (ulli] > omax ) {
umax = ul[i];
rec2=i;
b

if (ilkfi] > imax ) {

imax = ilk[i] :
recl =1i;
¥

}

/% Specify the points may be contained in 1/4 cycle®/
templ=3*rate/(20*frequencyy);

for (i=0; i<temp! ; i+4){ /¥ how many points in 1/4 cycle #/

if (ul[i] >= 0. ) pos++;
b
node[0]=0;
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node[1] = pos-1 ;
FmtOut(“node[ 1] =%dwn”,node[1]);
peak[0] =ul[0] ;
h_ps=3*pos; /*peak[1] =- 10, ;¥/
for (i=pos ; i<pos+temp! ; i++){
if (n1[i] < peak[1]) {
nodef2] =i,
peak[1] =ul[i];
¥
b
FmitOut(“nodef2] =%d\n”,node[2]);
for (i = node[2]+1 ; i < node[2]+temp] ; i++) {
if (ul[i] <0.) ps2++
b
node[3]} = node[2] + ps2 -1 ;
FmitOut(“node[ 3] =%dwn”,node[3]);
Fbj= 10.; */
for (i =node[3]+1 ; i< node[3] + temp] ; i++ ){
if (ulli] > peak[2]) {
node[4] = i;
peak[2] = ull[i];
b
h
FmitOut(*node[4] =%dwn”,node[4]);
pos=0;
for (i=node[4]+]1 ; i<node[4]+temp] ; i-++3{
if (ul{i] >=0.) pos++;
}
node[5] = node[4]+pos-1 ;
FmtOut(“node[5])= %d \n”,node[51);
for (i=node[5]+] ; i<node[S]+emp] ; i++){
if (ul[i] < peak[3]){
node{6] = i;
peak[3] =ulli] ;
by
b
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FmtOut(“node[6] =%d\n”’,;node[6]);

ps2=0;

for (i = node[6]+1 ; i < node[6]+temp] ; i++) {
if (uli] <= 0. ) ps2++;

b

node[7] = node[6] + ps2 -1 ;

FmtOut(“node[7]= %d \n”,node[7]);

for (i =node[7]+1 ; i< node[7] + temp1 ; i++ ){

if (ul[i] > peak[4]) {

node[8] =1;
peak[4] =ul[i];
b

b

FmtOut(“node[8]= %d \n”,node[8});
pos=0;
for (i=node[8]+] ; i<node[8]+temp] ; i++}{
if (ul{i] >=0.) pos++;
b
node[9] = node[8]+pos-1 ;
FmtOut(“node[9]= %d \n”,node[9]);
for (i=node[9]+1 ; i<node[9]+temp| ; i++){
if (ulfi] < peak[5])<{
node[ 0] = i;
peak[S5] =ul[i] ;
¥
}
FtOQuwt(“node[ [0]= %d \n”,node[ 10]):
ps2=0;
for (i = node[10+1 ; i < node[ 0]+temp] ; i++) {
if (ulfi] <=0.) ps2++;
by
node[ 11} = node[10) + psZ -1 ;
FnitOut(“nodef 11]= %dn",node[ 1 1]);
for {i =node{11]+1 ; i< node[ 1 1] + temp] ; i++ )
if (ul[il > peak[6] ) {
node{12] =1;
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peak[6] = ullil;
¥

}
FmtOut{"“node[12]= %d 0" node[12]);

/* calculates the RMS values®/
dt=2./rate;
T=(node[ 12]-node[0])/3.%dt;
rmsv=0,; rmsi=0.;
for (i=0;i<node[12];i++){
rmsy =rmsv+ ullil*ul{i]*d¢/(3.#T);
rmsi =rmsi+ ilk[i]*ilk[i]*dt/{3.*T);
¥
rmsv = sqrt (rmsv); rmsi = sqrt {rmsi);
/% write original data to 2 disk files */
hdl =OpenFile(*%iob51”,2,0,1);
hdlt=OpenFile(“9uob51”,2,0,1);
for (i=0;i<samples/2- [ -rec;i++){
FmtFile(hdl ], %s<%t[w15]," .0 1{i]);
FmtFile(hdl,”%s<%f[w15],”,ilk[i]);
if (1%5)==4)
{
WriteFile (hdl, ", 1);
WriteFile (hdlf,™n", 1)
b
h
CloseFile (hdl);
CloseFile (hdll);

YGraphPopup (ul, 2100, 4);

YGraphPopup (ilk, 2100, 4);

cls();

FmtOut ( “rmsv = %f\n”,msv);

FmtOut ( “rmsi = %\, rmsi);

FmtOut { “maximum of the voltage = %f\n”,umax};
FmtOut { “maximum of the current = %f\n”,imax);

FmtOut ( “phase between peaks = %f\n”,phase);
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FmtOue(*The end. “);

2. Program for diagnostics

/* The main program for diagnostics */
f#%* Last modified April 2nd 1995, **%/
#linclude "ovenchk.h"

#define pi 3.1415926

#define true 1

#define false 0

static int nodef 10], nodeir[5],rec, rec3;

static double u1[30001,itk[3000],ch[50],areal ,area2,lmax,Ir[2500];
double max,cap,daf 10},slope[2000],u2[2500],ilkc[2000} ;

static double bi[4];

double av[50], av1[50] ;

double ar{50], ar1[50] ;

double fv[50], fv1[50] ;

double fi[50], fri[50];

int hdl,hdl1,hd12,hd13,hdl4,hd15,hd17,hdi8;

double ratio.ratio2,aratio Irmax,v 1,Ir1[2000],prdt,cl ct;

double rmsv,rmsi,por,vi_slope,Joop_area,uir,nf, nom , w , capmax ;

double smooth( in, stp,enp)
double in[}
int stp, enp ;
{
inti;

double out[3000];

Clear 1 D{out, 3000,

out[stp] = in{stp] ; outlenp] = infenp] ;
[ smooth *#%f
for(i=stp+i;i<enp;i++){

out[i] = 0.5 * in[i] + 0.25 * (in[i-1] + in[i+1] ) ;
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¥
fFFE% Pt it back ¥¥¥¥/
for (i=stp+l;i<enp;i++){
in[i] = outfi] ;

}

double Fourier( array , stan, stp, enp , dan , res, shift, order, fac)
double array{], stan , dan , res[], shift[], fac;
int stp, enp , order;
{
double ann , rec[50] ;
nti,j,n ;

ClearID (res, 50 ) ; Clear! D( rec, 50) ; Clear1D { shift , 50);

ann = stan ;
for (i=stp;i<=enp;i++ )}{
if ((i==stp)li(i==enp)){
for (j=1;j<=order; j++){
res[jl += 0.5%array[i}*sin(j*ann)*dan ;
rec[f] += 0.5%array[i]*cos{j*ann)*dan ;
s

b

else
{
for (j=1;j<=order;j++){
res{j] += array[i}*sin(j*amn)#dan ;
rec[j] += array[i]*cos(j*ann)*dan ;
s
b

1
r

ann += dan ;

¥
for(j=1; j<=order; j++ }{

shift[j] = atan{rec[il/res[j1);
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res[j] =res[il/( cos(shift[jl)*pi*fac ) ;
i+

¥

void findnode(st,first}
int st , first;
{
int half_cycle,pos,posl,i;

half cycle = 185%2; pos=0;posl =0;

for (i=st;i<st+half_cycle; i++) {
if (ulfi] >=0.) pos++;
¥
if (st==0) node[first} = pos-1 ; fEEEE firgt node #¥F%/
else node{first] = pos + st -1;
for ( i = node[first]+1 ; i < node[first]+1+half_cycle ; i ++ }{
i (ul[i] <=0. ) posl++;
h
node[first+1] = node[first]-+pos| ;

}

/EEE gtan can be removed FEFEf
double Calcap( capi.a,f,sip,enp, C, order, dan)
double capi(], all. ], C, dan:

int stp, enp , order ;

{
inti,j;

double ann ;

ann=0.;

for(i=stp;i<=enp;i++ )}
capili} = 0. ;
for(j=1;j<=order ;j++}{

capili] += w*j*C*afjl*sin(pi/2.+j*ann+f[j]) ;
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s
b
ann += dan ;
}
3

[#%%% gtan can be removed **#%/
double Calslope(res,a,f,ia,iif stan,dan,stp,enp,order,vorder, num)
double res[], a[] , f[] , ia[] , iif[] , dan , stan ;
int stp , enp , order, vorder , num ;
{
inti,j,k,rec,rec3,ep,sp;

double up , down , ann, slop!, slop2 ;

ann = stan ;
for (i=stp;i<=enp;i++){
up=0.; down=20.;
for(j=1;j<=order; j++ ){
if (j <= vorder )
down+= j*aj]*cos(j*ann+]j]) ;
up += j*ia[jl *cos{(jxann+iiffj]) ;
i
¥
if (down!=0,};
res[i] = up/ down ;
if (res[i] <=0. ¥{
il (il=0 ) resli] = res[i-1]*fabs(u 1 {i)/ul{i-1]) :
)
ann += dan ;
1
for (k=0; k<=1 ; k++ )}{
sp = nodeir[nam+k]J-9 ; ep = nodeir[num+k]+9 ;
slopl =0.;slop2=1.;rec =0;r1ec3 =0;
for(i=sp;i<=ep;it++){
if ( slope[i] > slopl ) {slopi =slopefi] ;rec=1i; }
if ( slopeli] <slop2 ) {slop2 =slope[i] ; rec3 =i, }
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}
slopefrec] = (slope[rec-1]+stope[rec+1])/2. ;
slope[rec3] = ( slopelrec3-1] + slope[rec3+1])/2. ;
for(j=1;j<=5;j+)}{

smooth(slope, sp.ep) ;

b

double Calratio( a, arr, order, imax 1, irmax2 )
double a[], arr[], imaxl, irmax2 ;

int order ;

{

inti,j;

ratio2=fabs(a[3}/imax 1) ;
cl = fabs(a[1])/irmax2 ;
Clear! D (air, 21);
ratio=0;ct=0.
for(i=3;i<=21;i++){
ratio += fabs(a[i]/imax 1),
are[i] =fabs(alil/a[[]);
ct += fabs(a[i}/irmax2) ;

it+;

ot

double Calrms( stp , enp }
inl stp,enp:
{

inti;

double Tp;
Tp=(enp-stp) *dt;

rmsv=0.;msi=0.;uir=0.;

for(i=stp;i<=enp; i++)
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{
rmsv += ul[i]*nl[i] ;
rmsi += ilk[i]*ilk[i] ;
uir += uni[i}*Irfi] ;

b

rmsv = sqrt (rmsv*dt/Tp);

rmsi = sqrt (rmsi*dt/Tp);

I = nir*dy/Tp;

double Calloop( stp , enp )
int stp, enp;
{

inti;

loop_area =0. ;
/* V-Itotal #/
for(i=slp ;i<enp ;i++){
if (ilk[i} < 0.)
loop_area += fabs(u [ [i+1]-u I [i]}*Tabs(ilk[i]);
ckse if (ilk[i] = Q.)
loop_area += (ulfi+]-ul[i}y*ilk{i];

gt

double Calaratio(stp . enp, uran)
intenp,stp;
double uran;

{

inti;

areal=0.; area2=1E-12;
for (i=stp ji<=enp ;i++ ){
if {ul[il<=uran ){
areal += fabs((li[i]-Ii{i-1])*u 1[i]});
area?2 += fabs{(ul[i]-ul[i- 11)*It]i]);
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}
¥
aratio = areal / area2 ;

¥

double Calvislop( stp , enp, uran )
intenp , stp ;
double uran;
{
inti,rea ;

double tm ;

m=300.; rea=10,
for (i=stp;i<=enp;i++){
if ( fabs(ulli]-uran)< tm ) { tm=fabs(ul{i]-uran) ; rea=i; }
b
if (tm ==0. }{
vi_slope = uran / ilk[rea] * 1 E-G ;
by
else {
if (ulfrea] < uran }{
vi_slope = uran / (ilk[rea} + (uran-u[[rea])/ul[rea)*ilk{rea] );
}
else vi_slope = wran/ (ilk[rea] - (ul[rea]-uran)/u [ [rea]*ilk[rea] )
b
vi_slope = vi_slope * 1E-6 ;

A
I

double Calnn{ stp , enp )
mtenp , stp
{

double x1,x2,x3,x4, bj ;

inf j i, record ;

x1=0:;x2=0.;x3=0.;x4=0.;j=0; bj=5.; record=0;

for (i=sip ;i<=enp; i++ }{
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if ( fabs(Ix[i]-0.001)<bj )}{
bj = fabs( Ir{i]-0.001 ) ; record = i;
b
if ((ulli] > 4200. )& & ( Isi} >0. )}{
x1 += log (ul[i])*log (u1[i]);
x2 += log (ul[il}
x3 += log (ul[i])*log (Ir[i]};
x4 += log (B{i]) ;
j=1;
¥
b
nom = ( x3-x F¥x4/x2 )/ (x2 -x1%j/x2 } ; /¥* r1-- nom *%/
nf=(x3-x2%nom)/ x1; /% r2-nf =%/
nom = exp (-nom/nf};

return({record) ;

double Calvl{ record )
il record ;
{
if {Irfrecord] == 0.001 )} v! =ul[record] ;
else if ( Irfrecord] > 0.001 )
vi = ulfrecord]-{Irfrecord]-0.00 )/ (Irfrecord]-Ir{record-11)*(u 1[record]-u | jrecord-1});

else

vl = ullrecord]+(0.001 -Ir[record])/(Ii[record+1]-Ir[record ] Y*(ul [record+1]-u 1 [record]);

e

void appendfile(flehdl, 1 .1l .12, 3, rd, 15, fac)

int filehdl , d1 , fac:

double rf ,v2,13.14,r15;

{
FautFile(filehd],"%s<%d{ w81, d1 } ;
FumtFile(filehdl, " %s<%f{w9],", 11 ¥ ;
FmtFile(filehdl,"%s<%f[w10],", 12 } ;
FmtFile(fitehdl,"%s<%f[w10],", 13 ) ;
FmtFile(filehdl,"%s<%f[w10],", r4 ) ;
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FmitFile(filehdl,"%s<%f[w10],", 15 ) ;

WriteFile (filehdl,"\n",1) ;

if { fac==1) WriteFile (filehdl,"n",1);
S

void appendfile1(filehdl, d1 ,r1,12,1r3,r4, fac)

int filehdl , d1 , fac;

doublerl ,12,13,r4 ;

{
FmtFile(filehdl,"%s<%d[w8],", d1 ) ;
FmtFile(filehdl,"%s<%{[w9],", 11 } ;
FmtFile(filehdl,"%s<%f[wl10],", 12 ) ;
FEmtFile(filehdl,"%s<%f[w10],", 13 ) ;
FmtFile(filehdl,"%s<%f[el,", 14 ) ;
WriteFile (filehdl,"n",1) ;
if ( fac == 1 ) WriteFile (filehd],'""n", 1) ;
by

double rite( time ,array , parl, par2 , num , limit ,posp,negp,capac,fac,rms )
int time , num , Tac ;

double array[], parl. par2 , limit, posp , negp ,capac,rms;

{

intrec3 ;

s =rms/{.41421;

Calratio{array , ch, 21, parf , par2 }; /* parl --Imax. par2--Irmax #/
Calrms(node[num], node[num+2] ) ;

Calloop( node{num] , nodeirfnum+2] ) ;

Calaratio(node[num]+1 , nodeir{num+t] , limit ) ;
Calvislop(node[num] , nodeir[num+1], limit);

rec3 = Calnn{ node[num]+30, nodeir{num+1] } ;

Calvi{rec3);
appendfile(hdl2, time , rms , rmsi, parl , par2 , fabs(array[3)), fac ) ;

appendfile(hdl3, time , rms , ratio2 , ratio , -posp/negp , posp/par! , fac };

appendfile(hdi4, time , rms , aratio , loop_area , area2 , vl , fac ) ;
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appendfile1(hdl3, time , rms , vi_slope , uir, capac, fac);
appendfilehdl7, time , rms , nf , nom , cl,ct, fac);

appendfile(hdi8, time , rms , ch[3], ch[5], ch{7] , ch{9] , fac };

b

double correct( rearr, arr, f ,h, rea, stp, enp, dan,C)

int stp , enp, h;

double rearr|] , arr[] , rea[], ff], dan,C;

{
nti,j;

double ann, uhar ;

ann=10.;
for (i=stp;i<enp;i++){
uhar=0. ;
if (fabs(Ir(i]) >0.25*capmax ){
for(j=3;j<=h;j++){
uhar += arrfj]#sin{j*ann+f]j]) ;
s
h
rearr[i] = Irfi] - uhar*slope[i} ;
¥
else rearr[i] = I[i};
reai] = Ir]i] - reart]i] ;
ann +=dan ;

Iv(if =rearr[i] ; /=% Ir corrected %/

ilk[i] = are[1]#sin(ann+{f | J4pi/2.) 5w C+lili] -

)

void Beeep()
{

beep () ;
delay (0.1} ;
beep () ;
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delay (0.1);
beep () ;
}

void Dsplay( pnll , pni2 )
int pnll,pnl2;
{
DisplayPanel (pnii);
DisplayPanel (pnl2);
h

void Plott( p1, p2, plc, p2c,input , enp )

int pl , p2,ple,p2c,enp;

double input[] ;

{
PlotY { pl, plc,slope ,node[2) ,4,1,10,20,5);
PlotY ( p2,p2c,input,enp,4,1,10,20,5);

b

void Write2disc(al,a2,a3,ad)

double al{],a2[],a3[].a4[] ;

{
int i, handie ;
handle = OpenFile ("i85b", 2, 0, 1);
for (i=0; i<node[4]; i+4+) {
FmtlFile(handle," Ges<%f{w 101", i*dt);
IFmiFile(handle,"S%s<%f[w 10].",al[i])/1000.);
FmtFilethandie, "% s<% w10}, ",a2[i1# 1000.);
FmtFile(thandle,"%s<%f[w10].",a3[i]* 1000.);
FmtFile(handle,"%s<Sf[w [0],",a4[1]%1000.);
WriteFile (handle,"\n",1);}
CloseFile (handle);

void ritefile ()

{
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int handle;

char *bf,bf2[30],*bf3,*name,*other,bf4[30},%bf5,bf6] 30],*bf7,bf8[30],*bfY;
char bf10[30],*bf11,bf12[301,*bf13,bf14[30],*bf15,bf 16{30},*bf17,bf 18[30];
char *st1,st2[30],%st3,st4{30],*st5,5t6{301,*vol,voltf30);

char *cm 1, *cm3,em2[30],cm4[30],*cm5,*cm6,cm7[30],*em8,em9[30];

char *dml,*dm3,*dm5,dm2[30],dm4[30],dm6[30],*efl,*ef3,ef2[30],ef4[30],*ef5,ef6]30];

Fmt(bf2,"%s<%" ar[3]);
Fmt(bf4,"%s<%1f]p4]" ratio);
Fmt(bf12,"%s<%f" cap);
Fmt(bf14,"%s<%f" ct);
Fmt(bf8,"%s<%1" c1);
Fmi(bf6,"%s<%f",aratio);
Fmt(bf10,"%s<% ", Imax);

Fmnt(bf16,"%s<% " loop_area);

Fmt(st2,"%s<%1",vi_slope);
Fmt(st4,"%s<% " rmsv);
Fmt(st6,"%s<% " rmsi);
Fmt{volt,"%s<%f",max);
Fmt(ef6,"Ses<%f" ,por);
Fmt(dm?2,"%es< %" Irmax);
Fmit(dm4,"%s< %" ratio2),;
Fmt(dm6," %s<% M, uir);
Fmt(bf18," %s< %" v1),
Fit(b18,"Ges< %" nf);
Fmt{ef2,"%s< %" ,nom);

Fmi(ef4."%s<S" areal);

cmS="The time of ageing is 0680 series! ',

name=""The method of ageing is oven ageing.";

other="Element number is 13.26" ;
handle=OpenFile("r38c.out",2,0,1);

bf="3} The magnitude of 3rd harmonic resistive current is :";

bf3="4) The ratio of the sum of the harmonics to the total current is :";
bf5="6) The ratio of areas is :";

bf7="8) The ratio of 1st/Ir is :";
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bf9="7) The maximum value of total leakage current is ;"

bf11="5) The calculated capacitance is:";

bf13="9) The ratio of total harmonic to Ir is :";

bf15="11) The loop area is :'"";

bf17="17) The voltage to cause 1 mA instant resistive current is ; ';
st1="12) The slope of the pre-set point in V-f curve is :";

5t3="1) The rins value of voltage *;

st5="2) The rms value of current *;

vol="13) The magnitude of the applied voltage is "

#ecmB="17) The maximum of the resistive current is :'";, */
dm="14) The maximum of the resistive current is :";

dm3="15) The ratio of the 3rd resistive Har to the max of resistive is :";
dm5="16) The integration of U*hris :";

ef5="10) The ratio of rmsir to total rms current is : "}

bf7="18) The non-linear factor of V-Iris: ",

ef1="19) The nom of V-Iris: "

ef3="20) The area in V-Iris : ™;

WriteFile(handle,name,36);
WriteFile (handle,"\n", 1);
WriteFile (handle,"n",1);
WriteFile(handle,cm3,33);
WriteFile (handle,"n",1);
WriteFile (handle,"\n", |);
WriteFile(handle,other,23);
WriteFile (handle,"\n",1);
WriteFile (handle."n",1);
WriteFile(handle,st3,28);
WriteFile(handle,st4,15);
WriteFile (handle,"sn'", 1);
WrileFile (handle,"\n",1);
WriteFFile(handle,st5,28);
WriteFile(handle,st6,15);
WriteFile (handle,"™n",1);
WriteFile (handle,"\n",1);
WriteFiie(handle,bf,54);

89



Appendix B

WriteFile(handle,bf2,14);
WriteFile (handie,"n",1);
WriteFile (handle,"\n",1);
WriteFile(handle,bf3,66);
WriteFile(handle,bf4,16);
WriteFile (handle,\n",1);
WriteFile (handle,"\n",1);
WriteFile(handle,bf11,33);
WriteFile(thandle,bf12,16);
WriteFile (handle,"\n",1);
WriteFile (handle,"\n",1};
WriteFile(handle,bf5,25);
WriteFile(handle,bf6,14);
WriteFile (handle,'"\n",1);
WriteFile (handle,"n", I'};
WriteFile(handle,bf9,49);
WriteFile(handle,bf10,14);
WriteFile (handle,"\n", 1);
WriteFile (handle,'"n",1);
WriteFile(thandle,bf7,27);
WriteFile(handle,bf8,14);
WriteFile {handle,'"\n",1};
WriteFile (handle,"\n™, 1);
WriteFile(handle,bf13,41);
WriteFile(handle,bfl4,14);
WriteFile (handle,"n",1);
WriteFile (handle,"\n",1);
WriteFile(handle,ef5,49);
WriteFile(handle,ef6,14);
WriteFile (handle,"\n",1);
WriteFile (handle,"n",1);
WriteFile(handle,bf15,21);
WriteFile(handle,bf16,14);
WriteFile (handle,"\n",1);
WriteFile (handle,™n",1);
WriteFile(handle,st],52);
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WriteFile(handle,st2,14);
WriteFile (handle,"\n",1);
WriteFile (handle,"n",1);
WriteFile(handle,vol,45);
WriteFile(handle,volt,15);
WriteFile (handle,"n",1);
WriteFile (handle,"\n",1);
WriteFile(handle,dm1,45);
WriteFile(handle,dm?2,15);
WriteFile (handle,"\n",1),
WriteFile (handle,"n",);
WriteFile(handle,dm3,67);
WriteFile(handle,dm4,15);
WriteFile (handle,"™n",1);
WriteFile (handle,"n",1};
WriteFile(handle,dm35,32);
WriteFile(handle,dmo,15);
WriteFile (handle,"n",1});
WriteFile (handle,"\n", [);
WriteFile(handle,bf17,61);
WriteFile(handle,bf18,15);
WriteFile (handle,"\n",1);
WriteFile (handle,'n",1});
WriteFile(handle,bf7,39);
WriteFile(handle,bf8,15);
WriteFile (handle,™n",1);
WriteFile (handle,'"\n", 1);
WriteFile(handle,ef1,23);
WriteFile(handle,ef2,15);
WriteFile (handle,"\n",[);
WriteFile (handle,"n",1);
WriteFile(handle,ef3,26);
WriteFile(handle,ef4,15);
WriteFile (handle,"\n",1);
WriteFile (handle,"\n",1);

CloseFile (handle);
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main(){
int 1,j,sp,ep,n,hn,days,poos,real,jn,hnl,hn2 ;

int samples,frequency,ps2,temp | ,cmax,cmin;

int hdl6, hv, umax , umin , ilmax, ilmin , newhn! , newhn2 ;

char str[55], strl1[55], str2[53] , str3[55] ;
double ch1[70], uran ;

double rate, an,dan,ii,ui, cap2;

double rmsv 1,bj,Irmaxn, peakl ;

double rmsir, ppl , pp2 , np2, npl , uhar;
double i2{2500],capi[2000], slope2[1000];

double oldslope[30], tslope,upre,ipre , imin , min,capmin ;

int Panell, Panel2,Panel3,Paneld, hd,id,menu_bar,cond;

cls();

Imax=0.; samples=5000; max =0.; ps2 =0;

rate=86400.; frequency=00; w=2%*pi*frequency; /*initialization®/

hn=39 ; di=2./rate;

f#=%% Retrieve the data in the disk ###%/
hd! =OpenFile("85ieh58',1,2,1);
hdl {=OpenFile("85ueh58",1,2,1);

days = 680;

uran = 5750. *1.4 :

ScanFile ( hdlf, "%s>%*fix]", samples/2 , ut);
ScanFile ( hdl , "%s>%*f[x]" , samples/2 . ilk);
CloseFile (hdl);

CloseFile (hdll);

“% Change the voltage to a sine fumnction *#%/

poos =0 ;

/% Specify the points may be contained in 1/4 cycle*/
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templ=3*rate/(20*frequency};
for (i=0; i<templ] ; i++){ /* how many points in 1/4 cycle */
if (ul[i] >=0. ) poos++;}
node[0]=0; node[1] = poos-1 ;
peakl =0.;
for (i=poos ; i<poos+templ ; i++){
if (ul[i] < peakl ) {node[2] = i; peakl =ul[i]; } }
#*FmtOut("nodef2] =%dwn" ,node[2]);**/
for (i = node[2]+1 ; i < node[2]+temp! ; i++) {
if (ul[i] <=0. ) ps2++; }
node[3] = node[2] + ps2 ;
/A*FmtOut("node[3] =%d\n",node[3]); %/

sp = node[3] ;

for (i=0;i<=2000;i++)
{ u2[i] = vifi4sp+!] ; i2{i] = ilkfi+sp+1] ;
b

Clear1 D (ul, 2200);  CleariD (ilk, 2200);
Copy!1D (u2, 2000, ul); Copy1D (i2, 2000, ilk);
CleartD (u2, 2200);  ClearlD (i2, 2200);

/=Smooth the collected data™/
smooth{ ui , 0, 1600}
smooth(ilk , 0, 1600} :

MaxMinlD {(ul, 1600, &max, &umax, &min, &umin);
MaxMinlD (ilk, 1600, &Imax, &ilmax, &imin, &ilmin);

node[0]=0;
findnede(0, ) ; node[2] += [;
findnode(node[2]+1,3) ; node[4] += I;

for(i=1;i<=4 14+ ){
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dafi] = pi / (node[i] - node[i-1]);
FmtOut(" da[%d] = %fn", i,dali] );

¥

for (i=1;i<=4;i++) {
FmtOut("'node[%d] =%d\n",i,node[i});
H

CleariD (av, 40), Clear1D {av1, 40);

Cleari D (fv, 40); CleariD (fv1, 40); Clear1D (fr, 40); Clear! D (fri, 40) ;
Clear1 D (ar, 40); Clear1D (arl, 40);

Clear1D (bi, 4);

/#%%% Fourier integration on the voltage signal *%#%/
Fourier{ ul, 0., node[0], node[2], 2.*pi/(node[2]-node[0]), av ,fv ,bn, [.};
Fourier{ ul , 0., node[2], node[4], 2.*pi/(node[4]-node[2]), avl , fvl , hn, 1. );

for(i=3;i<=19;i++) {
FntOQut("av[%d)=%f ",i,av[i] ) ;
FmtOut{"av 1 [%d]=%f\n "iav1{i]);
i++;

¥

FngOut(™ Please enter the highest harmonic order to calculate capacitive current " );

Scanln ("%I>%i",&hv);

if(hv==0) £ W po input, default value = [] %3/
hv=11;
s Caleulate the capacitive current caused by the fundermental component
of voltage +#%%/

for(n=0;n<=2;n++){
an=0.; dan=2*pi/{(node[n+2]-node]n]);
for (i=node[n] ; i <=node[n+2] ;i++) {
if ( (i==node[n] )} I{i==node[n+2])) {
bi[n] +=0.5%ilk{i]*cos(an)*dan ;
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¥
else {
bi[n] += ilk[i]*cos{an)*dan ;
by
an +=dan;
¥
bi[n] =bi[n}/(pi);
n+H;

}

FmtOut("bi[ %d)=%f", 0 , bi{0] ) ;
FmtOut("bi[ %d]=%f\n ",2, bi{2] ) ;

/##% Calculate the capacitance **%/
cap = bi[0] / (w*av[1]);
FmtOut("capacitance=%fw",cap) ;
cap2 = bi[2] / (wFavi{1]);
FmtOut("capacitance=%f\n",cap2) ;

FmtOut(""capacitance=%f\n",(cap+cap2)/2) ;

f#%%% Calculate the capacitive current ##%%/
Calcap(capi,av,fv,node[0),nodef2] cap,hiv,2.%pi/(node[2]-node[0]) } ;
Calcap(capi.av],fvl,node[2],node[4],cap2,hv,2.#pi/(node[4]-node[2]) ) ;

MaxMinlD (capi, node{4], &capmax, &emax, &capmin, &cemin);

JaRess Substract capacitive component from the total leakage current %%/

Subl D (ilk, capi, node[4], Ir);

CleartD ( Ir1, 2000 );
for (i=node[2]+1 ;i <=node{4] ;i4+) {
Irl[i} = Irfi] ;
¥
MaxMinID (Ir1, node[4], &pp2, &nodeir{3], &np2, &nodeir{4]); /#** Max & Min Ir in the 2nd cycie ##%/
CleariD( Ir1,2000) ;

for(i=1l;i<=4;i++){
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FmtOut{"nodeir[ %d]=%d\n",i,nodeir[i}) ;
¥

/#%* Fourier analyze the resistive current %%/
/##%% Use a factor of 2, on half cycle *%%%/
Fourier( Ir, 0., node[0}], node[2], 2.#pi/(node[2]-node[0]), ar, fr,hn, 1.) ;
Fourier( Ir, 0. , node[2], node[4], 2.*pi/(node{4]-node[2]), arl , frl ,hn, 1. );
for(i=1;i<=21;i++){

FmtOut("ar[%d]=%{ arl{%d}=%\n "i,ar{i] i,ar 1 [i]} ;

i+

¥
FmtOut(" Please enter the highest harmonic order to calculate sope in Ist cycle " );
ScanIn ("%1>%i",&newhnl);

FmtOut(" Please enter the highest harmonic order to calculate slope in 2nd cycle " );
Scanln ("%I1>%i",&newhn2);

Irmax=(ppi+pp2)/2. ; Irmaxn = -(npl+np2)/2. ;

pr = Irmax / Irmaxn ; por = Irmax/Imax ;

hdl2 = OpenFile ("eccwt", 2, 1, [);
hdl3 = OpenFile ("ecratio", 2, 1, 1);
hdl4 = OpenFile ("ecaratio", 2, 1, 1);
hdl5 = OpenFiie (Mecslopinv ", 2, 1, 1);
hdl7 = OpenFile ("ecnnce ", 2, 1, 1);

hdi8 = OpenFile (Mec3579 ", 2, 1, 1);

/#MessagePopup ("You need to enter the highesl harmonic order"):*/
SetBackgroundColor (3):

FPromptPopup ("Pls input the highest harmonic # for st cycle®, str, 50;
PromptPopup ("Pls input the highest harmonic # for 2nd cycle", strl, 50);
RemovePopup (1);

Scan ( str, "%es>%", &bhni ),

Scan (strl |, "%s>%i", &hn2 ) ; */

hnl =9; hn2 =9 ;

if (newhnl ==0) newhn! = hn;

if (newhn2 ==0) newhn2=hn;
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f2#5% Calculate the slope #%#%/
if(hnl==0)Yhnl=7; if(ln2==0)hn2=7,;
Calslope(slope,av,fv,ar,f1,0. , 2.*pi/(node[2]-node[0]), node[0],node[2],hn,hni , 1);

Calslope(slope,avi,fvi,arl,fr1,0. , 2.%pi/(node[4]-node[2]), nodef2],node[4],hn,hn2, 3);

sp = node[2] ; ep = node[4]-node[2];
for(i=1;i<=ep;i++){
slope2{i] = slope[i+sp] ;
’

menu_bar = LoadMenuBar ("ovenchk.uir", Bar);

if (menu_bar< Q) {
FmtOut("Unable to load the required menu from the designated resoure file\n'');
return ;

}

Panell = LoadPanel ("ovenchk.unit", P1) ;
Panel2 = LoadPanel ("ovenchk.uit", P2) ;
Panel3 = LoadPanel ("ovenchk.uit", P3) ;

Paneld = LoadPanel (Movenchk.uir', P4) ;

if (( Panell <0)II( Panel2 <0)) {
FmiOu("Unable to load the required panel from the designated resource file\n');
retuin ;

b

/“MessagePopup (" Double click to select the hn from the list");

MessagePopup (" Choose return after selecting ! "'); #/

Dsplay( Panell , Panel2 };
Ploti(Panell , Panel2 , P1_lslope , P2 2slope , slope2 ,ep);

cond = | ;

while { cond ) {

GetUserEvent (1, &hd, &id);
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if (hd==menu_bar) {
switch(id)
{

case Bar_view_parameter :
breakpoint() ;
break ;

case Bar_view_I¢ :
YGraphPopup (capi, node[4], 4);
break ;

case Bar_view _Ir:
Y GraphPopup (I, node[4], 4);
break ;

case Bar view Irc:
break ;

case Bar_select Newhn:
PromptPopup (''Select new value for the current harmonic order", str, 50);
Scan ( str, "%s>%i" , &newhnl );
newhn2 = newhnl ;
break ;

case Bar_select_newhv :
PromptPopup (*Select new value for the voltage harmonic order”, str, 50);
Scan ( str, "%s>%i" . &hnl ) ;
hnZ =hni;
break ;

case Bar_again:
DisplayPanel {Panel3);
Calslope(slope,av,fv.ar{r.0. . 2.*pif{(node[2]-node]0]), node[0].

node[2],newhnt,hnl, 1);
Calslope(stope.av 1 fvlart,ir].0. . 2.%pi/(nodef 4]-node[2]), node[2],
node{4].newhn2,hn2, 3);
sp = node[2] ; ep = node{4]-node[2];
for(i=1;i<=ep;i++){
slope2[i] = slope[i+sp] ;
}

HidePanel (Panel3);
DeletePlots ( Panell, PI_Islope );
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DeletePlots ( Panel2, P2_2Zslope ) ;
Dsplay( Panelt , Panel2 ) ;
Plott(Panel! , Panel2 , Pl _l1slope , P2_2slope , slope2.ep);
break ;
case Bar_write_lst :
Beeep() ;
rite( days,ar,Imax, ppi, O, uran, ppl ,npl,cap, 0, av{l] );
Beeep() ;
break ;
case Bar_write_2nd :
Beeep() ;
rite( days,arl,Imax, pp2, 2, wran , pp2 , np2 , cap2, ! , avi[1] );
Beeep() ;
break ;
case Bar_write_all :
/¥ Beeep(); *
rite{ days,ar,Imax, ppl, O, uran, pp! , npl ,cap, 0, av[1] );
rite( days,arl,Imax, pp2 , 2, uran , pp2 , np2 , cap2, |, avI[1] };
/# Beeep() ; */
cond =0;
UnloadPanel (Panell) ;
UnloadPanel (Panel2) ;
UnloadPanel (Panel3) ;
UnloadPanel (Paneld) ;
UnloadMenuBar () ;
break ;
case Bar_write 2disc :
Beeep() ;
Write2disc(ul,ilk capilr) ;
Beeep() ;
break ;
case Bar_correct :
/% Beeep() ; #/
correct( i2,av ,fv , hv , Irl , node[0] , node(2] , 2.%pi/( node[2] -node{0]),cap };
correct( iZ,avl,fvl, hv, Irl, node[2} , nodel4] , 2.%pi/( node[4] -node[2]),cap2 );
Fourier( Ir, 0., node[0], node[2], 2.*pi/(node[2]-node[0]), ar, fr,hn, 1.);
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Fourier( Ir, 0., node[2], node[4], 2.*pi/(node[4])-node[2]), arl , fr] , hn, 1.);

MaxMiniD (ul, 1600, &max, &umax, &min, &umin);

MaxMin1D (lk, 1600, &lmax, &ilmax, &imin, &ilmin);

MaxMin1D (Ir, nodef2], &ppl, &nodeir[1], &npl, &nodeir[2]);
%% Max & Min Ir in the st cycle *#%/

ClearlD (Ir1, 2000 );

for (i=nodef2]+] ;i <=node[4] ;i++) {
Irl{i} = Ir[i] ;
)

MaxMin 1D (Irl, node[4], &pp2, &nodeir[3], &np2, &nodeir[4]);
/%% Max & Min Ir in the 2nd cycle **%/

Clear1D( Irl , 2000 ) ;

Y GraphPopup {i2, node[4], 4);

break ;

case Bar_return :

cond =0;

UnloadPanel (Panell) ;

UnloadPancl (Panel2) ;

UnloadPanel (Panel3) ;

UnloadPanel (Panel4) ;

UnloadMenuBar () ;

break ;

}
else if (hd== Panell) {

switch(id})

{

case Pl _lIselect:

DisplayPanel (Panel4);

delay (.5);
HidePanel (Panel4);
GetCrrlVal (Panell, PI_Iselect, str);

Scan ( str, "%s>%1", &hnl ) ;

Dsplay( Panell , Panel2 ) ;
break ;

case P1_selecthni :
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DisplayPanel (Panel4);
delay (.5);
HidePane! (Panel4);
GetCtrlVal (Panell, P1_selecthni, str);
Scan ( str, "%s>%i" , &newhnl ) ;
Dsplay( Panell , Panel2 ) ;
break ;
case Pl_go:
DisplayPanel (Panel3);
Calslope(slope,av,fv,ar,fr,0. , 2.%pi/(node[2]-node[0]), node[0],
node[2],newhni,hnl , I};
HidePanel (Panel3);
DeletePlots ( Panell, P1_lslope );
DeletePlots ( Panel2, P2_2slope ) ;
Dsplay( Panell , Panel2 ) ;
Ploti(Panell , Panel2 , Pi_lslope , P2_2slope , slope2 ,ep);
break ;

¥
else if (hd== Panel2) {
switch(id)
{
case P2_2sclect :

DisplayPanel (Paneld);
delay (.5);

HidePanel (Paneld);

GetCudval (Panel2, P2_2select, str i );
Scan (str] |, "9s>%i" , &hn2) ;
Dsplay( Panell | Panel2 ) ;

break ;

case P2_selecthn? :

DisplayPanel (Paneld);

delay (.5);

HidePanel {Panel4);

GetCtrlVal (Panel2, P2_selecthn2, strl);

Scan (strl , "%s>%i" , &newhn? ) ;
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Dsplay( Panell , Panel2 ) ;
break ;
case P2 go:
DisplayPanel (Panel3);
Calslope(slope,av [, fv1,arl,fr1,0. , 2.%pi/(node[4]-node[2]}, node[2],
node[4],newhn2,hin2, 3);

sp = node{2] ; ep = node[4]-node[2];
for(i=1;i<=ep;i++){

slope2[i] = slope[i+sp} ;

}

HidePanel (Panel3);
DeletePlots ( Panell, P1_1Islope );
DeletePlots ( Panel2, P2_2slope ) ;
Dsplay( Panell , Panel2 ) ;
Plott(Panell , Panel2 , P1_lslope , P2_Zslope , slope2 , ep ) ;

break ;

F~Calratio(ar , ch, 21 , Imax , Irmax);
Calrms(node[0], node[1] )

FmtOCut{ " rmsv = %f rmsi=%\n ** rmsv, rmsi);
Calloop( node[0] , nodeir[1] ) ;
Calaratio(node[0]+1 , nodeir1] , uran ) ;
Calvislop(node{®] , nodeir[1] . uran };

rec3 = Calnn{ node[0]+30 , nodeir[1] ) ;
Calvi(rec3 ).

appendfile(hd]2, days , rmsv , tmsi , Imax , lrmax |, fabs(ar[3]), 0) :
appendfile(hdl3, days , ymsv . ratio2 , ratio . -ppl/npl , ppl/lmax , 0 ) ;
appendfile(hdi4, days , rmsv , aratio , loop_area, area2 ,vi,0};
appendfilel(hdis, days , rmsv , vi_slope , nir, cap, 0);
appendfile(hdl7, days , rmsv , nf , nom ,cl,ct,0);

appendfile(hdi8, days , rmsv , ch[3], ¢h{5],ch[7] ,ch[9] ,0); =/
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CloseFile (hdi2) ;
CloseFile (hdl3 ) ;
CloseFile ( hdl4 ) ;
CloseFile ( hdI5 ) ;
CloseFile (hdl7 ) ;
CloseFile (hdl8 } ;

YGraphPopup (ul, nodef4], 4);
YGraphPopup (ilk, node[4], 4);
YGraphPopup (capi, node(4], 4);
YGraphPopup (I, node[4], 4);
YGraphPopup (slope, node[4], 4);
YGraphPopup (Ir], node[4], 4);
YGraphPopup (i2, node[4], 4);

XY GraphPopup (Ir, ul, node{4], 4, 4);
XYGraphPopup (ilk, ul, node[4], 4, 4);

ritefile() ;

/+Some results through standard in&out*/

HAFmtOut("\nMagnitude of applied voltage =% \n",max);

FmtOuwt("rmsv=5%fn", rmsv);
FmtOut("rmsi=%\n", rmsi);
FrntOut("ratio=%fn", ratio);
FmtQut(Mloop_area=%f\n", loop_area);
FmitQut{"aratio=%f\n", aratio);
FntOut("lrmax=%n" Irmax) ;

FmtOut("ratio2=%Hn" ratio2); =/
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