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Abstract 

To mure the reliability of power supply it becomes necessary to periodicaiiy 

monitor the condition of power apparatus. Conventionally this may be achieved by 

carrykg out tests such as the partial discharge and dissipation factor tests in a 

laboratory. This method, however, rrquireS that the apparatus in question be 

discomiected h m  service and transported to the testing locatioa. In the last few years 

on-line diagnostic tests have found favour not only because they are cost effective but 

aiso do not involve service interruption and fùrthermore offer the possibility of 

continuou monitoring. 

The reported methods measure the phase ciifference between voltage and 

curent digitdy by converthg the signais to rectaoguiar waveforms while presening 

zero crossings. The method discussed in this paper uses a different technique. The 

Discrete Fourier Transfonn (DFT) is performed on the acquired anaiog signas; the 

phase difference is found nom phase information of the hdamentai quantities. This 

procedure effectively eliminates m a  due to hamonics. It has an additional 

advantage in that the error ïntroduced due to noisy data is malier than that present in 

a method which d i e s  on detection of zero crossings. 

The suggested method has been validated by cornparison with the results 

obtained by a conventional bridge measuremmt. The effects of sampiing rate and 

system fiequency fluctuation on the measurement have also been studied. 
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Chapter 1 

CHAPTER 1 

INTRODUCTION 

Wïth increasing time in semice, the quality of the msulatioa of high voltage 

apparatus deteriorates and the risk of iasulation failure iacreases. Monito~g  the 

condition of apparatus indation at service voltage is therefore necessary in order to 

maintain the reüability of electric power supply. This rnay be accomplished by 

disconnecting the apparatus fkom system and transporting it to a laboratory and 

measiaing the dissipation factor. partial discharge level or other quantities by usin3 

conventional methods. However, this technique is not oniy labour intensive but also 

introduces semice interruption. It may be mentioned that Manitoba Hydro conducts 

tests on some high voltage apparatus in situ, der disconnection from service, at a 

reduced voltage of 12kV using a current comparator. 

On-hie diagnostic methods, on the other han& can be implemented, at service 

voltage, without service intemiption. They are receiving increaseci attention because 

they are not oniy more economical but aiso offer the possibility of  continuous 

monitoring of the equipment under system voltage and operating conditions. On-line 

methods have been developed to monitor partial discharges and dissipation factor in 

the insulation of high voltage apparatus [Il. Continuous monitoring of insuiation 

dissipation factor and partial discharge levels makes it possible to set up an 

"intelligent" system which can assess the condition of insulation and suggest timely 

temedial action- 
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Chapter L 

1.1 Review of conventional methods 

The well-known conventional methods are: 

Dissipation fkctor measmement (tadi) 

Partial discharge measunment (PD) 

Recovery voltage method 

Insuiation resistance measurement 

Dissolved gas anaiysis @GA) 

hplementation of the first two techniques may necessitate the test object to be 

discomected h m  the power system and ûansported to the Iaboratory for test. The 

next two techniques can be Mplemented on site. In some cases DGA can be carried 

out by transportation of samples to the laboratory for anaiysis (sarnpling of b u s b g s  

and instrument transfomers is a c u l t ) .  

1.1.1 Dissipation factor measurement 

The measurement of dissipation factor is based on the assumption that the 

insulation can be electricaily modeled as a lossy capacitor. An ideal innilation with a 

perfect dielectric may be represented by a lossless capatitor. Thus in the latter case, 

under AC excitation, the phase shift between appüed voltage and current (calleci 

power factor angle) wili be exactly 90°. In practical insulation, losses aise due to 

leakage, voids and polarkation; the power factor angle is less than 90'. The 

complement of the power factor angle is known as loss angle; itç tangent is nferred to 

as dissipation factor, Le. tans. Practical insulation may be represented by either a 

senes or parallel combination of resistance and capacitance. 

Digital technique for on-line measurement of dissipation factor of high voItage apparatus@ - 2 -  



Chapter I 

One of the moa commoaly used methods for meanning dissipation factor is 

the Schering bridge [2] which is shown in Fig 1.1. The bridge measures the 

dissipation fiwtor and also the capacitance by cornparison of the test specimen with a 

gas-nlled standard capacitor which has negligible loss. 

Fig 1.1 : S c h e ~ g  bridge 

The balance conditions obtained when the indicator shows zero deflection in 

Fig 1.1 are: 

h m  Eq(l . 1) t a .  = OC& = 0C4R4 

Another type of bridge used for dissipation factor measurement is the curent 

comparator bridge [3] which is shown in Fig 1.2. Such a bridge has transformer 

windings with adjustable taps for two of its arms and the detector is connected to a 
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Chapter L 

third winding on the core. Zero net flux in the core is used as the balance conditioa 

This bridge provides even more accluate measuments than that possible with a 

Schering bridge. 

Fig 1.2: Current cornparator bridge 

[4] describes a method for the on-site measurement of dissipation 

factor and capacitance using a low voltage Schering bridge. The test object Cx is 

energized by the system bus and the low voltage portable standard capacitor Cs is 

energized by the secondary of a P.T. comected to the same bus. Stray infiuences, the 

effects of losses in the standard capacitor and P.T. and the influence of ground Ieads 

must be taken into account, in order to obtain an accurate value for the dissipation 

factor. The layout of the measuring circuit is shown in Fig 1.3. 

Fig 1.3: Test circuit for rneasuring tan5 using Schring bridge 
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Chapter 1 

In Fig 1.3, Si is the nomai secondary load of PT. The 20Q resistor and the LA 

hw are safe guards against accidental short circuit of the secondary of the PT. Ci and 

form a RC divider. The expression for dissipation factor is as follows, 

1 tans, = tan& +oC,R, - tany -- +aC, R, 
&[Ri 

where y is the phase aagle error of PT. If Ri is selected such that 

1 - = tans, +(uC,R, - tany 
oC,R, 

Eq(1.3) simplifies to 

Eq(1.5) is of the same fom as Eq(12), the balance equation for a Schreing 

bridge. 

1.1.2 Partial discharge measurement 

Partial discharges are locaiized electricai discharges w i t h  an insulation 

system, resaicted to only a part of the dielecûic material. They include both intenial 

and surface discharges. The occurrence of intemal discharges in cavities deteriorates 

the material due to the energy impact of high-energy electrons or accelerated ions, 

which cause chernical transformations of many types and detenoration. The 

occurrence of d a c e  discharges leads to tracking and possible eventual failure. 

Different from the dissipation factor memernent which refiects the global 

condition of a test object, partial discharge testing is concemed with the detection and 

quantization of discharges in the test object It is helpful because breakdom is often 
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initiated due to locdized discharge activity. 

The detection of discharges is based on the energy exchanges that take place 

d u ~ g  the discharge. A typicai partial discharge meastuhg circuit and the associated 

PD efliptical display are shown in Figs 1.4 and 1.5 respectively. 

Fig 1.4: Set up for PD test [21] 

Fig 1.5: PD elliptical d i q  lay 

1.1.3 Dissolved gas analysis @GA) 

For oil and oil-impregnated insulating materials, DGA cm play an important 

role in detecting insulation condition. Oil related insulating materials decompose and 
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Chapter 1 

generate decomposition products under the duence of thermal and electrïcal stress. 

Dinerent faults w i t b  the insuiation dissipate digerent amounts of energy, which 

r d t s  in ciiffirent distn'butions of the dissolved gases. By investigating the nature 

and amount of the individual componmt gases extracteci from the oil ushg gas 

chromatographie techniques, the indation condition as weil as the type and degree 

of the incipient faults c m  be identifid 

The results of a DGA may be anaIyzed through application of a method 

known as 'Xogers Ratio Method[S]" shown in Table 1.1. Other methods of anaiysis 

include the Dommburg ratio method[6], ANSUEEE method[S], LCIE method[7], 

Laborelec method[7,8]. 

Table 1.1 : Suggested diagnosis nom gas ratios according to Roger's ratio method[S] 
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The results of nich d y s i s  are not always clear-cut, but may yield a bais for 

arriving at a decision conceming remediai action. 

1.1.4 Recovery voltage method 

The recovery voltage method has been used to detect moisture in papa and 

water trees in XLPE cables. It is based on polarizaîion theory. Upon the application of 

electric field to a dielectric, two fiindamental dielectnc processes develop. They are 

conduction and absorption. Bath of Uiem are strongly influenced by aging, 

deterioration and moisture ingnss. 

The process of conduction is easily characterized by a single quantity, 

conductivity or resistivïty. However polarization is a more complex phenornenon, a 

resultant of several elementary processes. It can be characterized by a spectrum 

involving the distribution of the intensity of the individual processes plotted vs. their 

the-constants. Each of the elementary polarization pmcesses is related to weU- 

defined khd of charge carriers or dipoles (e.g. ions or molecular-groups). If the 

density of a cemin type of charge cmer changes due to the presence of moisture or 

agingdeterioration pmcesses in the insulation, the intensity of the conesponding 

elementary polarization will change as well. The change in the polarization spectnun 

may be used to indicate the progress of deterioration. 

The principle, procedure and interpretation of recovery voltage measurement 

is shown in Fig 1.6[10]. The insulation tested (represented by a capacitor C) is 

charged by a DC voltage of magnitude Uc for time & by closing switch S 1; next, it is 

isolated from the voltage source by opening SI and short-circuited by Sz for time td 

Digital technique for on-line measurernent of dissipation factor of high voltage appantusO -8- 
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(usuaiiy = tJ2)- Finally, S2 is switched off and a so-caiied r e m  voitage gradualiy 

appears on the electrodes. 

Theoreticaiiy it can be proved that the initial dope and the maximum value of 

the retum voltage can indicate insulation aghg- In practice, two polarization 

spectmms can be developed by adjusting the value of &, Le., they are dddt vs. log% 

and U&c vs. log& (a, U,,, are defined in Fig 1 Ab). The Wation condition c m  be 

ascertained directly h m  those polarization spectnrm curves, as show in Fig 1.6 c 

and d. 

(b) Measurexncnt procedure 

cc- (t) 

(c) Poiarization spectrum of aged insuiation 
in terms of d d d t  

Digital technique for on-line measurement of dissipation factor of high voltage apparatus@ - 9 -  
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Fig. 1.6: Measurement of r e m  voltage 

1.1.5 W a t i o n  resistance 

The indation resistance can be measwed using DC voltage. Because of the 

very high insulation resistance of the measured objects, the measured direct current is 

very small and of the order of the disturbance current induced in the circuit due to 

interference fields. In [Il], the noise voltage is measured and an opposite polarity 

voltage is generated in the curent to canceI the noise. This cancellation voltage is 

rnemorked and introduced in the measuring circuit when necessary. 

1.2 On-line Methods 

As mentioned above, on-line insulation monitoring methods are gaining 

popularity because of the advantages they offer. They involve digital signal 

pmcessing and use a PC to carry out computations. Typically, either the dissipation 

factor or the partial discharge level or bath are measured by capturing and processing 

the voltage across and the c m n t  through the test object which is in service. 

Digial technique for on-line meamernent of dissipation factor of high voltage apparatus@ - 1 0 -  
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Reference [12] describes a method for monitoring the idation dissipation 

factor. Fig 1.7a shows the setup and Fig 1 2  the block diagram of measuting system. 

Here the analog voltage is obtained h m  the secondary of a PT and a divider; the 

curent tiw is obtained h m  a sampiing resistor. The two signak are then 

processeci by a nIter to eliminate the effects of noise and harmonies. 

System bus 

Fig 1 . 7 ~  Measuremeat set-up in [12] 

The principle employed in [12] for meaniring the dissipation factor is as 

follows: first, the measured current and voltage signais are converted into rectanguiar 

waveforms, as shown in Fig 1.8; next the différence pulse is obtained. The width of 

the difference pulse contains information about the phase ciifference. This is f o n d  by 

counting the number of dock puises necessary to account for this pulse width. 

Digital technique for on-Iine memuement of dissipation factor of high voltage apparatuse - 11 - 
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Fig 1 . X  Meastuement sehrp and block diagram in [12] 

Cunent waveform 

Voltage waveform 

C m t  rectanguiar 
waveform 
Volta e rectangular 
wave H orm 

Fig 1.8: Derivation of the diffience puises 

A similar technique is used in [13]. The on-line monitoring system is shown in 

Fig 1.9. Here test capacitors, called caplinks, are inserted at the bottom end of a 

.. . - - - . - . . 
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Chapter L 

capacitive stack and the equipment unda test. The former provides a reference power 

frequency signai. These two signais are used to derive the phase dinerence between 

voltage and current. As in [12], the phase ciifference is obtained by counting the 

number of dock pulses in the difllamce pulse. 

Fig 1.9: An on-line M a t i o n  monitoring system[l3] 

The meastuement accuracy of the above methods is mainly dependent on the 

purity of the acquired signals. In practice, in ter f i ce  and hamonifs may be present 

in the measuring system which contaminates the sigoals. It is important for the 

methods to eliminate the effects of noise and hannonics efficiently. Othenvise the 

zero-crosshg points shifi with accompanying measurement erroa. 

Digital technique for on-luie mesurement of dissipation factor of high vottage apparatus@ - 13 - 
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1 J Seope of the pwent work 

The work reporte- in this thais is concemed with the digital measurement of 

tan& dissipation factor of high voltage Wation. The suggested method, which is 

applicable to on-line testiag, uses a différent technique. The DFT is perfomied on the 

acquired analog voltage and cumnt signais, and the phase ciifference is formd nom 

phase information of the firndamexltal quantities instead of rdying on detection of 

zerc~ossing points. This procedure effectivey eüminates errors due to hannonics. It 

has an additionai advantage in that the error intmduced due to noisy data is smailer 

than that present in a method which reks on detection of zero crossings. 

Ln order to validate the suggested method it was applied to measure the 

dissipation factor in different situations. They are: 

Low voltage validation measurements with a low-toss polystyrene capacitor and a 

pardel resistor 

High voltage measurements with an artinciai cavity 

High voltage meaSUTements with a resin-impregnated capacitor 

Application of different sampiing devices (AT-MIO- I6F-5 board and TDS-540 

digital osciUoscope) 

The effects of sampling rate and system fiequency fluctuation on the 

measurernent are &O studied 
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Chapter 2 

MEASUREMENT SETUP, PROCEDURE AND 

TECHNIQUES 

This chapter describes the measurement p ~ c i p l e  of the proposed method, the 

test setup and procedure. The methods ernployed to eliminate measurement emrs are 

also discussed, 

2.1 Measurement principle 

The basic principle of the suggested technique is to measure the phase 

difference between the fundamental components of the appiied voltase across and the 

curent flowing thmugb the test object To accompiish this, as mentioned in Chapter 

1, the DFT is performed on the acquired digital signals and the phase difference 

found h m  phase information of the bdamental puantities. in order to realize the 

suggested principle, &ta acquisition and digital signai processkig techniques were 

employed in the implementation. 

2.2 Measurement setup and data acquisition 

2.2.1 Data acquisition 

The voltage and curent signals are in continuous analog forms and require 

conversion into discrete forms for digital cornputer processing. This process involves 

multiple-channel sampling in the t h e  domain, quantization in the amplitude domain, 
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and coding the r d t i n g  infiormation into digital form. Sampüng of the aaalog signal 

involves the selection of a series of narrow impulses of the signai, spaced at equal 

time intervais. The data acquisition system used in this project is shown in Fig 2.1. 

. . A/D Board 

r -- 

Shunt -or 

Fig 2.1 : Data acquisition system 

The voltage signal was denved h m  a voltage divider and the current signal 

O btained the across shunt This method has 

advantages over one in which a capacitive element is used. First it is more stable and 

fiutberniore the effect of harmonies is enhanced The acquired voltage and current 

signais were then passed through a signal conditioner prior to digitkation. Finaily, 

developed &ta acquisition software was used for the dissipation factor calculation. 

The hardware and software used for data acquisition are h m  National 

Instruments hc.. The AT-MIO-16F-5 board was used as the hardware to perform 

AfD conversion. It has a 12-bit sampling A/D converter; the maximum sampling rate 

is 200ksamples/sec. ln this work, two charnels (voltage and current) were to be 

sampled simultaneously therefore the maximum rate for each charnel is 

- - -  - - - - - - - - 
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1 OOksamples/sec. The detailed specincations for the AT-MIO- 16F-5 board are listed 

in Appendix A. The LabWindow V2.1 was used to support the A/D board and 

p d o m  data acquisition and support the measurement pmgam. 

2.2.2 Samphg theorem 

For a given signal with the highest fhquency f ,  the lowest sampling fiequency 

necessary to preseme the information contained in a sampled version of this signai is 

given as t; = 2t 

Thus if f ,  h 2f. the original signai cm be completely recoverable nom the 

sampled signal with no loss of information. This is necessary, not only to avoid the 

aliasing effects of the actual signal content, but also to d u c e  the contribution of 

higher-fiequency noise components to the fiindamental components. In practice, the 

signal always contains high fkquency components so that a low-pass filter is required 

to precede digital sampling process. In this work, the signal conditioner provides a 

low-pass filter with the bandwidth of 10kHz and the lowest sarnpling rate used is 

2 5 W s  (the Sh abbreviation means Samples/second). 

2.2.3 Multiple-charme1 scanning 

To mesure the phase dinerence, the applied voltage and curent signais need 

to be sampled simultaneously. Thm two channels were employed, one for the analog 

voltage input and the other for current. The A i '  board sans the two chanaels and 

perfonns A D  conversion in the manner shown in Fig 2.2. 

- - - - - - - - - - - - - - - 
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Fig 2.2: Two channel scaMing 

In Fig 2.2, the c m t  signal is sampled fht  at thne by charnel-0. The 

voltage signal is sarnpled next at tMe ti by channel-1 and followed by sampiing of 

the current signal at time tz by channel-O again and so on- Finaily two digitized 

signals of the current and voltage are obtained. The samples representing the current 

and voltage signals will be { ti). t2, h, ..., t2n ) and { tl, t3, t5. ---. t-1 } respectively. 

As may be seen nom Fig 2.2, the f5rst sample of the voltage signal is not 

acquired at the same time as fht sample of the cunent signal. Therefore a time delay 

At (At = tn - Li) is introduced in the voltage signai due to the rnultiplexing procedure. 

This time delay can be taken into account by adding a phase shift a to the voltage 

signai. Where 

where n = the number of samples per cycle 

2.3 Discrete Fourier Transform @FT) 

2.3.1 DFT 

A number of high order harmonics may exist in the acquired digital signals 

due to electromagnetic induction, supply voltage harmonics and other disturbances. 
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This will cause a large measutement emr and therefore the effect of the hannonics 

needs to be eliminated efficiently. To m e a m  the dissipation factor, only the 

hdamental component is of interest. 

If only a few harmonies are to be extracteci h m  a digital signal, the DFT is 

faster than the FFT. Om may consider using the FFT if the intention is to obtain the 

specûum of a digital signai [14]. h this work, the DFT was used to extract only the 

fiindamental composent fkom a digitized signal thus eIiminating harmonies. 

In order to extract the hdamental components of voltage and current, a 

cornpiete cycle of both the voltage and cunent signals needs to be acquired and 

sampled at a certain sampling rate. The sampiing rate must be an integer number of 

times of the signal kquency, which raults in what is hown as çynchronous 

sampiinp. Foilowing this, the discrete-time signai V, (voltage) and In (current) are 

obtained and can be processed by DFT, where 05 n L N-1. 

Generally, a real discrete-time signal X,,, defined on the finite set of integers 

OS n 5 N-1, can be expressed in a discrete version of the Fourier series as 

where the coefficients ai< and bk are givcn by the DFT of X,, 
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For couvenience of signai auaiysis, Eq(2.2) may be wrïtten as 

where 

where Ak is the peak amplitude of the #" hannonic, and Bk the phase of kh 

harmonic. Only the fimdamental components, A[ and 8 [, are of interest. 

2.3.2 Anaiysis of hamonic components in the voltage and current signals 

Most of the tests in this work are based on the 60Hz voltage fiom the main 

supply. The applied voltage is obtained ftom an auto-hansfomer connected to the 

wail-outlet, It is usefbi to know the harmonic components contained in the source 

voltage and in the resulting cunent flowing through the test object. As described 

above, DFT was ernployed to carry out the harmonic analysis. 

nie supply h m  the wall outiet (120V) was comezted to a simple capacitor 

of value 3000pF. The voltage across it and the current flowing through it were 

anaiyzed to examine harmonic content. The results are shown in Table 2.1 (also see 

Fig 2.3) 
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Table 2.1 : Hannonics content in the applied voltage and current 
(expressed in p.u- of fbndamerital) 

From Fig 2.3, it is seen that the hannonic content in the current signal is much 

more than that in the voltage signal. This is because 114 = noCVncos(not), if the 

voltage signal is V.sin(nwt) and the test object is capacitive. Where n is the order of 

the harmonics and C the capacitance of the test object. 

Figs 2.4 (a) and (b) are close-ups of the areas Iabeled as A in Fig 2.3 (a) and B 

in Fig 2.3(b) respectively. They show how the presence of harmonics results in a shiR 

in the zero crossing point of a contaminated signal. This can have senous effect on a 

digital method which relies on detecting on zero crossings. 

The n~ voltage harmonic will cause loss in conjunction with the nU current 

harmonic. This loss can be taken into account However, since the mapitude of the 

voltage hannonics are smaU the accompanying loss are negligible. 

- - - - . - . 
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Voltage 

Current 

3=' 

1.50% 

4.66% 

srn 

1.33% 

6.58% 

7& 

0.05% 

0.49% 

9& 

0.08% 

0.60% 



/ Original signal 
ii 

Fundamental 

3rd hamonics 

5th harmonics 1 

(a) Curent harmonics 

@) Voltage hamianics 

Fig 2.3: Harmonies analysis 
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3rd harmonic 
--- 

1 6 11 16 21 26 3 1 No. of ~ample 

(a) Area A: current harmonies 

Onginai voltage 

Fundamentai 

3rd harmonic 

7th harmonic 1 
I 
I 

(b) Area B: voltage hannonics 

Fig 2.4: Close-up of areas labeled A and B in Fig 2.3 (a) and (b) respectively 

- - - pp - -- - - - - - - - - - - 
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2.4 Calibration 

Measurement enon always cUst due to the introduction of measurement 

elements such as voltage divider, shunt reJistor and cables. In order to obtain accurate 

measurement values, these m m  must be evaluated and eümmated by performing 

precise cali%mtiox~ 

2.4.1 Emr due to capacitive divider 

The capacitive divider causes a signincant phase shift because the low voltage 

capacitor is shunted by the input impedance of the signal conditioner which therefore 

forms a R-C circuit, as shown in Fig 2.5. In Fïg 2.5, Cr is an equivaient capacitance 

including the botrom capacitance of divider, cable capacitance and the input 

capacitance of signal conditioner; R is the equivalent resistance of the signai 

conditioner and cable. 
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Fig 2.5: Phasor diagram of the capacitive divider system 

Fmm Fig 2.5, 

this gives 

because CH CC CE, y = tan*' ( l h R C 9  = 4 

In order to fhd the phase shift accurately, the values of CE and R mut  be 

known accurately, and should therefore be found h m  precise measurement. 

2.4.2 Error due to shunt resistor 

The shunt resistor is needed to obtain the cturent signal. The measurement 

error due to the shunt resistor cm be accurately evaiuated Fig 2.6 shows the circuit 

and phasor diagram of the shunt resistor. 
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(W 

Fig 2.6: Phasor diagram of the shunt resistor system 

Refemag to Fig 2.6(b), 1, V, Vr and cp rnay be obtained directIy nom the 

digital measmement. Using 

and 

p can be obtained and therefore, 6 may be fomd by 

6 = 9 0 ° - ( < ~ + p )  
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CHAPTER 3 

VALIDATION TESTS 
UNDER LOW VOLTAGE AND EIIGH VOLTAGE 

The dissipation fmtor meamrement ushg the suggested digitai method was 

carried out in the laboratory in two stages. FLst, low voltage rneasurements were 

carried out using a low voltage, low-Ioss, polystyrene capacitor. This is a basic 

validation step. Different sampling rates were used to study their effect on measuring 

mors. In the second stage, hi& voltage measurements were carried out using a 40kV. 

500pF. resin Mpregnated capacitor and an artficiai cavity. 

3.1 Low voltage vaiidation 

3.1.1 Test set-up 

100 v 
Resistnrc divider Signal 

Conditioner 

R 

C: low-los -tor 
R: paraiIeI rcsistor 
r : shunt &or 

Fig 3.1 : Low voltage memement set-up 
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As shown in Fig 3.1, the dielectric loss was simulateci by a low loss 

(tan680.02%) 330ûpF polystyrene capacitor with a carbon composition resistor in 

paraiieI. Resistors of valut 100 Mn, 160 Mn, 270 Mn as well as infini@ (without 

paraiIel resistor) were employed to simulate differe~lt dissipation fators. 

The applied voItage was LOOV peak. The voltage signal was derived b r n  a 

resistive divider (ratio 1055, consisthg of two wire-wouad resistors, RplOOkR, 

Rr=SkR) and the current signai obtained by measurement of the voltage drop m s s  a 

l O k R  shunt e s t o r  (carbon composition) in the ground circuit, The resistive divider 

does not introduce phase shift. The measurement emrr due to the shunt resistor can be 

accurately evaiuated as described in Chapter 2. 

3 - 1 2  Test results 

For each R-C combination, IO0 successive measurements were taken at 

sampling rates of 25, 50 and 100kS/s respectively. The maximum, minimum and 

average values of the 100 dissipation factors measlned in each case were exarnined. 

Aiso, the dissipation factor was calculated for each case in order to make a 

comparison with that obtained h m  the test. Table 3.1 shows the comparison of the 

test and calculated values at different sampling rates. In the calctdation, the capacitor 

was assumed to be lossless. The test values listed in table 3.1 are the average values 

of 100 meaSuTements. 
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Table 3.1 : Cornparison of test and caldateci values of tan6 

Fig 3.2 shows the cornparison resuits in graphitai fom. 

(a) Samphg rate: 25kS/s 

0.00% 0.20% 0.40% OBI% 0.80% 1.00% 

calculatd valu. 

(b) Samphg rate: SOkS/s 
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(c) Sarnphg rate: 1 OOkS/s 

Fig 3.2: Cornparison of test values and caiculated values of ta116 
at dinerent sampling rates 

3.1.3 Measurement precition at different sampling rates 

It is mentioued that the dissipation factors shown above are the average values 

of 100 successive measurements at each sampluig rate. As in any measurement, two 

readings are seldom identical and the computed values display a statisticai 

characteristic. Table 3.2 shows the measmement precision in tenns of range at 

different sampling rates. 

Table 3 2: Measurement precision at different sarnpling rates 

It is seen that the measurement error is limited to kû.LO% at a sampihg rate of 

C 

PF 
3056.5 

3056.5 

3056.5 

3056.5 
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R 

MQ 

10000000 

270 

162 

1 O8 

MeasUrexnent precision (range) 

25kS/s 

2 0.18% 

4 0.18% 

+ 0.17% 

& O. 18% 

SOkS/s 

IO-ll% 

f O. 10% 

f 0.11% 

f 0.11% 

lOOkS/s 

k 0.09% 

f 0.10% 

f 0.10% 

f 0.09% 
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LOOkS/s. When the sampling rate is about 23~9s. the error is Limiteci to 10.18%. 

There is not much difference in the rneasutement enor at sampiing rates of SOkS/s 

and 100kSls. Fig 3.3 shows the feSuIts of 100 successive measurements obtained at 

each sampüng rate with R=LO8UR 

Nummr of measurements 

(a) Sampiing rate 2SkS/s 

1 11 21 31 41 51 61 71 81 91 

Nurnber of measurements 

@) Sarnpling rate 50kS/s 

1 11 21 31 41 51 61 71 81 91 

Number of measurements 

(c) Samphg rate 100kS/s 
Fig 3.3: 100 successive measurernent results for R=108MSZ at each sarnpling rate 
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It is &O useful to assess the rneasucement precision in statisticai terms. The 

probability distribution of measured dissipation factor values is assumed to be 

Gawiaa[17]. The pmbabiiity density hction of the Gaussian distribution is given 

by 

where the standard deviation a, is given by 

x E {xI, XZ, . . . xi, . . . xn} : randorn variables (measured values) 

Z: mean value 

If a set of measurements is normally distributed (see Figure 3.4). the interval 

1. ji + o wiU contain appmximately 68% of the measurements; 

2. x + 2 0  wil1 contain appmximately 95% of the measurements; 

3. I 3a will contain ail or almost ail of the measurernents. 

The standard deviations of the measuremmts at sampling rates of 25, 50 and 
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100kS/s are calcuiated by using Eq(3.2) and shown in Table 3.3. Also, the normal 

distribution curves for these t h e  cases are caicuiated by Eq(3.1) and shown in Fig 

3.4. 

Table 3.3: Standard deviations of 100 successive measuremats of dissipation factor 

1 Standard deviation (a) I 

Sampling rate 

lOOkS/s 25kS/s 

Intemal covering 68% 

0.6 0-7 0.8 0.9 1-0 

Dissipation factor (%) 

(a) Sampling rate 25kS/s 

SOkS/s 

of al1 rneasurements 
Interval covering 95% 

- - - - - - - - -- - . - - - - - - - - - - - 
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Dissipation factor (%) 

(b) SampIing rate SOkS/s 

0.6 0.7 O. 8 0.9 1 .O 

Dissipation factor (%) 

(c) Sampliag rate 1OOkWs 

Fig 3.4: Normal distribution curves of the meanvernent values 

3.1.4 Errors due to asynchronized sampling 

The variation in tan6 measurements descnbed in the last section arise partly 

due to asyncbnized sampling. With syuchronized sampling the sampling fiequency 

is an integer multiple (22) of the system kquency and the fiindamental and harmoaic 

components can be correctly extracted nom the input signals using DFT without 

resulting in "spectral Ieakage". 

In practice, because of the limitation imposed by the data acquisition Facilities, 
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synchtonizatiotl is impossible. With a 6OHz signai, if the chosen number of samples 

is 417, the sampling rate shouid be set to 25.02Ws. However this rate can not be 

obtained because of the lps t h e  base of the A/D board 

For example, should a me of 25.02kSls be specified for each channel which 

implies a sample interval of 19.984ps. the A/D board selects the nearest integer as a 

sample interval, Le. 20ps, which corresponds to 25kS/s for each channel. In this case, 

there will not be an integral number of samples in one cycle thus resulting in 

asynchronization. With increase in sampling rate, the ermr due to asynchronization 

decreases. 

3.1.5 Further consideration about the sampling rate 

As descriied above, two conditions need to be satisfied when choosing a 

sarnpling rate. The £kt condition is that the ratio of the sampling rate to the nominal 

system frequency must be an integer. This condition is required in order to implement 

the DFT. The second condition is that the sampling interval mut  be an integral 

number of the timebase of the A/D converter. In practice, it is impossible to satisfy 

these two conditions simultaneously ifthe nominal system fkquency is 60Hz. 

Tests were canied out to find out which of the above two conditions is more 

restrictive in so far as errors are concemed. 

Sampling rates of 36, 60 and 9OkS/s for each channel were chosen. These 

sampling rates are 600,1000 and 1500 times the system ftequency which resulting in 

sampling intervals of 13.889, 8.333 and 5.556ps respectively. Since the Ani 

converter timebase is Lps, the samplbg intervals are rounded off to 14, 8 and 6ps 
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respectively by the ND converter. These modified intemais correspond to actual 

sampluig rates of 35.714, 58.823 and 90909kS/s respectively. Erroa are therefore 

intmduced due to the above round procedure (see Fig 3 S). 

Number of measuremenls 

(a) Chosen sampiing rate = 36kS/s, Le, 600 timcs system kquency (60Hz) 

Number of measurements 

(b) Chosen sampiing rate = 6OkS/s, Le. IO00 times system fkequency (6ûHz) 

Number of measurements 

(a) Chosen sampling rate = 90kS/s, Le. 1500 times system frequency (6OHz) 

Fig 3.5: Measurement results for R=1 OSMR when sarnpling rates are chosen 
to be 36,60 and 90kS/s 
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These results are compareci with those in Fig 3.3. The results shown in Fig 3.3 

were obtained with sampling rates chosen to be 25.50 and lOOkS/s which correspond 

to sampliag Uitenmls of 20, 10 and 5ps. ObviousIy condition 1 is not satisfied while 

condition 2 is met. 

Comparison of the &ts in Fig 3.3 and 3.5 shows that violakg condition 2 

causes more serious error. Table 3.4 sumarizes the resuits. 

Therefore, in the tests conducted with high voltage (see section 3.2), the 

sampiing rates were chosen to be 25,50 and 10OkSk. Aiso the current wavefom was 

always sampled first, foiiowed by the next sample on the voltage waveform and so 

on. The location of the 6rst sample (on the curent waveform) was random. Sampluig 

was done for one cycle. 

Table 3.4: Comparison of two conditions 

- - 
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Condition 

Sampüng rate (kSfs) 

Reqaued 

No. of Samples in a cycle 

Tirne interval (ps) 

In practice 

No. of Sarnples in a cycle 

Time interval (ps) 

Introdaced errors 

I 

36 60 90 

600 1000 1500 

13.89 8.33 5.56 

600 1000 1500 

14 8 6 

Large 

II 

25 50 100 

416.7 833.3 1666.7 

20 10 5 

417 833 1667 

20 10 5 

Small 
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3.2 High voltage vslidation 

3.2.1 Test set-up 

ELV- Bus 

Cx - Sample Capacitor 

- 

Fig 3.6: High voltage measurement setup 

Si& conditioner 

In the hi& voltage test, the appiied voltage range is nom IkV to 40kV peak. 

To measure the dissipation factor, the voltage signal is derived f?om a capacitive 

C* 0 I 

d 

divider and the cunent signal obtained by measurement of the voItage drop across a 

4 
Am 

I 

600R shunt resistor in the ground circuit, as shown in Fig 3.6. 

In the above set-up the measufement error due to the shunt resistor is 

; VL 
a 4 

DFT 
mn - + 6 

- :  .) 

negligible as the resistance is much less than the impedance of the sample. However, 

-- 

the capacitive divider causes a significant phase shift because the low voltage 

Dissipaaon f'actor 

capacitor and the input impedance of the signal conditionhg form a R-C circuit as has 

been discussed in Chapter 2. 

9 

A.. - 

The dissipation factor measurement using the suggested digitai method was 

carrïed out using two different samples: an artificial cavity and a 40kV, 500pF, resin 

impregnated capacitor. 

- - - - - - - - - - - - 
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3.2.2 Validation with an artiociai cavity 

In order to validate the suggested methcd it was applied to measure the 

dissipation fator assotiated with partiai discharge accurring in an artificiai cavity 

(see Fig 3.7). The sampling rate was lOOkSls and the appW voltage was varieci h m  

2-20kV peak. Loss me-ents were aiso c e e d  out using a current comparator. 

Table 3.5 compares the results obtainec! at several values of applied voltage. 

Top EIcctmdt ! 

Fig 3.7: Artificial cavity 

With inmasing voltage, discharge activity in the void as well as the loss 

increase signincantly. Table 3.5 shows that the dissipation factors measured using the 

suggested digital method are in good agreement with that using a conventional 

method; Fig 3.8 shows the wavefomis of voltage and current obtaïned in the test as 

recorded by the A/D board. 

Table 3.5: Cornparison of resuits obtained by digital and conventionai methods 
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Digital method 
Voltage 

@v, P@ 

Cunent comparator 
Dissipation 

factor 
Voltage 

(kv, P ~ W  
Dissipation 

factor 
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Tara 

(a) Applied voltage = 2.08kV peak 

(b) Applied voitage = 4.5 IkV peak 

. . . 

r i  

(c) Applied voltage = 5.0 1 kV peak 
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T i i  

(cl) AppIied voltage = 8.65kV peak 

(e) Applied voItage = 13 -98 kV peak 

Fig 3.8: Wavefomis of current and voItage at various appiied voltage levels 

3.2.3 Test with a sample capacitor at différent sampling rate 

To find the relationship between the measuement accuracy and the sampling 

rate in the hi& voltage tests, 100 measurements were carried out for a resin 

impregnated capacitor with sampiing rates of 25.50 aad 100kS/s. The applied voltage 

was 40kV peak. Fig 3.9 shows the variation of dissipation factor over 100 successive 

measurements in each case. 

- - - - - - - - - - - 
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As in the low voltage test, it is seen tb t  the measured values of dissipation 

factor becorne more stable with mcrease in samphg rate. The enor is less than 

M. 1%, f0.07% and M.OS% for sampling rates of 25, 50 and lOOkSls respectivety. 

Comparing with the low voltage test d t s ,  the precision is much higher in the high 

voltage test. The reason is because the cunent signai is stronger in the high voltage 

test than in the low voltage test 

Number of measurements 
(a) 25kS/s. 

Number of measuraments 

(b) SOkS/s, 

1 11 21 31 41 51 61 71 I f  91 

Nurnber of rneasuremen ts 
(c) LOOkS/s. 

Fig 3.9: Variation of dissipation factor over 100 successive measurements 
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Table 3.6 shows the standard devisitions of the meamrements obtained in the 

high voltage tests at samphg rates of 25, 50 and 10016/s. The normal dûtniution 

curves for the t h e  cases are shown in Fig 3.10. 

Table 3 -6: Standard deviations of 100 successive measurements of dissipation 
factor in 

the high voltage tests 

Sampling rate 

2SkS/s 

l Mean value of tan6 in % 0.4177 l 0.41 87 

/ Standard deviation (O) 

Dissipation fxtor (%) 

(a) Sarnpling rate 25kS/s 

SOkSfs 

L 

Intemal covering 68% 
of d measurements 

Interval covering 95% 
of aii measurements 
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0.0482 0.0260 

0.4043-0.4321 

0.3 904-0-4460 

I 

0.3695-0.4659 

0.32 13-0.5 11 1 

' 0.3927-0.4447 

0.3667-0.4707 
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0.2 0.3 0.4 0.5 0.6 

Dissipation factor (%) 

(b) Sampiing rate SOkS/s 

Dissipation &or (%) 

(c) Samphg rate 1 OOkS/s 

Fig 3.10: Normal distribution c w e s  of high 
voltage measurements 

3.2.4 Tests at diffcrent voltage Ievels 

Voltages of 10, 20 and 40kV were applied ta a resin impregnated capacitor to 

measure its dissipation factor at a sampiing rate of 100kSls. Dissipation factor 
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measwments were &O carried out using a curreat cornparator at the same voltages 

for cornpariscm Table 3.7 compares the measurement resuits obtained. Fig 3.11 

shows 100 successive measurrments c w a  at different applied voltages ushg the 

suggested digital m e t h d  

Table 3.7: Dissipation factor (96) measurement results at different voltages 

(a) Applied voltage: lOkV peak 

Voltage(kV, peak) 

Suggested method 

@) Applied voltage: ZOkV peak 

10 20 40 

0.4210 0.4105 0.4182 
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(c) Appfied voltage: 4ûkV peak 

Fig 3.1 1 : 1 O0 successive measutements at different applied vo liases 

- - - - - - - - - - - - - - - - 
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CHAPTER 4 

EVALUATION AND SOLUTION OF 
MEASUREMENT ERRORS DUE TO SYSTEM 

FREQUENCY FLUCTUATION 

Another factor that may contribute to rneamrement error is the fhctuation of 

system fkquency. This chapter evaluates the emr and presents a solution method. 

4.1 Evaiuation of measarement errors due to system frequency fluctuation 

To extract the fiindamentai components using DFT, as discussed above, it is 

required that the number of samples within one cycle of the fimdamental is an integer 

(synchronized sarnpliag). Otherwise spectnim leakage is introduced which will result 

in measurement error. Synchronized sampling is achieved ody if the sampiing rate is 

an integral number of times of the system eequency. Once the sampling rate is 

chosen, the actual samphg rate wiii be fked and can not be changed due to the 

limitation of the 1 p  time base. An error will be introduced when the system 

frequency fluctuates because the fkequency fluctuation renilts in asynchronized 

sampiiag. 

Usuaily the fluctuation in the fiequency of a power system is of the order of 

rtO-OSHz. By means of a numericd simulation, it is shown that a smaii and negligible 

emr is introduced in the calcdation of dissipation factor due to small fiequency 

fluctuations. 

----  - 
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Several pairs of sinusoid wavefonns were digitally generated. Each pair has a 

differeat fkquency in the range 58 - 62Hz but with the same phase ciifference cp. The 

~ K O  waveforms, comprising a pair. may be regarded as voltage and curent signais. 

AU the waveforms were sampled at a sampling rate of 249.96kS/s, which is possible 

in the numerical simulation method but not in practise because of the limitation 

imposed by the A/D board. The fint sample was always taken at a fked point on one 

of the waveforms comprising the pair. Next, DFT was performed and the dissipation 

factor was obtained for each pair of wavefoms. 

The phase difference cp between two waveforms was chosen to be 89.53'. the 

comsponding t a 6  is easily caiculated to be 0.8203%. It is seen nom Table 4.1 that 

the digitaliy calculated value of dissipation factor for this pair of waveforms with a 

fkquency of 60Kz is exactly 0.8203%. For the pairs with fkequencies of 59.95 and 

60.05Hz, the digitaiiy calculated dissipation factors are 0.8216% and 0.8200% 

respectively which are very close to the 60Hz value of 0.8203%; the srnail error is 

negligible. 

For the pairs with Iarger fresumcy variation, the dissipation factor obtained 

fiorn the digital simulation were much larger than the 60Hz value. 

Table 4.1 : Variation of calculated dissipation factor at different Bequencies 

In the above simulation method, sarnpling was commenced at the zero degree 

of the voltage waveform (lagging). The foilowing results show the effect of variation 

in the location of commencement of sampling. 
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In successive simulations, sampling was commenced on the voltage 

waveforms at either zero degree or at 11 other points each separated h m  the other by 

30°. This was carrieci out for fkquencies in the range 58 - 62- 

Fig 4.1 shows conditions for triggaing at O* and 60° on the voltage 

wavefom. The d t s  are summarized in Table 4.2. Fig 4.2 expresses the results of 

Table 4.2 in graphical form. 

(a) Trigge~g at O0 on the voltage waveforms 

(b) Triggering at 60" on the voltage wavefom 

Fig 4.1: Triggering at dinerent points on the voltage wavefom 
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Table 4.2: E k t  of fiequency and triggerhg point on the dissipation factor(%) 
measurement (Acnial value = 0.8203%) 

Trigger 
Angle 

O 
30 
60 
90 
1 20 
1 50 
180 
21 O 
240 
270 
300 
330 
360 

s 
ô 
CI 
O 
.2 - 

5 - 
Trigger angle 

Fig 4.2: Effect of nequency and trigger point on the dissipation factor measurement 

- - - - - - - - - - - - - - - - . - - --  
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The above analysis indicates that the triggerhg point d t s  in measurement 

enor if the system fkquncy fluctuates widely. The error can be minimized by 

keeping the ûiggaing point at or close to some specined points. In this simulation, 

the voitage waveform (assumeci to be a sine waveform) was selected as  the triggering 

reference wavefonn. It is seen ficm Fig 4 2  that the em>r Ïs lest when the triggering 

points are at zero crossings, positive or negative peaks of the voltage waveform. 

4.2 Frequency Tracking 

As demonstrated in section 4.1, the measurement error due to normal 

frequency fluctuation of the order of +O.OSHz is negligible (provided sampling is 

cornmenced at or near zero degree on a sine waveform). However, for a large system 

nequency variation, the enor is hi&. In this section, a frequency tracking rnethod is 

suggested to deal with fiequency fluctuation. 

Once the signal kequency changes, two techniques may be used to track it. 

The sampling rate may be adjusted while keeping the number of samples per cycle 

constant. A second method is to adjust the number of samples in one cycle while 

keeping the sampling rate constant. In practice, when the sampling rate is rather hi@, 

it can not be smoothly adjusted due to the tirnebase limitation. Therefore instead of 

changing the sampling rate directly, the number of samples per cycle was adjusted, 

the adjustment being dependent on the change in the eequency of the input signal. 

Fig 4.3 shows the adjustment of the number of samples within a cycle. Here 

wave form No.2 is assumed having the system fresuency ; wavefom No. l has a higher 

. . -  . - -  - -  
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Eequency and waveform No.3 has Iower one. The samphg interval is maintained 

constant. 

Nurnber of samples 

Fig 4.3 : Adjutment of the numba of samples within a cycle 

The voltage waveform is used to detect the system fiequency. The output of 

the DFT of a sine waveform has two components, a real and an imaginary part which 

fonns a phasor Ui the X-Y plane. When the sampling window moves, the phasor 

rotates. Fig 4.4 shows a sine waveform sampled with 20 poinwcycle and the 

corresponding phasors associated with dvee sampiing windows. 

Here a A d A t  method is employed to measure the system fiequency. 

fs = (Aa/At)/2x 

where fa - actual signai fkequency 

A a  - the incremental angle that the phasor mtates as the window moves "n" 

samples 
- - - - - - - - - - - - - - - - - - - - 
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At - the time used for the window to move "n'' samples 

Window A Windciw B Window C 

Fig 4.4: Sampling windows and phasors 

When the sampling window moves "n" samples, Aalfs; A a a x Z f l  if the 

sampling âequency is exactly N times that of the signal or ha = (nxZirM)+P if it is 

not. The angle P is positive if the sampling frequency is les than N times that of the 

signal, otherwise it is negative. 

In order to show the perfotxnance of the fkquency tracking aigorithm. 100 

successive measurernents were carried out with and without ushg fkequency tracking 

for a fiequency variation of 57.2-61.8Hz (achieved by use of a low voltage signal 

generator). This is a rather unusual large variation but was selected because of the 

limitation in the maximum sampling rate of the AID board. Fig 4.5 shows the obvious 

improvement which resuits fiom implementation of the frequency tracking algorithm. 
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The dissipation factor was computed for the case of the Iow voltage capacitor 

with a 162M.Q Rsistor in pafaUe1. Fig 4.5a shows that the dissÏpatÏon factor varies 

considerabiy. h this case a sampling rate of LOOkSfs was employed. 

The resuits in Fig 4 3  were obtained by using the suggested kquency 

tracking method The resulting improvement is obvious. 

To implement this scheme in order to accommodate kquency variation m the 

practicd range of kû-OSHz, a much higher samphg rate is required, i.e., of the order 

of 500kS/s- 

(a) measurements without kquency trachg 

Digital technique for on-linc rneasurement of dissipation factor of high voltage apparatus O - 54 - 



University of Manitohta k-m Chap ter 4 

Number of rnea~urements 

(b) measurements with fiequency tracking 

Fig 4.5: Cornparison of the measurement resuits 
with and without fkqueacy tracking 

- - - - - - - - - - - - - - - - - - - - - - -- - - -- - - - - - - - - - - - - 
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CHAPTER 5 

DISSIPATION FACTOR MEASUREMENT WITH A 
DIGITAL OSCILLOSCOPE AS THE A/D CONVERTER 

In the work descnied ai the p e d i n g  chapters, an A/D board was used to 

digïtize the data In this chapter the d t s  obtained by ushg a digital oscilloscope are 

descnbed. This was c k e d  out to check if the high bandwidth and sampring rate of 

the osciiIoscope would resdt in a more accurate measurement, 

5.1 Mepsiirement setup 

The test setup and data acquisition system using an digital oscüloscope is 

show in Fig 5.1. 

Fig 5.1 : Low voltage measurement set-up using an oscïiIoscope 

In Fig 5.1, the voltage signal was derived directly h m  the voltage bus and the 

c u m t  signai obtained by measuring the voltage drop across a shunt resistor. A 
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digital oscilloscope and a GPIB interface board replace the si@ conditioner and 

A/D board used eariier. The acquind voItage and ctment signais were digitized by 

the oscilloscope. and the data in digital form was transferred to a PC thmugh the 

GPIB. Finaiiy. data acquisition software was used for the dissipation f-r 

cdculation. 

5.2 TDS-540 digitai oscilloscope 

The Tektronics TDS-540 digital osci.Uoscope har a 8-bit sampling ND 

converter. The maximum sarnpluig rate is 1GSampialsec. It also has a filter with a 

bandwidth of L O O M H z  Use of the oscilfoscope enables one to use high sampling for 

data acquisition but the accuracy is relative Iowa due to the &bit ND converter. The 

detailed specincations of TDS-540 are üsted in Appendix A. The LabWÏdow V2.0 

sohare was useà to support the GPIB for obtaining and transfdg data and 

support the memement program. 

In contrast with the AD board used eariier in this work, the TDS-540 takes 

samples almost simdtaueousiy h m  both channels. The maximum time delay 

between any two channels is only 250x1s. which accounts for a maximum phase shift 

of 0.0054O, the corresponding emr in tan6 is less than 0.01%. Therefore this tïme 

delay is negligible. 

5.3 Test results 

The dissipation factor obtained by caicuiation (corresponding to the R and C 

values in Fig 5.1) is 0.825%. Ten measurements were camed out by us& different 
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samphg rates. Table 5.1 iists the computed vaIues of dissipation factor and Fig 5.2 

shows the couaponding variation. 

1 2 3 4 5 6 7 8 9 1 0  

Nuirber of masuretrient 

(a) Sampling rate: îcOkS/s 

Table 5.1: List of the dissipation factors (%) mmeaJured by using oscilloscope 

(c) Sarnpling rate: SOkS/s 

No. 
25OkS/s 
IOOkS/s 
SOkS/s 
25kS/s 

1 2 3 4 5 6 7 8 9 1 0  

Nrrrüer of masurement 

(b) Sampling rate: 1OOkWs 

1 2 3 4 5 6 7 8 9 10 
0.978 0.840 0.606 0.857 0.946 0.701 1.049 0.871 0,714 0.883 
0.796 0,588 0.675 0.976 0.649 0.897 0.494 1.121 0.801 1.238 
0.382 1-424 0.962 1.192 1,004 0.405 1.115 0-796 0-698 0-279 
1.004 0.655 0.944 0.344 4-09 1 .O82 1.065 1.215 1.513 0.476 

(d) Sarnpling rate: 2SkS/s 

Fig 5.2: Variation of dissipation factor measured over 10 measurements 

by ushg the TDS-540 osciiloscope 

It is found that the error decreases with increase in sampling rate. The values 

of dissipation factor obtained by use of the osciUoscope are compared with those 

obtained by use of the AT-MIO-16F-5 board. The measmement results are shown in 

Table 5.2 and Fig 5.3. 
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Table 5.2: List of the dissipation fztors (%) measured by using AID board 

(a) Sampling rate: 100kSls 

(b) SampIing rate: SOkSls (c) Sampling rate: 25kS/s 

Fig 5.3: Variation of dissipation fxtor meastued over 10 measurements 

by using the AT-MI04 G - 5  board 

Cornparhg the results in Figs 5 2  and 5.3, it is seen that the measmement 

precision using the oscilloscope is much lower than that using the A/D board. The 

main reason is because the samplhg resolution of the oscilloscope is lower than that 

of the A/D board. 

Table 5.3 compares the precision of r d t s  obtained through use of the 
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osciiloscope and the A/D board For example, at a sampling rate of 100kS/s the 

variation in dissipation fztor obtained with the A/D board is M.01% and with the 

oscüloscope is +0.40%. It is seen that the A/D board performs better. 

Table 5.3: Dissipation fxtor rnea~ufement precisiou by 

oscilloscope and A D  board 

Device 
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Sampling rate (kS/s) 

250 100 50 25 

TDS-540 osc~oscope 

AT-MIO- 16F-5 board 

H.25% W.40% +0.60% H.90% 

- fO.lO% fO.ll% fO.18% 
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CHAPTER 6 

CONCLUSIONS 

6.1 Conclusions 

A digital method has been suggested for the on-iine computation of the 

dissipation factor of high voltage apparatus. The method is based on using the DFT to 

detect the phase dinerence between voltage and c~rre~lt. 

Chapter 1 briefly intmduces the various conventional techniques and the 

existing on-line methods for detecting problems in electric insulation. In Chapter 2, 

the measurement pruiciple of the proposeci method, the test setup and procedures are 

describeci. Calibration of the measurement system and methods employed to 

eliminate measurement errors are also discussed Chapter 3 describes validation tests 

under low voltage and high voltage conditions. Diffierent sampbg rates of an A/D 

board were used to snidy their effect on measuring enors. The effect of the system 

frequency fluctuation on the measurement was evaluated and a fkequency tracking 

method has been suggested in Chapter 4. Chapter 5 discusses the results obtained 

through the use of a digital oscilloscope as the A / '  converter. 

Based on the work completed in this research, the foiiowing conclusions may 

be drawn: 

1. The suggested method is suitable for implementation for on-line measurement 

of dissipation factor of high voltage apparatus. 

. - - - -- - - - - - - 
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2. Since the method employs the DFT, instead of relying on detection of zero 

crossings, it can effectively eliminate emrs due to harmonies. It has an 

additional advantage in that the error introduced due to noisy data is smailer 

than that pnsent in a method which relies on detection of zero crossings. 

3. The sampling rate must be chosen so that the ratio of sampling rate to 

tirnebase of the A D  converter is an integer. 

4. The enors due to asyactironized sampling may be minimized by uçing hi& 

speed data acquisition facilities. 

5. The effect of normal fluctuation of the system kquency on the measurement 

accuracy is negligible. For abnomai fiequency fluctuation, îkequency tracking 

c m  be used to improve measurement accuracy. The measurement accuracy 

can aiso be improved by keeping the triggering point at specified points. 

6. The measurement accuracy of dissipation factor at a sampling rate of 100kSh 

and under high voltage condition is M.05%. 

7. The method was vaiidated by compatison with the results obtained by a 

conventionai bridge measurement. 

8. The tirne for 100 measurements with a 33MHz 386-PC at the sampling rate of 

lOOkS/s is 98 seconds. 

6.2 Suggestions for future work 

The work completed in this research is only a preliminary study on the digital 

method of dissipation factor m e a s m e n t  using DFT dgo rithm. Suggestions for 

hture work include: 
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1. The measurement precision is related to the sampling rate and sampling 

accuracy- Therefore mon advanced ND board with a higher sampling rate 

(>SOOkS/s) and sampling accuracy (remlution L lait) may be used to 

increase the measurement precision. 

2. It is found by numerical simulation that the measurement accuracy depends on 

the ûiggering point at which sampling is commenced. This aspect needs 

M e r  investigation. 

3. AU the tests in this work were carried out under laboratory conditions. It 

would be of great value to use this method to conduct tests on high voltage 

apparatus in situ. 

4. The shunt resistor should be replaced by a sensitive current monitor. 

5. The possibility of deriving the voltage signal h m  an electrïc field sensor 

should be explored. 

6. To implement tbis meîhod in practice, it is suggested that 20 to 30 

rneasuements should be taken at one minute intervals and only the average 

value of dissipation factor displayed. 

. . - - - - - 
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Appendix A 

Data Acquisition System Specifications 

1. AT-Mlo-lm-5 

Sarnpling rate 200kSls maximum 

Tirnebase clock 1MHk maximum (available on board) 

Base dock accuracy ,+0.01% 

Resolution 12-bit, 1 in 4096 

Input range -5 - +N /1 OV(bipolar/unipolar) 

Input irnpedance 100Gn in paralIeI with 50pF 

Gain accuracy ,+OS% 

Input setthg time 5ps maximum 

Temperature coefficient 24pV/OC maximum 

The AT-MIO-16F-5 is capable of single channel or multiple data acquisition 

at any gain without introducing settling inaccuracia. This means the AT-MIO-16F-5 

performs any data acquisition operation at the maximum specified rate of 200kS/s 

with error-fke data 

2. SB41 4 u t  module (signai coaditioner) 

Input range -1OV - +10V 
Output range -SV - +SV 

- -- - - - - 
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Accuracy 

Barldwidth (-3dB) 

Input tesistance 

Input o&et 

Output offset 

Noise 

3. TDS-540 digiüzing oscilioscope 

Sampling rate 

Timebase dock 

Base clock accuracy 

Reso Iution 

Input range 

Input impedance 

lGS/s maximum 

lOOGHz maximum 

- 
8-bit, 1 in 256 

-100 - +1 OOV/1OOV (bipolar.unipolar) 

IUR in p d e l  with lûpF or 

SOC2 

Delay between channels Q50ns 

Accuracy, DC gain f 1% 

Bandwidth 100MHz, maximum 

Available to communication via GPIB-4882 ( G a d  Purpose Interface Bus) 

- - - . - - - - - - - 
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Appendix B 

Measurements Programs 

Program 1 Dissipation factor measurement with the AT-MIO- MF-5 

The program is f o r  data acquiring and dissipation factor 

calculation through the AT-MIO-I6F-S. 

Run environment: Lab Wmdow/CVI 

Analog input: c h e i  O and charnel 1 (-5V - +5V) 
**********************************************#*****#*************/ 

static double u t10000 J ,il 1100001 ; 

static short gaial21 , chl2 J ; 

long h à l  , cyc, i , daqerr, sampr 
long tsamp, samp2, kk, item, j , n,ff; 

short buff l3OOOO1; 

double volt CtOO00J ,rate,wt,alf ,maxlf,minïf; 

double rsamp, a l fa ,  freql, sampl, crit; 

double uamp,uangle,uanglel,iamp,iangIe; 

double ire,iim,ure,uim,phd,losf,freq; 

double vc, w, c, s, r, res, rlf, d r ,  rd, aa, bb, cc; 

double ratio, ii, ic, ir, c l ,  delta,vphs; 

char filename 140) ; 
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main ( ) 

ï 

ClsO ; 

F m t û u t  ( \n * * * * * * ~ * * * ~ ~ ~ * * ~ * * ~ ~ * * ~ * ~ * * ~ * * * ~ * ~ ~ ~ ~ u ~ ~ * ~  
" 1  ; 

FmtOut ( "\n *** A/D -- Dissipation factor Pragram 
*** ") ;  

FmtOut ( "\a * * * * ~ ~ * * ~ * ~ ~ * * * * ~ ~ + ~ * * * ~ ~ ~ * * * * ~ ~ ~ * ~ ~ ~ ~ ~ + ~ *  
" 1 ;  

E'mtOut ( \n Analog Input r Max: - S v  - + S v  Current signal 

-- Cho"); 
F m t O u t  ( " \n Voltage signal 

--  Chl\nR); 
/*  Specify the sampling rate, numbet of cycles, number of samples */ 

F m t O u t  ("\nPlease input the Sampling Rate (Rsample/sec-1 : " ) ;  

Scanïn P%f ", &rate) ; 

F m t O u t  ("\aPTease input the Resistance of Series Resistor(kobm) : 

hitout (lF\aFrequency Tracking or N o t  (1/0 ) ? : ) ; 

S~aafn(~%d~,&ff) ; 

hitout ( "\nPIease input the filename to load data : ")  ; 

ScknIn ( n%so, filename) ; 

rate=rate*1000.; samp = rate/60; sampl=rate/60.; /* in tems 

of one c h m e 1  +/ 
if (sampl-samp>O. 5 5 5 )  samp = samp+L; 

tsamp = 2*samp; 

hntOut ("\n Sample Rate = %f [p4] rate) ; 

Diginl technique for on-iine memement of dissipation factor of high volnge apparatus O - 70 - 



Untversity of Manitoba &y' r*.aar*caii-- 

PmtPile Chcil, "Date: #s\tTime: %s\n\rm, DatcStr O , TimeStr  (1 ) ; 

FmtPile (Mi, " \n No. V f Sample L - F -  Ref-ph-sh- 

V-i V - v n ) ;  

FmtFile (ha, "\ri 

= = = = t = t = = = = = = 3 t = = s s = = ~ t i s s ~ = = = ~ = ~ ~ ~ P ~ = ~ ~ ~ ~ ~ ~ ~ ~ ~ = ~ = = = = = ~ = = n  1 ;  

mtOut ( \n No. v 
v-v") ; 

FrntOut ( \n 

f Sample 

/* Following data is subjet to change - once for each set-up */ 

if(res!=O - 1  

( ratio=(99-4+4.782)/4-782; /* divider ratio */ 

vphs = O - ;  /* divider phase shift in angle - 
absolute value*/ 

res = res*1000.; 

1 
else 

ratio=llOQO.; 

vphs = 7.77; /*This number i s  subject to change with the 

calibration test results */ 
1 

/*specify the channels h gains*/ 

ch101 =O; 

ch 111 =l; 

gain [ O ]  =2 ; 

gain 111 =2 ; 

- --- - - - -  
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/* AQuire data, scale & store in buffers */ 

/* Start sampling and calculating +/ 

n=lOO; 

kk=o ; 

alf =O - ; 
maxlf=-10 - ; 
minlf =IO * ; 

while (kkcn) 

{ daqerr = AI-Clear ( 1) ; 

daqem = DAQ-DB-StrTransfer(1, strBuffer,cyc,item) ; 

daqerr = DAQ-VScale (1, 0, 1, 1.0, 0-0, tsamp*S, buff, 

volt) ; 

daqe= = SCAN-Op (1, 2, ch, gain, buff, tsampe2, ratee2, 

O - ) ;  

for (i=O ; ictsamp; i++) 

{ 
il [il =volt L2*il ; 
u [ i l  =volt [2*i+11; /*saperate data into 2 chaanels*/ 

crit = 0 - 0 2 ;  

if ( r a t e c 4 0 0 0 0 . )  crit=O . OS; 

while(fabs(freq1-freq)>crit && itemcl0) 

{ item++; 
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fregl = freq; 

/* initialize */ 
irez0 - ; 
iim=O - ; 
ue=O - ; 
uim=O - ; 

for (i=O ; icsamp; i++) 

{ wt=1*2. +pi/samp ; 

s = sin(wt); 

c = cos ( w t )  ; 

are += u[i]*s; 

uim += u[i] *c; 

ire += il [il es; 
iim += il [il *c; 

1 

uangle = atan (uim/ure) ; 

uamp = fabs ( ( 2 .  /samp) +ure/cos (uangle) ) ; 

uangle = uagle*rd-3 60 - / (2 - *samp) ; 

iangle = atan (iim/ire) ; 

iamp = fabs ( (2 - /samp) *ire/cos (iangle) ; 
iangle = iangleerd; 

if(ure<-0.) uangie=18O.+uangle; 

if (ire<-0- ) iangïe=180. +iaagle; 

if (iangle-uanglea0 ) phd = iangle-uangle; 

else phd = 3 6 0 .  -f abs (iangle-uangle) ; 

phd = phd+vphs-0 -021; 

rlf = tan ( ( 9 0 .  -phdl *&) ; 

/* To calculate the FREQUECY */ 
if cre==i) 
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for (i=samp/2; i<samp+samp/2; i++) 

{ 
w t =  J * 2 - +Pi/samp; 
s = s i n ( * ) ;  

c cos(wt) ; 

ufe += ulil*s; 
uirn += u[il *c; 

if(uangle1-uangle70.) uanglel = uanglel-uaagle; 

else uanglel = 3 6 0  - -fabs (uanglel-uangle) ; 

f req = fabs (uaaglel*dr/ (pi*samp/rate) ; 

for (i=samp/~;icsamp+samp/Q;i++) 

w t =  j *2. *pi/samp; 

c = cos ( w t )  ; 

ure += u [il es; 

uirn += uCiJ *c; 
j ++; 

1 
uanglel 3 atan(uirn/ure) ; 

uanglel = uanglel*rd-360. / (2 .  *samp) ; 

if (ure<=O . ) uanglel=180. +uanglel; 

if(uaagle1-uangle>O.) uanglel = uanglel-uangle; 

else uaaglel = 3 6 0 .  -fabs (uaaglel-uaogle) ; 

- - - - - - - - - 
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f req = {f abs ( 2 .  *uanglel*dr/ (pi*samp/rate) ) +freq) 1 2 .  ; 

i f  (itcm>S) freq = (freql+freq) / 2 .  ; 

w = 2.+piefreq; 

sampl ratelfreq; 

samp = ratdfreq; 

if (sampl-samps0 - 555)  samp = samp+l; 

/ to eliminate the shunt resistotrs effect on dissipation factor 

*/ 
if (res !=O - ) 

ii = iamp/res; 

vc = sqrt (uamp+uamp+iamp*iamp-2. *uamp*iamp*cos (phd*dr) 1 ; 

aa = asin (sin (phd+&) *id- fvc) *rd; 

d e l t a  = 90.-phd-aa; 

rlf = tan(delta*&) ; 

FmtFile (hdl, "\ri %d Lw3 1 %f [ptl %f rp21 %d %f Ip41 

%f[p41 %f[p2] %f[p21~,klc,uamp/s,freq,samp,rlf*l00.,phd- 

vphs, iamp, uamp/ratio) ; 
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Program 2 Dissipation factor rneaswement with the TDS-540 Digital 

Osciiloscope and GPIB-488.2 

@The program is for data acquiring and dissipation factor 

rcalculation through the TDS-540 dig i ta l  oscilloscope. 

* Run environment: LabWindow 2.1 

* Analog input: chamel1 and channe12 (-5V - +N) 

REM SINCLUDE : 'qbdecl .bas ' 
REM SiNCLUDE: 'gpibio-bas1 

l Assign a uniwe identifier to the gpib board (assumed to be board 

GPIBO 

and store in variable BRD; check for  errors 
l 

CLS 

PR= : PR= 

PRfNT '' 
PR= " 
PR= 

PRINT 
2 ***II 

PRINT 

p r i n t  II 

p r i n t  

(TDS 540 - GPIB) LF Program 

PtssO==t1s03==rs=l=~==s==t%r=1' 

*** Conaect your test signals to Channel 1 AND 

Current -7 Ch1 Voltage -> Ch2" 
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PRINT IV Please t u m  on the OSCILLOSCOPE and SIGNAL 

SOURCES n 

print 

PRïNT IV IMPORTANT .---... Make sure your SETTINGS are as 

below ( 1 cycle) " 
P U N T  

PR= II SETUe # SAMPLING RATE POINTS ON SCOPE 

TO BE ACQüïREDn 

PR= " 
4166" 

POINTS 

PR= IV 

1666 

PRINT " 
833 " 

PRINT 

INPüT " How many points are you goiag to acquire (Max:4166) :"; 

PRINT 

 PR^ *** Press any key when done "; 

ANS$ = INPUT$(l) 

PI! = 3.141592654# 

GPIBNAMES = "GPIBO" 
CALL IBPIND(GPIBNAME$, BRD%) 

IF BRD% c O TREN PRINT "BAD IBFïND GPIB BOARD CALL1': STOP 
1 

Assign a unique identifier to device (assumed to be device DEVI) 

and store 

in variable SCOPE; check for ezrrors 

IF scope% c O TaEN PRINT W4û IBFIND DEVICE CALLfl: STOP 
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C i e a r  the device and check for errors 
1 

C !  IBCLR (scopeW 

IF IBSTA%r c O TEXEN PRINT "BAD IBCLR CALLn: STOP 

CALL IBSRE (BRDB, O )  

IF IBSTA% c O THEN PRINT "BAD IBSRE CALIE": STOP 

Turn off the header from query responses. 

C U  GPIBWRITE (scope%, "EIEADER OFFf1 1 

Set up the data source to be chamel 1. 

Set up data encoding to be ribinary and data w i d t h  to 1- 

CALL GPIBWRITE ( scope* , "DATA: ENCDG RIBINARY; WIDTH 1" 1 

P r i n t  a message on the screen instructing the user to connect 

Channel 1 

to the test signal. 

Set up the recordlength, and the data start and data stop 

positions. 

In this example, the entire waveform is obtained so data start 

data stop are 1 and 500 respectively. 
1 
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CALL GPIBWRITE (scopeb, WRT$) 

DSTART% = 1 

DSTOPb - RL% 
WFPOINTSO = DSTOPB - DSTARTB + 1 
PRINT : PRINT : P m  

PRINT n Number o f  waveform points i s  WPOINTS% 

PRINT 

WRT$ = "DATA:START + STR$ (DSTARTB) 
CALL GPIBWRITE (scopeâ, WRTS) 

WRT$ = "DATA:STOP + STR$ (DSTOP%) 

CALt GPfBWRïTE (scopel,  WRT$) 

WRT$ = "ElEADER OFFn 

CALL GPIBWRITE (seope%, WRT$) 
t 

l M a k e  sure setup changes have taken effect and a new waveform is 

acquired 
1 

t CALL GPI BWRITE ( S C O ~ ~ % ,  "ACQUIRE : STATE RUN" ) 
I 

Wait for the scope to acquire the waveform- 
I 

1 CALL GPIBWAITCOM (scope% , 14) 
t 

Send the scope a curve query to get waveform data. 
I 

CALL GPIBWRITE (seope%, nCURVE? ) 

1 

Read waveform data. 
1 

The wavefomn is formatted as #<x>cyyyscdata>tnewline> where 
I cx> is the number of y bytes; for example if yyy = 500, then 

t x = 3  
I cyyp is the number of bytes to transfer including checksum; 
l if width is 1 then al1 bytes on bus aire single data 
l points; if width is 2 then bytes on bus are 
I 2-byte pairs; this program uses w i d t h  of r 
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- - - -  

t <data> is the c w e  data 

t ~newline, i s  a single byte  newline character at  the end of 

the data 
t 

Dimension the array. There are two data points stored in each 

array element. 

The first data point is stored in the low byte and the second 

data point is 

stored in the high byte. The array dimension is one-half the 

number of 

waveform points plus one additional elernent. T h i s  l a s t  element 

used for 

the termination character and, optionally, a data point if the 

wavefom 

coataias an odd number of points. 
1 

IARRDIM% = INT(WFPOiNTS% / 2 )  + 1 
integer 

CURBYTESâ = WFPOZNTS% + 1 
to read 

D m  mRR% (IARmIM%) 
t 

t 

2 data points per 

' set up the number of bytes 

set up the storage array 

Read in the wavefom data 
1 

CAtt LBRDI(scopeB, I A R R B O ,  CURBYTESB) 

IF IBSTAB < O TEiEN PRINZ! "BAD CüRVE DATA REQUEST": STOP 

MASK% = &FIT00 

CALL ZBWAIT (scope%, MASIC%) 

IF IBSTAB c O TREN PRINT "BAD CüRVE DATA READ': STOP 

Transfer data to another array that will have one data elernent 

per data 
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point to make data manipulation eosier- The Low byte ,  high byte 

S - P P ~ ~  
and sign extension of the storage mechAnism is also handled, 

t 

Check to see if the nwnber of bytes in the wavefom is e-en or 

odd to 

determine how the ' l a s t  data point and ncwline character are 

s tored. 

T h e  data is also written to a f i le  called nWFM*. 
r 

IF INT(WFPOINTS% / 2)  = WFPOINTS% / 2 TEEN WFPTODD% = O ELSE 

WFPTODD% = 1 

=TEL% = m I M %  - 1 
DIM WFARR% (WPPOIWEB) ' se t  up the wavefom output array 

FOR 1% = O TO -TEL% 

IF 1% = LASTEL% AND WFPTODD% = O TEIBN EXIT FOR 

P% = fARR%(I%) AND 255 

IF P% c 128 THEN WFARR%(2 1%) = PB ELSE WFARR%(2 1%) 

= - ( 2 5 6  - P%) 
IF 1% = LASTEL% AND WFPTODD% r 1 THEN 

P% t (IA.RR% (1%) AND -256)  / 256 

IF P% c 128 TEEN WFARRB(2 * 1% + 1) r 
1% + 1) = - ( 2 5 6  - P%) 

NEXT 1% 

EXIT FOR 

P% ELSE WFARR%(2 * 

Read the wavefom preamble. 

G e t  the vertical offset and scale multiplier, 

the trigger point, the horizontal sampling interval 

and the horizontal units to convert the data points to  

time and voltage values. 

WRT$ = "WFMPRE:" + DATSRCS + ":YOFF?" 

CALL GPïBWRITE(scope%, WRT$) 

RD$ = SPACES(20) 

CALL GPIBREAD (scopeâ , RD$) 
YOFF! = =(RD$) 

WRTS = "WFMPRE:" + DATSRCS + ":YMüLT?" 

- - -  
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CA& GPZBWRITE (scope% , WRT$) 

RD$ = SPACES(20) 

CALL GPIBREAD ( seope$, RD$) 

YMDLT! = VAf;r(RD$) 

WRTS = "WF'MPRE:" + OATSRCS + ":YUNIT?" 

CALL GPIBWRZTE(~CO~~%~ WRT$) 

YUNITS = SPACES(20) 

CALt GPIBREAD ( seope%, YUNIT$) 

WRT$ = "WFMPRE:" + DATSRCS + ":PT-Offln 
CALL GPIBWEUTE (seope%, WRT$) 

RD$ = SPACES(20) 

CALL GPIBREAD (seope%, RD$) 

PtOf f ! = VAL (RD$) 

WRT$ = "WFMPRE:" + DATSRCS + m:XIUCR?n 
CALL GPIBWRITE (scope*, WRT$ ) 

RD$ = SPACES(20) 

CALL GPIBREAD(scope%, RD$) 

XINCR! = -(RD$) 

WRTS = "WFKPRE:" + DATSRCS + n:XUNIT?R 

CALI; GPIBWRITE (scope%, WRT$) 

=T$ = SPACXS(2O) 

CALL GPIBREAD (scope%, XUNITS) 

$$$ 
t Output header ( x - ,  y-units, date, tinte and source) 

I Write out the data t o  a f i le  DEFRJED BELOW 

t ZNPüT nPLEASE INPüT THE OUTPUT FILGNAMEn; WAVEFLS set up 

an output file for the data time and voltages 

WAVEFLS = R t e s t - ~ ~ t n  set  up an output file for the data 

time and voltages 

OPEN WAVEFLS FOR OUTPllT AS #l 

1 PRINT #1, USZNG "\\"; XUNZTS; " R ;  

t PRINT #1, USING "\ \"; =T$; " "; 

r PRINT #1# "CEI" 

r 

1 

I Process waveform data. 

- . - - - - - - - - - - - - 

Digital technique for on-lire measmernent of dissipacion factor of high voltage appantus O - 33 - 



I Write out the data to a file called nWFE<DATA.PRNn. 
l 

DïM CORTARRI (WFPOINTSB) set up the voltage output array 
DIM TZMEARR! (WETOINTSB) ' set up the tirne output array 

FOR 1% = O TO WFPOINTSb - 1 
TIMEARR! (1%) = (1% - P t O f f  !) XINCR! 

mmr (1%) = ~WFARRB(IB) - YOET!) YMULT! 

P m  TfMEARR! (181, ", ", CURTARR! (1%) 

t 

TO GET VOLTAGE SIGNAfiS 

************************************************* 
1 te* +*t *** *** 

Clear the device and check for  errors 
t 

CALL IBQ;R(scopeB) 

IF fBSTA% c O TBEN P m  IECLR CAI;Ln: STOP 

CAU IBSRE(BRD%, O )  

IF IBSTA% c O TfIEN PRINT "BAD fBSR.E CALLn: STOP 
f 

Turn off the header from qrrery responses. 
t 

CALL GPXBWRITE ( s c o ~ ~ % ,  "EIEADER OFF" ) 
t 

Set up the data source to be channel 2 .  

I 

Set up data encoding to be ribinary and data width to 1- 
r 

Print a message on the screen instrvcting the user to connect 

Channel 1 

to the test signal- 

- - - - - - - 
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Set up the recorblength, and the data a t m  and data stop 

positions - 
In this example, the entire waveform is obtained so data start 

and 

data stop are 1 and 500 respectively. 
1 

1 RL% = 1666 

WRT$ nHORIZONTAL:REC6RDtBNGTB " + STR$ (RL%) 
CA&L GPIBWRITE (scopeb, WRT$) 

DSTART% = 1 

DSTOP% = RLB 

WFPOINTS% = DSTOP% - DSTARTB + 1 
PEUNT : PRINT : P m  

P m  rn N u m b e r  of waveform points is "; WFPOINTS% 

PRINT 

WRT$ = flDATA:START " + STR$(DÇTART%) 

C A U  GPIBWRTTE (scope%, WRTS) 

WRT$ = "DATA:STOP + STR$(DSTOP%) 

CAtL GPIBWRITE (scope%, WRTS) 

WRT$ = "HEADER OFFw 

CALL GPIBWRITE (scope%, WRT$ ) 

l Make sure setup changes have taken effect and a new waveform is 

acquired 
1 

Wait f o r  the scope to acquire the wavefonn- 
1 

I Send the scope a curve query to get navefonn data, 
1 
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Read wavefonn data. 

The vaveform is formatted as #ucxyypcdata>cnewlinew where 

ex> is the number of y bytes; for ucample if yyy = 5 0 0 ,  then 

x = 3  

is the nwnber of bytes to transfer including checksum; 

if width is 1 then al1 bytes on bus are single data 

points; if w i d t h  is 2 then bytes on bus are 

2-byte pairs; this program uses width of 1 

<data> is the curve data 

aewline, is a single byte newline character at  the end of 

the data 
I 

Dimension the array- There are two data points stored in each 

array element- 

l The first data point is stored in the l o w  byte and the second 

data point i s  

stored in the high byte. The array dimension is one-half the 

number of 

waveform points plus one additionaf element. T h i s  last  element is 

used for 
the termination character and, optionally, a data point if the 

wavef orm 

contains an odd number of points - 
I 

I A R R D I M %  = INT(WFPOINTS% / 2 )  + 1 
integer 

CmBYTES% = WFPOINTS% + 1 
to read 
t 

t 

t 

DIM I A E t R % ( f A R R D l M % )  

2 data points per 

set up the number of bytes 

set up the storage array 
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Read in the wavefom data 
I 

CALL IERDI(scope%, I A R R B O ,  CURBYTESB) 

I F  ZBSTAB c O TfIEN PRiWï "BAD CURVE D A a  REQUEST": STOP 

MAÇfCB = &El100 

CALT; iBWAïT(scope6, MASIC%) 

IF I B S T .  c O THEN P m  "BAD CWRvE DATA READn: STOP 
r 

Transfer data to artother array tàat w i l l  have one data element 

per data 

point t o  make data manipulation easier- The l o w  by te ,  high byte 

swappiag 

and sign extension of the storage mechanism is also handled- 
I 

Check ta set if the number of bytes in the waveform is even or 

odd to 

detemine how the last data point and newline charactes are 

s tored - 
The data is also written to a file called WFMm. 

1 

IF INT(WFPOINTS% / 2 )  = WFPOIXTSB / 2 TEEN WFPTODD* = O U S E  

WE'PTODDB = 1 

LASTEL% = IARRDIM% - I 
1 D ï M  WFARRB (WFPOlNTS%) set up the waveform output array 

FOR 1% = O TO =TEL% 

IF 1% = LAS=% AND WFPTODD% t O TEiEH EXIT FOR 

P% = IARR% (1%) AND 255 

IF PB c 128 THEN WFARR%(2 1%) = P% ELSE WFARRB(2 + 1%) 

= - ( 2 5 6  - PB) 
IF 1% = LAS-% AND WFPTODD% = 1 THEN EXIT FOR 

P% (IARR%(S%) AND -256 )  / 256 

IF P% < 128 TFEN WFARR%(2 1% + 1) = P% ELSE WFARRB(2 * 
1% + 1) + - ( 2 5 6  - P%) 

NEXT 18 
I 

Read the waveform prearnble. 
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I Get the vertical offset and scale multiplier, 

the trigger point, the horizontal sampliag interval 

and the horizontal units to convert the data points to 

time and voltage values. 
l 

WRT$ = "WF'MEWZ:" + DATSRCS + n:YOFF?n 
CALL GPIBWRITE (scope%, WRT$) 

RD$ = SPACES ( 2 0 )  

CALL GPIBREAD ( scope% , RD$ ) 
YOFF! = VAZI(RD$) 

WRT$ = "WFMPRE:" + DATSRCS + ":YMïJLT?" 

CALL GPIBWRITE ( seope%, WRT$) 

RD$ = SPACES(20) 

CALL GPIBREAD(scope%, RD$) 

YMüLT! = VAL(RD$) 

WRT$ = "WFMPRE:" + DATSRCS + n:YüNïT?n 
CALL GPIBWRITE ( seope%, WRT$) 

KINIT$ = SPACES(2O) 

CALL GPïBREAD (scope%, YüNIT$) 

WRT$ = "WFMPRE:" + DATSRCS + ":PT-Off?" 
CALL GPIBWRITE (scope%, WRTS) 

RD$ = SPACES ( 2 0 )  

CALL GPïBREAD (scope%, RD$) 

P t O f f !  = VAL(RD$) 

WRT$ = "WFMPRE:" + DATSRCS + " : X i N C R ? l 1  

CALL GPIBWRITE (scope%, WRT$) 

RD$ = SPACES(20) 

CALL GPIBREAD (scope%, RD$) 

XINCR! = W ( R D $ )  

WRT$ = "WFMPRE: + DATSRCS + n:XUNIT?u 
CALL G P I B W T E  (scope%, WRTS) 

XUNITS = SPACES(2O) 

CALL GPfBREAD(scope%, XüNITS) 

I 

I Output header (x-, y-units, date, time and source) 

t Write out the data to a file called nWFM-DATA.PRN". 



I WAVEFLS = WFM-DATA- PRNn set up an output file 

for the data time and voltages 
1 OPEN WAVEFLS FOR OUTmrr AS #l 
1 PRINT #Ir USING "\\"; m T $ ;  "; 

Process wavefonn data, 

Write out the data to a file called mm-DATA-PRNn. 

D1M VOLTARR! (WFPOSNTS%) set up the voltage output array 

D f M  TMVARR! (WFPOINTSB) set up the time output array 

FOR 1% O Tb WFPOINTSB - 1 
TMVARR! (1%) = (1% - PtOff!) XINCR! 

VOLTARR! (1%) = (WFARR%(S%) - YOFF!) * YMüLT! 

PR= TMVARR! (1%) , ", ", VOLTARR! (1%) 

NEXT 1% 
1 WFPOINTS8 *+* CTJRTARR(I%) +** VOLT-! (1%) *** 
1 ***+***t******************************+************************** 

1 TO PERFORM THE CALCOLATION OF DISSIPATION FACTOR BY USING 

ABOVE TWO 
1 ARRAYS -- CüRTARR(f%) AND VOLTARR! (1%) 

1 ****+************************************************************ 

PIUNT Data acquired, You may turn off SIGNAL SOURCES now" 

PRINT Calculating, Please wait - . . . - - 
PRINT #Ir DATES," " , TIME$ 

SCREEN 12 

W m O W  ( O ,  -1SO) - ( 7 9 9 ,  1SO) 

FOR 1% = O TO WFPOINTS% - 2 

LINE (18, VOLTARR(I%)) -CI% + 1, VOLTARR(I% + 1)  

NEXT 1% 
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FOR 1% = O TO 4 

IRE! (1%) = o. 
n u !  (1%) = O -  

URE!(I%) = O. 

mr (rs) = o .  
NEXT 1% 

FOR J% = O TO 4 

FOR 1% = O TO WFPOïNTS% - 1 
WT! = 1% 2 .  PI! * (2- J% + 1-)/wfpoints% 
URE! (3%) = TIRE! (J%) + VOLTARR(I%) * SIN(WT! 1 

UIM!(J%) = üIM! (J%) + VOLTARR(I%) COS(WT!) 

IRE! (J%) = IRE! (J%) + CüRTARR(I%) SIN(WT!) 

IIM!(J%) = IIM!(J%) + CURTARR(I%) COS(WT!) 

NEXT 1% 
1 PRJXT URE! (J%), WIN! (J%), IRE!(J%), IIM! (J%) 
I PRINT 

UANGLE! (J%) = ATN(UIM! (3%) / üRE! (J%) ) 

rJAMP! (J%) = ABS ( (2 -  / WFPOINTS%) URE! (J%) / 
COS (UANGLE ! (J%) ) 

UANGLE! (J%) = UANGLE! (J%) f 180. / PI 

IANGLE! (J%) = ATN(IIM! (J%) / IRE! (J%)) 
IAMe! (J%) = ABS((2. / WE'POINTS%) IRE! (J%) / 

COS ( IANGLE ! (J%) ) ) 

IANGLE! (J%) = IANGLE! (J%) * 180. / PI 
IF (rmE! (J%) <= O.) T&EN üANGLE! (J%) = 180. + UANGLE! (J%) 
IF (IRE! (J%) c= O.) THEN ZANGLE!(J%) = 180. + IANGLE! (J%) 
IF (ABS(IANGLE! (J%) - üANGLE! (J%)) c= 1 8 0 . )  THEN 

PHD! (J%) = ZANGLE! (J%) - OANGLE! (J%) 

ELSE P D !  (3%) = 360 .  - ABS ( W G L E !  (J%) - UANGLE! (J%) ) 
END IF 

LOSF!(J%) TAN((9O. - PHD!(J%)) * PI / 180.) 
I PRINT IiANGLE! (3%), UANGLE! (J%), P m !  (Je), LOSF! (J%) 

NEXT J% 

PRINT fl, "SAMPLES PER CBANNEL = ",WFPOINTS% 

PR= #1, TFIE CURRENTMAG. = ", IAMP!(O)," PEUSE = 

I t ,  IANGtE!  (O) 

PRINT #I I  T H E  VOLTAGE MAG. = " , UAMP ! (O , " PHASE = 

It,IJANGLE! ( O )  
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Appendix B 

PRINT f i l ,  " ***II 

PR= #l, "THE PBAÇE DIFF. = "; PEID!(O) 

PRINT #1, 

cls 

j %=O 

FOR I % = O  Tû 4 

if(uamp!(i%)>~amp!(O)*1~Sf100.) then 

if tI%>2 and j % = O )  then 

PRSPJT * P r e s s  any key when done "; 

ANS$ = INPUT$(l) 

j $51 

end if 

k%=2*i%tl 

p r i n t  

PRïNT " The 1 mag. = ", iamp ! (1%) , phase = 

iangle! (1%) 

P R W T  The V m a g . =  n,Uamp!(I%),u phase = 

",Uangle! (1%) 

print 

p r i n t  " The phase diff. of ";k%, * component was = 

Ig;phd! (1%) 

p t i n t  L . F . =  ";losf! ( I % ) * l O O . , w % n  

PRINT 

print #1, " 
------ ------s0===~1=1=~=3=====3=======s=f================================= 

- I I  - 
PRSNT #If The 1 mg.=- ufiamp!(I%),w phase = 

n,iangle! (1%) 

PRïNT #1, T h e  V m a g . ~  n , U a m p ! ( I % ) , n  phase = 

I1,Uangle! (1%) 

p r i n t  #1, 

p r i n t  #1, T h e  phase dif f . of "; k%, " component was = 

It;phd! (1%) 

p r i n t  #1, " L.F.= ";losf! ( 1 % )  *100,, "%lm 

PRINT #1, 

- - -  - - -- 
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PRïBT 

PRZUT "TEIE LOASS FACTOR + "~LOSF!(0)+100.,"%" 

pr in t  #l, 

l~f===s3~ttft===3ts===t=s==ttt======fs=====s======================== 

I I 8  

======I'' 
1 pr in t  those t w o  arrays 

print 

PR= #1, CURRENT 

FOR I%=O TO WE'POINTS%-I 

to a file with name defined above 

VOLTAGE " 

PRZNT #1, " '*;CURTARR! CI%), " ", VOLTARR! (1%) 

NEXT 1% 
1  

1  

1 

1  

Final message 

Waveform c u r e n t  and voltage points are in f i l e  

PRWT WAVEFLS 

PRINT 

END 
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gpibio-bas - collection of input/output routines to be used by 
the main program 
t ************************************************************** 
8 

GPIBREAD - rcad i n t o  the string f rom the device and w a i t  for the 

read 

to finish, 
1 

S m  GPIBREAD(DEV%,RESP$) STATIC 

CALL IBTMO (Dm%, 13 ) 

CAU IBRD (Dm%, RESPS) 

IF IBSTA% c O TIfEN PRZNT "BAD READ FROM SCOPEn : STOP 

RDCIfAR% = IBCNTB 

MASK%=&K100 

CALL ZBWALT (Dm%, MASIC%) 

IF IBSTA% < O TBEN PRINT *BAD REAb W X T  FROM SCOPE" : STOP 

END SUE 
I 

GPIBWRITE - send the contents of the string to the device and 

wait 

' for  the mite to finish. 
I 

SUB GPIBWRITE(DEVB,CMD$) STATIC 

CALL IBTMO (Dm%, 13 ) 

CALL IBWRT (DEV%,CMD$) 

IF IBSTA% c O THEN PR= "BAD WRLTE TO SCOPE' : STOP 

WRTCHARB = IBCNTâ 

MAÇK%=&HlOO 

CAtt IBWAIT (DEVB , MASR%) 
IF ZBSTAB c O T'XEN PR= "BAD WRITE WAZT TO SCOPEw : STOP 

END SWB 

GPIBWIAT - wait for a specified tirneout to expire. 
I 

SUB GPIBWAIT (Dm%, DELAY*) STATIC 

CALL IBTMO (DEV% , DELAY%) 
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MASK%=bcH4000 

CALL IBWIUT (Dm%, MASKB) 

END SUB 

GPIBWIATCOM - wait for a gpib commaad to finish by doing a query 

and reaaiag its results; wait onïy as long as the delay value. 

StTB GPIBWAITCOM (DEVB , DELAY% 1 STATI C 

CAtt mm0 (DEVB , D m %  1 

eALL GPIBWRITE (Dm%, " 'COPC? ) 

RD$ = SPACES ( 5 )  

CALL GPIBREAD (Dm%, RD$) 

m S m  

- - - - - - - - - - - - - - - -- 
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