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Partial discharge (PD) is a micro discharge that occurs in defected regions within the
insulating media. As these discharges are the main culprits that cause dielectric material aging, PD
measurements have been used for assessing insulating materials, including solids, liquids, and
gases for power applications. There are various methods and sensors available for measuring PD
sensitive to specific characteristics and operable over a wide range of frequencies. Most PD
measurement techniques provide patterns that enable PD interpretation more comfortable for
users. For example, in AC applications, the phase-resolved partial discharge (PRPD) technique
provides identifiable patterns for distinguishing various types of PDs. However, the establishment
of meaningful patterns to multiple types of PD in DC systems requires more sensitive and accurate
measurements of individual PD pulses with noise rejection functionality due to the lack of phase-
resolved information.

Investigating of the transient phenomena such as individual PD pulses requires well-
designed circuits with sufficiently large bandwidths. Waveshapes can be easily disturbed by
background noise and deformed by the frequency response of measuring circuits and data

acquisition systems (DAQ). Noises are unwanted disturbances that could be suppressed by suitable



filters or mathematical methods. Measurement circuits and DAQ systems consist of transmission
lines, sensors, cables, connectors, DAQ hardware, and oscilloscopes. Therefore, matching the
impedance of all components guarantees a reflection-free path for traveling signals and addresses
most of the challenges relevant to transient measurements.

In this dissertation, we proposed and designed an appropriate testbed equipped with high
bandwidth transmission line and electromagnetic field sensors suitable for investigating PD under
DC electrical stresses. We comprehensively used finite element analysis simulations through the
COMSOL Multiphysics software to design the dimensions and evaluate the frequency response of
the testbed, transmission line, and electromagnetic sensors. Furthermore, based on the new testbed,
DC PD measurements were performed using conventional and non-conventional sensors. Finally,

various types of DC PD were statistically classified based on the proposed testbed.

Keywords: Partial discharges, cavity discharge, corona discharge, surface discharge, floating
potential discharge, treeing, stress, degradation, COMSOL Multiphysics, electrostatic, radio
frequency, electromagnetic fields, conventional sensors, non-conventional sensors, transmission
line, D-dot, B-dot, pattern recognition method, phase-resolved partial discharge, time-resolved
partial discharge, PD waveshape, shunt resistor, high frequency current transformer, loop

antenna, monopole antenna.



DEDICATION

To my beloved wife, Mansoureh!

1



ACKNOWLEDGEMENTS

I would like to express my deepest gratitude to my former advisor Dr. Joni Kliiss, for giving
me this opportunity to work under his supervision during the first five semesters of my Ph.D. I am
grateful to my current advisor, Dr. Chanyeop Park, for his support, especially in the last three
semesters of my Ph.D. I am sincerely thankful for all the knowledge and supports that I received
from Dr. Patrick Donohoe and Dr. Mehmet Kurum during my research at MSstate. I would also
like to thank Dr. Masoud Karimi for serving as my committee member.

My thanks also extend to Dr. David Wallace, Mr. Jeremy Hamilton, Mr. Josh Weaver, and
Mr. Jayson Warden for helping me while running my research and experiment in the High Voltage
Lab. I would also like to thank all my friends in Simrall, Saeced, Maryam, Kamran, Pedram, Maziar,
Nasim, Ali, Zeeshan, and Farhina for their precious supports. Lastly, I am thankful to all members
of the Iranian Student Association (IRSA) at Mississippi State University, who made my life in

Starkville more pleasant.

111



TABLE OF CONTENTS

DEDICATION ...ttt ettt ettt et st e bt et e e st e bt et sat e bt enbeeneesbeenbesaeenaeennens il

ACKNOWLEDGEMENTS ..ottt sttt e st e esneenseeneas il

LIST OF TABLES ...ttt sttt ettt sttt et et sae et st vii

LIST OF FIGURES ..ottt sttt e et essaesseenseeneenseennenseans viii

SUMMARY ...ttt ettt sttt et e b et eatesbe et e eseesb e e bt enbesste bt enseeneeseensenaeens XV
CHAPTER

I. PROBLEM STATEMENT ..ottt sttt 1

II. STATE OF THE ART ...ceiotieieeeeeee ettt ettt e e sne s 3

2.1 Types of Partial DISCharge .........cccoeecvieviiiiiieiieciieeeeeeee e 4

2.1.1  Corona DISChArZe .......cccueevuiieiiiiieiiieie ettt et 4

2.1.2  Internal DISCharge .......ccceeviieiiiiiiieiieie ettt ees 5

2.1.3  Surface DIiSCharge.........coceevueriiiiiiiiiiiieeeecee e 6

2.1.4  Electrical TIEEING ....cevvuveeeiieeeiieeeiieeeieeeeteeestee et e eereeseaeesaeeesbaeesnseesnnseeenes 6

2.2 Partial Discharge modeling in DC.........ccccooviiiiiiiiiiniiiiicceceeeee e 7

2.2.1 Extended Capacitive Model [19]......cccoeeiiiieiiieeiieeieeeieeee e 7

2.2.2  Extended Dipole Model [20] .......cooouieiiiiiiieiienieeieeeeeeee e 10

2.3 Partial Discharge Measurement............c.eeccueeeiieeeriieenieeeiee e eeieeeeveeeevee e 11

2.3.1  PD MeaSuring CIrCUIL.......ccueeruieriierieeiieeteeite et eiee ettt ettt see bt e seeeeaneas 12

2.3.2 Frequency Characteristics of Partial Discharge Measurement Units............. 14

2.3.3 Common types of PD Detection inStruments ...........cccceceeveerereeneeneeeeneenne 17

2.3.3.1 ShUunt ReSISIOT....c..ueiiiiiiiiiieeieeieee et 18

2332 HECT ceeeee ettt et 18

2.3.3.3 LOOP ANLENNA ....ooouviiieiiieeeiieeeieeeeieeerieeetee e e eaeeeereeeeeeesbeeessaeeennseees 19

2.3.3.4 MONOPOLE ANLENNA ....eocuviiniieeiiieiieeiie ettt ettt e e 20

2.3.3.5 UHF S@NSOTS.....eiiiieiieiiieiiieeite ettt ettt ettt e 21

2.3.4 Electromagnetics field 0f PD.........cccoooiiiiiiiiiiiieeeeee e 22

2.4 Partial Discharge Interpretation in DC .........cccoeeiiiiiiiiiiiiieeeeeeeee e 24

2.4.1 Individual Partial Discharge Waveshape..........cccccceeviieiiiiiiinieniieiieieee, 24

2.4.2 Time-Resolved Partial Discharge (TRPD).....ccccovvvveiiieeiiiiieeeeee e 27

2.4.3 Frequency Domain classification of Partial Discharge ..........cccccoceevirienne 30

v



II1.

IV.

VL

RESEARCH OBJIECTIVES ..ottt 31

UTILIZATION OF CONVENTIONAL AND COMMERCIAL
ELECTROMAGNETIC SENSORS FOR TRANSIENT DISCHARGE

MEASUREMENT ...ttt sttt st et sttt st nae e 33
4.1 IMIOTIVALION ..ttt et et e sttt ae e e bt e ssee et e e naeeenbeeenee 33
4.2 Selection Of SENSOTS ........ceuiiriiriiriieieeieeeeeee ettt 34
4.3 Disruptive DISChar@e .......cc.eeevviiiiiiiceiie et 37

4.2.1 Monopole Antenna Position TeSts.........ccceerrierireriieniieriienie e 37

4.2.2 Effect of Distance and Ground Plate on Monopole Antenna Responses ......39

4.2.3 Loop Antenna (Inductive Sensor) Position TestS.........ccceeeueeriercieeriienneennen. 42
4.4 Anechoic Chamber TeStS.......c.ceiieiiiiiiieiiieierie ettt 43
4.5  AC Partial Discharge Waveshape Measurement..............ccceevvverveerieenieesieennnenns 45
4.6  Traveling Wave Measurement ..........ccceeverueerierienieenienienieeicnieene e seesieeaeseeens 47
4.7  DC Partial Discharge Waveshape Measurement...............cceevveerveeneenreenieennnenns 48
4.8 SUMIMATY ...ttt ettt st e sae e st st e naeeeanees 50

DESIGN AND MANUFACTURING OF TESTBED AND TRANSMISSION LINE..51

5.1 A (T8 AT 03 s PSPPSR 51
5.2 Testbed Preparation ..........ccccveeiieriieeiieenieeieesee ettt sieesveesaeeeaeesseesasaesaneens 52
5.2.1  DIESIZN .ttt ettt ettt ettt et h e e b e neeebeeeaaeeas 52
5.2.2 Finite Element Analysis SIMulation............ccceoeveveiienieerieenieeiieeie e 54
5.2.3 Manufacturing of Testbed .........cocieiiiiiiiiiiii e 57

53 Transmission Line Preparation...........cccceevveriieniieeiieenieeieenie e see e 58
5.3.1  DSIZN [S4] ettt ettt ettt ea 58
5.3.2 Finite Element Analysis SIMulation...........ccccceeeviereniieeiieeeiiieeie e 61
5.3.2.1 Frequency-domain SImulations...........cccceeveeriiienieeiiienieeiiesieeieesee e 63
5.3.2.2 Time-Domain Simulations ..........ccccceeueiiiiniiinienieeieeeeeeeee e 65

5.3.2.3 3-D SImMUIAtION ..eeeiiiiiieiieeieeee e 68

5.3.3 Frequency Response Measurement of Manufactured Transmission line......69

54 SUIMMATY ..ottt sttt et e e et e sae e sereesaeeeaneenaee 71

ELECTROMAGNETIC FIELD D-DOT AND B-DOT SENSORS PREPARATION ..72

6.1 1Y (o] 5 02 10 s PSPPSR 72
6.2 Design of D-dot and B-dot SeNSOrS........ccceveiiiieiiieeieeeieeeeeeee e 72
6.2.1  D-dOt DESIZN . .eeviiiiiiieiiiitieieetesieee ettt 73
6.2.2  B-dot DESIZN....cceiiiiiiiiieiiie ettt et e e e sae e e tae e et e e eaaeeeaeeesaee e 74
6.3 Finite Element Analysis SIMulation............ccccceevviieiieniiinienieeieeeeeee e 76
6.3.1 D-dot Sensor SIMUlation .........ccceoiiiiiiiiiiiieeie e 76
6.3.2  B-dot Sensor SIMUlation.........c.ceveeririieriinienieneeeeeeeeeee e 78
6.4  Manufacturing of D-dot and B-dot SENSOTr..........c.cccevcvieeriieeiiieeieeeeeeee e 83
6.5  Frequency Response of D-dot and B-dot Sensors...........cccceveveevieeiiienieeniieninas 86
6.6 SUMIMATY ...ttt e e et e e e e e e e ta e e s taeessaeeesssaeessseeeesseeennseennns 89



VII. INDIVIDUAL PARTIAL DISCHARGE WAVESHAPE MEASUREMENT .............. 90
7.1 IMIOBIVATION ..ottt sttt ettt ettt ettt be et et e b e b enees 90
7.2 Partial Discharge Samples Preparations.........c.cceccveeeeieeeiieeecieeeie e eevee e 90
7.3 Comparison of D-dot and B-dot Outputs with Reference Pulse ......................... 94
7.4 Investigation of Various Partial Discharge Mechanisms ..........ccccccceveeeiieennenns 99
7.3.1  Cavity DISCharEe ....c.coeoviiiiiieiieeiieiieee et 99
7.3.2 Surface Discharge PD Measurement............cccoeecvveeeieeerieesciieeeieeeevee e 102
7.3.3 Corona Discharge PD Measurement ..............ccceevveeeieenieenieeniesnieeneeeeneenens 104
7.3.4 Floating Potential Discharge PD Measurement ............ccccceeveeeevveenveeennnenn. 106
7.5 SUMMATY ...ttt ettt e st e e s teeesabeeesabeeesnbeeeeaseees 108
VIII. QUANTITATIVE ANALYSIS OF INDIVIDUAL PARTIAL DISCHARGE PULSES
....................................................................................................................................... 110
8.1 IMIOTIVALION ..ttt ettt ettt ettt et s e e bt e st e bt e sate e bt e enbeesneeeneeas 110
8.2  Time Domain ANALYSIS......ccceeruiiriieriieeiieitieeieeriee e et eeeereeeieeereeseaesseessne e 110
8.2.1 Partial Discharge Pulses Measured by the 50 Q Input channel of
OSCILOSCOPE ..vevveieerieiieeiieite ettt ettt ettt ebe et e e beeseaeenbeesaaeesseensaeenseas 111
8.2.1.1 RiSE TIMEC....ccutiiiiieiiiiieeie ettt et e 111
8.2.1.2 DECAY TIIME ..veeeivieiieeiiieiiecie ettt ettt sae et e e e staeesseenes 113
8.2.1.3 Pulse Width 0f 20% Level.......cccoooiiiiiiiiiieeeee e 115
8.2.1.4 AMPIITUAC ...oovviiiiieiiecie et et 118
8.2.2 Partial Discharge Pulses Measured by D-dot Sensor .........ccccoceeveveriennnene 120
8.2.2.1 Positive Peak Amplitude (MaxXimum) ..........cccceevvveeiienieenieeneenreeneennns 120
8.2.2.2 Negative Peak Amplitude (MIinimum) ........cccceeeveerieerienienieenieeieene 122
8.2.2.3 First Peak Length (T1) ..cooeeriiiiiiiiiieeeeeeeeeeee e 124
8.2.2.4 Second Peak Length (T2)...ccceerieriieiieiieieeeee e 125
8.4.3 Partial Discharge Pulses Measured by B-dot Sensor ..........cccceeevvvevveennnenn. 127
8.4.3.1 Positive Peak Amplitude (MaXimum) .........ccccceevveerieenieenieeniienieeieene 127
8.4.3.2 Negative Peak Amplitude (Minimum) .........ccceeecveeeviveencieeeninieenreeeenneenn 129
8.4.3.3 First Peak Length (T1) .cooeeeiieiiiiiieieeeee e 131
8.4.3.4 Second Peak Length (T2)....ccccveeviiieiiiieieeeieeeieeee e 132
8.3 Frequency Domain ANalysis .......cccueeieeriieniienieeie et 134
8.4  CLASSIFYING PARTIAL DISCHARGE PULSES .......cccooeiiiiiiieieeee, 138
8.5 SUMMATY ...ttt ettt et e sttt e st e e st e e sibeeesabeeeeanee s 143
IX.  CONCLUSION ..ottt ettt ettt et et e s bt ettt e saeebe et e eneenaeensesneans 144
X, FUTURE WORK ....ooiiiiiiiiiiieeet ettt sttt et 146
XI.  LIST OF PUBLICATIONS......ooteitiiesiteteee ettt ettt ettt et enee s e saeennesneens 147
REFERENCES ... oottt sttt sttt st st sb e et s bt enbeeanenaeens 148

vi



Table 5.1
Table 7.1

Table 8.1

Table 8.2

Table 8.3

Table 8.4

Table &.5

Table 8.6

Table 8.7

Table 8.8

Table 8.9

Table 8.10

Table 8.11

Table &.12

LIST OF TABLES

The step changes of frequency, #;, and L in parametric sweep simulation................ 63
D-dot and B-dot pulse characteristics vs reference pulse..........cceovvevieereenieeieennenns 96
Rise time (in ns) parameters of PD sources were measured by 50 Q input

channel of oscilloscope under both AC and DC voltage stresses. .........cceevvervvennne. 113

Decay time (in ns) parameters of PD sources were measured by 50 € input
channel of oscilloscope under both AC and DC voltage stresses. .........cceevveruvennne. 115

Pulse width (in ns) parameters of PD sources were measured by 50 Q input
channel of oscilloscope under both AC and DC voltage stresses. .........ccceveerevennnen. 117

Amplitude (in V) values of PD sources were measured by 50 Q input channel

of oscilloscope under both AC and DC voltage Stresses. ........cccvevveeeveereeerreenveennen. 120
Positive Peak Amplitude (in V) values of PD sources were measured by D-

dot sensor under both AC and DC voltage StreSses.......covverveervierieeiieenieereenneennns 122
Negative Peak Amplitude (value in V) values of PD sources were measured

by D-dot sensor under both AC and DC voltage Stresses. .......ccoevveeecvveerveeerneeennne. 122
T1 (in ns) values of PD sources measured by D-dot sensor under both AC and

DC VOItAZE SIIESSES. .uvvieeiiieeiiieeiiee ettt e eiteeeiee et e e stteeestteeetaeeetaeesssreessseeensseeennseens 125
T2 (in ns) values of PD sources were measured by D-dot sensor under both

AC and DC vOItage StIESSES. ....evvurieriieeriieeiiieenieeenieeesteeesereeenereesereesseeessseeennseens 127
Positive Peak Amplitude (in V) values of PD sources were measured by B-

dot sensor under both AC and DC voltage Stresses. .......ccvvevvveeeieieeniieeeniieeenieeeneenn 129
Negative Peak Amplitude (absolute value in V) values of PD sources were

measured by B-dot sensor under both AC and DC voltage stresses. .........c.ceeeueee. 129
T1 (in ns) values of PD sources were measured by B-dot sensor under both

AC and DC vOItage StIESSES. ....eevrurieriieeeiieeiiieerieeesieeesteeesereeessreesseeesseeessseeessseens 132
T> (in ns) values of PD sources were measured by B-dot sensor under both

AC and DC vOItage SLIESSES. ...ueeviurieriiieeriieeiiieesieeesteeesreeesaeeessreessreesseeessseeensseens 133

vil



LIST OF FIGURES

Figure 2.1 Corona discharge in the air [18] ......ccciiiiiiiiiiiiceie e 5
Figure 2.2 Internal discharges, (a) isolated cavity, (b) cavity with conductor contact, (c)

cavity developed to an electrical tree, (d) cavity in the interface of dielectric

MALETIALS [ 14 ] et e e e e e e te e e e e ta e e e e eataee e e eaaaeeeaans 5
Figure 2.3 Surface discharge propagation along the outer surface of the XLPE cable. ................ 6
Figure 2.4 The evolutions of electric treeing within a solid insulator [15].........cccceevveevieniienenne. 7
Figure 2.5 The equivalent electrical circuit of internal partial discharge at DC voltage

LD ettt ettt 8
Figure 2.6 The diagram of voltage across the cavity before and after PD discharge at

DICc ettt a e 9
Figure 2.7 The dipole model of a cavity discharge extended between anode and cathode

L2007 ettt b ettt ettt n e 10
Figure 2.8 Recommended PD measurement test setup by coupling device in series with

the test sample in IEC standard 60270 [28]......cccovveeiiiieriienieeeieeeee e 12
Figure 2.9 An example of a PD measurement test setup with an ideal transmission line

[26], (1) HV Conductor, (2) PVC Insulator, (3) Shielding, (4) Coupling

Capacitor, (5-6) Conical Transmission Line. ...........ccoceevireiiienieiiiienieeieesie e 13
Figure 2.10 Measurement of 5 nC gaussian PD signal with 20 ns pulse width through the

low pass filter circuits. (a) 30 MHz bandwidth, (b) 5 MHz bandwidth. .................... 15
Figure 2.11 Equivalent circuit of inductive coil coupling sensors [36].........ccccceeveieieinienieennene 19
Figure 2.12 Equivalent circuit of capacitive coupling sensors [36]........cccceevveerieniieniienieninens 21
Figure 2.13 Example of variable bandwidth of frequency used for PD measurement with

UHF sensors [1]. (a) narrow-band technique. (b) wide-band technique. ................... 22

viil



Figure 2.14 Electromagnetic radiation fields around the electromagnetic radiative source

[ ] et h ettt h ettt e bt ettt e bt et entenaeenee 23
Figure 2.15 The electromagnetic field radiation of PD discharge (Gaussian pulse) around

the epoxy resin and ceramic Structures [43] ......cccveeieeiieriiieiierie et 24
Figure 2.16 Typical PD waveform and characterization of its timing parameters. ....................... 25
Figure 2.17 Corona and surface PD waveshapes under the DC stress [24]......cccoevveeviienieeiiiennnnn. 27
Figure 2.18 Discharge magnitude versus successor and predecessor time intervals [51] ............. 28

Figure 2.19 The examples of TRPD patterns at DC voltage. (a) Scattering plot of

Figure 4.1
Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

successor and predecessor time interval for a cavity discharge [3], (b) 3D
pattern of discharge density versus its amplitude and pulse width in a cavity

ISCRATEE [ 1] ettt ettt et e et esaneens 29
Figure 2.20 Example of floating particle PD waveshape measured by the UHF sensor in

time and frequency domains [53]. ...cc.eeiiiiiiiiiiiie e 30

The 50 Q shunt resistor is made by six paralleled 300 Q metal-film resistors. ......... 34

Pearson 110A and Power Diagnostix CT1 HFCTS. .....ccccovirviiniininiiniiiiicneecee, 35

Loop antenna sensors. (a) Beehive Electronics model 100C, (b) HFCT loop. .......... 36

Monopole antennas on varying ground planes constructed from SMA

COMMECTOTS. ...ttt ettt ettt ettt et et sae et e bt et et sae et e esb e ebtesbeeanesanenaeenneennes 36

Placement of monopole antenna around Van de Graaff generator to establish

approximate radiation PAttETN. ........cccvieeriieeiiieeiieeeieeeeireeeeeeesteeesaeeesbeeeseneeeseneeenns 37

Comparison between monopole antennas and HFCT. (a) Position 1, (b)

Position 2, (¢) Position 3, (d) POSItION 4..........cooiiiieiiiieiieeieeeeeee e 38

Location of samples with different sizes of ground plates around the HV

SOUTCE. .enveuteeutenteeute et ete et et e bt eatesatesae et e eae e bt et e easesbe e st e st e eue e b e eatesbeenneesseebeenneeanenunens 40

The responses of monopole antenna respect to distances from HV source. (a)

25 cm, (b) 50 cm, (¢) 100 cm, (d) 150 CM.eeevireiiieeiieeee e 40

Responses of monopole antenna with different size ground plates for

Figure 4.9

different distances, 50 cm (top), 100 cm (middle), and 150 cm (bottom), from
HYV SOUICE. ..ttt et 41

Figure 4.10 Comparison of Loop antenna sensors response at different places. (a) Around

the discharge place, (b) behind the HV source, (c) 5 cm on top of the ground
lead, (d) less than 1 cm on top of the ground lead.............ccocvveeiiiinieiniiiee e, 42
X



Figure 4.11 Van de Graaff generator and sensors inside the anechoic chamber. .......................... 44

Figure 4.12 The response of all investigated sensors to discharge measured inside the

anechoic chamber (amplitude normalized for improved visualization of

WAVETOTIIIS). 1..tiiiiieiieeiie ettt ettt e ettt ete e ae e esbeesaseenbe e saeesbeesseesnseensseans

Figure 4.13 Left — corona source using rod-plane conductor configuration; right — cavity

discharge using void inside epoxy resin SAmMple..........ceeeveeriieriieriieniieerieenieeieenens

Figure 4.14 Measured partial discharge waveforms — time domain on the left side, and

frequency domain on the right side. (a) positive streamer (corona) discharge,

(b) Trichel pulses, and (¢) cavity discharge...........cceecveeeiiieeiieeeieeee e

Figure 4.15 The response of sensors to propagating PD calibrator pulse along the

COMMAUCTOT. .ottt e e e et e e e e e e e e e e eae e e e e e e eeae e aeseeeeeaeaaeaaaeeeeeeenenannnn

.45

...48

Figure 4.16 Experimental PD test under DC stress. (a) Test setup, (b) Corona test sample. ........ 49

Figure 4.17 Comparison of AC and DC positive corona pulses in both time-domain (top)

Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6
Figure 5.7

Figure 5.8

Figure 5.9

and frequency-domain (bottom) through conventional and nonconventional

SCIISOTS. .veevrevrentessessessesesseeseesseseessessessesesseeseaseeseessessessensesesseaseeseeseessessensensensensesenns
Schematic of the partial discharge measurement Circuit............oeceevveecviereeenenne.

Cutaway view of the designed testbed for the investigation of individual PD. .....

Sketch view of a designed testbed for measurement of partial discharge in

COMSOL. ..o

2D axisymmetric simulation of DC PD testbed. (a) Voltage distribution (kV),

a) Electric field distribution (KV/mm), .......ccccceeiiiriiiiiiiiceeee e

The preparation process of different parts of the testbed. a-b) Transmission
line outer and inner conductors, (¢) Coupling capacitor, (d) HV cap, (e)
Supporting rim and insulation spacer, (f) Overall view of all prepared parts of

the tESIDE. .....eeiiiiiiii e
Schematics of a cylindrical shape coaxial transmission lines ............ccoccceveeeeennee.

Schematics of a conical shape coaxial transmission lines.........c..ccoceeveeeeenercicnnne

Sketch view of conical transmission line. (a) 2D axisymmetric, (b) 3D view

[SA]. oo eeeeeeeeee e e e e e et s e s e

The frequency response of conical transmission lines. (a) S11: reflection

coefficient, (b) S21: forward tranSmMISSION. ........c.eeevuveeeiieeeirieeeiieeeieeeereeeevee e

...50

.95

.57

....02

....64



Figure 5.10 The time-domain response of designed transmission lines. (a) Example of
applied pulse, (b) response to 500ps rise-time pulse, (c) response to 1ns rise-

1700 (S8 010 SRR

Figure 5.11 The response of a short bandwidth transmission line to a 500ps rise-time

Figure 5.12 3D simulation of the conical transmission line in the COMSOL. (a) Side
view of signal propagation. (b) Top view of electric and magnetic fields at

Figure 5.13 Frequency Response measurement of the manufactured transmission line. a)
Preparation of transmission line. (b) Test circuit connection. Note: The

graphs shown on the screen of the NA are mere examples. ..........cccoeceeeieeniennnne

Figure 5.14 The frequency responses of the manufactured transmission line. (a)

Reflection coefficient S11, (b) Attenuation coefficient S21. .........cccccveeiienieninne

Figure 6.1 Specification of D-dot sensor. (a) Schematic of D-dot mounted within a

conical transmission line. (b) Equivalent circuit of D-dot sensors........................

Figure 6.2 Specification of B-dot sensor. (a) Schematic of B-dot mounted at the bottom
of the designed conical transmission line. (b) Equivalent circuit of B-dot

T L0

Figure 6.3 Location of D-dot sensor around the transmission line in simulation...................

Figure 6.4 Results of location and size changes of the D-dot sensor on its frequency

LT 00 ) e

Figure 6.5 Example of the D-dot sensor exposed to the radiated electric field at f=

Figure 6.6 A typical view of the multi-loop B-dot sensor in COMSOL simulation. .............

Figure 6.7 The results of the number of loop and distance changes on the frequency

response of the B-dot sensor in parametric simulation in COMSOL....................

Figure 6.8 The direction of magnetic fields around the designed B-dot sensor. ....................

Figure 6.9 The position of a single loop B-dot sensor at the bottom of the transmission

ST

Figure 6.10 The results of B-dot loop size changes on its SensSitivity.........cceevveerevierrieeennveennne.

Figure 6.11 The surface plot of magnetic field norm distribution along with the B-dot

T T

..... 69

..... 70

..... 75

..... 77

..... 79

..... 81

..... 81



Figure 6.12 Photos of manufactured non-conventional D-dot and B-dot magnetic field

SEIISOTS .uvteuteenuteeuteeesteenteesuteebeeeste e bt e sat e e bt e eae e e bt e sat e e bbeeat e e bt e sab e e bt e eab e e beesateenbeeenneennee 84
Figure 6.13 Investigation of D-dot and B-dot locations around the transmission line................... 85
Figure 6.14 The final placement of D-dot and B-dot sensors around the transmission line.......... 86
Figure 6.15 Frequency response measurement of D-dot and B-dot. ...........ccccoeeeiiiiiiiiiiiiininen, 86

Figure 6.16 The frequency responses of designed magnetic field sensors. (a) D-dot, (b) B-

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

Figure 7.9

QO et ea et ———————aae e e et —————————————————— 87

General view, phase-resolved partial discharge pattern, and finite element

analysis specifications of prepared individual PD sources. (a) Corona

discharge, (b) Cavity discharge, (c) Surface discharge, (d) Floating potential
ISCRATZE SOUICES. ....eutieiiieiiieiie ettt sttt e ettt et e e bt e e beesaeeeabeesaneens 91

Experimental partial discharge measurement test SETUP. .......ceveereeerieriererieerieieenne. 94

The measured results of a cavity PD pulse. (a) Test setup, (b) electromagnetic
sensor (B-dot and D-dot) responses, (¢) electromagnetic sensor response

compared to the reference PulSe. .......c.eeevviiieiiiieiiiececce e 95
The frequency-domain comparison of D-dot and B-dot sensors outputs and

their numerical integrations with reference. ..........occoevveiiieiiiniiiiiecieeeeeee 97
Time characteristics of D-dot and B-dot Output. ...........ccceeevieriiiiiieniiieiierie e 98
Examples of AC and DC cavity discharge waveforms in both time and

frequency domains are measured by the 50 Q input resistance of the
oscilloscope. Waveform (a) and (b) are common among AC and DC; (c)
positive DC, (d) negative DIC. .......c.cooiiiiiiiiieiie et 100

Examples of AC and DC surface discharge waveforms measured by 50 Q

input channel of oscilloscope in both time and frequency domains. (a) and (b)
common within both AC and DC pulses. (¢) and (d) observed just for DC

001 <SP 103

Examples of corona discharge waveforms under AC and DC stress in both

time and frequency domains are measured by the 50 Q input channel of the
oscilloscope. (a) common among AC and DC pulses, (b) and (c) mostly

observed in positive DC, (d) mostly observed in negative DC. ...........cccceevveeennenn. 105

Examples of AC and DC floating potential discharge waveforms in both time

and frequency domains are measured by the 50 Q input channel of the

oscilloscope. a-c) mostly common among AC and positive DC and rarely

observed for negative DC, (d) more common among AC and negative DC............ 107

xii



Figure 8.1

Figure 8.2

Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6

Figure 8.7

Figure 8.8

Figure 8.9

Comparison of rise time changes of various PD sources were measured by 50
Q input channel of the oscilloscope. (a) cavity discharge, (b) surface
discharge, (c) negative corona discharge, (d) positive corona discharge, (e)

floating potential diSCharge. ...........cccveviieiiiieiieiiieeeeee e

Comparison of decay time changes of various PD sources were measured by
the 50 Q input channel of the oscilloscope. (a) cavity discharge, (b) surface
discharge, (c) negative corona discharge, (d) positive corona discharge, (e)

floating potential diSCharge. ...........cccveviiiiiiieiiiciiee e

Compare 20% pulse width time changes of various PD sources were
measured by the 50 Q input channel of the oscilloscope. (a) cavity discharge,
(b) surface discharge, (c) negative corona discharge, (d) positive corona

discharge, (¢) floating potential diSCharge............ccceevvvierieeiienieeiiecie e

Comparison of amplitude of various PD sources were measured by the 50 Q
input channel of the oscilloscope. (a) cavity discharge, (b) surface discharge,
(c) negative corona discharge, (d) positive corona discharge, (e) floating

potential dISCRATZE. ......c.ccoviiiiiiiiieiieieee et ettt esbe e

Comparison of the positive peak amplitude of various PD sources were
measured by the D-dot sensor. (a) cavity discharge, (b) surface discharge, (c)
negative corona discharge, (d) positive corona discharge, (e) floating

potential dISCRATZE. ......c..coiieiiiiiieiieieee e et eees

Comparison of the negative peak amplitude of various PD sources were
measured by the D-dot sensor. (a) cavity discharge, (b) surface discharge, (c)
negative corona discharge, (d) positive corona discharge, (e) floating

potential diSChAIZE. ........oeeviiiiiiiieiie e

Comparison of the T value of various PD sources were measured by the D-
dot sensor. a) cavity discharge, (b) surface discharge, (c) negative corona

discharge, (d) positive corona discharge, (e) floating potential discharge. ...........

Comparison of the T> value of various PD sources were measured by the D-
dot sensor. a) cavity discharge, (b) surface discharge, (c) negative corona

discharge, (d) positive corona discharge, (e) floating potential discharge. ...........

Comparison of the positive peak amplitude of various PD sources were
measured by the B-dot sensor. (a) cavity discharge, (b) surface discharge, (¢)

positive corona discharge, (d) floating potential discharge. ............ccccccvevveenenee.

Figure 8.10 Comparison of the negative peak amplitude of various PD sources were

measured by the B-dot sensor. (a) cavity discharge, (b) surface discharge, (c)

positive corona discharge, (d) floating potential discharge..........c.ccccevvvvieennenn.

xiil

112

..114

..124

..126

..128



Figure 8.11 Comparison of the T value of various PD sources were measured by the B-
dot sensor. a) cavity discharge, (b) surface discharge, (c) positive corona

discharge, (d) floating potential discharge. ........ccccceovveeeiiiiieiiiieieeee e,

Figure 8.12 Comparison of the T2 value of various PD sources were measured by the D-
dot sensor. a) cavity discharge, (b) surface discharge, (c) positive corona

discharge, (e) floating potential discharge............cccceeevierieeiiienieeiieieeeeeeeeeen

Figure 8.13 The frequency spectrum of individual PD pulses were measured with a 50 Q
input channel of oscilloscope under AC and DC voltage stresses. (a) cavity
discharge, (b) surface discharge, (c) negative corona discharge, (d) positive

corona discharge, (¢) floating potential discharge............cccccvevveecienieeniienneennen.

Figure 8.14 The frequency spectrum of individual PD pulses were measured with the D-
dot sensor under AC and DC voltage stresses. (a) cavity discharge, (b)
surface discharge, (c) negative corona discharge, (d) positive corona

discharge, (¢) floating potential discharge............cccceeeveevieeciieniieeiieieeieeere e,

Figure 8.15 The frequency spectrum of individual PD pulses were measured with the B-
dot sensor under AC and DC voltage stresses. (a) cavity discharge, (b)

surface discharge, (c) floating potential discharge. ..........cccccooeeeiiiiiiiiiiiiienee

Figure 8.16 Normalized relative density clustering of partial discharge pulses were
measured by 50 Q input channel of oscilloscope under AC voltage stresses.
CD, cavity discharge; SD, surface discharge; NCOD, negative corona
discharge; PCOD, positive corona discharge; FPD, floating potential

QISCRATZE. ...ee ettt et e e e tae e st e e e e e e bt e esnseeensseeensseeenes

Figure 8.17 Normalized relative density clustering of partial discharge pulses were
measured by 50 Q input channel of oscilloscope under DC(+) voltage
stresses. CD, cavity discharge; SD, surface discharge; NCOD, negative
corona discharge; PCOD, positive corona discharge; FPD, floating potential

ISCRAIEE. ..ot

Figure 8.18 Normalized relative density clustering of partial discharge pulses were
measured by 50 Q input channel of oscilloscope under DC(-) voltage
stresses. CD, cavity discharge; SD, surface discharge; NCOD, negative
corona discharge; PCOD, positive corona discharge; FPD, floating potential

QISCRATZE. ...eeeiiie ettt ettt e e et e e st e e e aeeesseeesnseeennseeennseeenns

Xiv

...131

...137

....139

....140

...142



SUMMARY

The measurement of PD pulse waveshapes depends on the measurement circuit elements.
For example, a similar type of PD discharge will appear differently depending on the measurement
circuit, sensor, and acquisition unit (i.e., transfer function). Moreover, there should be a significant
difference among the measured PD pulses in the field compared to the waveshapes captured in
laboratories due to the unpredictable disturbances. This dissertation addresses the requirements of
precise individual PD pulse measurements for both AC and DC systems. The accurate
measurements of individual PD pulses allow the extraction of useful information about PD
waveshape characteristics. The information includes parameters such as rise time, decay time,
amplitude, etc. which leads to the classification and recognition of various PD types caused by
distinct types of defects.

Four common types of individual PD pulses — cavity, surface, corona, and floating potential
discharges — were investigated under AC and DC stresses. The examinations of these types of PDs
in this work provide useful information about their discharge mechanisms and quantitative studies
of their waveform characteristics and frequency spectrums. Also, the time domain analysis of
measured PD waveforms in this dissertation demonstrates apparent differences between AC and
DC PDs. These data provide enough information for the statistical analysis of the waveform of
PD. Similarly, the results of frequency domain analysis present the distinct characteristics among
the frequency spectrums of PD defects in both AC and DC. That is, the results of this work allow

the classification of PD according to the frequency components under both AC and DC electrical
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stresses. The proposed method of this dissertation helps in mapping various types of PDs based on
the time domain characteristics of PD waveforms and their amplitudes. One of the advantages of
this method is its independence from the repetition rate of PD pulses under DC stresses, which
takes a long time to record data (specifically in DC). The other advantage of this mapping is that
the distinguishing and clustering of data can be performed by either of the rise time, decay time,
and pulse width of PD waveforms.

In addition to the contributions above of this dissertation, the application of
electromagnetic fields — D-dot and B-dot sensors — in capturing individual PD pulses provides
more safety during measurement. The electromagnetic field sensors in this work are commonly
the inductive or capacitive coupling sensors, which avoid direct connection of energized element
and DAQ systems. It is essential to prevent the damage of DAQ systems in the case of failures

occurring in the PD samples.
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CHAPTER I

PROBLEM STATEMENT

PD measurements employ for assessing the quality and health of medium- to high voltage
(HV) applications. Extensive research on developing online and offline PD detection methods for
HVAC equipment has led to the establishment of AC PD measurement techniques [1]-[4].
Similarly, the demand for research on DC PD detection and classification methods has increased
with the growing use of HVDC transmission systems and MVDC distribution systems. Most of
the available AC PD detection methods and standards are focused on the PRPD patterns [2], [3]
owing to the phase-resolved information available in AC systems. In contrast, due to the lack of
phase in DC systems, most of the DC PD identification methods that have researched are based on
temporal information known as time-resolved PD patterns [2], [4], [5]. The TRPD methods are
majorly dependent on the repetition rate and timing characteristics of individual PD pulses, such
as rise time, decay time, and pulse width. Technically, TRPD methods mostly use the statistical
analysis of the individual PD pulses in quantifying their waveform characteristics and trends to
find meaningful patterns. There are a variety of TRPD methods have used in the interpretation of
various types of PDs. Some of the techniques focus on PD repetition rates to find trends related to
stress changes and pulses. At the same time, some concentrate on the corresponding PD pulse

characteristics (e.g., rise and decay times) [6][8].



Despite the existence of these methods, the lack of well-established DC PD measurement
standards and practices threatens the dielectric integrity and system reliability of DC power
applications. For example, there are reported cases where AC PD test procedures apply to evaluate
DC cables and devices [4], [9]. Although using AC voltage to DC applications for PD
measurement purposes may generate PD signals, their characteristics, including PD inception
voltage (PDIV) and PD magnitude, may differ substantially compared to cases where DC voltage
is applied. These differences are caused by the inherent differences of electric field distributions
in dielectric materials under AC and DC electrical stresses. Hence, it is evident that DC power
applications require their PD detection methods and standard procedures [4], [9]. Similarly, the
results of recently published papers focusing on the comparison of AC and DC PDs also confirm

the need for DC PD identification methods for the dielectric assessment of DC apparatus [9]-[12].



CHAPTER II

STATE OF THE ART

DC networks are overgrowing in various industries (e.g., transmission and distribution
grids, electric ships, aircraft, and power-electronics-driven systems) and becoming effective
alternatives of conventional AC systems owing to their advantages, including the capability of
carrying more power with lower loss over long distances, the increasing availability and reducing
cost of renewable energy sources, and the flexibility of converting energy among unsynchronized
networks. However, the reliability of these power networks are threatened by the accelerated
dielectric material aging and failure of subsystem components such as cables, transformers,
switchgear, insulators, and bushings under DC electrical stress. Therefore, accurate and reliable
assessments of these components are necessary to ensure the reliability of DC power networks.

Generally, insulating materials in all forms of solid, liquid, and gases or a combination of
those are utilized in the design of high voltage apparatus to isolate high voltage conductors from
the ground. Also, the role of insulators is to provide enough clearances and make the electric fields
more uniform. However, the aging of insulating materials of HV equipment in service would limit
their performances and reliabilities. There are various types of defects, failures, and faults that
affect the reliability and performance of insulating materials. Partial discharge is one of the most
chronic and unavoidable dielectric challenge that causes accelerated dielectric material aging and
device failure. To name a few, the existence of metal particles in gas insulated substations (GIS)
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causes PD that lead to system failure by generating floating potentials, flashover, carbonization
along with spacers, and decomposition of gases [2], [13]. In the cases of cables, bushing, and
transformers that are electrically insulated mainly by solid and liquid insulators, the inevitable
formation of air bubbles (in liquid) or cavities (in solid) during the manufacturing processes leads

to the generation of internal PDs [3], [9].

2.1 Types of Partial Discharge

Generally, PD under both AC and DC stresses are classified into the following discharge
groups [14]-[17].

- Corona Discharge

Internal Discharge

Surface Discharge

Treeing

2.1.1 Corona Discharge

Corona discharges occur around the sharp points or rough surface of conductors, where the
intensity of the electric field at the tip of the conductor increases and causes the degradation of
insulating material by gas ionization and streamer discharges. Corona discharge happens in gases
and liquids. The byproducts of corona in various insulation materials would be hazardous and
damaging. For example, corona in the air can make ozone (O3), in oil can make small particles that
leads to pollution and breakdown, and in sulfur hexafluoride (SFs) makes poisonous gases [16].

Figure 2.1 shows the picture of corona discharge in air.



Figure 2.1  Corona discharge in the air [18]

2.1.2 Internal Discharge

Internal discharge happens inside gas filled cavities or bubbles surrounded by the bulk of
insulating material. The weak insulating strength of cavities leads to the internal discharge inside
the solid and liquid insulations under the high electric field. Internal discharge provides the floating
particles in liquid and protrusion or hot spots in solid dielectrics, which result in their failures.

Figure 2.2 illustrates various types of internal discharge in solid insulation.

a) b) C) d)

Figure 2.2  Internal discharges, (a) isolated cavity, (b) cavity with conductor contact, (c) cavity
developed to an electrical tree, (d) cavity in the interface of dielectric materials [14].



2.1.3 Surface Discharge

Surface discharge occurs along with the interface of two different insulation materials
when electric field becomes higher than the dielectric strength of the interface. Examples of surface
discharge could be the discharges along the surfaces of solid and liquid or solid and gas insulators.
Surface discharges cause degradation on the surface of insulating materials. For example, surface
discharge results in the degradation of mechanical and electrical properties and causes chemical

reaction of polymeric insulators [15]. Figure 2.3 shows a sample of surface discharge degradation.

Figure 2.3  Surface discharge propagation along the outer surface of the XLPE cable.

2.1.4 Electrical Treeing

Electrical treeing in solid insulation material is mostly considered a type of internal
discharge (Figure 2.2c). It is commonly initiated by cavities or the interfaces of high voltage
conductors and solid insulators, and progresses within the insulator and forms several branches.
The growth of electrical trees is destructive and develops conductive channels, which leads to the
breakdown along the insulator [15], [16]. Figure 2.4 shows the evolution of electric tree formation
up to the conductive discharge channel formation.
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Figure 2.4  The evolutions of electric treeing within a solid insulator [15].

2.2 Partial Discharge modeling in DC

There are two extended models for the mechanism of the PD occurrence within the
insulation material (specifically for internal discharge) under DC stresses. These models, which
are presented by Morshuis [19] and Lemke [20], [21], are called capacitive (abc) model and dipole
moment, respectively. Both of the mentioned theories are based on the common concepts for
modeling electric field enhancements inside cavities. According to [22], the intensity of the
internal electric field within a cavity in AC results from the residual charges from prior PDs and
applied voltages. Similarly, in DC, besides of two mentioned parameters, the electric field of

deposited charges exceeds the electric field intensity inside a cavity.

2.2.1 Extended Capacitive Model [19]

Figure 2.5 shows the equivalent circuit of cavity discharge at DC voltage. Here, the cavity
discharge is modeled by C. and R. in parallel with a spark gap. Also, the rest of the insulation and

insulations in contact with the cavity are simulated by C,, Ra, Cp, and Ry, respectively.



RalCa R el =—C¢'
S
Hbt] ==C,
Insulator with cavity Equivalent circuit for dc voltage

Figure 2.5  The equivalent electrical circuit of internal partial discharge at DC voltage [19].

Therefore, the charging time constant of the cavity follows the Equation (2.1).

— RbRc(Cb + Cc)

2.1
R, + R, @b
Also, the drop voltage across the cavity is given by Equation (2.2).
t
Ve®) = Voo = (Voo — V)™ (22)

Where, V; , 1s the max limit voltage across the cavity before PD occurrence, and V. is the

remained voltage across the cavity after PD occurrence, which are shown in Figure 2.6.
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Figure 2.6  The diagram of voltage across the cavity before and after PD discharge at DC.

As seen in Figure 2.6, when the V. approaches the minimum breakdown voltage across the
cavity (V;in), Which is caused by the increase of the electric field resulting from an increase of
voltage or deposition of more charges, the process of discharge channel formation initiates in the
presence of free electrons. Consequently, after elapsing of stochastic time lag (t;), PD occurs
across the cavity, and voltage falls to V,. due to the charge displacement. ty is also called the
recovery time, which presents the required time for approaching the V., for the next discharge.
Also, the waveshape of discharge displacement current in this model is described by two well-
known discharge mechanisms Townsend-like and Streamer-like, which are introduced by Devins.
The main characteristics of Streamer-like discharges are rise time values in the range of hundreds
of ps and decay time values in the range of ns. In contrast, Townsend-like discharges include slow
discharges with rising time values in the range of tens of ns, which follow the rate of electron

avalanche formation and result in slow decaying time.



2.2.2 Extended Dipole Model [20]

According to the experimental research performed by Lemke in [20], the spark discharge
phenomenon cannot occur in air cavities surrounded by dielectrics. Therefore, the discharge
displacement current within the cavity should not simulate with two well-known discharge theories
(the Townsend-like and Streamer —like). In opposite, he believes the dipole model was introduced
by Pedersen could be a better alternative for describing this phenomenon. As seen in Figure 2.7,
when the positive and negative charges deposit along the cathode and anode sides of the cavity,
the corresponding electric field within the cavity forms as a dipole moment in the opposite of the
main electric field. Consequently, the electric field within the cavity decreases and leads to
disappearing more ionization for a specific time called recovery time.

Based on this model, the internal charge and transient voltage collapse across the cavity
are not straightly proportional to cavity capacitance, which contrasts with the capacitive abc model
for PD. The discharge waveshape in this model is described only with drifting of a massive number

of electrons. Also, positive ions do not have any role due to their lower drifting speed.

Anode

Basic

field Basic

field

Dipole field

Cathode

Figure 2.7  The dipole model of a cavity discharge extended between anode and cathode [20].
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Furthermore, the dipole model expresses within the cavity the free electron only can
produce through the neutral gas molecules. The quantities of corresponding molecules are very
low in the face of electron liberated through the photo-ionization and collision, which require the
formation of the spark discharge channel. As a result, consideration of full cavity capacitance
discharge through the internal discharge is misleading. Thus, the possibility of strong spark
occurrence within the cavities surrounded by dielectrics is very low because of the decent

ionization process.

23 Partial Discharge Measurement

PD is a transient phenomenon, and observing fast phenomena can be challenging. If the
observed event is faster than the response of the measurement system, errors will introduce, and
the waveform will appear distorted and attenuated [23]. To fully understand the observed output,
one must be aware of the input characteristics. Depending on what sensor uses to capture an event,
the same phenomena may be viewed differently by varying acquisition devices. Challenges with
PD are related to its uniqueness and ever changing nature. Even if observations are accurate and
precise, their validity may be constrained to specific circumstances, materials, or fault types,
thereby making universal application infeasible. PD patterns change as the source of defect
changes. It is dependent on stress type, repetition rate, duration, and sample characteristics. On the
measurement side, signal propagation, sensor characteristics (sensitivity, frequency response,
calibration), attenuation, and noise, as well as interpretation of data, all influence assessments, and

conclusions [23].
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2.3.1 PD Measuring circuit

The PD measurement setup under DC stress, in most of the research studies has been
performed [24]-[27], is based on the recommended test setup for PD measurement according to

IEC 60270 in Figure 2.8.

Figure 2.8 = Recommended PD measurement test setup by coupling device in series with the test
sample in [EC standard 60270 [28].

In Figure 2.8, U is the power supply, Z is the filter, Cx is the coupling capacitor, C, is the
test sample, CD is the coupling device (sensor), CC is the connecting cable, and MI is the
measurement unit. The sensitivity and type of sensors, matching impedance of the measurement
connection circuit, and measuring unit’s bandwidth and sampling rates significantly affect accurate
PD detection. Providing the matched impedance transmission line for transmitting the PD signal
to the digitizer (matching impedance about 50 € which includes all the sensors output, connectors,
cables, and digitizer input impedances) is required for minimizing the distortion of measuring PD
pulses [24]. Figure 2.9 illustrates an example of a suitable test setup with a precise transmission
line suitable for PD measurement.
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Figure 2.9  An example of a PD measurement test setup with an ideal transmission line [26],
(1) HV Conductor, (2) PVC Insulator, (3) Shielding, (4) Coupling Capacitor,
(5-6) Conical Transmission Line.

This test setup provides good shielding around the PD discharge location and avoids the
radiation of electromagnetic fields to the outside of the test setup. This configuration terminates
the PD signal to the measuring circuit through an ideal conical (tapered coaxial) transmission line,
which enables a suitable connection to measuring cable s. Also, this configuration provides
sufficient space for integrating the suitable coupling devices along the consistent (ideally matched)
portion of the transmission line. The ideally matched transmission line prevents the reflection and
attenuation of signals, particularly for high frequency components.

Generally, the coupling devices are commonly used for measuring the PD discharges
divide into two different groups of conventional and non-conventional sensors. According to [29],
conventional inductive couplers (e.g., quadripole, shunt resistors, HFCT, and Pearson CT) are the

most widely used non-intrusive measurement technique. These sensors install onto ground
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connections of HV devices (when available). As current flows to the ground circuit, signals induce
into the measurement unit. Non-conventional sensors (e.g., inductive or capacitive coupling
sensors and VHF/UHF antennas) convert electromagnetic waves into voltage or current. Probes
intended for electric fields are designed with rods and planes, while sensors for magnetic fields
utilized conductor loops. When a propagating electric field reaches the probe, an impressed voltage
would observe along the probe length relative to the ground [15]. Moreover, other examples of
non-conventional sensors are such as ultrasonic sensors, optic sensors, and the DGA methods.
Ultrasonic sensors capture acoustic waves generated by PD activities, optic sensors detect light
emitted by PDs, and the DGA method measures the level of byproduct gases resulted from PD
activity, specifically in the insulating oils [1], [30].

The selection of a suitable sensor for PD measurement is mostly related to a way that PD
manifest itself. In other words, depending on the insulating media is used in an HV apparatus, the
physical characteristics of PD activities can be recognized better by a specific type of sensor. For
example, electromagnetic waves resulted from PD can propagate with lower attenuation in gases
respect to the solid or liquid dielectrics. Similarly, PD measurement situation and location is
critical on the selection of suitable sensors. For instance, because of existing external noises and
disturbances, most of the conventional sensors are not suitable for a field PD measurement, and
operators utilize a non-conventional sensor. In the following, we discuss more various types of PD

sensors and their principals.

2.3.2 Frequency Characteristics of Partial Discharge Measurement Units

As mentioned earlier, the accuracy of PD measurement is related to the characteristics of
various elements in the measuring circuit. For example, in [31], it is shown somehow, a PD pulse

can be affected by the measuring circuit. Figure 2.10 represents the result of measuring a typical
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5 nC gaussian PD pulse with a 20 ns pulse width through two various filters with 30 MHz and 5
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Figure 2.10 Measurement of 5 nC gaussian PD signal with 20 ns pulse width through the low
pass filter circuits. (a) 30 MHz bandwidth, (b) 5 MHz bandwidth.

As shown in the figure, the selection of measuring circuits or sensors with insufficient
bandwidth change the waveshape of PD signals and cause loss of data. The amplitude and pulse
width of the original PD signal in Figure 2.10 are affected by both measuring circuits. IEC 60270
standard recommends measuring the apparent charge of PD to overcome the limitations of PD
measurement. The apparent charge is equal to the area under the captured PD signal. The apparent
charge measurement method is an alternative way of measuring PD signals without accurate
measurement of PD signal waveshape. However, the application of measuring circuits with various
transfer functions results in the PD signals with different amplitudes and durations. Consequently,
the IEC 60270 standard classifies the PD measuring units to three groups that are suitable for

different applications. These categories are explained in the following.
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- Wide-band PD Detection Instruments

The transfer impedance Z(f) of the measuring instruments in this group has two fixed lower
(f7) and higher (f2) limit frequencies as well as a specific bandwidth Af which their values
recommended in the standard.
30kHz < f; <100 kHz
f> <500 kHz
100 kHz < Af <400 kHz

These types of sensors would have a well-damped response to the PD pulses in which determines

both PD current polarity and apparent charges.

- Narrow-band PD Detection Instrument

These instruments have a narrow bandwidth Af ' with a midband frequency f,, which varies

between the below limits.

9kHz < Af <30kHz

50 kHz < f,, < 1MHz

The output voltage of these sensors in the face of PD pulse is a transient oscillating voltage

whose peak is proportional to the number of charge displacements.

- Ultra-wide-band PD Detection Instruments
Standard explains, “Partial discharges can also be detected by oscilloscopes providing
very high bandwidth or by frequency selective instruments (for example, spectrum analyzers)

together with appropriate coupling devices. The aim of application is to measure and to quantify
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the shape or the frequency spectrum of partial discharge current or voltage pulses in equipment
with distributed parameters, for example cables, rotating machines or gas insulated switchgear,
or to provide information about the physics or origin of the discharge phenomena’. Thus, the
application of sensors with the bandwidth in the range of MHz or GHz is suitable for investigating
the waveshapes of PD pulses.

Recently, the application of high frequency coupling sensors and antenna with different
types of bandwidths (e.g., VHF (30-300 MHz) and UHF (0.3-3 GHz)) has increased for PD
measurement in AC fields. As expressed earlier, the conventional PD measurement sensors detect
the apparent charge through the coupling capacitors. Their sensitivity depends on the ratio of the
coupling capacitors to the test object capacitance [32]. Therefore, the high frequency sensors could
be a good alternative for the conventional PD measuring instruments, which frequently suffering
noises in the fields. Due to the high signal to noise ratio (SNR) among the VHF and UHF sensors,
these sensors can easily suppress the external noises and disturbance. However, the determination

of the midband frequency and type of bandwidth is important for more accurate measurement [33].

2.3.3 Common types of PD Detection instruments

As mentioned, the identification of the DC PD waveform requires accurate PD detecting
instruments. These instruments vary by how PD pulses manifest themselves (e.g., discharge
current pulses, electromagnetic waves, etc.) and are divided into the subcategories of conventional
and non-conventional sensors. The conventional PD sensors refer to the detecting instruments
following the IEC 60270 criteria for bandwidth, upper, and lower frequencies. In contrast, the non-
conventional ones refer to sensors such as the electromagnetic field ones that measure propagated
electromagnetic fields by PD signals in the range of 3 MHz to 3 GHz. Ultrasonic sensors capture

acoustic waves generated by PD activities, and optic sensors detect light emitted by PDs [1], [30].
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Also, the non-conventional sensors are type of sensors that have not limited to IEC 60270
limitations like frequency bandwidth or apparent charge scaling of PD signals. Examples of
conventional sensors include shunt resistors, capacitive dividers, and inductive coupling sensors
(e.g., HFCTs). Similarly, non-conventional sensors are electromagnetic field sensors (commonly
named UHF sensors) such as Loop antennas, Monopole antennas, and acoustic sensors. The

followings are a brief explanation of the most common types of PD sensors.

2.3.3.1 Shunt Resistor

A shunt resistor is one of the conventional coupling devices that operates to measure the
charges replacement currents through the connection leads. Multiple resistors could be parallel
together and make the required 50 Q impedance to decrease the inductance of the shunt resistor
and avoid mismatching impedance in the measurement circuit. Paralleling a series of resistors in
shunt resistor sensors improve the frequency response of the sensor and is suitable for measuring

the low current for a wide range of frequencies [34].

2.3.3.2 HFCT

A current transformer converts the time-varying current into a corresponding voltage (or
current) signal that can be scaled based on the turns ratio of the transformer. Several design criteria
described in [35], including avoiding high turns ratios (results in high leakage inductance —
secondary output is less than predicted from primary and turns ratio, resulting in output error) and
evenly spacing the secondary completely around the core. The magnetic core makes potentially
from grain oriented silicon-iron for power frequency applications and metallic oxide materials
(ferrites) for high frequency current transformers (HFCT) [29]. HFCTs are common inductive

couplers installed on the ground connection of a device or sample. Current flowing along the
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conductor through the HFCT induced a voltage measured across a resistive load. The primary is
normally a single turn (straight conductor). The coupling strengthens by increasing the number of

turns in the primary.

2.3.3.3 Loop Antenna

The loop antenna functions like an inductor coil coupling with the time-varying magnetic
field of the radiated wave, inducing current into the wire loop. The sensitivity of the loop antenna
is a function of sensors orientation. In electromagnetic waves, the magnetic and electric fields are
transverse (transverse electromagnetic waves, TEM, where oscillations are perpendicular to the
propagation direction). Hence, if the magnetic field is directed perpendicular to the direction of
propagation, the loop plane should be aligned in parallel to the propagation direction of the TEM
wave for the sensor to detect the field. However, presented model for inductive coupling sensors,
as shown in Figure 2.11, consists of a mutual inductance M between the sensor and the lead passing

the displacement charge and self-inductance L of the sensor [36].

L T'B

Figure 2.11 Equivalent circuit of inductive coil coupling sensors [36].
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2.3.3.4 Monopole Antenna

“A vertical cylindrical monopole element at the center of a horizontal circular ground
plane is the simplest monopole antenna geometry because its structure and radiation pattern are
both invariant in the azimuthal direction” [37]. A monopole antenna is half of a dipole antenna
placed on top of a ground plane. Assuming the plane is large enough (infinite) and perfectly
conducting, the monopole antenna will be equivalent to a dipole whose lower half is the image of
the upper half — i.e., the radiation pattern in the upper hemisphere will be identical to that of a
dipole. Infinitely large ground planes are not feasible. The larger the plane, the lower the
tilt/direction of maximum radiation (as the ground plane size approaches infinity, the radiation
pattern approaches the horizontal x-y plane). Imperfectly conducting ground has a similar impact
of tilting maximum radiation to higher angles. Radiation efficiency with perfect ground planes is
100%. An electrically short monopole element close to dielectric earth can have almost 0% [37].
Besides, edge diffraction of the ground plane, proximity to grounded objects, Fresnel reflections
can all impact sensor performance. Standard monopole measures A/4 in height, and to function
properly, it must mount on a large conductive surface. The gain of the monopole increases as
ground plane size increases — 2 dBi for A/2 ground plane, 3 dBi for 2A plane, and 5 dBi for infinite
ground. In addition, the thickness of the monopole antenna determines its bandwidth (thicker
conductor, higher bandwidth), and resonant frequency can be increased by decreasing monopole
length [38]. However, the monopole antenna has been modeled by a capacitive coupling sensor in
[36] is shown in Figure 2.12. In this model, the Cp is the capacitance between the head of sensor
and the opposite conductor (HV conductor in PD measurement), Csuay 1s the leakage capacitance

between the sensor’s tip and its ground, and Z is the impedance of the connection cable.
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Figure 2.12 Equivalent circuit of capacitive coupling sensors [36].

2.3.3.5 UHF Sensors

Recently, non-conventional high-frequency coupling antennas that operate on the ranges
of UHF increasingly are used for measuring PDs in AC systems owing to their advantages such as
superior sensitivity, broad frequency range, and reduced external noise [32], [39]-[41]. The UHF
sensors that analyze PD pulses by capturing their electromagnetic fields, specifically in GIS
systems, are good alternatives to conventional PD detection sensors. These sensors are designed
and utilized in a range of frequencies between 300 MHz and 3 GHz (commonly called UHF
sensors). The sensitivities of UHF sensors employed in PD monitoring is related to parameters
such as location, type of PD, equipment dimension, PD electromagnetic fields radiation within
insulating media, frequency response, etc. [1].

However, there is too much flexibility in the design of UHF sensors, which makes them
unique for various conditions of PD measurement. The UHF sensors normally design for narrow-
band and wide-band applications, or even a combination of both. Figure 2.13 denotes the narrow-

band and wide-band ranges utilized in the PD measurement with UHF sensors. The narrow-band
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technique comprises the variable range of frequencies between 3 and 10 MHz, while the wide-

band designs include frequency ranges from 200 MHz to 2 GHz [1].
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Figure 2.13  Example of variable bandwidth of frequency used for PD measurement with UHF
sensors [1]. (a) narrow-band technique. (b) wide-band technique.

2.3.4 Electromagnetics field of PD

The application of high frequency antenna and UHF sensors for PD measurement is a
challenging method that required good information about the electromagnetic fields radiated by
PD activities. Generally, the electromagnetic field around a radiative electromagnetic source is
divided into the near-field and far-field regions. Figure 2.14 shows the graphical view of the
radiated electromagnetic near-field and far-field waves. The boundary between these two regions
is determined by the wavelength (A) of the radiating source. According to [42], the far-field region
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includes the normal electric or magnetic fields with electric dipole characteristics, and the ratio of
electric and magnetic fields intensities are constant. Perversely, the near field consists of multipole
type fields, where the intensities of electric and magnetic fields change independently of each other

and make the measurement in that regions more complicated.
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Figure 2.14 FElectromagnetic radiation fields around the electromagnetic radiative source [42].

The electromagnetic fields radiated by PD pulses are originated by the transition of
electrons within PD sources. Their frequency characteristics vary by the speed of electrons,
recovery processes, and interruptions in discharge currents [20]. Thus, each type of PD shows
different forms of electromagnetic fields due to differences in discharge mechanisms. Application
of UHF sensors in GIS has shown high-order propagation modes of TEM waves that are related
to their coaxial geometries [32], [39]. The electromagnetic fields emitted by PD discharge are
represented as a Gaussian impulse and investigated using a finite difference time domain (FDTD)
method in [43]. The results of the simulation in epoxy resin and ceramic are shown in Figure 2.15.
According to this figure, the PD electromagnetic fields propagations during the first time steps

(TS) (300th and 600th TS) is nondiffractive (for short distances of propagation), and for more
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simulation time (900th, 1200th, and 1500 TS), it would be diffractive (for long distances). This
phenomenon refers to the characteristics of near field regions in which electric field and magnetic
fields influence each other. Also, the created electromagnetic fields within the varying dielectric
materials are different. For example, the Gaussian source propagates as dipoles within the epoxy

resin and as quadrupoles sequences in ceramics.

Gaussian pulse propagation

epoxy resin

| . . .
300TS 600 TS 900 TS 1200TS 1500 TS
non dispersive regime dispersive regime

Figure 2.15 The electromagnetic field radiation of PD discharge (Gaussian pulse) around the
epoxy resin and ceramic structures [43]

2.4  Partial Discharge Interpretation in DC

2.4.1 Individual Partial Discharge Waveshape

Two presented PD models in section 2.2 provide useful information about the discharge
mechanisms of PDs. Understanding PD mechanisms can be useful for interpreting and
distinguishing various types of PDs. In other words, the comprehensive PD patterns and providing

the fingerprints for the PD phenomenon require the accurate measurement of PD waveshapes.
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However, the discharge mechanism of a PD would be extracted from the characteristics of a PD
induced current waveshapes in both time and frequency domains.

For PD in AC, some characterize observed waveforms as a double exponential, but the
representativeness of such a model for all types of PD is questionable. Some recorded waveforms
include rise times in the hundreds of picoseconds with pulse widths extending into tens of
nanoseconds [44], [45]; other reports more Gaussian responses with rising times of approximately
100 ns and pulse width of 200 ns [29]. Frequencies have been reported in the 1-30 MHz range
[40]. Figure 2.16 depicts a generic PD pulse waveform. The corresponding PD waveform is

characterized by parameters such as amplitude, rise time (t;), decay time (tq), and pulse width (t20%).

Amplitude (100% Level)

Y | W 90% Level

Rising Time (t Ir)

_______ 50% Level
Decay Time (td)
-4 - N\ ---20% Level

__________ - - 10% Level

Amplitude

Time

Figure 2.16 Typical PD waveform and characterization of its timing parameters.

The corresponding timing parameters of individual PD pulses are defined as follows in [6].
The amplitude refers to the difference between 0% and 100% (peak) levels of PD waveforms,
which determines the intensity of the discharges. Rise time t; is the time interval between the 10%
and 90% amplitude levels of each pulse, which varies for different types of PDs and variations in

the initiation of discharge channel growth. Decay time tq is an interval between the origin
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(approximately zero levels) and 50% of PD waveform tail, which relates to the type of PD and the
end of the electron generation process through the discharge channel. In addition, t2ov is the period
between 20% levels of PD waveforms, which has various values regarding the types of PDs and
the positive ion velocities passing across the discharge channel.

The same type of PD discharge (cavity/surface/etc.) can look different depending on the
utilized measuring circuit, sensor, and acquisition unit (i.e., transfer function). Moreover,
significant differences are expected among measured PD pulses in the field with ideal waveshapes
captured in the laboratory due to uncontrollable interference and the traveling wave phenomenon
(attenuation and distortions as signals propagate from an unknown remote fault site to a sensor).

Although DC PD pulse analysis has been a rare research topic, in recent years, researchers
have increasingly reported their studies on individual PD waveforms under DC stresses [8], [24],
[25], [46]-[48]. Their findings show that DC PD pulses consist of double exponential functions
and that their temporal characteristics are similar to those of AC PD pulses. The findings indicate
that individual DC PD pulses were measured accurately via properly designed high-frequency
measuring circuits and sensors with sufficiently large bandwidth. The results of captured
waveshapes of PD under DC stress using the high bandwidth measuring circuit for corona
discharge in air and oil as well as surface discharge in the air were compared by Kluteter et al.
[24], [25], [47], [49], [50] (Figure 2.17). The results of the statistical analysis on the rise time, fall
time, and amplitude parameters in that work demonstrated a low standard deviation among 1000
sequent pulses. As evident in Fig 2.16, the influence of insulating media is apparent for corona
discharge in air and oil, where the pulse width is wider for corona in the air compared to oil. Also,

both corona in air and oil accompanied by fast rise time pulses. In addition, the waveshape of
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surface discharge represents a waveshape with a fast rise and decay time. The results from Figure

2.17 confirm the necessities of various PDs waveshapes analysis in DC.
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Figure 2.17 Corona and surface PD waveshapes under the DC stress [24].

2.4.2 Time-Resolved Partial Discharge (TRPD)

Investigation of the PD pulse waveshapes results in establishing patterns and fingerprints,
which could help for better interpretation and monitoring of the PD phenomenon. As we know,
the PRPD techniques are well established for AC-voltage. Fundamental quantities such as the
instantaneous value of test voltage, phase angle, apparent charge, and several discharges (pulse
count) are recorded and evaluated to derive quantities (distributions and statistical operators) used
for pattern recognition, fingerprinting, and defect identification [23]. However, such approaches
are inapplicable to DC voltages, where similar time-varying metrics are unattainable. There is no
generally accepted method for the determination of PD quantities for tests with DC-voltage. Under
DC-voltage stress, discharge pulse repetition rate can vary slowly (defined by relaxation times for
solid insulation; displacement of liquid insulation also impacts relaxation time constants). Also,
the discharge may occur during voltage change or polarity reversal but decrease under steady-state
conditions, and test voltage ripple (dependent on the source and circuit) may influence PD

characteristics [28]. However, the results of the relationship between PD characteristics and time
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parameters and some initiative patterns for a different type of PD at DC were proposed in [51],
[52]. These TRPD patterns are majorly dependent on the repetition rate and timing characteristics
of individual PD pulses, such as rise time, decay time, and pulse width. In other words, TRPD
interpretations commonly include various methods of analysis according to the individual PD
pulse characteristics versus their time of occurrences, the correlation among the succeeding and
preceding pulses, and the repetition rate of PDs [2], [6].

Moreover, TRPD methods mostly use the statistical analysis of the individual PD pulses in
quantifying their waveform characteristics and trends to find meaningful patterns. There are a
variety of TRPD methods used in the interpretation of various types of PDs. For instance, some of
these methods focus on the PD repetition rates to find trends related to the stress changes and some
pulses, while some concentrate on the corresponding PD pulse characteristics (e.g., rise and decay
times) trends [6]-[8]. Figure 2.18 provides comprehensive information about some consecutive
PD signals recorded under DC. This figure concludes all the required information for the
preparation of TRPD patterns. The variation of corresponding PD pulse regarding its successor

and predecessor pulses would provide useful information that leads to the classification of PD data.
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Figure 2.18 Discharge magnitude versus successor and predecessor time intervals [51]
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Indeed, the time intervals between PD occurrences and their characteristics depend on the

discharge mechanisms of PD defects. Therefore, because of existing differences between the

various types of PDs, the parameters such as amplitude, time characteristics, and repetition rates

can be distinguished significantly. Figure 2.19 shows examples of TRPD patterns.
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Figure 2.19 The examples of TRPD patterns at DC voltage. (a) Scattering plot of successor

and predecessor time interval for a cavity discharge [3], (b) 3D pattern of
discharge density versus its amplitude and pulse width in a cavity discharge [19].

As shown in Figure 2.19, plotting the extracted data from Figure 2.18 provides meaningful

information about the corresponding PD defects, which results to the clustering of PD data. For

example, Figure 2.19a represents the repetition rate information for a cavity discharge

measurement in DC. The figure shows that there is a short interval among successor and

predecessor discharges. Similarly, Figure 2.19b presents most PD data in that research had a low

amplitude with short pulse widths. Therefore, the useful information would be extracted through

the correlation among the PD waveshape characteristics and their time intervals under DC

application. However, finding the meaningful TRPD patterns require obtaining some PD data and

finding a correlation between their parameters.
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2.4.3 Frequency Domain classification of Partial Discharge

IEC60270 includes a short section related to ultra-wideband instruments for measuring and
quantifying the shape or frequency spectrum of PD current or voltage pulses, but does not provide
recommendations for the determination of PD quantities. Since quantification of apparent charge
of the PD current pulses is limited to specific scenarios and validity ranges — an observation may
be only applicable to a certain condition, device or material, or discharge form and deviate
significantly for an alternate scenario. However, Sarathi and Koperundevi [53] used the frequency
domain spectrum of floating particles PD pulse measured by UHF techniques to examine PD
activities within the DC transformer oil. The results showed the effectiveness of broadband
measurement techniques on detecting partial discharge through the PD pulse analysis. An example
of the measured signal in both time and frequency domains is provided in Figure 2.20. As seen,
the frequency domain waveform includes more useful information than the time-domain for

analysis of corresponding PD defects.
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Figure 2.20 Example of floating particle PD waveshape measured by the UHF sensor in time
and frequency domains [53].
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CHAPTER III

RESEARCH OBJECTIVES

Accurate PD measurements are integral for the condition assessment and health monitoring
of medium- and high-voltage DC applications. However, the accurate measurement and
interpretation of PDs under DC stresses are more challenging than those of AC PDs accompanied
by phase-resolved information. The PRPD analysis techniques are widely used for establishing
patterns of various types of PDs (e.g., corona, cavity, and surface discharges) in AC systems.
Advantages provided by PRPD, such as convenient PD interpretation and noise rejection, are not
available in analyzing DC PDs. Therefore, utilizing individual PD pulse characteristics with
respect to time, also known as TRPD, is the only option for PD interpretation under DC stresses.
Despite the discussed difficulties and obstacles in measuring PD under DC voltage stresses, this

dissertation presents the accurate methodologies for measuring individual PD pulses.

The primary objectives of this dissertation are:

e To investigate the feasibility of utilizing the conventional PD sensors and
electromagnetic field sensors for capturing PD pulses (chapter IV).
e To present the design requirements of a testbed equipped with a high bandwidth

transmission line for the measurement of individual PD pulses (chapter V).
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To specify and design suitable electromagnetic field sensors (D-dot and B-dot) to
capture individual PD pulses (chapter VI).
To compare, quantify, and classify the AC and DC induced PD pulses (chapters VII

and VIII)

The outline of the succeeding chapters is listed below.

Chapter IV investigates the utilization of conventional and commercial
electromagnetic sensors for transient discharge measurement.

Chapter V describes the design, simulation, and construction of an individual PD
pulse measurement testbed and transmission line.

Chapter VI explains the electromagnetic field D-dot and B-dot sensors.

Chapter VII presents the case studies (PD sources), the individual partial discharge
waveshapes captured by D-dot, B-dot, 50 € resistance, and various PD
mechanisms.

Chapter VIII represents a quantitative analysis of individual partial discharge pulses
captured by the sensors, under both AC and DC stresses.

Chapter IX draws the broad conclusions of the dissertation.

Chapter X discusses the future outlook of this research and potential topics.

Chapter XI lists all journal and conference papers published by the author.
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CHAPTER IV

UTILIZATION OF CONVENTIONAL AND COMMERCIAL ELECTROMAGNETIC

SENSORS FOR TRANSIENT DISCHARGE MEASUREMENT

4.1 Motivation

As discussed in Chapter 11, various types of conventional and non-conventional sensors are
used by researchers to measure PD activities. However, applying a typical sensor for measuring
PD activities does not guarantee the performance of that sensor for capturing the individual PD
pulses. In this chapter, a set of conventional and electromagnetic field sensors (with EMC
applications) are examined to measure the radiated signals and induced current by electrical
transient discharges and PD. The goal of this experiment is to understand the feasibility of these
sensors for individual PD measurement and to find individual PD test circuit requirements. The
results of this investigation help us to organize the simulation, design, and manufacturing of DC
PD measurement circuit. To achieve these goals, first, we shortly introduce the prepared sensors,
which are a combination of homemade and commercial sensors commonly used for high voltage
testing purposes. Second, as the sensors have different operational principles and responses (based
on either conduction, induction, or radiation), efforts are needed to ensure they are reacting to the
same event — i.e., the observed response is a result of the discharge, not the measurement setup or

external influence. The first experimental scenario outputs a single disruptive discharge (flashover)
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pulse using a Van de Graaff generator (height = 75 cm, diameter = 25 cm), after which the sensors
are assessed for their primary function (observing PD). Sensor sensitivity is also compared by
detecting small traveling waves along a conductor using a PD calibrator as a source. Two 4-channel
digitizers were used for data acquisition. The faster (electromagnetic) sensors were connected to a
LECROY WaveMaster 806Zi-B (6 GHz, 40 GS/s) using 18 GHz Huber+Suhner Sucoflex 106
measurement cables. The other sensors were connected to a Tektronix DPO7104 (1 GHz, 20 GS/s)

oscilloscope using RG58 coaxial cables.

4.2 Selection of Sensors

- Shunt Resistor
Figure 4.1 denotes a 50 Q shunt resistor comprised of six 300 Q metal-film resistors that
are coaxially paralleled. The 50 Q shunt resistor provides a matched impedance for measuring PD

current though the connection cable and input resistance of the digitizer.

i

Figure 4.1  The 50 Q shunt resistor is made by six paralleled 300 Q metal-film resistors.
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- Current Transformer
Two commercial non-clamp HFCTs — the Pearson 110A (0.1 V/A, 20 ns rise time, 1 Hz —

20 MHz) and Power Diagnostix CT1 (0.1 V/A, 0.5 — 80 MHz). Figure 4.2 shows a picture of the

two sensors.
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Figure 4.2  Pearson 110A and Power Diagnostix CT1 HFCTs.

- Loop Antenna
Two types of loop antennas used in this research are presented in Figure 4.3. The sensor in

Figure 4.3a is the Beehive Electronics 100C model loop probe (diameter » = 22 mm, the cut-off
frequency at 50 MHz). The sensor in Figure 4.3b is a loop antenna constructed by passing a single

closed loop ( = 65 mm) through a Power Diagnostix high frequency current transformer.
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Figure 4.3  Loop antenna sensors. (a) Beehive Electronics model 100C, (b) HFCT loop.

- Monopole Antenna
The electric field sensors (short monopoles) used in this research were constructed from
SMA connectors (18 GHz, 50 Q, »=1.275 mm beryllium copper center conductor, extending 15.9

mm past the ground plane, Figure 4.4).

Figure 4.4  Monopole antennas on varying ground planes constructed from SMA connectors.
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4.3 Disruptive Discharge

4.2.1 Monopole Antenna Position Tests

In this test, the spark discharge generated by the Van der Graff generator was examined.
12 locations are selected around the Van de Graff generator to find the best place for mounting the
monopole antenna. Figure 4.5 shows the layout of Van de Graff and the positions of the sensors.
The sensors at positions 1 and 2 directly measured the airborne radiations behind of ground and
source conductors, and the sensors at positions 3 and 4 straightly measured the propagated signals

from the discharge (Figure 4.5).
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Figure 4.5  Placement of monopole antenna around Van de Graaff generator to establish
approximate radiation pattern.

According to Figure 4.6, position 2 produced the most consistent waveforms in all sensors
within this zone (in terms of amplitude, rise time, and pulse width of first major oscillation)

compared to the HFCT signal.
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Figure 4.6  Comparison between monopole antennas and HFCT. (a) Position 1, (b) Position
2, (c) Position 3, (d) Position 4.

Naturally, Position 1 results in the most inconsistent waveform as it is situated behind the
grounded sphere conductor (the HV conductor is the main radiator). The results show that the
amplitude and waveform of the HFCT sensor are in better agreement in all positions, and thus, the
measured discharges for all the positions can be assumed identical. Due to the characteristics of
HFCT, which directly measures the discharge current, its response can be considered a good
reference for describing the discharge phenomenon between source and ground conductors.
Therefore, the places where the monopole antenna showed the closest responses to that of HFCT

would be the best locations. Figure 4.6a illustrates the responses of the monopole around the
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ground conductor (position 1 in Figure 4.5), which are not similar to the waveform of HFCT. It
seems the ground conductor worked as a barrier and blocked the airborne radiations of discharge
between the conductors.

Moreover, by comparing the amplitude of the monopole sensors in Figure 4.6a, it is clear
that the left and right sides measured higher amplitude signals concerning the middle one, which
proves the barrier property of the ground conductor. By changing the position of monopole antenna
sensors and bring them closer to the discharge place and the source conductor, it is obvious that
the responses of those sensors are more similar to HFCT (Figure 4.6b to 4.6d). Furthermore, the
highest amplitude responses were measured when the sensors were near the source conductor,
which is the radiating source (Figure 4.6b), and identify the best place for mounting the sensors to
measure full breakdown in air. Additionally, there is an interesting distortion rightly before the
first peak in the responses of all monopole antenna sensors, which do not observe on HFCT
response. This should be related to the formation of discharge channels between source and ground
conductors. Thus, it can be concluded the response of the monopole antenna to the discharge
phenomenon is faster than HFCT, and based on Figure 4.6, the best place for observing the full

discharge and pre-discharge (discharge channel formation) phenomenon is close to the HV source.

4.2.2 Effect of Distance and Ground Plate on Monopole Antenna Responses

In this part, after finding the best place for mounting the monopole antenna sensors (behind
the HV source), the effects of distance from the source conductor and size of the ground plate on

the performance of monopole antenna sensors would be investigated (Figure 4.7).
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Figure 4.7  Location of samples with different sizes of ground plates around the HV source.

Figure 4.8 shows the response of the sensor for 25, 50, 100, and 150 cm far away from the
source conductor. As shown, the sensitivity of the sensor is a function of distance from the
discharge place; by increasing the distance, the amplitude of response dropped by five times, and

wave shape was significantly destroyed for distances more than 50 cm.
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Figure 4.8  The responses of monopole antenna respect to distances from HV source. (a) 25
cm, (b) 50 cm, (c) 100 cm, (d) 150 cm.
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The ground plate affects the sensitivity of monopole antenna sensors and significantly
improves it. Three different diameters flat ground plates are provided to find the right side of the
ground plate in our research. Also, their performance is shown in Figure 4.9 for various distances

from the HV source.
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Figure 4.9  Responses of monopole antenna with different size ground plates for different
distances, 50 cm (top), 100 cm (middle), and 150 cm (bottom), from HV source.

Due to Figure 4.9, for 50 cm far from the source conductor, the wave shapes of all sensors
are the same as that of HFCT, but the sensor with medium size ground plate has the stronger peak

than the rest. Although by increasing the distance, the sensor with medium and small size ground
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plates have more sensitivity than the large one, their wave shapes are destroyed and not more
similar to that of larger ones and HFCT. Therefore, using the monopole antenna with larger ground

plates promote the application of sensors for further distances.

4.2.3 Loop Antenna (Inductive Sensor) Position Tests

The other type of wireless sensors used for measuring the full discharge between the source
and ground conductors is a loop antenna. For finding the best place for mounting the loop antenna
sensors, two types of them were chosen for performing this test. Two scenarios were assumed to

find the performance of sensors around the discharge place and the discharge current lead.
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Figure 4.10 Comparison of Loop antenna sensors response at different places. (a) Around the
discharge place, (b) behind the HV source, (¢) 5 cm on top of the ground lead, (d)
less than 1 cm on top of the ground lead.
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Figure 4.10 illustrates the application of loop antenna for measuring the discharge between
source and ground conductors. It is clear in Figure 4.10a to 4.10c that changing of sensors locations
around the discharge place have no significant effects on the measurement of discharge
phenomenon, but placing the sensors around the ground connection, where the strength of
magnetic fields is high, their responses became fairly similar to that of HFCT (Figure 4.10d).
Therefore, it can be concluded that the magnetic field around the discharge place is not as much
as loop antenna sensors to capture it, but it is strong enough to be measured by loop antennas
around ground connections. Moreover, the responses of the loop antenna in Figure 4.10d show
that the sensitivity of the HFCT-loop is more than the Yellow Loop antenna because of its bigger

diameter.

4.4 Anechoic Chamber Tests

Repeating the previous measurements inside the Anechoic chamber allowed uss to
compare the monopole antennas, loop antennas, HFCTs, and shunt resistor without significant
external distortions. Two monopole antennas were used — one with a flat ground plane (» = 180
mm) and another with a similar diameter spherical ground plane. Also, a measurement was

performed in an anechoic chamber (Figure 4.11) to minimize reflection during the tests.
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Figure 4.11 Van de Graaff generator and sensors inside the anechoic chamber.

As evident from Figure 4.11, all sensors respond to the discharge source in some manner.
The antennas (monopole and loop), responding to airborne electromagnetic radiation, clearly have
a faster response (shorter rise time and pulse width). The yellow Loop antenna exhibits a transient
oscillation with both positive and negative peaks (typical to narrowband instruments, as explained
earlier). The monopoles produce a distinguishable main surge followed by smaller oscillation,
while the current transformers (HFCT and Pearson) observe almost identical damped single
oscillation with a different polarity. The shunt produced similar trends to the HFCT, but slightly
faster and (right/positive) skewed main oscillation. The HFCT loop sensor produced unreasonable
oscillations. The investigated scenario is idealistic — quite distant from a typical high voltage (high
interference) environment. Furthermore, the signals emitted from disruptive discharge are
considerably greater than those produced by PD. A more representative input signal must be used

to assess the suitability of the investigated sensors for PD applications.
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Figure 4.12 The response of all investigated sensors to discharge measured inside the anechoic
chamber (amplitude normalized for improved visualization of waveforms).

4.5  AC Partial Discharge Waveshape Measurement

It is common to simulate the different types of PD on a laboratory scale through the
sandwich samples. Therefore, in this thesis, two forms of PD were investigated — corona and cavity
discharge (Figure 4.13). Shunt resistor and current transformers were placed on the ground
connection of the sample while the distance of the monopole antennas was varied for optimal

response. The loop antenna was placed in the proximity of the sample ground wire.

Figure 4.13 Left — corona source using rod-plane conductor configuration; right — cavity
discharge using void inside epoxy resin sample.
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Figure 4.14 Measured partial discharge waveforms — time domain on the left side, and frequency
domain on the right side. (a) positive streamer (corona) discharge, (b) Trichel pulses,
and (c) cavity discharge
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For corona discharge, only the shunt resistor, Pearson CT, HFCT, and loop antenna observing
current in the ground path were able to detect strong positive streamers (2.3 nC). The loop antenna
and Pearson had poor signal quality (low SNR), as evident in Figure 4.14a. However, the shunt
and HFCT detected small Trichel pulses upon the onset of corona discharge (Figure 4.14b). For
the monopole antenna to detect a signal, it had to be brought into such proximity that corona was
igniting directly at the tip of the probe conductor and risking flashover. Internal cavity discharge
within the resin sample produced relatively large PD signals (12 nC). This discharge was detected
by the monopole antenna (20 cm from the source), but as a very different waveform, as evident in
Figure 4.14c. Such differences are expected, considering that the airborne electromagnetic wave
first needs to propagate through the resin insulation into the surrounding air, while other

conducting circuit leads also radiate signals.

4.6 Traveling Wave Measurement

It is clear that PD events are highly varying and dependent on a vast multitude of factors,
thus making it difficult to compare sensors responding to a different stimulus (radiative vs.
conductive/inductive). To reduce the number of variables and yet again simplify the assessment of
sensor performance, the focus was shifted away from the PD phenomenon itself and directed
toward a simpler single excitation of comparable magnitude and speed to PD. A PD calibrator
(“Reference Pulse (Black), 10-90% rise time = 3 ns, 50% pulse width = 6 ns, in Figure 10) was
connected to a length of bare copper wire and set to output 1 nC. The different sensors were aligned

along the wire to observe the traveling signal (resulting magnetic and electric fields). The
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monopole antennas were unable to detect any signal. However, both loop antennas presented

exhibit responses to the calibrator pulse.

Amplitude

Shunt Resistor (Yellow)
—Pearson CT (purple)
HFCT (Blue)
-4 {{—Beehive 100C Loop (Red)
—HFCT Loop (Green)
—Reference Pulse (Black

0 50 100 150 200 300
Time (ns)

Figure 4.15 The response of sensors to propagating PD calibrator pulse along the conductor.

4.7  DC Partial Discharge Waveshape Measurement

The DC test setup was prepared by using the Haefely multi-test system (MTS) through
rectifying the HVAC transformer by two diodes and charging a 200 kV, 15 nF capacitor, which is
shown in Figure 4.16. As can be seen, two types of sensors, shunt resistor (conventional) and
HFCT (nonconventional), were mounted in the measuring system to capture the charge

displacement through the ground lead.
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(b)

Figure 4.16 Experimental PD test under DC stress. (a) Test setup, (b) Corona test sample.

Also, Figure 4.17 shows the measured positive corona pulse shape, which is compared by
that of AC in both time and frequency domains. According to the figure, the DC corona pulse has
a faster rise-time than AC, which is proven by both shunt and HFCT sensors. Moreover, the pulse
width of corona pulses at DC is smaller than that of AC. In contrast, there are no significant

differences in the sensors’ responses in frequency.
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Figure 4.17 Comparison of AC and DC positive corona pulses in both time-domain (top) and
frequency-domain (bottom) through conventional and nonconventional sensors.

4.8  Summary

This chapter dealt with utilizing some conventional PD sensors and high bandwidth EMC

electromagnetic sensors to measure individual PD pulses. The obtained results explain:

- No meaningful information can be extracted by comparing the employed sensors
because of the frequency response limitations or signal attenuations.

- It is difficult to measure PD pulses through any type of electromagnetic sensors; thus,
specific consideration is required to utilize the electromagnetic field sensors for
individual PD measurement.

Therefore, the mentioned challenges with applying non-conventional sensors are related to

the subjects like their sensitivity and location issues, which should be improved for the precise
measurement of PD waveshapes. Improving the sensitivity of sensors requires to design a better

sensor and transmission line, which need more simulation and experimental activities.
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CHAPTER V

DESIGN AND MANUFACTURING OF TESTBED AND TRANSMISSION LINE

5.1 Motivation

According to the information provided in Chapter III, PD measurement requires sensitive
coupling devices and perfectly matched impedance measuring circuits, which includes an ideal
transmission line and a high bandwidth data acquisition system. Furthermore, this Chapter aims to
propose a method to design and develop a test setup with an ideal transmission line suitable for
individual PD waveshape measurement through both the experimental and numerical methods.
Indeed, the main goal of this Chapter is to integrate all test elements in a unique testbed, which

follows the IEC standard 60270 criteria. Figure 5.1 shows the AC PD measurement circuit

suggested by IEC standard 60270 [28].

Y4

Ca

Zmi

CD

Figure 5.1  Schematic of the partial discharge measurement circuit
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As it is seen, the PD measurement circuit includes an HV source (U), filter (Z), coupling
capacitor (Ck), test object (Ca), coupling device (CD with input impedance Zmi), connecting cable
(CC), and measuring instrument (MI). It should be mentioned that the application of filter in PD
measurement is optional and usually is used to suppress background noises from the source side.
In this work, since we are using a PD free HV source, we do not use any type of filter to improve
background noise. However, the other elements, such as the coupling capacitor, PD source

samples, transmission line, and sensors, should be designed.

5.2 Testbed Preparation
5.2.1 Design

Due to the lack of standards for DC PD measurement, recommended configuration of a
high bandwidth testbed that measures individual PD pulses reported by Klueter et al. in [24] is
used in this work. The testbed is shown in Figure 5.2. As shown in the figure, the testbed consists
of a cap that connects to a high voltage supply. An insulating spacer separates the grounded shield
from the energized top conductor. Also, an air-filled coupling capacitor between the HV cap and
the shield conductor isolates the PD sources from external noise and disturbances (ground
conductor). Besides, a matching 50 Q conical transmission line (coaxial configuration) that
terminates the PD source to an N-Type, which grounds the entire testbed through the oscilloscope.
In addition, PD sources are mounted between the coupling capacitor and the center conductor of
the conical transmission line. The coaxial symmetry of the testbed design simplifies simulation

and machining.
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Supporting

Transmission
Line

N-Type

Figure 5.2 Cutaway view of the designed testbed for the investigation of individual PD.

To verify the performance of the testbed, we assume a case in which a needle is connected
to the coupling capacitor facing the center conductor of the transmission line. Applying high
voltage DC to the HV cap connected to the needle increases the electric field at the tip of the
needle. As the voltage exceeds the required voltage of breakdown, after elapsing stochastic time
lags (describe in [6]), corona PD occurs on the tip of the needle. Subsequently, the displacement
of electrons in the gap between the needle tip and the center conductor of the transmission line
flows current through the conical transmission line and received by the oscilloscope. Appropriate

sensors measure the discharge current generated by PD.
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5.2.2 Finite Element Analysis Simulation

For the accurate design of the testbed, all parts are simulated in COMSOL Multiphysics to
finalize the dimensions. Through the simulation, required clearances are determined, and electric
field distributions are analyzed to ensure corona-free conditions. Generally, COMSOL
Multiphysics is commercial software that provides finite element analysis of various materials
such as solids, liquid, and gases used for electrical, mechanical, chemical, etc. application.
COMSOL widely uses in the field of high voltage engineering to simulate the electric field and
voltage distributions across the insulating materials.

The testbed design simulation in this work was performed through the Electrostatics
module of COMSOL software. Initially, two important limitations were considered through the
design. First, the dimension limitation in manufacturing the testbed. The lathe machine
manufactures all the testbed elements at the Electrical and Computer Engineering building. The
lathe machine allows the machining of objects by 90mm diameter. Therefore, the dimension of the
object affects the general size of testbed elements and their clearances. Second, the shape and
clearance of testbed elements should be calculated somehow to avoid exceeding the electric field
more than 3kV/mm. This electric field limitation is the breakdown field of atmospheric pressure
air and should be considered to avoid corona discharge, specifically around sharp edges and
discontinuities among different parts.

The 2D axisymmetric geometry of the designed testbed by considering the corresponding
limitation is shown in Figure 5.3. As the electric field inside the conductive material (e.g., metals)
is equal to zero, the COMSOL simulation only requires the drawing of conductive material
boundaries with insulating media. In contrast, as the electric field within the insulating media is
non-zero, then those media should draw as solid objects. Therefore, as it is illustrated in Figure
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5.3, we just draw the metallic parts of our testbed with some lines which represent their boundaries.
Consequently, the solid areas with gray color are the insulating media, which is filled mostly by
air except for the blue color part that is an insulating spacer between the HV cap and shielding

wall that is made by plastic.
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Figure 5.3  Sketch view of a designed testbed for measurement of partial discharge in
COMSOL.

After finalizing the geometry of the testbed, the distribution of electric fields and voltage
alongside the testbed were examined. Thus, we connected a needle at the bottom of the coupling
capacitor, which works as a corona discharge source, and applied a 20 kV DC voltage to the HV
cap and other connected element boundaries. The electric shielding wall and the outer conductor
of the transmission line were assumed as a ground conductor. Also, the center conductor of the
transmission line that will be grounded through the measuring cable and internal resistance of the

oscilloscope was considered as a floating potential conductor. After that, the custom triangular
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meshes with adjustable sizes between 0.05 and 1mm are selected for meshing the testbed.

Consequently, the result of the simulation is provided in Figure 5.4.
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Figure 5.4 2D axisymmetric simulation of DC PD testbed. (a) Voltage distribution (kV),
a) Electric field distribution (kV/mm),

According to the results, the applied voltage of 20 kV is evenly distributed, as shown in
Figure 5.4a among the high voltage cap, coupling capacitor, and grounded shield conductors. As
shown in Figure 5.4b, blue colors demonstrate the electric fields below 1 kV/mm. In addition,
electric fields are strong around sharp edges, corners, and the interfaces among spacer and metal
parts. Hence, the electric fields are reduced by applying larger radii on the edges to achieve values
under 3 kV/mm. The highest electric field values of each part in the testbed are shown in Figure

5.4b at 20 kV.
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5.2.3 Manufacturing of Testbed

All the metal parts of the designed testbed were manufactured by the lathe machine located
at the Electrical and Computer Engineering department, and the insulating parts were
manufactured by a 3D printer located at the same place. Figures 5.5 represent some photos that

were taken during machining.

(b) (c)

Figure 5.5  The preparation process of different parts of the testbed. a-b) Transmission line
outer and inner conductors, (c) Coupling capacitor, (d) HV cap, (¢) Supporting
rim and insulation spacer, (f) Overall view of all prepared parts of the testbed.
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Figure 5.5a and 5.5b demonstrate the outer and inner conductors of the transmission line
with radiuses about 38mm and 15.5mm, respectively. The height of the transmission line is 80mm:;
the transmission line dimension will discuss with more details in the following paragraphs. Figure
5.5c represents the coupling capacitor with a 29mm radius, 30mm height, and 12mm radius of
round edges. In addition, Figures 5.5d and 5.5¢ indicate HV cap and insulating parts, respectively.
The radius of the HV cap is about 44mm, and its height is 30mm. The inner radius of the spacer,
which isolates the HV cap from the grounding wall, is 38mm, and its thickness is 6mm. The inner
and outer radiuses of the supporting rim are according to the transmission line conductors sizes.
Moreover, Figure 5.5f shows the overall view of the prepared parts. As seen in this figure, the HV
cap connects to the coupling capacitor through a coupler and PD sources bolts between the

coupling capacitor and center conductor of the transmission line.

5.3 Transmission Line Preparation

Transmission lines are widely used in the measurement circuits of transient and high-
frequency phenomena. Various transmission lines work as waveguiding structures that provide
paths for signals to travel with minimal reflection and impedance mismatch. In individual PD pulse
measurement, it is important to connect the PD source to a measurement device without external
disturbances. A transmission line with impedance matched with all the measurement apparatus

(e.g., connectors, coaxial cables) and a DAQ system is designed to ensure the noise-free condition.

5.3.1 Design [54]

There are different types of transmission line designs that are mostly used in radio

frequency circuits. The most common type of transmission line uses widely everywhere is a
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coaxial cable. As seen in Figure 5.6a, a coaxial cable comprises a center conductor and an outer
conductor (some cables have an extra shielding layer) attached by a layer of dielectric material
(e.g., polyethylene). Coaxial cables are available in a wide range of frequencies and suitable for
various measuring circuits. These cables consist of layers of conductors that improve the shielding.
The coaxial configuration provides a uniform area for propagating electric and magnetic fields
within the transmission line, which are isolated from external disturbances. The most important
parameter that should always be considered in designing a coaxial transmission line is its
characteristic impedance. Many measurement circuits are designed for 50Q2 impedance (e.g.,
Oscilloscopes), and it is critical to design a transmission line with a 50Q impedance for perfect

impedance matching and avoid reflection and attenuation of the original signal.

Figure 5.6  Schematics of a cylindrical shape coaxial transmission lines

As mentioned, the cylindrical coaxial cables depending on their applications, can be
designed with different impedances, different materials, and bandwidths, but their characteristic

impedances (Zy) are obtained approximately through the following Equation [55].
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Zy = i Eln (&) ~ 60 In (&) 5.1
2nNe \R; Ve \Ry

Where p and € are dielectric permeability and permittivity, respectively, also, R» is an outer
conductor radius, and R; is the radius of the inner conductor. As it is clearly shown in Equation
(5.1), the changing of coaxial cable conductors’ radiuses determines its characteristics impedance.
Therefore, applying a cylindrical shape coaxial transmission line to measure the PD pulses would
be difficult because most of the PD measuring testbeds are connected to the DAQ systems through
a flat ground plate. In this case, if the center conductor of the transmission line is considered as
that flat ground conductor (i.e., R1=1.5-2 cm), the dimension of the PD testbed’s transmission line
would be significantly bigger than the size of the connecting cable and provides the termination
issues.

An alternative method has been recommended in [24], [25] is a conical shape coaxial
transmission line. As illustrated in Figure 5.2, the best configuration for terminating the PD source
to the measuring circuit is using a conical transmission line. The upper surface of the conical
transmission line provides enough planner surface for the PD source installation (e.g., the needle-
plane configuration which simulates PD at sharp tips). The tapered diameter of the conical
transmission line enables proper PD signal termination to RF connectors such as N-type and UHF
connectors at the end of the testbed. The schematic of a conical shape coaxial transmission line is

presented in Figure 5.7.
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Figure 5.7  Schematics of a conical shape coaxial transmission lines.

Same as cylindrical shape coaxial transmission line, the characteristics impedance of a

conical transmission line depends on the dimension of that and calculates by the following [55].

60 (tan(1/,6,)

Where 6; and 6: are the angles of the center and outer conductors of the transmission line,

respectively. Also, &, 1s the relative permittivity of insulation between inner and outer

conductors of the transmission line.

5.3.2 Finite Element Analysis Simulation

A numerical analysis is performed to design the conical transmission line while accounting
for the manufacturing limitations. The main purpose of the numerical analysis is to examine the
effect of the transmission line dimensions on its matching characteristics. The COMSOL
Multiphysics’ Radio Frequency (RF) module has been employed to simulate the requirements of
a conical transmission line. The RF module has some physics interfaces to simulate traveling

electromagnetic waves along a transmission line in both frequency and time domains. The
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simulations were performed in both 2D axisymmetric and 3D dimensions. The geometry of the
designed transmission line is presented in Figure 5.8. The 2D axisymmetric simulations are
suitable for saving the memories during the parametric simulations for finding the optimal
dimensions which meet both manufacturing and bandwidth limitations. Also, 3D simulations
provide the advantages for observing the electromagnetic field propagations along the designed

transmission line [54]. This feature can help us determine the best location for mounting sensors.

| Lumped Port 1

Quter
Electrode

/' Lumped Port 2

(a) (b)

Figure 5.8  Sketch view of conical transmission line. (a) 2D axisymmetric, (b) 3D view [54].

As mentioned earlier, to achieve the optimized dimensions for our conical transmission
line, which meets both manufacturing and impedance matching criteria, we performed a
parametric simulation in 2D axisymmetric. The parametric simulation only includes the inner

conductor angle (#;) and the transmission line (L). Indeed, understanding of these parameters is
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enough for forming a conical transmission line because the outer conductor angle (6;) can be

calculated by replacing 50Q instead of Zy in Equation (5.2).

s 1
0, =2xtan (e 6 tan(z 61)) (5.3)

The values of step changes for the corresponding parameters in parametric sweep

simulation are shown in Table 5.1

Table 5.1 The step changes of frequency, 6;, and L in parametric sweep simulation.
Frequency (MHz) 0; (deg) L (mm)
0.1:5:6000 10:5:20 80:30:140

According to Table 5.1, the frequency changes from 100 kHz to 6 GHz by steps of 5 MHz.
Similarly, 8; adjusts between 10 and 20 degrees by step of 5 degrees, and L values change between
80mm and 140 mm by step of 30 mm. The main reason for selecting the corresponding values and
steps for 0; and L is the existing limitation for the diameter of our lathe machine, which is about
90mm. Also, according to our experience during simulation, there was no significant difference
among smother steps for adjusting the corresponding parameters. In addition, to apply a voltage
and current excitations to the transmission line, a coaxial Lumped Port node was used to figure out
the input and output terminals with an impedance equal to 50Q (red line on top and bottom of the

transmission line in Figure 5.8a).

5.3.2.1 Frequency-domain Simulations

Figure 5.9 shows the simulation results of a parametric sweep in the COMSOL RF module.

S-parameters such as S11 and S21 were employed to measure reflections and losses along the
63



transmission line. S11 is the forward reflection coefficient (input match) at port 1, and S21 is the

forward transmission coefficient (gain or loss) from port 1 to port 2 when port 2 terminated in a

perfect match. The port 1 and port 2 concept will be discussed later in this section.
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The frequency response of conical transmission lines. (a) S11: reflection

coefficient, (b) S21: forward transmission.

Generally, the S11 values below -10dB and S21 values higher than -3dB can be assumed

as acceptable criteria for a transmission line and determine the bandwidth. According to Figure

5.9a, it can be overly concluded increase of both angle and length of a conical transmission line
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increase the amount of reflection (S11). For example, the transmission line with 4;,=20° and
L=140mm reaches the -10dB level at f=3GHz, while the transmission line with 6;=10° and
L=80mm does not reach -10dB by 6GHz (i.e., around -22dB). Similarly, this is true in the case of
attenuation along the transmission line (S21). According to Figure 5.9b, the transmission line with
6;=20° and L=140mm has a lower cut-off frequency f=3GHz among the other cases. However, as
the reported individual PD pulses have a rise time in the range of hundreds of ps or slower, it seems
all the assumed cases satisfy the PD measurement requirements. Therefore, the machining
limitation should only be considered to select the right for our transmission line. Consequently,
the conical transmission line with §; = 15°, 8> = 33.7,, and L = 80 mm specifications that provide

low reflection and high cut-off frequency (higher than 6 GHz) has been selected.

5.3.2.2 Time-Domain Simulations

As mentioned, one of the most important reasons for the design of transmission lines and
understanding their S-parameters is the precise measurement of transient phenomena like PD. In
this section, the effect of conical transmission line specifications (angle and length) changes on its
timing response has been investigated. Figure 5.10 shows the responses of considered transmission
lines in previous parametric simulation to two double-exponential pulses that represent individual

PD pulses. The pulse has rising times equal to 500 ps and 1 ns.
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Figure 5.10 The time-domain response of designed transmission lines. (a) Example of applied
pulse, (b) response to 500ps rise-time pulse, (c) response to Ins rise-time pulse.

66



According to Figure 5.10b, all the assumed transmission lines in the parametric sweep
simulation could propagate the 500ps rise-time pulse with tiny reflections and attenuation. In this
mean, the transmission with 8,=20° and L=140mm, which had lower frequency response, has
higher reflection values around 1.75ns. It should be mentioned because of length changes among
the cases; the reflection time is different among waveforms. In contrast, by applying a signal two
times slower, all the assumed cases in parametric simulation present similar responses.

As an example, for better understanding the effect of a non-suitable transmission line on
the measurement circuits of individual PD circuit, Figure 5.11 shows the response of a
transmission line with a bandwidth about 200 MHz to a signal a fast double exponential pulse with
rising time about 500ps. In this case, the waveshape of the traveling signal disturbs due to a

mismatch of impedance among the transmission line and other parts of the circuit.
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Figure 5.11 The response of a short bandwidth transmission line to a 500ps rise-time pulse.
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5.3.2.3 3-D Simulation

For a good image of the electromagnetic wave propagation, the 3D model of the
transmission line was simulated in COMSOL. Figure 5.12a demonstrates the direction of the
power signal traveling downward the transmission line (blue color arrow), electric field (red color
arrows), and magnetic fields (green color arrows). Accordingly, it is concluded from Figure 5.12a
that the electric and magnetic fields in our designed transmission line are transverse waves. TEM
is a mode of wave where their oscillations are perpendicular to the propagation direction. Also,
the magnetic flux density (H) within the gap between the conductors that are filled by air has been
displayed in both Figure 5.12a and 5.12b. The end of the transmission line, where terminates to
connectors, has the highest intensity. Therefore, that area could be a suitable place for mounting
loop sensors (e.g., B-dot). Figure 5.12b shows the electric field (red arrows) and magnetic field

(green arrows) directions and surface current density at the sampling frequency of 1GHz.
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Figure 5.12 3D simulation of the conical transmission line in the COMSOL. (a) Side view of
signal propagation. (b) Top view of electric and magnetic fields at 1GHz.
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5.3.3 Frequency Response Measurement of Manufactured Transmission line

After finding the right angle and length of the conical transmission line, it was
manufactured, as shown in Figure 5.5. To measure the s-parameters of the manufactured
transmission line, two conical transmission lines are connected back to back such that both ends
are connected to a network analyzer. Figure 5.13 shows the connected transmission lines and the
frequency response measurement circuit. As shown in Figure 5.13a, the two identical transmission
lines are connected reversely to provide an even 50Q waveguide. Both ends of assembled

transmission lines are connected to the N-type connectors.

(a) (b)

Figure 5.13 Frequency Response measurement of the manufactured transmission line.
a) Preparation of transmission line. (b) Test circuit connection. Note: The graphs
shown on the screen of the NA are mere examples.
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Also, as demonstrated in Figure 5.13b, the KEYSIGHT FieldFox Analyzer N9917A is used
to measure the frequency response of the transmission line. Generally, the network analyzers are
equipped by two ports, commonly called Portl and Port 2, and connect to the test object.
Depending on the measurement, both of Portl and Port2 connectors can be connected to the test
object or either of those can be connected. After that, a specific amount of power with various
frequencies is injected into the test object, and the values of the reflected signal and transferred
one to the other port are measured to calculate the frequency response of a test object. The
measured parameters are commonly called S-parameters and present in the frequency range.
Therefore, S11 is the forward reflection coefficient (input match) at port 1, and S21 is the forward

transmission coefficient (gain/loss) from port 1 to port 2 when port 2 terminated in a perfect match.
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Figure 5.14 The frequency responses of the manufactured transmission line. (a) Reflection
coefficient S11, (b) Attenuation coefficient S21.
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However, we connected both ends of our transmission line to the network analyzer’s Portl
and Port2 to find its reflection (S11) and attenuation (S21) parameters. The results of the frequency
response measurement are presented in Figure 5.14. As shown in Figure 5.14a, the designed
conical transmission line reflection is less than -10dB up to 2.2GHz. Moreover, the cut-off
frequency (-3dB level) of S21 of the transmission line in Figure 5.14b is higher than 3 GHz. The
obtained results are not exactly following the simulation results in Figure 5.9 due to the differences
between the ideal assumptions of the simulation (purely 50 Q coaxial lumped port) and the actual
experimental setup. However, measurements shown in Figure 5.14 suggest that the designed
transmission line has a sufficiently wide bandwidth and low reflections and attenuations, thus

suitable for individual pulse measurements of PDs with dominant frequencies lower than 2.2 GHz.

5.4 Summary

This Chapter presented the design requirements of corresponding testbeds for the analysis
of individual PD pulses. First, all [IEC 60270 requirements for PD measurement circuit are taken
into account and designed. Subsequently, the detailed dimensions of the testbed are determined
through FEA simulation using Comsol Multiphysics. In addition, a 50 Q coaxial TL that provides
a reflection-free path for PD pulse-induced current and electromagnetic waves is designed and
constructed. Finally, the designed testbed ensures a PD-free environment up to 20 kV and is
equipped with a transmission line with a bandwidth of 2.2 GHz. The designed transmission line

provides a low-loss and low-reflection path for the propagation of individual PD pulses.
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CHAPTER VI

ELECTROMAGNETIC FIELD D-DOT AND B-DOT SENSORS PREPARATION

6.1 Motivation

The obtained results of the experiments performed in Chapter IV confirm the necessitate
of utilizing the high frequency sensors to precise recording of the individual PD waveshapes. Non-
conventional electromagnetic field sensors are a set of inductive (e.g., loop antenna) or capacitive
(e.g., monopole antenna) coupling sensors that capture electromagnetic waves and react to a very
fast transient phenomenon in the HF/VHF/UHF ranges. To clarify, non-conventional
electromagnetic field sensors are not installed within the current path of PDs, unlike the
conventional PD sensors that directly measure PD current. This chapter aims to present the
requirement of electromagnetic field sensors design for PD application. Indeed, two differentiating
type non-conventional electromagnetic field sensors, D-dots and B-dots, are developed in this
Chapter to respectively measure the electric and magnetic fields radiated by the individual PD

pulses.

6.2  Design of D-dot and B-dot Sensors

The D-dots and B-dots are capacitive and inductive coupling electromagnetic field sensors,
respectively, with a low price, simple design, compact size, and very high frequency response
ranges [56]. Also, convenience in the calibration process of the D-dot and B-dot sensors and their

sensitivities comparable with the existing electromagnetic sensors make them more suitable for
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the measurement of transient voltages and currents. Using the D-dot and B-dot sensors to measure
pulses with pico-seconds rising times in pulsed power applications have been reported in [36],

[56].

6.2.1 D-dot Design

Figure 6.1 presents the schematic of D-dot mounted on the designed transmission line and
its equivalent circuit regarding the provided model in [36], [56]. As shown in Figure 6.1a, the D-
dot sensor is capacitively coupled via Cp.qot and Cpar with the center conductor and the shielding
of the transmission line, respectively. The parasitic capacitances (Cpar) in Figure 6.1b are parallel
with the characteristic impedances of connecting cable (Zcable). Therefore, induced voltage by the

discharge current of individual PD (V(ipp)) is calculated by Equation (6.1) [36].

< Il
(@ 1|

V(IPD)(_ Cpar —— VD-dot §anb|e
Vv  JCo-dot )

(a) (b)

Figure 6.1  Specification of D-dot sensor. (a) Schematic of D-dot mounted within a conical
transmission line. (b) Equivalent circuit of D-dot sensors.
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Consequently, by converting Equation (6.1) into the frequency domain, the transfer

function of the D-dot sensor (Hp-daot(j)) is obtained as in Equation (6.2) [36].

VDdot(j(‘)) — ijDdothable
Vipp(jw) ja)(CDdot + Cpar) +1

Hp_goc(jw) = (6.2)

Equation (6.2) shows that the D-dot sensor operates as a differentiating sensor for
frequencies that satisfy jo(Cpdot + Cpar) <K 1. On the other hand, the sensor operates in a
proportional mode (i.e., self-integrating mode) for frequencies that satisfy jo(Cpdot + Cpar) > 1.
Generally, the size of the sensor tip (flat head area) and the distance of the sensor from the center
conductor of the transmission line (location) determines the value of the Cp.qor. Accordingly, the
Cp-dot of Equation (6.2) determines the sensitivity and upper-band frequency of differentiating

mode.

6.2.2 B-dot Design

According to the obtained results in Figure 5.12, to utilize high-intensity magnetic fields
occurring at the bottom end of the conical transmission line, where it is terminated to an N-type
connector, the B-dot sensor was placed near the bottom. Figure 6.2 represents the schematic of the
B-dot sensor at the bottom of the designed transmission line and its equivalent circuit based on the
provided model in [36], [56]. As shown in Figure 6.2, the model of B-dot consists of a mutual
inductance M between the sensors and the center conductor of the transmission line and a self-
inductance L of the sensor. Also, Figure 6.2b shows the equivalent circuit of the B-dot sensor in
which the L connects in parallel with the characteristic impedance of the connecting cable.

Therefore, the induced PD pulse discharge current can be calculated through Equation (6.3) [56].
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Figure 6.2  Specification of B-dot sensor. (a) Schematic of B-dot mounted at the bottom of
the designed conical transmission line. (b) Equivalent circuit of B-dot sensors.

1 L t
too = 37 (G Vo + | Viaunt (63)

Subsequently, the transfer function of the B-dot sensor is modeled as follows [56].

Vaaot Gw) _ joM
Ipp(jw) jw

Hpgot(w) = (6.4)

+1

cable

Equation (6.4) shows that the B-dot sensor performs in a differentiating mode at

frequencies that satisfy jw < 1. On the other hand, it works in a proportional mode for

Zcable

L

frequencies that satisfy jw > 1. The value of M in Equation (6.2) is a function of the

cable
distance between the B-dot loop and the center conductor of the transmission line. Also, the size
of the B-dot loop and wire thickness determine the value of L. By adjusting the M and L values,

the sensitivity and upper-band frequency of the differentiating mode can be controlled. However,
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it should be noted; the sensors should be operated in either of the two modes (differentiating or
proportional) within a given bandwidth to enable consistency in the distinguishing process of

signals.

6.3 Finite Element Analysis Simulation
6.3.1 D-dot Sensor Simulation

According to Figure 6.3, which demonstrates the direction of electric and magnetic fields,
we mounted our sensors around the designed transmission line. As shown in Figure 6.3, the D-dot
sensor mounted on the sidewall of the shielding conductor of the transmission line. This position
resulted in the propagated electric fields caused by traveling PD discharge current touch the D-dot

sensor perpendicularly.

Figure 6.3  Location of D-dot sensor around the transmission line in simulation.

Referring to equations (6.1) and (6.2), the location and size of a D-dot sensor affect the
characteristics, e.g., its sensitivity through changing the coupling capacitance and parasitic
capacitance. To achieve this goal, we performed a parametric simulation in the RF module of

COMSOL to find an optimized dimension for making a D-dot sensor. Figure 6.4 presents the
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results of the parametric simulation. The parametric simulation considers three radiuses R = 1.5,
3, and 4.5 mm for the head size of the D-dot sensor and three lengths L =8, 11, and 14 mm, which
determines the distance between the sensor and center conductor of the transmission line. Indeed,
changes of both radius and length of the D-dot sensor affect the Cp.d¢ot and Cpar values in equations

(6.1) and (6.2) through the fundamental Equation (6.5) for calculating the capacitance.

c=2 (6.5)

C is the capacitance, £ is the permittivity; 4 is the area, and d is the distance between conductors.
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Figure 6.4  Results of location and size changes of the D-dot sensor on its frequency response.

As shown in Figure 6.4, the increase of either radius or length of the D-dot sensor improves its
sensitivity. This improvement is more obvious by changing sensor length, which brings the sensor
closer to the center conductor of the transmission line. For instance, incrimination of D-dot length

from 8 mm to 14 mm (i.e., bringing the sensor 6 mm closer) results in 20 dB improvement in the
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frequency response of the D-dot sensor. In addition, although the increase of R between 1.5 and 3
mm (dashed lines) with the length of the sensor equal 8 mm improves the sensitivity of D-dot, it
significantly causes a transition between differentiating and proportional modes. As seen in Figure
6.4, the slope of the D-dot sensor graph with a radius equal 4.5 mm is not increasing linearly by 3
GHz. The slope of D-dot response with a 4.5 mm radius is constant for the frequency above 1
GHz, which means the sensors work in proportional mode.

Moreover, figure 6.5 gives more information about the principal of D-dot sensor operation. As
shown in that figure, the head of the D-dot sensor exposes the electric field arrows radiated by the
center conductor of the transmission line. It is clear that mounting the D-dot sensor closer to the
center conductor and making the head of that larger improve its sensitivity. The only concern is

just a transition among differentiating and proportional modes, which can be different by design.

MR=45 I=11freq(21}=2.01 GHz Slice: Electric field norm (Vim) Arrow Volume: Electric field

Figure 6.5  Example of the D-dot sensor exposed to the radiated electric field at f= 2GHz.

6.3.2 B-dot Sensor Simulation

To examine the output of the B-dot sensor regarding the mathematical model presented in

equations (6.3) and (6.4), we performed a couple of parametric simulations in the COMSOL. The
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parametric simulation includes the investigation of the number of B-dot loops and its location on
the sensitivity of the sensor. Figure the view of the investigated B-dot sensor with adjustable loops.
Also, the distance between the B-dot and center conductor of the transmission line control by
adjusting the height of the sensor. As the transmission line is the conical shape; thus, the increase

of the sensor length brings it closer to the center conductor of the transmission line.

Figure 6.6 A typical view of the multi-loop B-dot sensor in COMSOL simulation.
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Figure 6.7 The results of the number of loop and distance changes on the frequency response
of the B-dot sensor in parametric simulation in COMSOL.
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The results of the parametric simulation are presented in Figure 6.7. As shown in the figure,
a decrease of distance between the B-dot and center conductor of the transmission line improves
the sensitivity of the sensor. For example, an increase of the sensor height from 15 mm to 20 mm
when B-dot has a single loop causes the 15 dB improvement in B-dot sensitivity. In contrast, an
increase in the number of loops has no significant effect on the sensitivity of B-dot. In addition, it
can be observed that the sensitivity of simulated B-dot sensors is very low. It is related to the low
intensity of radiated magnetic fields along the transmission line compared to electric fields.
Therefore, instead of increasing the number of B-dot sensor loop, it is better to put the sensor closer
to the center conductor of the transmission line, specifically, areas with more intensity such as the
end of the transmission line. It can also be concluded in equation (6.3). According to equation
(6.3), in the differentiating mode of the value of mutual inductance (M) determines the sensitivity
of the B-dot sensor. Therefore, the value of M is a function of the distance between the sensor and
the center conductor of the transmission line.

The magnetic field radiated around the sensor is plotted in Figure 6.8 to understand the B-
dot sensor operation. Depending on the distance between the sensor and center conductor of the
transmission line, the electric field with various intensity passes through the B-dot sensor. The size
of the arrows in this figure represent the intensity of magnetic fields. The figure also includes the
information of electric field intensity around the B-dot. The exposure of electric fields with a B-
dot sensor conductor causes noise of dc to offset in the output response of the B-dot sensor. In
cases this disturbance is too high, the suitable electrostatic shielding should be considered.
Application of electrostatic shielding avoids the exposures of electric field arrows with the B-dot

sensor’s conductor while the magnetic fields can pass through the sensor loop.
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Figure 6.8  The direction of magnetic fields around the designed B-dot sensor.

According to the obtained results from Figure 6.7, the increase in the number of B-dot loop
has no significance in its sensitivity while decreasing the distance can improve it better. Therefore,
we change the B-dot sensor shape to meet both of them because of the previous simulation. The
new face of the B-dot sensor is provided in Figure 6.9. This new style of the sensor provides
advantages such as simplicity in design (i.e., this is not as complicated as making a sensor with
multiple loops), and higher mutual inductance because of its closer distance with the center

conductor of the transmission line.

Figure 6.9  The position of a single loop B-dot sensor at the bottom of the transmission line.
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The new B-dot looks like a square shape loop. To find the optimized size for the B-dot
loop, we investigated a parametric simulation on the size of the loop and B-dot sensitivity. In this
simulation, the distance between the B-dot and center conductors of the transmission line is kept
constant. Indeed, the purpose of the test is to find the effect of B-dot’s self-inductance changes on

its frequency response. The result of the simulation is presented in Figure 6.10.
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Figure 6.10 The results of B-dot loop size changes on its sensitivity.

As illustrated in Figure 6.10, the change of the B-dot sensor loop provides no more
significant improvement in its sensitivity. This fact is in coOmpliance with results obtained from
equation (6.4), which express the differentiating and proportional modes of B-dot sensor. In the
differentiating mode, the output of the B-dot is mostly a function of mutual inductance (M)
between the sensor and center conductors of the transmission line. In contrast, the self-inductance
mostly affects the sensor’s output when it works in the proportional mode. Therefore, it is
acceptable that there is no significant difference in the graphs in Figure 6.10. Moreover, it can be

obtained from Figure 6.10 that by the increase of the size of the B-dot loop from 2mm to 3 mm,
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the slop of B-dot frequency response is not linear more. It can be considered a reason for the

initiation of transition between differentiating and proportional working modes of B-dot.
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Figure 6.11 The surface plot of magnetic field norm distribution along with the B-dot sensor

Furthermore, the surface plot results of magnetic field distribution along the transmission
line, and the B-dot sensor is presented in Figure 6.11. according to the results, the highest magnetic
field exists at the bottom of the transmission line, where connects to N-type. Mounting the sensor
at that point is not practically possible. Thus, we put the sensors as close as that position; however,

the simulation result shown the highest magnetic field norms find around the conductor of B-dot.

6.4  Manufacturing of D-dot and B-dot sensor.

According to the obtained results from the finite element analysis simulation in the
previous section, we manufactured two types of D-dot and B-dot sensors, as seen in Figure 6.12.
As shown in the figure, the D-dot sensor is made by cutting a screw. Indeed, the screw includes a

cone-shaped head, which provides a suitable size for the head of the D-dot sensor. The screw is
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also soldered to a BNC type connector which can be connected to the DAQ system. Similarly, the

B-dot sensor is made by forming a braided wire, which is shaped like a square loop.

Figure 6.12 Photos of manufactured non-conventional D-dot and B-dot magnetic field sensors

The B-dot sensor conductor also soldered to a BNC connector. The ease in the
manufacturing of the D-dot and B-dot sensor allows us to investigate the sensors' outputs
experimentally too. The presented sensors in Figure 6.12 represent the finalized size of sensors.

However, because of some difficulty and limitation on the practical mounting of made
sensors around the transmission line, a couple of experimental investigation was performed to
obtain the best location for the installation of sensors. Figure 6.13 presents the developed
transmission line for experimental localizing of D-dot and B-dot sensors. As it is found in this
figure, we provided a couple of holes in different locations and sizes. The purpose of the different
locations is to adjust the distance between the sensor and transmission line. Similarly, the purpose
of drilling different size of holes is to utilize sensors with various sizes. However, we briefly point

to some limitations and difficulties during the placement of sensors around the transmission line.
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Figure 6.13 Investigation of D-dot and B-dot locations around the transmission line.

First, the small hole sizes are provided to mount the SMA type connectors presented in
Figure 4.4. Due to the short length of that connector, it can only be mounted on the top position of
the transmission line, which is far from the center conductor of the transmission line and
consequently decreases the sensitivity. Connecting the screw to the SMA type connector also
makes the process of soldering very difficult. Therefore, the best size for the connector is the BNC
type. As the head of the screw is equal to the diameter of BNC, they can be attached before
mounting around the transmission line. In addition, because of terminating the transmission line
to the connector at the end, the B-dot sensor should be mounted next to it or the side of the shielding
conductor of the transmission line. The problem with the side shielding wall of the transmission
line is its thickness, which requires a longer b-dot sensor to reach the center conductor of the
transmission line. Therefore, we mount the B-dot at the bottom of the transmission line next to the
N-type connector. The finalized location of sensors is shown in Figure 6.14. As shown, two B-dot
sensors mounted at the bottom of the transmission line because of removing the unwanted common

model in the sensor’s output.
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Figure 6.14 The final placement of D-dot and B-dot sensors around the transmission line.

6.5  Frequency Response of D-dot and B-dot Sensors

Like the transmission line, we performed a frequency measurement with a network
analyzer to find the frequency responses of designed D-dot and B-dot sensors. Figure 6.15 presents

the prepared test setup to measure the frequency responses of D-dot and B-dot sensors.

Figure 6.15 Frequency response measurement of D-dot and B-dot.
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As shown in Figure 6.15, the test setup for measuring the sensor frequency responses is
identical to the test setup of the transmission line except that one end of the transmission line is
connected to a 50 Q load. Here, Port 1 of the network analyzer is connected to the transmission
line to excite power into the transmission line, while Port 2 measures the frequency responses of
the D-dot and B-dot sensors individually. Figure 6.16 shows the frequency response of designed

D-dot and B-dot sensors.
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Figure 6.16 The frequency responses of designed magnetic field sensors. (a) D-dot, (b) B-dot.
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As stated previously, the differentiating mode refers to regions in which the sensitivity of
the D-dot and B-dot sensors change linearly in log scale while the proportional mode indicates
constant sensitivity (e.g., shunt resistors and HFCTs). According to the purpose of this work, we
are interested in using the D-dot and B-dot sensors, mostly in differentiating modes. The main
reason is the simplicity in designing these types of sensors in differentiating modes for frequencies
below 1GHz, which more applicable for the measurement of individual PD pulses. However,
according to Figure 6.16, the D-dot and B-dot sensors operate in a differentiating mode up to 1.2
and 1.4 GHz, respectively, and convert to proportional mode after that. In other words, the
sensitivity of the sensors is a function of the frequency components of the observed signal. It
improves with the increase of the frequency within the differentiating mode regions of Figure 6.16.
Therefore, this confirms that the designed D-dot and B-dot sensors can measure individual PD
pulses with rising times on the range of hundreds of picoseconds (i.e., <1.2 GHz). Indeed, the
frequency component and the amplitude of PD signals determine the sensitivity of the sensors
according to this figure. In general, if the PD pulse has frequency components in the differentiating
mode, the outputs of the sensors are the derivative of that. In general, measurement accuracies of
the D-dot and B-dot sensors decrease within the transition between two modes, due to the
complexity of extracting original signals from sensor outputs [36], [56]. Therefore, it is
recommended to operate sensors in either mode, but preferably in the differentiating mode due to
simpler design. Moreover, it should be noted that the low SNR causes the oscillations of the B-dot

response below 0.1 GHz in Figure 6.16b [56].
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6.6 Summary

This chapter discussed the requirements of electromagnetic D-dot and B-dot sensors
designs for individual PD pulse measurements. D-dot and B-dot are capacitive and inductive
coupling electromagnetic sensors, mostly designed to work in derivative mode. Also, the
sensitivity and frequency responses of both D-dot and B-dot are a function of their dimensions and
locations from the origin. Therefore, a comprehensive numerical simulation was performed in this
Chapter to find a good estimation of the location and dimension of corresponding sensors. After
that, the sensors are constructed, and their location is determined according to both FEA simulation
and experimental results. Finally, the frequency responses of both D-dot and B-dot sensors were
measured through a VNA device, and the results demonstrated both sensors are operating in the
differentiating modes for frequencies below 1.2 GHz. This range of frequency is more enough for

individual PD waveshape investigations.
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CHAPTER VII

INDIVIDUAL PARTIAL DISCHARGE WAVESHAPE MEASUREMENT

7.1 Motivation

This Chapter aims to measure the individual PD pulses using the designed and
manufactured testbed and electromagnetic D-dot and B-dot sensors. All PD pulses are
simultaneously measured with the 50 Q input channel of the oscilloscope, which is considered as
the reference to verify the outputs of D-dot and B-dot sensors. Initially, to start the experiment in
this dissertation, we provided four types of PD defects. The DC and AC PD measurement was
performed on the provided samples. In addition, the experiment in this Chapter aims to study the
performance of D-dot and B-dot concerning various types of PDs. Indeed, various types of PDs
comprise different discharge mechanisms, and we expect to observe discriminated responses from
the sensors for each PD defect. This step also helps to compare the performance of D-dot and B-

dot sensors with the reference sensor.

7.2 Partial Discharge Samples Preparations

Four different PD sources, as shown in Figure 7.1, are provided to be installed between the

coupling capacitor and the center conductor of the conical transmission line.
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Figure 7.1  General view, phase-resolved partial discharge pattern, and finite element analysis
specifications of prepared individual PD sources. (a) Corona discharge, (b) Cavity
discharge, (c) Surface discharge, (d) Floating potential discharge sources.
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As shown, Figure 7.1 includes the photos of four prepared PD sources and their AC PRPD
patterns were measured with Omicron MPD 600 and their FEM electrostatic simulations in the
COMSOL Multiphysics. Figure 7.1a illustrates a Corona discharge PD source. The Corona source
includes a needle attached to a bolt connected to either a coupling capacitor or transmission line
center conductor. Attachment of the Corona source to the coupling capacitor (HV side) results in
PD signals in the negative cycle of applied AC voltage in PRPD patterns, commonly called
negative Corona. In opposite, attachment of that to the transmission line (ground side) results in
the PD signal in the positive cycle of applied AC voltage in the PRPD patterns, which commonly
called positive Corona. Moreover, the results of electrostatic simulation in COMSOL show the
most intensive electric fields are observed at the tip of the needle, which results in the ionization
of air molecules and Corona occurrences.

Figure 7.1b shows the cavity discharge PD sample; this is made by providing a thin layer
of air near one of the conductors surrounded by resin. Also, the measured PRPD pattern proves
the validity of cavity discharge, and results of FEM simulation in COMSOL represent the highest
electric field with the cavity is filled by air, which increases the risk of PD in that region.

Figure 7.1c demonstrates the provided surface discharge PD sample; in this sample, a thin
layer of silicon rubber is surrounded by two conductors, which are molded in resin. The measured
PRPD pattern in AC stress confirms the occurrence of surface discharge PDs. Also, the results of
electrostatic simulation in COMSOL denotes the areas with higher electric field intensities where
the space between the conductors and silicon rubber are increased. That area is filled by the resin
whose insulation strength is lower than the silicon rubber, and the increase of electric fields across
it results in the surface discharge. The information about the last PD source is presented in Figure
7.1d, which is shown as a floating potential discharge PD source. The floating potential PD is
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related to the conductors which are not physically connected to either HV or ground sides in the
HYV apparatus. To simulate this type of PD, a piece of a metal rod is mounted between the two
molded conductors within the resin. Similarly, the results of PRPD measurement and FEM

simulation confirms the validity of this PD source.

7.3 Comparison of D-dot and B-dot Outputs with Reference Pulse

In this section, PD pulses occurring in the corresponding dielectric samples are measured.
Figure 7.2 represents the experimental PD test setup for measuring the PD pulses to examine the
performance of the designed testbed, which includes the 2.2 GHz bandwidth transmission line and
the non-conventional sensors. The experimental setup includes a 200 kV DC Haefely Multi Test
Set, a Haefely capacitive voltage divider, a 24 kV AC pole-mount transformer, and the designed
PD testbed. Also, the figure denotes a way that test samples are tightened to the coupling capacitor
and transmission line inside the testbed. In addition, all the PD signals, including reference, D-dot,

and B-dot outputs, were measured by the LeCroy 806Zi-B (6 GHz - 4x40 GS/s) oscilloscope.

Figure 7.2 Experimental partial discharge measurement test setup.
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During the experiment in this dissertation, we captured thousands of AC and DC PD pulses
to investigate the time and frequency characteristics. Figure 7.3 illustrates a typical example of the
captured cavity discharge by the corresponding sensors to compare the performance of D-dot and

B-dot sensors with the reference pulse.
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Figure 7.3  The measured results of a cavity PD pulse. (a) Test setup, (b) electromagnetic
sensor (B-dot and D-dot) responses, (c) electromagnetic sensor response
compared to the reference pulse.

95



In this work, the input 50 € resistance of the oscilloscope is considered a reference signal
for the triggering and calibration of both D-dot and B-dot sensors. However, Figure 7.3a shows
the normalized output of the B-dot and D-dot sensors and the differentiation of the reference pulse,
measured by the 50 Q input channel of an oscilloscope. The figure clearly shows that the output
signals of both electromagnetic sensors differentiate PD pulses that are double exponential
functions. Accordingly, the integration of the electromagnetic sensor outputs results in the
reference PD waveform in the time domain. Figure 7.3b compares the normalized integration of
D-dot and B-dot output signals with the reference pulse. As shown, the outputs of the D-dot and
B-dot sensors fit well with the reference pulse, which contains rise time, decay time, 50% pulse
width, and 20% pulse width. Beyond 10 ns, the integrated signals deviate from the reference PD
pulse due to the low SNR of the non-conventional sensors caused by the low di/dt of the PD pulse.
Table 1 presents statistical data comparing the integrated signals of D-dot and B-dot sensor
measurements for 100 reference PD pulses. The table compares four characteristics of a double
exponential waveform: rising time (Tr), decay time (Td), 50%, and 20% pulse widths (PW50 and

PW?20, respectively).

Table 7.1 D-dot and B-dot pulse characteristics vs reference pulse.
Reference D-dot B-dot
Mean o Mean c Mean (6]
(% error) (% error) (% error) (% error)

0.99 0.18 0.94 0.21

Tr 1.08 0.20 (% 8) (% 10) (% 13) (% 5)
3.61 0.64 4.52 1.02

Td 3.83 0.74 (% 6) (% 13) (% 18) (% 38)
2.19 0.64 3.45 1.12

PW50 2.72 0.59 (% 19) (% 13) (% 27) (% 90)
5.45 1.87 5.94 2.35

PW20 6.53 1.21 (% 16) (% 54) (% 9) (% 94)

- All values are in nanoseconds (ns)
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As shown in the table, averages and standard deviations of both D-dot and B-dot sensor
measurements agree with those of the reference PD pulses in the time domain. The low standard
deviation among the recorded data for each sensor and the low error percentage of the D-dot and
B-dot outputs compared to that of the reference confirms that the design is suitable for the
individual PD pulse investigations. Furthermore, the average Fast Fourier Transform (FFT)
analysis on 100 PD pulses is provided to compare the frequency spectra of the designed D-dot and
B-dot sensors to those of the reference, as shown in Figure 7.4. The FFT results show correlations
among the three sensors: 50 € input resistance of oscilloscope, D-dot, and B-dot. According to the
results, the FFT response of the B-dot sensor begins to deviate from the reference signal at
frequencies above 900 MHz. The substantial discrepancy shown in the high frequency range is
mainly due to the high-frequency E-fields that cause disturbances in the response of the B-dot
sensor. Electrostatic shielding or analog filtering could be applied [36] to suppress these
disturbances. However, since the dominant frequency component of PD pulses are below 900
MHz, no filter was designed for the B-dot measurements in this work. Comparing sensor
performances in frequency domain shows that the differentiating mode (dotted lines) provides

more accurate DC PD pulse analysis.
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Figure 7.4  The frequency-domain comparison of D-dot and B-dot sensors outputs and their
numerical integrations with reference.

97



The relatively poor performance of the B-dot sensor in the integrating mode (solid lines)
is due to the integration of the high frequency noise of the sensor caused by E-field disturbances.
Figure 7.4 also shows that, in general, the performance of the D-dot (E-field) sensor is better than
that of the B-dot sensor in case of cavity discharge measurement. Hence, if timing parameters are
not of interest, the differentiating mode should be used for PD analysis through the D-dot and B-
dot sensors since it does not introduce numerical integration errors.

Therefore, to analyze the D-dot and B-dot response, we need to characterize their outputs’
time parameters similar to Figure 2.16, which describes the time characteristics of a double
exponential PD pulse. Figure 7.5 shows the general waveshape of D-dot and B-dot sensors. As
shown in the figure, we denote the length of first and second cycles with T and T, respectively.
Duration of first and second cycles of D-dot or B-dot outputs refers to the time to peak and decay
time of PD signal (i.e., double exponential waveform). Moreover, we measure the maximum

(Max) and minimum (Min) of each waveform to inform the intensity of the captured PD signal.

Figure 7.5  Time characteristics of D-dot and B-dot Output.
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7.4 Investigation of Various Partial Discharge Mechanisms

In this section, we examine the discharge mechanism of various types of PDs. In general,
the induced current of PD discharge results by forming electron avalanches and drifting of ions
through the PD source. Therefore, investigation of various PD induced current pulses leads to find
the existing discrimination among PD defects. Also, this information can be useful to classify and
distinguish various types of PDs. However, in the following, we provide the discharge mechanisms
of all the prepared PD sources in this work. The corresponding PD pulses were selected among
the pulses with the highest occurrences. Also, some of these pulses are common among both AC
and DC voltages, and some are only related to either of those or, in some cases, only observed

under a specific polarity of DC voltage.

7.3.1 Cavity Discharge

Cavity discharge includes various types of discharge mechanisms such as Streamer-like,
Townsend-like, and Pitting (corona-like) in which the time characteristics mainly depend on the
existence of free electrons and the geometry of the voids [6]. According to the reported results in
[6], the main characteristics of Streamer-like discharges are t; values in the range of hundreds of
ps and tq values in the range of ns. In contrast, Townsend-like discharges include slow discharges
with t; values in the range of tens of ns, which follow the rate of electron avalanche formation and
result in slow decaying time. Moreover, Pitting discharges exhibit t: values comparable to the
streamers with slower tq caused by microscale crystals with sharp edges on the void surface. Figure
7.6 displays examples of typical measured AC and DC cavity discharge waveshapes in this study

in both time and frequency domains.
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Examples of AC and DC cavity discharge waveforms in both time and frequency

domains are measured by the 50 Q input resistance of the oscilloscope. Waveform
(a) and (b) are common among AC and DC; (c) positive DC, (d) negative DC.
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Figure 7.6a shows the streamer-like pulse with fast t; (< 1 ns) and tq and short t2o%, these
types of pulses also present a significant amplitude (in the range between -20 dB to 40 dB) for
frequency spectrums up to 1.5 GHz. Figure 7.6b represents the Townsend-like discharge with
longer t:, t¢, and tao% than streamer-like pulses related to the delay in the initiation of electron
avalanches and discharge channel formations. These pulses are common among both AC and DC
measured pulses, except their amplitudes that are smaller in the case of DC PDs. Although the
amplitude of frequency components pulses depends on the strength of discharge, these types of
pulse have amplitudes higher than -20 dB for frequency below 1 GHz.

Besides the amplitude differences among cavity discharge pulses measured under AC and
DC voltages, there are some varieties in the waveshapes of cavity discharge pulses captured with
both polarities of DC, as shown in Figure 7.6¢ and 7.6d. These pulses include longer decay and
pulse widths than those of AC, described by Pitting pulses. Consequently, these pulses have lower
frequency components. According to Figure 7.6¢ and 7.6d, they have amplitudes of more than -20
dB for frequencies below 0.1 GHz and 0.3 GHz, respectively. In addition, it should be emphasized
the inception voltage of PD pulses under both AC and DC stresses were not equal. For AC
measurements, the inception voltage is 4.3 kV, and about 20,000 cavity discharge pulses were
recorded.

In contrast, for DC measurement, because of a long delay between consequent PD pulses
(no PD observed for about an hour waiting), the pulses were measured separately by steadily
ramping up of the voltage until a cavity discharge was recorded. This process was continued until
1500 pulses were measured for each polarity of DC voltage. Averagely, the inception voltage

cavity discharge for the same PD source was between 11 kV to 16 kV. Despite utilizing higher
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voltage amplitude in DC application, the recorded pulses have lower amplitude than pulses

measured in AC.

7.3.2 Surface Discharge PD Measurement

Generally, Surface discharge refers to the discharges resulted from discontinuities among
the insulation media. Typically, Surface discharges are observed within the interface between two
different insulation media (e.g., gas and solid media), where the electric field intensity exceeds the
breakdown voltage of either corresponding insulation media. Figure 7.7 illustrates typical
examples of Surface discharge waveforms captured in this work under AC and DC stresses.

It should be emphasized the recorded surface discharge pulse under DC stress have
significantly lower amplitude pulses accompanied by longer pulse widths in cases such as
waveshapes ¢ and d.

As shown in Figure 7.7a, the Surface discharges similar to cavity discharges include
streamer-like discharges, mostly observed in AC voltages with a frequency spectrum of more than
-20 dB below 2.3 GHz. Figure 7.7b represents a captured Townsend-like discharge, which occurs
commonly under both AC and DC stresses. These types of pulses have frequencies of more than -
20 dB for frequency below 1.8 GHz. It should be noted that the captured pulses under DC show
smaller amplitudes and longer pulse widths than AC-induced pulses. A possible reason for the
differences is the slower rate of charge accumulation and distribution among the Surface
discharges under DC. Also, the superimposed pulses resulting from unstable ionization processes,
which show pulses with longer pulse widths, as shown in Figure 7.7c, are frequently recorded

among the captured pulses under DC stresses.
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Figure 7.7  Examples of AC and DC surface discharge waveforms measured by 50 Q input
channel of oscilloscope in both time and frequency domains. (a) and (b) common
within both AC and DC pulses. (c¢) and (d) observed just for DC pulses.
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Moreover, Figure 7.7d demonstrates a pulse with fast rise time and slow decaying time on
the range of hundreds of ns that is mostly similar to the pitting discharges. The presented pulses in
Figures 7.7c and 7.7d have a low-frequency spectrum by 0.1 MHz. The inception voltage of
Surface discharge pulses under AC stress is 4 kV while it is 7.6 kV under DC voltages. The
repetition rate of Surface discharge pulses in DC was about 1.5 minutes averagely while it
decreased to 3 seconds when the applied voltage increased to 14 kV. Despite utilizing higher
voltage amplitude in DC application, the recorded pulses have lower amplitude than pulses

measured in AC.

7.3.3 Corona Discharge PD Measurement

Corona discharges are caused by the ionization of particles around the sharp corners of
conductors, which involves high-intensity electric fields. As the sharp edges can be located on
either energized or ground conductors, we arbitrarily named the captured corona pulses when the
sharp points exist on the HV conductor as negative corona discharges (NCOD), and when it is
found around the ground conductor as positive corona discharge (PCOD). The main reason for this
type of denomination is for the observation of strong corona discharge pulses on the negative cycle
in AC voltage when the needle is connected to the HV conductor side. However, Figure 7.8a shows
an example of the measured corona discharge pulses, common among both AC and DC stresses,

and have a frequency spectrum of more than -20 dB below 0.5 MHz.
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Figure 7.8  Examples of corona discharge waveforms under AC and DC stress in both time
and frequency domains are measured by the 50 Q input channel of the
oscilloscope. (a) common among AC and DC pulses, (b) and (c) mostly observed
in positive DC, (d) mostly observed in negative DC.
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There is no significant difference between AC and DC corona discharge pulses except their
amplitudes. Also, there have been some differences among NCOD and PCOD pulse widths in the
same stress, which can be related to the ionization initiation around the needle because of voltage
polarities. In addition to Figure 7.8a, which represents a common waveshape of a DC corona
discharge, two more types of waveshapes were captured for corona discharges under DC(+). As
shown in Figure 7.8b and 7.8c, these pulses have longer rise times than AC pulses with a significant
frequency spectrum below 0.1 GHz. A reason for the longer rise time, specifically in Figure 7.8c,
is the superposition of subsequent unstable ionization mechanisms.

Furthermore, Figure 7.8d demonstrate a type of corona discharge pulse which is mostly
observed in the case of DC(-) and characterized by a waveshape with fast rise and decaying time,
as well as long pulse width but not on the order of regular corona discharges, these types of pulses,
have a very low-frequency spectrum which required an accurate measuring system with high signal
to noise ratio. In addition, the inception voltage of recoded corona discharge pulses under AC is
3.6 kV while it is around 7.8 under DC stresses. Also, the corona discharge pulses were presented
a repetition rate comparable with that of AC stresses which 1k pulses were recorded within 4
minutes. An interesting trend was observed during the DC corona discharge measurement. By
increasing DC voltage from 7.8 kV to 6.8 kV, the amplitude of corona discharge pulses was
decreased while their repetition rate was increased by 6 times. That was a repetitive trend which

observed a couple of time by changes of voltage during some random intervals.

7.3.4 Floating Potential Discharge PD Measurement

Floating potential discharges are a type of discharges caused by the existence of suspended
particles within an insulator. Figure 7.9 presents the examples of recorded floating potential

discharge pulses in this work.
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More scattering among the floating potential discharge waveshapes under both AC and DC
stresses than other types of PDs in this work. However, according to Figure 7.9a, the superposition
of consequent unstable ionization channels is common among all AC and DC voltages with
frequency spectrums more than -20 dB below 1.2 GHz. Figures 7.9b and 7.9¢ also show examples
of floating potential discharge pulses comprised of slow and fast rise time. There were scattered
among the amplitudes of these pulses and expectedly, the low amplitude pulses recorded under
DC stresses. The captured signal in Figure 7.9d suggests a transition from a slow to fast rise time
discharges, which is very similar to the transition among nonconductive streamer filament and
conductive spark channel reported in [20]. However, the presented waveshapes in Figure 7.9b to
7.9d have frequency spectrums more than -20 dB below 0.7 GHz.

Furthermore, the inception voltage of floating potential discharge pulses under AC voltage
stress is 4.1 kV. In the case of DC floating potential discharge pulses, because of quite a slow
repetition rate (more than an hour), we used the ramp-up voltage method explained in section A
(cavity discharge) to measure more floating potential discharge pulses. The results of floating
potential discharge measurements under DC voltage stress presented a large variation among 5 kV

to 13 kV for the inception of floating potential discharge pulses.

7.5 Summary

In this chapter, four common types of individual PD pulses, such as a cavity, surface,
corona, and floating potential discharges, were investigated under AC and DC stress. First, to
verify the performance of D-dot and B-dot sensors, their outputs were compared by the signal

captured by the 50 Q input channel of the oscilloscope. The comparison results of the D-dot and
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B-dot sensor outputs with the reference PD pulse showed close agreements in both time and
frequency domains for the cavity discharges. The findings suggest that the 50 Q input channel of
the oscilloscope, as well as the electromagnetic field non-conventional sensors (D-dot and B-dot),
are suitable for studying pulse characteristics, including rising time, decay time, 50% pulse width,
and 20% pulse width measured through transmission line where wave propagation characteristics
are known. It can be used for investigating PD characteristics at the source and allow for further
development of systems intended for onsite applications.

Also, another investigation was performed on the prepared PD sources to find their
discharge mechanisms through analysis of some typical PD waveshapes in time and frequency
domains. The discharge mechanism analysis presented various types of ionization processes, such
as the fast rise and decay times, the products of photo-ionization (Streamer-like), and the slow rise
and decay times that are products of gradual initiation electron avalanches (Townsend-like). In
addition, some rhythmic pulses were products of superposition among multiple fast and slow
unstable ionization mechanisms. Moreover, there was various type of waveshapes which only

recorded under DC stresses which are emphasized the importance of DC PD measurement.
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CHAPTER VIII

QUANTITATIVE ANALYSIS OF INDIVIDUAL PARTIAL DISCHARGE PULSES

8.1 Motivation

This Chapter targets to perform a quantitative study to extract meaningful information from
the captured PD data. The results lead to finding methods to classify and distinguish various PD
defects through their waveshapes. Moreover, as there is no limitation for utilizing the designed
testbed and sensors in the AC application, we performed all the experiments for both AC and DC
stresses. The AC individual PD pulse measurement enables us to compare the AC and DC PDs

and classify the AC PDs according to their PD waveshapes instead of the well-known PRPD.

8.2 Time Domain Analysis

In this section, we quantify the time characteristics of the provided PD source waveforms.
The quantified study compares the results of thousands of PD pulses were measured under AC,
positive DC, and negative DC. The corresponding pulses were captured through all of the D-dot,
B-dot, and 50 Q channel of the oscilloscope to compare the performances of either of the sensors.
To compare the results, the relative frequency histogram method, which represents the ratio of
pulses within specific time characteristics, is selected. To quantify the PDs measured by the
oscilloscope, we extracted the rise time (t;), decay time(tq), 50% pulse width (tso), 20% pulse
width (t20%), and the amplitude of each of the pulses according to the concepts introduced in Figure

2.16. Also, for clearer comparison, the histograms are plotted in lines instead of bar charts, and
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some of those are log scaled to cover the scattered amplitude and time differences by some orders.
Similarly, in the case of D-dot and B-dot sensors outputs quantification, we just extracted the
introduced parameters in Figure 7.5 to find the trend of PDs changes under different voltage
stresses. The corresponding parameters include Max and Min of each pulse and its first and second

cycle length (Ty and T>).

8.2.1 Partial Discharge Pulses Measured by the 50 2 Input channel of Oscilloscope
8.2.1.1 Rise Time

The histogram diagram of rise time characteristics of captured PD pulse under AC, DC(+),
and DC(-) are presented in Figure 8.1. The blue, red and yellow color lines represents the AC,
DC(+), and DC(-) results, respectively.

Figure 8.1a, which compares the t; histogram of cavity discharge, presents a close
agreement among the t; of cavity discharges under AC, DC(+), and DC(-). t; values shorter than 1
ns correspond to the Streamer-like and above 1 ns to Townsend-like discharges under both AC
and DC stresses. The results of comparing Surface discharge pulses in Figure 8.1b suggest that
most Surface discharge pulses were measured under AC stresses have t; shorter than 1 ns. In
contrast, values are scattered up to 40 ns for pulses were generated by DC(+) and DC(-) stresses.
Also, the results of NCOD discharges in Figure 8.1c demonstrate that the t: of pulses were
generated under AC stresses is less than 5 ns while it is between 1 and 2 ns for DC(+)-induced
pulses. In addition, the t; values of DC(-) are divided into three groups of fast (2 to 4 ns),
intermediate (10 to 20 ns), and slow (40 to 70 ns). Contrarily, the results of PCOD in Figure 8.1d
show the values among 0.8 to 4 ns for AC-induced pulses, and 1.5 to 10.5 ns for DC(+) as well as
three groups of fast (2 to 3 ns), intermediate (7 to 30 ns), and slow (50 to 80 ns) pulses under

DC(-).
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Figure 8.1  Comparison of rise time changes of various PD sources were measured by 50 Q

input channel of the oscilloscope. (a) cavity discharge, (b) surface discharge, (c)
negative corona discharge, (d) positive corona discharge, (e) floating potential
discharge.
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Finally, the floating potential discharge results in Figure le show scattered data for both
AC and DC(+)-induced pulses with the highest concentration of values lower than 5 ns. The results
suggest that the t; values of DC(+)-induced pulses are shorter than those of the AC-induced pulses.
Also, DC(-) results show the distribution t; between 6 and 17 ns. The rise time parameter results

are summarized in Table 8.1 for ease on comparison of PD defects.

Table 8.1 Rise time (in ns) parameters of PD sources were measured by 50 Q
input channel of oscilloscope under both AC and DC voltage
stresses.

Cavity Surface Negative Positive Floatir'lg
discharge | discharge .corona ‘corona potentlal
discharge discharge discharge
AC 0.5-4 0.5-5 0.8-5.5 2-3 1-15
Positive 2-4
DC 0.5-3 0.5-20 10-20 1.5-17 0.5-10
40 - 80
Negative 2-3
DC 0.5-3 0.5-20 1.2-2 8-30 6-17
45 - 80

8.2.1.2 Decay Time

Figure 8.2 denotes the results of decay time changes in the histogram diagram for all
captured PD pulses under AC, DC(+), and DC(-). The blue, red, and yellow color lines represent
the AC, DC(+), and DC(-) results. According to Figure 8.2a, the tq distribution of cavity discharges
under AC ranges up to 20 ns, but are mostly concentrated around 3 to 5 ns. Also, both DC(+) and
DC(-) results represent less than 10 ns. Therefore, it is concluded that fast ionization processes
accompany most of the recorded cavity discharge pulses. Similarly, the results of Surface

discharges in Figure 8.2b show a range of up to 20 ns for the AC-induced pulses with tq being
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Figure 8.2  Comparison of decay time changes of various PD sources were measured by the
50 Q input channel of the oscilloscope. (a) cavity discharge, (b) surface discharge,

(c) negative corona discharge, (d) positive corona discharge, (e) floating potential
discharge.

mostly shorter than 3 ns. In contrast, the Surface discharge pulses were generated under both
DC(+) and DC(-) have tq distributed between 10 and 100 ns. The results of NCOD in Figure 8.2¢
show two groups of data for AC-induced pulses less than 40 ns, which are the majority pulses and

other around 60 ns. The DC(+) data shows pulses are scattered between 80 and 150 ns while the
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DC(-)-induced pulses are concentrated around 17 to 30 ns. Contrarily, the PCOD results in
Figure8.2d display most AC pulses are distributed between 30 and 60 ns. The DC(+) data are
widely scattered up to 300 ns while the DC(-) pulses are mostly around 80 to 150 ns. Lastly, the
results of measured floating potential discharges in Figure 8.2e demonstrate the floating potential
discharge pulses were generated under AC stresses have tq below 40 ns that are concentrated
around 20 ns. Similarly, DC (+)-induced pulses represent fast decay pulses that are mostly shorter
than 10 ns. The results of DC(-)-induced pulses show tq distributed between 25 and 60 ns. Also,

the decay time parameter results are summarized in Table 8.2.

Table 8.2 Decay time (in ns) parameters of PD sources were measured by 50 Q
input channel of oscilloscope under both AC and DC voltage stresses.
Cavity Surface Negative Positive F loatir‘lg
discharge | discharge corona corona potential
discharge discharge discharge
AC 1-30 1-30 8-60 30 - 60 5-60
Positive |5 10 | 2-100 | 80-150 20 - 300 1-40
DC
Negative
DC 2-10 3-100 18 -30 80 - 200 27 - 65

8.2.1.3 Pulse Width of 20% Level

The results of 20% pulse width time characteristics of captured PD pulse under AC, DC(+),

and DC(-) are presented in Figure 8.3. The blue, red and yellow color lines represents the AC,

DC(+), and DC(-) results, respectively.
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Figure 8.3  Compare 20% pulse width time changes of various PD sources were measured by
the 50 Q input channel of the oscilloscope. (a) cavity discharge, (b) surface
discharge, (c) negative corona discharge, (d) positive corona discharge, (e)
floating potential discharge.

According to Figure 8.3a, the DC-induced pulses are divided into two groups with a higher
concentration around 8 and 10.5 ns while the AC-induced pulses are evenly distributed in this
range. Also, some pulses are distributed between 15 ns and 30 ns that are common among AC and
DC(+). The results suggest that the cavity discharge pulses in AC are mostly the Streamer-like
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discharges. The results of Surface discharge pulses in Figure 8.3b represent faster pulses in AC
than in DC. In AC, most t2ov, are shorter than 5 ns, although there are some extended up to 30 ns.
Also, DC(+) and DC(-) results show a widely scattered pattern up to 100 ns, which are likely
caused by the superposition of pulses. Figure 8.3¢ shows the NCOD pulses under AC split into
two groups ranging from 25 to 50 ns and 60 to 90 ns. Also, there is a wide scattering for DC(+)
NCOD pulses that are distributed between 100 to 250 ns. In contrast, DC(-) pulses behave similarly
to that of AC and have txo in the range of 50 to 75 ns. The histogram data of Figure 8.3d shows
PCOD results under AC have pulse widths around 65 to 85 ns. The DC(+) results show a wide
distribution of pulses between 50 and 150 ns which are divided into two groups, around 70 ns, and
110 ns. The obtained results of floating potential discharge in Figure 8.3e show that the AC-
induced pulse has a longer t20y than DC(+)-induced pulses. The widths of the AC-induced pulse
are scattered between 10 and 50 ns, while those of the DC(+)-induced pulses are below 20 ns. The
DC(-) pulses represent relatively longer pulses on the range of 45 to 80 ns. The pulse width

parameter results are summarized in Table 8.3.

Table 8.3 Pulse width (in ns) parameters of PD sources were measured by 50 Q
input channel of oscilloscope under both AC and DC voltage stresses.
Negati Positi Floati
Cavity Surface egative ositive oating
discharge | discharge corona corona potential
discharge discharge discharge
AC 2-30 2-35 25-90 40-70 5-65
3-6 2-20
Positive D - 110-22 -1
ositive DC 3-30 9-150 0 5 50-160 3565
Negative DC 4-18 3-100 50 -75 140 - 200 45 - 60
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8.2.1.4 Amplitude

The amplitude distribution of captured PD pulses are shown in Figure 8.4. The blue, red

and yellow color lines represents the AC, DC(+), and DC(-) results, respectively.
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Figure 8.4  Comparison of amplitude of various PD sources were measured by the 50 Q input
channel of the oscilloscope. (a) cavity discharge, (b) surface discharge, (c)
negative corona discharge, (d) positive corona discharge, (e) floating potential
discharge.
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Due to the Figure 8.4a, the cavity pulses are accompanied with strong discharges up to 600
V. However, most of the pulses occurred with discharge amplitudes below 250 V. Similarly,
among the pulses captured under DC(+) stresses, we found the discharges with 300 V amplitude
which mostly concentrated below 250 V. the DC(-) pulses are also represented with strong pulses
with amplitudes below 120 V which are mostly occurred with 50 V peaks. It is impossible to
confidently determine the discharge mechanisms of PD defects according to the PD pulse
amplitudes, but generally, Streamer-like discharges supplemented with higher amplitude
discharges. It is actually in agreement with previous results were obtained by analyzing cavity
discharge time characteristics in this work. The results of Surface discharge pulses amplitudes in
Figure 8.4b denote a significant difference among the amplitude of AC and DC pulses by some
orders. The surface discharge pulses in AC include PD pulses with strong amplitudes around 150
V. In contract, the DC(+) and DC(-) voltages generate PD pulses up to 10 V and 1 V which are
mostly concentrated around 0.5 V and 0.1 V, respectively.

Moreover, the expressed results in Figure 8.4c and 8.4d illustrate the amplitude of corona
discharge pulses slightly differ between AC and DC stresses. In NCOD, the AC results in PDs
with amplitudes between 150 mV and 300 mV. Similarly, DC(-) causes the corona discharges
around 130 mV while the DC(+) generates NCODs with 50 mV strengths. Moreover, in the case
of PCODs, stronger corona discharges have been observed rather than NCOD. The pulses captured
under AC occurred mostly around 400 mV and 700 mV. Contrarily, the DC(+) pulses are detected
with amplitudes mostly about 150 mV and DC (-) pulses were scattered between 50 mV to 250
mV. A reason for such wide scattering in pulse measured under DC(-) is the presented
superimposed pulses in Figure 7.8c. Lastly, the results of floating potential discharges in Figure
8.4e confirms the differences among the strength of AC and DC PD pulses. The AC voltage
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provides the floating particle discharge pulses with amplitudes between 1V to 20V, which are
highly occurred with 4V. In the case of DC PD, pulses with amplitudes lower 300mv are captured.
Table 8.4 is summarized the amplitude of PD pulses were extracted from Figure 8.13 under both

AC and DC voltage stresses.

Table 8.4 Amplitude (in V) values of PD sources were measured by 50 Q input channel of
oscilloscope under both AC and DC voltage stresses.

Cavity Surface Negative Positive Floatil.lg
discharge discharge f:orona .corona potentlal
discharge discharge discharge

AC <600 20-200 0.1-0.3 03-1 1-20
Positive DC <300 0.25-10 0.1-0.35 0.1-0.4 0.01-0.3
Negative DC <120 0.05-1.5 0.02-0.15 0.05-0.3 0.04-0.2

8.2.2 Partial Discharge Pulses Measured by D-dot Sensor
8.2.2.1 Positive Peak Amplitude (Maximum)

The histogram diagram of positive peak amplitude of captured PD pulse with D-dot sensor
under AC, DC(+), and DC(-) are shown in Figure 8.5. The blue, red and yellow color lines
represents the AC, DC(+), and DC(-) results, respectively. Similar to the obtained results from the
50 Q input channel of the oscilloscope in Figure 8.4, D-dot sensor outputs show the same trends.
In cavity and corona discharges, there are no large differences between the intensities of both AC
and DC induced pulses. Except for those AC PD pulses in Figure 8.5a, which refers to strong
streamer-like discharges. Contrarily, the surface and floating potential discharge pulses in AC have
higher amplitudes than those of DC. Table 8.5 summarizes the positive peak amplitude of PD
pulses extracted from Figure 8.5 under both AC and DC voltage stresses. It should be noted that

we just provide the ranges with more than 1% of relative frequency.

120




-
-

" [~ac
=DC{+)
DC() &

~AC
~DC{+)
DC()

-
o
-

-
o
La
-
o
s

Relative Frequency
s =
§
4
)
&
-1
Relative Frequency
[=]

-
o
b
-
[=]
b

0.04 0.4 1 10 1073 102 10" 1 5
Amplitude (V) Amplitude (V)

@ ©

—
-

~AC

] @ - E
g_1I:I .\‘ﬁ\ DC() g--m
E w
i 102 / ] 202
= z
B0 U 3 S0} ~AC |
4 = -DC(+)
4 | DC{Y)
10t 10*
10 0.001 0.003 0.0003 0.001 0.002
Amplitude (V) Amplitude (V)
: d
(C) ( )
1

g. =AC

e . -DC(+)

107} DC()

4

i 102}

w

=

®107°

o

x -4

10 . .
1073 1072 0.1

Amplitude (V)
(e)
Figure 8.5  Comparison of the positive peak amplitude of various PD sources were measured

by the D-dot sensor. (a) cavity discharge, (b) surface discharge, (c) negative
corona discharge, (d) positive corona discharge, (e) floating potential discharge.
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Table 8.5 Positive Peak Amplitude (in V) values of PD sources were measured by D-dot sensor

under both AC and DC voltage stresses.

Negati
Cavity Surface cealve Positive corona | Floating potential
discharge discharge corona discharge discharge
discharge
.05-0.2
AC 0.07 -1 0 025 305 > <0.001 0.0003 — 0.001 0.005 - 0.06
Positive DC 0.05-0.9 0.001 - 0.012 <0.001 <0.0015 0.0005 — 0.0025
Negative DC | 0.05-1.2 <0.003 <0.001 <0.0007 <0.00045

- The table data shows the ranges with more than 1% relative frequency.

8.2.2.2 Negative Peak Amplitude (Minimum)

The results of the negative peak amplitude investigation of induced PD pulses with D-dot

sensor under AC, DC(+), and DC(-) are shown in Figure 8.6. The blue, red, and yellow color lines

represent the AC, DC(+), and DC(-) results. As seen in the figure, the surface and floating particle

PD pulses in AC result in a higher negative peak than DC pulses. Also, there is no significant

discrimination among cavity and corona discharges. There are some cavity discharges with the

lower relative frequency with amplitudes about -10 V, which refers to those strong Streamer-like

discharges which are observed in reference results, too.

Table 8.6 Negative Peak Amplitude (value in V) values of PD sources were measured by

D-dot sensor under both AC and DC voltage stresses.

Negati Positi Floati

Cavity Surface egative ositive oa 11.1g
discharge discharge corona corona potential
discharge discharge discharge

.07-0.2
AC 0.07 -1 0 (1)75 2 <0.0018 <0.003 0.004 —0.03

Positive DC | 0.07-0.8 | 0.001 —0.008 <0.0007 <0.0012 <0.0009

Negative DC 02-2 0.001 — 0.006 < 0.0035 <0.0008 <0.001

gativ : . . <0.0012 . .

- The table data shows the ranges with more than 1% relative frequency.
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Figure 8.6 ~ Comparison of the negative peak amplitude of various PD sources were measured

by the D-dot sensor. (a) cavity discharge, (b) surface discharge, (c) negative
corona discharge, (d) positive corona discharge, (e) floating potential discharge.

In addition, Table 8.6 summarizes the distribution of negative peak amplitude of individual
PD pulses were recorded under AC and DC voltage stresses. It should be noted we just provide

the ranges with more than 1% of relative frequency.
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8.2.2.3 First Peak Length (T1)

The histogram results of T value (time length of first peak in sensor’s output) of PD signals
were measured by the D-dot sensor under AC and DC voltage stresses are demonstrated in Figure

8.7. The blue, red and yellow color lines represents the AC, DC(+), and DC(-) results, respectively.
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Figure 8.7  Comparison of the T value of various PD sources were measured by the D-dot
sensor. a) cavity discharge, (b) surface discharge, (c) negative corona discharge,
(d) positive corona discharge, (e) floating potential discharge.
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In general, the T can be assumed in equal to rising time in case of time characteristics of
double exponential waveforms, which are measured by the 50 Q input channel of the oscilloscope.
In other words, it determines the rate of the ionization process. So, the trend of T1 changes for most
of the PD sources is such as the rise time trend in Figure 8.1. There are some differences in the
case of corona discharges that are related to the frequency spectrum of these pulses and the low
SNR value of the D-dot sensor on those ranges. However, there is still an acceptable correlation
between the trends of individual PD pulses were measured by D-dot and 50 Q input channel of the
oscilloscope. Table 8.7 summarizes the scattering of the individual PD pulses’ T values under AC
and DC stresses. It should be noted we just provide the ranges with more than 1% of relative

frequency.

Table 8.7 T1 (in ns) values of PD sources measured by D-dot sensor under both AC and DC
voltage stresses.

Cavity Surface Negative Positive Floatir.lg

discharge discharge f:orona f:orona potentlal

discharge discharge discharge

AC 09-5 1-3 2.7-9 09-7 0.75-4

Positive DC 05-3 1-7 05-9 0.6-9 0.75 - 10
Negative DC 1-3 0.6-2.5 0.7-5 0.6-9 2-4

- The table data shows the ranges with more than 1% relative frequency.

8.2.2.4 Second Peak Length (T2)

The T value (time length of the second peak in the sensor’s output) of induced PD pulses
under both AC and DC stresses are shown in Figure 8.8. The blue, red, and yellow color lines
represent the AC, DC(+), and DC(-) results. The time T2 is assumed as the length of the decreasing

rate of the ionization process within the PD source.
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Figure 8.8~ Comparison of the T value of various PD sources were measured by the D-dot
sensor. a) cavity discharge, (b) surface discharge, (c) negative corona discharge,
(d) positive corona discharge, (e) floating potential discharge.

According to Figure 8.8, T2 includes the values of less than 1 ns in most types of PDs. It is
referring to the types of inducing PD waveshapes in which the ionization processes are resulted by
electrons drops suddenly, and the discharge current were continued by drifting of ions. Similarly,

T2 can be considered equal with a 50% pulse width of a signal and, in some cases, the decay time
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of the PD signal. Table 8.8 summarizes the T> of PD pulses were extracted from Figure 8.8 under

both AC and DC voltage stresses.

Table 8.8 T> (in ns) values of PD sources were measured by D-dot sensor under both AC
and DC voltage stresses.

Cavity Surface Negative Positive Floatil}g

discharge discharge fzorona .corona potentlal
discharge discharge discharge

AC 0.4-7 0.85-6.5 8-17 0917 0.8-8

45-12
Positive DC 0.8-6 1.2-12 | - 0.6-9 0.8-10
Negative DC 1.5-8 0.85-10 3-10 1-10 2-15

- The table data shows the ranges with more than 1% relative frequency.

8.4.3 Partial Discharge Pulses Measured by B-dot Sensor
8.4.3.1 Positive Peak Amplitude (Maximum)

The histogram diagram of positive peak amplitude of captured PD pulse with B-dot sensor
under AC, DC(+), and DC(-) are shown in Figure 8.9. The blue, red and yellow color lines
represents the AC, DC(+), and DC(-) results, respectively.

As seen in Figure 8.9, the B-dot sensor performance in the case of cavity and surface
discharges are accompanied by the stronger discharges is better than corona and floating potential
discharges. The analysis of cavity discharges in Figure 8.9a denotes the same positive peak
amplitude pulses for AC and DC pulses and those intensive streamer-like discharges, which are
only observed under AC stresses. Moreover, in the case of surface discharge in Figure 8.9b, the
AC induced pulses are distinguishable from those of DC. However, the B-dot sensor performs
with low sensitivity in the case of corona discharges, and we only were enabled to distinguish AC

positive corona discharges from those of noises. As we explain later, this issue is related to the
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Figure 8.9  Comparison of the positive peak amplitude of various PD sources were measured
by the B-dot sensor. (a) cavity discharge, (b) surface discharge, (c) positive corona
discharge, (d) floating potential discharge.

frequency range of corona discharges where locate in the spectrums that the designed B-dot sensor
has low SNR (see Figure 6.16b). Similarly, in floating potential discharge, it was impossible to
distinguish DC(+) pulses from those of disturbances. By the way, the resulted data confirms the
stronger PD discharges in AC rather than DC. The distribution range of positive peak amplitude
of PD pulses were captured by the B-dot sensor under AC and DC stresses are presented in Table

8.9. It should be noted we just provide the ranges with more than 1% of relative frequency.
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Table 8.9 Positive Peak Amplitude (in V) values of PD sources were measured by B-dot
sensor under both AC and DC voltage stresses.
Cavity Surface Negative Positive corona Floatlr‘lg
discharge discharge corona discharge potential
discharge discharge
0.05-0.1
~-07 | | oo < _
AC 0.05-0.7 15_25 0.002 0.001 —0.01
Positive DC | 0.05-0.6 | 0.001 —0.005 | --—--—-- | = === | -
Negative DC | 0.05-0.6 <0.0025 | - | - <0.0006

- The table data shows the ranges with more than 1% relative frequency.

8.4.3.2 Negative Peak Amplitude (Minimum)

The histogram results of negative peak amplitude of B-dot outputs in case of individual PD

pulse measurement under AC and DC voltage stresses are demonstrated in Figure 8.10. in this

figure, the blue, red and yellow color lines represents the AC, DC(+), and DC(-) results,

respectively.
Table 8.10  Negative Peak Amplitude (absolute value in V) values of PD sources were
measured by B-dot sensor under both AC and DC voltage stresses.
. Float
Cavity Surface Negative Positive corona oatlr'lg
discharge discharge corona discharge potential
discharge discharge
.07-0.2
AC 0.04-0.6 0 017 20 ——————— <0.0014 0.001 —0.007
. 0.001 —
Positive DC 0.1-0.6 o006 | T | T | T
Neg%we 0.07-08 | <0004 | e | e <0.0007
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Figure 8.10 Comparison of the negative peak amplitude of various PD sources were measured
by the B-dot sensor. (a) cavity discharge, (b) surface discharge, (¢) positive corona
discharge, (d) floating potential discharge

Due to Figure 8.10a, the cavity discharge provides the individual pulses with negative

peaks about -4 V that are related to the strong Streamer-like discharges. For the individual PD

pulses with a negative peak of less than -1 V, there is no difference between AC and DC induced

PD pulses. The summary of the results in Figure 8.10 is shown in Table 8.10. It should be noted

we just provide the ranges with more than 1% of relative frequency.
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8.4.3.3 First Peak Length (T1)

The histogram results of T value of individual PD pulses were captured by B-dot sensor
under AC and DC stresses are demonstrated in Figure 8.7. The blue, red and yellow color lines

represents the AC, DC(+), and DC(-) results, respectively.
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Figure 8.11 Comparison of the Ti value of various PD sources were measured by the B-dot
sensor. a) cavity discharge, (b) surface discharge, (c) positive corona discharge,
(d) floating potential discharge.

As seen in Figure 8.11, there are some PD pulses by T1 values below 1 ns, were captured
by B-dot sensors like those were captured by the D-dot sensor. The mentioned phenomenon is
common among all cavity, surface, and floating potential discharges. According to Figure 8.11a,
the DC(+) pulses are included in some fast ionized pulse during cavity discharge measurement.
Similarly, the captured surface discharge pulses under DC(-) confirms the existence of these
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pulses. The T parameter results of the B-dot sensor are summarized in Table 8.11 for ease of
comparison of PD defects. It should be noted we just provide the ranges with more than 1% of

relative frequency.

Table 8.11 T (in ns) values of PD sources were measured by B-dot sensor under both AC
and DC voltage stresses.

Cavity Surface Negative Positive Floatil}g

discharge discharge fzorona .corona potentlal

discharge discharge discharge

AC 035-6 035-3 | - 09-10 0.75-9
Positive DC | 0.4-3.5 08-9 | e | e e
Negative DC 0.8-4 | i e L e I— 2-8

- The table data shows the ranges with more than 1% relative frequency.

8.4.3.4 Second Peak Length (T2)

Figure 8.12 denotes the results of T> changes in the histogram diagram for all captured PD
pulses under AC, DC(+), and DC(-). The blue, red, and yellow color lines represent the AC, DC(+),
and DC(-) results.

As shown in Figure 8.12, there is a good correlation among the T parameter of cavity
discharge pulses are recorded under both AC and DC stresses. Contrarily, in the case of surface
discharge, the PD pulses in DC have longer T» parameter respect to the AC pulses. In Figure 8.12d,
the T2 of AC floating potential discharges are scattered widely up to 75 ns while the DC (-) pulses
are concentrated around 3 ns and 10 ns. The T> parameter results of the B-dot sensor are
summarized in Table 8.12 for ease of comparison of PD defects. It should be noted we just provide

the ranges with more than 1% of relative frequency.

132




-
=]
EN

- ! 1, -AC
e ~DC(+)
g, DC(+)
2107 \ E
2
[T8
4]
Z10°
&
e I
-4 | i
10
0.2 1 10 50
Time (ns)
(a)
A
}10 —AC
Q
&
-2
210
2
[
@
> 03 '
g1 'f
°©
o
4l i
10
1 10 100
Time (ns)
()

- -AC
[ ~DC(+)
§10'1 DC(-)
(=2
@ "r V
=2
w10
E Mf" \'\'M -
5 03
£10
Z 'Ill
-4
10 0.2 1 100
Tlme(ns)
(b)
1
3 "oct)
<, 4 =
g10
(=2
2 ]
w10
@
=
Bq03 ﬂ ]
e il
-4 L
10 0.4 10 75
Time (ns)
(d)

Figure 8.12 Comparison of the T2 value of various PD sources were measured by the D-dot
sensor. a) cavity discharge, (b) surface discharge, (c) positive corona discharge,
(e) floating potential discharge.

Table 8.12  T> (in ns) values of PD sources were measured by B-dot sensor under both AC
and DC voltage stresses.

Cavity Surface Negative Positive Floatir'1g

discharge discharge corona corona potential

discharge discharge discharge
AC 0.65-10 045-65 | - 8-20 5-10
Positive DC | 0.5-6.5 LI B R e e
. 2-6
Negative DC | 1.5-12 3-12 | - - 10- 15

- The table data shows the ranges with more than 1% relative frequency.
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8.3 Frequency Domain Analysis

The frequency spectrum analysis or FFT analysis of presented PD waveshapes are shown
in Figures 8.13 to 8.15, separately, for all three sensors. The presented frequency spectrums include
the average of all recorded signals for each type of PD in dB. The results of the FFT analysis on

the individual PD pulses were captured by the 50 Q input channel of the oscilloscope is shown in

Figure 8.13.
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Figure 8.13  The frequency spectrum of individual PD pulses were measured with a 50 Q input
channel of oscilloscope under AC and DC voltage stresses. (a) cavity discharge,
(b) surface discharge, (c) negative corona discharge, (d) positive corona discharge,
(e) floating potential discharge.
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The results depict AC PD pulses have a higher amplitude of respect to the DC-induced
pulses. According to Figure 8.13a, the induced cavity discharge pulses under both AC and DC
stresses have a relative frequency amplitude. Also, there is about 50 dB difference between the
amplitude of cavity discharge pulses between 10 kHz to 1 GHz. In the case of Surface discharge
PD, the amplitude of the frequency spectrum drop by 40 dB for both AC and DC voltage stresses.
Also, it should be mentioned that the DC high frequency of Surface discharge PD pulse has a very
low value below -40 dB, which complies with waveshapes are presented in Figures 8.7c and 8.7d.
The outcomes of Figure 8.13c and 8.13d represent the AC -induced corona PDs have stronger high
frequency components than DC-induced PD. In addition, it can be concluded that both polarities
of DC have a similar frequency spectrum by 3 GHz.

Similarly, in a floating potential discharge pulse, the AC-induced pulse has a stronger
frequency amplitude. Moreover, there is no difference between the frequency responses of DC(+)
and DC(-) stresses. However, it is generally concluded from Figure 8.13 that DC PD pulses have
lower amplitudes and frequency components concerning AC-induced PD pulses.

In addition, the results of the D-do sensor output FFT analysis are demonstrated in Figure
8.14. Generally, trends of recorded PD pulses in the frequency domain by D-dot sensors show
close agreement with 50 Q input channel of the oscilloscope. According to Figure 8.14a, the cavity
discharge pulses under both AC and DC voltage stresses have equal amplitudes (i.e., a bit lower
than pulses were measured by 50 Q input channel of the oscilloscope) for long-range of
frequencies. The recorded data shows all AC and DC induced pulses have amplitudes above -40

dB for frequency ranges about 800 MHz.
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Figure 8.14 The frequency spectrum of individual PD pulses were measured with the D-dot
sensor under AC and DC voltage stresses. (a) cavity discharge, (b) surface

discharge, (c) negative corona discharge, (d) positive corona discharge, (e)
floating potential discharge.

The comparison of surface discharges pulses in Figure 8.14b denotes the significant
differences between AC and DC pulses. The surface discharge under AC has components higher
-40 dB by 1 GHz. Contrarily, the DC pulses have low amplitudes between -50 dB to -100 dB for

frequencies below 1 GHz. Moreover, it should be noted the DC induced pulses have lower
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frequency components in the range of 2 MHz. The results of corona discharges represent the higher
frequency components in the case of DC pulses. However, both AC and DC pulses have low
amplitude for most ranges of frequency. It confirms when the PD signal has low amplitudes that
should be difficult to distinguish corresponding pulses from external disturbances. Finally, in
floating particle discharge, both AC and DC spectrums have the same trends with a 20 dB
difference. The AC pulses have a higher amplitude.

Moreover, Figure 8.15 demonstrates the FFT results of PD pulses were measured by the
B-dot sensor. Similarly, the FFT analysis of B-dot output represents a similar trend for all AC and
DC voltage stresses. In this photo, the dotted yellow line shows the actual output of the B-dot

sensor without utilizing digital filtration.
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Figure 8.15 The frequency spectrum of individual PD pulses were measured with the B-dot
sensor under AC and DC voltage stresses. (a) cavity discharge, (b) surface
discharge, (c) floating potential discharge.
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The digital filtration is an ability of the oscilloscope and was applied to the output of B-dot
and D-dot sensors in some cases to improve the SNR value of their responses. Figure 8.15b also
depicts the discriminations of surface discharge AC and DC PD pulses. According to this photo,
the DC(-) pulses have a higher amplitude for longer frequencies. Lastly, Figure 8.15c shows the
results of a floating particle discharge FFT analysis. As seen in the figure, the AC PD pulses have
higher amplitudes than DC(-) for frequencies up to 200 MHz, and after that, because of applying,

the filtration drops below -100 dB.

8.4 CLASSIFYING PARTIAL DISCHARGE PULSES

Understanding the PD discharge mechanisms and their waveform characteristics provide
valuable information about each type of PD discharge. However, finding ways to distinguish the
types of PDs has greater practical value. In Figures 8.16 to 8.18, we present results that could lead
to developing methods of identifying PD pulses. In those figures, all types of PD under AC, DC(+),
and DC(-) are clustered versus their amplitudes. Despite the scattering in the amplitude of PD
discharges, which is linked to the strength of their discharge mechanisms, the PD pulses can be
divided into several groups based on their timing characteristics. Figures show the scattered plot
of all AC- and DC-induced pulse rise time, decay time, and 20% pulse width parameters versus
their amplitudes. Also, the color scaled area represents the normalized density distribution (i.e.,
occurrence) of data, facilitating the identification of regions with the highest probabilities. As
shown in Figure 8.16, scattered plots of rising time, decay time, and 20% pulse width versus their

amplitudes resulted in easily identifiable clusters of AC PD pulses.
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Figure 8.16 Normalized relative density clustering of partial discharge pulses were measured
by 50 Q input channel of oscilloscope under AC voltage stresses. CD, cavity
discharge; SD, surface discharge; NCOD, negative corona discharge; PCOD,
positive corona discharge; FPD, floating potential discharge.
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Figure 8.17 Normalized relative density clustering of partial discharge pulses were measured

by 50 Q input channel of oscilloscope under DC(+) voltage stresses. CD, cavity
discharge; SD, surface discharge; NCOD, negative corona discharge; PCOD,
positive corona discharge; FPD, floating potential discharge.
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The cavity discharge and Surface discharge pulses both have high amplitude pulse, but
their scattered timing parameters can distinguish them easily from each other. Due to the distinct
ranges of amplitude for floating potential discharges and corona discharges, they can be
distinguished. Although there are some overlaps in the amplitudes of NCOD and PCOD signals,
they can be categorized by td and t20%. Similarly, in Figure 8.17, the normalized density plot of
DC(+)-induced pulses shows different clusters for each type of PD without any significant overlaps
among them.

As shown, due to the higher amplitudes, the cavity discharge and surface discharge are
separated from the rest of the pulses and each other. As found earlier, the amplitude of DC-induced
pulses is significantly smaller than that of AC. This significant difference among the amplitude of
recorded PD signal could be related to the differences among the discharge mechanisms under AC
and DC stress, because the reported inception voltages present the DC PD pulses have higher
inception voltages than AC-induced pulses. However, the cavity discharge and surface discharge
still have strong pulses as in AC due to their discharge mechanisms. Moreover, negative and
positive corona discharges can be distinguished easily from themselves and the floating potential
discharges in DC (+) regarding their various amplitude and scattered timing parameters.
Furthermore, in the case of DC(-) voltages, as shown in Figure 8.18, cavity discharge pulses have
larger amplitudes than other types of PDs, which can be utilized in distinguishing them from the

rest of the PD types.
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Figure 8.18 Normalized relative density clustering of partial discharge pulses were measured
by 50 Q input channel of oscilloscope under DC(-) voltage stresses. CD, cavity
discharge; SD, surface discharge; NCOD, negative corona discharge; PCOD,
positive corona discharge; FPD, floating potential discharge.
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Nevertheless, due to the overlap of surface discharge and floating potential discharge signal
amplitudes, they are not dissectible from each other. Although it seems difficult to distinguish
surface discharge and floating potential discharge pulses in DC(-), they can be distinguished based
on their main causes. That is, since floating potential discharges are mostly caused within liquids
and gases, they can be separated from surface discharge sources. Moreover, the analysis of corona
discharges represents that they can be easily distinguished from themselves and other PD sources

utilizing their different timing characteristics.

8.5 Summary

This Chapter performed a comprehensive quantitative analysis of individual PD pulses
under both AC and DC voltages. The comparison of PD waveshapes under AC and DC
demonstrates an obvious difference related to their amplitudes, which were lower in DC stresses.

The time and frequency domains results of measured PD waveforms demonstrated an
obvious difference among AC, DC(+), and DC(-) stresses. Time-domain results represented,
except for cavity discharge pulses in AC and DC, which were different only in their amplitude
most of the DC PD pulses accompanied by longer discharge lengths and lower amplitudes. Also,
except for cavity and surface discharges, there was a clear disagreement among DC polarities
discharges. Similarly, the results of frequency domain analysis presented except for cavity
discharge pulses, the rest of the corresponding PD defects accompanied by higher frequency
components under AC voltage stresses. Furthermore, the results of mapping the timing
characteristics of PD waveforms measured by the 50 Q input channel of an oscilloscope versus

their amplitude lead to clustering various types of PD for either AC, positive DC, or negative DC.
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CHAPTER IX

CONCLUSION

This dissertation focused on understanding the requirements for the precise measurement
of individual PD pulses through design, simulation, and experimental investigations to identify
various PD sources under both AC and DC voltage stresses through the analysis of their time and
frequency domain characteristics.

A unique testbed was designed and constructed in compliance with IEC 60270 to avoid
various limitations of PD pulse measurements. The testbed includes a high bandwidth transmission
line, which provides an even 50 Q path for propagating PD pulses by 2.2 GHz. It has been proven
that the transmission lines with insufficient bandwidth cause attenuation and distortion of the
original waveshape of individual PD pulses. Also, as the successful measurement of PD
waveshapes requires high frequency sensors, two types of electromagnetic field sensors (D-dot
and B -dot) were designed to absorb the propagated electromagnetic fields of PD through the
transmission line. Moreover, the induced discharge current of PD activities was directly measured
through the 50 Q input channel of the oscilloscope, which was considered the reference signal for
evaluating the D-dot and B-dot performance.

In general, the time domain results suggest that the developed D-dot and B-dot sensors
capture the transients of individual PD pulses effectively. The two electromagnetic field sensors
(D-dot and B-dot) were reliable for the measurements of PD waveshape time characteristics,
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including rising time, decay time, 50% pulse width, and 20% pulse width. Moreover, for the
statistical analysis of individual PD pulses, four well-known types of PD sources — corona, cavity,
surface, and floating potential discharge sources — were prepared and utilized for investigating the
corresponding waveshapes. Thousands of individual PD pulses were recorded under the AC,
positive DC, and negative DC stresses. The comparison of time characteristics of recorded data
showed obvious distinctions among the behaviors of AC and DC PDs. The differences are related
to the various discharge mechanisms inside the insulating media, which result in the corresponding
PD waveform characteristics. Based on the identified differences among the PD characteristics
under both AC and DC stresses and based on the various discharge intensities among the PD types,
we could classify various types of PDs solely using their waveshape parameters. One of the
advantages of this method is its independence from the repetition rate information of PD pulses
under DC stresses, which takes a long time to record. The other advantage of this mapping is that
the identification of PD can be performed by utilizing the rise time, decay time, and pulse width
of PD waveforms.

It has been shown in this dissertation that the precise measurement of PD waveshapes
require a high bandwidth measurement circuits as well as high frequency sensors. The accurate
measurement of individual PD waveshapes provides useful information such as discharge
mechanisms and intensity of discharge. Consequently, the technologies developed in this

dissertation enable the classification of various types of DC and AC PDs.
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CHAPTER X

FUTURE WORK

As discussed in this dissertation, the sensitivity of D-dot and B-dot sensors depends on the
design and location of sensors. Therefore, they can be designed in the future works to be more
applicable for practical applications such as GIS substation PD measurements that deals with
issues such as detecting mobile particle movements. One of the advantages of GIS systems is their
coaxial designs, which provide a waveguide for traveling of PD signals. Also, the performance of
the designed sensors can be evaluated in case of dealing with other types of insulating media, e.g.,
liquid and solids. Indeed, the differences in electromagnetic wave propagations within this media
require special attention for the accurate design of D-dot and B-dot sensors. Besides, the lower
intensity of DC PD pulses compare to that of AC PD pulses limits certain methods of PD detection.
To overcome this limitation, other plausible parameters of PD waveshapes, e.g., their integral (area
under waveform), or energy of each pulse, can be studied in the future works to distinguish various

types of PDs with more confidence.
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