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ABSTRACT

This thesis introduces prototype designs of ultra-high-frequency (UHF) capacitive
sensors  utilizing printed circuit board (PCB) antennas for non-conventional partial
discharge (PD) detection in gas-insulated substations. Two types of PCB antennas were
designed in the forms of inset-fed rectangular microstrip patch and two-arm
Archimedean spiral antennas for narrowband and wideband systems, respectively. Due
to the detectability of UHF PD signals by various field sensors, two types of UHF
antennas were designed for three different models. These designs were calculated and
simulated using MATLAB to cover PD signal response at different operating frequencies
within the UHF range, typically ranging from 300 MHz to 3 GHz as per IEC 62478:2016.
A spectrum and vector network analyzer was utilized to evaluate the designed antenna
performance. It is exhibited that the return loss (parameter Sy;) is not greater than -10
dB and voltage standing wave ratio is not greater than 2:1 within a close range of the
designed operating frequency. For sensitivity verification, all designed UHF antennas
were tested to detect PD signals and simulated UHF artificial pulse signals in test circuits
at a high-voltage laboratory. The results showed that all designed UHF antennas
effectively responded to the generated PD signals within the UHF range. This confirms
the suitability of the developed antennas for further development in PD detection for

real on-site systems.
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unil 3 nanEvismInasduneunsonLUUABEINIAYLETENLAUANTLAULAT LAY
anuinsdmiuiluaneinfavsaunsdan

unil 4 namideismIvaaeuuasanIInagaunIaTadeunullunsinvesaiseinia
qL@%L@Wﬁﬁmim’mf{TUé’z:y;yﬂmﬁam%ﬁ]mad’muazé’mfymﬁaét,ﬁamEhusgl,amaw

UMM 5 nEIneunagURanIsIdeuas Ualauawly



Tuiemuniagnandwmgu] it erdesiuwuges/aseniagieviendmsui luly
5393nRAYITIUeEIU (Partial Discharge; PD) Tussuuanidlnfitussgawuuldauiufing (Gas-
Insulated Substation; GIS) lnedifiantA 837847 UITN150I9TA PD UIRNSFIUNITNAABUT

= £ ad a £ % ] o a a s % Q’lj
bNYIVDY LLﬁ%V]ﬁ]‘HJ;]V]Lﬂ‘c’J'J“UENﬂUﬂ’]‘EJEJ’Iﬂ?ﬁEﬁJJLE]GULE]WVIQﬂu']LﬁUEJIU'JVIE’J'TUWHSQUUU

¢ a a 4 1
2.1 Ui']ﬂg]ﬂ'ﬁiulﬂﬂﬂﬁ‘lﬂiﬂU'Nﬁ’Ju
PD ulsingmsaiiintulussuulniussgaiion1sauiaueedssuuinn1siusnan i
(Breakdown) wigeunsdIu 136031 Mstusnamuilianysal n1siia PD Tuusiazasiaziindui
avuemzugamelianuvuzyasaudlivhnldadare nnamanawIuianunnsesmly
zgl/ A dy :J, o O = :JI ! ! a
Weauiunseusnilloauiuly evilirianueieaauiulniiunatuaniidinues e

aulviadngeiseainuanusswsaiulniivesauiu (Dielectric strength)

unnsesiiindulusruunIsuaiinaneaiatuldnvanstiads agsdeianarni
yilmAnnsIo MAresang MeluianauIusEninangy UILNHAR TeiamatndvinliiAnam
FomeunawiusewinnsUsznaufians /U TR dlutiuiuihe Tnsadatussiainngly
augnThaesuszeznafildanu mslasuaaioamawihiigaivluannmnnisaidnises

wsaunsEiey YsingnisalirivinlmAsuwseiuiusasnsewaiulugasiandundu

flanuvas Kuchler (2017: 249) lalvidnaguieves PD 1331 “wlunisfasisaidmanseny
Wiesdiunilavesszuunsawiuardldviliiinnisiusnanivdegeaaysalluiui uagnisifia

PD tuanunsaiindulalusyuunisauiumnussan” (6]

luspernandudu maifa PD asdslidmansenurossuuliiiuasgs udnisiia PD Tuud
avafauagiimanemdanulunssnudsiiuinauiu fnniAafaratulussessmasiil
unnTasiisruumIaLIutediannty shlogmslfnuresauuiuduamuilugnisun
ANIUDENANY THAINATULTIAUGRIENT 1IN (Ground) I wazneliiinAnudeniesegunsal
wazszuulniusege uananfinisiin PD Fudusadiededyamnauudmanliilduns
Fyarueenlulugunvuresrdusumuingiidunissuniussuudeaistiannuiding ssuu

AuAN e unsnidiannsetindsie
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2.1.1 dnwagzusidyyruiadaavisauisdiuy

sauzinia PD Tuusazads aziinmsnesvedidnaseuszanaiud (Electron avalanche)
Fumelurrsnamdnuluduni (Nanosecond: ns) tissananusilunisindeuivesdidnasey
fusnnn feduiustunsuaiadfau$aunsdau (PD pulse current) filuarugaunnsesedis
IInSmaznsiaUszyiadfavisautsdin (PD pulse charge) Fuitusnasidnlnse (Electrode)
Tugsnamdnuluiufvuionty ngufdlugndsauufgiuiulae Raether Tull aa. 1964
waz Bailey Tut a.f. 1966 Lamsfammwﬁﬂﬂﬁ%’umiﬁué’umﬁumimaawaq Fujimoto uway
Boggs 1ud A.A. 1981 Wwieafun1svnaetues Boges waz Stone Tud a.e. 1982 filddinsld
seadalaalay (Oscilloscope) A13d 1 GHz Lﬁuméaaﬁamwi’mLLamgUﬂﬁuﬁmmmwwswﬁma%

1381 (Time parameters) Ya4nsewaad PD sananalusuit 2.1 [7]
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| h » Time (s)
107 100x10”

TUNISITMBSIANVBINTEHANAd PD
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c
=
N
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)
@
=
ee
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€
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2.1.2 UsNnsafay1sauIeau

(5%

dnwasn1siiin PD duduegiugudnuasdianinge (Electrode configuration) wagann
awluwsErIndianinsafaunsasansanwazaudiiuaz AL s LUTNATINLANANSTY
n1siin PD Wuanunsawansguuuuludnuasiisnaiueanly laganunsaduuniusanuaenisiin

PD loanuusennuan Ao
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1) Talsuniawsa (Corona discharge) anunsaind uldluawiuieuarawiumarnield
mmLﬂ%mammlw%lﬂaﬁ%auaqq (Highly non-uniform electric field stress) soutUangumal
yasdidnlnse madalalswdausatuluenmaszvinldifaleleuiianusoldiasiufiewiy
(Ozone attack polymeric insulation) luustiadlndfesls Snvedausaasdayarasuniuse
punsaikazsruuinndndifssine Talsundan fafifnseuuinudidnlnsauuuuasuaty
annsafintuldieniinshansannlaseddidnlnsauuuay SwEansafmuntavaneunay
Iagimuussiug ﬁ@LLamﬂugUﬁ 2.2 n) 13end7 Talsunauisenues (High voltage corona) 1138
ﬁmum%’jaﬂmaL.maﬂ,ﬁa@jﬁmmnﬁﬁlﬁ sauansluguil 2.2 9) Sondn Talsunduns1ad (Ground
corona)

2) fav§amuila (Surface discharge) @unsatind uldil oflminuassaauiulaii1lu
WUAYUIU (Tangential field) AURIRUIUKIBAIILAS BREUINlNH IR LLUITo LR DVRIRUILTAY
wnnhawliiings dwalinfnademglugiuuuvesseylvdl (Tracking) seiauiu N3
Ain PD ludnuardanunsafinduldisluennia auaufig awawdiiu Taednifetuiiuvinugase
mewada yuds Indavasnawiuiihasuazuinuisdnlsaduiaiuiauy fauandusud
2.2 )

3) favsanielu (nternal discharge) annsaiiniuldnieluid saurund wazauruman

a

FIA19910LALSUIAATIS DLALAATISANIUAINLAAA A5 IV UTUUS IR 1UUBNAUIY 1ANTY

'
[

naso1mAnzelnsteniea dudantasududevunirmamladianyin (Dielectric constant) #in
wlsagluauau Awandlugun 2.2 9 vilduinuanuisegaunnseanalilfinnunmuse

o o €5 =~ = A 44' a o -
wssAuRuuINAdkaziiaasenaudlniginduTanty Auindnenzesauuliiig
llasianenusnaauiy dwalvauiuinnisidenanimneuiadunls uenaniminiianig

a =3 | adaa A A | 08 va o & v
@ﬁﬂ'ﬁ'ﬂ‘ﬂu@iﬂ‘q@‘UﬂWi@ﬂVﬁJaﬂLL‘Uaﬂﬂa@Naum@ﬂu@% ‘\JSV]']EL‘ViLﬂﬂﬂ'VUGUUG]"IQJN']WJEJ
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HYV Electrode HYV Electrode
Ground Electrode Ground Electrode
n) 1AlsUFaYIS AN TUL TN LA %) 1AlSURAYISAAIUNT 1IN
HYV Electrode
HYV Electrode
HYV Electrode

Ground Electrode Ground Electrode

A) RATITINIURD 3) favrsaniely

sU# 2.2 Ysangnisainisifia PD usiazyseuny

A15iuInaUlussUUNITauIvaIusawUsaniduanslssny Ao n1siuTnALdLN e
UdIUnTeNISAn PD saunsanansnalanisiinnarnsaluszaunnegla nsiusnantdssian
JeluynliAnusnaiiu (Breakdown) 13 akilawlotias (Flashover) 914K 1 URUINTENI N
SLANTATAYINUA LedINaliaLIUISULAANISIADUANIN NISLUINAMUDNUSZLANTY A A1TIUTA

6 6 6 dﬁl o Y a aa 6 &
AL ULANY IO N15UINAIUUTEINTY AR IAN19n191UINAIY (Breakdown path) #5e
F0mauravleias (Flashover path) 1uruauIuseniInedidnlnsaianun Jeviliiinaiy

= ' o =
LEIEJWEJG]E]S%U‘UﬂﬁamumLLﬁﬂﬁUWiN‘VI 2.1
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A15197 2.1 dnwarnalnnisiinnisiusnanituasUsenylussuun1sauiu

favnsaniguan favnsanielu
a ¢ da & a I =]
Jsen | Aaynsandianiage - .. agy15alulnssanaAnse
AEYISANUNIRUIY
daraunay WDI91NAVDIRUIU
AISAATITILI DILEAS ASAAYNTUIDILEAS ANSAATITIDILE
n1g

SN

AN

SRR C )

UNEIU LT —I—T J__
ANSULUDTAAVNSD ANSULUDTAATNSA ANSULUDTAAVN5D
AnLABIAATIS ANLADIAAYISD AnNLABIAATSD

A5

SN ‘

¢ Breakdown,

AU path .

WUU C D

auysal —TL JT—

WSNANIU wnavlenas WSNANIY
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TaaUnfnds nsiia PD TulsazUssianaziiuduilan1iznisharisatioanas (Glow
discharge) [6] MmungunalnnsiusnAUYeIntiwun (Townsend) wiviingaiinwsanulni
foll agihbiAnegnaudveseunAUsEgiuTy auindinanisiayisavesinyg Senan1eil
] = sa s . = Yo = 2 X v &
71 ARSUNBIAAYISA (Streamer discharge) HIaIHAlTENTINITEONAN NV VUMY 19
dN1I3N13RaYITIIBAILATANS LRI AAYIS WA TUINUATe leeoluiwtulaenisvu
(Collision ionization) wAN19N1sAEYIFIUUGIAINTNLTZEZTUlABN I NNavesU RS mes
fialeesluidu (Thermal ionization) Fadunslessluwduezneuvieluanavesfingiiiasnin

9 v 4 X da a 9 = = | Y a ¢
nasuANLTouNguMina N siaL TR ulningaduludn dwalviiinegnatudvetoynia
Uszuinunniudn Ingaziseninan1isidin dawesaay1se (Leader discharge) Faudunaln
danzgavnenatinnsiusnantuuuanysaflussuunsauiu

[ o o v a

2.1.3 yUnvuvesdednyqudmiunsnsaiafsuauidau
naiin PD luurazadsiiu avadreufAteniuvsdulumuannznsldnuvesgunsaiuas
svuulwiaudanUdeswdanueanin vinliiiadedygin Ysingnisaineil@nd (Physical
phenomena) fiansauanslugiuuiidfuoontvatosuuuy fe
1) Usingmsamnaliily (Electrical phenomena)
- iinnszuanadliifin (Electrical pulse current) w3aUszgwad b1 (Electrical pulse
charge) Fuveuriitin PD
- (Anrindageydeladidnyin (Dielectric loss) Tuvaiiliin PD
2) \AnAAuauLwimAnlI (Electromagnetic wave) Tugunanuigevnizditia PD [6]
Fauandlugud 2.3
3) \iaUsIngnisalisesuas (Light emission) Yozt LAAnTzUuN1Tlooelulsdy
(Ionization) \JulAlsu1Aeay39
4) \inAdwidss (Sound wave) #3808 UAIMRY (Pressure wave) VOIF YU A-
findfiwdu (Acoustic emission) UnuediiAn PD
5) 1aUfATemIANToU (Heat reaction) waizdiiin PD

6) Lﬁm‘dﬁﬁ%mmﬂmﬁ (Chemical reaction) vgugin PD
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DC AC I I It Fast
Voltage Voltage mpulse voltage rising
—— _— ——\ impulses
=) |[Steady-state Switching ViF [ Ac AC _|||Switching |}| Lightning Pulse
g DC voltages operation (Polarity 0.1Hz |i{50/ 60 Hz 100..500 impulse : impulse discharges
5 reversals) H Hz voltages H voltages E(t), H(t)
o . '
® V() V(t) V(t) v(t) V(t)
o || — ‘ t t
o t T 2T t
[ I t
= Hours, changes 250/2500 | 4 55 Rise times
—— | Days..Months in minutes T=10s iT=20msiT< 10ms us 2P0 Us in ns range
‘é J=KE Electrical conduction fields
7; (Equivalent circuits with resistances)
=
T I
oL
a5 R D=¢E Electrostatic fields/ Displacement fields
% % g (Equivalent circuits with capacitances)
&
3 af
» afl -
2 c Electromagnetic waves
> T (System with distributed parameters)
HVDC transmission Three-phase alternating L o Extormal” (_Ihop[)ed .pa,.tia| :
current = ! . lightning : Discharge !
X-ray tubes Monitors (Switching: (Lightning impulses { (PD) :
Trans- Over- Over- Discharch : H e
) f ischarging o
_ € : ; Harmonics: former | voltages) : voltages) chardingiar || Seesestecsescene
g S||| Electr O.tht'c thar.g'”g tcatt."e n-50/60 | testing impulse Fast
E i percipitator evices esting Hz capacitors: transients
= _& Lasers RetorBnde S_Witching L.ightning MediC§| endy Nuclear
© Coating testing impulse impulse Biotengineering Electromagnetic
it withstand i withstand Production Pulse (NEMP)
Electrostatic flock finishing on ) tests tests
— Impulse Igsers Pulsed
Recycling power

UM 2.3 mulagsiuvesmunseanislniudasUssinnauvannisianssuliinsegs

2.1 ﬂmé’ﬂwm&’ﬂ’]iLLﬁﬂ\‘lNaaﬁ?ﬂ%ﬁ]U'N's‘hu

o

4
genaad PD annsaiatdulavatsassluwnasaiviian 3sladmaila (Technique)

o

Fadeveyanuulni lnerwdsnisussananadyy i 35n15n19aiia 5n15andnguuu dmsy

LAAIAMAN YT FULUUNITAA PD UUFIUIaNF i sanuganseiaadusuaauled (Sine

=

wave time base) Aauansluguil 2.4 fip JULUU Phase Resolved Partial Discharge (PRPD) &4l
n1siidamglunisdetaya (Synchronization) vesdayaamsnulniuazdyayaiad PD 7

A1UTARAAIVUIARAE NI TAVRIF Y IUNAT ALNUIAUGVDINTIRY Aunayula (Phase;

§ a

@) AAFIIAT VIdEyIEd dnsINTsiingveIngud g ITadITTNINNSLaSYAUE

N154AA PD UNFIUNAF MRS Uganselaadu U iWeviinisteunsadulnilviu

v Y

BLanlnInAuussAugs (HV electrode) wagBianlnsndiionsoainsig (Ground electrode) a¥

AR s sdng Ininsznied8ia nlnsanaziinusaiuanAsouYeII198IN A (FAUANTDY)

[

WAUIAUIUTUNN e Ut azuansdsdypnussiunnasentesingeinialunsalyill
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o

WAALUTNAMITTULard Y U Uit Lanided e 1S i unnAsonte931901n1ATLANT U ULAR

A

o a N

wsnamtl Flienmainlesslusdulasfivsudidnaseunntuauinnssuaiauda () 7
wssduiududanse u, wazamisniaUsngnisaifarisasilurasedsauvesussfugs
nsvwaaduliuiy §eduwus fudyaiunszuan1un@iin (Power frequency capacitive
current; i(t)) Alvaruauu ?fa%ﬁagmw\laﬁmﬁﬁmmmmﬁu u(t) ﬁﬂauuﬂuizuuaq 90

[y

83M1 Malldns1NsAng1ves PD aliuagiuiiinuazAIUiToULIwIUNADU LasanyuyAuLe

%@QﬂﬂUﬂWi@ﬂUi%UUﬂ’ﬁQU’Ju

+uy —

Uyt

JUN 2.4 Fya)1nus i uanATeNLaENTELERaYN STl UY 09390 N AYMELAA PD

Tutlagtu msthaeufinwesuildlunisiiasey PD Gsihaasninfdnea (Digital dircuit)
Tusunsueemuas (Software program) Ansslimeludusuiufindeyalusuuuulng (File) dae
Tofanunsavhnsiu andguuuudeyaniniin PD Idedrsasmnuagiiuszavinm Taofidygm
PD Huarlifunisinisuuardnuendoyalnseniauafliga (Hardware modules) foufiazyiinas
wUasteyaludsuunuudivia (Digitization) andayayiaisuniu (Denoising) Ineimatiansweniuas
(Software-based techniques) WagagyIN1TIATIE oy adeyay1ad PD finsnaununain
nisudaedeyalvey lujuuuu (Feature extraction) n1391uuUngULUUT 0@ (Pattern
recognition) uagdane3fiunisiusngudaya (Clustering algorithm) fauandluguil 2.5 Aundnil
twvhlianansonenuszandnuuznILAnIaTe PD Ussnnaneg liaznindetuy dwedsuuuy

[

¥ dl 1 U v ! dl
suamaazyigmmmﬂmaﬂua@ﬂlﬂ famnegananagoulun1s1en 2.2

Y



16

Pattern
Recognition
Signal detection| Feature F——————= |
Extraction : T-F Map |
Noise r | | g m ° %': |
Po| | BRI
Disturbance | | | | % * 5, |
Denoising | | | ] = . |
¥ ; IPRPD I Equivalent frequency
Q-¢/Q-t) pattern :
Disturbance | PD —> “( watp - iClustering
v
: l £, T-F Map
| NI W
© o 3 ..‘:.:.'
>
] o
(Q-t) waveform | W

S 2~ | Equivalent frequency
Internal PD Slot PD T A N

Classification

PPI

UM 2.5 dneaignisuszananateyadyyns PD

M13197 2.2 MskananagULuUteyadayaiad PD Uspinmneingg

Usznm , \
. nasuaneNarIulUsUNSULI KIS
AfY15a
W
Talsun ¥
AagnsasU 0
WU | Fnwaugfinans: Wsadusuia PD azinfavsaniauinlsynailugisusaiuy

ASIAUTNLIWE 270 991 (MNLALLTIRUNAFBUTUEN FwiAnfAavITaLUUIY
wlasluyiausesiuas suINTIYLNE 90 23NN Bellvuinuselugindn we

IATINSAAYIUDYNINAATITD UL ITIAUATIAU)
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Uszan . .
- . NTUEAIHANIUTUTUATUTIN WS
AfY13a
ALY .
Talsun
fAag5au —~ I
nsTe | dnvauETiuane LSPUSUAR PD Asiinfavnsaniuunuseaneiiugaeulsany
ATIUINTYINE 90 D9 (MANNLIITUNAADUTUBN ALAARAYITILUUVY
wlaslugrausiuaIsaunyuwla 270 asa19uu Feivuiauseqlgnii ud
BRTININIAGIURLNIPAYITILWAIMTIRUATIVIN)
Aay1sanay
e , \ : 4 ,
ANUUENLANS: NUTINUSUAA PD 32infay15a7eluy Il seduasIuIntazay
Minsnszneteyaludnwaeldaunnnsiu Wefiansulugiusuasauln
NUIINSAREYITATINTINSARE BN ward v UsEaNaInInlugae
WIINUATIAY
fAaynia m-
nelu — A
anwENlan: AL An PD 9inAarn5aelutaussiuassuInuae
L3IRUAS saUNTNITNIEeToyaludnuvaeiAoud19auNInsAuLINNg1 PD
UszLnndu




18

2.1.5 mirginfay1saunsdiu
Usngnisal PD viliiAnnseuaiadifitnaiaividulurianaiduy ndnuluiunfiniesns
Woaniiule Ineduegiudssinnvesgunsalluiussgeninislidssuunisauiunuansnaiu

[ s

dyyreuiad PD ?Naﬁmsmh’]ﬂg%uiéﬂu&immm?{ﬁﬂ%wuﬁmé’ﬂ GHz faun3m399Ta PD
Tuusiaz33sdlgaiudiunnsnsiueenly Ldmiufiasanidenldnumuanumnzauyesisnisg
uazgUnsaifdesnsnsanin Insanunsauenuezldmumuildonusiaze duandusui 2.6

115959939 PD anansassyniiednvuiniad (PD pulse magnitude) Igfonanniag
#io Alagasut (Picocoulombs pC) wazdiadlaas (Millivolt; mv) Tnetiuaginisnsaain oy

1) nwnsadindgy PD Fe3EnsTauus iy (Conventional method) ANUNINTTIY
IEC 60270 azvinnsnsraiarUszaungesnuilumizedn pC dsazgnianyszgnaldauly
mARamIaTETnRawsauIsaInuuveanlat (Offline PD measurement technique) ity

2) mInsaviadygna PD fe3snsvaduniinidingdiuanui gannviedievien
(Very High Frequency; VHF) LLazshumm?{qaﬁw%gLamaw (Ultra-High Frequency; UHF) ag
nsaadudyaaedusindnlifiresnulumizedn mv é?fqmmmﬁwmﬂszqﬂﬂ%n’]ﬂu

wiallansanviefasaudutuueeulal (On-line PD measurement technique) 161

Frequency (Hz)

A

oSt = h R ITRSNED [ 7 A& & _ (&
Lov X-ray

105+~ — — Corona.camefa| — — — — —— — — — ——— — — — — — —
1015

10 Gsi_ble light

19 | G @R\ ANINV/ LY R NN _ T

7 Micro
10— wave | {Infraredcamera| — — — — — — — — — — — — — — — — — —
3"1()]:1 S Electrical detection
3 lgl)o_ EHF ~ method in HV equipments — — — — — — — —
10
3x189_ S - VB ore = R i ————
10— UHF | = — S ; e
3x10° © @ “Technical specification
IOj VHF - % Bl IEC-62478-
3x10 s i5|cla g
L s 2[0(8|¢8 (3 MHz-3 GHz)
6 c O o
3x10 s 3|0
10——{ MF g 2lo|sS = - )
3x10° - g 2= International standard
15— LF || Acousic 5 = ~IEC 60270 (30 kHz- MHz):
3)18“ VIF emission
3x103_ __________________

5UN 2.6 drupnudldanudmiunimsnia PD mudemvuanianallauazanngiuaIng
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2.1.6 YUIAREYITIUNEIUNIADA
1) w19 PD 91NNM500UAUBIVDIAY QI uNadn L TEmNINIg U IEC 60270 (Qec)
Tnehluudavwasiad PD fiAntuluusazadsdsuuuunsnssaenuududuandlugud
2.7 ) fafunnsUsEInananIauIn PD, Qe %Q“Léfﬁmm?{aﬁwfmﬁﬂ%sﬂa (Weighted) gygyneau
PD finrataeenuilumizeta pC wWiemuuiadayaes PD ﬁﬁé’mnmstﬁm%mmﬁqm fauanslu
Uil 2.7 %) r;humﬁmwﬁmﬂﬁzwi’maﬁﬁmmwﬁgﬂ@mmmmm@;m IEC 60270 #i5in13

Wnauaila Pulse train response Milaszylilusnnsgiuaina daandugui 2.8

A

18-

g
| §|2- -1

Ay A Ry

! /
N (DR .

0 £ 121
fizo Ten () 1G]

0. |0-|
| '

074 b et coentuupte TP Y N T ' 0

00 100 200 o 400 sdo edo o edo sdo f0do nbo 1212

a0
e Teeld » | m| fo %n_

do 200 300 ado sdo edo 20 o o 1000 MdO 1212
Tee 1) > m| po

n) )

SUN 2.7 M3uansseavdaya1ad PD AUsyananadnseuun n) seaukeuninvesdaauiad

A7

' ¥
a < I

UszaniinTuusazasa ¥) seaudyaad PD A8n5 ISRt 1gnInNsiaden

1%
L

U nnveyanuunsg1u 1EC 60270 [7]

reading [%]

|
1 10 100
pulse repetition rate [%]

gﬂ‘ﬁ 2.8 Pulse train response ﬁlﬁi%ﬂﬂummg’m IEC 60270 [7]
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al

2) U9 PD 31nMsUsEananadiuii g uuiInsgIuiiaseuaquyle 95 % 103vaya
715397099017 (Quiaxosos)

N15M1vUIA PD Neadfdngusuunianeandusun 2.9 aunsanilaainnisussuiana
dHuleuuunInggIuNATEUARUYIL 95 % V0UaUARNYIM PD, Quasss J9T0xad Y104 PD

v} 1 aa % :.’I a ¥ Ly & 1
813115099 7I93RHUTTNTIARUUALANANLLNATEIY IEC 60270 uimlansmaansoanulumie
Tadyayru pC w3egnNATITRHIUIENTInTlduUUAAY (Non-conventional method) e
YY) [ aa = aa & 1 <@ aa 1 <
N1395393Rdeyeyad PD MgIsnanemauaudine/aduwdivdntiill 3nsnisaunuuaivan
v (Y & ] £ U o ¥ a 6 dyd

uaanansnaanseanulunugiadgyyin mv ialun193taT1EARITUIN PD, Quaxese WANTT

995U lUmATANISM5393U PD wuvaanlatkastnAlanis9s293u PD wuusaulatNaiuise

=

Juiinuauagsenudeyavuin PD veaianuvetsesninta

Frequency

Approximately 95%
of the data

The PD amplitude in compliance

+20 with the IEC 60270

Max

The highest value of the recorded PD data

€ ==

S

The highest value of the recorded PD data evaluated
with 95% interval of confidence

=
=]
=

The mean amplitude of the recorded PD data

5UN 2.9 nANNTUTELIANAIYUIA PD 370 95 % U833 1ATIATOUARNTELANTNTITIN

2.2 NM3932IAREYITIVNEIUAIBITNITIAUUUAUANAIUNINTFIY IEC 60270

n1sns1ain PD laglddsnsuuuiuindunsianamslwiimudeinualusiasgiuvaina

£%
a =

IEC 60270 \iens313invundeyasauisaminduludusinunangameiaasaauanslugui

o
" Y
ca o

2.10 F992n533nNnsvLanad N UIa8vesaUnsal TakaraIuNTaNIIVYUIATDIRAYITINAATY

luguanuinsingsanliiiy 1 MHz [5] ssuuianldinansesiniauaiiuiniae (Wideband
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PD instrument) kagta3 833nwauAI1uiLay (Narowband PD instrument) [8] 48 ld U3 vl
diyuedisnisi fie aunsalditnisusuitsuiiioy (Calibration) s ndewhnismaseu
Iﬁﬂ"asJmsﬂauﬂizLLaﬂ’aﬁﬁgus]ﬁﬁUizq Qcatmﬂm?'aqmmi’ma"mmﬂizﬁﬂﬁ Qe ITEAIUTTE
pyraseUAaInaunninIsUuLiey (IEC calibration factor) fiuszananaanszuuinUses

U109 WaEAISIASEAUAIAINUABIALAABUIENING Quy kY Qs LAY £5 % %38 +1 pC [1]
P

Uty

& __ 4
Only during
calibration CcC

%) AMM9sssluesUURNs I sege @9a.

5UM 2.10 29951ugUdmTUNIRTIITA PD AITBNITIALUUALANMNINATFIL [EC 60270

v A ° vad o o ¢ o Y o
‘Vfu’ﬁ/]ﬂ'ﬁV]'N']ULLagﬂmﬂiJ‘UmWﬁ'] QJ}?JENQﬂﬂimﬂ‘ﬁm\‘iﬁmim%mﬂ PD G]']N?Jaﬂ']‘wu@ﬂu

[

WIMsgIEINa IEC 60270 fRsil
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dlo U fe wnaatnglniusetunssuaadu (AC voltage supply) Aildlunistlouwsesului

gelifiursnaaeulardiidamaslniiesmedmiuinelvan Inglinlioudamaaauunsiuas

' '
fala 1 =

Z; Ain fansesdyeya (Filter) AUsznoumeduiuaudNilaganauigiannioudas

o

NAADULTIAUGS AInsesvilailanunsalddanileandn (High voltage inductor) n3edanTedviln

1 r-:l' é . . d" <] ¥ .«.:4' U v
HULAUAINLART (High voltage low-pass filter) FampevinutinnUesiulsasnagauandyyiu

'
=

SUNIUAIMUDAIDE198715 091N (Harmonic) waz PD ienatAnnteluniianlaiaaaui iy

Y
v

1 1 a v v 1 U d‘ k4 1 1 1 4
wriaedne dnnsderietesiu PD aneasuadeuiiauisaluadeuatinunsinlumannasanala

'
1 IS

C, Ao ffiudszgmuienvsonanuusegduuas (Coupling capacitor) Al dudruliouss

[ Gl

Tuaauaudadiasuinasivingnaaesy C, visguniaidnass PD uazgunsalSudygiavse
gUnsalA1uLi g7 (Coupling Device; CD) g silaneiatdaundyay1ad (Connecting cable; CCO)
A 1 [y a A v % 4 ) o [y a 1
WouraiumIeslladn (Measuring instrument; MI) 195 UkaAIAMENYMLAITAA PD HIUNS
a ¢ Y a 6
AATIZRMBLUTUATUADLN LN DS
~ a a s ] 4%/ [ Y a LY P gj &y 14 o 1
Wotinfay1suanduly G, asvilimiawssiuanfidives C, Wuwmala G, vinisaewm
Usguinlunaun Wufedsiinszuwanad i©) Waudourunssuandeuliiudnivlseriuiie
i waznszianUeuliiuingnadeu i, lngnseua i(t) awgnasiaineonuluanyusosdyyiu
Wadsugunsal CD Uay MI Magyimiinfduniinge (ntegrate) nssud i(t) uaedidunnduniuaud

9932UUIA (Input impedance of measuring system; Zy,) N3NalAAAN1TAU9ELI87A6)

2.3 MINTRINALYITIVINEWMILIATiANITIngLaYeN

nada PD Lifisafatulurasenudnsiaresisms i usaiunaiunasgu IEC 60270
il iesanlugunsallwihussasesns ais fmsdszandldauufelussuuaniduuuda vh
T¥nszuanad PD MiAnduannsafiuduosimadiuazenafitisnanniuresnseuaiadion
741 0.1 ns [12] shlkmrmdvesnssuaiadgsannouisguauiing83nd (Gigahertz; GHz) 33

1AfiNsAnAUNIINTIATR PD MIeIBN1sneaauaNdIngg gyl (300 MHz it 3 GHz) oy

)

=) o

91FUNSNN1TNTIITUE aq;zymiugﬂLLUUsuaaﬂﬁuLLaimﬁﬂIWﬁﬂ (Electromagnetic waves) %30
ﬂ?ﬂlumm?ﬁm (Radio Frequency; RF) aasigulas/awa1nie [2] - [5] vinluldlasudnswaves
Fyaasunuifogluguamnuigannvieiiovienasn Tullagtuamnsouaninudnuaiznis
1A PD Wunsataszinaslusunsunsuiameslalduiieaiun1snsiain PD medsnisinnuy
fain i aduudmdnliihiiAinen PD aunsauninszaredyaaesnluldlnalaeiinns

anveuTRId MlsNIARWEYY [2] Fsaunsafnfusuges/a1se1nAlusyeenefilnaann
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wnasninfaw1su1edIu (PD source) 19 Feiinasuunldaulussuu GIS Ailaseadradure

Taviz/fnalang (Enclosure) siafstiuluszey

s

N13015791A PD mgwmaian1singiovieniuminzasdmsunisnsiananiulugunsal
Inifussaenlanudnvaugnismiivesdygyraluduniansdesiudygyin Soulsluaadng
nsldauiufiwuuussuulnegia GIS lumenduiugunsallniinussgeniiesdusenouredlad

Wwnnsnvesnakazvends Muisdidunenmsdwiudggrundudousgvasiada agnu

1Y

nwazNM Iy Iufiaueg1aun duunsienyssendldinatiansingiavievtui

[

IS o £
AUa9NNANTIE9U

v o

waliansingegeniafinautudnduaieslendAydmiunisnsiadeu Jaduszuy

GIS vauzigunsalduinnuegluaniizund wazdsaunsatunlinaaeuiiodudulsensam

a i ° a o & A v
LAZLANYTNINYDITESUU GIS ﬂ@uuqlﬂG]@@QIUWUWﬂuqﬁqu

2.3.1 Uiuﬂ%%«%ﬂﬁﬂmsﬁ’ﬂgLamaw
d1115UN13953939 PD Mgwmailanisinglavien a1uisaesniuulvnssuuinvesgunsal
¢ & A =~ A v Y] ~ =~ o
wuwesiduiuuuauaudwAUTIouauAINaNIld damandlugui 2.11 Fedninaidngn
vaanldanulug1umnud 521319 300 MHz §9 1.5 GHz 1dundn [23] = [26] nsuwmailanig
AT dauauAmNduAULazAllAnISiALauANENI YR LY LR e Yo NN UTE g nAlY Y

Sauduliy i saddeyarianuaundinszisiuiuuasdulsslevdnenisitadeld [9]

1%
=]

desanluusazimaiinfandnuaziazarimsnzaslunisldauiiunndstuoonly fil

1) wadansnseiauauauduay Saldaulugmaadiladiiu 2 GHz [6] aunsa
Fonlfiumesiuuuding (Bandwidth) wunaladifes 5 MHz 141 (3] viarmuslvidadauuunn
wuuiinsivesangendluguvesulsatuueauuuding (Fractional bandwidth) didntieandt 10
Waesidud (25, 26] fagnldluvsnamaasuiinuedyanusumuanszuuitaegs iesin
insnevauesredynsunIuRing lnmaiansnsaetaililentauansnsaiusening
”@mnmﬁ’ué@mmumuﬁgq

2) wadlansnnaiauaunuinie annsadenlfiwuwesfifluuuding (Bandwidth) ge
lavangses MHz semnualidadiuruakuuiinivesaieeIndlusuvesunsatuLoaLuug
3a (Fractional bandwidth) fif 10 wWesidusauly [25, 26] fingnldluanuesininanniuves

Ao , 1 a I Y o § va v o Y
ﬁigiyﬂmvmaﬂ‘wmsL‘iJuNmN‘ViialiJWﬁULme ‘V|'ﬂ‘1/i3JI@ﬂ']ﬁC°’]5'JﬂWUL"U@°U@%asﬂaﬂa@lmqmlﬂ

11ANINTIALAUANLALAY LEIN1TABUAUDIFDFYIATUNIUIINAMUDDUNINTUAIBIYUAU
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§ =P 4= BW variable: < 20 MHz K] G Filter Bandwidth —e—
£ 2
é 'g, f UHF Sensor frequency responds
£ F q| @ T | if]
| A f A £ \ A | ¥

o I‘A d A M o A AN | “ A ,'\ 1 ,'/H ny\
a POV WY T a W% AN Il A W

v Y ¥y w W Ty . fag a N bu\/ WA 'y \mnuwn

) ! freq
variable center freq = ~100 MHz ~2 GHz

Fllter71 PQ Filter PQ

X
ENCE

Narrowband (tunable) (fixed bandpass)

——

PreAmp

PreAmp

IR

preamp

phase phase
voltage signal resolved voltage signal resolved

partial partial

discharge discharge

) MATANITINLAUAIILA AU 9) MADANISIALAUANUANIN

[

Uil 2.11 fhegramaiinmamsiaiauauauiiautasiaumtiniwesisnmsa Tndy
ﬂ?{uLLaimﬁﬂIWﬂngamaw [9]
232 g‘ULLUUﬂﬁiaﬂéll'\‘lLGZ!uwa%gLE]‘ULE]‘V\I
mﬂIuIa%‘ﬁﬁwﬁ’zgmaﬁ%mimwi’mé’ﬁyapwhum'mﬁlgLamaw Ao Wuwesyoyion e
wakgnmEisnsAnsasens avansaussnnisnwesoonidutmundecssanmdn fo
ulwesnelu (Internal sensor) fegradu segdinsuatatdulwes (Oil drain valve sensor)
duwmesuoaiuladiwuiees (Internal window sensor) laulguigas (Cone sensor) guiguiyas
(Loop sensor) LI U@y wagtduigasnisuen (External sensor) A188 191U LUSLODSIGULTDS

(Barrier sensor) WonLAnLTUaS (Pocket sensor) Wudy [3]

'
LYY A

ﬂ’]iaﬂ(ﬁlgﬂL‘U‘LJLGUE]%%LE]GULQ‘WmﬂuqﬂﬂiﬂﬂWﬂ’]LLiﬂq\‘iﬁdu anunsosudaaunduwdivinlnih
ﬂwuﬂawmﬁqLa%Law (UHF electromagnetic wave) M‘%aﬂé"ummﬁauﬁs}mmm?{gLaﬁszaw (UHF
transient wave) mﬂmsLﬁmUimgmizﬁﬁmﬂ%ﬁ]quauﬁmmmLﬁmﬁﬁuiﬁmuqﬂﬂim“lv\lﬂwngq
nyin

nsansesadumeinsluiuimsaevaussienisnsiaaduanailh wasldfunanseny
awmﬁmmwm5UﬂauﬂwauaﬂﬁwﬁqLLamqiugﬂﬁ 2.12 uptosiavenduwosneluiy fe lilaunsa

iluansdlugunsallviiussaseeng GIS vausyinmsdalniiusegeld swuvislianunsainisée

(% '
a U =

Rnfnganildlugadngalusenininamegey falddinseenuwuuaiadueeinieueniiielv
finuagainsean1sulsweesludnd wvuei seuuinisdddniuseas wasdedved Ae
mugeiaeuentulr lidmansenudeauaseaauulninaelugunsaliingarTa vivlld

flenaasnesnnudemaniglusiegunsainnsiainlusyinameasy [10]
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0 T
O Internal sensor o)
/\ External sensor

Intensity (dBm)
5

Background noise

-80 = —
107 310 10° 2x10 10 10?

PD magnitude (pC)
JUN 2.12 mswSeuiiguanublunsiavessuweinelukasiwuigesnieuen

2.4 Usingnisalunsdyannvasaaulsimantiy
miﬁﬂmé’ﬂwmsmaaﬂﬁmmmé‘ﬂiﬂ/\lﬂﬁﬁmmsmwéé’ngwmiuimaa%wqﬂmmﬂﬂﬁwLmqq
Judesddniifesienmudiladmiunimsaie PD Memalianisingesen amuiiugiu Tu
5871901540 PD Usz9Biinasou (Electron charges) ingaislunsuiiuusnagiinisindoud
nndnnavesanuliih nevsaulwiuarauautingnigiimsuusiuaunatseugsey
T a1andnnsi 5 sanunsavinanmdladnens nsuns dunrana wwddnlvi1en
Usnngmisaimsivavesnssualitibrinufeune e PD 1¢
Usingmsaiunsdyanaeduudindnlihfudanveunannnedeuiivessyali Tay
Agoris (2009: 25) ¥ ndisusealudin g iied suiandiunis A Wszqlnimgais) luss
Funis B Uszqlwiuadeud) luguuuuremdsiuaat sufianiaun x 1unan At #eg
AnuSifiasane v = aAt danandlugud 213 luszninanisiad sufivesdszqludin 1y
auniltitn (Field lines) agtinnsiAsuudasfindy ﬁﬁlﬁﬁ‘l&’mLL@JLﬂﬁﬂQﬂﬁgNsﬁumﬁuﬂQﬂJ’eJ\‘]

wanuUs (Ampere's law) [11]
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Field line

Field line

n) %)
JUN 2.13 d@ouzgnnszauantsunsdaainemduwivantiih (n) Yseqliihatndluaniuy

Fuisn (0) Maknsdgarmnauwtimantiihainnisedeunvesysz gl luiianig

AU X

nmslasunlasvesduawnnlii vialviAe Kink region muwuaduauulnii lned
femmavjadviduaunyliiiusnisy Wszqliihdieglusumia A, gy uaiiianisisesnain
sl Auusiununa Wszalifihedludum 8, g Inelu kink region flesduszneu
gaannmasaulii (Vector field) flanunsautseanididu 2 wnmes Ao Linwesaulvih
AULWISAN E, uaziinmesauinliinuuunduda £ lneniniansuaiunannisuoannnes
weeliRa (Poynting vector) S=ExH (e E fio nsesawliiliuaz H fie ninnesauuuwivan)
Tuansdafimmssarnsinavesndsuawusdmantaia u Weldiawes £ 1dussddsznou
YosNADINeEUAY ARTiAMINTaemNAsI S aninUszqlwifauanddugud
2.14 ) Fadudnuazvosmsunidyaarduwindnluin widnnlinnees £ ussisznay
YoINMBTNALURY AvilufiamInsaemndsulisanaindilseglni uwigndrdnlinieglu

@useurwaulaauulniin
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n) LINWBTEUNN TP LwINELRE E, ) nnwasaud i uLuIFuRg E,

JUN 2.14 Anuduiusseninannmeineslficayosdusznavveaninmeosauu i

»
L]

5UN 2.15 asrusgnevvesamliihinisdesweyy 0 91ansiivsey g ihniswndeuiiseluds

MwALd C lpediszasrineanndiwiud A unndlawisuniuseazainswius A U B

Tuguit 2.15 uansdaduaulniduladunils e t vdnivseqlnliedeuiise
AEIA9T v = aAt TUSaiunds C mudievasTunuiuny X Tagfvuals v << aAmuidives
Was (c= 3x10® m/s) UAE t >> At FIAISEEENE r 3UVNAY AB+BC ~ BC = vt LAY r >> cAt 39
mmsaﬁmumammﬂﬁﬁaﬁ [11]

E, vtsin@ atsin@ arsin@

E cAt c 3

r

(2.1)
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E-E arsinf g asin® (2.2)

t —
e g, C’r

AUNTITNAIRWAAID IAUFUNUS TLNT1INITUNT AT 8VDIAUI LR A nlWH 1A UnS
wdounvesUszgbni lnsaziiuldnaunlniduiesnunduazulsiunseiuanussweauszy

Trlfuazduuuseglnimmun N Welinsenainaunis (2.3)

5= Ng sin@[@}_ 1 sin@[d‘/} (2.3)

Y 4re, Cr | dt _47zgo c’r | dt

Tnglvanumuiudunszualwin J=Ngv SeaansaasuldimdsnuivanUdoseonuiain
Usngnisad PD 5u§uaeﬁwam{]a%’8 il

1) mawBsuilasmasnszuaiad PD ainmafiansssrdiinnsoutufiniy wiowwn
”aujapmﬁaél,ﬁmnﬂsﬁu FlAaMsunsnsyarevesauuwlvan fann Tty

2) NMSHNAUYDITLHLNNY

3) nsilgevesy 0 lasnaunulnfinazunsnsearelaasanidiaiduauislnfiviyudaain

fudszalnihvaeadeaun

2.5 wdnmsulaznsiaUsngnsaiRausafiszuu GIS

2.5.1 ¥ANN1SIINUVBITLUY GIS

Tutagsuanidluiussgauuulfauindig (Gasnsulated Substation; GIS) tuidundl
unumiluszuulnihussganntu delanusuadussuulnihuazansafergnisldauldvane
U mﬂﬁmﬁﬁmimmﬂ%umau Tnedudausniseenuuundmnasy Snsdenldgunsalid
aunmldnuassTuana dnsmuaunudeadaisiiunsaumdnimnssildntuneu &
N1SNAABULAENIINTIVTULABEWATUT IUMULIATFINAINS FIUTATNITIUAUUIFSNWLA
ognamnzandiedestuldlifneumdsmetuluniends

ais Wuanniliifiinsfnadagunsaieg1ataund (Bus-bar) auausessu (nsulation
spacer) Un30lAnse1935 (Contactor) vislouUasinuseduuaznszuasgagluy Enclosure 619
wandluguil 2.16 Tnsnelulsiinssnauufeluszuuanduuulaieltiluauungludmiy
Tdauensn (Arc) Tuvazdnsensasiniiwesgunsaldndensas sgalsiany anuduawiulii

& A = a & A = o = Aa °
maﬁﬁuquﬂqgﬁﬂzﬂﬂqaﬂaﬂLN@QQJ‘V]QN%@\TﬂWGUNﬂWQ\TSUUﬂWEﬂG]ﬂ'JWNLﬂiﬂ@ﬁu’]ﬂlv\lﬁqﬂmﬁﬂuqﬂfﬂ\? N1
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Tawuimiansideanmeanuduauiunseiianisfaisolufing Jsaunsaiinusingnisel

PD #ifnmsluavesnszualiiimiuing Fauinannisiedeunveseuniauszylaelauuliindu

= U

sumaviiieyniaUszaiindsnuasndounluddidniasele

Courtesy: ABB, GIS,
ELK-04, 145 kV, 3150 A, 40 kA

D Busbar with disconnector @ Feeder disconnector and
I Active parts under high voltage

B Enclosure . ar.ld garthing switch earthing switch

SF,-Gas D Circuit breaker. ® Make-proof earthing switch
R insulation material @ Current transformer @ Cable end unit

Mechanical parts. structures @ Voltage transformer y

Low voltage parts ® Local control cabinet

sUTl 2.16 dhudsnoulazgUnsaifiRnddlusEu GIS
[https://library.abb.com/r?cid=9AAC710047]

2.5.2. mMsaUsINgNIIalRaYIsaNIUsTUY GIS

Wunmisesiiiatulussuy GIS agnssngmsniiav$a (Discharge phenomena) a0
Ainanusngnisalaulvanuia (Flashover) vieluvednsaisasiiivesgunsalniglussuy
Tneluszuu 6is Huldfinisdnauaufnglussuuamiiuulaueefissozviosauiudia il
nszuaRaw$aiitmtuedlumiouluiund arudvesnsuaianaiiinduisdidngaunn
LLazLﬁﬂmiLLW'ﬁﬁigfg’lmﬂ?{uLLﬁLﬁﬁﬂiWﬁ’lLﬂﬁ@‘uﬁl (Traveling electromagnetic waves; u) %30

1 [

Beni Syrahavinsudeus (Fast transients) [6] Wneilinudnuwarnismhesdyaady
L UNIINITAIN U QYY1 UVOITZUY GIS ImﬂﬂﬁLLé’aﬂﬁlumﬁ'auﬁ%LLW%ﬁmmwmagﬂwaiu
Enclosure 84 GIS dslfiannuadganislniiazauiiusinauiu Sniianaundoudids
anunsounsdyanaeanneuensz Uy GIs I tnsunsdynueenkiuyads (Bushing) vesaneds

masluimialueinie (Overhead power line) Aauanslugun 2.17 Fuhliindyaiusuniu

1 < A 1 Y
mawdwanlwiidsansenunesyuulnalfes
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Overhead power line

Gas-air
bushing
E
tt
He [E mpu == H
| (
He |E =y =) u
4—*

—

JUN 2.17 dnwaznisiinUsngnisalfasisawagnisunsdyananauwdivininiilussuuds

Iisinnsldssuu GIS

gaunnsesiiinduluseuy GIS vilvidwaseuszdnsnmvasnisawiulusyuy auvnes

Nadulsanvangladglaeiiamnman fedl [2]

D
2)
3)

4)

5)

6)
7)

dofananaiiAntulussyrindunsunisndn Usznauniefnms
%aﬂuﬁjauﬁﬁamamﬁ’ﬁﬁumﬁaﬁwmﬂw% SLUREPRREIGIE

s evanimesvit dudaseninstudiuiat ag198uEnlngn (Electrode) wasdad
(Shield) dawaliAnanusnadndiidsudsenause
wuAnseadssruuiionainanmsiuseninuesdudauiidusininliiiusegs way
aunalansiifnagiuiuiauiuuds
Torana1nngluianauiusEninnsEuIunISHEn
nsiinseglvsivuiiauiuainysingmsalnulimuiasgnitanmmeaeulniuseg
Asud oufldanasiequanvesauiufing Sk fitnainuunuaudy dolanain

FYUMINVULYINNNSLAUNDY

F115UITN199913R AR 1N (Monitoring) Tusguu GIS WU @11150911n11505297a LA 9E 19

naviiasluraengunsallniussguinuegluanemsldauaideenlideddassuunisvininy

9g19n151wAtiaAn13n3993n PD lavisuuveaulal Fa1unsavinnisinasgunsalnsiainegng

LBULERS/AN80INALAIUTINYRIBIUN Al GIS (GIS window) Liieldnsiaaeuusingnisal PD

Panunsaintulanigly Enclosure nganizag1aganisiia PD luguanudgievion
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2.6 n15AsIvdauAl Ul lunsInvanugasamsulnlu1dns990

a 4 1 14 L% a va

ﬂﬂ‘l]']ﬁ’i]U']Qﬁ?ualuiz'UU GIS ﬂ'lEJﬂ']iVlﬂﬁ'é]Uiu%ENUQUﬁﬂ'ﬁ

f915191n3UT 2.18 n15952937 PD 7 Ll 35n5Tauuus aida (Non-conventional
method) #A1835n1305993udaad uuindnluin (Electromagnetic detection) A58inns

nsa9dauUszansnimuazaulilunisin (Performance and sensitivity check) ¥a9iuLes

=

Aan1sneaeuluiesUfjURn1g (Laboratory set-up test) nauyin1snaaauuonanIui (On-site

| '
= aada =

test) BaIdN IR UNUANANiueanlUlneTued i Ussinnvesaunsalluiussgenidesnis

ASRAEN [2]

Non-conventional
methods

Electromagnetic
detection

i
‘ Electromagnetic Performane &
Sensors . 'd | o
signal transmission Sensitivity check

PD
measurement
(on-site test)

Signal
processing

tFrg:wsformers Performance]  ( Sensitivity For GIS,
i check check transformers, cables
stator winding L l
- ! : Y. i Laboratory set-up
S!ngl_e i Pua.l payl  {|PD source with know On-site
injection of 14" Tnjection of }|' apparent charge Senciivy
artificial pulses || artificial pulses | T - chock of Sencor
in same sensor || in other sensors|:i["|njection of artificial arrangement
: pulses

JUN 2.18 n1seSutenInsanfsanud1Anyvedisn1sngiain PD Mmunsindygiuniuwivan

Tldin

2.6.1 NIIAATLUNITNATOU

nsnavgeuaubilunisa (Sensitivity check/verification) vasiuigesluasl]ufinTg
ausasiuniswaglasunisiigatuavindvselevilunsJUaase newvinimaaauuen
anufiauIEUY GIS 93¢ Bmsmsnasumnulilumsiavessumesgioviensionsvaaeuly

Vo JURNsTL 28vN13953 TN VeI Y N A NuAR B NUYALAT BT taBATuNTg
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(% [ s

Todyarauiadiisugugievien (UHF artificial pulse) ﬁgﬂﬁi’waaﬁuuﬂuﬂ’]wmaauLmé’usi"']
(Low voltage measurement) wazindgqirawad PD 310015t UUUTIADINITLANAEYISY
Uedu (PD defect model) Tunismageuwsasugs (High voltage measurement) il 3] - 141
1) MsnaasuusItugsazyinsUeunssfunaasugsliiunuusiass Enclosure fifinng
méﬁ%qmuawiaﬂamﬁamaﬁau (PD defect) é’auamﬂugﬂﬁ 2.19 WioTasansindnyeyras PD
Leaumaﬁqt,amaw%lmmﬁmmaaummlﬂumﬁﬂ (Sensor C2) gi1n1505395A PD Wude
Fuaurdusimanindreenundudymyia A (Sienal A) wazavthawndygiufinsaialdun
Wisuilsufuaunadyanaminmsmeaouussiumluduneudaly arnenarssenulud o,
1999 fiinesunslng CIGRE Task Force 15/33.03.05 [22] ¥ilwnsauiimindszqusing PD 7
Aatuilrdaus 5 pC Tuld wansaldimeliansingievensiadudyaia PD sonula lu
rasvaaeuiausasifumsasnaawauszgunnglélasnisiariudfuussgaiuies
M%@ﬁalﬁwsmﬁ’wﬁﬂ (Coupling capacitor) maﬁ%mai’mmeﬁz«ﬁmmmmgm IEC 60270

1NNNSUNITNITTARUUAWALNITINLY T iranulsaleasnsUSuLneuiey (Calibration) Tsiwn

ssuuinle

i | HY
Sensor C1
Sensor C2 TR )
1~
- = \ 7
R
' - Defect
Signal A<= UHF Me_asurlng position
device

5UN 2.19 msasavdeuruhilunisinvesuwesgievendmiuihluvssandldluszuu GIS

memnageulssiugdluiesiantg

2) NMINAABULTIAUAIIENEATRULI IR UNAABUG Az TR Id T ad I eug 1Y
groglennasesfLladyaiauasanud (Pulse generator) Ingazyihnisidousofuiduiyes
g1a%la 91989 (Sensor C1) muaﬂﬂusﬂ‘m 2.20 Lwamammmwaamamaw [ RN PN LR

[J

FuliiiAu 500 ps wardhsnAnAmAdITosnd1 100 kHz Mndudynaniadiigndassiuay
gnasaimihudumesgiovieniidosnisnsvasuaalalunisia (Sensor C2) rudodnyaa
mauimanlwieenundudyau B (Signal B) wazihvwindgygiaiinsaialauilisuiiieu

furwndyins A Adaldanmmegeuwseiugs InsaAweundyavesdyaiadiionngenn
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D.

wisailladyaauazaudszgnusuArunivuavesdyyin B Adalaasdvundoyyiumn

o

a

Tnadsaiuruindygia A lussauainnueaiaeaouliiiu + 20 Wesldud aumuuyifise

of

Pluenanssesuiimeunslag CIGRE Working Group D1.25 [4]

Impulse ofL Pulse

variable
amplitude J , [9enerator

Sensor C1

Sensor C2 |

Signal B<= UHF Measuring
device

5UN 2.20 nsesavaeumiuhilunmsinveaguwesyievendmsutluussendldluszuu GIS

AEN1INAFRUL SN LU URANS

| (%
[

gamfigawiniilululs lnafinsesiiums

>

TUNISNAEBULUBIAUAITLATNITANNBUYDIE

104 ag1elsAnin anulhlunisnsiadiaves

o

WU I TrEE AT U I NWEIML TR
a a (3

JEUUNTIINLALT I LB Usyansnnvediduees aunsalveneduyavisonaundliions

(Amplifier) gunsainsasdtyanamseriaines (Filter) waggunsalussunanadyyiauiivangay

2.6.2 N152UANYNANITNAFAU

o ¥ s

msidadenamsnsindyanniadignindelsumesyevenaunsninszimaun
Fuadld 23803 [4, 13] Wun n1sTiesendyaiuiadlulawueal (Time domain) &4
AUNTOUANINARNENIUTZUUTLATIEN PD (Partial discharge analysis system) é’ummﬂugﬂﬁ'
2.21 ) wagnsianeidyaiadulamueud (Frequency domain) B9assouanINadns
ruRedilATEaUnA$Y (Spectrum analyzen) fanandlugudl 2.21 v)

Tutligtunsngania PD demedansiagetienktuszuudiasey PD dugninanldiy
a8 9unInaney Liesninsuszyndligunsalnuauideunnnad (Frequency shifter) Failu
punsalulasdygudmivldulasdyyruniuigeaniduesgoveruidunuilug
Ferfuiaiasiieseideya PD Afinsfadalusunsunonfinmesiiased PD defleidunis

HUEInsUIAT1zToualeainvany asldunAsUSIU 989N IASIZRAUUNIUSULUU

Y v v Y
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Phase Resolved Partial Discharge (PRPD) nsUszananivuianisadfvesdgygiaiaduaznis
wansgunduvedyaaiad Judu ilianunsatnadwsnliuseuiieuiunadnsuesisnis

TALUUALANMINLINTFIY IEC 60270 19

Partial discharge analysis system UHF sensor
TQ - Amplifier/
(L/t, Frequency
\__/ j shifter
- - |
) MTLATERdyaadulamunan

Spectrum analyzer

TdBm

M\—/\A—M j Amplifier

f—"o.

Q) NNFIASITAAUUNAA I ULALINANND

AR

5UT 2.21 sUkuumsIladenaansnInsialndayaaiadlugugioe

ad o 4 o

2.7 NP LUBIAULNYINUE1YDINA
Tudagtuiianudeinisldeugunsaididnnseiindlugupnudgeiumnndudmsuldly

¥ ! =2 va a £ = < & v ! o ! < = A
Nuanizduneg Jeladmsanauaigeina Futugunsalsu/denduusimaninivientiu
ANNAINYINUnaNTTeyaludunaideinisteyanuuliang Tnvaigeiniaiussviivnig
wUaandanusznineduwimantuiuasndsnulninielddsdoyaniueinia Tunendaldd
NS BANHUUAIEINATUAIBNNANEUTHAN BEINE18INALUUENAIA (Wire antenna)
d1991N1FALUUY DY (Aperture antenna) @1881N1FALUVAZY 8UAA U (Reflector antenna)
@1991N1ALUUBILSE (Array antenna) @188101ALUULAUE (Lens antenna) @1881017AUU

LAUI9ASAUN (Printed antenna) LaZ@Ig0INIANIURNIZAUDNUINUNE

2.7.1 @189 MNIAVULNUIATNUN

AN89INIAVULHUI995ANYT (Printed Circuit Board: PCB) Al @nea1nadildusu PCB 1y
g1usesladidnvidn (Dielectric substrate) Usgnutuseusuiii Faeradnuimioassiud
1§ dmdunsyuiunsnanaisemavuLiusasiuiaviuisnsinnseulneldnsainuduusud

saessamanlss (Ferric Chloride) Winltaanwuuaigainieliyinaulugiuanudffesnis
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[ a 6 :j [ 4 1 a é’ v
ﬂ’]EJE]']ﬂ']ﬂUULLNU'N"\ﬁWlIWUULﬁiJW%ﬂUﬂ']{L“UQ']UIUEJWu@]']']llﬂqLE]‘?ILE]W‘?J‘L!I‘U LLa%VL@Qﬂ

¥
a Y o=

AAUTUINRNIENT IR eyl NN IaNe 91N ALUULNS HEygy1umaunueny (An19ng

'
a

IFYYIAUAULUNALINULNUAUN) UAZEIUDINIFLUULNTF Y IUARUAILNIT (MAN19NTTES

[

RN uLiui) arwemavilaliveanssiiivuianeyinda Wminiiiu duunis

2N

Y [y

a 4o ° vy a v = '
NanAe vinlrsidnIvelienuaulaluniseantuuluagaunn

2.7.2 d9UUszNaULATHANNITIIUVDIAIDINIAVLLNUIDTNUN
Tutlagiu mammﬁuuLmeWiﬁmﬁﬁulﬁgﬂﬁmﬁu ponuUUILIaIngnslduagvans
viln widulszneundniifivilousuluusiazia s

1) Wi euseviniomdle (Subminiature version A; SMA) Asgunsaidviuid euse
seninvangenakaraunsaldey/Suteya lneuniuaiaglia18uiiuaud (Impedance)
iU 50 Q MILUIATEIL SMA uBNINT SMA connector §yausauysuiingas
oonluldvaneuiin FdeusoiiuuuiauariadlofiolinsstuingUszasdnslda

2) wWudn (Conductor plate) 1l udalunisurndssiuvesarseinia lnganuise
Usznevludaediaindruaisfla (Conductive feed line) fnpsde/Yundseuaiy
uimdnlnlviendning wazdaaanduszununsnag (Ground plane) itaetosiy
aauulmanlainndyaasuniuly ;ziaaﬂLLUUﬁi’ﬁLﬂuﬁaaaamwuaw%ﬁﬁuﬂLmusz?
50 0 e danAeiiu SMA connector TnsunAudatsiugathsinlédunauns (Copper)
y3eazaiiiilen (Aluminum) wazanunsaidenasnuuulaseasne vuraususiile
fvupaufvesasoIARFasmMadonldemls

3) whuasasfinst (PCB) theifugiusadladidnvinuazuondassninadiuae fauagdnu
sEuunsIf nuaeenaaioudulsuaswuuduAuyseq (Capacitive sensors)
Snwadafudandsdrdalug osvasainsdiladidnnsn (Dielectric constant) A
Bufiuaud LuudIn LAYANYAZNSWENINUYEIANY N ATIAIINT0d AL UARY
wiwdnlnildegraivseansamvinle Kadunadenldfan PCB Ssanunsodsnae
UsgAvBammaianuvesaseinald Tnetan PCB daulngildamdu léun evens

5 (FR-4) waziviand (PTFE) vsawmnasy (Teflon) 1usu
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2.8 fanUsndnansenunuagaInie
[ =3 fa @ a 1 a a ~ aa o W a
angonadnlugunsaldidnnselindlugruanudgaliavienianuddgyanlunalulag
nsdeansisany aatu luniseentuvassatgeIn1addudn Aiedslszansnnnissu/dq

Tuaadliilaaian taga u1sananTuI i IkUsNdNanaUseans NnnN19YinaIuYe9a1881nIA

g7 q

2e

&
U

2.8.1 W13MIN1INTZANY

W5 HLMDIN13NTE91Y (Scattering parameters; S-parameters) Ao nvesiaU T doud
THesurevdnnsagioundy msds ez nnsunsdyaalundnimnsmnduanuiinguay
aaulilasinlugiuaudsneg Inesialuuds S-parameters zuanpgluuiuuiumInduss
Frunudedou Fasendn S-matrix et ldesuendnasvinnruwesgunsahdnisa (Network)

s 1 [ o v ¥ v

famnuduiusszrIsd Mt uLazdyundasiaunauluumaznese (Port) Ui

o

(% £
=< o 3

YounInduuIzTuagAuduIuwesaluglnsalidaidse Inefidiuanuaanazneduiivindu
nanIfe Faua N wesnazdl S-matrix vu1a N x N lagli N fig Sruaunesavesgunsaiiiinisa
Tuuslavesdusynauvsaunindiu fo S-parameters Gsasuandlusuuuy s, ialdasursd
ANNFITUSTEn Iy neIinanese (Output port; i) WazBunawesn (Input port; j)
fregrmdnnsvinauvesgunsaiiiaisanuuniimedn (One-port network) @1311%0
DU RIANUFNNUS TEWITINGRIUAIHU 3, UASWANIUALNDUNAU b, TULAAENOSAAILLUN

Inguun 1x1 sauandlugun 2.22

Port 1
I
I; L.
Source | | T
: Pl
P Zs| | ]
:Ul sy) | st [a]=[ s11][a]
el
Lo T b,
—o
One-port Network
Zin:ZS

JUN 2.22 vdnnsinuresmsiwesnisnsganelugunsalidaisavilmese
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fegandnn1sinuvesgunsellniisanuuaamesn (Two-port network) @1usaesung
AMUAUNUSTENINNAINUANIY (a; AT a,) wazwasuasiou (b, wag by) lunmaznesa

mesnguun 2x2 dauandlugun 2.23

Port 1 Port 2
1 ' ' 1
L. 4 | =2, b, S11 S12 || q
S,
Source I a - a | =
7 | : : Load |5, | |521  $22]|q,
S | S11  S12 |
é U1 | Si ‘ S2, | Uz [:| ZL b b
+ | | S21 S22 | g2 sl
ES - : I l al a,=0 a2 a=0
| b1 bz |
o—+ Siz o SZI:b_2 ,Szzzb_z
Two-port Network G l,=0 4 a,=0
Zin:zs Zout:ZL

JUN 2.23 ndnmsinnuvesnsdwesnisnseneluaUnsaiiaiindemesn

1ne7 W58003 S;; hansiNAITesd Y UMAIAzioUNaUAINWESAT 1 Wedn1vaadyqa
) s A
HNUNRTRT 1
WITIRBT S,, WAMNTIAIIRYIAAIATdEIDUNUAINNDIAT 2 Wadinsdsdyeu
| s A
HUNR IR 2

WITIARDS Sy WARDIAIBIFIARIEWY nWesa 1 lUdwasnn 2

[

!
A IRIULULDUNAU nwesATl 2 lUSswesan 1

a s =2 1
NATNULHBT Spp WERINIAIUDY

2.8.2 Ansgyidedoundunaransdiuniuieausaiulni

aflammﬁﬁuLﬂuqﬂﬂsahﬁmﬁ'{ﬂwaﬁqwas‘m FAFNUNTOLNUNIS AN DINITNTLANYAY

v Y

W1318meT Sy; UseAINITENdsdoUNaY (Return Loss; RL) A9aunis (2.4) 81 (2.5) wiveld

o o a

AATzAvesdy YIunaINds NounaulelnTady g raur Uz UL THUSEUUSEANSNINNNS
° ¢ A a a « ¢ . . q'
MMuvetgUnsalatueInid N1euladudaduiiuaud (Matching impedance) wagAui L

lauuud (Resonant frequency) tlusiu msdinszidayamaiiaunsairluldlunisesnuuy

[y

A aa A a X a a a v X Y
E‘ZﬁEJ@']ﬂ']ﬂLW@'Ju‘UQEJﬂQJ]WWWLﬂYﬂGUULL'ﬁZLWN‘UizﬁVlﬁﬂ']WGLV@IFNEUTJIG]

a Y v A

AMsgededounduazianavieiieniameniy dB lagmnAnisgaidedeunduiiaiuin

v v v 1

TUAADIAIYDIF Y Y IUAI N AL OUNS UL IUNAITIUAIFIUDY WAZLAANIIZUUAT AT

duiiwaudiussuugunsaldy/Suteyana viligunsalansonimanunsady/Sudyaalauin &
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[

1AIAINIU (Pyane) 1A

c
Ca
%
=
©
I
2
i)
2
3 o

AAT1ERNATIAIUTENI A YIRS IdE I oun

FuUse@nsnisasiou (Reflection coefficient; T')

Py

RL=-S§,, =—1010g£

J=—2010g(|l“|) (2.9)

trans

—RL

IM|=1020 (2.5)

Snsndrunduiavesusefulidin (Voltage Standing Wave Ratio; VSWR) Wugnianlyly

n1saTIRdeuUTEANSAmnYIueage maluiy Ingninanldnigieanudldanues

)

gunsalangonia leeiugiuwdieduds fie nmsnseargveswsanulniuasnssualniuuans

o o = d‘ o 4

idyga Jedunadnwsvesrdudaa uariunaAAuR Y MEE ToUNAUTE I NUNAIT18NAS
o v & a s = ° a ¢ ! [y} o o
fulvian dafunsfitnas VSWR 39115010818 i AILSiugedn (U, kazksaiumgn

(Uppip) maqgﬂﬂﬁuﬁwumaﬁwé’@ﬁmmﬁ Aeaun1s (2.6)

U 1+

- (2.6)
U] 11T

VSWR =

min

Tagnaluuaslusyuudednslisas aI5eenuuuaNgenn1aliilan Sy bty -10 dB wagan
VSWR Taiiiu 2:1 falfudiafidyarumadinsasiounduiiiessng 10 wWesidudvintu awnse
Uanld3aszinm g aanud 19auvea1ge1niele LW e N1 7R3N uIAINTg e

foundulardnsdlunduivnsinulnirazi dunisiimesndamuduiusuuvdlunduiu

2.8.3 WUUAIAN
WUUAIAY (Bandwidth; BW) fia 939n319v8amudnaiunsavinaulaegeiiuse@nsnin @
luangonirsiusgiuamautilutell lnvaiunsafiansanisnnudAyverI duiuaug e

AnuAunNluaeeIna aslumniadaginiiwesanudfiaieinieiiauld asaiuise

Y

Wnlaladndugremnudfenniadsidduiuaudluvauivnfeausulaunsaiian Sy, ldviu -10 dB

=

wazA1 VSWR laliAu 2:1 Tudnwauziliseninduiilaudiuuaini (mpedance Bandwitdth) vinlw
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#11150M1 388N N1909ANUDANBBNGIgA (High frequency cut-off; i) WagAludfMaam
g0 (Low frequency cut-off, fi.,) BeeguuauAaudnans (Center frequency; foene,) AIRARS

Tuaunis (2.7) 84 (2.8)

BW =y = S

.fcenter = ﬁligh . f}”w (28)

2

wenANUGIEsadiasiEimdnduvuInLUuAIavivesagaInalugUressIafnL UL

507 (Relative bandwidth) #3euulsATULDALULAS A% (Fractional bandwidth: FBW) fian

Y

AvualuanuEanINuANAYBIRUNAIATguiUANRALINa19Ruansluannis (2.9) Fa

I3 (3 L A

FBW 9¢ilgnsnegsening 0 89 200 1esiud 8eiignsings wuuainvivesdisoniaiazninedu

a1 TngUndluangainakauANANIN9zilen FBW 10 5o 20 Wosidudauly

2( frses = Soow)

.fhigh + .flow

FBW = «100% (2.9)

2.8.4 N3UNINTZANARUVDIENERINA
sULUUNSUNSnsEangndYy (Radiation pattern) aansauaninaiautAvesn susnd sy
sheilaiduluiidansenay SseansnesuisnuautRavesnsundsusgg atnssnsIvens anm
duvosnsuindsnuiuansgurendsnudeiisidurosiumianfiuazansdd dufuns
Funmdnuaizn1snszaienau axvilimsuiiameifinnuduresniswinszaieidanugedian
vasaneoIn Al nsanusoutsguiuunsundnszaisadusondy 4 suuuy il
1) gUnvumsunsnszatead uuuvlelelnsda (sotropic) fiquaud@nissu/dindu
wsimanlniledlunniiensfauanduguil 2.24 ondogradu lelelnsdasiiemes
(Isotropic radiator) Fafuasermasdaniafiliannsaaiisléaia usinazgnian

Wisuisuivangamaviinauluisosvenisianinaaniuasieng
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3D Directivity Pattern

z 0.8
Az 0
190

04

02

0
:l Az 90 02
£io £ 04

JUN 2.24 frpgndnuarnisuinasnuvesagonakuulelelnsln

Directivity (dBi)

[https://www.mathworks.com/help/antenna/gs/antenna-classification.html]

2) JURUUMTUNINTEINYATULUUTBUTIANA (Omnidirectional) dRasaudfnissu/dinau

3)

wimanlnfnldfseunianie 360 samadignisurnasuwuulolslnsla uregly

Y 1

sruruiigInuandlusun 2.25 endlegrady @a1einidlalng (Dipole antenna)

o a

wnzdmiuldansenuinasiniadyaaiedeulniegluduniawasianieily

T o

LUUDU

Output ; Directivity
Frequency :75 MHz
e

[Show Antenna v/

SUT 2.25 FeE 198 NUAIE AMSIANE LY IENIBINALUUTBUTIANIS
[https://www.mathworks.com/help/antenna/gs/antenna-radiation-patterns.html]

= va

SULUUNTUNINTEA8AALLULT ian1aiien (Directional) fRaantAn1s$u/dinau
wimdnlulilealudiamaiidaeudandlusud 2.26 mngdmiunisindednyga
5enI9gAnogn annsfinszeznamsidauldlnanitatgeiniaifiguuuunisus
WESUUUUTOUR ANEliSnsvenedige ondegiuty a1veInALUUgLNAY?

(Helix antenna) @go1nelulasansdunnd (Microstrip patch antenna) wadldaide
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o))}

9 aldneunddiegluianadeidvunasnidadygiusgliauisau

maudnyealiag

Output : Directivity
Frequency : 1.8 GHz
Max value : 10 dBi

Min value :-14.1 dBi 10

feimuth : [-180° , 1807
Bevation : [40° , 80°]

f "~ 5
Show Antenna ~

35U 2.26 08 19aNHULNTIENANTLYBIE 8RN ALUUTNANN AL

[https://www.mathworks.com/help/antenna/gs/antenna-radiation-patterns.html]

4) JULUUNITUNINTEAINYARULUUYADITIANIN (Bi-directional) daaaud@inissu/diniu
wamanlnflauiiansidaaumiiouasen1AnIsURUUNSWEHNAINULUUTAANIS
Wgd ualin1sgAamaidinantunuastidaaaslugun 2.27 dilaaiunsasu/d

Foyeaulalugesiianig snfeguay arweiniadlisa (Spiral antenna)

Output : Directivity
GHe

M value 555 dBi z
Seimuth - [-180°, 1807
Bevation : [40°, 907

Show Antenna v

JUN 2.27 M08 198Ny NISUANE LYY N ALUUTADITANIS

[https://www.mathworks.com/help/antenna/gs/antenna-radiation-patterns.html]
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LUIAANITBNUUUHITNEEDINAYLDYLBNULAUAINTLAY

LAZLOUAINANANEMSULN [ UNSIINREBITAUINE UL

luiflenunilaznanfesvazidganiseanuuuaigainiag1uaudgadavioyiavion

(Ultra-High Frequency; UHF) dunuuititgusluing dinusatuil dslaviinisAnwinisesnuuu

a180INIAIINNUITBVRIRIUTEWA [14] - [21] wazliminanuiilannmsfinwnuideieaiiu

wszgndldiiesaniuuiwuiresgevenniusednsamuazminzaudmiunsnsiainsayisa

U19d7u (Partial Discharge; PD) lussuvani1dbuiussgeuuuldauiunie (Gas-Insulated

Substation; GIS) sawnaliANTingeBeN InsduuniguigessenduauoiniAuauauiuay

wazagaINIALauANaNINe uenInddinanfdsmsiiassinuauTRvasage1NIMIINNIT

31209078 LUSHNSUADUALADI LA NITNTIVANINDIIAILLATDIILATIEVAUATUAIIUD

3.1 suleuituazunauniseenuuudgaInTAeLadan

1

2)

3)

4)

AnwinaaudAnissindnliiivesaisaimausazsiaiminzand msunisidily

$57977 PD 1a8A1TaD 0509 UUAINY BRIy TASIas19mnnzaudmsudnldng/

v
a v L a

Aines sumunsHaRfedld uazdesainsniing et Sraesulusunsupeniinmesle
Anwrauduiusveanisndneslassadieaigeniaf dnaseni1sid sunlasues
ApRldusazaZRRTATBLRuALS (Matching impedance)
\deneenuuuaudldaudisesms lasidendinszvinazmisfsguanuigevion
59919 300 MHz §19 1.5 GHz 1 undn 1 e991nn153Tunagysraunisalannnis
Uﬁﬁ’ﬁmu@i’mﬂié}’aqﬂfjwwqL@%L@Wiﬂmmuﬁ%mﬁﬁﬁmmé’wﬁ’igmﬂﬁiamﬂﬁﬂmﬁm
gloviov Jamnzaniigalunisnsiaaeudyna PD Tuszuuliiiusegs msiglaeily
uadayey1edWad PD ﬁlulﬁﬂﬁy:‘ﬂﬂﬁ]zLLNWﬁﬂﬂﬂuﬂ§ULLﬂL‘ViﬁﬂlWﬁ’]@’e}mJ’fLu*’U"NngLE]SUL’e]WﬁI
23] - [26] uenniigesdieisuialassadasornmaimuzausenisldanu 3
uelastasaenmziUdsuudadlumuaudldouiidensenuuy
Aunamnnimeslasiaiuesaeeinalasfnuianauidoineg uavianuiale

PNMIANYIITEmETUIUsEYNAldiednaeanga AUl TN SUABLAIWES



43

5) yhn1seenwuuaseInia lagldluswnsudiaunsasiasilaseasisaisaininas
Tasndyaamaydedoundumensiiwes Sy, (Parameter S;) Shsarumduile
293530 w1 (Voltage Standing Wave Ratio; VSWR) 53441 44aa 93 UhuunIg
LLW'ﬁ'ﬂizmaﬂ?{wmmammﬁﬁfmlﬁ Wiodinseiuszans nmuesaseiniauaziiby

=l a Y Y a L2
Wisuieuiuarinassunienas

3.2 @geINTAglavaNllianaaniuy

[

SnwazUsingnisaimemenmaes PD ansnsauansdedaayiaeeninluguiuuvesnisu
aAuudmEnlnianelugwanufgiovien (Haus 300 MHz B 3 GHz) Tnsaduusiundnluldi
wanilansaurianlulusmenazyinisasia Sadaga PO lussesinennuvasiudn PD 16
Fogunsnitalnihlneldgunsaifimvesiasume/ameanimgionon ddavaianisnsaia
uauALALAULazIATanTATIaTaLaUANANTIS Aaeiva D T9lATnAadY panuUY

a o

aNgnNFTULIaesRaNAELTRNISTdLwAnANTuaanll

q
£

luingrdnusavviilaidoneenuuvaiivaisoiniagiavienluniinvedalsoiniAuu

LU TRUNAANNIT0DDNBUVASIIA LTI UL LUV RAUANURLAULAZLAUAIIUDNING LA lAe

¥
= [V

Tuagiudnumuzn15esnkuueEgo ALY tasndlassasuinginda Windniun duvu
NSNANTAT WNIZinIsinnAneyive wesvngdmsudnlunyAnsawaiusnanuiuiiduge

ovIeNnIUsIMYRBIvesgUn el

3.2.1 sganAgleYeNaUANALAY

ange1nIed U nlaLsawnanatslulasanivunnd (nset-Fed Rectangular Microstrip
Patch) fidnwaislassaiefioonuuuldionaznssindadauandusud 3.1 mngdmiuihluny
fadsluaansatafidfiudsida fraree1naaunsnoonuuuaialasaineldniuniiuid
Fosmadentdau flenansanumuiislowund (Resonant frequency) ldaeafisanuaiud
wouiu nnsieduiifinnuigendndu fe ensuedind1fugendn (Higher order harmonic)
usnanifaduasernmafiiuuwiing (Bandwidth) uau silflenadanisviudouvesdyain
sunuApudei1nI1aseInATaLUUR I ATn e arseneiladaunsaesnuuulien
Bufluaudsinng (Characteristic impedance) Wiy 50 Q ¢ Feanusainarizuund uds
Bufiunudiuiideudeviineaiduie (Subminiature version A; SMA) lalanse Tnefilidadld

FkUadwUasduNwA UG
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Patch
Microstrip
line feed

Dielectric
substrate

SMA connector Ground plane

(N-type)
gﬂﬁ 3.1 duUTENaUNANUDIEIYINTA Inset-Fed Rectangular Microstrip Patch

3.2.2 mammﬂgmmawLmUﬂ':'mﬁ'n"iN

agemeyo1suensATiiieualusa (Two-Arm Archimedean Spiral) fauanslugudi 3.2
\Juaneoinefifitiwuudinnne waednsvenefeuiInfinaantuuLAIN 418150 80NKUY
narAILINANEANEEN (Cut-off frequency) Agauazgsanls Fsazduiusiusaiinnousnuas
aslaneluvesalufaonda (Spiral ams) lugsormerdaisndudosldundu (Balun) Fwhmii
Wumulasuuasduiiuaug (Impedance transformer) @wsunisudasduiiuaug 50 £ voei
Feusevdaeaiduie (Subminiature version A; SMA) WiAnn 1 zwundudad ufinaud fusa
aree1ma luinendnugavuillfdenesnuuuiendlmuud samUesurdy (Exponential

tapered balun) Manansavimthiduimudasduiueudlanuaseanuuulaass

Spiral arms

Dielectric
substrate

Balun

SMA connector

(N-type)

5UT 3.2 diudsenaunanvesangainid Two-Arm Archimedean Spiral
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3.3 winmsmuralaseisaseniageveniiidanssnuuy
3.3.1 ‘né’nmsﬁ'm'amiﬂiaa%wa'ma'mﬂgtamawtmumw?ﬁmu
TuAnendnugatuilldideneanuuuaieainie Inset-Fed Rectangular Microstrip Patch
é’m%’ui%lﬂumammﬂgLaﬂejLawLLﬂUmmﬁum 1n808NLUUAS1IUULALI9ATRUWLONDS LIS
(FR-8) vu1aauvut (1) 1.6 mm fidlenasdiladidnndn (ER) Wiy 4.3 Fewazaunsaviliiie
AzLUnd LB R uaudsenineind sunevdaeadue 50 Q fudiuunnd (Patch) vos

avanastnilalagldvaindueman (Inset cut technique)

Dielectric substrate
w
L

L;

Wi I
!

W s
A1) AU ) ANUNA

JUN 3.3 M3dimeslasiaianugIuvesageInIa Inset-Fed Rectangular Microstrip Patch

W151n83LATIAT19URIAIEINA Inset-Fed Rectangular Microstrip Patch fiauandlugy
71 3.3 gnunanlddnnauieiionanudldnu (f) ideinslinsaia lngruinainaunis (3.1)
fia (3.9) sieil [14] - [16]

1) mMsewiaanunIeveasnnd (W) wevauenivesnnd (L):

W-__% (3.1)



a6

L=—"C 0824k

2fo€y (84/ —0.258)(VZ+0.8)

(2 +O.3)(VZ+O.264]

1A8LNUAIAIINLSILAL (C) VAU 3x108 m/s LAZAINITAAIUINAIAIN LAD LA NNTN

Usgansua (Eep 1ol diall

2
& tl, & L cooal 1= ")) |, oy
2 2 h h h
1+12 7
L (3.3)
géﬁp_ -
221 (8= 1 bt}
2 2 N 7
1+12| —
i w

2) msmumaNEnIvesmeila (W) uavmnugnvesseila (Ly:

w. W,
ill’l &_{__/ _/<1
by W A

ZO = 120” E (34)

o

w, w,
£, 7‘+1.393+0.667ln 7+1.444

Lk ar R (3.5)

Ma
A

Tnefl g Ao anwemndugiusesladidnnin uaz Zp fe ardufiuauddiniy

3) MIAuIMANUNINTBeRawmaRaduenan (W) wazanueisesdnmeaiaduenen (L))

W, =2W (3.6)



ar

0.001699¢;, +0.137615 —6.1783¢; +
93.187¢, — 682.69¢; +2561.9¢; — (3.7)
4043¢, + 6697

4
p 07L

1

4) ANSALIUNAMUNINBISEUIUNS IR (W G) wazmnuenivesszuiunse (Lg):

Wenin =60+ W (3.8)
L i =6+ L (3.9)

luinerfinusaduillioaniuuaigainiAgiagieniaua1ud LAy Inset-Fed Rectangular
Microstrip Patch T snnaaiuuuunssisayideaviianslilunisned 3.1 weosnuuulidl
! g v d' U % ! Y] Y o v £
HanaUaUDIaANURlTULANAeY ms1zinleeiluudidynin PD Adsgnnsiainlagly
wulgeFinnnimlawuwesiveiazihveyanuninldinszvsiuiulilaunniga wenaini
i a Y A W g v :s' = v &
aeoINALazLUUIzdvuInlaTIasRTennsiulunumsdldueenwuy Jsanuisaldidu

I o U o a :‘.; dgj d‘ U 1 ¥
‘I/INLa’e)ﬂa'ﬁ/ﬁ‘Uﬂ’]i‘L!’fL‘U'JN/G]WG]QG]W&J‘W‘L!‘VIQ@IG]TJ"G’J@GIN‘5]1@

M19199 3.1 ANNIAMEINTBENUUUTBEANEDINIALLBTIDNLAUAINALAY Inset-Fed

Rectangular Microstrip Patch

. = #1881n1¢ Inset-Fed Rectangular Microstrip Patch
WASNALADS . ~ -
wuuh 1 WUUN 2 wuun 3
anudldau, fo 1.2 GHz 1.0 GHz 0.8 GHz
AMunINsesuwng, W 76.79 mm 92.14 mm 115.18 mm
AUYNIVDILINN, L 60.05 mm 72.13 mm 90.24 mm
AunTvesaeile, Wy 2.498 mm 2.498 mm 2.498 mm
ANuevesangile, Ly 30.14 mm 36.17 mm 45.21 mm
AnunIsesdnwaladuenen, Wi 4.996 mm 4.996 mm 4.996 mm
ANugMsesRnwalndunen, L; 18.3 mm 21.98 mm 27.5 mm
AMNNINTRITEUIUNTIIN, LG 120.33 mm 144.47 mm 180.66 mm
AMNEMBIITUIUNIIN, W 120.33 mm 144.47 mm 180.66 mm
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3.3.2 nannMsAuIlATEINEEaINIAgRYENLAUANANT
TuineiinusatulllAdensonuuuaizeinia Two-Arm Archimedean Spiral dwsuldidu

meemrgeteuaunminiie Tnseenuuuaidluiaesu (Spiral arms) Luuikuassfis
FRA yu1nAunun (A1) 0.8 mm (Eg WinfU 4.3) wazazoeniuvadisendlnuuldvamiasun
au (Exponential tapered balun) TIUusHLI9TANN VuIRANRU (h) 1.6 mm (ER Wi 4.3)
Pamsudusmuadufiunudseninalusaasuuagiiderearineadue 50 Q aaiunsm

AN RBNTuAudvesalUSannsuliainaunisves Babinet [17] Aswansluaunis (3.10)

(3.10)

Wieflunwrsasiian FR4 Jugiusesladdnnin azyilvidunsduiiwaudvasalusaonsuiien
Wiy 90.9 Q winnstinfesnisiassdlusaesulaeflifiusuisasiuiilugiusedladidnm
3n @unsaunuan €r WU 1 Fadupasnladianninvese1nid Az e unmduiuaud v

TuSasusiawiiiu 188.5 €2

Rout Wto
fo

H
G C,
Cz\
< e
G,
Wi
n) @luSannsy ) nglnuLdgamUasuIauY

5UN 3.4 ailweslaswadeiiugiuvesangeinia Two-Arm Archimedean Spiral
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W15101093 LASIE519009@18871017 Two-Arm Archimedean Spiral ﬁQLLa@ﬂugﬂﬁ 3.48n
Panldiwaniiodenvunwuusinifidenisnsaia Tnefuimanaunis (3.11) i1 (3.14)
fail 1171 - 121]

1) dwsumsanalasiasisvesalisaosuazdesssydnuiusevvaveddlusaeisy (V)
Anuniesalisanisy (4) Yasinssyninealusannsy (G) anuanssrdivesnalusa
o5uluusazseu (RCO) Saflnnelualusansy (Ri) wassainsuanalusaaisy (Row)
il ruaauddneenian (flow) ALAFMEENEIaR (frigh) wazyueeidnallsa

915uvIsEn (Op)

G /A2 B R (3.11)
4N

Siow Zﬂjhm (3.12)

Fhigh 2;kn (3.13)

W=%§? (3.14)

[y

2) dmiumsdunalassaisrenendlnuudoamieiingu anuniisaefanisiladuwe
Sufiunuduesundu (Wr) anuniraefianisilvominndufiuaudvosudu (W)
anunsadwIalaanannis (3.3) f9 (3.4) d@runnunineszuiunineuesunay (We ) az
wifudesindsEnInans 1R fin (Ground pins) vesiudeudavfinieaiduie n1sidontun
AnugavesuIdu (H) Avanzauazaonadeduszosslouuudiiaziinynainueniviniu
1/4 w93nnunIndu () frsdgudnans (feenrer) tazidutondlnuuidoavesiiuun
Susmualdan Cr=Wrye™ uay Co= Wy, e" Tnsilen t axiiendaus 0 aufia H
Tuineriinusatuildoonuuuaeseiniagiesenuauauiniis Two-Arm Archimedean

Spiral Panupanuuuusassandeaiiuandslunsedt 3.2 Wessnuuuliinanevauese
mm?{ﬁ’maamﬁqmLLazLLuwﬁmﬁﬁLmﬂ&mﬁu mez'jﬂmaﬁ"ﬂULLé’aﬁﬁgmm PD AI39NA5ITIA
Tneldisugesinnnimiusugoiieflazihdoyatounuldfinmeisutulildunian
uenniameamautazuutrivuelasafiuandsiulunuaruifeesnaniieaniuy

JeawnsaldidunadendmsunisihlunyAasinuiunigansiaianienld
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o ' a s a v
137190 3.2 ﬂ'TW']T]lILmaﬁfﬂﬁa@ﬂLL‘UUGUQQa']El@']ﬂ']ﬁqL@%LaWLLﬂUﬂjqﬂJﬂﬂT‘l\i Two-Arm

Archimedean Spiral

- . #d1821n1A Two-Arm Archimedean Spiral
TRERETGOE ~ - 5
WUU9 1 WUUd 2 wuud 3
AnuAdmeensgn, fiow >092GHz | > 0.636 GHz | > 0.486 GHz
AwAAveevigan, fhigh <8681 GHz | < 8.681 GHz | < 8.681 GHz
Tuusovavesalusaosy, N 4 6 8
Anunisvesaluseansy, 4 2.9 mm 2.9 mm 2.9 mm
Yasinseninalusansy, G 2.9 mm 2.9 mm 2.9 mm
Sesinieuendlusansy, Rour 51.9 mm 75.1 mm 98.3 mm
Sesinelualusaosu, Riy 5.5 mm 5.5 mm 5.5 mm
safigusedladidnyan 55 mm 80 mm 105 mm
yuoowdnalusanisy, Oop 90 [1] 90 [] 90 []
mmﬂi”Nmsﬁ\lmmqéﬂnﬁuwmmaamﬁu, Wryi 3.13 mm 3.13 mm 3.13 mm
mmﬂ}iwma?\lmmqﬁiqLmﬁwmmaqmé’u, Wio | 0922 mm 0.922 mm 0.922 mm
AU TIUnIMavesuIay We, 6 mm 6 mm 6 mm
ANNgevasuaY, H 62 mm 70 mm 75 mm
AT DS UANERIIVRS Cyy 1T 12.697952 | 11.246757 | 10.496973
Amnlnesuansnsved Gy, 1 21330968 | 18.896686 | 17.636907

3.4 N1FAATIEAAMANTRNITINUVIEIEINTALBBONHIUNTINADIUAY

a 8% a 4
NATHA81UTUNSUADUNIADS

N991NIEBNDBNUUUAIIUD MU LUUAIANLAZATLIINIT MBI LATIAS 198 9@188INA

figoanmseeniuuuda suseluasyhnsiemeimussaniua AMENURN15YINUYBIEEDINA
FrelusunsuAeNfiamed MATLAB &sanunsasiassvuinlasiadeaiseinia muuasinwiy
A Avuevidedanladidnnin wnsizidyaiuniggdedounduiienisndines Sy,
(Parameter S;,) T4AS12W RS 1dUAA Wil svotusefuli1 (Voltage Standing Wave Ratio;

VSWR) kazlaniguuuunisunsnizateadu (Radiation pattern) ¥04a1801n1Adue #98n155u

' ' [
v a A =<

(run) Adamdeguausntulsunsy deiegniuandusuin 3.5 fgun 3.6



Create antenna structure

51

25 % Patch side

26 patch = antenna.Rectangle('Length’, L, 'Width', W);

27 microstrip_feed = antenna.Rectangle('Length’, Lf, 'Width', Wf, 'Center', [(Lg/2)-(Lf/2),0]);
28 inset_feed = antenna.Rectangle('Length’, Li, 'width', wi, 'Center',[(L/2)-(Li/2),0]);

29 top_layer = (patch-inset_feed)+ microstrip_feed;

30 % Dielectric substrate type

31 substrate_material = dielectric(’'Name’, ‘FR4', 'EpsilonR’, er, ‘Thickness®', h);

32 % Ground plane side

33 groundplane = antenna.Rectangle('Length’, Lg, "Width', Wg);

PCB stack-Mathworks

.BoardShape = groundplane;
.Layers = {top_layer, substrate material;groundplane};
.FeedLocations = [Lg/2 @ 1 3];

metal(‘Copper’);

34 Microstrip_antenna = pcbStack;

35 Microstrip_antenna.BoardThickness = h;
36 Microstrip_antenna

37 Microstrip_antenna

38 Microstrip_antenna

39 Microstrip_antenna.Conductor =

40 % Display antenna structure

41 figure;

42 show(Microstrip_antenna)

) Iae9lATIFS9EIYDINA

Plot the simulated parameter S11 signal

43 % Enumerate frequencies

44 freqs = [10e+6:2e+6:3.0e+9];

45 % Plot isignal

46 S11 = sparameters(Microstrip_antenna, fregs, 'Z0'; 50);
47 figure;

48 rfplot(S11);

Plot the simulated VSWR signal

49 % Enumerate frequencies

50 freqs = [10e+6:2e+6:3.0e+9];

51 % Plot signal

52 figure;

53 VSWR = vswr(Microstrip_antenna, freqs, 'Z0', 50);

Plot the simulated radiation pattern

54 % 3D radiation pattern

55 pattern(Microstrip_antenna, f@; 'Type', ‘gain');

56 % 2D radiation pattern in XZ-plane

57 pattern(Microstrip_antenna, f0, 0, 1:1:360, 'Type', 'gain');
58 % 2D radiation pattern in XY-plane

59 pattern(Microstrip_antenna, f0, 90, 1:1:360, 'Type', 'gain');

5UN 3.5 freged

U a a

ANLVYULY

) AATITNAEY
=

MU NTUUTEHUAMANUANTYIN YDA 8RN

<

WlulsuNsy MATLAB tednaasageInAglevianuauaALiLay

Inset-Fed Rectangular Microstrip Patch



Create antenna structure

52

81 % Spiral arm side

82 spra = spiralArchimedean('Turns', N, 'InnerRadius', Rin, ‘OuterRadius', Rout);

83 top_layer = pcbStack(spra).Layers{1};

84 % Dielectric substrate type

85 substrate_material = dielectric('Name’, ‘FR4', 'EpsilonR’, er, 'Thickness', h);
PCB stack-Mathworks

86 Spiral_antenna = pcbStack;

87 Spiral_antenna.BoardThickness = h;

88 Spiral_antenna.BoardShape = antenna.Circle("Radius", substrate_radius);

89 Spiral_antenna.Layers = {top_layer,substrate_material};

90 Spiral_antenna.FeedLocations = [@ @ 1];

91 Spiral_antenna.Conductor = metal('Copper');

92 % Display antenna structure

93 figure;

94 show(Spiral_antenna)

A1) a09lASIASI9ANYDINA

Plot the simulated parameter $11 signal

95 % Enumerate frequencies
96 freqs = [10e+6:5e+6:3.0e+9];
97 % Plot signal
98 S11 = sparameters(spra, fregs, 'Ze', 188.5);
99 figure;
100 nfplot(S11);
Plot the simulated VSWR signal
101 % Enumerate frequencies
102 fregs = [10e+6:5e+6:3.0e+9];
103 % Plot signmal
104 figure;
105 VSWR =, vswr(spra, freqs, "'Ze"; 188.5);
Plot the simulated radiation pattern
106 % 3D nadiation pattern
107 pattern(Spiral_antenna, fcenter, 'Type'; ‘gain’);
108 % 2D radiation pattern in XZ-plane
109 pattern(Spiral_antenna, fcenter, 0, 1:1:36@, 'Type', 'gain’');
110 % 2D radiation pattern in XY-plane
111 pattern(Spiral_antenna, fcenter, 9@, 1:1:360, "Type', ‘gain’);

) NaendyudmsulssliuaantRn siuvesatseIne

5UN 3.6 fregemdsimTentululsunsy MATLAB iednaesanueIn1AgLasanuauaIIud

U

1979 Two-Arm Archimedean Spiral
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3.4.1 nssnaeuiiadianeiaigeniaAgaveviiauaNuiLAY

Iu‘iwmﬁwuﬁ‘aﬂ’uﬁlﬁaaﬂwammsuaamammmqLamammumm?ﬁmu Inset-Fed
Rectangular Microstrip Patch Wanunauuuy sanansathurdasddulusunsuneufinnes
MATLAB susieazidenlassadisiivandlilumsed 3.1 wavanunsalilusunsudnseidaano
a3 S, hasersnsdiunduiweseiulih LLaSLL?IGN';:‘ULLUUﬂWiLLWiﬂi%%’]EJﬂ?ﬁIU“UaQ

aa

deoMALAIWUU 3 TAuay 2 IR dwandlugun 3.7 fagui 3.18

pcbStack antenna element pcbStack antenna element

z(mm)

[N Copper

I feed
 —— Y

N) JULBIATUUY ) JULDIATUFN
5UN 3.7 M3daedlasasiuangeniAgiavienlilauauinAy Inset-Fed Rectangular

Microstrip Patch WUl 1 faelusunsy MATLAB

5 T = T T
0 }
5 \\ (’ V
AW, | T T e DAL
)
°
o151 -
°
2
5-20F -
@
=
251 -
-30 - .
351 :-'32:002791 7
40 1 1 1 1 1
0 0.5 1 1.5 2 25 3

Frequency (GHz)

6 o

JUT 3.8 MAlATevidyunsilves S;; 1eEgINALYENLAUANALAY Inset-Fed

Rectangular Microstrip Patch wuudi 1 91nnssiaesalusunsy MATLAB
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I

Magnitude
w

1 | 1.197 GHz! L 1.207 GHz |
1.18 1.19 1.2 1.21 1.22 123
Frequency (GHz)

0
1.17

JUT 3.9 mliesgsnndiunduiiussiulivhvetaeeiniagioveniaumNLAy Inset-

Fed Rectanigular Microstrip Patch wUufi 1 39nn1ssraasdnelusunsa MATLAB

Output | Gan
Frequengy = 127 GHz
us 592 dBi

-20 1 dBi
[-180°, 180°]
jon & [-90° , 90°)

) ATHNINTLINYAAUWUU 3 TR
—a] —aw]

gain (dBi)
90

gain (dBi)
90

150 30 150 30
180 0 180 0
210 330 210 330
240 300 240 300
) 270 , 270
) NTWININTLANYAAULUY 2 TR UL XZ A) NTWINTNTLINYARULUU 2 DALY YZ

JUT 3.10 MTUATIENFULUUNITUNINTLNLATUYBIAEDINALLBTONUAUANALAY Inset-

Fed Rectangular Microstrip Patch wUu7l 1 99nnnssiaesielusunsy MATLAB
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pcbStack antenna element pcbStack antenna element

z(mm)

z(mm)

I Copper
I fecd
 m— Y

N) YULDIATUUY ) HULDIATUAN
5UM 3.11 N1591904lAT9ET9E189INALLRTONUATAIUDLAY Inset-Fed Rectangular

Microstrip Patch wuufl 2 felusunsy MATLAB

Magnitude (dB)

X 1.00457
|y 26.1362 |

30 1 1 1 V., 14
0 0.5 1 15 2 25 3
Frequency (GHz)

JUT 3.12 MTUATIAAYY IS S VedageINIAgeYenilauANALAY Inset-Fed

Rectangular Microstrip Patch wUUfi 2 91nnnssiaewnelusunsy MATLAB
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6 T T T T
5 .
41+ -
[}
T
2
c3F -
j=2}
©
=
JlvsWee2 o N ]
1k 4
i i
0 _d | | 1.001 GHz! L 11.00§ GHz | | L
0.98 0.985 0.99 0.995 1 1.0056 1.01 1.015 1.02 1.025 1.03
Frequency (GHz)

JUT 3.13 Myllnsendnsdunauilsussiulninesaigeiniagiesienuauaduiuay Inset-
Fed Rectangular Microstrip Patch Luufl 2 aann1531a0maelusunsa MATLAB

ut | Gain
Frequeagy - 105 GHz
Max value 562 dBi
Min vale dBl

muth
Elevation

A1) ANSWNSNTEINYAFULUU 3 1R

— a0 [—ar
gain (dBi) gain (dBi)
90 90
120 I o 60
0
150 30 150 30
180 < 0 180 0
210 330 210 330
240 300 240 300
\ 270 ) 270
Q) NNTENINTLANYAAUBLUU 2 TR ULAU XZ A) NISENINTZINUAAUBUU 2 TR bULAU YZ

JUT 3.14 MTUATIENFULUUNITUNINTENLATUTYBIANEDINALLBTLONUAUANALAY Inset-

Fed Rectangular Microstrip Patch wuu7i 2 a9nnnssiaeselusunsy MATLAB
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pcbStack antenna element pcbStack antenna element

N) YULBIAUVY U) HULDIATUAN

U7 3.15 nsdnaedlassaseangoniagievenaualuiuau Inset-Fed Rectangular

Microstrip Patch wuudt 3 melusunsy MATLAB

——dB(S

11)

Magnitude (dB)

20 : .

251 X08146 | ' 7

30 1 I 1 | I
0 0.5 1 1.5 2 25 3

Frequency (GHz)
JUT 3.16 MTUATIENAYYIUNITRT S VedageIN1AgLeYeNlaUAINALAY Inset-Fed

Rectangular Microstrip Patch wUufl 3 91nnsstaesnelusunsy MATLAB



58

I
T

Magnitude
w
T

VSWR=2

N

i
'

'
T

0 | p812 GHZJ T 10518 GHg !
0.8 0.805 0.81 0.815 0.82 0.825 0.83
Frequency (GHz)

JUT 3.17 mylesendnsidrunauiisuswiulninzesagainiagievioniauauiuay Inset-

Fed Rectangular Microstrip Patch wuufl 3 ainnnssnaasnelusunsy MATLAB

tout | Gain
ncy | 850 Mz
valbe 6.16 98I

oul
Froquer
Max

M

1) NTHNINTEANYAAURUU 3 TR
[=—==0] [—a=w]

gain (dBi) L U in (dBi
90v o ngg )

150 30 150 30
180 0 180 0
210 330 210 330
240 300 240 300
) 270 ) 270
Q) NNTENINTLANYAAUBLUU 2 TR LULAU XZ A) NISENINTZINUAAUBUU 2 TR bULAU YZ

JUT 3.18 MTUATINFULUUNITUNINTEIILAFUYBIANEDINIALLBTDNUAUAILALAY Inset-

Fed Rectangular Microstrip Patch wuufi 3 a9nnnssnaessielusunsy MATLAB
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JInMITasttazinzisislusunsunsufimesaunsamvaeaudldnufiveusule
suaﬂms;lmmmqLamaWLmumm?{Lmu Inset-Fed Rectangular Microstrip Patch Tuusiagiuu A9
swasBuaiinanslilumsedt 3.3 Tngeumsiosansasmdundudussulnihifia < 2:1
(2:1 VSWR bandwidth) nadwsd laainnissrassnuinfinnulndifesduainud 1daud

panwuUld

M15199 3.3 PAUdlTuveIAIgeINIALEUENILAUAINALAY Inset-Fed Rectangular

Microstrip Patch Tunsazuuundainnisitaesmslusunsuneniaimes

A15971899a2AT12IR8TUT LN TUADNN NN DS
LS. #1891 Inset-Fed Rectangular Microstrip Patch
WI5IULNDS - 5 -
LUUN 1 LUUN 2 LUUTN 3
AUl uTioanLUY 1.2 GHz 1.0 GHz 0.8 GHz
2:1 VSWR bandwidth 1.197 — 1.207 GHz | 1.001 - 1.008 GHz | 0.812 - 0.818 GHz
YUIABUUAINY 10 MHz 7 MHz 6 MHz
AuARUEnans 1.202 GHz 1.0045 GHz 0.815 GHz
NS ATULDABUUAINN 0.8319 % 0.6968 % 0.7362 %
ShsEuAALT DS
) 1.0454:1 - 2:1 1.1038:1 - 2:1 1.1253:1 - 2:1

wsanuladin (VSWR)

3.4.2 N1331989NRIATIENENIDINARTRHAUAINANTS
luingnfinusaduillaeanuuuruinvesaigeiniaglavianiaualuining Two-Am

Archimedean Spiral LIiauuaanuiuy @eanunsatinidnasslulusunsunsuiionmes MATLAB

i d

AUTI8aTLE unlATIAS 197 LAl Tun151991 3.2 wavarursaldlusunsudiasisRd e

'
1 A

W5ERes S;; AATENERTdmeaUTemsUlNiuaLLAAITULUUNITUNINTEINEATUTD

aa

geeNAlIaLUY 3 Tfuay 2 17 Asanslugun 3.19 fagui 3.30



pcbStack antenna element

z(mm)

-60

60

60

pcbStack antenna element

X (mm)

I copper
I reco
I FRe

N) JULDIAUUY

) HUUBINUAN

5UM 3.19 N1591909AT9E319a189INAGLBDNUAUAINANINE Two-Arm Archimedean Spiral

WUUT 1 seTUsunsa MATLAB

-20

Magnitude (dB)

-25

30k

35

-40

—dB(S,,)

| X 1.351 .\ T
Y -29.4437 |

0

5UN 3.20 N153As 1890

0.5 1

<

15 2 25 3
Frequency (GHz)

ININTIADT Sy VBIENgDINIAELDYLENILAUAIUANIIE Two-Arm

Archimedean Spiral WUUT 1 99nM58a0eielusunsy MATLAB
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FN
T

Magnitude
w
T

olvswR=2 N\ ]
1+ -
0 | 1/1.016 GHz L | L
0 0.5 1 1.5 2 25 3
Frequency (GHz)
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a9 IndyguiadiuuTIMYewRed (Window) veduuuiiassiuwandluun 4.2

Y, 4
. ~ "y ‘ 3
o° ‘ O A% d v
¥ P .\\ L) »\ L&
Py it

n) 1AS9ES L UUIIAD ) USLIed Window

JU# 4.1 wuudnaes Enclosure dwisuliveaeuluviosdiinmsiniiusegs aqa.
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#189101A

d181n1A

Inset-Fed Two-Arm

Rectangular Archime-

Microstrip
Patch

dean

Spiral
& 3

n) angenniAglevenlLaUuANtLAY ) @B NAgeUeNLAUANLANIN

1Y

JUN 4.2 dnwauzmsny/Andsangeinidgioriaviuaiuiian Window veswuudnaes Enclosure

4.1.1 WUUIARIFIMIUINITNARBULTIAUEN

aunmses (Defect) figndnaswriunistiouussiunnaeugslifuLuudiees Enclosure 4
I§dansnsiinfauifauisdau (PD defect) Uszinniavisamuiiaioadisusingnisaiiulu
A1l 3 (Flashover) fignursasfnd wlaluszuu Gis Tnenastds 18 nlnsanssnan (Sphere
electrode) BwnLdLHUANINAIN 30 1y, uardianlnsnszuIu (Plate electrode) WunaduRIY
fudnans 70 1. AufBauIueyA3aR (Acrylic sheet) Jun 115x115x12 . fauanslugud
4.3

x Sphere .
Acrylic sheet
- electrode !
Y i/

420

S =
Plate electrode '

2 = Pl

n) ImegunsuLuUTIaes ) ANTLUIBLENIATA

3U% 4.3 LUudaes Enclosure in1591aa3nsiin PD dusunisnaaeuusesiug
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4.1.2 WUUTIRBIEINFUIDTNARBULTIFUAD

msi’fwmquai’waaaé’ﬂwmzﬁ%ﬁwqumﬂauLLsQé’umaauqﬂﬁﬁuquai’ﬂam Enclosure
Lﬁaﬁi’waaqﬁ’agﬁgmﬁaﬁﬁwshugl,asmawsmﬂLﬂ'%lmﬁ'n,ﬁmé’zyaunml,l,azmmﬁ (Pulse generator)
TngazynsdeuseduatgeniayLoviensnsds (Reference UHF antenna) fidaum3oaily Ao
41881N1A8L0vLeNga5 U (UHF Hom antenna) ﬁ’agﬂﬁ 4.4 s‘zfqLﬂ‘jumaafmmﬁ'ﬁgmwumi
uninsraseduLUUEaaien liiinaaudinigu/dsedusd vl ldfussesmdlng

wingdmsuihunlddsdyguiadivioy

Artificial pulse signal

Pulse

UHE antenns L eneracer
4 Win:iow
)
420 mm
Pulse
~ generator
T 320 mm—| & Y
n) lnegunsuwuudnaes v) yngunsaldae iy uNadi ey

5UN 4.4 uLuudnaed Enclosure Miinisdnassaswdyauiadiiangugiagendmiunis

VOADULIIAUG

4.2 nsasavdauaulilunsinvasageainiagegtedmiuilulssendldly

SEUU GIS fMen1snagaunssaugsluioslifnag

nszuiun1snagavaziiunisnaasunisiia PD Uszianaayisanuiddlusuuinass
Enclosure Aiszdiuusssumaaougaiielinsrnasumiulilunsinvesaeseinagievionusiazsi
fignesniuuinuasiaueluiveinusatull nsveseuiiausannainrunauszgUanglag
Tnsamatadeisnmsiauuusaiumumasgiu IEC 60270 fldvdnmsnainszuanadiiis
aevesgUnsaluaziinisUszgndliiinsuuiisuiisuliunieiesdetadnunldnaaeusauiuls
yilanunsadudussiusvunlszaunguazsuiadyain PD finsainaingunsalaneeinia

1o TunsnaaeuazyiiMsduiinean snAaeuINYARTeIATIZY PD Nanunsatuiindeyaruin
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nMeatAkarUAI YR IMAaYITY nioudinTgsinadnslugUiuy Phase Resolved Partial

g Q

Discharge (PRPD) waz3uUuu Time-Frequency (T-F) map e8nsnld

4.2.1 YAIITNIINATIULITIAUG
a3AUsEnaulIRsVAaRUa0nAd 041 UI9950 59T VRIITNTIALUUA AN NNINTFIY

IEC 60270 lnednLasenieasailaasunsuiiuansluguil 4.5 299sn1svaaeudsaiawandlugun 4.6

Filter
impedance (Zy) Enclosure model
with PD defect

HYV Testing transformer

Coupling
capacitor (Cy)

Designed PD data
UHF antenna  acquisition

Coupling
device

Frequency
shifter

N
'|’
<I5
m—
N
@

High voltage area

Safe area

Voltage
regulator

@l‘ Wireless connection
)

Single Laptop with PD

phase analysis software
AC

supply

220V

UM 4.5 lnozunIuynieasvaaeudniunsnaaoulsiiugs

TuuFnallvifiusegs (High voltage area) gUnsaluaziaioslefllunsveaaeuysznevly
Ay
1) wﬁauﬂawmaauLmﬁ’ulﬁ/\lﬁwqﬁ (HV Testing transformer) au1m 40kVA, 460V/75kV,
50/60 Hz, PD < 2 pC
2) ﬁ"JLﬁUUizﬁ;mULﬁa’J (Coupling capacitor; C) 9un 1 nF, 100kV

3) aunIaisudyaamIegunIalnuLied (Coupling device)
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4) mammﬂgL@%L@Wﬁlﬁaamwum (Designed UHF antenna)

5) gunsalmuANAdeuAME (Frequency shifter) Sadugunsaluvasdynndmiuly
wasdyunwdgsanduesesgeuenunduauilugiuforfuniesinge
T3 PD f1UsEN0UMIAINTBIAINA 81U 100 MHz, uouwdlwioos (Amplifier)
9M31v818 20 dB

6) yaiATesdiaigvidaya PD (PD data acquisition system) H2auUURIAYIRIUA 16 KHz
014 30 MHz

7)  BUUIIABIAN09lanENiin1s91a99n15:An PD (Enclosure model with PD defect)

) Uhauiasadeainliiusegs

UM 4.6 ¥n2923N15NAFRUITIEnT UM Indeukssugdluiesuf TR s usege ava.
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Tuusuiasadeanliiiuseas (Safe area) gunsal/iasesilenldlunimegeulsenou

Tusne

[y

1) wsmuaunstaunseiuli (Voltage regulator)
2) pRuNIMBSUANINATAAAILUSLNTULRNIITIATIZRAGUNITIUNEIU (Laptop with PD

analysis software)

4.2.2 %”’umaumswmaaumaﬁ'uqq

1) ‘wé’qmﬂLm%amﬂﬁmimaaué’qLLamﬂugUﬁ 45 w%’auﬁwmiamﬁ%mammﬂqLamawe’h
Tasmilaidesnslinnaeuiniuding Window vesuuudiaes Enclosure fauanslusy
7 4.2 9 uasiinIsUTuLRBu9asIAgeuTessE UL luAEnNs TaLuUs sl LA

U955 1EC 60270 tngtraunsaluSusis ufasnsaunsgiudasonud1aneves

'
=

wuudnaesldnaaeunandlusun 4.7 wasidendeunssuanadduqndvuindsyy @

n3UAILUUeuUN U 8TvdasrsIkuUTIaeY Wavnsusuifisuiaseasihgunsal

UFULigURawIsLNAIEIURENIINIAT UAISUIIINITNAGDU

gunsaluTuiiey

AEYIsANINTFIY

UM 4.7 Tunaun1sUsuLiig U smmaaeuaeseuu IR luIsNsUUUALANALLIRTEIY IEC 60270

2) hnsteuussiunaaeulagiiiuAuswunageuTueg1edn suandlugun 4.8 wiey

dungdn PD Suiniiusaiuminlng
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3) vinsdeuussiunaaeulviogluyie 110 % fis 120 % voeus3aU PD ISuLiniiely
sUkuUNIsfia PD aunsawanstayadyaunadeonuladaau (28] wazseaunin
snwargULUUinvzdinuaiie e satuiinnanisnaaeuls

4) yINsTUNNHaN1TNAaaUTNNTIINA8ITNITTALUUALANAINLINTIY IEC 60270
wiauiutuiinnanismageufinsivinsisavomagievionluiRsnaaey

5) 989 INUUTANHANITNAAOULATILAD F81IN1TARSIAUNAGOUIULUG AU UaTTS

A v a A a =
2L NNDIAUSIUTLAA PD AUANIN

6) ﬁ'}ﬂﬁﬂ%’mﬂﬁauwmmaaﬂmsﬁﬁmﬂmmﬂgJJL@%L@V\Ié’hﬁuuﬂ#’fﬁnmaauﬁumaé’wéﬁmw

0 v A d \ A a
A) UIAHATVIIIVNAIULINING

110~120 f------- -
100

> 1381

R s —sl |- =]

2 A Y a Aa a s '

neszeznanie IHUs naNmaaaws 119

AuaamnoullSunlagusasnaaeunaziinnsg
< Y .

naAdUNUNANS A0 11/

-=-->Fufuiinnanisnaaey

9 A a P ' ~ A
\ 3T S ’“5EITWE‘]J!L‘]J‘]Jﬂ15Lﬂﬂﬂﬁ%15ﬂﬂ1\iﬁ’lﬂﬂﬂ’ﬂﬂﬂ\‘iﬂ

5UM 4.8 anenuensUounswiu-lialun1snaaaulssiugs

4.2.3 WAEWSNLARINNTTUIUNMSNATDULTIAUES

nnisnaasuluiesUfuanisludusege @3a. an1musseIn1AnISNAGBULANS

paungiiviomaasy 33 °C, mnutuduing 76,5 % wararufuusseInia 756 mmhHg

navadeuNITUTUIsUImadeuressruUialuIsnITIauuuA uANnIuNRTEIY IEC
60270 lfuanssivazdonlilumsied 4.1 nfeunansnsiinssiteyadyynlusiuuuves
Phase Resolved Partial Discharge (PRPD) Time-Frequency (T-F) map LLazgﬂﬂ?{uﬁaﬁﬁﬂLLam

Tuguil 4.9
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VZEOT L o Aot 50530t S S AT SRS B 16935
586.91 — 158.98 —
— =
S =
rq £
L =
E 0 - £ 14861
g E
= g
-586.91 — 138.24
-1.2E03 127.87
T T T : T T T
0 90 180 270 360 466 466 467 468 469
Phase ] Equivalent frequency [MHz]
n) 3UuuU PRPD ) 3ULUU T-F map
05
| "
0.25 — t
il
| A
= | | A\
o [ (A An
£ ¥
025
-05
T T T
0 5.0E09 1.0E10 15E10 2.0E10
Time [s]

U1 4.9 n193Asenigy

A) Ve sUARUTRY Y0

wuudeyadtyanauiadainduneunsuiuiiguisasmnaey

A15199 4.1 S19aTLDYARANAABUINNTUNBUANSUSULNEUSTUUINVDIIDNIT IABUUAAUAL

W1w9gIU IEC 60270

Uszanlau, Q.

1000 pC
ﬁqﬂszqﬁdqulé’a'mm%ﬁﬂ, (> I 1017.9 pC
FEAUAIAMUARIALATDUTENING Qe 4B Qs 1.79 %
anaunnimasnisuuiiisy (IEC calibration factor) | 0.6278
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NANISNAZBUNITATIVIANIGAA PD USeLANAau1san Ul luwuudnaed Enclosure NRNA
LS UNAERY 9.5 kV A313d 50 Hz dsuandlusufl 4.10 ndegnasiainaie3sn1sinkuun iy
(Conventional method) naglalgisn1snliledsnisianuusaiy (Non-conventional method)
A a [ [ ] r-:l' (v z-ﬂ' 1 I3 1
e wallan13inglaien n33adu PD WiuFedyaamdunimaniiiniiuaeeiniagiovion

Tnelisneazidennisnaaausina Uil

Techimp - Altanova group Srl - Via Toscana 11/C - 40069 Zola Predosa (BO) Italy
tel. +39.051.19986050 - Fax +39.551.19986099 - email: info@altanova-group.com

T=CHM?

ALTANOVA GROUP

PDPro automatic report

Asset information

Customer KMITL_Thanatorn
Asset name UHF_sensor
Location HV_Lab
Apparatus serial number XXXX
Phase 1
Detection point Window_PD
Sensor typology Ck
General info
Acquisition date 2/15/2024 2:40:19 PM
Pulses 20000
Acquisition time [s] 9.55E+000 s
Applied voltage 9.542 kV
Phase shift 0[]
Pre-trigger 3E-07
Bandwidth IEC
IEC calibration factor 0.6278
Sync Frequency 50.041 Hz
Sync RMS 0.303 V
Time length 2.00E-006 s
PRPD Pattern T-F Map
65457 1 54404
e N
/’/ \\
32728 - / )
///
g |/
-327.28 \\‘\ /// 62
-654.57 + t \-/ 3465 ! . ;

Equivalent frequency [MHz]

JUN 4.10 TUs18NUNANTIAFRUIINYALATINATIZVIRAYITAU AU
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FBNFTARVUABANAINNINTFIU IEC 60270 NIUANNI50TIVIANTEUANAENTIA VD

gunIalilen19InAUsEUIINg PD Twaviduananisaaeuillananslilunisnei 4.2

nipuLARINITIATIERTaYad s 1auiad PD TugUwuuves Phase Resolved Partial

Discharge (PRPD), Time-Frequency (T-F) map LLawmmgUﬂ?{ué’tmﬁm Aasanslugy

A
411
654.57
327.28
g
ELIE
g
<
-327.28
-654.57
T T T
1] 90 180 270 360
Phase[]
n) gUlkuy PRPD
0l
|
ft
006 — { "\
{ U]
= Pk
g by UMV A N L '
Eéo o l‘.“ ] [‘ ‘,\.‘Jr\vr‘"“;v‘u W \/\,\“ VIVRAARS AN A=
<
-0.06 —
-0m
T T T
0 5.0E09 1.0E10 1.5E10 2.0E70
Time [s]

)

YuAgUARUAQIMTIUIN

544.04
416.69 —
g
v
g
E 289.35
s
E
&
162 —
34.65
T T T
263 416 5.68 72 872
Equivalent frequency [MHz]
) UL T-F map
0.14
0.07 -
2
E _ 8 L\ AR A AA AN AAAAA r]
=0 e ‘\ ‘\f\‘“/‘-’ TAAAARTAAG e af 4
£ jVy
< [ i
‘ |
007 14
| al
-0.14 {
T A T
0 5.0E09 1.0E10 1.5E10 2.0E10
Time [s]

1) WwnUaduda Ty

UM 4.11 Mmylnsengluuudeyadyaaiad PD nasnasiainmelsn1sinuuiauauniy
11m9gU IEC 60270
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M13197 4.2 918azIB8ANANTNAGBUNITATIVIA PD naagnnsiviamedsnsiniuunasy

LLauwfﬁ@Jmjaaﬁm‘,mﬂmﬁm'sﬁﬂ‘lﬁ, Qamplitude 260.8 pC, -595.1 pC
WAUTZIUIING PD, Quiaxos 204.6 pC, -276.1 pC
SEAUFYIITUNIU (Background noise level) -

%24 Equivalent time vasdyarauiad PD 74.88 ns - 503.86 ns
%24 Equivalent frequency vasdeyeyrauwad PD 3.14 MHz - 8.2 MHz

2) Aewhmsnsain PD sheageiniagievieniloonuus szhmvegeulosuiie
T dunuamslunisiesiginaziuIoufiounan1snsaain 3svhnistuiinualagld
a189101g Lo yLeNs 198 A n1soanuu Ul 1T 1uY9 1.2 GHz f19 1.27 GHz
eavdoananinaeui iuansilumsed 4.3 NiouanINTIATIEI ey ad a0

U 6

Wiad PD Tuguuuuved PRPD, T-F map uazauinguadudyauduanslusun 4.12

05 845.94 :
Ls*""" % | PD signals
025 — 647.91 atr,
L2
= £ .
g 3 T s
20| o = 44988 — . %
= [ . "
o = L ] -
s § . .
: :
-0.25 251.85 — «
Noise
05
} | 4 5381 \ n !
0 90 180 270 360 036 2.49 4562 6.75 8388
Phase [7] Equivalent frequency [MHz]
n) 3UlUY PRPD ) JUUWUU T-F map
05
025
s (\
=
S0 4
g
<
-0.25—
-05
T T T
0 5.0E09 1.0E10 1.5€10 2.0E10

Time [s]

A) vunguARud M

A

5UN 4.12 nslmnengliuudeyadyaaiad PD ndwgnnsiaiameaigainimgiayienoneds
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M15197 4.3 918aZIBEARANTNAGBUNITATIVIA PD NaIgNATIVIAMEEI8DINALLDYENS19BY

u,auwﬁgﬂ%aaﬁmumvﬁmﬁmiqaﬁ'ﬂlﬁ, Qamplitude 242.3 mV
YUINGYYI PD, Qpraxoss 186.7 mV
seAUaIUIUNIU (Background noise level) 140.6 mV
dnTEIUTEN Ty runudIaIsUnIY (SNR) 1.7233

[

3) M99 IndyIn PD Mga1geINALRYeLauALARAU AD @189INA Inset-Fed

Rectangular Microstrip Patch filaseniuvanviamunauiuulndanudldnuiunnsi
Y] a Y a v a ¢ v

iU seaziBuananisnaaeuillauanslilunised 4.4 nieunaninisimsenidaya
dayyrunad PD lugUuuuves Phase Resolved Partial Discharge (PRPD), Time-

Freguency (T-F) map LLazmuwmgﬂﬂﬁuﬁmmwmﬁaLLamﬂuguﬁ 4.13 Ehg*dﬁ' 4.15

02

8425

o
=
|

635.28 | 2=

ime [ns]

428.07

Amplitude [V]

(=]

|

esEEmg
® = '....

Equivalent t
*

-0.1 220.85 —

*
*

.
. .
*tapgansnt®

.
Yeaant

-0.2

\ N X R
| = I 1363 | Noise PD:signats *eau,,..**"
T T T
0 90 180 270 360 0.03 293 583 872 11.62
Phase 7] Equivalent frequency [MHz]

n) 3UluU PRPD ) JULUU T-F map

02

o
-
|

Amplitude [V]
(=]
|

-0.1

-0.2

T I T
0 5.0E09 1.0E10 1.5E10 2.0E10
Time [s]

[

A) YungUARUdy I

A

5UN 4.13 nsnsensliuudeyadayauiad PD vidwgnnsiviameaigainiagaeniay

AMUBLAY Inset-Fed Rectangular Microstrip Patch WUUTi 1
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82769 .
enrre Noise
‘ PD signals
6461 —
g
E A-"--..".
= 46452 —
o
&
282,94 —
101.35 | | "-....l.--"
0 90 180 270 360 0.26 253 48 7.07 9.34
Phase 7] Equivalent frequency [MHz]
n) gUtkuu PRPD ) 3ULUU T-F map
05
025
i
s |
L A
%0 —HJ\\N.—_ A R A e
-0.25
08 T T T
0 5.0E09 1.0E10 15E10 2.0E10
Time [s]

UM 4.14 MyiinsengUuuudeya

[

danoad

f) YINFUAGY

v s

o

GIIVRI3P!

]

o

PD ndnasivinmeeaigainigiaieviuay

AIUAUAY Inset-Fed Rectangular Microstrip Patch WUl 2

05
025
ELE =
= S
g 3
< . g
w
-0.25
05
I I I
0 90 180 270 360
Phase ]

n) Uy PRPD

866.2

6539 —

44159 —

229.29

16.98

L4 \d
MITEI LA

T T T
273 5.14 755
Equivalent frequency [MHz]

) JUkUU T-F map

9.96

5UN 4.15 nywnsensliuudeyadayauiad PD vidwgnnsiviameaigainiagaeniay

AUBUAY Inset-Fed Rectangular Microstrip Patch WUl 3



05

025

Amplitude [V]
=]
|
|
|

-0.25

-05

I I I
0 5.0E09 1.0E10 1.5E10 2.0E10

93

Time [s]

A) YuInsUARUY 6
U7 4.15 (si0)

M19197 4.4 918AZIBEARANTINAABUNNTNTIVINFR I PD asgnaTIdinsagateeInie

gLoueNLaUAIUDRAY Inset-Fed Rectangular Microstrip Patch filfeanuuusi

mﬂmmﬂgl,ama‘mmm'mu?ﬁmu Inset-Fed Rectangular Microstrip Patch wuud 1
(UUuAIAY 2:1 VSWR = 1.166 GHz - 1.191 GH2)

LAUNAYAVDY fuaaiinsaaiald, (I AN 192.2 mV
YUNAGYUIM PD, Qpaxosss 62.5 mV
FTAUAYYIUIUNIU (Background noise level) 46.9 mV
ansnduTENINdy I UdyIasUNIU (SNR) 4.0981

mEJmmﬂgLi’J‘ULaWLLﬂUﬂ’Jmﬁ'LtﬂU Inset-Fed Rectangular Microstrip Patch Wuud 2
(uuAIAY 2:1 VSWR = 0.98 GHz = 0.993 GHz)

WOUNWAAUDY “'zuusy'lmﬁm'mi'ﬂléi, (Crpnrn 273.4mV
YUIAFEYYIA PD, Qraxosse 156.3 mV.
FTAUAYEYIUTUNIU (Background noise level) 117.2 mV
ANINFUTENINTY YN UAYYIUTUNIU (SNR) 2.3328

ﬁ’lﬂa’lmﬂgta%taﬂunumm?ﬂmu Inset-Fed Rectangular Microstrip Patch wuudi 3
(WUUAIAN 2:1 VSWR = 0.783 GHz — 0.792 GHz)

LOUNAIAVDY ”muzyﬁzuﬁm'm%’ﬂ‘lé', Qamplitude 359.4 mV
YIRS PD, Qpravoss 183.6 mV
sEAUdaYIUIUNIU (Background noise level) 180.7 mV
nT1EIUTENINFY YA UFY R IUTUNIU (SNR) 1.9889
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1) msnnTindyana PD sMeameemAgevekaumNinie fo a1 Two-Arm
Archimedean Spiral 7il#eanuuuntanaaauuuulfisuinwuusinunnsiafy
swazSunnansageul uansllunsei 4.5 NioUUANINTIATIEI ey ad Yy 0
Wad PD Iug‘ULLUU“Um Phase Resolved Partial Discharge (PRPD), Time-Frequency

(T-F) map wagaunsundudaauduandusuil 4.16 Sa3un 4.18

05 845.75 JPCELEIN
“. RS ‘_.--.,..
025 631.09 —
7
= z
3 E
S0 o = 416.44 —
= L)
g s
< 2 g
' o
-0.25— 201.78 -
Noise . Cen, R
05 ! | i Cod PD'signals ', "tsas=®
I [ I
0 90 180 270 360 0.44 269 493 7.8 9.42
Phase [] Equivalent frequency [MHz]
n) guluu PRPD ) 3UWUU T-F map
05
i
025 — X
%
s {
;g; 0 o A / A ~
025
05
| I I
0 5.0E09 1.0E10 1.5€10 2.0E10

Time [s]

M) YuIngUAR R0

> Ag>]
LY v 6

5UN 4.16 i nensliuudeuadyauiad PD vdegnasivinmeaigainiagaoniay

A

ANDNTI Two-Arm Archimedean Spiral Wuuyl 1
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815.03
619 —
z
s %
E S
E 42297 — .
} .
l?a by e N
226.94 — i —
*
/ ;
w09 | NOise | PD signalls i
0 90 180 270 360 062 252 442 6.32 822
Phase [] Equivalent frequency [MHz]
n) 3UlUU PRPD ) 3UWUU T-F map
05
0.25 — -
\ﬂ'\
s 1
é 0 ==t 5, ANAA ~
-E h At e e e
-0.25
-0.5
T )| I
0 5.0EC9 1.0E10 1.5E10 2.0E10
Time [s]
A o
A) VUANFUASUEE QYU

[

JUN 4.17 MylnsensUwuudeyadaanuiad PD nawnasiviameaigeiniAgavenway

(v} U

A20ANT18 Two-Arm Archimedean Spiral Luu#l 2

05 8396 ““ TRl ..‘
* c .
025 4 - 635.62 — r
™ ? L .
s : X "
= L]
20 - = 43164 % b
= it S H
g .g ‘o : :
g H
-0.25 22766 -
Noise :
-05 o PD signals **+sssnns**’
I I I T T I
0 90 180 270 360 022 235 448 6.61 874
Phase [] Equivalent frequency [MHz]
n) 3Uuu PRPD ) 3ULUU T-F map

JUT 4.18 Mylnsenguuuudeyadyauiad PD nawgnasiaiameaeeinAgevenuay

U

ANDNTI Two-Arm Archimedean Spiral WUU#l 3
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05

025 — Al

Amplitude [V]
o
|

-0.25

-0.5

I !
0 5.0E09 1.0E10

Time [s]

f) mumgﬂﬂ?{ué@
5UT 4.18 (siD)

I
1.5E10 2.0E10

EUEU

o

M13197 4.5 918AZIB8ARANTTNAFBUNNINTIVIAF I PD nasgnaTdnslgateenie

gLauteilaumUaNI1g Two-Am Archimedean Spiral #ildeenuuuyn

mﬂmmﬂgLaﬂjLaWLmUﬂmuﬁn"a’N Two-Arm Archimedean Spiral WUl 1
(WuusInmi 2:1 VSWR = 0.944 GHz ~ 1.5 GHz)

WoLWAZAVRRANAUTATIVIALE, Qumpleude 415.6 mV
YUINAEYEYIU PD, Qraosos 335.6 mV
STAUFYIUTUNIY (Background noise level) 179.9 mv
9NINEIUTENINY Y IUNUTYIUTUNIU (SNR) 2.3101

61821N1AYLYLBNUAUAINDNTIE Two-Arm Archimedean Spiral Huu#l 2

(WUUAIAN 2:1 VSWR = 0.674 GHz ~ 1.5 GHz)

UBUNRIAVDY “’agm‘nmﬁmqa’a’ﬂ‘lﬁ, Qamptitude 437.9 mV
YUY PD, Qraxoses 329.0 mV
sEAUdYaIsUNIY (Background noise level) 210.9 mV
DNINEIUTENINA Y IUNUARYYIUTUNIU (SNR) 2.0763

a'lﬁla'lmﬂgLa%LaWLLﬂUﬂ’Jﬂuﬁn”Jﬁﬂ Two-Arm Archimedean Spiral wuufi 3
(WuuaInY 2:1 VSWR = 0.491 GHz ~ 1.5 GHz)

LAUNAYAVDY T uiingraiald, Qamplitude 415.6 mV
YUIAAEYEYIU PD, Qraxoses 320.1 mV
FTAUAYITUNIUY (Background noise level) 223.4 mV
dNINEIUTENINF YUY IuTUNIU (SNR) 1.8603
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4.3 nsnsaasdauanUlilunisinvesaeaniagasendmniuinlulssenaldlu

55U GIS Frenisnadauussiuiluiesufianng

nsruIunInageuIziiunsinaesdyguiadiienguegesonluwuudiass Enclosure
TmsJ‘v‘hmswqmﬂammﬁumaaugaLﬁai%’mmaaummlﬂumﬁmaﬂmammﬂqL@%L@WLL@'asﬁa
ﬁgﬂaamwwazﬁwLauaiuimaﬂﬁwuﬁ‘aﬁ'uﬁ mimaauﬁmmmﬁwmmé’zyzyﬂmﬁaél,ﬁwﬁ
pnadalduiuSsuiivuiudyanu PD fignasiainanmmeaeuusidugaiionsisaeusziue
AYIUAATALAG DUTDIVUIAT 6 ”Lumsmmaam3‘1/?'1msﬂ’uﬁﬂwamimaammmLﬂ%"aq
AATIZY PD ﬁaﬂmiaﬁuﬁﬂ%yjmmmwmaﬁaLLazgﬂﬂﬁu%aaﬁmmﬂmﬁaﬁLﬁau WiDUILATIZN
Naﬁﬁ/\lﬁ‘iugmmu Phase Resolved Partial Discharge (PRPD) Wag3uiuu Time-Frequency (T-F)

map o9nu1le

4.3.1 YANITNIINATOURTIAUA

luramaasuiiagyinisngateuussiunageugddviiuuuudiaes Enclosure Litadnaas

[ a

Tyaauiadiigug1ugiovienaniaIesiiladyainuazr a1l ( Pulse generator) lag gy

nsWeuserivatsaInIeeieBenensds (Reference UHF antenna) amww3ealiiivelededayayn

a

Wadglomen MNndudyyraiadigndunvzgnanainiiuaeeinagievienilieanwuuin

H1udadyaunauinaninia Inedamienasasaslaevunsuiuanddugun 4.19 1333013

nAFBUITLAAIUFUN 4.20

YA
Pulse
Reference generator i
o Mot I?E Laptop with PD

- analysis software

Designed UHF
¢ .
enna (receiver) PD data E

acquisition system i Wireless
iconnection

k
Frequency ﬁ Eﬁ ﬁ é

shifter

00J220/24 V
Enclosure model with
UHF artificial pulse signal
Power plug
panel 220 V

UM 4.19 laazunsuynasmage Ui mSunISNAdo ULS IR U
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lugnaasnaaaulsiug aunsaluazinseslianlulunisnadaulsenausiy

a o

1) avesnladygiuazalnud (Pulse senerator) aUnasuAudg98nA < 2 GHz, A

| 4 Y 9

1%
[

weunaRdy AR UTUlAASA 0.5 V 81 60 V, 051n1siinANagh 100 Hz

ALY} q

2) a1w91n1AELaYLeN81984 (Reference UHF antenna) #dawniuuld Aa @1ga1n e
giatlengasu (UHF Hom antenna) Mignasniuusabildenudie 1.2 GHz s 1.27 GHz

3) mammﬁgwmawmﬁaaﬂLL‘U*UM (Designed UHF antenna)

o o

4) aunsalmIUANAGEUANA (Frequency shifter) alugUnsalulasdyaradmsuld

A7)

wasdyanamiuiganidueesgieviewniduauilugmdeiuiniesinge
U93a PD ‘ﬁlﬂizﬂ@‘uﬁﬁEJﬁ’JﬂiENﬂ’J’]&Jﬁq\‘iN"m 100 MHz, woundllioas (Amplifier)
9n319818 20 dB

5) ‘qmﬂ‘%'aﬁlm'wﬁ%’mﬂa PD (PD data acquisition system) sdmmuﬁ%mﬁ&"’wi 16 kHz
14 30 MHz

6) wesUanwua (Power plug panel) 220 V w¥auasuaUinasulasl 220/24 v
dvsuidoudouna st sdus %ﬂﬂumivﬂ’ﬁamqusiazga (Synchronization)

syminsdganssuluasdyaiaiad

7) wuudnaesdidlangiiinisdnassasedyyrunadiisugiugiavien (Enclosure

model with UHF artificial pulse signal)
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8) ABNNMDIUANINATIANAILUILNTUIONLITIATIZRAAY1SIUINEIU (Laptop with PD

analysis software)

4.3.2 YUABUNITNATIULIIAUAN
1) Mﬁﬂ‘mﬂLG\%EJQJNR]iﬂWﬁV]ﬂﬁE]UGT@LLﬁGN‘L‘LJEUﬁ 4.19 W%@Nﬁ?ﬂﬂiaﬂﬁﬁﬂﬁﬁlaﬂﬂ"lﬂ%leE]‘UL@W

FLAFINTINABINSITNAZBULAIUIIA Window U89LUUIN1a89 Enclosure Aauandty

I a £ I3

U 4.2 a1nduagsnisusurkeundgadyaatedna e Lilndyyuuay

Y U

Audfandlusui 4.21 aunduadyaruiadiioninsiainladusziialndides
Auruiadaygin PD 1gnasiainainaisnagevnsinuaslaeliiseduainiig
AatawAaeuliiiy + 20 Wesidud wavdeuuSeuisuruindugraanwan1sngiain

YB9E18INFRABINU

AUDUNAIAVDY

@ ¢ A
aueanaileu

= o a
LAIDINLUA

Fryauruuay

o
AU

UM 4.21 MsiadawazUSuauoamandyaaiednnvesyngunsaidnaedyauiadiiion

2) ynmsduiinianmageuinsInianlgaeeInagevienluRIagey
3) narINYuiinnanisvageulaiaudl winmsusuasuiasvageulagiiaigeinie

grovienildoanuuunfmdunldnageuiunanswioly

4.3.3 WAANSNLAIINNTLTUIUNISNAGTDULIIAUAN

a

nn1snaasuluresUJUAn1sini1usege @98, an1nUIIEINIANITNAADULARS

gaumgiivieamagey 30 °C, AnuBuduivs 74 % wazAnuAuUTIBINIA 758 mmHg
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o v 6 a

HAN1SNAARUNINTIInd e aiadiiisugugievenluluudiaes Enclosure NfARAN
0

[ Ag7]

a (% 13

LOUNGYAFEYQYIULDNA 30 V BRTINTHAAANALT 100 Hz Uagilydiaia1vndu < 20

Y

[

ps #ad

gnasaiaceasanAgevieniiesniuuin neliseasiduanisvaaeudissialuil

1) ﬂﬁi@li?ﬁ]ﬁuﬂﬁ’sEJﬁ"IEJE]’]ﬂ’]ﬁ&qul,a“liL@WLLﬂUﬂ?WQJﬁ.LLﬂU Ao @1891n1A Inset-Fed
Rectangular Microstrip Patch Aoenuuuniuaa Ui ldui aad sty
swazSuanansageul buanslunmsedt 4.6 WioUUANINITIATIEI By ad Yy 0
lugUwuuves Phase Resolved Partial Discharge (PRPD), Time-Frequency (T-F) map

wazvwnsURRud g IaaLansluun 4.22 fegu 4.24

. {58 Artificial pulse signals
“‘lll.....,
. - -
01 — 660.74 — |
;; ) 0
) PR = -
: - L o Y, g o
-] = X
20 = 44079 — =
= £ =
B s -
< & .
g T
0.1 220.85 — /
02 | ! 1 14 Noise s
I I [
0 90 180 270 360 1.35 368 6 833 1065
Phase [] Equivalent frequency [MHz]
n) 3Ukuu PRPD ) ULUU T-F map
02
01
|
= f
o f 1
20 - S\ AN - e i
g
<
-0.14
-0.2
I [ [
0 5.0E09 1.0E10 1.5E10 2.0E10

Time [s]

o

A) vungUARUdY M

T o
o v 6

5UN 4.22 nyinsengliuudeyadyanaiadineundgnesiaiameaigeiniagieveniay

A

AMUELAY Inset-Fed Rectangular Microstrip Patch WUUTi 1
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05 871
“"i'..."'..', . L
025 63101 ., Artificial
S i \ i g N '\_‘ pulse signals
S0 - : \ === 7T - -
= § - . "
< H . -8
w 4
-0.25 - 209.61 — ’
05 | | i 409 | Noise | | |
90 180 270 360 1m 354 597 84 1084
Phase 7] Equivalent frequency [MHz]
n) gUtkuu PRPD ) 3ULUU T-F map
05
025 —
|
: |
E 0 S af i SAVERS R AN
-0.25
— T T T
0 5,009 1.0E10 15E10 20E10
Time [s]
A) sunsUAduday

5UN 4.23 mnnensluuudeya

[

A

s

AULUNUNAE

05

025 —

Amplitude [V]
(=]
|

-0.25

T T
Q0 180
Phase 7]

n) 3Uuu PRPD

270

360

o

o

WeLraIgNnsITnnIeaueInAgLaveiLay

AVINAUAY Inset-Fed Rectangular Microstrip Patch WUl 2

8705 ) | _Artificial pulse signals
es" " la,
oo, \ ** '..
o* hS .’ .
65360 ¢ > » .
— o ~
E s :
E . .
T 43687 1 E/
= . %
H g -
2 . “
220.05 *. o
*
’ L2 “. .
. *
3.24 Noise
| I
015 279 5.44
Equivalent frequency [MHz]

) 3ULUU T-F map

UM 4.24 nFesengliuudeyadyaaiadineundgnesiaiameaigeiniagieveniay

AMUDUAU Inset-Fed Rectangular Microstrip Patch Uil 3
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05

025

-0.25

-0.5

Amplitude [V]
(=]
|
|
|
|

T [
0 5.0E09 1.0E10
Time [s]

1.5E10 2.0E10

A) YunUAGUTYa 10

5UT 4.24 (siv)

M13197 4.6 TI8ALIBIARANITNAFBUNNIATIVINF UNadTguvagnaTIinnlgateeIne

gLauelaumIURLAY Inset-Fed Rectangular Microstrip Patch filsieanuuusin

#182MNAYEVLWLAUANAUAY Inset-Fed Rectangular Microstrip Patch wuufi 1

(BUUAIAN 2:1 VSWR = 1.166 GHz — 1.191 GHz)

WoLWAZAVRRANAUTATIVIALE, Qumpleuce 79.9 mV
YUATYYIUNARAEY, Qpraxosoe 70.2 mV
sEAUFYRIMIUNIY (Background noise level) 39.1 mv
ANTNFIUTENINAYYIUAVTYYINTUNIU (SNR) 2.0435

mﬂmmﬂgLa%LaV\lLLnUﬂ’J’mﬁLtﬂU Inset-Fed Rectangular Microstrip Patch wuu#l 2

(LUUAINY 2:1 VSWR = 0.98 GHz = 0.993 GHz)

LLauwagmaaé’wumﬂmﬁm’m’“s’ﬂ‘lﬁ, Qamptitude 168.0 mV
YUATYYIUNARLAEY, Qpraxoso 144.5 mV
sEAUdYaIsUNIY (Background noise level) 313 mvV
DNINEIUTENINA Y IUNUARYYIUTUNIU (SNR) 5.3674

mﬂmmﬂgLamammumwﬁuﬂu Inset-Fed Rectangular Microstrip Patch tuu#l 3

(WUUMIAN 2:1 VSWR = 0.783 GHz — 0.792 GHz)

LLauwﬁgmaaﬁzyzyﬂmﬁm’mi’ﬂlﬁ, Qamplitude 207.0 mV
YUATYYIUNATAEY, Qpraxose 187.5 mV
FTAUAYITUNIUY (Background noise level) 136.7 mV
dNINEIUTENINF YUY IuTUNIU (SNR) 1.5143
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2) M3nsraTalsaIseInIAgLeYloNLIUAINANTIY Ao @a1881n1A Two-Arm
Archimedean Spiral fleanuuusiavaaauuuUlildnuiinauisaiu seasdeana
nsnpdeuilduandtiluned 4.7 ndeuuansmsdieneideyadygnlusUuuuves
Phase Resolved Partial Discharge (PRPD), Time-Frequency (T-F) map kagau1a3u

AaudaRuandluguR 4.25 faguit 4.27

05 824.26 R - .
“‘-“: .., Artificial pulse signals
A -
L :‘ A“ e,
025 — - i . 62867 i i
g - -— L]
= : BRRTIRERNI (o AR AL w b e %— Ay
= E H
0 = 43308 %
= = .
g . L -g “ 2
& * .
w ’.
- - *
0.25 237.48 ’.,.. SO
. * . "0’
-0.5 4189 NOISe agpan®
T T ! J T T T
0 90 180 270 360 05 273 496 719 9.41
Phase [7] Equivalent frequency [MHz]
n) 3ULUy PRPD ) 3UWUU T-F map
05
|
025 — |
!
= i
L
_50 LA H\ [a8d a2 ,f‘\ ’=
-0.25
05
I | I
0 5.0E09 1.0E10 1.5E10 2.0E10
Time [s]

[

M) vngUARUdaM

A
(% v ¢

JUT 4.25 Mmylnsenglsuudeyadyauiadiiisundgnnsiainseaigeiniagievienuay

o

ANDNTI Two-Arm Archimedean Spiral Wuuyl 1
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05 808.24 Tee P -
RO Artificial pulse signals
*
025 /. 61687 "
30 2-8' 42549 %
B .
: I
‘5 *
g
-0.25 234124
-05 1 | ! 4275
0 90 180 270 360 012 243 473 7.04 9.34
Phase [] Equivalent frequency [MHz]
n) gUtkuu PRPD ) 3ULUU T-F map
05
0.25 — ]
.§0 e \,\ S s e N N S\
£
<
-0.25-
05 | | |
0 5.0E09 1.0E10 1.5E10 20610
Time [s]
A o
A) ﬁummgﬂﬂaua@yqjm

JUT 4.26 MylieswnsUuuudeya

[ Qg Oy

dyaaad

o

A28 Two-Arm Archimedean Spiral Luu#l 2

05

025 — -

|

Amplitude [V]
(=]

-0.25

-0.5

180 270 360

Phase [
n) sUkuy PRPD

90

WeunagnasiaincigageIn1Ageenuay

p2347 Artificial pulse signals
. RALL ",

626094
—_ L)
£ 1
£ .
E 428.71 - "‘
H s
g

23133

394 Noise TR

I I I
-0.001 236 472 7.09 9.45
Equivalent frequency [MHz]

) JUkUU T-F map

JUN 4.27 Mmylesengluuuteyadyguiadiisundgnesiainseaigoniagievienuay

AMURNING Two-Arm Archimedean

Spiral WUl 3
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05

025 —H {

Amplitude [V]
o
L
\

-0.25

-0.5

0 5.0E09 1.0E10

I
1.5E10 2.0E10

Time [s]

A) YUIRTURRUF M
5U# 4.27 (si0)

M19197 4.7 318a2IBEANANTNAGRUNITNTIVIRF A IMNad igunaIgnaTIinnIgateeIne

gLoNLAUAIINANTIE Two-Arm Archimedean Spiral #ildeaniuuan

mﬂmmﬂgLmjl,ammumm?in"m Two-Arm Archimedean Spiral wuudl 1
(UuuMInst 2:1 VSWR = 0.944 GHz ~ 1.5 GHz)

Ltamwégmaaé’mumﬂmﬁmqaiﬂlé\', ) Anelehs 355.5 mV
VUNAR YU TUNATLIABY, Qraossh 332.0 mV
FTAUAYYIUIUNIU (Background noise level) 175.8 mV
ansdUTENINdy A UdIsUNIU (SNR) 2.0222

mﬂmmﬂgLmjLEJWLLnUﬂ'J'm?in"iw Two-Arm Archimedean Spiral WUl 2
(WuuAIAvi 2:1 VSWR = 0.674 GHz ~ 1.5 GHz)

LLastagmaaa“muwu'lmﬁm'mi'ﬂlﬁ, e 371.1 mV
VUNAFTYYIUNARLAEY, Qpraxosos 300.8 mV
sEAUdaIUIUNIY (Background noise level) 1953 mV
ANINdUTENINTY YN URYIUTUNIUN (SNR) 1.9002

ﬁ’lﬂa’lmﬂgLa%LaWLLaUﬂqwﬁﬂ"iN Two-Arm Archimedean Spiral wuufi 3
(WuuaInd 2:1 VSWR = 0.491 GHz ~ 1.5 GHz)

u,amwagmaaé’muzuﬂmﬁmw%’ﬂ%', Qamplitude 375.0 mV
YUNATYYIUNATAGY, Qpraxosos 293.0 mV
sEAUdaYIUIUNIU (Background noise level) 207.0 mV
nT1EIUTENINFY YA UFYIUTUNIU (SNR) 1.8116
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4.4 asmsreseunasBufiunadwsildannismagou

4.4.1 MTUATIZANANITNATIULIIAUEA

NHANTNAABUUTIUAITYINN150599TA PD Usslandaufamuialuuuudiass nsdli
feyey1ad PD Qﬂmwi’mﬁw‘i‘%ﬂwﬁmuuuﬁ’jﬂLaummﬂmgm IEC 60270 sagvinisnsiaianseua
fiad PD fitaansvesgunnidn wudinguiiad PD fiuandluriussfundsuinuasgaausaduaie
auves3ULUL PRPD agiimInsznedeyaludnuasdiliaumnnsiu damswnunguiiuasgudoya
§1985lumsneil 2.2 Tnonquitadlutiaussiunisuinasaueumagauesdnyaaiiganiings
ﬁaa"lmhmmﬁuﬁaauﬁ@LLﬁMMgUﬁ 4.11 n) uenanildmsialinunessiuduyyasuniu 3
\Junaain Shielding effect voswuusnass Enclosure vinlwauisaiiasizyt Equivalent time
way Equivalent frequency Tasdeyeyias PD flutiueuld

dedsuifisuiunanisnsiainvesaiserniagienioniuauaud sauiliee nuuuLds
wandluguil 4.13 Teguit .15 wudrasemeludasuuudurhmansiaYavuadnyaa P 1
uwansnafueenlulaedesiingd 200 mV wagnuiman1sReUALeedyanaTad PD Hhuazuans
foyaeenmldtesmniiivufunadndvesisnsiauvusiu iosanaeeniauiaiiivun
wuuRIavidesnd 30 MHz udanansauanssliuuvesnaansesnunlalndlfgafunadnives
agoIMAgieNEnsdsiifmuaLunAIay 70 MHz fiuandhuguil 4.12 n) uenaninadnsain
ﬂizﬁdaﬂmjé’qLLamﬂﬁLﬁudwﬁamammﬂLLaummﬁLLﬂm?faaﬂLLU‘tJmﬁ”ummsmimé’zyﬁyﬂm
sunulafndnageiniagiationg198e vilvseaudygrusuniuliawan Jeanunsadung
sUsuLIad PD IfinnTutusuuuy PRPD wazteliuenueryssianas PD 14

WONTUINATNTANNTANVRIEILDINAYLEVBNLAUAIUAUAY Inset-Fed Rectangular

[
Aaa 1

Microstrip Patch wuuil 3 wudnsadwslunsaiiinsnovauswiodyanusumuiideudngs s
wansluguil 4.15 n) vilildanansadannsiad PD Idarsdmanuuguuuy PRPD wulieafy
HARNSUDIA1881N1AELAULDN D198 INHATINALIvRIFYIaITueiind1suaIndT (Higher
order harmonic) iA1ud 1.255 GHz sauanslugud 3.35 dadugaaiuiislonuudiigeni
ALA DBNLUY é’zy,zyﬂmaﬁmaﬁﬂﬁﬁuqqﬁmmmﬂ'@iﬁl,ﬁmé’zyzmmumumﬂLLaJ'mﬁﬂIWﬂmm
T GedwmarousyAnEnmnmsvinnuesaesana [27]
TumandusumniisuiisuiunansnsainvesaigeiniagLovienuauaudninedi
YUIALUUAIAYINNTA 500 MHz fauandlugudl 4.16 feguil 4.18 wuinasemaluusiazuuy
Funsasiatavuiadayyias PD lalnaiAeedulaedaganidn 300 mV LagWuIIWANS

novauewadyauiad PD duannsauansteyaseninlainnnitageiniAgiosienlonsdauay
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avemAgLeBeNLAUANLALAY muﬂ%mmammmmaé’wégﬂaﬁuﬁmﬂmmﬁaﬁaaﬂuﬂé’%’mLﬁ]u
N7 %Qﬁﬂ’mﬂﬂﬁﬁmﬁ’umaé’ws‘maﬁ%mai’mmuﬁgﬁLamqﬂmzﬁ wildanunsonentadaaaiad
PD 16 21nn151USsuLfiguRaa s nuIfIage NS Ao UauBIRad i UWad PD lawin
Fudn mnoonuuulikuuiinin ety uiegvilitinsnevaueswodyaasunIunTuguiy
dawalsriuduarasunuiiniusazorailianulilunmsiavesaisernmeaiaieuls wn

danoanwuuldaulaluwungay

4.4.2 MFIATIZVHANITVARBULTIFUAD

mﬂmamimaauLLﬁqﬁuﬁ?wﬁ'ﬁwmimm%é’@mmﬁaélﬂwsimgwmaﬂuuwﬁwaaq WU
ameemrgemeNilFeeniuuINaINsoiNanIsReUaUBIRa Ay Aad e i sl suang
Tuguit 4.22 Segufl 4.27 ilednsevivunndyanuiignasiaialusdaznsd wuirvuindayga
adioanfuiiamilndifeatuamadyga PO dgnamaiaainnismasounsidugs Ineflsedy
AnmaaaadeuliiiAy £ 20 % nsseudushnssyliluenasnenuiineunslag CIGRE

Working Group D1.25 [4] fanadnsiiuandlunisned 4.8

o = = (% v ea o
$1919% 4.8 ﬂ']’iL‘UiEJ“UL‘VlEJUSUU']@ﬁiylﬂJﬂmwaﬁVlQﬂmi’Jﬁ]’mﬁﬂﬂﬂig‘U’DUﬂqiﬁﬁ’Jﬁ]ﬁ@UF"I'J’WMVL’JEL‘LJWW

TMTBIENLDINAELOTLEN

NANTIATIVINVUNATYYIUNATVDIEIEINALAUAIINARAUTLHBBNIUULN

P 4 | dundyyyuad PD | aunadyyiamiadiisn | Auaann
YoAIWINIA | WUUN y
(@1nN15NAFU HV) (@1nN15NAFIU LV) LAADU
Inset-Fed 1 62.5 mV 70.2 mV +12.32 %
Rectangular 2 156.3 mV 144.5 mV -7.5496 %
Microstrip Patch 3 183.6 mV 187.5 mV +2.1242 %

v g

NANITATITINVUIAT YUY IUNARVBIEIWBINARAUAUANINT LA BN

p 4 | wwnadyyawad PD | vuiadyyiaadiien | Auaain
YagwaInAa | wuuil y
(1INN1INAFIY HV) (@1nn1snagau LV) LARaU
Two-Arm 1 335.6 mV 332.0 mV -1.0727 %
Archimedean 2 329.0 mV 300.8 mV -8.5714 %
Spiral 3 320.1 mV 293.0 mV -8.4661 %
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ATUNANITIVYUAUBLE UL

5.1 unasy

MNMIBBNUULIBUIe fLUUFLAUUTEY (Capacitive sensors) dnsughummiigedvie
g1auta¥ (Ultra-high frequency; UHF) Tagynn15idenaanuuuas19a1ga1n1aluniinyed
AUDINIAVULNUIAIANN (Printed Circuit Board; PCB) THiln1snauauasnodyyiunas1sa
U14d 21U (Partial Discharge; PD) fA21185812 19 300 MHz 79 3 GHz MIUUINTFIU IEC
62478:2016 ImagﬂaaﬂLLUU%JMV?W;Jmaawﬁmﬁm%’wizqﬂGﬂ%’mmzwi’mLmummﬁumLLaz
wauasinisliasumuiadanisingovtendisimsseyly weldudnauaiduwuesfuuuy
dmsumsnsiaindeyeynas PD axaanlniiusegeuuuldauiufing (Gas-Insulated Substation;
GIS) lethaseimeaivsznevainasaundaluvhmsusadumanatd Ussavsnmwnisianu
wurageInaf ifesnuuuunimaatuie uaud@fimranlndidssfuanudldeud
penLuulinelanisannaezn1siaesnlslusinsuAsuines MATLAB

Pnmshaeernafildeenuuvaiaualunsaiadaaiasitad PD uasduauiadidion
grugiomeniisasstuinluissmegey a HesUfoRnsluihusegs aoa. Honsaaaouaiila
Tun153m (Sensitivity check) vasaneainie Wievmsieseinadnsfildainnisageu wuin
aneenAeLaiinsmevaussadyaal ansadluldnsaduduana PD 1993

[y

lunsneaaunTIvindyyia PD tndnsiSeuigusunuunad wsiuIsnsinnuusaa

'
a =

(Conventional method) M1 M35 [EC 60270:2000 Laga18a1n1AgLaYLens1989niliuue
AnYUUIA 70 MHZ 31ARANISNAEaUT ITLINIIN13059Tndegand PD Algaiseiniagietien

WAUANNDNIIN ALV FIHLUUAIANINAN8508 MHZ 8111500529 3 Ad ey aeanula

o
(% s

TnaPeanunadnsyeadsnsinkuunatvazdwluululuianafedu annedsausanana

« LY v 6

nadndsUnaudyaaiadesninladaauninadnivesmeeniagovioniuauaNiLAY
Tunenauiu nan1snsaindygiad PD éhamammﬂgl,amawLLaumm?{LmU%mm%’u
fuanaiadesnuilddesmniieuiunadnsvesismsTanuun i mmwawéﬁmammmﬁléf
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Paper ISET2023-11

Design of Narrowband and Wideband UHF
Antennas for Partial Discharge Detection

on High Voltage Equipment

Thanatorn Mai-eiam
School of Engineering, King
Mongkut’s Institute of Technology
Ladkrabang, Thailand
65016046(@kmitl.ac.th

Abstract—In  this paper, the ultra-high-frequency (UHF)
electromagnetic sensors based on the printed circuit board (PCB)
antennas for partial discharge detection are presented. The
sensors were designed to meet the requirement of
narrowband/wideband UHF measuring systems for UHF partial
discharge (PD) detection in gas insulated substation (GIS). The
PD signals in the physical characteristic of the high-frequency
electromagnetic (EM) wave were detected using the designed
UHF antennas, which include the inset-fed rectangular microstrip
patch (IFRMP) antennas, known for their narrowband
characteristics that offer high interference signal rejection to
improve signal-to-noise ratio and the two-arm Archimedean
spiral (TAAS) antennas, recognized for their broadband
frequency spectrum capability. Because UHF PD signals are
typically detected using various field sensor designs, both IFRMP
and TAAS antennas were designed for three different models
under calculation and simulation using MATLAB to apply in
different operating frequency bands within the UHF range of PD
detection (300 MHz-3 GHz). The designed UHF antennas have
very characteristics, i.e. portable, lightweight, and attractive for
practical applications with a low fabrication cost. Additionally,
they are more convenient to install on the insulating flange
compared to some types of external antenna sensors. In terms of
antenna performance, they exhibit parameters like return loss
(parameter Si1) less than -10 dB and voltage standing wave ratio
(VSWR) less than 2 within a close range of the designed operating
frequency. Using the designed antennas, the phase-resolved PD
(PRPD) patterns, the statistical magnitudes (Vmawsz) and
waveforms of detected UHF signal have been obtained from
laboratory testing for the sensitivity check to help users in the
effective application of the UHF PD detection.

Keywords—UHF antenna, Return loss, Parameter Sui, VSWR,
Electromagnetic wave, UHF signal detection

i INTRODUCTION

In recent years, the statistical data from The CIGRE
(International Council on Large Electric Systems) 23.10
working group report emphasizes the prevalence of partial
discharge (PD) as a primary cause of insulation failures in high
voltage (HV) electrical equipment [1]-[3]. PD signal has been
widely studied as a diagnostic tool for assessing the condition
of gas insulated substation (GIS) insulation [4]. Currently,
specialized PD detection has been introduced by the non-
conventional method that can detect PD signals using different
physical characteristics (electromagnetic transients, acoustical
emission, optical occurrences, chemical compounds). The
ultra-high-frequency (UHF) PD detection method is widely
used in the field of GIS by detecting electromagnetic (EM)
waves in the frequency range of 300 MHz to 3 GHz, which
usually can effectively remove the noise signal interference
below 300 MHz [4]-[6].

Phethai Nimsanong
Power System Control Department,
Metropolitan Electricity Authority,

Thailand
phethai.ni@mea.or.th

Peerawut Yutthagowith
School of Engineering, King
Mongkut’s Institute of Technology
Ladkrabang, Thailand
peerawut.yu@kmitl.ac.th

In The UHF PD detection method, antenna sensors are
commonly used, and they can operate using either narrowband
method or wideband method depending on the monitoring
objectives and the expected frequency content of PD signals in
the specific application, which are typically picked up in the
frequency range of 300 MHz-1.5 GHz [4]. According to the
different installation methods that have been studied, the UHF
sensors can be categorized into internal sensors and external
sensors. The advantage of the external UHF sensor as detailed
in this study is that it is easy to install on the insulating flange
for capturing leakage EM waves emitted during PD events and
does not affect the internal electric field of the equipment. At
present, external UHF sensors that have been studied mainly
include spiral antennas, ultra-wideband dipole antennas,
micro-strip patch antenna, and quasi-TEM horn antenna [7].
However, some available external antennas do not fulfill the
facility installation and do not provide a continuous wide
frequency range that is suitable for PD detection covering a
broad spectrum [8]-[9].

To solve the problems, this study designs the UHF antennas
based on the printed circuit board flame retardant 4 (PCB FR4)
substrate to be portable and lightweight. The structural
parameters and performance trends of the two types of
designed UHF antennas are calculated and simulated to receive
specific narrowband and continuous wideband characteristics
which are represented on the major topics below. To verify the
designed UHF antennas, the analysis of antenna performance
parameters and the measurement results of UHF signal
detection have been investigated in this paper.

11 STRUCTURAL PARAMETERS OF THE UHF DESIGNED
ANTENNAS

A.  Narrowband UHF antenna sensors

As seen in Fig. 1, the inset-fed rectangular microstrip patch
(IFRMP) antenna is proposed as a narrowband UHF measuring
system allowing for more precise targeting of a specific
frequency and the rejection of external high frequency
interferences. The IFRMP antennas have been fabricated on
PCB FR4 substrate height (4) of 1.6 mm with its permittivity
(er =4.3) and input impedance of 50 Q matching with the SMA
connector.
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We
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(a) (b)

Fig. 1. Structural parameters of the IFRMP antenna (a) Front view (b) Back
view

The structural parameters of IFRMP antenna as shown in
Fig. 1(a) and Fig. 1(b) have been calculated using (1)-(9) below
[10]-[12]:

1) Calculation of the patch width (W) and the patch length

(L):

= X (1)
1
2/ ﬁ{d
W
(eq+ 0.3)[— +0.264)
EA o -LORY N L L)

2/ \eg (ey -o.zss)(%w.s)

Where, fo= the operating frequency.
¢ = the velocity of light (3x10°% m/s), and
the effective dielectric constant (¢.) can be given by

2

LH+£" ) —‘—+0.04 1n[ % ,z<l

2 2 h h h
T+12| -
w

(3)

of r
£,+1+5,,—I 1

2 2 f o =l
h g
I |+|2(~—]

2) Calculation of the feed line width (W) and the feed line
length (Ly):

I

W,
ﬂh[ﬂ+_/] g
e W, 4 h >
Z,= 1207 Wisq
e

WV Wf
&g h—+l.393+0.667ln h—+l.444

Ay ¢

L=t

"4 af e,

Where, Z; = the characteristic impedance of the feed line
/a4 = the dielectric substrate wavelength

3) Calculation of the inset feed width (W) and the inset feed
length (Ly):

(5)

W =2, ©)

Paper ISET2023-11

» 0.0016995; +0. l376l£: —6.17832; +
L =10 L] 93,1876 — 682,696 +2561.9¢

40435, +6697

(7

4) Calculation of the ground plane width (W) and the
ground plane length (Lg):

W, = Gh+ W (8)
Lo =6h+L ©9)

The dimensions of three different models of the designed
IFRMP antennas used in this work are shown in Table I. They
have been designed to operate at the operating frequency of
1.2, 1.0, and 0.8 GHz in models 1, 2, and 3 respectively.

TABLE [
STRUCTURAL PARAMETERS OF THE DESIGNED IFRMP ANTENNAS

= IFRMP antenna

i Model | Model 2 Model 3
W (mm) 76.79 92.14 115.18
L (mm) 60.05 72.13 90.24
7, (mm) 2.498 2.498 2.498
Ly (mm) 30.14 36.17 4521
W, (mm) 4.996 4.996 4.996
L; (mm) 183 21.98 275
Wo(mm) | 12033 14447 180.66
Lg (mm) 120.33 144.47 180.66

B.  Wideband UHF antenna sensors

As seen in Fig, 2, the two-arm Archimedean spiral (TAAS)
antenna is proposed as a wideband UHF measuring system
allowing for a broader analysis of the frequency content and
characteristics of the signals. The TAAS antennas have been
fabricated on PCB FR4 substrate height of 0.8 mm for the
spiral arm and 1.6 mm for the tapered balun with their
permittivity (¢z =4.3). The spiral arm’s input impedance of
90.9 Q which is calculated from Babinet’s equation [13] can
be matched with the 50 Q of the SMA connector by using the
exponential tapered balun.

RUI o
fo

¢

(a)
Fig. 2. Structural parameters of the TAAS antenna (a) spiral arm
(b) exponential tapered balun
The structural parameters of TAAS antenna including the
spiral arm and the exponential tapered balun as shown in Fig.
2(a) and Fig. 2(b) have been calculated using (10)-(13) and the
following description below [13]-[17]:
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1) Calculation of the spiral arm: specify the number of turns
of the arm (N), the arm width (4), the gap between arms
(G), the radius change in one turn of arm (RC), the inner
radius (Rj,) and the outer radius (R,.) to determine the
low frequency (fi,) and high frequency (fj) cut-off and

the offset angle (0,y).
R, —R
G= A= = B (10)
4N
. C
22— 11
Siow 2R an
: c
Jugh' S E”—Rm (12)
27 A
=— 13
" =R (13)
2) Calculation of the exponential tapered balun: the

conductor width of input impedance (Wj;) and output
impedance (W;,) of the exponential tapered balun are
determined from (3) and (4), the conductor width of
ground plane (W) is equal to the gap between SMA
connector ground pins, the height of the exponential
tapered balun (H) corresponding to one-quarter
wavelength (4/4) of the center frequency and the balun
exponential curves are C;=W;,¢" and C;=W;,-¢" where
tis a variable from 0 to H.

The dimensions of three different models of the designed
TAAS antennas used in this work are shown in Table II. They
have been designed to operate at the low frequency cut-off
>0.92, >0.63, and >0.48 GHz in models 1, 2, and 3
respectively.

TABLE II
STRUCTURAL PARAMETERS OF THE DESIGNED TAAS ANTENNAS

TAAS antenna
Parameters = iodel 1] Model2 || Model 3
N 4 6 8
A (mm) 29 29 29
G (mm) 2.9 2.9 29
R,y (mm) 51.9 75.1 98.3
R, (mm) 5:5. 55 5.5
0,y (degree) 90 90 90
Wy (mm) 3.13 3.13 3.13
Wy (mm) 0.922 0.922 0.922
W, (mm) 6 6 6
H (mm) 62 70 75
m 12.697952 | 11246757 | 10.496973
n 21.334968 | 18.896686 | 17.636907
111 ANALYSIS OF ANTENNA PERFORMANCE
PARAMETERS

A. Return loss and Voltage Standing Wave Ratio

In a single port system like the antenna, the return loss (RL)
represents the parameter S;; to indicate its performance. The
parameter S is a parameter that describes how much power is
reflected back (P, towards the source (transmitter) compared
to the power incident (P;,) on the antenna corresponding to the
reflection coefficient (I'), as in (14) and (15). The voltage
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standing wave ratio (VSWR) is defined as the ratio of the
maximum voltage (U, to the minimum voltage (U,i») on the
transmission line, as in (16). Both parameter S;; and VSWR
provide insights into how well the antenna is impedance-
matched to the system it is connected to.

]:-2010g(|r|) (14)

By

RL=-8, =—I0log[

inc

-RL

|T|=10 2 (15)
Upa| _1+4]T]

VSWR = — = (16)
Uil 1-[1]

B. - Simulation and Measurement

All measured parameter S;; results of the designed UHF
antennas as shown in Fig. 3 and Fig. 4 are recorded by SVA
1015X Spectrum & Vector network analyzer to calculate the
result of measured VSWR.

Fig.3. They Si of the desi,
(a) model 1 (b) model 2 (c) model 3

1 IFRMP antenna

Fig. 4. Thej S

of the desig
(a) model 1 (b) model 2 (c) model 3

d TAAS antenna
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The results of simulated VSWR are obtained in MATLAB
pcbStack to evaluate the operating frequency band of the
designed UHF antennas compared with the measured VSWR
as shown in Fig. 5 and Fig. 6.

;
vswr-2
T e e e e S R
Frequency (GHz) Frequency (GHz)
(a) (b)
~Smtion
—Measurement]
£,
2
LJusnns =
T o a
Frequency (GHe)
©
Fig. 5. The VSWR of simulation and for the designed IFRMP

antenna (a) model 1 (b) model 2 (c) model 3

=
f -
a\ - \f"z '

TTVE

Simuaton
Lo Measvrementl]

VSWR=2

| P

VSWR

bk \v‘/\\,« o o
. Fraquency (@) I 2 Frequency (GHa) s
(a) (b)

Froquency (GHz)

(c)

Fig. 6. The VSWR of simulation and measurement for the designed TAAS
antenna (a) model 1 (b) model 2 (c) model 3

The antenna with a VSWR of less than 2 is considered to
have acceptable performance across its operating frequency
band, and high radiation efficiency is indicative of a well-
matched, efficient, and suitable antenna. As they can see from
the measured VSWR graphs, all designed UHF antennas have
the operating frequency band in a close range to the designed
operating frequency as seen in Table ITI.
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TABLE 111
THE ACCEPTABLE OPERATING FREQUENCY BAND OF THE DESIGNED UHF
ANTENNAS

Narrowband UHF antenna sensors

Name The operating frequency band
Model 1 1.17 GHz-1.19 GHz
IFRMP antenna | Model 2 0.98 GHz-0.99 GHz
Model 3 0.78 GHz-0.79 GHz

Wideband UHF antenna sensors

Name The operating frequency band
Model 1 0.94 GHz-1.5 GHz
TAAS antenna | Model 2 0.68 GHz-1.5 GHz
Model 3 0.49 GHz-1.5 GHz
IV. UHF SIGNAL DETECTION EXPERIMENT

To verify the detection sensitivity of the designed UHF
antennas, they were used to detect the simulated UHF signals
that propagate in the line enclosure of test setup No.l and the
joint enclosure of test setup No.2 which were used in the GIS
system as shown in Fig. 7 and Fig. 8. These enclosures have a
circular waveguide characteristic that can be modeled as the
GIS enclosure without HV conductor when a disconnector
switch is open [18]. The experimental circuit in laboratory was
carried out to generate the pulse of UHF signals using the UHF
Horn antenna, which has a generally high power directional
antenna in the operating frequency between 1.2 GHz-1.27
GHz. It will convert the injection of artificial voltage pulses
(magnitude of 30 V and frequency of 100 Hz) from the UHF
Pulse generator into EM waves and transmit through the
enclosure from one side. Then the measured results are
obtained by the designed UHF antennas on another side
conducted with the PD data acquisition system.

e (esione
tm‘?'nna

(arfi~———)’ f
: ; "\Lzlpmp UHF Pulse
e 2]

generator
lwsition system

Line cnclosure UHF Horn nna

UHF Hom

UHF Palse oo |

generator

v,‘i\l

Frequency

Joint
enclosure

Fig. 7. The arrangement of the experimental circuit for UHF signal detection
(a) test setup No.1 (b) test setup No.2
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UHF Horn

Line enclosure ,
antenna

The designed 1.9 meters length
UHF antenna

(receiver)

=

ircless UHF Pulse
macion generator

Frequency shifter E

(High pass filter)

—)
Laptop
(PD analysis software)
(a)
v
UHF Horn 22 ?
antenna
(transmitter) f Dt
(PD analysis
The designed software)
[] UHF antenna
I (receiver)

Frequency shifter
(High pass filter)

PD data
aequisition
system

Joint enclosure,
0.42 meters height

(b)

Fig. 8. The diagram of the experimental circuit for UHF signal detection

(a) test setup No.1 (b) test setup No.2
V. EXPERIMENTAL RESULT

A.  IFRMP antennas
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TABLE V
THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED
IFRMP ANTENNAS IN TEST SETUP NO.2

Table IV and Table V represent the detected UHF signals

which are obtained by using all IFRMP antennas in test setups
No.l and No.2. The phase-resolved PD (PRPD) patterns, the
statistical magnitudes (Viaxose;) and waveforms are displayed.

TABLE IV

THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED

IFRMP ANTENNAS IN TEST SETUP NO. |

z:?:::, PRPD Patterns Waveforms
Y 3
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B.  TAAS antennas

Table VI and Table VII represent the detected UHF signals
which are obtained by using all TAAS antennas in test setups
No.l and No.2. The phase-resolved PD (PRPD) patterns, the
statistical magnitudes (Vmax9s%) and waveforms are displayed.

TABLE VI

THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED TAAS

ANTENNAS IN TEST SETUP NO. 1
Ll

;;::nsa PRPD Patterns Waveforms
N W TS 1)
u—~+————< »
§. { | = 4]
N J s ovavs I & N
e -
g e T
Viparosr. = 410 mV e
P Vi«
!-J Ve ] oA 4
1. / | =
Model2 | s N A1
. Ll
N W e »> =
Vinarose, =350 mV. oo
s /\ N\ |
3
i- {_“ s —i— 3
Model3 | 4 1
. - n:" m » i | | | _|
Vinwosy = 330 mV L
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TABLE VII
THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED TAAS
ANTENNAS IN TEST SETUP NO.2
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Abstract

In this paper, the ultra-high-frequency (UHF)
electromagnetic sensors based on the printed circuit board
(PCB) antennas for partial discharge detection are
presented. The sensors were designed to meet the
requirement of narrowband/wideband UHF measuring
systems for the UHF partial discharge (PD) detection in
gas insulated substation (GIS). The PD signals in the
physical  characteristic  of the  high-frequency
electromagnetic (EM) wave were detected using the
designed UHF antennas, which include the inset-fed
rectangular mierostrip patch (IFRMP) antennas, known for
their narrowband characteristics that offer high
interference signal rejection to improve signal-to-noise
ratio and the two arm Archimedean spiral (TAAS)
antennas, recognized for their broadband frequency
spectrum  capability. Because UHF PD signals are
typically detected using various field sensor designs, both
IFRMP and TAAS antennas were designed for three
different models under calculation and simulation using
MATLARB to apply in different operating frequency bands
within the UHF range of PD detection (300 MHz-3 GHz).
The designed UHF antennas have very characteristics, i.e.
portable, lightweight, and attractive for practical
applications with a low fabrication cost. Additionally, they
are more convenient to install on the insulating flange
compared to some types of external antenna sensors. In
terms of antenna performance, they exhibit parameters like
return loss (parameter S11) < -10 dB and voltage standing
wave ratio (VSWR) < 2 within a close range of the
designed operating frequency. Using the designed
antennas, the phase-resolved PD (PRPD) patterns, the
statistical magnitudes and waveforms of detected UHF
signal have been obtained from laboratory testing for the
sensitivity check to help users in the effective application
of the UHF PD detection.

Keywords: UHF antenna, Return loss, Parameter Si,
VSWR, Electromagnetic wave, UHF signal detection

1. Introduction

In recent years, the statistical data from The CIGRE
(International Council on Large Electric Systems) 23.10
working group report emphasizes the prevalence of partial
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discharge (PD) as a primary cause of insulation failures in
high voltage (HV) electrical equipment [1 — 3]. PD signal
has been widely studied as a diagnostic tool for assessing
the condition of gas insulated substation (GIS) insulation
[4]. Currently, specialized PD detection has been
introduced by the non-conventional method that can detect
PD signals using different physical characteristics
(electromagnetic transients, acoustical emission, optical
occurrences, chemical compounds). The ultra-high-
frequency (UHF) PD detection method is widely used in
the field of GIS by detecting electromagnetic (EM) waves
in the frequency range of 300 MHz to 3 GHz [4 — 5], which
usually can effectively remove the noise signal
interference below 300 MHz [6].

In The UHF PD detection method, antenna sensors are
commonly used, and they can operate using either
narrowband method or wideband method depending on the
monitoring objectives and the expected frequency content
of PD signals in the specific application, which are picked
up in the frequency range of typically 300 MHz-1500 MHz
[4]. According to the different installation methods that
have been studied, the UHF sensors can be categorized
into internal sensors and external sensors. The advantage
of the external UHF sensor as detailed in this study is that
it is easy to install on the insulating flange for capturing
leakage EM waves emitted during PD events and does not
affect the internal electric field of the equipment. At
present, external UHF sensors that have been studied
mainly include spiral antennas, ultra-wideband dipole
antennas, micro-strip patch antenna, and quasi-TEM horn
antenna [7]. However, some available external antennas do
not fulfill the facility installation and do not provide a
continuous wide frequency range that is suitable for PD
detection covering a broad spectrum [8 — 9].

To solve the problems, this study designs the UHF
antennas based on the printed circuit board flame retardant
4 (PCB FR4) substrate to be portable and lightweight. The
structural parameters and performance trends of the two
types of designed UHF antennas are calculated and
simulated to receive specific narrowband and continuous
wideband characteristics which are represented on the
topic below. To verify the designed UHF antennas, the
analysis of antenna performance parameters and the
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measurement results of UHF signal detection have been
investigated in this paper.

2. Structural Parameters of The UHF Designed

Antennas

2.1 Narrowband UHF Antenna Sensors

As seen in Fig. 1, the inset-fed rectangular microstrip
patch (IFRMP) antenna is proposed as a narrowband UHF
measuring system allowing for more precise targeting of a
specific frequency and the rejection of external high
frequency interferences. The IFRMP antennas have been
fabricated on PCB FR4 substrate height (/) of 1.6 mm with
its permittivity (ez =4.3) and input impedance of 50 Q
matching with the SMA connector.

We

Dielectric substrate

(b)

Fig. 1. Structural parameters of the IFRMP antenna (a) Front view (b)
Back view

The structural parameters of IFRMP antenna as shown

in Fig. 1(a) and 1(b) have been calculated using (1)-(9)
below [10 - 12]:

1) Calculation of the patch width (/) and the patch
length (L):

@)

(e +0.3)(5:- +0.264)

W
(&, —0‘258)( h—+0.8)

Where, fj = the operating frequency,
¢ = the velocity of light (3x10% m/s), and
the effective dielectric constant (&.) can be given by

)

£R_H+£R__l ;4,0_04 l_(ZJ - Zd
2 2 i w)) [ h
+12|
(W} 3)
£, = -
£R+l+£,—l 1
2 2

| ;121
1+12(i) '
| w

2) Calculation of the feed line width (#)) and the feed
line length (Ly):

60 (8h W, W,
——In| —+— —<I
Jeo W, dh h @
Z,= 1207 L/
W, W, h
Ve | =5 +1.393+0.6671In| ~/+1.444
T h h
L=< ()

TN
Where, 44 = the dielectric substrate wavelength,
Zy = the characteristic impedance of the feed
line
3) Calculation of the inset feed width (1) and the inset
feed length (L;):

W =2, ©)
- (0.0016995] +0.13761z, — 6.1783z; +
£ =10 Ll 93.1875! — 682,698} + 2561962 - ™
i = R - R b 3

40436, +6697

4) Calculation of the ground plane width (W) and the
ground plane length (Lc):

We i = 6h+ W (®)

Lgoin =60+ L 9

The dimensions of three different models of the
designed IFRMP antennas used in this work are shown in
Table I. They have been designed to operate at the
operating frequency of 1.2, 1.0, and 0.8 GHz in models 1,
2, and 3 respectively.

TABLE [
STRUCTURAL PARAMETERS OF THE DESIGNED IFRMP ANTENNAS
» IFRMP antenna
3 Model 1 Model 2 Model 3
W (mm) 76.79 92.14 115.18
L (mm) 60.05 72.13 90.24
W, (mm) 2498 2.498 2498
L, (mm) 30.14 36.17 4521
W, (mm) 4996 4.996 4.996
L (mm) 18.3 21.98 275
We (mm) | 120.33 14447 180.66
Lo(mm) | 12033 144.47 180.66

2.2 Wideband UHF Antenna Sensors

As seen in Fig. 2, the two arm Archimedean spiral
(TAAS) is proposed as a wideband UHF measuring system
allowing for a broader analysis of the frequency content
and characteristics of the signals. The TAAS antennas
have been fabricated on PCB FR4 substrate height of 0.8
mm for the spiral arm and 1.6 mm for the tapered balun
with their permittivity (ez =4.3). The spiral arm’s input
impedance of 90.9 Q which is calculated from Babinet’s
equation [13] can be matched with the 50 Q of the SMA
connector by using the exponential tapered balun.
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Fig. 2. Structural parameters of the TAAS antenna (a) spiral arm (b)
exponential tapered balun

The structural parameters of TAAS antenna including
the spiral arm and the exponential tapered balun as shown
in Fig. 2(a) and 2(b) have been calculated using (10)-(13)
and the following description below [13 —17]:

1) Calculation of the spiral arm: specify the number of
turns of the arm (N), the arm width (), the gap
between arms (G), the radius change in one turn of
arm (RC), the inner radius (R;) and the outer radius
(R,u) to determine the low frequency (fi.,) and high
frequency (fjien) cut-off and the offset angle (0,).

-R
G=A4= -——”";{N - (10)
Fi ZZ,R— an
fu S 3em (12)
of =% (13)
2) Calculation of the exponential tapered balun: the

conductor width of input impedance (Wy;) and output
impedance (o) of the exponential tapered balun are
determined from (3) and (4), the conductor width of
ground plane (W) is equal to the gap between SMA
connector ground pins, the height of the exponential
tapered balun (H) corresponding to one-quarter
wavelength (4/4) of the center frequency and the
balun exponential curves are Cr=Wy,e™ and
Cr=Wj.e"™ where 1 is a variable from 0 to H.

The dimensions of three different models of the
designed TAAS antennas used in this work are shown in
Table II. They have been designed to operate at the low
frequency cut-off >0.92, >0.63, and >0.48 GHz in models
1, 2, and 3 respectively.
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TABLE Il
STRUCTURAL PARAMETERS OF THE DESIGNED TAAS ANTENNAS
= TAAS antenna
i Model 1 Model2 | Model 3
N 4 6 8
A (mm) 29 29 29
G (mm) 29 29 29
Rius (mm) 51.9 75.1 98.3
Ry, (mm) 5.5 5.5 5.5
0. (degree) 90 90 90
Wyi (mm) 3.13 3.13 3.13
Wy (mm) 0.922 0.922 0.922
We (mm) 6 6 6
H (mm) 62 70 75
m 12.697952 | 11.246757 | 10.496973
n 21.334968 | 18.896686 | 17.636907

3. Analysis of Antenna Performance Parameters
3.1 Return Loss and Voltage Standing Wave
Ratio
In a single port system like the antenna, the return loss
(RL) represents the parameter S;; to indicate its
performance. The parameter S;; is a parameter that
describes how much power is reflected back (P,./) towards
the source (transmitter) compared to the power incident
(Pinc) on the antenna corresponding to the reflection
coefficient (I'), as in (14) and (15). The voltage standing
wave ratio (VSWR) is defined as the ratio of the maximum
voltage (Uax) to the minimum voltage (Unin) on the
transmission line, as in (16). Both parameter S;; and
VSWR provide insights into how well the antenna is
impedance-matched to the system it is connected to.

By
RL=-8;; =—10log| || |=—20log(|F|) =~ (14)
=RL
[r|=102 (15)
VSWR:!UL'“I=I+_|FI (16)
Uil 1[0}

3.2 Simulation and Measurement

All measured parameter Sy results of the designed
UHF antennas as shown in Fig. 3 and 4 are recorded by
SVA 1015X Spectrum & Vector network analyzer for
calculation of the measured VSWR.

The results of simulated VSWR are obtained in
MATLAB pcbStack to evaluate the operating frequency
band of the designed UHF antennas compared with the
measured VSWR as shown in Fig. 5 and Fig. 6.
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VSWR
-
3

Frequency (GHz) F.'w\-ﬂcy (GHz)
(a) (b)
‘Nlj v =]
#
il
Jfpave- Lﬂ‘%
Frequency (GHa)
Fig. 3. Thep Su of the designed IFRMP antenna (c)
2 1
(@) magt” 1f5) model (c)xode 3 Fig. 6. The VSWR of simulation and for the designed

TAAS antenna (a) model 1 (b) model 2 (c) model 3

The antenna with a VSWR of less than 2 is considered
to have acceptable performance across its operating
frequency band, and high radiation efficiency is indicative
of a well-matched, efficient, and suitable antenna. As they
can see from the measured VSWR graphs, all designed
UHF antennas have the operating frequency band in a
close range to the designed operating frequency as seen in
Table TII.

TABLE 11T
THE ACCEPTABLE OPERATING FREQUENCY BAND OF THE DESIGNED UHF
ANTENNAS

Narrowband UHF antenna sensors

Name The operating frequency band
Model 1 1.17-1.19 GHz
IERMP' [\ odel 2 0.98:0.99 GHz
antenna
Fig. 4. The parameter S,; measurement of the designed TAAS antenna Model 3 0.78-0.79 GHz
(a) model 1 (b) model 2 (c) model 3 Wideband UHF antenna sensors

Name The operating frequency band
Model 1 0.94-1.5 GHz
Model 2 0.68-1.5 GHz
Model 3 0.49-1.5 GHz

TAAS
antenna

VSWR

NS 4. UHF Signal Detection Experiment
To verify the detection sensitivity of the designed
3 UHF antennas for GIS system, they were simulated to
detect EM waves as the UHF signals that propagate in the
(@ (b) line enclosure of test setup No. 1 and the joint enclosure of
test setup No.2 which were used in GIS system as shown
¥ i Bl | in Fig. 7 and Fig. 8. These enclosures have a circular
‘ | i waveguide characteristic that can be modeled as the GIS
Iy enclosure without HV conductor when a disconnector
vowr || 3 7 switch is open [18 — 19]. The experimental circuit in
i laboratory was carried out by low-voltage measurement of
sensitivity verification [4] to generate the pulse of UHF
I IR signals using the UHF Horn antenna (generally high power
directional antenna, the operating frequency between 1.2
GHz-1.27 GHz) as the transmitter. It will convert the
injection of artificial voltage pulses (magnitude of 30 V

Ty R
Frequency (GHz)

VSWR

(©)

Fig. 5. The VSWR of simulation and for the designed
IFRMP antenna (a) model 1 (b) model 2 (c) model 3
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and frequency repetition rate of 100 Hz) from the UHF
pulse generator into EM waves and transmit through the
enclosure from one side. Then the measured results are
obtained by the designed UHF antennas on another side
conducted with the PD data acquisition system.

Line enclosure ©HF Horn antenna

\ : Y (Ml‘n l'{lw

A ﬁ'. Laptop generator

data
acaudsition system

UHF Hom

antenna
UHF Pulse

generator

Fig. 7. The arrangement for the experimental circuit of UHF signal
detection (a) test setup No.1 (b) test setup No.2

A4, 8 Line enclosure , “':i:"'"‘
vy 1.9 meters length R
UHF antenna [ b=—r— — 7o S

(receiver)

UHF Pulse

generator
Frequency shifter @
(High pass filter) PD data
acquisition system —
Laptop
(PD analysis software)
(a)
UTRE'Y UHF Pulse
(1 AnE itter) generator
(transmitter) § N
(PD analysis
software)

Frequency shifter
(High pass filter)

acquisition
Joint enclosure, system
0.42 meters height
(b)

Fig. 8. The diagram for the experimental circuit of UHF signal detection
(a) test setup No.1 (b) test setup No.2

5. Experimental Result
5.1 IFRMP Antennas
Table IV and Table V represent the detected UHF
signals which are obtained by using all IFRMP antennas in
test setup No.1 and No.2. The phase-resolved PD (PRPD)
patterns, the statistical magnitudes (Vmaxoses) and
waveforms are displayed.

TABLE IV
THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED
IFRMP ANTENNAS IN TEST SETUP NO. |

IFRMP

PRPD Patterns Waveforms

antenna
e

Model
1

Model
2,

Model

Vinwgsrs= 150 mV ' e

TABLE V
THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED
IFRMP ANTENNAS IN TEST SETUP NO.2

1L i PRPD Patterns Waveforms
antenna
Che =_C ;! W |
"AE N e
LR A1 by
Model \ 7
1 o \ 5
oLk o = =
— T Ple e
Vinarose, = 80 mV o
Pl 2N \ — |
' i ' ) &
F ———4
Model X 14
2 - N / 4
“ S o F 4
P Nn” % h gl .
e
Vinawosye = 170 mV
o o
m
E . Ne -
o Al =
Model ; [
3

) .-

Vanaos = 210 mV
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5.2 TAAS Antennas
Table VI and Table VII represent the detected UHF
signals which are obtained by using all TAAS antennas in
test setup No.1 and No.2. The phase-resolved PD (PRPD)
patterns, the statistical magnitudes (Vmaxoses) and

waveforms are displayed.

TABLE VI
THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED
TAAS ANTENNAS IN TEST SETUP NO. 1

TAAS PRPD Patterns Waveforms
antenna
7 e —
i
Model | £ 2 A ]
I - X s
D" & ™ m w)
Vinwosee = 410 mV - X
- | | | |
A
Model . 4 a— i .,
2 *1 h j and
D > € 7 LS
Viost, = 350 mV 5"
"l ) X178 % = W
A ] \
rv \ Y i
Model i P . 7/4 }. T )
3 o= \
»
(e A |\ (!
CYX XA MR N - o
Vinarssee= 330 mV 0
TABLE VIl

THE RESULTS OF UHF SIGNALS OBTAINED BY USING THE DESIGNED
TAAS ANTENNAS IN TEST SETUP NO.2

aTn?e‘nA: a PRPD Patterns. Waveforms
=
3 pu LranAA
- b \ = NN
£ - i
moder )| | N\ A
1 s %
T STy NAA\E #3
Vinawose, = 360 mV .
. _7/ 1 .- N — B
- ez e | U 1
o 1% ]
Model ! | £ i =
: s N % .
W o Wl
Vinanoste = 370 mV | o] )
- |y —_—
R */PEE R, SO, S Y
i I
Model | © F T
3 - 7
- ) S ——
Vinaxose. = 380 mV ~
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6. Conclusion

The performance of the designed antennas for UHF
signal detection has been investigated in this paper. Based
on the experimental results, the phase-resolved PD
(PRPD) patterns of UHF signal detection were analyzed
for all cases. In the narrowband UHF antenna sensor, the
inset-fed rectangular microstrip patch (IFRMP) antenna
demonstrated the ability to detect UHF signals with
minimal background noise intensity. This intensity was
lower than the cases of the wideband UHF antenna sensor,
as the two-arm Archimedean spiral (TAAS) antenna. The
broader frequency coverage of the TAAS antenna may
make it more susceptible to interference from unrelated
signals, influencing the distorted sensitivity of the signal
from the high intensity of interference. In contrast, the
wideband UHF antennas can represent more information,
resulting in a higher statistical magnitude of the detected
UHEF signals. When signals span a wide range of
frequencies, the narrowband antenna may not detect all
relevant information. The different statistical magnitudes
of UHF signals in each of the three different models of the
designed UHF antennas correspond to the characteristics
of multiple magnitudes varying across the frequency
spectrum. These variations are influenced by propagation
effects within the enclosure, including attenuation,
reflection, dispersion, and interference.

All designed UHF antennas have been verified in the
laboratory to detect simulated signals in the UHF range.
This study provides information of the narrowband and
wideband UHF antennas properties and the characteristics
of UHF signals in this experiment. However, the selection
of designed antennas should depend on the monitoring
objectives and the expected frequency content of signals in
the specific application.
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