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Abstract

Background and Objectives: Distribution transformers are critical components in electrical
power systems. Therefore, regular annual maintenance is essential to prevent operational
failures. In typical distribution networks, a large number of transformers are installed, each
exhibiting different conditions depending on age and operating environment. Identifying the
condition of each transformer enables utilities to plan appropriate maintenance activities and
frequencies, thereby reducing costs and improving operational performance. This research
aimed to propose a method that can be used to determine the health index of distribution
transformers to support the development of condition-based maintenance plans.
Methodology: The health index of distribution transformers was assessed by employing the
weighted scoring method and the fuzzy logic method. The factors used for the assessment
included dissolved gases in oil, breakdown voltage strength of the insulating oil, moisture
content in oil, and transformer service age. Both methods were applied to the condition
monitoring data obtained from 23 distribution transformers. Furthermore, patterns of internal

transformer faults were identified by using the IEC gas ratio method integrated with fuzzy logic.
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Main Results: The analysis of transformer health indices obtained from both methods reveals
that consistent condition levels were produced for 6 transformers, while the remaining 17
units showed discrepancies. Among these, 15 transformers were classified by the fuzzy logic
method as having worse health levels by one grade level compared with the weighted
scoring method; 2 transformers were classified as worse by two grade levels. The fuzzy logic
approach was found to provide more appropriate health-level classifications as the weighted
scoring method relies on fixed boundary ranges for each factor, whereas fuzzy logic enables
more flexible boundaries suitable for multi-factor evaluation without requiring rigid criteria.
In addition, the fault pattern analysis indicates that internal faults occurred in five of the
distribution transformers.

Conclusions: Regular maintenance of distribution transformers is crucial. Implementing
condition-based maintenance plan can help reduce outages and enhance system reliability.
While the weighted-score method is simpler and easier to implement, it is less effective
in differentiating conditions when input factors are ambiguous. In contrast, fuzzy logic
more accurately reflects real transformer conditions. Integrating the IEC gas ratio method
with fuzzy logic enhances the accuracy of fault identification, enabling more effective
maintenance planning.

Practical Application: The transformer health index results can support prioritization of
maintenance activities based on transformer criticality, particularly for distribution utilities
or facilities with a large number of transformers. This approach helps reduce maintenance

time and labor requirements and promotes more cost-effective resource allocation.

Keywords: Health Index, Distribution Transformer, Weight Factor, Fuzzy Logic
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mstrgesnemioulasdmhelutagiudniunsthgesnuidedesiunuanse (Time-directed
preventive maintenance or routine preventive maintenance) Iﬂaﬁiﬁuiﬂiy:%ﬁﬂaxﬂ%ﬂ %QLLuUIﬁaJ
mMs1gednwgunsaling 4 Mdaudsunasnmstissinununssidunisdigednwuanin
(Condition-based maintenance) #5931nA15U 383NN TUALIEAT (Scheduled maintenance)
Hunsthssinwiledniu (Maintenance as needed) SsagteliiAnnslidgeeaiuszansnm
Fromnil Spafinszuaunistaglunmsdrdulafientsdanimindauiivanyan Bmamdeite
fio msldaiiaua (Health index; HI) fia$rsdunndoyaanmilassuvomsiouasitldannity
UseiRnsvhauuazdeyamansiainawing 4 fieadeatuanm sdidlivseniienudotieldues
wilowUadlvivh ansehldlunmsilSeudisuanmisedndudunisviianssudigssnwndeudasa

Hagtu mamdviigunmuesiieutasinagyiiunioudasinddadinaginiuasinimeaaey
ps¥aannnt uenanddaiimslimalulagnsnsiaiauu Real time fiflenududounaranas
s1udne dmdoudasimheuiasdinrnudfytosniuamesuuiidinnniiun Sanniadades
Puftardmansznuseanuidetieldvesszutlneraléinn Unfudmathgesnuussdvemioutas
Swnhetu aiifissnmmaanwanufauninieuen gmsifuvesi Tamarudumiuesn
a0 madpUAANLAmUaLILvesihiy TaglldvhnameaeuTianeiuiariazansluhifunsioutas
(Dissolved gas analysis; DGA) vi3elsifimansiainamuamuthiulnsazden wu Taaudu mou
fain anandunsass Hudu idesndanldielumsvnaeuifistu uiisivniinamaaeuTiases
DGA safamamadeuamn Lt umemiiauwasiiming fagtaevilfanusnssysunuuresoadii
Antulusmsiounasasthaliussiueduiaunmusmiiouladifgniesuiudnnniu vhilvaanse
yhmsuflelsviudeuiazdummiliindunseredinuasnindauvesussmauiioguinalngifes
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Fu 3 dauvdn 9 Iiud Jadefiiorfestunsimseiuiaiazanelutigiu nleudas (0GA) Jade
Funmamuthiiu (Oil quality) wardlafolldannisasatanisluih Electrical test) msldiaian
srdunuanmudeuvasdunisunuaninlaesiuveamndenvasannniadeding s Tuuensd wu
tlads DGA MhwasmBnuuaniAnannswlninIeudieuiuinasiveansgiuma q uwi
mnUinaudaussiafatunninunilurasfiaiaiafisndndesassiliilads DGA dwa
sormdsiiauammiouwadliin dmumniinsandigunmsemioulasuiunisulanauia
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Methodology

frutiguniw (Health index) 1unTesilofifiusyansnmdmiunsdnnsaunindiiontsdn
SunrmddnuesnmsawulaymIthainw smenssertadeanineng o fanunsadedsanin
vosgunanildl edadeiildnnmansiata namslieseginieatosu filfing uasdseiRnsldon 35
fiflouldunniignfie Fardastmiin (Weight factor) Sv3sasvhnsliazuunusiastadomuann
LLaﬂﬁﬁwﬁﬂmm’nuﬁﬁmmmﬂ%%’aﬁu 9 mﬂﬁ?umwa@méumﬂzLLuuLLazﬁmﬁﬂma'wﬁuamwaaﬂ
sndusiavrmdsiiFenidsiauam Sdlfuuanmineruvesgunsaidaty uenanddaiisdy
5n 18unl 38 Fuzzy logic, Bayesian networks ua Artificial neural networks s1i3setauesm
Adriiguandaeisandasimiin uayitiledanin sawunsinseisiuuuniniavieaside IEC
ratio Ingldfledanin TeasBundraluil

nsUssfiudvdiguammiioudassminedeisadastimin

ms‘dszLﬁuam‘wuﬁaLLUméha%%ﬁdauma@qmmmmgm ASTM, IEC, IEEE hagA1uziinves
CIGRE F3echstimitinayimumtivdn (Weight) wazazuuy (Score) liudladesing q Tidanase
anveutas wu Tu [6] 19 24 P9 dau [7] 1 20 Yade Fauvaduladenelusdmieula
(Main tank) waztladeves Tap changer wagmdvilguniwsioudasmuaunisd (1)

S K, < HIF, S K, < HIF,
HI =60% " 5—— + 40% 22— (1)
;41{, ;241(/
e K - Yvdnvesdeduann
HF = agluuyesdaduanin
MT = Jadeflienfiu Main tank
ITC = YadefiAenfu Load tap changer

NTU MruAUIntn (Weight) uagazuy (Score) fasaenglu Table 1 [8]
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Table 1 Diagnostic measurements, weights, and condition ratings which are used as input
data for the health index [8]

No. Measurement Weight (W) Condition rating (CR))
1 Gas analysis 10 4,321,0
2 Oil analysis 6 4321,0
3 Loading 10 4321,0
i Age 5 4,32,1,0

MApiinsEnwnsmavilguammdisuvasimiielaeimuadadonisussduaninain

1% a

Jayaninisnmainatunenisinsssnymdewdasinmitgvesanulsenaunsuianiednuiy 23

=Y

w309 bakA DGA, Oil quality wazagnisldau o 3 Jadeiieuddnlunisuauenaninaes
wsfoudassail

DGA @dldsuaniiansifnauiangeanielu (internal fault) W n1sen$n famsautediu
115 Spark fidndsesn nmstrelnaniu pnufeuiumelusyuvawiu axiliitulezauiy
nszAwinNITaaemLaz Udosuiausviinoanin

Oil quality Wsusnaruananselunsdusuuwesihsiunsiouwlatuarnssauauiu Usnay
¢n8 2 du Ae usaduUsRATesTNgU (Breakdown voltage; BDV) warUSinanilutnsuvsioudas

919nsliuvemifeuas usuenegvesauiu mnudeie uazergnslinuvemifouas
findooy

Tuswasmniinsnsiaiadeyady 9 s feannsaiudadomaniulunmsussnianaves
odaodnld deazdrelinaduiiguamudouvassmiefaruuiugunndu mafmuathmdnuey
nzuuuvesdadesnanedunaeiiminiateau [8-9] :eazideas Table 2

Table 2 Factors and weights which are used as input data for the HI

Factor Weight (%) from Ref. Weight (%) from Ref. | Weight (%)
(8] [9]
Gas analysis 10 47.62 | ~50 26.15 61.54 | ~60 55
Oil analysis 6 28.57 | =30 12.28 28.83 | =30 30
Age 5 2381 | =20 4.06 9.56 ~ 10 15
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dunaaiaziuurealadenldusyilunuseanidu 3 Jadeundn lown

1. Yavswnanaranelutingu a¢ly %DGAF puauni1si (2) Inalun gL uukaziIntnmL

Table 3 [7, 9]

7

Z(SG X WG)
%DGAF =41 x100
6% > W,
G=1
il DGAF = DGA factor
S = AYLUUUTIENIN
W = gminidaduanin
G = atiuid H2, CHA, C2H6, C2HA, C2H2, CO way CO2

Table 3 Scoring criteria and weights of dissolved gas in transformer oil [7, 9]

Gas Score (S)) Weight
No- (ppm) | 6 5 4 3 2 1 W)
1 H, < 100 101-200 | 201-300 | 301-500 | 501-700 >700 3
2 CH,4 <75 76-125 126-200 | 201-400 | 401-600 > 600 2
3 CHg < 65 66-80 81-100 | 101-120 | 121-150 | > 150 2
q CHa < 50 51-80 81-100 | 101-150 | 151-200 | > 200 2
5 CH, <3 4-7 8-35 36-50 51-80 > 80 1
6 CcO < 350 351-700 | 701-900 | 901-1100 |1100-1400| > 1400 5
7 CO, | <2500 | <3000 | <4000 | <5000 | <7000 | > 7000 5

2. Yady Oil quality azlwuanegeu BDV wazUsunaniluiidumnionlas (Water content

e ppm) [6, 7, 9] dmsuinamiazuuuwazimtnaes BDV T [10] uavsuazuuwudu 0-4

WU 1-5 614 Table 4
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Table 4 Scoring criteria for dielectric breakdown [10]

Dielectric Breakdown (kV) Condition Score
BDV > 40 Very Good 4
35 < BDV < 40 Good 3
30 < BDV < 35 Moderate 2
25 < BDV < 30 Poor 1
BDV < 25 Very Poor 0

duUsinalutiulumseuUasmny ASTM D1533 [11] fvusliusssulsdiiu 69 kv dod]
Usinanhlunhifu < 35 ppm @ IEEE 62-1995 [12] fmunanmauiududesdudnisdud
FdUNNS (%RS; percent relative saturation) 209N LRI LA RLIUNTEAY (%RS = [mg/
kg water in oill/[mg/kg of water in oil at saturation] x 100 hi mg/kg = ppm) Fanan1n57a T
Yosaa1uUsznaunIndulununnsgu IEEE 62-1995 lagld3s Karl Fischer titration Tun1snsia
S0 Aduilsaaue Water content factor lunisunudlasevesdsmaniludsunsioutassisaunis
7t (3) TnefsumnasinzLuuLazTInge Table 5

2
(S, xW,)
_ =1
WCFacmr =- 2 (3)
W,
i=1
50) WC__ = Water content factor
S Y o o ¢ & 4
S = ABUUYRNUBS TR UM LN TumlauUadkasasumin luauIUNS LAY
]
W = utnvesUsuailuindusazin luauiunseany

AutauIU (i=1 AB UTU kaY i=2 AD AUIUNTLANY)
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Table 5 Scoring criteria for %water saturation of oil and %moisture by dry weight in paper

% Water Saturation of Oil Condition Score | Weight
0-5% Dry Insulation 4
6-20% Moderate Wet 3
21 -30% Wet 2 :
> 30 % Extremely Wet 1
% Moisture by Dry Weight in Paper Condition Score | Weight
0-2% Dry Paper 4
2-4% Wet Paper 2 1
>4 % Extremely Wet Paper 0

N aunanazkuukarimvtnvesnun ninunisulasssuuTmiigduan indlag
Aawdasarnunay [6-7, 9] U Table 6 winldAiuias %MOQF (% Main oil quality factor) a1a
aun1si (4) [9]

Table 6 Scoring criteria and weighting of distribution transformer oil quality

No. | Diagnostic test Condition Score Weight
(So) (Wq)
BDV > 40 Very Good 4
35 < BDV < 40 Good 3
Dielectric
1 30 < BDV < 35 Moderate 2 3
Breakdown (kV)
25 < BDV < 30 Poor 1
BDV < 25 Very Poor 0
Very Good a4
2 Good 3
Water content Z(Si xW)
2 WC,,.,, = =——— | Moderate 2 a
factor; WCractor
;Wf Poor 1
Very Poor 0
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2

2 (SyxWy)
%MOQF =2~ x100 4)
43D W,
0=1
il %MOQF = 9%Main oil quality factor
Z 0 = ANAZLUY
WQ = Antimin

lng %MOQF #laaguivaniiananmyesiiiundonlas uazivuar1AzkLLYeY %MOQF
ilanna Table 7

Table 7 Scoring levels of %Main oil quality factor [9]

Scoring levels Condition Score

%MOQF < 30 Very Good a4
30 < %MOQF < 37.5 Good 3
37.5 < %MOQF < 50 Moderate 2
50 < %MOQF < 75 Poor 1

%MOQF > 75 Very Poor 0

3. Yadeoenisldanunsieuas dmsuanidetlidadetivsuenaigveauiu wenainieny
AU UBENU Thermal aging 10 Hot-spot temperature wag Overload cycles (11913511 IEEE

d
C57.91) Bedoyamaidninmafudmiuniowasiis drunffoutasmnednlifinsiudede
$rfafusulszna wesnnsAnendeyavesanulszneuniswuilaifiniafutoyamani s
Weildddegnslinuremifouanfissetrafio Inenasiazuuusestihivegnisinunioutas
yosuATetiazdnutasann [10] flsvinsinuduiaunmuesmioudasiievesnsliindu

QiinemeIsAaemTn TnelUdsunaiaziuun 1-5 ' 0-4 ¢13 Table 8

Table 8 Modified scoring criteria for distribution transformers age

Age (Year) Condition Score
Age < 5 Very Good a4
5<Age < 10 Good 3
10 < Age < 15 Moderate 2
15<Age £20 Poor 1
Age > 20 Very Poor 0
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ndadevan 3 Yadu loun Jadeuianazaeluindiu Yadeamunmifiundowdas uavtady
g1gnslidnuvemdeutas InglviiminusazUadeniy Table 2 Mndwimsiuindviaunn
vosonlasdminenieisaasirinauduneulu Figure 1 uagaunsi (5)

Dissolved Gas Analysis

X 55

| Score 2 X 3

J w @ Score 4

| Score 3 X 4
| l Water content factor (WCF) I

I \ Dielectric Breakdown
|

=)

-

| Score 5 X 15
|

Figure 1 Procedure for calculating health Index of distribution transformers using the
weight factor method

3
2(S;X)
HI ;= +=—3——x100 5)
B3,
j=1
o S = Apzuunilademsiinneiufafiazansluiiiiu (DGAF) asn gy (MOQF)

wazegMslitaunioudas (Age)

/4

1

AvntinAudAgyvesladte DGAF, MOQF Wag Age

lngnadiniskisanmvamdoulasimienazawuztilunisungesnuasldinus dawana
1u Table 9 [6-7, 9, 11]
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Table 9 Criteria for distribution transformer health index and maintenance recommendation
using the weight factor method [6-7]

HI Condition | Expected Lifetime Maintenance recommendation

0.85-1.00 Very More than 15 years
Perform routine maintenance

Good
0.70-0.85 Good More than 10 years Recheck within 6 months
0.50-0.70 | Moderate From 3 - 10 years Plan corrective actions within 3
months
0.30-0.50 Poor Less than 3 years Plan corrective actions within 1
months

0.00-0.30 | Very Poor | Near to the end of
life

Take immediate corrective action

n1sussiiufytiguanwusisulasdnviieaeisnadasin

msUspdudviiaunmvifeulasmieseisiedasin Guanmsainsileidunnduandn
voausazdadeililumsusuiiuanimvsiouvasildannsmumunuide uasasuamenuAniiiug
Femgiunatihysnvmdfendasssuuswmihadosmuangited (Fuzzy rule) easiBestunon
nsfiuau dwelud

1. mafvusilaiduandnvesiadelimuiaunmuiioudasdmine Usznouse was
wRafianunsodalule (Total dissolved combustible gases; TDCG) Anuasuvausumioulas
sousssiulaiii (BDV) Uinasiluaumuninii WO wazorgnstinuveamiioutas lnerfnundteddy
aranduandnuesis 4 tade aleluil

- flafduanuiuaininves TDCG mu IEEE C57.104 (2008) agltufia 6 viln e H, CH,,
CH, CH,CH_ uaz COlaglsisam CO, lallisdinamsnzamosnnufianieduniioutas (og
Tungu Non-fault gases) @wlugiinainnisaanadives Cellulose yasnsyavauIuiintudy
Unfnwengauau nstusaesiilimdviguamiliuiuh msizar CO, figalagsssunfazds
walvnliumaifaufalnesafaunfanaiwiate nevsloudasissduuseilaiiu 69 kv au
UIMI51U ASTM D3612 [11] Juluanu Figure 2
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a 1
T
[
3
§ 05 |
3
>
a

0

1 | | 1 | |
0 250 500 750 1000 1250 1500
TDCG

Figure 2 TDCG membership function for transformers up to 69 kV [11]

- flsrturuduaun@nues BDV Tuunnsgiu ASTM D1816 [12] udnainaisin1svagey Breakdown
voltage mny Table 10 Fsvaaoudiszey Gap 1 mm waz 2 mm uaz Fisure 3 wansilsiduninudu
a11%n BOV #iszey Gap 1 mm [11, 13-14) usilesandeyanisnaaeunioutasimiinevesny
Aol lunmnaeuniumasgIu IEC 60156 fisvez Gap 2.5 mm Femsafusudde [15] Tae [15] 16
uainastantundiouuasty 4 aniz (Normal, Caution, Alarm wa Failure) AMAANAS§IY
IEC 60156 fratfunuAdeiifsinasianunnasgu IEC 60156 Tumsasrsilsidunuuaninves
BDV Taglifen BDV saust 50 kv Suldegluinausial sesring 30 kv & 50 kv aglunasissiunans
LazANI 30 kv asqjslummszﬁﬁuei A4 Figure 4

Table 10 Breakdown voltage test criteria according to ASTM D1816 Standard [12]

Test and method Value for voltage class (kV)

<69 >69 - <230 2230

New equipment
Dielectric breakdown voltage
ASTM D1816 [kV] minimum
1 mm gap 25 30 35
2 mm gap a5 55 60

In-service mineral oil
Dielectric breakdown voltage
ASTM D1816 [kV] minimum
1 mm gap 23 28 30
2 mm gap 40 ar 50

Sae-Heng (2025). “Health Index Calculation...,” Science and Engineering Connect 48 (4), pp. 370-400
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% !
3
£
[v]
2 05~
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G

0
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Figure 3 Fuzzy membership function for dielectric breakdown voltage [11, 13-14]

Membership Function Plot

Bad Moderate

0.5

Degree of Membership

L 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Input Variable "BDV"

Figure 4 Proposed fuzzy membership function for dielectric breakdown voltage

“lafdumnuiluaundnvesUsinaniluawiuiiy (Water in insulating liquid) inasiuSana
iluauiuitumuiasg iy ASTM D1533 dwisuusaiulaiiu 69 kv dfwualy 2 inaust fe
513']’141%fﬁ’mumiﬁﬁﬂ'%mzuﬁwgqqmiﬁLﬁu 20 ppm wazisfunsouvasildnuudaimunlaiiald
Ay 35 pprm #v Table 11 [12] wagldflerFunuduaundnusmaniluawuthduss Fisure 5

[11, 13-14]
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Table 11 Water content criteria in insulating oil according to ASTM D1533 Standard [12]

Value for voltage class (kV)
Test and method
<69 >69 - <230| 2230
New equipment
P 20 10 10
Water content ASTM D1533 mg/kg maximum (ppm)
In-service mineral oil
35 25 20
Water content ASTM D1533 mg/kg maximum (ppm)
Good Moderate Bad

a 1

B

3

§ o5

3 i

2

&

B

0
| | I 1 |
10 20 30 40 50

Water Content (ppm)

Figure 5 Fuzzy membership function for water content in transformers rated up to 69 kV

[11, 13-14]

- artuanuduan@nuvesenandiowUadlih (Transformer age) Usy@vnmusaiioudas

ranaanueIgnsitenu Teevill auiuvemdisuuawuuiuiiuasiviegnisldanulssann

25-30 ¥ Famdewlasiiienguinaziinnudssiaziinnistndedulaineg suidetlifiunaig

I3 a v A Yoo = a a 9 |
Juandnvesengnsisudainu [16] lavinnisAnwinsussdiuannudesvemdowlauazanads
Tuszuudmieseisiedasdn fauandlu Table 12 wag Figure 6

Table 12 Criteria for transformers age [16]

Young

Middle-aged

Old

0-10 years

5-25 years

20-35 years

Sae-Heng (2025). “Health Index Calculation...,”
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Young Middle-aged Old

0.5

Degree membership

0 5 10 15 20 25 30 35
AGE

Figure 6 Fuzzy membership function for transformers age [16]

msUszifiunndenvemifeuvadassiuanegmieuuaswesds Fuzzy logic mu Table
12 ndnn1361991n738 Weight score lu Table 8 35 Weight score Tonerlutlideidsdnngulag
wasfuezuuuuulieifemetuiilafioasioussiuaudeuvomiloutas e diis Fuzzy
logic wunagduiuUsiBanimmanswazUszanananuilsiduninuduaundn lildrmun
Hueguuunuuned viliaansaasviounsdenvemiioudadidesioiies msliiaziuuey
wilauuasniy Table 8 Fsfinsuusrriegndowlandunatsssdiuninis Fuzzy logic ielliidAn
nsdifioguifoudasinafuannldazuunaninyiniu W daseny 5-25 U azuveenldiiu 4 sz
AU (3, 2, 1, 0) kagUseiliuaninle Good, Moderate, Poor wa Very poor @113d Fuzzy logic
mstmusanmawuanogndienlanduganiwieans liun Young, Middle-age uay Old
maTable 12 Tnsengniloutasedomilioradimmnaunduandnunnii 1 sefu wu mioulaseng

8 U fsvaumnuduanndnves b, =04 uay = 0.6 ¥UEANNIN Ndeaulateny
oung 3

Moderate
8 U il “Young” w3e “Middle-aged” wuudnvmaIniy uwallanwazidu Moderate 1A
(1=0.6) vaugidfsnanmniiu Young agunsaau (u=0.9) faazviounsidlenanmiliintuseedonidiu
Aoel wagld Membership function vesegmsioutasiianannauiuasUssaumsalvosiTeivay
lonansinsdanazanas s tesunisunuanuduiug taslu Figure 7 uansnissyyssiuninden

Yaevsloniasmeaigmilouladvadds Weight score uag Fuzzy logic ansl Table 8 wag Table 12 auansiu
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0 Very poor
. . | Poor | | | |
RN [N A NS s SN S B
o . Middle:
a 27 5 : . Weight Score
3] Very {800
good | '
4- |
o SN sy B Eaessovesns us
- Young :  Middle-aged ; Oold
g 14 : | : . 3 i
5
E 0.5- Fuzzy Logic
o
v
g
& 5 : : 3 : i :
o i | i | T i i Age
0 5 10 15 20 25 30 35

Figure 7 Comparison of transformer aging assessment based on Weight score and Fuzzy
logic methods

2. msasangiledlunsmavilguamvifouvasdmine eldlunszuaunsianummendial
quan amideivimsasangiledannismumunudde [11, 13-14) Sufudahuuudeuniuenufdn
Whuangiiuszaunsaiuasdemgiumstssnymiemasssuusminedyaansvasnisindhihe
Smheuazaneivinig seanuuuasuaailithuinaddyvesiiads TDCG inniign sesasnie WC,
BOV wazengmstiaumioutas (Age) nudify anunsnasradungitedlévomn 19 ng uansis Table 13
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Table 13 Fuzzy logic rules for assessing the health index of distribution transformers Rule

TDCG WC BDV Age HI
Rule Result
No. |Good Moierat Bad|Good Mocierat Bad|Good Moierat Bad|Young|Middle|Old
1 x x VB
2 X X X X M
3 X X X B
i} X X X X M
5 X X X B
6 X X X M
7 x x x B
8 X X X X B
9 X X X X M
10 X X X M
11 X X M
12 x x x M
13 x x x G
14| x x M
15| x x x M
16 X X X G
17| x x x M
18 X X X G
19| x x x VG

Note: VG = Very good G =Good M = Moderate B =Bad VB = Very bad

3. nsmvueilanduanuduaunnvesdvigunmmseflanduanuluaudnsuesdng
au & 1w oA [ [ £% sy o a ¥ o
NuITelwdviiaunmeanidu 5 sedu e 4 flandudvaeuniamy nunaanu [11, 13] e
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Tinwtigunmatesunuanmudoudasifdiuaunnunuaninig dsuideilaviinisusuliel
guAMAgeNUaNNUeITowlaAkA AT UNUANINLERS Figure 8 ialvidinesianisiUTey
WisunaiunsUssliasviiaunmusmiioulasdmiienedsaaisinn duiuaglinaueimazwiu

v a

srvilguamudiowasdmig desialuil

Very good AAzuu > 0.75
Good AAzuu 0.6 -0.8
Moderate NAzuu 0.3 - 0.65
Poor AAzluu 0.1-0.35
Very Poor AAzluu < 0.15

Membership Function Plot

Very-Bad Bad Moderate Good Very-Good

Degree of Membership

1 1 1 1 1
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Output Variable "Health Index”

Figure 8 Fuzzy membership function for the output of the health index of distribution
transformers

4. msmavtavnmvdewdasimieseile@asin nawinivuadadelunsusvidiuduil
guammdenUasimiie assilanduanuduaundnliiuusazdady asengiled wazaseilandu
anuiuandnueaduiiguaimuds suneuseluazyhnamdsiigunmndioutasdminedae
Hedaednlagliguuuuves Mamdani melusunsy MATLAB
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nsIATIzIAURaNs I e lundsulasdriteflenwdasin

Tnevhlu msliasgiaraiiansesneluniouasiedeya DGA sinlinane3Bsamfuannndi
mslifiediBiden [17] Wiodiumuududuazanuindefovemantsiasei osnuaziad
Fos1infiuansaiu 33 IEC gas ratioIﬁmamﬁmeﬁmmﬁmwémﬁﬁmmLL@JusTﬁzjaﬂ’jﬁﬁ Rogers
ratio [18] wazidudsfildsuniseensunazldogsunswans [18-20] veuzdids Doernenbure ratio T
ausiuginidenSsudiouiuitou usin3% Duval Triansle azlasunisausuinfinnuusiug
a1 eg1lsninu Adadedninuicsznis wu Tuununim Duval Triangle laifinmsAmuslsud sy
anmzmsvhauUai (Normal Zone) dsenawlugnisieuvsioutasniinfinanuiiansein
Fulé [21] uenanil 38 Duval Triangle fnnuhgaeruduturosufaefifudssalinainggy
wudeslunaThermal fault 16 [17] 9139eilidonld3® 1EC gas ratio lumsiwszsinuianges
Toeld Fuzzy logic iosannduiaiiae LLaszJummgmﬁ%’LLwiﬁmEJ avanlunisiusunsulagly
foya DGA yafEAUMIAMNAL Health index lsifiowngaiauunsivlanuivaes Weile1ainis
ARzinuRaNs s INAUIEEY 9 WeBusuranisinzi

Tnelunsieneianuianiesiiiniulumtouasazinsanmusnsg IEEE C57-104-2008
22] Tu Table 14 lngmnrasiuves TDCG uAmsguuazoglutoului 3 Ul azthufauns
FRANTIATIZIANURANTB LAY winnasuta TDCG dndndeuladi 3 Winsiaaeusiu
Fuuazdsmduuiaignudniusiotu

Table 14 Transformer condition based on Dissolved Gas Levels in oil according to IEEE
C57-104-2008 Standard [22]

Status (ppm)
Gas
Condition 1 | Condition 2 | Condition 3 | Condition 4

Hydrogen (H,) < 100 101-700 701-1800 >1800
Methane (CHy) < 120 121-400 401-1000 >1000

Acetylene (C,H,) <1 2-9 10-35 >35
Ethylene (C;H4) < 50 51-100 101-200 >200
Ethane (C,Hyg) < 65 66-100 101-150 >150
Carbon Monoxide (CO) < 350 351-570 571-1400 >1400
Carbon Dioxide (CO,) < 2500 2500-4000 | 4001-10000 >10000
TDCG <=T720 721-1920 1921-4630 >4630

Sae-Heng (2025). “Health Index Calculation...,”
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- laidupnunduaindndnsnaruunianeds IEC ratio snudunn luunadu [18] vin1siasien
AURANTBINEIDUDY Rogers Wag IEC WUl Navedds IEC HAuulugunnnii FoduaAsed
Fudenli33 IEC Tunslnszmenuianseswneiiedasin 35 1EC \HuAsTRewld [(18-20] 214
INTIAIULNE 3 DRTNEIU AD CH/CH, CH/H wag CH/CH 1R8518aLLENDNIIEIULAE STTd
Sn51dn uartieardTduLAAuARIa Table 15 warmsszyanuRnniesiiinduuandly Table
16 Wartupuduauindnsdrunianieis IEC ratio audunauandly Figure 9 83 Figure 11

Table 15 Gas ratios and codes of the IEC Ratio Method [20]

Ratio Code Range Code
<0.1 0
n (C,H,/CoH,) >0.1, <3 1
>3 2
<0.1 1
k (CHy/H,) >0.1, <1 0
>1 2
<1 0
m (CHy/CoHe) >1, <3 1
>3 2

Table 16 Fault detection in transformers using the IEC Ratio Method [20]

No n k m Diagnosis

1 0 0 0 Normal Ageing

2 0 1 0 Partial Discharge of Low Energy Density
3 1 1 0 Partial Discharge of High Energy Density
4 1-2 0 1-2 | Discharge of Low Energy

5 1 0 2 Discharge of High Energy

6 0 0 1 Thermal Fault (<150 °C)

7 0 2 0 | Thermal Fault (150 °C - 300 °C)

8 0 2 1 Thermal Fault (300 °C - 700 °C)

9 0 2 2 Thermal Fault (>700 °C)

Sae-Heng (2025). “Health Index Calculation...,” Science and Engineering Connect 48 (4), pp. 370-400
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Figure 9 Fuzzy membership function for gas ratios C2H2/C2H4 [18, 20]

Membership Function Plot
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Figure 10 Fuzzy membership function for gas ratios CH4/H2 [18, 20]
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Figure 11 Fuzzy membership function for gas ratios CH/CH [18, 20]

- arturnuduainTndnsdinuuiavesds IEC ratio method MwinuednmIzuansUsznm
YaaMsiinANUianTasnelundeuUaia 9 Useinn au Table 16 fawandly Figure 12

Function Plot
!

Degree of Membership
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Output Variable "output_Fault"

Figure 12 Fuzzy output membership function of the IEC Ratio Method
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- msasungile@iieliimszimanuianses avihdeyalu Table 16 wasadungiled
MNIFENISIARANRANTOILATIALA 11 N5 Lanesa Table 17

Table 17 Fuzzy logic rules for fault analysis u sing the IEC Ratio Method

C,H,/C,H, Code| CH,H, Code |C,H,/C,Hs Code
Rule Fault Diagnosis
0 1 2 0 1 2 0 1 2

1 X X X F1 Normal Ageing

2 X X X F2 PD of Low Energy Density

3 X X X F3 PD of High Energy Density

4 X X X Fa Discharge of Low Energy

5 X | X X F4 Discharge of Low Energy

6 X | X X | F4 Discharge of Low Energy

7 X X X F5 Discharge of High Energy

8 | x X X F6 Thermal Fault (<150 °C)

9 X X | X F7 | Thermal Fault (150 °C - 300 °C)
10 | X X X F8 | Thermal Fault (300 °C - 700 °C)
11 | X 4 X | F9 Thermal Fault (>700 °C)

Results and Discussion
a v Q’lj % %4 v L4 o 1 v ada | 1 9; U = a
MAeiilalszyndldnismasiavnnmdewdasdmingsigisrmainimin uasiledasin
SfumMiasginaiaanuiansasnglundeuuawingds IEC ratio fudeayaninsininiienis
ey mdenlasdnningvedanulsenaunsnsduy 23 1ased uasiBuniinaiaslniiuasus
FULAAIRT Table 18 NANNTIAIIZVLTI8ALLDERGIRE bUT
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Table 18 Power and voltage ratings of distribution transformers for industrial facility

Power Rating (kVA) Voltage (V) No. of Transformer
2000 6600/400 10
1800 6600/720 3
1000 6600/400 2
900 6600/460 1
530 6600/520 5
270 6600/460 2

HaN1IATIIRYlgunwvasuiauwlasdining
HansARytauanvedenUasinniiemelsaaiainin wasTsiedaodnvemiiawiad
714 23 1A399 wanaly Table 19

Table 19 Health index assessment of distribution transformers using the weight factor
method and fuzzy logic approach

Tr. Gas (ppm) BDV| WC | Age Health Index

No| H, | CH,|C,H,|CoHg|CoH,| CO | CO, [TDCG|%DGAF| (kV) [(ppm) | (Year) |Weight factor| Fuzzy logic
11310190 | 0 |181]1993| 203 |100.00|71.8| 13 26 |8500| VG | 089 | VG
216 1 144 0 | O |655|2377| 706 | 95.83 |74.6| 19 29 185.00| VG 0.7 G
3182 | 3| 2| 0 (948[4091|963 | 75.00 |{60.3| 45 29 16250 M 047 | M
4 1147 |374|845|247| 75 |375|7012|2063 | 47.50 |53.5| 35 29 15625 M 012 | B
51291 3 7 2 0 73214256 | 773 | 79.17 |24.2| 41 29 155.00 M 0.23 B
6115 1 | 10| 2 | O |749|3743| 777 | 83.33 |75.5| 76 29 16250 M 047 | M
7|6 | 2|16 2| 0 |878|4363|904 | 79.17 |71.9| 68 29 16250 M 047 | M
81 9 | 0|33 2| 0 |4r4|2637|518 | 91.67 |68.9| 14 26 |185.00| VG 0.7 G
919 |1 6 | 5| 3| 0 [679(3566] 702 | 87.50 |755| 32 29 170.00 G 047 | M
10112 | 2 6 2 0 |700|3252| 722 | 87.50 [41.4| 29 29 170.00 G 045 | M
111 10| 3 7 3 0 |661]3449 | 684 | 87.50 |44.2| 31 29 170.00 G 041 | M
12113 3| 6 | 2| 0 |708[3343| 732 | 83.33 |60.6| 30 29 170.00 G 048 | M
130 7 1 6 | 3 | 0 |519]|2467| 536 | 95.83 |46.7| 28 29 170.00 G 047 | M
17y 17 (14 7 5 0 |124914308 |1292 | 70.83 |75.5| 31 29 170.00 G 0.23 B
151112525478 |214| 4 |598 4350|1931 | 44.17 |42.6| 34.5 29 | 56.25 M 0.13 B
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Table 19 Health index assessment of distribution transformers using the weight factor
method and fuzzy logic approach (continued)

Tr. Gas (ppm) BDV| WC | Age Health Index

No| H, |CH,|C,Ha|C,Hg|C,H,| CO | CO, [TDCG|%DGAF| (kV) |(ppm)| (Year) |Weight factor| Fuzzy logic
161 13| 3 |20 3 0 8595648898 | 75.00 | 50 43 29 70.00 G 043 | M

171311 | 7| 2| 0 |717|2882| 740 | 87.50 |75.5] 18 29 | 85.00| VG 0.7 G

18|997| 98 |113|145| 3 |574|7946 1930 | 40.85 | 47 33 29 5625 M 016 | B
1913291189 |312| 82 | 664|623 | 7468|2199 | 48.33 | 74 | 61 29 | 48.75 B 0.06 | VB

20088 | 6 | 10| 3 | 0 [141414915|1521 | 66.67 |73.7| 25 29 17000 G 023 | B
211 3 | 0 |103| 68 | 14 |521(10424|1990 | 35.00 |38.7| 81 29 148.75 B 0.06 | VB
22| 6 1 1150 |64 |1330| 81 |100.00| 59 11 17 | 85.00| VG | 0.89 | VG
231 8 | 2 1|5 1] 0|61 (1048 79 |100.00|64.8| 10 17 |85.00| VG | 0.89 | VG

Note: VG = Very good G =Good M = Moderate B =Bad VB = Very bad

a 1 v a vV o 1 v ad | 1 % % ada a a

Han1sUszliuArvliguamvemdowUasdmiengdsaaisimin wasisiedasinly
Table 19 NULBLUAVMUATILIU 23 LATDI WU 2 35 TNANTITIATISRANINATINU 6 LATD4
oA 13099 1, 3, 6, 7, 22 way 23 druimde 17 1309 lonalunseiu wuady 15 139 Anaan
Tilwdaednlanan1susslivaviliguaimugnindsaalsimin 1 seau taun 13839 2,4, 5,8 - 13,
15 - 19 WAy 21 waLdn 2 w599 LALA A5897 14 waz 20 TNaa N onwdasdIntanan1susywiy
AutlgunnuegniniBaaiadmvin 2 seiu dinmslesgvinaadaduanineng o udmudn 35
HedaednlinanisussliuseAugunmuesmsisuUadimmunsauunnninigaaaiivin dreegauy

o v a a Y a1 ¥ £y aal =~ a &

HasERuauAnvemioulatasam 1 Mmedsmalnntinuayisiledasinilu Very good
:’/ I 1 dl' a [y dl' Ql' d'ad 1 1 9'5 v % [ =4 1 a =
e wadleisuiuieIesit 2 MisaAaminlaseauguaimdu Very good dds edae
a &, = A a a | B P P a @ & A
INu Good FailaNINTUAYALLDYAITNUIN NLBLUAWATEIN 2 TNANITATIDIANULAET
angluthdfugeninesesn 1 u1n uenanddadusunanhluawiuindugandt wazetgnsldau
11NNIAEY LLilj’j’lfﬂz‘VIULLiflﬁuLUiﬂ@TJuﬂlﬁ?ﬁj\‘m’j’]LLﬁﬁ%ﬁﬁﬂjWLﬁﬁﬂLgﬂﬁaﬂ AAUUNLBLUAILAT B
a = ) o \ = a a s aal a a a f
7 1 3335LANaTeAugunIne19INA3efl 2 nsiiinaalnisiledasindadnuwmunzaunin

v ¥ d' d' % ada | | % 9 v [ I~ 1

HasERUaUNINYliawUaeTe 4 megTsralnmtinlaseduaun iy Moderate u
ada al a < = A a = 1 o A % % a A
FileFaednilu Bad Fallefinnsanineazidenagnuii nasiuuianazargluindugann du3unu
Wiluauiuinduas wazlongnisldauinn delunavesisiledasindedanumngaunnnd

v B3 ° ! = au Aqv Y] a v ° |

Hadvigunnvdonasdvthenlalunudded lidadelunsussdvanmueamdeudasdiming
NYBYANHNITATIVINITIVBINANTTUNTU TSN UTEI Balagunideyanisnsiainviloudas
Fmhgazlilavinnisasiaiaunnwinduniowlasnigas Lf]umiﬂizLﬁuamwimai’mmﬂ%’ayjaﬁﬁag
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Weldlunisdndiuaadngauemdeuwlausasiasosusznounisdnaulaiionianssutngesnw
AuANTULAAZIASBIMAZANIIUUSTINTTeY uinluswiaainisiiutoyadu 9 unTu Azl
Han15UsTIudauLug Ny

NaN1ILATIZALRANIa N e lundauUasinuinedsededasin
nMyieTeianURansengluioulad g aeiuInggIu IEEE C57. 104 - 2008
FEUNMNNATINYBNUA TDCG 1NN 1921 ppm onafimsinauianiestunmelumsionas <
ymsengiuiafiniuiomyiavesanufiansos lnsdeyanismnaiaufafifedulundioutas
Fmihediunu 23 w3es nuhindeutassiuiu 5 1n3es Aifnasauvesuiia TDCG wnndt 1921
opm faudshnsinssimeuiansewomiioudadlngs IEC ratio srefledaninfumsiouta

714 5 185098 LAEAN1TIATIERANURANSDIUInLaLUadR Table 20

Table 20 Fault analysis and diagnosis of distribution transformers using fuzzy logic

Tr. No| H, |CH,4|C,H,4|CoHg | CoH, | Code [Fault Index Fault Type

4 |147|374|845 247 | 75 1022 8.52 Thermal fault (>700 °C)

15 |112\525(478 (214 4 (021 7.48 Thermal fault (300 °C - 700 °C)

18 99798 113|145 3 |001 1.50 Partial discharge of low energy density

19 1329|189|312| 82 | 664|102 4.50 Discharge of high energy

21 (745539103 | 68 | 14 |101 3.51 Discharge of low energy

NnRaMTIeTgineLRansoemouasmhefefteasdinnuit Infeutas 2 intes
ARnALRANTIINNSIARAINTEUGS fe 13T 4 AR Thermal fault (>700 °C) uaziATa
15 1fin Thermal fault (300 °C - 700 °C) nifouvasiiAneuiiansesguusssosamnliun 3o
19 4fin Discharge of high enerey wazie3e3di 21 1fin Discharge of low eneray gavinevidoudas
130971 18 1R Partial discharge of low energy density dasfaudasia 5 psesdndlananis
Uszidlussiugunwszduiliifiaenndesiusefe Bad uaz Very bad
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Conclusions

msvgsinwmsioudassmiedudsinduegieds esnnidugunsalfumsiiuUausedu
nasliduussfusinodelWlifuaniuusznaunts Fennannsodanistissinymioutamia
anmvemsiewdadld asteliantgmilniihdades Wuanudeteldvesszuulnih uazidinnis
Ttdweenaduan FBnsUsziliuanmusamsioudasifenlifisnetu 2 38 fe 35 Weight factor uas
3 Fuzzy logic mAdeiilfiauemamdriiaunmuesiiouasszuudwiedets 2 3 Tnetlade
fdlunsussdusiiaunmusaiiouUasesds Weight factor léun ufafiavaneluauuthify 7
wila (H, CH, CH, CH, CO uag CO) AruAsUsBusIiuUINANTvsauIuhTy Yiinash
Tuauauthiu uazergnslinuveamsiouvas Tnefimslfasuuuuasimidnvowusdasdate @il
Fuzzy logic avlidadmuiieniuds Weight factor snafuiinfafiavansluauuiiiuagld 6 «in
onviu CO, waziinnsimun Membership function TrfiuusiazUade Tneiinsasanguesiled 19 ng
fildnanmsasunuangisiuszaumsaliazauidemasnunsthysnvmieudasssuudming

nansUszdiudiigunmemioutasssuudmineldainis 2 38 Tu Table 19 wud1 38
Fuzzy logic 9¢lnan1suszdiufinngd lnganunsauenseavanmuewmlowlasldaenadesiutoya
Padeildusefiunnnninds Weight factor 110997038 Fuzzy logic [¥msinduladdinsevifiaey
LuUTEAnuayaddulafidudouvesnud uioghdlsfimunis 238 Adaduisatusyansnmdmsy
Tisziiuanmvsioudasiioliuszneunsdaununisiigednymifeuvadls 1ne3s Weight factor
Tuiiderae e wazazmnlunsldau @u3s Fuzzy logic Idnansuszdiufinssfurnanisasiadn
unni usfdadudeulumslinuinnni fannfideyanansmsiaiaanmusmioudasdiuou
fanntu varnvansan sl weslitoyawndatosounds ssdgliaunsathanusuitsidy
aranuaundnuedis Fuzzy logic Waduilaunmiamuulugunniy

uenni nuATeildinnnsienuiansesiifintuluniioutadaeldis IEC ratio M

Fuzzy logic #93ataslddnauniariavarsluauiuiaiy 3 snsidn Tdun CH/CH, CH/M,

uag CH/CH, Tagagimslinngianemiiouauaiosifinasuvesuiinauia TDCG 1nni
1921 ppm Wik SARaMTIRTIERNUT S 5 1ndes fifeuhuninseimanuinnses
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