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Twihdoutkngtdihisuns (Mineral oil) rnthikraniduauaulwih s:uienaudeu
ia:UnUevauauidy dogadsviaowdanycdendondauin ergaenlonlave:diugnondeligusgiivaruniu
govthiunleiUav Mnniseeniuurdanlaviorgiodsus:unru 25-40 U Guiunisfinundeyanazdentdiniu
hdonday Adatumwana:nuaue:ritindonUalongnstduiuuuiriuaigriaiag uonen Mineral oil 1d2
fuliauauinag (Liquid insulation) alinduRiMstavuRunbanUay gduunaaute:iniaueRutzey Mineral oil,
guaunisnautihiiu, alinge Mineral oil la:ausuUInAIBT0BUATETURTONUAY SouBiumsiUSouiRsuAruALURA
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thJurdendav atadduns (Mineral oil) TAURINNISNAU
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Petra Oleum
Hiu TRy

§UR 1. Aunzevrdn Petroleum niazthdudu
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U A.A. 1848 zyioa 180 1[o$ (Samuel M. Kier) 10uunnansnidaldsaawutiu Taginldgawuthiulasdudny 9nue
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nIsnauuuuqu (Oil Refining) E@gﬂ
Chemicals
thiuduanuru:luzevinasdundroinau Tadia:inau mu o 2
T§Us:Tugulngnsvidiosuin Us:noudaua1sus:nou iy ekt ovotg

Talasm$uauragiiuatin AviuFviuauisnionaishos
ooniJuansiauan 1dsnMuansinad DynideatndiRoviiuuin
GovlhlUingnaisus:naulalasamsuausanilunaus mugoy | Mineralol
govraifion 35MsiignovAus:noutiudy v:ridTnutdhan
nsnauAdudau (Fraction distillation) Fue:dourinisiionti
asUs:neuru:iu eondiau Tulnsivu aTak:Hindu
foumsnau

Crude ol

P 3 ko
7 1,

sUR 3. Diagram HonausAudou

nsnauaAdudau (Fraction distillation) awasniignthudu
lagTdranmisaougaition (Boiling point) la:g0AdUILU
(Condensation point) AIANAWAU HONAUAIAUAIU
(Fractionating tower) sUswidunsvns:uanguus:uiru

30 was mefuniuidufiovq (sUR 3,4) Taons:uaumse:ritii
thiuauTdsunausouguUs:unny 500 evrigaidua TethbudussugnaviFiuiunenau mifasnnatiailasuanu:dunia
wsuAulA:inAouAIBUTUFdIULUANevHENAU IIAdAIUILUNInoaniDudour TngansRiyaIde0aY IsvBaIMtas:HI
Tulanaun e:pouiiuiluzevinadnou Ilazaghduaevranau douashivaifiondsviaintivas:niniuianatoy
2:1nAouRBUTUAIUIUATULUANIONHONAU WANATUARIGINMSNAU TalR

1) fing (C1 - C4) Fuuovwaus:HoWMY
dinu ainu Twswuna:pamu 1uciu

ds:Toau: Dinutdidueiwaveaans:iatud
ainu, Twsiwuna:uainuigtugaannssutinsinij
lia: Twsiwuna:uainutgriningrau (LPG)

} T i 2) nuwm (C5 - C9)
SRk Usload : 1¥rihdora:any

3) dhiJulvudu (C5 - C10)
Us:lgau : Tgnideiwavsnuud

4) Ghiluma (C10 - C16)
Us;Tuati: TFNIFoIwAvAINSUNINYVIA:
InSavoudlouu

sun 4. renauadudou UR 5. grunninisnauthiundonday
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5) uldudiga (C14 - C20) 8) Taunuimna:g19u:009 (C > C70)
Us:load : Tarideiwavinsovguddia Tannsaussnn, 1S Us:Toau : frigeiwavansuinsavinsiulswiu
9OAINNSSY YNU:N0Y

n
o

6) Uajundoau (C20 - C50) . . .
Us:oau : TdrhudundeduinSevaudinSeuinsna doutndunlanyav 9:0gdavs:niundudizana:uidu

B ox hAoAu Fuldnawseulumsnau 300-370°C
7) thijuiFoiway (C20 - C70) ° °

Us:loau : TgnoiwaviSoauavaun

QUIUIKAY (Liquid Insulation)

misiAentdnuausuradntaiunanlavia:nionaindeuda (Instrument Transformer) TldGiawn: Mineral Oil ifnGu vl
auaUIKAdFTN3U 13U Silicone fluid, Synthetic ester lla: Natural ester RtEAUagWIWSHAIBTUTTU MUsUR 6 1IA:NSTE
VuevausuihadztindwlunionUa adendaviadevdaidulumumsi 1 msAnsnazdtediugiuzevausuinad
slndwe e:rifRldeyatumsanautadentaluiovduld

Liguid Insulation

- : Matural ester

(Vegetable oils)

sUR 6. slinzevausuinaoRtdTundenlaviazriendavindevia

Type: Transformers \ Liquid Insulation Mineral oil . Silicone fluid | Synthetic ester MNatural ester
Power transformer A X B B
Traction transformer A A A X
Distribution transformer A A A A
Instrument transformer A X X by

Key: A = largely used, B = Used but less common, X = currently not used

mswi 1. Mstdnu glnzavausuikaditdlunbanuaviarianUavindovia
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1. Mineral Oil

U A.A.1882 Prof Elihu Thomson iSuwanklenUaviuihiduiu sutugansntderniailuauaulundondaviih Suludnstin
uhouuniluausus:uieanuseuturleiUag U a.A.1885 iSuthundunsuigviuasuisn Tog ustn General Electric
udIuuMs mistduuausuinadiurenlay aavaviusun 7

- 1890 —One mincral oil
Dﬂ'w—:‘- refinery

sun 7. 33cwunmis mstdnuauaunadiunlanUag

thijurdondavada Mineral oil AwAauIN crude oil Gu
doutrngiluansus:neu Telasmsuau (Hydrocabon) sev
auulu Talasiu Mustula:eonFRuUIGIANGDY 01U
MSWA 2 Gl

) i C(Mmsuau)  85-90%
H (Talasivu) 10-15%
0.001-7%
0.001-5%

S (Mu:0u)
O (99nYI1U)

mswi 2. arsUssnaufudiiunliondav

thijundendavatin Mineral oil DAauUs:nouTasvasv
luiana 3 doufe Paraffin, Naphthenic, Aromatics
aunaovfusUR 8 Fuandouus:naulasvasiuianae:ts
FwsumsusudiugruBudarrunatodevidurdondau
ol
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@ 1882 Professor Elhu Thomson 203aN3 NsUn
Mineral oil UTFturBIUAY

® 1885 GEC iDushwisnitsthuuifuauaus:uignausou
dhiuRtduzdo Lubricating oil (Pennsylvania Paraffinic)
naguwuairymianu Dielectric Strength la:n1s
Cooling/Heat transfer

® 1899-1900 TsunuwAnthdurtenlay Suaaaiiiu
ruenlaveanuntd guiluglia paraffin-based

® 1925 wuiikiav Crude oil THLiDuata Naphthenic-based

Fuiwiinu Paraffinic oil

1. thiunbandaviilugta Paraffinic 2:0douUs:neu
Based carbon type 10u Cp
Paraffinic oils Cp >60% by weight

2. thiundendavAilualia Naphthenic 9:0douus:nau
Based carbon type 10U Cn
Naphthenic oils Cn >40% by weight

3. thbundenJaviiluadin Aromatics 9:0douus:neu
Based carbon type 1UU Ca
Aromatic oils Ca >35% by weight

INMSWA 3 AavItiaevdndu Paraffinic 1A
Naphthenic Toge:AuinavnAdesiducizoy Cplia: Cn
FIduAarruNgTaaunTuUGINATD



Effect of Oil Type on Physical Properties of The Oil (at Similar Viscosity)

Property Paraffinic Naphthenic
% cn 32 47.6

% cp 68 52.4
Viscosity, SUS at 38°C 360 351
Viscosity, cSt at 40°C 70 67
Viscosity, Cst at 100°C 8.9 7.4
Specific Gravity 0.870 0.8911
Refractive Index 1.476 1.4833
Flash Point, °C 249 204

msWA 3. AruaLUTIevthiuatia Paraffinic la: Naphthenic

ELECTRICAL ENGINEERING

Paraflinse

Foraflinic

Lrommealic

£ =H%

B = Cim paraifisic strucium
B = Cin naphaban fnectum

B - i e e %, -

sun 8. Tnsvaswiuianageuulundonuag

douus:noulasvaswiviana na:3ea-do1dy dov Paraffin, Naphthenic, Aromatics

1.Paraffin
Paraffinic

NN

Isoparaffinic

NNV

Jon-doIdy
Paraffinic oil (Cp56-65%)

e INO Oxidation 97N

e U pour point (30raln) g9 dovdid
3U2UMs DE waxed KSoIGUASIGolATM
pour point dh

o AWALISHiuMsa:aethe Fveneas
UryrmifusUzeun:nau sludge metu oil duct
h$o oil channel govrdianlay (MUsUA 9)
A DuANUIRVIARUTASYAS ZOUNS:0NY

sun 9 muwiaauAWAIISHIUNISA:ANEUN

gouthilu Naphthenic 11a: Paraffinic

2.naphthenic

MNaphthenic

Jon-doIdy
Naphthenic oil (Cp42-50%)

e UA1 pour point A\ (§Uﬁ 10)

e AWAWNSDTUMSA:AYTAG

e A WHTNUSMURIUKNDTAIS) Ty
awsnfunisavaunauSeuldgy

e 10 Oxidation 19

3.Aromatics

Aromatic Polyaromatic

aromatic TAruALTGNVGIATUG
Polyaromatics Ua1sgugun1sIfia  oxidation
Ia:0A2WAINSDAIU gas absorption &9
A impulse dielectric strength M

vwatinilluasneu:Sudulayiuthiustad
TutguTdouIAD

§lJﬁ= 10 nuwidaav pour point (0THAIN)
gouthiu Naphthenic 11a: Paraffinic
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thenic-based FbuSENFuULTUTaN

waathduzlinaunard anunsusun
11 aud

2. Natural Ester

U A.A.1990 1SuAUeUUN Natural
Ester IUoVRINISUTAIUMIAGU
AondeuITugu USENTGTeL
thouRundisihwidiluauoumas
Turlaidav Natural Ester T§Turgv B 2013 Capacity of Refinery

WY Auie 1999 dunaaviusui 12 . ) L L
2 : gUn 11. nswndovsuoumswaatlugla Naphthenic 2ovuseny U 2013

first mow Majar US ubilibes
full-scale acceterated available power 161 RV, 200 MVA - convert 100%
Iifi biests sarted o DEMs transtormes GSU retrofill for distribution
|
first distribution  ransformers first new \ ASTM | first new
research formulation Translormers avalable mabile nalural ester | frst new 242 kY
substation |  standard GSU  reactor

begmns selected | retrofilled cormrmerceally

/Ny NN

1991 1992 1983 1984 1995 1996 | 1997 \1993 19b0 2000 2001 2002|| znm\m 2m5{ 2006 2007,/ 2008
|
first distribusticn first GSU ratrofil I| first ulility 100% 100th power
transformers GO KY, 50 MvA conversion for | transformer
nstalled distnbution | nstalled
utility febd US EPA grants 230 kY
Irsals began Emaronmential redrofills
Technology
Verification

Timeline of events in the development and application of natural ester dielectric fluids

sUR 12. 35ums mstd Natural Ester

NnwamsAnutufowl§iansauIay A.A.199TiaadiRIRUY Natural Ester Tmstanunaudlufivs:aumsnimstaunu
Aukdanlavludh auin 200 MVA 242 kV uINN31 100 (A3 lA:pNMKUNTATEUMUUINSTIU IEEE Guide C57.147 -
“IEEE Guide for Acceptance and Maintenance of Natural Ester Fluids in Transformers” saufiv ASTM Specification
“ASTM D6871-03 (2008)” Bunnaduwitdunuiud a.f. 2008 1Fufiu d9UUIASTIU IEC 8gs:H3WMSIUULINSIIU
990U Natural Ester pnidiuogwiwshats Tunbailavihuing (Distribution transformers) sUR 13 nanvififus

Ao WTBUMSTENIU Natural Ester TaIHUEU
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Number of natural ester distribution transformer in service-worldwide
sUR 13. sruounlenUavAts Natural Ester Tul a.A. 1999-2009

3. Synthetic Ester

35cuunnis mstathliu Synthetic Ester Tunlioay Distribution trans-
formers lia: Power transformers aUsUR 14 gnuhutduuibuuingu
dountiviliatAianawUasangndadny na:dulnsfuaunondou Tng
Mot Synthetic Ester 2:qnuhTUtEnuaUnsnillinnazausundunbarunni
av (G29gWIFu Aramid Insulation (Aromatic Polyamide Fwiduauaundy
RINOMINSAUIAS:A 1lotduuRTorunnlay) uenantdviusdual
unsuntovnawBuluTigndizaalaa Tunenlay

Compss SEEign hign

temperatuy

transinrmgrfor wind
Tt

Firdirars Exi
Vil dutrbotion
)

Syrinels Este
traewtarmar for
i 1geed rank

German ity
et ngs
i yiag e Tt for
i Arans formes

dordarian iRy
DA TR
I AR
L e |

trezodgten in
“du

NCHIMM &
Fublihes

Formrdition o
Fyrvitete Erigr

Timeline of event in the development and application of synthetic
ester dielectric fluids
sUR 14. 35wums Ms?3 Synthetic Ester

............ ELECTRICAL ENGINEERING

i

s

o | HE T

i

]

) = N I 4. Silicon Fluid
T D005 100G 087 2bia i)

silicon Fluid gnuhwts dunduaned a.a.
1970 doulhngUaouwauilu PCB In9:13
dnsundanlavilino ISV INNISINNSAA
iy Silicon Fluid iDuausuInasRlinowIafius
la:iunudenstiaiwguuin gnuwlg
fuagIwsHaeiu Traction Transformer
(rdandaviduunusalwnauiSogg), Com-
pact Transformer RarurnDTduuaIN3 NG
FudouThny Silicon Fluid 9:qnuwtdvusay
AU auauiBuRnuAWSoUAY UoneINGdD
aowAUMUluNIsIineandinguRaIdoy
na:luinaa:neu (Sludge) nadeidgiudu
Avondeu 1o N Silicon Fluid Tans
dodumsgogaay FugnAuidnutudbun
Rwans:nudovoadey uoneING

Silicon Fluid guinaWKUOAY (High Viscosity)
Wllnur:AURDaNUAYATE Pump Tunsday
s:u1gnIWsaU

J9qUuAwinstd Silicon Fluid 149 gnidu
rgUubnisticuun Silicon Fluid ADAWAKTACH
T¥nundandavaunaisvau 66kV/30MVA
TagTRIdulUmuunsyu IEC 60836 lia:

IEC 60944
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msWIUSyUInguAuAuUndav Mineral oil, Silicone fluid, Synthetic ester na: Natural ester

Name

Type

Mineral Oil

Refines crude oil based
distillate

Silicon Fluid

Synthetic

Synthetic Ester

Synthetic

Natural Ester

Refines vegetable oil

Principle component

Complex mixture of

di-alkyl silicon polimer

Pentaerythritol tetra ester

Plant based Natural ester

Chemical Structure

hydrocarbons

:?i,{m ,‘-T 1; u:uﬁ';f_.,-

c-\.—-:-—i—*'
Lo 1.
R -

14

Source Purified from oil Made from chemicals Made from chemicals Extracted from crop
Biodegradability Slow to biodegrade Very slow to biodegrade | Readily to biodegrade Readily to biodegrade
Oxidation stability Good stability Excellent stability Excellent stability Generally oxidation
susceptible
Water saturation at 55 220 2600 1100
Ambient (ppm)
Hud1pom1°c 160-170 >300 >250 >300
Fire point °C 170-180 >350 >300 >350
Fire classification 0 (<300) K (>300) K (>300) K (>300)
S — | - | — J
AruauUanllAndna:iuih sevausuinasalining
Silicone fluids Synthetic ester Natural esters
Nynas Dow Corning Shin-Etsu M&I Materials Cooper ABB
Chemical Industries
Units 10 GBN Mineral 561 Silicone oil* KF-96-20 Lower MIDEL 7131* FR3" BIOTEMP™"*%
oil viscosity fluid™ ,

General Properties
Density at 20°C gimi 0.68 0.96 0.956 0.97 0.02 0.91
Specific heat at 20°C Jikg K 1860 1510 1600 1880 1883 1943
Thermal conductivity at 20°C Wim K 0.126 0.151 (@ 50°C) 0.15 (@ 25°C) 0.144 0.167 0.160
Kinematic viscosity at 0°C mnv/s rs 85 328 240 207 276
Kinematic viscosity at 20°C mn'ls 22 54 22 70 78 o7
Kinematic viscosity at 40°C mn'ls 2] 30 15.3 28 36 42
Kinematic viscosity at 100°C mn'ls 26 15 6.7 525 a3 ]
Paur point C -50 <50 <-60 -60 -21 -15t0-20
Expansion cosfficient Je 0.00075 0.00104 0.00104 0.00075 0.00074 0.00068
Flash point C 145 =300 268 275 330 330
Fire paint °C 170 = 350 312 an 360 360
Autoignition temperature “C 280 435 438
Fire hazard classification to IEC 61100 o] K3 K3 K3 K2 K2
Biodegradability at 28 days

._OECD301F % NIA NiA =89 =09

. OECD 301D % =10 <5

- QECD 301B % 95 -100 {readily bi )
Gassing Tendency pLimin +5 - Nitro 10CX = 30 282 -79.2 -50
REOT Test minutes 300 421 17 197
Chemical Properties
Neutralisation value mag KOHfg =0.01 = 0.01 <0.01 =003 0.022 =003
Met calorific value MJikg 46 28 3.6 36.9
Electrical Properties
Breakdown Strength IEC 60156 2 5mm KV =70 50 70 =75 56 (ASTM 1816) =75
Diglectric dissipation factor at 90°C =0.002 = 0.001 = 0.001 < 0.006 0.005 0.014
Permittivity at 20°C 22 2.7 (@ 25°C) 2.46 (@ 90°C) 32 32 32
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1. Viscosity

nowhtia 10UAruALTGANUIUENIY AoWHTNY:DNsIVagunavivuindeginlkiu iiogrurkniivasull Viscosity doulniju
ganswadednsimsoeinaauseu lla:luwaligrunnisevgunsniiliugu

— T Bt

fonrm ey g i

| 1 : i

] —_— \ e

S — =\ =
‘E“_. E AN

e
P .. 50
I -
a . - y . - i o
a o a0 = A - i 1061 126 o 20 4?"““““'"%] Bo 100
Log » [viscosity) va temperaiure Comparative viscosities with varying temperature

2. Solubility of water in fluids (A9 WAWISDIUNISA:A19FOIUNTUQUIULNDU)

Cemparison of Molature Saburation va Temperature

|

1T
\

— T E
——Mabral Exter
— e 04 -
e i3l T
<0 20 B ] 40 L} @0 10
Teenparanane [C)
3. Biodegradability (n1sgegaaronivdoniw)
b Matural Ester _—— — _
= 2
g . / /
'
$. 7 7
ol
. III." Kineral il
. l’:.--___ Silicone Oil
- -

Comparison of biodegradation rates
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1. AC Breakdown Voltage

Comparison of AC breakdown voltages of insulating fluids

Test Mineral Oil | Synthetic | Matural Silicone Low
Ester Ester oil Viscosity
Silicone
oil
IEC 60156 25mm | =7T0KV"S | =7T5KV. | = 715 kV™ 50 K™ TO KV
ASTH 1816 1mm - - 3T RVT . -
ASTM 1816 2mm BO KV . 76 KV -
TASTM D277 55 kv 43 kY 46 KV 43K

Commparison of Breakdown Woltage vs Molsbure Condent

Dreakdown Valtage (kW)

o a Fo ol +T W o1 00 an e L n +
Wortuee Caniar [pom| ] 10 20 & af ES] L] 1] = ] ool

Effect of absolule maisture content an AC breakdawn strenglh of clean Muids Bulbatin: Milahirk Caninil (%)

2. Partial discharge tests

Comparison of partial discharge inception voltages of insulating fluids

— IEC1294 method Suggested modified IEC
ype (kV) 1294 method (KV)
Mineral oil 382 232
Matural ester oil 34.0 256
Synthetic ester oil 282 223
Pantial Discharge Inception Volage Pastial Discharge Inception Volage
=
k]
Sx
2 i
N A
o] .
SyhetcEstee || | || Matural Eaver SivwicEste || o[y | Mokt Extr
a. needle- sphere anangernent b. needle- plate arrangemerlt

Partial discharge inception voltages for ester fluids
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HHH TIRATHAI

raneformers

16




Ceeteeeseetttetttttaseesttetastasseessscsssssssesssccssssssscsssesssssssecssscsssssssesss ELECTRICAL ENGINEERING

3. Impulse breakdown voltage tests

Comparison between ASTM and IEC impulse test methods Impulss breakdown vollages of alemative Nuids
Property ASTM D 3300 IEC 60897 [Fluid impuise Ereakdown volage (Kv)
Steel or brass; point-to-sphere ) 1 sholistep shotsistap
Electrode type pricvmml it Steel: Point-to-sphere Wineral OF s =15
25 4 for point-lo-sphere, 25,15, 10 depends onthe | |oynthetic Ester 4.0 2050
Electrode gap (mm) 3.8 méﬂmﬁm expected voltage range Natural Ester === 2005
Vollage increasi Step by step, Step by step, = : .
method () " 3 shots per step 1 shot per step imputss Braskd frages with spharical sectad
Slep voitage Scor 10 Slep voitage 5 or 10 Pap—r— T S EE ()
Time interval between — — mm Wrenl G WOE, 7131 Saons O
shots (s) Minimaum 30 Minimum 60 0 0L ] T4
5 breakdowns; £ breakdowns, ;: 2: gg Jai
Results 1 breakdown/sample 1 breakdown/sample 75 T ] E ]

U1asgU IEEE, [EC ia: ASTM Adluauouinad

Transloomes Nuids
‘Btandard -.-.. eemmernm e memame ke e e rimzan s
Sy st Matuiral ester Silicane ol

1900 (EL 1] 1992 “Speccobors | The I i Comenty wering twarty m#&

B S e
h&unum clecirical puTcens” PR % mmham
nmmu; 005 "Mineral Inausring | 61703 L 1) . 1962 e m:im:iﬁ.u VAR Gude for

= u-ummm E‘ wmm ; W

eslers i e w
w&pml - 20T “Manessd Co- Bnsa? 05847 ey
Sarics - Guids in H’”ﬂ“ﬂ
Thssabord and Fron (s | ]
AT A DG-3000 "Code R Anceplancs ard 3 CST AT 3008 “Choide I AttEplance CSEANT90E “Chunde ki Atosptancs
etrlenance of indutaleg Odm g Marenarcs of Mahral Esle of SlTons insubing Fied and IE
Equipment” P I Transtomons* Maneancs n Transomens”
f-!"i"!-ll-l:ﬂ-ﬂ_m- wﬁ-.-. ~5 r i R4 2005 "Golde hod Ty

IEEE ntirpretaton of Gk Gt n O st pation of Gases Gerwried in
mmmrm' Aicora-immsaed Transfmss”
1402006 *Suie for Svakameon and | C57 44020067 4744031087 O s
ritnaning ol Ued Frameraed Power

nndoyannanoudndu v:RUIA3UeNIIN Mineral oil AtETUaUaUIA:S:UNEALSaUTUDaIAVTWEIAD Sudausuinad
308U 13u Silicone fluid, Synthetic ester l1a: Natural ester DaruaTAIENAINU Mineral oil & Buisne:0s1AMWING
Mineral oil n68vinruadanicunafudunculasafsniuliintenday msdedunisifia Oxidation, Corrosive
sulphur na:dudnsAuAwINAeU FuidoilsouiisusimaunuivanghdanUavfiine:dunwidentumsuitavudelUiusunnn

19NA1S913Y

[1] CIGRE Experiences in Service with New Insulating Liquids WORKING Group A2.35 Oct. 2010
[2] NYNAS Base oil handbook ~ www.nynas.com/naphthenics

[3] 3nWIdY (th.m.wikipedia.org)

[4] www.energyinst.org.uk

[5] www.eppo.go.th
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Robert Turcotte

Manager, Electrical Loss Control , The Hartford Steam
Boiler Inspection and Insurance Company

Transformer Oils Testing

The Value of Transformer Oils Testing

Transformer Oil Testing is a proven loss prevention
technique which should be a part of any condition-
based predictive maintenance program. This early
warning system can allow maintenance management
to identify maintenance priorities, plan work assign-
ment schedules, arrange for outside service, and order
necessary parts and materials.

The transformer’s fluid not only serves as a heat
transfer medium, it also is part of the transformer’s
insulation system. It is therefore prudent to periodically
perform tests on the oil to determine whether it is
capable of fulfilling its role as an insulant. Some of the
most common tests for transformer oil are: Dissolved
Gas in Oil Andlysis, screen tests, water content,
metals-in-oil, and polychlorinated biphenyl (PCB)
content. In this article, we will examine the value and
benefits of each test.

1. Dissolved Gas-In-Oil Analysis

The most important test that can be done on the liquid
insulation of a transformer is an annual Dissolved Gas
Andlysis (DGA). This test can give an early indication of
abnormal behavior of the transformer. As the name
implies, this test analyzes the type and quantity of

[ o o |
plo) HILM

gases that are dissolved in the transformer oil. Small
samples of oil are taken for this test, using a clean,
moisture-free, gas-tight container — usually a ground-
glass 50 ml syringe. It is very important that a DGA
sample is kept air fight; otherwise the gases that are
dissolved in the liquid can escape into the atmosphere,
or external gases can be admitted, which would
invalidate the test results.

The syringe is sent to a laboratory for gas extraction
and analysis. Gases are extracted from the oil with a
vacuum pump and the gases are identified using gas
chromatography. The principal gases that are typically
found are hydrogen, oxygen, nitrogen, carbon monox-
ide, carbon dioxide, methane, ethylene, ethane, and
acetylene. Certain quantities and combination of these
gases are indicative of: insulation overheating/over-
loading, liquid overheating, partial discharge (corona),
or arcing in the transformer.

1.1 Insulation Overheating

The paper insulation which is normally used to insulate
the windings of a transformer is a cellulose product. If
a transformer becomes overloaded for any reason, the
windings will generate more heat and deteriorate the

cellulose insulation. A DGA test can identify an over-



loaded transformer by a test result showing high
carbon monoxide, high carbon dioxide, and in extreme
cases, even elevated methane and ethylene.

If a transformer is overloaded for a long period of
time, the deteriorating condition of the cellulose will
shorten the life of the fransformer. When the cellulose
insulation breaks down to the point where arcing starts
to occur, the transformer must be taken out of service.

1.2 Insulation Liquid Overheating

Overheating of the liquid insulation is a slightly different
problem in transformers. A DGA test will indicate high
thermal gases (methane, ethane and ethylene) as a
result of overheating of the liquid. These gases are
formed from a breakdown of the liquid caused by
heat. Heating may be caused by poor contacts on a
tap changer, or loose connections on a bushing or a
grounding strap, or circulating currents in the core due
to an unintended core ground.

Actions that can be taken once a thermal gas problem
is detected would depend on the severity of the
problem. If conditions are not severe, the transformer
should be monitored closely. If conditions gets worse,
and thermal combustibles elevate, the transformer will
need fo be taken out of service. If the combustibles are
stable and remain present, the transformer should be
inspected at the next outage or downtime scheduled.

1.3 Corona

Corona is considered to be partial discharge and
occurs at areas of high electrical stress, such as at
sharp points along an electrical path. Partial discharge
is commonly explained as being intermittent un-sus-
tained arcs which are shot off of the conducting

.......................... ELECTRICAL ENGINEERING l

material like a stream of electrons. If these arcs contact
solid insulating material, they can cause serious
damage.

Corona is detected in a DGA by indications of elevated
hydrogen. If corona is detected by a DGA test, other
methods of pin-pointing the exact location of the
problem can be used — a partial discharge detector
can be used to detect the popping noise that a corona
is making.

1.4 Arcing

Arcing is the most severe condition in a transformer
because it indicates a breakdown of the insulation. The
presence of acetylene is an indicator of arcing; and
even low levels of this gas should cause concern.
Normally, arcing occurs only after other problems
surface which show up through DGA testing. However,
the high energy required to produce an arc will cause
all combustibles to be elevated. If the arc occurs in the
area of cellulose insulation, carbon dioxide and carbon
monoxide also will be elevated.

Arcing can be generated in many areas of a trans-
former. Insulation breakdown in the windings, from coil
to coil or coil to ground, will result in arcing. A portion
of the insulation may deteriorate until it can no longer
contain the stress of the electrical conductor. If a
winding shorts from turn to turn, or phase to phase, or
phase to ground, arcing will occur and the transformer
will fail. When arcing occurs in the area of the wind-
ings, the usual result is de-tanking of the transformer,
and a rewind conducted. A loose connection also may
cause arcing, but of greater significance would be
arcing due to insulation breakdown.
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2. Screen Testing

The “screen test” is a collection of physical, electrical
and chemical tests for the transformer oil. These tests
include dielectric breakdown, power factor, interfacial
tension, acidity, and color. A larger quantity of oil is
needed for these tests. To gather the sample, a clean,
moisture free container must be used — typically a 1
liter glass bottle. Each test is an indication of how
suitable the insulation liquid is for service. No single
test alone will represent or indicate the true condition
of the liquid. Therefore, it is suggested that they all be
performed.

2.1 Dielectric Breakdown

The dielectric breakdown test is a physical test that
measures the breakdown voltage of an insulation
liquid. The dielectric breakdown test serves as an
indicator to the presence of contaminating agents such
as water, dirt, moist cellulosic fibers, and conducting
particles in the insulating liquid. One or more of these
items present in significant concentrations will contrib-
ute to a low dielectric breakdown value.

2.2 Interfacial Tension

The interfacial tension test of electrical insulating fluids
is an indicator of the presence of polar compounds.
These compounds are considered by some fo be an
indicator of contaminants of oxidation or deterioration
of the materials of transformer construction.

2.3 Color

Determination of the color of petroleum products is
used mainly for manufacturing control purposes. It is an

| o n |
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important quality characteristic since color is readily
observed by the user of the product. In some cases,
the color may serve as an indication of aging and
presence of contaminants. However, color is not
always a reliable guide to liquid quality and should not
be used as a stand-alone test for determination of
contamination.

2.3 Acidity

The acidity test is used to estimate the total acid value
of the fransformer insulating liquid. As acid values
increase, (usually due to oxidation of the oil) the
insulating quality of the oil decreases. In general,
acidic by-products produce increased dielectric loss,
increased corrosivity, and may cause thermal difficul-
ties attributable to insoluble components called
“sludge.”

2.4 Power Factor

A power factor (dissipation factor) test measures the
dielectric losses in the liquid and hence the amount of
energy dissipated as heat. The laboratory normally
performs this test at two temperatures, 20 degrees C
(68 degrees F) and 100 degrees C (212 degrees F),
boiling. By testing the oil at a standard temperature,
the test results can be compared to standard values.

Power factor test results can help reveal the quality
and the integrity of the insulation liquid. This informa-
tion can form the basis for making a judgment on
whether it’s suitable for a transformer to continue in
service. The screen test can be used as a maintenance
test for determining when a filtering or change of the
transformer liquid is in need.



3. Additional Tests

In addition to DGA and screen testing, most transformer
oil laboratories often offer other tests (Example: Water
Content, PCB test, Metal in oil and Etc.) which are
beneficial to the transformer.

3.1 Water Content

The water contfent test detects the moisture content in
parts per million of the liquid insulation. The electrical
characteristics of an insulating liquid are dramatically
affected by its water content. A high water content
may make a dielectric liquid unsuitable for some
applications because a deterioration in properties such
as dielectric breakdown voltage will occur. This test is
suitable for evaluating filtration.

3.2 PCB Tests

Determination of PCBs on a percentage value, or as a
parts-per-million (ppm) value, is widely available from
commercial laboratories. A PCB-contaminated unit is a
transformer containing more that 50 ppm of PCBs and
should be treated according to Environmental Protec-
tion Agency regulations.

3.3 Metals-In-0il

The metals-in-oil test is beneficial after a DGA finds an
arcing problem. When the transformer has been
detected as having a problem, a metals-in-oil test can
help pinpoint the location by determining what metal is
present. For instance, the test may reveal copper
deposits from the winding construction.

Summary

Transformer oil testing is a key part of
any maintenance program. An annual
DGA is the most important test for liquid
insulation. Analysis of gases in the oil
can indicate insulation overheating/
overloading, liquid overheating, partial
discharge (corona), or arcing in the
transformer. The screen test is a collec-
tion of additional physical, electrical and
chemical tests, including: dielectric
breakdown, power factor, interfacial
tension, acidity and color. No single test
alone will indicate the frue condition of
the liquid, so all the screen tests should
be performed. Additional useful tests
performed by transformer oil laborato-
ries include those for water content,
PCBs furanic compounds and metals-in-
oil.

Reference:

Robert Turcotte, Manager, Electrical Loss
Control , The Hartford Steam Boiler Inspection
and Insurance Company
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1. Dissolved Gas-In-Oil Analysis
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iJuAvAUIUeN{Y insulation overheating /overloading,
liquid overheating, partial discharge (corona), 1S
arcing Turlondaviwih
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ELECTRICAL ENGINEERING ......ccovvvvennnniennnnns

1.1 Insulation Overheating

ns:wauaugvUnde:gnididuausuzevanasntu
hionlaviuih iDuwAnituiiiuInnizaalaa (cellulose)
tndendaviuihgnigvuinumiag (overload) Tuuv
A0UNSR] 30A209:rIT0AZUSOULINGUNIAZAUIU
Iwagladv:NonsiAoUANIW NSNOASU DGA &1WISN
ngnig:n1sina overload Tunjendavialngwanisnaaou
A0uARgvanUNAevfing carbon monoxide, carbon
dioxide IIafunsrtnsuUIIsye199:wURNE methane l1a:
ethylene Ravldday dndanUavlihgniduuiiuriaudu
JouAIUNU Ma:Msideuanwaavizaalaatie:ivii
nianlaviuihbegmistduiuduay deausuisaalaalia
nsianfnuiveafie:iiansa$ald nianUaulinfe:y

awsnfFuula

s il
. Individual cellulcse =L
\ mutetailes =

P ﬁﬂd&l

. - Cellulose fistheet Tham
— i befules el o)
Yo, 3 gy L

oy = 20

muiiaaviasvasiCellulose douns:ay

muwiiaauCellulose dov
NS:0BauUdU auau

1.2 Insulation Liquid Overheating

misifiaAguSeuriudutuausuiraaifudymnnancviu
iandoglurdandaviwin nisnaasu DGA v:liAQUANTINY
A9WSoU (methane, ethane and ethylene) ADAAY Uu
AomsiinacuseunuauiuauauInad fMginate:nodo
FUNINMISIANAIBENONIKAIRTAIKALIINAILSOU

AoWSouURIToWIRaINHINUdARTGZ0Y on -load
tap-changer, nsriaguRandezoy bushing Kernde

agdundeifnnns:ialnasululnuindnilugndeavau

msdigumsaunsans:idijedryrmzevingnuseu
QNOSIVWUBIRBUSGAUAIWSUISYIONIrY Afunstin
TusunsvrlaiJaviuihaase:gninnuasavasusg Windza

[ o o |
26 el T—l RAI’:E:!

mniduania:sunsuiia:inisuns:aunusoune:iiA
andinlu (Combustible) HanavlwdhbaawsTuRe:gn
theenainmisTduu mAmsandnluld daavhia:oud
agnaanioal hanlaviwihaasiasunisasavasuiunis
aulsudelundonisrgalduumuriruaioa

PR BANK SHUT Of

1.3 Corona

Corona 9:fi9310u partial discharge na:9:1M0TUUSIONUAD
powInSsanWilihauidusnRdinawAuMUaIURDISYAU
TWih Partial discharge awisnesuigiainisinanis
on$nilus:: Tideiliovdugnuasyeanuininiaadot
IBuItigafiuns:iazovdIENNsoU MNsoSAtiogAAUIAQ
RiduausuBubuamursnnoTRiRaANUIRIMERSBISVIUTG

Corona AQNWUTU DGA 2:3Uvdaumnauduaey hydrogen
f corona QNNSIWUTNINISNOAOU DGA 1A 35MSBUY
Re:s:ycnuvAniueugeulymAIRadufasatun
1318 1n3ounsa9dn partial discharge @ wasnidTums
05993UIAAAN0ONUININAOAD corona 1A

1.4 Arcing

015A (Arcing) 10uAM:ATIANWSUIISIAFOAITNBUTU
nionUavidhiwsiudegsifianouidsmeevausuau
140 MsDfng acetylene Aomsguvaaumsiian1sash
IaBvIdv:wufingtnomaaRnastinowauty muundnis
onsnv:RndurAVINIiaUymdugneudanaaviifuciu
Nsnndau DGA agWIsRaW wANWUTUdULINARTAIRG



msosaIuv:mikinaMatalwiudsuirudgunurua 6iNs
21$AINNUTUUSIaTUZavadUIBaalad carbon dioxide na:
carbon monoxide fiv:dAAVAYIFUAU

nmiso$aausniinduldnniiufzevkionUaviuin ausu
TugnaaiMsIaNAN, 9INYINAINTIVINAINKSDINAINTY
au Asunciluwazavnisonsn ANUITUAUIUUAIUDTNT:
anavuliawsnnuAIINSaFaYAdUNWENIG dzaadn
UN1SANIVSS:HIWsoaUKSas:HIWIWanSoIWativau
nmise$anIna3uINIKaIKate:MlRkToNUauIfoAa W
IFOMONRUR MonnsonsAIRNBLTUUSIONUZEVINAIN waRFe
:dovrinmsontarlonlaviia:liuanadnlr NISHAIUYOY
JadecfiluairaeunisesaiadauiBuAuNtNSaISA
AIfOYINNSIANENYOVAUIUR:TAUAIAYUINND

&

B

CH, %]

0, = OXYGEN
N, = NITROGEN
co = CARBON MONOXIDE
co; = CARBON DIOXIDE
H, - HYDROGEN
CH, = METHANE
cH, = ETHYLENE
cH = ETHANE
CH, = ACETYLENE
CH, = PROPYLENE
CH, - PROPANE
Legend

PD = Partial Discharge

T1 = Thermal Fault Leze than 3030 °C

T? = Trarmal Fault Eataarn 300 “C and 7o0 “C
T3 = Thermal Faull @reater than 700 “%

L1 = Low Energy Discharge [Sparking)

C2 = High Energy Discharge (Arcing)

ET = Mix of Thermal and Elecirical Faults

.......................... ELECTRICAL ENGINEERING

2. Screen Testing

nIsnaaeu “screen test” (nAunsev) IDumMsnaaauidie
ifurnumonw Twdhnasabaevidurdonlasiudn
nsnaasulius:nouludaw dielectric breakdown, power
factor, interfacial tension, acidity la: color n1snaaeu
InAtDAUGeYNSUSUInUthiTUTUMSNOAeURLINGU
misifiudaegve:devidngu:ia:ona Tudnawzu Tagunad
IFoaNfoIuIn 1 a0s NMIsnaasuNna:RIFa:uuana
AUAUIAISNTANUIKUN:AUAR:UNTUTSUegWTs Tulms
noaeulaRv:nOAUITENRIdIRLINAI:ITUMINUAKSOUY
vonanmwiivsuaevdeuinadld Gududveenu:uind1a:dev
fMNsnaAeUNYHUOGYT

2.1 Dielectric Breakdown

nsnadouMsanyEoAWITU
auaulwih (dielectric breakdown)
Aon1snadeunuMeMWAriins
Jamisuau breakdown govauau
Inad N1snaaau dielectric break-
down mnthAilludouvanistog)
goumsduidourdudh Avanusn 1duluigaglaanau iazdu
wugeudatifuauauIKAd 01e9:DidovrtvHSeUINNIKTY
gouswMsihAtNDogTUSNSIAUIBUURTTVAATY9:AY
walriAn dielectric breakdown TAneh

Dielectric Strength IEC 60156

Good Oil > 40 kV > 50 kV =60 KV

Fair Oil 30— 40kV 40-50kV 50-60kV

Poor Qil <30 kV < 40 KV < 50 kV
FMTIRATHAI
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N1SNOABUAIENEI (interfacial tension) YavauauInad
AnSuTwin ITudaguviivnisusingdazevansus:nouii
39 msihAtgnisnnswiedudaguumsiuideu
Jovoendingundonisideuanuwaovdannidulnsyas
govnuanlaviwin

2.3 Color

Ms30d (color) YavwAnAtUANTU Aouthnge:1ddnsy
NsAUAUMSwAN JUdUANUU:aVANUINMWARIATYIWS:
Alunrdunaideguhenglnggidwanitui Tuuwnsta
ontgiludouvgaeumsidouorgia:msiaasduidou
WY agWisAAATUAWISNUaNTIVATUNWYDIIDVIKATIA
ldvelUa:lunasuinnisnaaauIliovsiwmMsIngIuINsIIN
misuuideu

Transformer
Qil Colour Chart

2.3 Acidity

misnaasunwIdunsa (acidity) FarSuUs:uITUANSIU
gounsaluthijuauauzevkliondaviwi iefzeunsaiby
3u (Ine:MnNMsiAndendinduzeutitiu) Arunwaey
misifuauauzevindue:anay Tagnalunmisidunsanina
Juraswikianawgnydemsiuausuldhuindu 1Gu
msfinnseula:oneneliifiadymanuseuniduzevaau
Us:neuRliammetizond1 “mna:nau’”

2.4 Power Factor

nsnadautaus:naunav (power factor KSa dissipation
factor) iIDuMs3aAnErYAggavAWIlUaUIUTWEN

| o n |
HHH TIRATHAI
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TugevInasia:UsuIruoy
fawuRerilAfans
ns:19nWSoU Tngundrioy
UgUamsariimsnadeunnu
AovgrunnUAe 20 °C (68 °F)
llaz 100 °C (212 °F) A2gN1S
dudhiju msnaaeuthiun
orunNDUNASTIUT:TA
aAwsnuwanisnaaauly
IUsguingunuAmuasyuia

wagavMsSnaaouaaUs:nouMAVAINSNFIUIWUTAIRU
ANINWIAAIAUYSTUZOVAUIUIKAD FoyalatAISn
thuBudugutumsanautedniubaouinuAUAL:TEU
fundenlavlihdelundel nsnadaunaunsev (screen
test) awrsniFtumsnadoulliatisusnunidiodivstund
Ielnse:dovinisnsevnseilagutiunonUaviuin

3. Additional Tests

NSNOASUITUIAURIN DGA Ia: screen testing, FovU[un
misnaasuthiurtanlavilihraroaikviine:uniausnis
NNAOUNISNOAOUAUY (1U: Water Content, PCB test,
Metal in oil 1a:n1snaaeudus) AidudsTuatice
rlandavlwih

3.1 Water Content

msnnﬁouU§mmJ1 (water content) ionsavaou
USunupowdulunios dnshdountivdediu (ppm) 2oy
auouInal AruauTaNWiWd@evausuradldSuwans:nu
oguuINMNUsSLINUtTuGabU USunrudhiavenss:
rnowiluausulwihaevzevinadliinu:audnsunisty
nuluuweguiws:nsideuanmuiunruaudazeunisidu
auauTudhe:rlAiRansuGUALIAIBUTA nsnadAeuTiKLA:
Amsumsus:dunisnsevtiu



3.2 PCB Tests

nsasavaeuAn PCBs DAnduilosiBudniodnsidouniiv
(9AU (ppm) AWISNUWNTETADYWNIWIIWINHOY
UpUamsidewndes mnisuuideu PCB furtianaviwihi
JAWINN31 50 ppm oy PCBs 189AISTASUNISURUIGNW
$:109UYONHUISNUAUASONAUATIDNADL

3.3 Metals-In-Oil

misnaaeulanutniu (metals-in-oil) 9:10uls:Toztnay
nsnadou DGA Iidowusideyrmimsansnimadu 1o
noenlavgnasaewus idngm nsnaasulakdudiiue:
Joglinss:ycnuviaheudosnisisugaan:iwuidu
o:fs gnfaegIFUNMSNadsUaIRR:IAOVTAIAUA:NOU
noVIONAKAOUINNTASYASNBOVINAIN

msnaasuthunlsnUaiwihiDudoud iy
gavldsinsunisuisusSnuyiinng nisnaaau
DGA Us:91UiJumisnaaeufdAtynandnsu
QUAUIKAY MISTIRS1ARAUhTUALSOR:
Fuumsiia overheating/overloading, liquid
overheating, partial discharge (corona),
h$o arcing AulurdonUavluih msnadsu
screen fest AoMSIAUSIUSIUSIUANDUIALTU
du momuw Twih na:al Avs:neuluday:
dielectric breakdown, power factor, inter-
facial tension, acidity I1a: color Tuins
noaaulnilovegwifuane:Usuananiu:nin
5ugeuliuTa AudunIsnaAeU screen fests
A2S9:0NANTUNISNNSITNS MISNOESUITY
InUs1IIN1SAUqRDUS:Tugl AdTumsTnghoy
UguanisnadeutlurtionUaviuevsaudiv
water content, PCBs, Furanic compounds
lla: metals-in-oil 429

9dN:

Robert Turcotte, Manager, Electrical Loss Control ,
The Hartford Steam Boiler Inspection and Insur-
ance Company
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Pisa pfivate company, established in 1989,
in lubricant business.

for many major oil companies as a distribution
and Thailand southwestern corridor.

Company Vision

with a strong passion

PSP produces full range of high quality lubricants for automotive and
industrial applications. PSP approaches to meet customers’ expectations
on every aspect of all requirements. It also operates fuel terminal servicing

hub in and around Bangkok

To become a brand synonymous with world class

quality lubricant manufacturing.

— . Mission

y “\ To continuously deliver Value by:
N - Manufacturing and supplying oil products and services

o e~ u—.»l.‘#"f:-‘_
el Vo o l!:--'. v
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that exceeds our customers’ expectations.
Manufacturing and supplying oil products that exceeds
internationally recognized standards.
“Consistently upgrading our skills and equipment to
improve efficiency and quality.

Conducting our business in a safe and environmentally
sustainable manner

Employing a diverse, innovative and results-oriented
team motivated to deliver or core values

Constantly achieving operational excellence, and
_regognizing talents from within

e
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PRODUCTS

' Y
Engine Oil AA’ Gear 0il : \:?* 4:

Engine oil is the leading product of our company. Gear oil is another product that requires high quality
PSP has high performance product which cover full of base oil and additives for variety applications.
range of engine oil standard such as API, SAE and PSP has premium products available to serve both
OEM. Industrial and Automotive gear oil.

. JAuLA
Ly .

Grease Transformer Oil

Grease is specially developed by our exclusive Transformer oil, the specialty product that requires
technical knowhow. Our production process is special precaution e.g. storage and delivery handling.
guaranteed by international standard especially PSP has flagship products to serve all applications
Japanese OEM. and meet the international standard of transformer
requirement. PSP has over 20 years of experience
with expertise quality control in Transformer business.

Base Oil “si!\  Rubber Process Oil n_

}'q.,,\ Base oil is the main raw material of all lubricant Rubber Process 0ils(RP0), the specialty product

J products. PSP provides high quality and purity of that used in mixing of rubber compounds. Type of
i I base oil which dedicatedly selected from the high RPO is selected according to type of compound or
- v quality base oil sources. manufacturing industries, for example, automobile

tires, rubber parts, footwear, floor materials, etc.

We have variety of products such as DAE, Low PCA,
Paraffinic oil and Naphthenic oil which are developed
and controlled quality under international standard

a@ Specialty il

Hydraulic oil

Hydraulic is used widely in industrial sector. Other Specialty oils are the products that used in
PSP provides the premium quality of Hydraulic oil specific application. PSP can also develop according
that exceed the international standard. to customer requirement. For example coolant,
cutting oil, heat transfer oil, refrigeration oil
and ink oil.

v,

PSP's quality commitment

"PSP Quality Services", the company's testimony to its quality commitment in all its
activities and operations. PSP bases its entire business and operational philosophy on
the concept of quality. The company is certified with ISO 9001 and ISO 14001 quality
management and environmental management standards. PSP adopts advanced
production technologies and operational policies from Japanese and Ameracan OEMs.

With the readiness of technologies, laboratory equipment's and skilled personnel, PSP
is ever ready to thrive in the challenging business environment both domestically and
internationally.



RECOMMENDED THESIS c.cetttttuuiiiieetteenneeseeeeseeeseessseesssssssesssssssssssssssssscsssssssssssscssssssnnn

sngtwusiau

Tong Duy Anh and Kulyos Audomvongseree

Department of Electrical Engineering, Faculty of Engineering,
Chulalongkorn University

254 Phayathai Rd. Pathumwan Bangkok 10330 Thailand
Tong.D@student.chula.ac.th
Kulyos.a@eng.chula.ac.th

Determining the Appropriate Size of PV
Generation in Distribution System
considering Voltage Stability

Abstract—As photovoltaic (PV) generation starts to play a vital role in
distribution network; the requirement to assess the effect of this type of
renewable energy source on the system voltage stability becomes
important. In this paper, the PV modules model is based on the single-
diode five-parameter model considering environmental conditions. The
generated power from PV is recorded every time step throughout a
defined duration, along with the load data using a time varying load
model. At each time step, the steady-state operation of the system is
analyzed by AC load flow calculation. From the results of the power flow
analysis, the PQ voltage stability index (PQVSI) can be determined to
indicate how close the system’s current operating condition to the voltage
instability condition. Utilizing this index as a main criterion, this paper
shows how to specify the appropriate location, size, as well as control
mode of the PV farm. Furthermore, it also demonstrates the benefit of
operating the PV generation system at the power factor less than unity.

Keywords— Photovoltaic generation, power flow analysis, voltage stability
index.

I. INTRODUCTION

Nowadays, a large number of photovoltaic (PV) generation units have been
integrated info power systems. The utilization of the PV resource is increasing
rapidly worldwide. The main objective of using this natural energy source is
to reduce greenhouse effects as well as to reduce the dependence on fossil
fuels. By installing PV panels combined with inverter systems to generate
electricity, this modern technology is suitable for the areas with high solar
intensity such as the Southern Vietnam and Thailand.

Although this type of distributed generation has many significant advantages,
it also has several impacts on the normal operation of power systems,
especially in distribution networks. According to intermittent behaviors of the
solar irradiance and temperature, the power system stability will be
influenced considerably. Among stability problems, static voltage instability is
one of the major issues. This phenomenon occurs because of reactive power
shortages during strained working conditions. With the large scale grid-
connected PV stations, the step-up transformer between the PV bus and the
network may consume the reactive power leading to some voltage troubles.
Sometimes, when the PV station is operated in constant voltage control
mode or fixed power factor (PF) scheme with PF less than unity, the grid may
receive the reactive power support and then, the voltage instability can be
reduced. Therefore, determination of the appropriate PV generation
operation and control becomes an important issue. The proper PV farm should
be integrated fo bring maximum benefits to the power system, concurrently
to guarantee the system stability. In fact, there are many criteria that need

T
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to be considered when choosing the location, size, and operating control
mode of the PV arrays, such as environmental conditions, investment and
operating costs, power quality, and etc. However, for this study, static
voltage stability is taken into account. This criterion will be reflected through
the transmission line indicator named PQ voltage stability index (PQVSI) that
can be merged in power flow calculation. In addition, this study will show
the worth of controlling the power factor of PV farm at non-unity condition.
The rest of the article is divided as follows. Section Il describes the PQ
voltage stability index used in the analysis. Models of PV generator and load
are established in section Ill. Section IV is a case study based on a real
distribution network in Thailand and some sample data, while the results are
discussed in section V. Finally, section VI draws the relevant conclusion.

Il. PQ VOLTAGE STABILITY INDEX (PQVSI)

In power systems, voltage stability can be defined as the ability of a power
network to maintain all bus voltages within the limits when the network is
normally operated or under a disturbance [1]. To make the timely decision
when operating the electrical system, a fast and accurate voltage stability
evaluation is indispensable. Generally, the quick voltage assessment is
expressed through voltage stability indexes. This article will use PQVSI
referred to a transmission line as the indicator to show how far current
system operating condition from voltage collapse condition [2].

Fy Z S, =P+ j[_J_V’T

I —1 .

.
L= ]

Fig. 1. T model of a common transmission line.

Fig. 1 represents the TT model of a common transmission line. As in the figure,
sending and receiving buses are defined based on the actual direction of the
active power flow on the line. P, and @, depict the active and reactive

power flowing from receiving bus to sending bus, and hence, the value of P,

should be negative. The complex voltages at the sending and receiving ends
are V,and V,, respectively.

The network parameters can be computed as

M

A=1+27ZY,
(2)

B=7



where Z is the total line impedance and Y, is the half line charging
admittance of the transmission line. From this configuration, the real power
flow at the collapse point P,** can be derived as follows

Pir = IVel” ®
W= . .
2[Im{AB"}tan 6, — Re{AB"} + | A||B| sec8, ]
Finally, the PQVSI for each line can be calculated from
po
PQVSIH = P_'::p “
M

where Pﬁ' is the active power flow at current conditions and #;; is the
power flow angle computed by  tan &, = @f,/P{. The max value of line
indexes will be the representative of system.

lIl. SYSTEM COMPONENTS AND MODELLING
A. Photovoltaic generation model

Typically, a PV system consists of a large number of PV modules connected

in series or parallel, an inverter system, and a step up transformer to link to

the utility grid as in Fig. 2. The bus between the inverter and the transformer
is named photovoltaic bus. The theoretical model of each component will be
discussed in details as follows.

PV modules.
Step-up
Transformer
G Poc Pac
— - — =
(£
AT
-
Inverter
PV bus Grid bus

Fig. 2. Topology of a grid-connected PV system.

1) Photovoltaic array model: As above mention, only one PV module is too
small to generate a considerable amount of electricity; therefore, the
modules are connected in series to form a PV string, and the strings will be
wired in paradllel to create a PV array. By using this combination, both
voltage and current can be increased causing the increase of PV power. This
section starfs from the well-known single-diode five-parameter model of PV
module; then, given the specific values of light intensity and temperature,
these parameters are modified to get the accurate numerical model in that
situation; finally, the PV array model along with its voltage-current (V-I)
equation could be specified at any environmental condition. Using these
models, the paper will show how to obtain the DC active power from PV
farm.

a) Single-diode five-parameter model of PV module: this model is illustrated
in Fig. 3 [3].

RV, Ver

L) 1| 1

Fig. 3. Five-parameter model of photovoltaic module.

In above diagram, I, is photo-generated current; I, and V, are diode
current and voltage, respectively; I, is shunt resistor current; R, and R_are
shunt and series resistances, respectively; 1, and V, are PV current and
voltage. From this circuit, the relationship between current and voltage of PV
module is derived as

VFV + IFI!"Rf VFF + IFI!"Rf
=) ) gl
pv = Ton folexp o ! Ry
where I is dark saturation current, n is the number of PV cells inside one
module, and V. is the thermal voltage as given by
Vi = kA Tmoguie + 273} q (6)

where k is Boltzmann’s constant (1.381x107* J/K), A is diode qudlity factor,
T module is module temperature in Celsius scale and g is coulomb charge
(1.602x107° Q).

Equation (5) is the key tfo find the output power from PV modules. It is
obvious fo see that five unknown parameters in (5) are Iph, I, V,, Rsh and
Rs. If the numerical values of them are identified, the V-I curve and hence,
the voltage-power (V-P) relationship can be drawn. It is very important to be
noticed that these parameters strongly depend on the natural environment.
Thus, under the actual solar and thermal conditions, their values have to be

adjusted to achieve the exact characteristic curves at that moment.

b) Modification of five parameters: first of all, equation (5) will be considered
under standard test conditions (STC) (1000W/m’ of solar intensity (G,
25°C of cell temperature (T,,)). Normally, manufacturers provide the PV
datasheet that includes all electrical characteristics at STC such as maximum
power (Pmm), voltage and current at P (Vmpp'" and Impp'"), short circuit
current (), open circuit voltage (v, ), temperature coefficients of short
circuit current and open circuit voltage (K, and K, respectively), nominal
operating cell temperature (NOCT), number of cells within module (n), and
efc. Obviously, the V-I curve passes through three important points (short
circuit point (0, Im), open circuit point (Vam, 0) and max power point (men,
Impp/")) resulting three equations of five unknown variables. In addition, it is
the fact that the derivative of power with respect to voltage at maximum
power point is zero, and based on the slope of V-I curve at short circuit
point, two remaining equations are formulated. Combining all five equations,
the unknown parameters are well specified at STC by using iterative

methods such as Gauss-Seidel [3].

According to [4] and [5], these parameters can be modified from the
standard case to any other case of solar irradiance G (W/mz) and
temperature T (°C) as follows

Toodute = T + (NOCT — 20) % G /800 %)
Vi = Vrp % (Togaue + 2730 (Tgpe + 273) (8)

-Fsc = ’.'r.c.rl * GJFGSTF + Ki X (Tm.ndm.p - T}rr] (9)

Vm; = L';Jc.n + i'r'.l' x ]DE {GIGW‘F} + KV x |:Tlrvclcm;mz - TWT] (10)
Ren = Rapn % Gy /G an

R, =R, (12)

lo = Use = (Koe/ Ren )}/ (exp (Kpe /{n % Vi )) = 1) (13)

Tow =1, % (exp (Vo /(n 2 Vp)) = 1) + Vo /Ry, (14)

c) Characteristic equation of PV arrays: suppose that a PV array consists of
N_ strings in parallel, and each string has N, modules in series. In accord-
ance with [3], module parameters are adjusted and substituted info (5) to
obtain the voltage-current equation of PV arrays as

Var o jare NN
12 = Nyby — NoJ, {HP {%) ~ 1) (15)
ne

VE + RN/,
RSI'IN’I‘HFNS

[OTIRATHAL P
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d) DC active power from PV arrays: until now, the relationship between
current and voltage of PV arrays under any given outside conditions is
clearly specified through (15). Consequently, the V-I and V-P characteristics
have been plotted by using Matlab tools as in Fig. 4, for examble. It should
be aware that PV generation usually works in the control of maximum power
point tracking (MPPT) system. One of the functions of MPPT is to keep the
generated power at the maximum point on V-P curve [6]. Hence, this peak
value is assumed to be the DC active power (P, ) that the PV farm supplies
info the grid.

Fig. 4. V-l and V-P characteristics of a PV array under STC.

2) Inverter and step-up transformer models

In fact, the inverter plays an important role in PV systems. The basic
function of this essential device is to transform the generated DC power into
standard AC electricity before delivering to utility grids. Based on the
steady-state properties of this research, the inverter model can be simply
considered as a coefficient eff representing the energy conversion efficiency
[7]. The injected three-phase active power at the photovoltaic bus (in Fig. 2)
is calculated as

Fdﬁszfxppﬁ (10)

In addition, it could be assumed that the converter system has ability to
control the required reactive power to keep the constant terminal voltage or
power factor at the photovoltaic bus. In the fixed power factor control mode,
the corresponding reactive power from PV generation can be easily
computed and the photovoltaic bus is treated as a PQ bus. Alternatively, in
the constant terminal voltage scheme, this node will be viewed as a PV bus
with its voltage magnitude is decided by the operator.

Finally, the step-up transformer will be simplified as a line reactance X, with
the transformer off nominal turn ratio is set to be unity. So far, the PV
generation model is completed for load flow studies.

B. Load model

In accordance with time-series power flow, load demands have to be
collected every time step At during the study period. Suppose that this
duration consists of many hours, and the average value of the power
demand in each hour has been identified based on the historical data
analysis. The load at time ¢ of hour i can be calculated from the preceding
value at time & — At as

l‘:"[.: = Fu—.ﬂ.r + AP a7

where At is the load difference that is described by normal distribution

N0, a2Ar
( ) AP =0 +avAtZ (18)

'CF:F\IFNPLI.! (19

where « is standard deviation of forecasted demands in hour i which can be
approximated by coefficient g times of root of average value as (19) [8],
and Z is a standard normal distributed random number.
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The mean of ‘0" implies that the load varies around the average value. From
(17), (18) and (19), the stochastic model of load demands is represented as
(20) with the starting value P; ;_p is assumed to be Pasgi-

Fip =P+ 8 ang.!mz (20)

It should be noticed that the reactive power demand can be directly
estimated from (20) by an assumption of constant power factor.

IV. TESTING SYSTEM MODEL AND SAMPLE DATA
A. Testing system model

This section describes a real distribution power network in Thailand named
TahSai system. The network consists of 33 branches and 34 buses, in which
bus 1 is considered as the slack bus. The remaining nodes are viewed as PQ
buses in load flow program, but in fact there are only 18 actual load points.
When the photovoltaic generator is connected to any node, that node will
play the role of grid bus as in Fig. 2. For convenience, the photovoltaic bus is
defined as bus 35 which can be PQ or PV bus depending on the operating
control mode. Utilizing this test system, time-series power flow studies will be
carried out with different positions, sizes and control modes of PV genera-
tion. TahSai system configuration is illustrated in Fig. 5.

Fig. 5. Single line diagram of TahSai distribution power network.

B. Numerical examples of PV generated power and demands

The research has been conducted in a period from 7 am to 6 pm of a typical
summer working day with the time interval (£t) of 1/60 hours. To generate
the PV active power, it is required to know the input data of solar irradiance
and temperature. According to [7], the irradiation and ambient temperature
models have been well established. Fig. 6 shows the sample of environmental
conditions which are simulated every minute throughout the observation
period. Consequently, the corresponding active power from the PV farm is
produced as in Fig. 7 by using the concepts discussed in the previous sections.
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Fig. 6. Sampling irradiance and temperature for a typical summer day.
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Fig. 7. Sampling generated active power from 8 MW PV generation.



In addition, based on the theory mentioned before, the load demands at all
buses are determined as in Fig. 8, for example.
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Fig. 8. Sampling active power demand at bus 24 for a working summer day.
V. SIMULATION RESULTS AND DISCUSSION
A. Effect of PV generator
Firstly, PQVSI analysis will be applied to the system without penetration of

PV. Table | has shown three highest voltage indexes at the critical time when
one of the branches reaches the highest PQVSI considering all study period.

TABLE I HUIGHEST POV S] VALUES AT CRITICAL TIME I BASE CASE

Higherst POV ] at the 5° mimste of the peeiod 1-2 pm

Ling kT
=12 i ghodal covtical lese) 0. 24KT global valsep

-4 1364

2-3 LNTE]

At this specific time, the industrial load demands are quite high causing the
large amounts of power flowing on the lines. All lines 2-3, 3-4 and 11-12
belong to the main feeder, thus their power flows are considerable. As a
result, these lines become more stress leading to high values of their PQVSI.
Nevertheless, voltage stability indexes are also influenced by line parameters
(e.g., the resistance and reactance). It can be shown that, although the power
flow on branch 11-12 is smaller than the one on branch 2-3 or 3-4, the
parameters of this line, however, are considerably greater than the other ones
leading to the smaller value of power limits {F:l'}"" J. As the PQVSI is the ratio
between the actual power and the limit, the index of branch 11-12 can be
the highest one, and in fact, it is the global value. The PQVSI of whole system
shows that, the operation is at normal conditions and does not cause the
voltage instability.

Then, a PV generator of 8 MW s installed at bus 12 to see the impact of
this renewable energy source on the system voltage stability. Both control
modes are taken info account to return the results as in table II.

TARLE 11 VBl VALUES [N CASE OF PV
Gilobal FOVE] a.2140
Lilodal cratucal ling L 11-12

v B (7% rimde af e period -0 pd
Loezal FUASL [NEEE]

Lawcal cantecal line ] 11=12

Lalobal POVEI
Liledhal cratezal ling 1 11-12
v Heee (7 mwsde of de perod [-2 pmj
Local POAVEL a4
Laowzall enitical line ] K

At the reference time (the critical time in case without PV), with the good
conditions of sunlight and temperature, the PV farm contributes a significant
amount of active power info the network causing the changes of the line
flows. Specifically, in any PV control mode, the active power flow on line
11-12 is decreased comparing to the one in case of no PV, and hence, it
causes the reduction of line 11-12’s PQVSI. In the case of constant PF
mode, even that line 11-12’s PQVSI still be the local maximum index at this
time, it is reduced considerably to 0.1854 and then, it is not the global
PQVSI anymore. On the other hand, in constant voltage mode, PV system

0 00000 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

supports not only active but also reactive power info the network. Comparing
this mode tfo the fixed PF regulation and considering line 11-12 at the
reference time, the flow of active power is almost similar but the correspond-
ing reactive power is decreased significantly leading to a quite small value of
line 11-12’s PQVSI (0.1281). As a result, branch 35-12 with the higher
voltage index becomes the local critical line at this time. In general, the new
critical time can be defined when the load demand is extremely high but the
network does not receive the proper confribution from PV, or it can be the
time with the over support from PV generation. As in the fable I, the global
PQVSI reduces from 0.2487 (the case without PV) to 0.2150 (PF control
mode) or 0.1669 (voltage control mode) showing that: with the appropriate
integrated PV system, the network voltage stability can be increased remark-
ably.

B. Proper location and size of PV generator

In reality, the suitable position of PV depends on various factors like light
intensity, terrain, available lands, and efc. In this research, several locations
are interested such as bus 2, bus 5, bus 12, bus 13 and bus 27. To comply
with Grid Code, the size of PV is also limited depending on the actual
distribution system; then, the PV size is constantly increased up to 36 mw
with the T MW step size. Fig. 9 shows only remarkable points to depict the
effect of PV penetration on the voltage stability.

At the locations near the slack bus (e.g., bus 2), the increase in penetration of
PV does not have noticeable impacts on the system stability. In this case, PV
farm combines with the slack bus to become a group of generators directing
forward fo the loads. The interaction between the PV system and the main
substation can be seen as the internal support. If all generators are considered
as a united system, the fotal amount of supplying power from this source
should be similar to the one from only slack bus in the case of no PV. In other
words, at this position, with or without PV, the flows of power on the lines are
almost equal leading to the same values of global PQVSI. The only reason
that can make the system more unstable is the exceeded power flows on
branches 1-2 and 35-2. In fact, when the PV is sized up fo 36 MW with
corresponding outside conditions, line 35-2 becomes more stress causing high
value of its PQVSI and then, this value plays the role of global one.
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Fig. 9. Effect of PV penetration on voltage stability.

At bus 12, when the PV size keeps rising up to 8 MW, the voltage index
decreases showing that: with the appropriate capacity, the PV system can
support the network in sustaining the voltage stability. However, if the PV
size is too large combine with compatible natural conditions, the generated
active power will be dramatically exceeded causing the increase of global
PQUVSI. When this index is very close to unity, the system operates at the
voltage collapse point and hence, the blackout in wide areas may occur. The
similar trend can be observed for bus 27. It should be aware that, the cases
of bus 5 and bus 13 are not represented in the figure because they return
the same results as in the cases of bus 2 and bus 12, respectively.
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From Fig. 9, bus 12 should be chosen as the most proper location of the PV
system with its corresponding suitable size of 8 MW based on the static
voltage stability criterion. In this instance, the PV generator is operated at
unity power factor.

C. Enhance size of PV by adjusting power factor of inverter

Now, a PV farm of 8 MW has been installed at bus 12 and various power
factor operations of PV will be studied. It is expected that by using another
power factor instead of unity value, the voltage stability index can be
reduced more. Since, the PV capacity is sized up until the global PQVSI
reaches again the initial value as planned in the previous section. The article
will prove that, although the degree of voltage stability does not change, this
adjustment can bring more financial benefits to PV owners. Firstly, the impact
of different power factors is illustrated through Fig. 10.

When the PF starts fo decrease, the PV system supports not only active but
also reactive power into the network. Hence, the flow of reactive power on
branch 11-12, for example, can be reduced when compared with the case of
unity PF. this reduction on some key lines can affect to the parameter &;; in
(3), may increase limit values {Fj'}"" 1, and then, decrease the PQVSI of these
lines as well as the whole system. However, when the PF is under 0.8, the
supported reactive power from PV seems to be over. The trouble occurs at
the time of the highest sunlight, the generated active power from PV is
extremely considerable, and with the small value of PF, the amount of
reactive power is quite high as well causing voltage instability. In summary,
the PF of 0.8 is suggested to be used when operating the PV system.

However, when the PF is under 0.8, the supported reactive power from PV
seems fo be over. The trouble occurs at the time of the highest sunlight, the
generated active power from PV is extremely considerable, and with the small
value of PF, the amount of reactive power is quite high as well causing
voltage instability. In summary, the PF of 0.8 is suggested fo be used when
operating the PV system.
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Fig. 10. Effect of various power factor operations of PV on voltage stability .

Nevertheless, PV producers do not want to operate their own generators at a
power factor less than unity because of financial problems. For instance, with
the PV arrays of 8 MW under the unity power facfor operation, the minimum
size of the inverter required is 8 MVA only; while in the case of 0.8 PF, the
peak values of active and reactive power from PV are 8 MW and 6 MVAr,
respectively, so the inverter must be designed for the apparent power of 10
MVA. Due to high investment costs of inverters whereas the PV owners do not
gain any benefit, they have the reason to refuse to support utilities. Alterna-
tively, private investors may want to obtain more profit by increasing the
capacity of PV that is restricted by voltage stability requirements. This
contradiction can be solved if the PV producers enhance electricity generation
while reducing power factor of inverter to maintain the initial global PQVSI.
This process, simultaneously, satisfy the requests of utilities regarding reactive
power assistance. The agreement is reached as in table IIl.
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TABLE Il ADuUsTSIENT oF PV INSTALLATHON

. Urigimal plan Al justed plam
Dascatiain af 'Y Bus 12 Fus 12
Shee of PV AW 3 9
Chprrated power Faclor 1.0 X3
Gilabal POVEL 0.2 2163
| Sioe of mverter iRV A i 11.25

The interests of private investors will be discussed in details. According fo [9],
the output energy from PV in one year can be calculated as

Apy = CF x Pf, x 8760 (21)

where CF is capacity factor, F,ﬁ, is installed capacity of PV arrays. Based on
the policy mechanism designed to accelerate investment in renewable
energy technologies named Feed-in Tariff (FiT), the price of PV electricity in
Thailand is specified. Then, the revenue of small power producers will be
determined for a year. In addition, suppose that investment costs for solar
farm are given as in table V. From this information, the benefits of investors
are illustrated as in table V. In conclusion, utilizing an appropriate power
factor control mode combined with the enhanced size, PV producers not
only gain more profit but also help to maintain the normal voltage stability
and provide the necessary reactive power to utilities.

TABLE IV, EXAMPLE OF GIVEN DATA
oty off 'Y msodduiles (Ao THE MW 2475
Costs of foverfers {5 Lillion TEEE MY 4 Zd
oty of stlers {lillbon THR AWy 825
Capatity Tactor (%) T6
PV electrieiny price (THR KWh) 57
TABLE v [NVESTRMINT COSTS AND BENEFITS FOR 1"V OWNERS
Chviginal plan | Adusted plan
In it cosats | NDEllan TR 440 e
Hevemue { Million THIE vear) 634 HE]
Recovery of in it {vearsh 6.9 T

VI. CONCLUSION

The article has examined the impact of concentrated PV generation on
system static voltage stability by using time-series power flow technique.
Through the results, it can be seen that the location, size as well as operating
control mode of PV farm affect significantly on voltage stability of power
systems which is reflected by PQVSI indexes. The research has shown that,
utilizing an appropriate PV system not only gains the benefits in meeting the
increase of demands and replacing conventional generators, but also may
help to reduce the general network instability. Furthermore, in some specific
cases, the operation of PV at non-unity power factor is recommended to
bring more interests for both PV producers and utilities.
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Vi = kA(Tmoauie + 273)/9 ©)

ijo k Ao AAvizev Tuadiluud (Boltzmann ‘s constant = 1.381x10°%°
1/K) A fandainesaruniwzevialoa T medule AOZ0QTUKNDTUKLIYOM
1¥ARGYA lla: g Avus:anasuu (1.602x107° C)
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FonUsAORTUSATUAUNISA (5) A0 Ioh, I, V., Rsr lla: Rs Mmfoiag
govdanUsinardinnignigzihauisndoudu nsl V-1 ia: naw
Auusaovisuduiiumaiuin V-P dubnoudaryuinidevidntedn
dandsinantisuegAuAMWINOAoUSSSUARE NN Aulungldan:
0oV NgIA:A SIS AgevdaIUsiatuv:gnUSUIUADUIGeTRTG
ANIANUUAILUBUMUZNIOAU

b) MsUSuUsaanUsiaa : neuduaumsh (5) 9:0ndnsnnmgiaania:
msnaaeuLInsgIU (STC) (1000 W/m? govpdiuidunavian (G,,)
grunniavIsuEad 25 °C (T,,)) TngUnfiduaninSouionansdoyas:uu
PV Tngsounnuanurunwlwih it STC idu Amalwihgean (P, )
IIsuauNANS:IIARn P Vo 181, NS:IAANIRS (N 1Isvau
I0U:IUNINRS V.., AuUs:Ansarunnigauns:IAAnavIsIaIsvauIln
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radTuntvgn (n) IRUTGTIU nsl V-1 6u 3 90d1ATY (R080909S(0,
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NNAIMOBUA IUNISILSVENNOANDANG G (W/m?) [GERVEhIY]
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Tooauee = T + (NOCT = 20) = G /800 (7)

Vi = Vi % (T + 8003/ ( Ty + 800 ) (8)

-Fsc = ’.'w.rl * GJFGSTF + Kﬂ X (Tm.ndm.p - T}rr] (9)

Vae = Ve + Vr % 10g (GG} + Ky % (Toaaute — Tsre)  (10)
Ron = Ropyn X Ggpe G an

R_; = RS.I'I (12)

fo = (s — (Wor/Ban )3/ (exp (Voo /(1 X Vi )) — 1} (13)

T =1, % (exp (Vo /(nx Vo)) = 1) + V. /Ry, (14)

c) AUMSAUANULUBDY PV a:1s8 : 1ngauudinaas:uu PV :sgus:nou
G99 N_Inacoaununu azida:inal N, gadeaunsuiiu nwionans
§W8v [3] dandszovgn PV gnuSuldagunadinuaunis (5) 1lietRla
AUNSIISUAU-NS:IABOUS:UU PV oxIsgadud

w Vil + 1R R N /N (15)
18 = Nylon — Nl {e.rp( Fov ) 1)
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RSﬁ Nﬂt!”ﬁ

d) MavIWIhesSuns:IIANSYINS:UU PV 0:1sd : anu:inoUAUDIUSS:ndw
ns:ANAzIsvaugevs:uu PV a:usgmeladetomouaniaqgnminuald
Faruluaums (15) Gudunsuatudnuru: V-1 ia: V-P gnonalagls
1Usiinsu Matlab BunanvlugUi 4 endaegwdeulingiuns:hiind1s:uu
waaraldh PV Undesriwiulus:uunaouauganmaviuihguan
(Maximum power point tracking : MPPT) KiNRegWHTVZOUS:UU
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2) lUUTIABvBURBINaSIAzHaIUaIWEN
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AwnsnAUInIINAYAIURCRIDAY t — At Aol
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AP =0 +avatZ (18)
'CF:ﬂ\lFurn.! (19)

o & AoAToviuuunsyuzouMsweNsninawdeuMstugalug i 3
awnsnUs:nnumlddosauls:ans A arufiusiniiaovasvanioAstuauns
(19) [8] na: Z figvusunisquaeunisns:aigunauiasgu
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(17) (18) 18:(19) nuusABVIVUAUYBVAIIWABINSTHANDNINUAIY
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Fip =P+ 8 Pavg.! vaLZ (20)
AavinidgnaaudavmsiailihTuamwaiuisnusuiruamialagaseen
AUMs (20) GogmsauLAIIWIdesSIWAINESAVA
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iafgsmwaavnsvauilihdeboans:nu Tagdanszovangay (13U ANIIW
dumu a:nUIKGoath) Duausniaaviasviisiaiuihia
Tufv 11-12 Goundniv 2-3 Kdo 3-4 maanszevangaviinegwisfionu
ONIISANGWINNGIBUAUY  thiudadiagevravTuihitesndn
(P{") muR PQVSI Aesnsrdous:nanraviisuiadadia aul
goviv 11-12 awrsniludulauian nadunawidussuiuBuaitugiu
ndw PQVSI govivs:uuiaaumsaitumsegiama:unanaduiluaing
TRinansvaulWdhiudiafiosniw
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ETP Copper Magnet Wire ( Flat & Round ) Insulation Taping Service

OF Copper Magnet Wire ( Flat & Round) for Customer:s Applications
& Small to Medium Busbar

. In House Hi-Precision Die Making
$ & Lab Test for Physical and
Electrical in Quality Assumnm

Standard : Conform to JIS, ASTM. BS
Certiticate : TIS 408-2553

‘Max Current up to 200 A.
Max Voltage up to 600V.
Fire resistant Material

0. WaeIM A a.m:nfnm:l 10290
249 Moo 11 Soi $.Thaiseree 2 Suksawad Rd. T. Naiklonghangplakod
A. Plrasanuitijadee Sanuiiprakarn Thailand 10290
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Seeds of great discoveries are constantly floating around us,
but they only take root in minds well prepared to receive
them.
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