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ABSTRACT:

Introduction/purpose: Researchers of fluids for high voltage engineering application always experience problems when selecting
and recommending specific fluids suitable for high voltage application. This is due to the dual functionality of fluids required for
high voltage equipment.

Methods: This study introduced and employed a probability-based multi-objective optimization technique in the selection of
high voltage thermofluids. Beneficial and unbeneficial preferable probability utility indexes were employed based on the desired
properties of oils.

Results: It was shown that the nanofluid with 0.6 wt% ALO. is the most promising candidate for high voltage equipment compared
to other produced fluids considered. It is also noteworthy to state that coconut oil exhibited better performance efficiency
compared to standard oil. This study also identifies that the produced Jatropha oil was inadequate for high voltage equipment.
Conclusion: In conclusion, a preliminary study essential for final usage of 0.6 wt% AL O. nanofluids and coconut oil for high
voltage equipment is recommended as well as the improvement of the performance characteristics of Jatropha oil for usage in high
voltage equipment.

KEYWORDS: preferable probability optimization, high voltage equipment, thermofluids, physicochemical properties, dielectric
strength.

Pe sioMe:

Beeaenne/umean: MccaeaoBarean, 3aHUMAIOIIUECS KHAKOCTSIME, ITPEAHASHAYCHHBIMH AAS HCIIOAB3OBAHHS B TEXHHUKE BBICOKHX
HAIIPSDKCHMIL, 3a9aCTyI0 CTAAKHBAIOTCS ¢ IPOGACMaMu HpH BBIOOPE MAU IIPU PEKOMCHAALUMM COOTBETCTBYIOLICH JKHAKOCTH,
MOAXOASIICH AAS HCIIOAB3OBAHHS B TEXHUKE BBICOKHX HAMPSDKEHHUH. DTO CBA3aHO C ABOMHOM PYHKI[HOHAABHOCTBIO SKHAKOCTEH,
HEOOXOAMMBIX AASL BRICOKOBOABTHOTO OGOPYAOBaHHS.
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Metoap: B AaHHOI cTaThe IMPEACTABAEGH M IPHUMEHEH METOA MHOTOIEACBOM ONTHMM3AIMH, OCHOBAHHBIH Ha BEPOSTHOCTH,
npu BbIGope TEIAOHOCUTEASI AASL BBICOKOBOABTHOTO O6OPyAOBaHI/I5{. B saBucHMOCTH OT OXXMAQEMBIX XapaKTEPHCTHUK Macaa
IPUMEHSAMCh UHAEKCHI TIPEATIOYTUTEABHOM BEPOATHOCTU MOAE3HOCTH, TUMA «YEM 60ABIIIE, TEM Ay4IIE>» U «YEM MEHBIIE, TEM
Ay4IIE> .

PesyabraTsr: PesyAbTaThl HCCACAOBAHMS ITOKA3aAM, YTO HAHOXKHAKOCTh C COACP)KAHHEM 0.6 wt% Al203 sBasercs Hamboace
HEPCIEKTUBHBIM KAHAUAATOM AASl BBICOKOBOABTHOTO O60PyAOBaHI/Iﬂ IO CPaBHEHUIO C ADYTUMH HCTIBITAHHBIMH >KMAKOCTSMHM.
Taxke Ba)XHO OTMETHTD, YTO KOKOCOBOE MACAO [OKA3aA0 AyYIIHE PE3YABTATBI IO CPABHEHHUIO CO CTAHAAPTHBIM MacAoM. B xoae
HCCACAOBAHMS TAKXKE BBISIBACHO, YTO Bpra6OTaHHOC MAcAO ATPODBI HEIPHIOAHO AAS BEICOKOBOABTHOTO O60pyAOBaHI/Iﬂ.
BriBoabpr:  PexoMeHAyeTcsl TIPOBECTH IPEABAPHTEABHOE HCCACAOBAHHE, HEOOXOAMMOE AASL KOHEYHOIO MCIOAB30BAHUSA
HAHOXUAKOCTEH C COAEPXXaHHEM 0.6 wt% Al203, a Tawke KOKOCOBOrO MacAa B TEXHUKE BBICOKOTO HaIpsDKeHMs. Taroke
PEKOMEHAYETCA YAYYIIUTh XapaKTEPUCTUKH MACAQ, Bpra60TaHHOI‘O U3 pacTeHUs ATPOdA AAS HCIIOAB3OBAHUS B TEXHHKE BBICOKOTO
HANPSDKEHUS.

KnwdueBuo e CcCJ OB a: ONITUMHU3AITHA HPCAHO‘{TI/ITCABHOI‘/’I BCPOATHOCTH, BBICOKOBOABTHOC O6OPyAOBaHI/IC,
TCIIAOHOCHUTCAH, q)HSPlKO-XI/IMI/I‘iCCKI/IC CBOMCTBA, AHUSACKTPHUYECKAS IIPOYHOCTD.

ABSTRACT:

VYBoa/unm: Ilpu nsbopy oarosapajyher ¢paynaa moroaor sa npuMeHy y BUCOKOHAIIOHCKO] OIIPEMH HAUAA3H ce Ha Tpobaeme. Y3pok
TOME je ABOCTPYKA PYHKIIMOHAAHOCT PAYHAA KOja CE 3AXTEBA 32 BUCOKOHAIIOHCKY OIIPEMY.

Meroae: OBaj PaA YBOAU U NPUMEmYj€ TEXHUKY BULIEIU/AHE ONTUMHU3AIIN]E 3aCHOBAHE HA BepOBaTHOhI/I TIPUAUKOM CEAEKIIHje
(AyHAa 32 IPEHOC TONAOTE Y BUCOKOHAIOHCKO] onpeMu. MHACKCH KOPHCHOCTH NOXesHE BepoBaTHONE THITA ,IITO BUIIE — TO
6ome” U THIA ,IUTO Mamke — TO 60me” IPUMECHH CY 3aBHCHO OA JKEACHHUX KaPAKTCPUCTHKA Yiod.

Pesyararu: ITokasaHo je aa je HanOo(AyHA ca 0,6 wt% Al203 HajoroaHHju 3a BUCOKOHAIIOHCKY OIPEMY Y OAHOCY Ha OCTaAC
pasMarpaHe npousBepcHe daynae. BaxHo je momMeHyTH A2 je KOKOCOBO yme Imokasaro Gome meppopmance y mopebemy ca
CTaHAAPAHHUM yAbeM. YKasaHo je, Takol)e, 1 Aa IPOUSBEACHO yime bunke Jatropha Huje MOrOAHO 32 BUCOKOHAIIOHCKY OIpEMY.
3akayuak: [Tpenopyuyje ce npeAnMHHAPHA CTYAHM]ja, HEONIXOAHA 32 Kpajibe kopuinheme HanoPaynAa ca 0,6 wt% Al203,ka0 n
KOKOCOBOT yA»a 32 BUCOKOHAIIOHCKY onpeMy. Takobe, npernopyka je pa ce moGomiuajykapakrepuctuke ysa 6unke Jatropha paan
xopuuifiera y BICOKOHAIIOHCKO] OIIPEMU.

KEYWORDS: OHTI/IMI/ISaLlI/Ija IIOXEM/HE BePOBaTHohe, BHCOKOHAIIOHCKA OIIpEMa, Ll)AyI/IAI/I 32 IPEHOC TOIIAOTE, (l)I/IBI/I‘IKO—XCMI/IjCKa
CBojCTBa, AUCACKTPHUYHA CHAra.

INTRODUCTION

High voltage engineering is an integral area of electrical and mechanical engineering. A lot of devices
have been made for high voltage application - power transformers, switchgears, control equipment,
communicating devices, and insulators, to mention but a few. The quality of insulating fluids used in such
equipment is essential for its wellbeing and efficiency (Oparanti et al, 2020; Oparanti et al, 2022). This study
comes with the motivation to apply a novel multi-objective approach in the selection of optimal processing
conditions or better performance fluids for high voltage equipment.

Conventional mineral oil has been used in high voltage equipment due to its unique and multifunctional
characteristics, which are efficient cooling and dielectric capacity. However, due to mineral oil non-
biodegradability and other intricate production tendencies, researchers have worked on the production
of alternative fluids for high voltage engineering. Abeysundara et al (2001) produced and examined the
properties of coconut oil as an alternative for transformer mineral oil. Sitinjak et al (2003) examined
the characteristics of palm oil and its derivative for high voltage equipment. Hosier et al (2009) studied
the selection of a suitable vegetable oil for high voltage engineering. Garba et al (2013) produced and
characterized Jatropha oil for transformer application. Peppas et al (2016a, 2016b) produced ultrastable
natural ester-based nanofluids for high voltage engineering. Oparanti et al (2021a) developed a nanofluid
from palm kernel oil for high voltage engineering. Oparanti et al (2021b), in addition to their previous work,
analyzed AC breakdown of their synthesized nanofluids from palm kernel oil. In all of these studies, with
the ones not mentioned, there has been a challenge in selecting a specific oil sample suitable for high voltage
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application, considering the dual functionality of a typical high voltage equipment oil. Hence, this study
has addressed this challenge by introducing and employing a probability-based optimization technique for
multiple performance characteristics of high voltage engineering oil.

Consequently, several techniques such as Ashby’s method (Ashby, 2000; Ashby et al, 2004), the TOPSIS
method (Deshmukh & Angira, 2019), the grey relational analysis method (Abifarin, 2021; Abifarin et al,
2021a,2021b,2021c; Awodi et al, 2021; Abifarin et al, 2022; Abifarin & Ofodu, 2022), and the intersection
multi-objective probability method (Wang & Teng, 2021; Zheng, 2022) have been used for multiple
objective optimization in several applications; probability-based multi-objective optimization has proven to
be simple and more efficient (Zheng, 2022).

Hence, this study selected some data (Abeysundara et al, 2001; Garba et al, 2013; Oparanti et al, 2021a)
in high voltage engineering oil development and then the new multi-objective probability optimization
technique was employed for the first time to determine the most eflicient oil sample among other samples
in the study.

RESEARCH METHOD

The beneficial utility index method is applied to a desired characteristic which should be as high as possible.
The index characteristic indicator contributes positively to a partial preferable probability. Equation 1 is used
to compute the partial positive probability index (P7f), while equation 2 is used to compute the normalized
factor (&) of the jth utility index of the performance characteristic indicator.

PU - Hf f,.” ! = "rJ' 2,“.,”;}' = '!J' 2’m

(1)

a.f - lf(rlXj ) )

where Xj; is the jth beneficial utility index of the characteristic performance indicator of the ith number
of sample, n is the total number of samples considered in the study, m is the total number of utility indices
of each sample involved, and X; is the value of the arithmetic mean of the utility index of the sample
characteristic performance indicator. The performance characteristics considered for the beneficial utility
index are shown in Table 1:
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TABLE 1

Beneficial utility high voltage characteristics

strength (<7

of an insulator is the
ITLrIrmaIm voltage
that rmakes the
portion of an
insulator to
experience electrical
brealdown and
become electrically
conductive, A150 the
higher the
breakdown voltage
of a fluid, the less
contarninant the oil.
In other words, as
high as possible
breakdowmn voltage is
required for high
voltage equiprnent.

Performar_lcr_a B_enef1c1_al utility Reference
characteristics discussion
Activation energy The higher the Badicu et al, 2011;
ey Imol) activation energy, Liuetal, 201%9; Liu

the harder it et al, 2020;

becormnes to reduce Cparanti et al

the viscosity of the 20213)

liquid at elevated

termperature. In

other words, a

higher activation

energy of a fluid

leads to a good

cooling integrity of

the fluid.
Performar_lc_e Br_enefu:l_al utility Reference
characteristics discussion
Brealkdowr Brealdown voltage Lesetal, 201Z;
voltage [Dielectric or dielectric strength [ Peppas et al, 20163,

2016b; Abd-Elhady
etal, 201%;
Ghoneim et al,
2021; Oparanti et
al, 2021a; Asse at
al, 2022)

Flash point ("C)

Insulating fluids for
high voltage
equiprmernt should
exhibit a high flash
point. This prevents
fire cutbrealk,
interrupted power
supply and
ECONOITIC 1055,

Fouamar et al, 2014;
Oparanti et al,
2021a; Oparariti et
al, 2022; Minkner &
Schrmid, 2022)

The unbeneficial utility index method is applied to a desired characteristic which should be as low as
possible, i.e. minimization type of optimization is desired. The index characteristic indicator contributes
negatively to a partial preferable probability.

Equation 3 is used to compute the partial negative probability index (P%), while equation 4 is used to

compute its normalized factor () of the j utility index of the performance characteristic indicator.

Pij = Bi(Ximax + Ximin - Xp), i =1,2,..n;j=1,2,.m
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ﬂ{f :l“fl[n(}{r'mjn +X

fmax

)-nX;]

TABLE 2
Unbeneficial utility high voltage oil characteristics

Performarnce characteristics | Unbeneficial utility Reference
diSCUSSIon

Cloud poirt The cloud point of an {iGarba et al, 2013; Du et al,
insulating fluid is the 2013, Oyelaran et al, 2020)

ternperature at which the
fluid begins to condense, ie.
the smaller the cloud point
of an insulating fluid, the
better it is for high woltage

equipment

Wiscosity High wiscosity of a fluid Hosier et al, 2008; Garlba et
usually causes poor al, 2013; Srinivasa &
atormization of the fluid, Surendra, 2019)

Meaning minirization is
required for high voltage
aguiprnernt

Specific grawvity Specific gravity is used to {Gong et al, 2018; Lin et al,
exarmine whether an object 2021)

will float or sink in water. In
other words, if the specific
gravity of a fluid is less than
orle, it means that the fluid
will float in water. Lower
specific gravity is required
to enable the dewatering of
the fluid during transformer
maintenance.

Density Lower density of a fluid for Yaacob & Alsaedi, 2015)
high woltage equiprment is
required because it
enhances mobility of the
fluid. Mobility of the fluid is
required for efficient
equipiment cooling.
Moisture conterit Moisture content has a iOfodu & Abifarin, 2021;
regative effect on the Zhang et al, 2021)
insulating and dielectric
properties of a transformer
o1l Mo water content or as
small as possible water
content is desired for high
voltage equiprment

Furthermore, the conclusive preferable probability of the analysis is the product of the individual partial
preferable probability of a corresponding candidate sample. Afterwards, the ranking is done to show the
candidate sample with the best performance characteristics.
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ANALYSIS AND DISCUSSION OF THE RESULTS
Activation energy and breakdown voltage

Oparanti et al (2021a) developed nanofluids and examined their activation energy and breakdown voltage.
However, the analysis did not reflect conclusively which oil sample is the best candidate for high voltage
equipment. Table 3 shows the oil samples and their corresponding activation energies and breakdown
voltages.

TABLE 3
Activation energy and breakdown voltage of high voltage fluids

sermples gy | Ekom
{e' fmol)
Ester oil 0.04 21
Ester + 0.2 wtfs Al,0q 009 o3
Ester + 0.4 wi¥ Al 0.0% 57
Ester + 0.6 w2 Al O 009 2g
Ester + 0.8 wi% Al,O, 0.09 59
Ester + 1 wi Al O, 0 0% 57
Ester + 0.2 witk TiD, 0047 o6
Ester + 0.4wth TiO, 0047 o7
Ester + 0.6 w3 TiD, 005 55
Ester + 0.8 witk TiD, 008 o
Ester + 1 wi% TiO, 008 53

The data presented in Table 3 was analyzed using the beneficial utility index as the higher-the-better
characteristics desired for high voltage equipment. The resulting analysis is displayed in Table 4. The multi-
objective optimization shows that two oil samples exhibited the best performance - the nanofluids with 0.6
and 0.8 wt% Al,O3 nanoparticles. However, to save costs and to reduce agglomeration of nanoparticles in
the fluid, the nanofluid with 0.6 wt% Al,O3 is the most promising candidate for high voltage equipment.
In addition, it is recommended to study the effect of AL, O3 nanoparticles using the 1wt% stepwise increase
instead of the used 2wt% stepwise increase of activation energy and breakdown voltage of ester oil. This will
show that perhaps 0.7 wt% has better activation energy and breakdown voltage.
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TABLE 4
Partial (%) and total preferable (Pz) probabilities of

activation energy and breakdown voltage of various fluids

Pijof Pyof
Sarmples activation brealzdowT Pt*100 Rank
ENErgy voltage ()

Ester oil 0.052 0.072 0372 9
Ester 4+ 0.2 wt%
Aly0y 0.117 0.079 0917 4
Ester 4+ 0.4 wt%
ALLO

s 0.117 0.092 1077 2
Ester + 0.6 wi%
Al,04 0117 0.099 1157 1
Ester + 0.8 wt%
Aly0q 0117 0.099 1157 1
Ester 4+ 1 wit%
Al0g 0.117 0.092 1077 2
Ester 4+ 0.2 wt%
TiC, 0.061 0.089 0542 8
Ester + 0.4wt%
Tio, 0.061 0.092 0562 7
Ester + 0.6 wtd%
Tio, 0.085 0.096 0621 6
Ester + 0.8 wit%
Tio, 0.078 0.096 0745 5
Ester + 1wih Ti0; | g 104 0.096 0993 3

Physicochemical characteristics and dielectric strength

Garba et al (2013) produced Jatropha oil, examined its properties, and compared it with diesel oil and
transformer oil to see which one would perform better for transformer application. The performance
characteristics of various oils are displayed in Table 5.

The flash point and dielectric strength were analyzed using the beneficial utility index (see Table 1)
while the rest of the characteristics in Table 5 were analyzed using the unbeneficial utility index (see
Table 2). The result showed that the developed Jatropha oil exhibited lesser performance for high voltage
equipment compared to the other two standard oils. This means that further study is essential to improve
the performance characteristics of Jatropha oil for high voltage equipment. Many reports have shown
that the addition of nanoparticles and the improvement of oil production can improve the performance
efficiency of the oil for high voltage equipment (Jin et al, 2014; Peppas et al, 2016a, 2016b; Rafiq et al, 2016;
Muangpratoom & Pattanadech, 2018; Oparanti et al, 2022).
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TABLE 5
Physicochemical characteristics and dielectric strength for high voltage engineering

Flash Cloud DChelectric

i i i YWiSCOSity
Oil sarnples [point  point ;
o Co Y grayity (g/cm)  Strength

Specific Density

=5
Diesel B5 = 2.86 0.79z2 08162 20
Jatropha oil | 150 14 B.2 0.848 0.725 22
Transformmer
ol 140 7 9.3 .89 .89 24

TABLE 6
Partial (P7) and total preferable (P#) probabilities of the
physicochemical properties and dielectric strength of fluids

Oil samples | (P of (Pipof (Piof (Ppof  (Fipof  (Fjof Pr1000 Rank
flash cloud wiscosity specific  density  dielectric

point  point Zravity strength
Diesel 0132 0448 0577 0.356 0647 0203 2302 1
Jatropha oil (0,423 0186 0.248 0.334 0721 0333 1331 =
Transformer | 0.295  0.384 0.177 0317 0587 0,364 1817 z

il

Abeysundara et al (2001) produced a coconut oil, evaluated its performance characteristics and compared

it with a standard oil for high voltage equipment. The properties of the two different oil types are presented
in Table 7.

TABLE 7
Properties of coconut oil and standard oil

_ Dielectric  piagh point  Moisture Viscosity Densitya
Cil type | strength (DC Contert (cst) Kg/dm
&) ! (mg/Kg) )
Cocorut
oil &0 225 1 29 0917
Standard
il 50 154 15 13 0595

The multi-objective optimization analysis was done and presented in Table 8 based on the conditions in
Table 1 and 2. Itis interesting to note that the produced coconut oil exhibited a higher performance tendency
for high voltage equipment compared to standard oil. This shows that it is a good candidate for high voltage
engineering. Therefore, further study such as ageing, direct application of the oil in a typical high voltage
equipment is recommended.
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TABLE 8
Partial (%) and total preferable (Pz) probabilities of the oil properties

(P of (P of (Piof . .
Oil type | dielectric  flash  moisture (‘?Eﬂ Of_ (#9) c.)f Ft Rank
. wISCOSity  density
strength  point content
Cocoriut
il 0.546 0.5894 06 0.z12 0.492 2.984 1
Standard
oil 0.455 0406 0.4 0.696 0.504 2593 2

CONCLUSION

This study successfully introduced and employed a probability-based multi-response optimization technique
in the selection of high voltage thermofluids. The results showed the possibility of the employment of the
probability-based multi-objective optimization technique in the production and selection of high voltage
equipment oil. It was found out that the nanofluid with 0.6 wt% Al,O3 is the most promising candidate
for high voltage equipment compared to other produced fluids in the study of Oparanti et al (2021a). It
is also noteworthy to state that coconut oil exhibited better performance efficiency compared to standard
oil in the study of Abeysundara et al (2001). However, this study identifies that Jatropha oil produced by
Garba et al (2013) was inadequate for high voltage equipment. Hence, preliminary study essential for the
final usage 0f 0.6 wt% Al,O3 nanofluids and coconut oil for high voltage equipment should be done while the
performance characteristics of Jatropha oil for high voltage equipment should be improved. In conclusion,
the multi-objective optimization technique has been successfully employed in the selection of fluids for high
voltage equipment. It is clear from the study that the analysis is simple to apply. Hence, it is recommended
that the probability multi-objective optimization technique be subsequently employed when selecting the
most eflicient fluid for high voltage equipment.
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