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Research Progress in Ageing Characteristics and Diagnostic
Methods of Insulating Oil

GUO Jinming, TIAN Shujun, ZHUO Haoze
(Electric Power Research Institute of Guangxi Power Grid Co., Ltd., Nanning 530000, China)

Abstract: The ageing problem of insulating oil under long-term electrical-thermal combined stress seriously
threatens the safe and stable operation of oil-immersed transformers. In view of the transformer faults caused by
the ageing of insulating oil, it is urgent to research the ageing characteristics, mechanism, and diagnostic methods
of insulating oil. Therefore, the development status and key technologies in the electrical thermal ageing
characteristics and diagnostic methods of mineral insulating oil and vegetable insulating oil were reviewed. This
paper first summarized the physical and chemical properties of mineral oil and vegetable oil for transformers, and
their high temperature performance, biodegradability, acid value, and electric strength were compared. Then the
two basic forms of electrical and thermal ageing and their products for insulating oil were reviewed. On this basis,
the influence of metal materials such as copper on the ageing of oil was emphasized. Finally, the commonly used
ageing diagnostic methods of insulating oil were described. The multi-dimensional fusion characterization of
feature parameters from different detection methods is expected to improve the diagnostic accuracy, which has a
good engineering application prospect.
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Fig.1 Thermal oxygen ageing reaction process of

insulating oil

T2 B R FEAA ] A0 B TR 48 2 A7 7E K EA
ORI R J G S 1A A AR A 22 i AR N T A 48 2%
MR ZE . FEY 48 R AN v R X I kAR
AR, & — Pz B E X B i SEALEEEAT 1R
B, AL 3 AN B B« B IR 51 R B A o R R ) 24
1M, pR R 24 S R AR 2 IR R e e S [
P A 2 3 0 P A R 1 kB AT T R T
FP FUAMR T S EA P B B A R
JSE 5 AT S A A i N7 B, 2 38 410 o) 466 % 3 AL
f/E . CIGRE WF 7T 41 s &5 1 74 5 48 2 i A AL AL
R SR AN T VT AR R 5

P 248 i AE R Z A T IR ER A
RE2 R AEARA, TR AR HE T 0 22 DI 48 5 i VR E
b B2 B (9 77 % B br #E S B 4 TIEC 61125-1992 5
ASTM D2440-2004 it it I 7 46 2k i (1) S AL 22 58 1
KAFA HZ ARG, S SINGHA 2525 78 & B
XA A 4 5 i RVAE 0 ¢ 5 A TR — 2 A 2k 1 Rk
AT IR 5 BROR A A 448 25 18k (1) ) IO 453 6
LI 52 A BT [0 368 0 v S 68 4L 52 I o 2 FLE
HIFE RN . X 55 V)48 2% R 8 A R ke
VE R ZZ A VP Al H8 AR 17 0 2 AR AN R SR B X 14
Y 2 IR B R A VT Al bR S BE EL 4R F T X R
Y 25 1) RS VP Al o STHR[STRT A8 40 448 5 3 1)
P Z AP A HEAT IR NHIF 5T, SCRR[30]08 &t 22 49
Fii 2 G (PDSCO I 58 A7 47 48 5k 3t #4582 A0 s 1 43
1175 T I ] COITD Sk VP il He A4k 22 5 1, DL 75 2]
T4 L0 2R
1.2 BEHAEEN

L AL A IR A T D 5 O, L6 4 2 3



iRl 2021,54(8)

SIS ¢ AR RS W T 1

TEHI T — R YV BEAL 2 SN R I 2 o i
H 0T A i TR O R IR T AR A DA R R A
R A] IO 5 58 A A SR AR o 0 A S oy - S5 R PR AR
SR, 4 2R R, 48 S0 i 4k B
JR RO 5 K. A RS AR N I AE R R B
TR IR PR A B R IR R A . H
R 26 0 L AL T 90 2 B T4 K
AR RO R B PR AR R R A i R 5 R LB
PN JT1H
1.2.1 %% bk e

o - 248 S R L ER B AT, BT VAR A R
o B B R AL BRI R 5 2 A IR R
GREM AN [ER S 2 1 T A5 30 00 8 R O A —
BLEAE M — BB . SRR
2 I\ R AT BRI B BN 2% TR ) AT A T 3 R
Lo B0 A B R B 5T T, SCHR 31758 i B 5 H
TR HAR , NS Bl IE Bl o7 Rl 4 T
LB T B 5 SCHR[32-33 1% b7 H 55 H i gk
ITAHSRIE L I M 7 AR AR R R AR BRAE
M4 T BT WA 28 O A2 R A A
JoR H SR BROARR D 2% R AT AR T 51 R TR RCH 48
W1, SCHR[34-3510F 28 2 3 R A0 7 AR AL AT
L RE M, DA R v 2 4 8 TORE IS R SO BL AR T 7
Y )3k
122 #iiha =9

BTt HL 2 A 6 48 53 (1) 5 0, SR [36-3 8] 4
ASTM D6180-2008 #5113k 47 K & A [F] Fih 24 4 25 i
PRI B 7L . B 9T 3R BH L 75 29 Sl R A A 466 2%
WS4 G AT A S T S I R R
B T EMA L, %R 45 R A SCRR[39]H A
VB o FU SR B, — U R\ SR R A A 5 A AL
GhRY LRI AT AT A8 2 R 4B  AS FRIR A
Y, R B B AN (W SR 4 S i
IIRE I, R Z T B 2 F Ok — SE S PR BT FF IS 1 A
Yo 5—FWEWN, SH P48 Z00 A L, fE P 24
S 13X PR TR % AN AN LR 5 R T
B TS, SCHR[40T7E X Eb 23 b7 7 2 ot 2k 3o 16 il el
AR PR AR AR B AN [F B S8, R R AT
N RN LGt 7 — 8 B R P 4 v HH R R B
MR, SRR, BUUSH N P4 Sl 12k
RRE S = B AR & T4 %M, 5 EiR 4w
FHAF (BT W0 246 253 2 b Py T80 HR U BRI e
AR T A2, 5 24 5 300 W48 5l e 2R R AE

SRR ERAR T4 S0 .

FERE IR b, SCHR[41-42]00 & T 48 R & e
10 HL AR - 3B 2 A5 K & B A TR0 FE
DRI 50 5T 7K 77 < ek DA R 3 v g = ) (dissolved
decay products, DDP) &5 HL 5 LS 4. Ml 25 R
FEBR , HRE AT 48 S B JOT AR IR B0 K
T B 52 A R 408 25 3 (1 S TR 5K 77 5 08 5K (] B AR 47
DDP A 5 AR BT Jsz ke 1) 455 S, ) b 7 7 R 1
NG TR R AE R AGE R .

] P 5 5 50 248 5 T TS0 R 7 AR PR R AT AR OG
W5 K = B9 R 45 R 8 A [R) 20 05 Ll B AR
WA Gt AT 1 R R BCHR o 2R R DA R FR IR
NV v 9 R SRR T A . W R W, SR S R B
Y S P A AR S BRI, F BT R 2
— PR RE A R E R BB AR S B R A& CH,,
JBRCHLR A2 10~20 hiNf A4 4 CH, 7 4E 5 1 C,H, /2 i
2F THC R AN E SR F 1 T B RRAE SR, LR
C,H,.CH, fl C,H,; # Lt F J5) 35 it v A o5 2 il |, H
S e B B e, T AP AR SR S R R T 5
SNBE RO IR 2. B S S A T LT B A A
F, I 7 0 AL 246 5 1 e I L (14 5% W AL 1) < 72 AR T
A LW I AT I 1 A SR EE R, HELI K R A 48 5k T
() 73 A EE A HEAE S AN o T B AR 1 o T E T
MR AR, FE SR LI AR R, 4 T I B B L |
AR ANy TSRS DI AR L AR B AR B R
HIRZHE, AMUAHE R 5T 0 /N T IR,
LT AN A A RS B, X E T
FOFANA S5 tH (1) IR A R BB 18
1.3 B®EHB-ARKEEK

SEPR b g im iz AT I R R G A L &
| YN N LR (e SE I ES A DA G B S A PN
T BT R TARZ I, FEW
(1 I G 2 A R CRMEARBE A 5 48 7~ o4 R & 1k
HUFE CRP P 3ABE ) 9y b 77 200 0E T MEAR S AL, [
FOARU KA B2 A0 B AR 3L, R A X B AL
X B3 B IE FH M R AL, BE S 4 S5 R B FAL-
LOU A5 7Y 55 38 4 I 4R 246 2% o~ 3Bk B 2 AL I VP £
T T BERL AL, -0 & B 71 F R i AR 48 2%
(10 Je 58 80 L 5 2 ) B A 300 5% 1 L B A R 3 T A2 3
FyES,

T A2 S AR R oA Y, BT 90 448 % i A H — B EE
HAER T A, 18 75 25 580 IR 808 1 AR AL o
KEWITAE RR I, A8 HL S 75 #0877 0 3] B A



12 SRS G R RS W T T Sk

@Rt 2021,54(8)

S APRE R S RN T B S 4 K, HLAN g DA PR AR AR
BN 2 NI B A A . AR BT 2
A LR B 2 A H B S AL R AR LB B
TG ANTE Y A AR T H A5 0 A

P PO EEEe 9 oA R DAL

o Jo A DR ARG P B 236 R i ok 55 o 1 B T AR
JE A8 G2 () it o A% i 2% AR A8 A7 0 AR AN T
Tt 2 5 & @ B, N4 b &5 H R
WSS B TR . H 20t 50 E4C LK, A FAR
JE 5 )38 P8 R T T 48 0 48 2 22 A R PR R e 1)
BT [ A B AR IR 2% )1 ) POt 78 AN [F) 4 J ot
YU A I . 45 R B, Al Fe . Fe (5 £8)
Zn.Cu X 4 Gl W AL AL R R 2 By 10123148
13 AT DL, 80 0h A2 e 45 9 1 224 8 40 A F B o B
N, AR A% R < JE AR ER AR A1 38 Tk
I8 A S At <6 S8, A S B LA AR 1A ) 4
K [ R S A s 8 446 25 7 2 AL R R T

T, SCHR[47-48138 B, 4 J& 4 0T 48 I 8 48 2%
MmEAEEGEAER. eTbliEd Bl ES
K524 2 e =X B L I BRAR 51 R D IR TS AL fE
KA 28 Sk (1 S A RO . Ak, B T DL 48 2 i
oy T BB O A e B 2, s i (2D Edk
I JFR A A LA S o i B B

RH+ M** —R-+H + M"

ROOH + M" — RO - +M*" + OH 2)
ROOH + M?*" — ROO - +M" + H'

B Sl 4 S R GURIE FT T AN AR R AR A S A
A BRI, J3 Sl B TH A 4 448 2% i TE A R R IG R 4% A
TR ARG, 38 3 % 22 A AT S 46 2 A 4R A
Vi P R B S K A 4 T ) A R R 2
7 BRI A b, 8 3k N R 4 5 i b R AL TR BE 2 10 i
T2 10 A8 b, UIF B B X 4 ol | Ak AL PER . S
TENBOHLEN %5™/5G 4IF 1 4 (1) 480 46 {8 4k A H [R) #F
& T AE A S

Bt J5 » SCHR[S0-5112 AR RR T 78 24 48 2 i (1
1 RN A1 48 25 il R 3 A B R R T A
L 2 % 4 3 () H S L BRAL VR BE PR AR B,
AR g ¥ AR S - 4 5 D 08 25 3 T A IO 45 RE R 4
0, T ARk R A U 2 78 i /K S TH] AR R 1t A
5K 77 N B2, T BRAR A R A8 g . 5 T
4 25 i A7 AE IR B 1 ©O I SR R B 7
HEAT R B AL B A RS R S TS R R
G, 466 25 30k 11 45 0 RS L FRAL S 800 S B T2

IE AN, 4 5 T A7 £ L AR B A (dibenzyl-di-
sulfide, DBDS) Jy =& [ & i PE AR AL 4 22 J i AR G 2
ARG L Cu,S, Cu,S 2 PUR T4 2k 4R R THT , i
FSGIH AR 46 25 W37 43 A 1) 23R, AT R 51 R R S e £
ZaditE . Bk, PR R M ERAL Y 5] AR R s
A7 R, — 7 T A2 T R A B sk M B A 1)
S N AR K 8%, 41 40 GB/T 2536—2011 25 b5 ifE &
X B 48 kT R R R A B T e . ST
Tl 6 T I8 AT — 22 K (1778 24 28 56 248 5 il v g
TR A B AT o BT X 48 2l b B A
BRACY (1) 8, B BRI 9T 3 B a) 48 23 P s
& JE B A B T B R 48 2 i BUAE 2 T B R
8 A T V25 W A 7R AR G AR AR L dE Y
BT AHE 2 (45 48 2o 1) 7 SRR I K R R
AESZ B 52 M, BRI bR v R X B 4 2 vk b 42 )
Bl ) ) A R BRI E L (HR R R S
AT — B 1) S 10 48 25 3 A s B AL 7R T JE SR A
Pz ) E A8 2 R A i i 75 =5

3 MBREWRSSER A

3.1 BR.BEBUFESEE

a2l R VELRHIE S B 2 L2 RSN E
MRAE . Horp, USRRAE & 3 B TS 5 i
JE A Jo 453 A DR % R AR H B 6 55 BRAL R AIE B
BLALHE R LN A SR SR ) R VR L K &
%o IEC X ) 4 i 5 R A 48 % i 4% L RE I 90
ST T T A S S bR

BT EREAEARHES &, BTN 50 44
Gz T T KREM L. Y HADJADJ %5
G o 4 25 3k 1) T 9K 77 BRAE S U R DDP A X 4
Gl I AR R IT O T, R e & A T Bk
KR E S B2 18] (SRR . WAL R B, 24k a0 7
7K /)5 DDP{H 226K R, 53 248 R H0O08
%, 185 DDPE S v 1 R IR Bk e R . b
R H O FR AT SR S S RE Y 2 S BV .
I AR GRAY™ il 5E T 41 5% 8 5 R0 ST 7 7 1) 4625 itk
AR 73 3R, H4s ST 7k ) 5 BRAE I BB 2 X
5 OQIN K%, i OQIN K%~ 1 500, 24 OQ-
IN K 0 B AR 21 100 B 3 B 12 46 g )™ 2 4L, 75
BHEAT B e a F AL EE . M KOHTOH 255546} AN ] il
By BRS8N 66~500 KV R TEIE A8 [k 28 41 2%
AT T A SEONK, & R4 2 1 AR AR
BH 28 K A 5 452 € DR 5 B o2 A BT[] 38 4 1) B2 6 =



IR 2021,54(8)

SIS ¢ AR RS W T 13

()T B AT LT 3 EL26 S 1) o 5 W e S AR R
FEAE 60 KV Ao dq , T A BT () 48 25 0

B U T DL, 7E VP A A8 2% 2 RS B, B 4k
FHEEFARR BN MESEARME . 5IGE
I, 04 FRAE 2 B A B AE 1 I W 46 2% i 1 22 A0OIR
Ao Bk, R4 G 2 AR A il H v B0 A 2 W,
HATREERGEMZHFHES &, BRI 4%
RS B A B N BURRE % S8 ik A
BN 48 20 AL W 7T R B A L —

32 BEmPIaRsAsSm

%8 2% 3 Hh I il SR 40 Bt (dissolved gas analysis,
DGA) MR REAE S AR ZH 43 5 12 S LA ke ) W 468 2%
AR R B ke 2T
JE 24 MR W, VF 2 5 B AE 0T FL 4 2 2 AR
VMG 8 DGA 7. 5141, M MAHARANA
2400003 b o 25 1 vh C,H, \ C,H, 3 & HL A CO,. CO
1 246 5 i R 0 K o A 0 44 2% e 1) AR Ak
475 B4 41 s L LOISELLE 25™94g i 1 ¢ i % b it
2 IR S AT S S O IR 2 A N T HE 8 268 25 il 1)
AT B FEAR ;T T TEONG Z5Ci o 244 25 il o v it
(1] CO,+CO #5028 e 88 HEAT T 42 77 i 300

H A2 T DGA 77 5 T8 B RE SR \TIEC =
E B 7% < Rogers X fH 7% « Dornenburg L {5 72 « Duval
= f %% 0 Duval F.30 % 15 55 1% G048 e 2% 12 W
%, OTEN P48 2 A2 e 28 W b2 W 5 AR 212
L K AN W 56 3% 5 A B AR E TEC 60599:2015 5
IEEE Std C57.104-2019"%} 1 3R 77 7% Ko i FAE T
TEAH I IR . T FAIZ 76 S0l DGA ds B4l F, %f
iR AR G T S W R AT X L, RIS [
LG g A — 8 B2 5 0 B R B R 2 W
RO R IR . R IE AT 2 38 % 2 Ptk G is
FBEE M, 454 5 2 E 6 R 5 2% & T 5 R
DGA J5 ",

[, 1A 23 80 T 0k 50 30 = HER R 1) DGA
J77%:,0 E GOUDA S5 i [ T 7 FpRR e A4 1)
LS Wik, I DL 452 AN A8 2% T R AR 3R 47 52 U
BGAIE , A2 W HE i 2R 15 89.41%, 111 K ] Duval = £ £
% ~Dornenburg HUAE 7 \IEC = LU AE 7 AT Rogers LU AH
A W HE T R 43 51N 64.67%38.48% - 54.67% Al
46.43%. ITHK,DGA B H M N THERET M K&,
U3 TR 2R G5 b 48 W0 4% S 3 ) L R A BR 2
SIHLHI DGA 77656 . SR, T 77 22 K &2 DGA
KRICHE, BIR T N A IR ST

W6 5 A 2 it AR TR AR I HE)T A [ N A
FITRE 14t x4 2 i A2 s 2% DGA J7 VB 7T .
5 IR P 45 2t R AR B LR = A G
EF0 T R 2 B T [ A ) 408 25 22 A e 7 U
PEXT B DL ST W 46 25 DGA 5 75 8L T A8 ) 48 2%
THTER) S FH AR 0 R A SOk R O T OO S R
T 4a 252 Wi 1) Duval = 1 275 RRIE S ARV
IEC — [t {A ¥ - Rogers G AH ¥ LA )2 Dornenburg L
T 0 1 ) 448 2 22 A2 W TR i T A R R
W, 72 SO0 = 56 T, R R ) 45 S rh O AR SR
BE XL G V) 46 2 DGA 7 5347 ek 2 v AT
(7 FH R BA PRI 7T 90 0 = Pl 5 A R T Ll s
FF A 246 0 Vs e SO R VE AR A R, 2 ST H
T UL 2R R R A A8 5 i AR T A R R R AR A2
BRI E DL T gt LU AR 2 Wik o [RIEE, 30
A W5 2 B N AE S S5 R AR A 4a 2t
ARG E T b 6T IR 3 S BOHE B R ) 4
28 i #5 DGA Wi 7 At 7
33 TEEMRTE

Y 2 il T 22 DR 22 A S2 T AT AE 7K 3 1 Bk
AT, T 38 R4 25 3 1)t P50 7 L 3 A
RAAEAN A FLme AT g BIE AT FR A O ek U A B 8 A
S A8 HA AR 32 Bl R AR T B, D R R 2
TS B R R AR A 1 Al A B A
1 B W) I 7 3 AR O HL R PR AN (5] BT 53 SR I S
FEL M) 7 25 FH A A FL I 9925 o G e, B 3 R
% £ B A FE A & K % (return voltage method
RVM) HI 1z 46 2 #2 Ak 3 i ¥ (polarization and depo-
larization current, PDC) o #3s /) FL i )97 2% 32 222 4
A L1 7% (frequency domain spectroscopy , FDS) o
{HRVM I 2 W5 B A BR H 5 52 5k A LA 1 52
M, DK 3% % 4 PDC A FDS J7 1 B4R

PDC 7734 B M BR 06 H e e o ik  , IF
T B ) JE SR A B 1) 07 SRS B kAL -2
WA R PE . AU R AN E 2 HOIRAS VA F &
KB PR 44 5 it s it L AN () PR B A - 2 A A LU il 2k
M FR R HE XL E S B AR T ARE S AR S M A
TENREGIRERAESH™. T K SAHA 7%
ANFK 53 S B AR AL 2 14T PDC I & R I, B A 7K
oy & =W F s, PDC 42 R i 35 B B B, 3R B
PDC Hh 2k fig #Ef R AL M I &K B . fE BRI
N A M JAMAIL %5857 1 & /K & 5 PDCRHIE S 41
PERRK R R TEPIRIES LG mZ 0 ER



14 SRS G R RS W T T Sk

@Rt 2021,54(8)

B AR N A Rl 2 AOIRES S, IR IZ S HL
G RERIEL KR

FDS J5 % 3 2K MR A (107 Hz) 2 =4 (10°
Hz DL FD 52 B2 A B A% , A EE T 1% 48 T
JFRARAED X, FDS REA% S B 5t 76 AN [ A B T i
JRARAEREYE . FDS WA 25 K, A B 40346 K 25 tand
555 1 5 i 0 il A A A BN 4 ot b oK S &2
Gy RRURG ALK FAE AL B ST 48 Sl oK B R
& EIZWIEE™. W SAMARASINGHE 2577 it 2
Yyt BUIE 23 ZHISAT SE PR 146 28 40 SR 1) 22 [ A 48
G, ¥ FDS M 45 R 5 5 5 F e S 48 S ih (2 7 55
SRS LA AT, 45 S 3R B FDS RE % 3R AE 26 2 il 1 48
%1 RE. B MATHARAGE 25" AR ¥ 52 36 = i %
A IR T A P 48 253 1) FDS 4k 28, >R Al A i
Wi 7 bR B0 % LT B SRR AE S 4, FEAE I R AR 1) 4
G 2 AR A A DU PP Ak 77 T 45 21 BT ) St

T LY R U A0 FE A 0 A F e S
TG R A — 8 ), XA [F AR AT U S
AR fRIERE S ELEFAL. CAHFTRRN,
PDC HLij i 26 TR AR AS 2 it Ikt B b T R A el e
DRk, B R BR S5 e ST T IS 380 v 8 pR) 25
I 1) SR AE PR DR 1, AN [B] 36 RE T () PDC il ik
th 2~ # B2 H T, LU BRI X PDC A 45
FRBIFZM o TR 0T FDS 7, 50 g il 51 A\ SR
SR B 10 7 3T B iR B X I S R s . X
TRl L AR 3 B, — T T e s R UEh 2 1 AR A
JoT B A E 2R P R TP AR 2 MR 1 A S
RS il B hd A LR B ) IR (EHD) 5
377 1] 37 WA 3 . 2% R AE W B K P T A g
16 1 T LS (RSB0 F e, RS R T A i L g P K
A R FE I o
34 KILMEFAR

T8 I B T 4G G AR 2 A R R D A R, T
DA 2 AR 58 1 5 W0 285 SR B8 A LB AT & B
Bl R . H ol AN SR H G 15 I & R A
B k21 41 (Fourier transform infrared spectrosco-
py, FTIR) « %8 41— 1] DLW i o 3 Cultraviolet-visible
spectroscopy  UV-Vis) K = 45 i 4 .

FTIR | A WAL &4 5 7 U £L 4 e 22 K A
PR BN AN ERIE , A [F] A0 2 BE R AU K B 2040k
Ko G - BIFFE R W, B8 22 A I 18] R
N, 48 2% FTIR O 1% 4 S Rp AE W 40 (i 722 cm! A3
FAL ) -CH-UE) (1375 3 2 AR Ak i 26 5 5 28 /i kY

BB BASHN Rl 2 — 5™, F B T4
T2 AR 2 B 1 AL 3 B

UV-Vis ¥ 42 5 T 73 7 N B 7 BRIE 7= A 1 TR 0
DT BEAT 23 AT SE 1 — Bl A3 2 A 072, H K
FEl N 200~800 nm. E&FWHE Y4 2 i S50 W0 4
I UV-Vis I 58 A, B 248 25 5 & A0 2 BE R, U V-
Vis J 1% IR U502 38 0 I H IR AR B L0 A8, 7E L LAtk
I, ASTM D6802-2002 | &8 T % T UV-Vis it 17
WD 48 253 22 A PP A 5 BRAE S 40, B A s e
) (dissolved decay products; DDP) . DDP 1H /& 15
UV-Vis it ik B 360 nm 2 600 nm FRIW% ' B
LT IR, B2 28T B0 P4 G A R 2 A
(1) UV-Vis i it £ vt 545 2 ¥ DDP {5 .

A -Tm
2.0 -

1.8 \\ K DDP=411.3 DDP_350.7
1.6 \ - ZA K=504h
1.4 DDP=341.6
g 1.2 \ \ j;k:zzzssh
210 LA
§ 08 \ Egk :;}K)ZJ:;MM.
0.6 i
AN A N\ NS0
0.2 \/ AN \\\\\ At K-on
= DDP-7.9
%60 410 460 510 560
B/nm

E2 #.BE ¥4%HAY UV-Vis i

Fig.2 UV-Vis spectra of new and old mineral insulating oil

= XRRIUR — K S BE (excitation-
emission matrix, EEM) , 3 /M4 & 43 55l ¢ Y6 3K
RSP A AN DG FE , H SR LI 2 2 b FE B IR
AR S K F S AR AR B . BN 2 1 =
HE NG 43 M J7 1 g, R T RO EE A
SE FRTRUR /RS A ) 9% U, 18t SR Uy 58 1 B 9%
JefE B4R Otk B 47 R AE . A J AMALANA-
THAN 2553 I 7E 90 140 160°C 251 T X 4 4 446 2%
AT BZ AR, FE xS AT 2% 6 K, 45
ORI EEM 6 UK K 5 R S K Y
A B B8 0T AS BB ok AR AL, HLIR R R 4D RS
YR,
4 EERIG

(DHRENRZ ISR L G EZ 2R,
FERANREG S RAZN . AREG AR
fEHLEE R AR YL Z M B BOR B S Y
7 2l AR SN SN 26 Sl L 2 AL DL BT 7T 2
5 R AE VLA LAY BB 51 R T T o TR F £ 2



iRl 2021,54(8)

SIS ¢ AR RS W T 15

JBCH A RSG5 KR I M 0 L SRR W, 4 i
B BR T2 A5 7 2R I e A 3 T R B
3T Z B IR B RN o [N, 38 N R SR T 4
GRMAE - A 1E T A2 AL,

(2) 4 J& 4 B B 1 B fie 2 26 G i 1) AR Ak
AR - AL B W R 7 i S 1 P~ 11 A R X
W2 5 e B2 T AR S S L 2 2
RE. FRIIEE , T3 e g & 5 ynh v 72 o Bt R 7] B < s
TR R) 7 2K B AT 4 S8 %o 48 5 i 22 AL 1T R T

(3) H A2 g 2 AU I T B E 2 < A
Z 80N DGA 3T A HL I Bk KOG I RO .
Xt 48 G5 i SR AR T SR 3 AT 2 AL 2 i A
T S R AR S 5 32 58 KPR 1) 52
M 11 36 8 5% 12 B0 FH A ARG 4% R e X1 Ikt 2 il
TERHEGEHENRIESH 2 HERIEA Eikm e
T A Tt 3, AR TR N 55

S HR:

(1] B3 <, A M, 6 1 A v ) 4 T i AR 6 25 B 2 AL B i 45
R[J]. B AR FR,2012,27(5):1-12.
(2] ZEWEL% . 4 2l PEAL K B AR BE BB 78 (D). B E PR
%,2006.
[3]  PhA T, R A AR B i i, 5 . el e A% il T AR TE 28 M U 5 s
S AR M. b5 R AR AE,2003.
[4] 28I, ka7 i Ao, 55 ALY 40 ik K FC R AF 9 D 8 1) Loy A
SR AR A 2015,41(2):353-363.
[5] OOMMEN T V. Vegetable oils for liquid-filled transformers[J].
IEEE Electrical Insulation Magazine,2002,18(1):6-11.
[6] FOFANA I. 50 years in the development of insulating liquids[J].
IEEE Electrical Insulation Magazine,2013,29(5):13-25.
(71 R D26 2 ) ) 2 S i B A PR RE R 78 [D]. B PR
%.2010.
[8] LIAO R J, HAO J, CHEN G, et al. A comparative study of physi-
cochemical, dielectric and thermal properties of pressboard insu-
lation impregnated with natural ester and mineral oil[J]. IEEE
Transactions on Dielectrics and Electrical Insulation,2011, 18(5):
1626-1637.
[91 IEEE Power and Energy Society. Guide for acceptance and main-
tenance of natural ester fluids in transformers: IEEE Std C57.147-
2018[S]. New York: IEEE,2018.
[10] 15k REG, 1,5 Bl A040 2 Sz HAR T 4% 1O BF 70 9 Jié
SIS Hr )] 54 8,2019,52(2):1-6,14.

[11] AR, R, 281,55 T 47 3 ) S0 i ) 26 2l
O SR EL]. e R R, 2018,44(11):3595-3603.

[12] AR, T SR AE 48, %5 . 3 T ReaxFF 3 (1) 26 25 3t # i 4y
TEN R[], = HUE R ,2018,44(2):488-497.

[13] LIAO R J, FENG D W, HAO J, et al. Thermal and electrical

properties of a novel 3-element mixed insulation oil for power

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

transformers[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2019,26(2):610-617.

HAMDI A, FOFANA I, DJILLALI M. Stability of mineral oil
and oil-ester mixtures under thermal ageing and electrical dis-
charges[J]. IET Generation Transmission & Distribution,2017,11
(9):2384-2392.

International Electrotechnical Commission. Mineral oil-impreg-
nated electrical equipment in service-guide to the interpretation
of dissolved and free gases analysis: IEC 60599:2015[S]. Gene-
va,Switzerland:1IEC,2015.

HALSTEAD W D. A thermodynamic assessment of the forma-
tion of gaseous hydrocarbons in faulty transformers[J]. Journal
of the Institute of Petroleum,1973,59(5):239-241.

SHIRAI M, SHIMOIJI S, ISHII T. Thermodynamic study on the
thermal decomposition of insulating oil[J]. IEEE Transactions
on Electrical Insulation,1977,12(4):272-280.

EALER AL LG PO R I R I M S SRR AL D).
HPGERKE,2017.

MACHER K D, BRESSLER D C. Pyrolysis of triglyceride ma-
terials for the production of renewable fuels and chemicals[J].
Bioresource Technology,2007,98(12):2351-2368.

TR AV AR A G il T REAE A R AR R S A ROk T
3 ok s PERF FE[DY. 1 R 1 PR K 32,2012,

WANG Z D, YI X, HUANG J P, et al. Fault gas generation in
natural-ester fluid under localized thermal faults[J]. IEEE Elec-
trical Insulation Magazine,2012,28(6):45-56.

AR R T . Ll 25 b5 0 250 v i A =0 2 A7 5 B W 5 9 92 (D).
R R R ,2017.

PERRIER C, BEROUAL A. Experimental investigations on in-
sulating liquids for power transformers: Mineral, ester, and sili-
cone oils[J]. IEEE Electrical Insulation Magazine,2009,25(6):6-13.
TENBOHLEN S, KOCH M. Aging performance and moisture
solubility of vegetable oils for power transformers[J]. IEEE
transactions on power delivery,2010,25(2):825-830.

0,5 5 B G, A L Ok 0N 10 R TR A T BRI
FLT]. B AR 244],2007,22(12):1-6.

CIGRE working group D1.30. Oxidation stability of insulating
fluids: 978-2-85873-219-7[R]. Paris: CIGRE,2013.

International Electrotechnical Commission. Unused hydrocar-
bon based insulating liquids; test methods for evaluating the oxi-
dation stability: IEC 61125-1992[S]. Geneva, Switzerland: IEC,
1992.

American Society for Testing and Materials International. Stan-
dard test method for oxidation stability of mineral insulating oil:
ASTM D2440-2004[S]. West Conshohocken,US:ASTM Interna-
tional,2004.

SINGHA S, ASANO R, FRIMPONG G, et al. Comparative ag-
ing characteristics between a high oleic natural ester dielectric
liquid and mineral oil[J]. IEEE Transactions on Dielectrics and
Electrical Insulation,2014,21(1):149-158.

XUY, QIAN S, LIU Q, et al. Oxidation stability assessment of a



16 TRAx WA A AR T 5 W VT g i @GHE 2021,54(8)
vegetable transformer oil under thermal aging[J]. IEEE Transac- electrothermal life modeling of electrical insulation during the
tions on Dielectrics and Electrical Insulation,2014,21(2):683-692. last decades[J]. IEEE Transactions on Dielectrics and Electrical

[31] TOBAZEON R, FILIPPINI J C, MARTEAU C. On the measure- Insulation,2002,9(5):730-745.
ment of the conductivity of highly insulating liquids[J]. IEEE [47] CHAIYASIT W, ELIAS R J, MCCLEMENTS D J, et al. Role of
Transactions on Dielectrics and Electrical Insulation, 1994, 1(6): physical structures in bulk oils on lipid oxidation[J]. Critical Re-
1000-1004. views in Food Science and Nutrition,2007,47(3):299-317.

[32] DEVINS J C, RZAD S J, SCHWABE R J. Breakdown and pre- [48] U3 &, e A7 TR, A . A AR T 45 il A 22 A0 s 1 1 RS 43
breakdown phenomena in liquids[J]. Journal of Applied Physics, H[I]. w8 E R AR,2010,36(5):1090-1095.
1981,52(7):4531-4545. [49] TENBOHLEN S, KOCH M. Aging performance and moisture

[33] HALPERN B, GOMER R. Field ionization in liquids[J]. Journal solubility of vegetable oils for power transformers[J]. IEEE
of Chemical Physics,1969,51(3):1048-1056. Transactions on Power Delivery,2010,25(2):825-830.

[34] JHIE AR BEWLRRST 2,55 40 Gl v 8 B U0 R B s A P ). [50] MAINA R, TUMIATTI V, POMPILI M, et al. Dielectric loss
FEHERIA,2010,36(6):1341-1346. characteristics of copper-contaminated transformer oils[J]. IEEE

[35] FEAR,ZENEDE EIE, S AR E T & 48 WOkL 13 2h M 44 Transactions on Power Delivery,2010,25(3):1673-1677.

A U G R 5 LB 3 A (0], 5 TR R ,2018,44(9): [51] DE CARLO R M, BRUZZONITI M C, SARZANINI C, et al.
2917-2925. Copper contaminated insulating mineral oils-testing and investi-

[36] American Society for Testing and Materials International. Stan- gations[J]. IEEE Transactions on Dielectrics and Electrical Insu-
dard test method for stability of insulating oils of petroleum ori- lation,2013,20(2):557-563.
gin under electrical discharge: ASTM D6180-2008[S]. West [52] WAN T, QIAN H, FENG B, et al. Influence of copper ions in
Conshohocken,US:ASTM International,2008. transformer oil properties and adsorption treatment[J]. IEEE

[37] N'CHO J S, FOFANA I, BEROUAL A, et al. The gassing ten- Transactions on Dielectrics and Electrical Insulation,2013,20(1):
dency of various insulating fluids under electrical discharge[J]. 141-146.

IEEE Transactions on Dielectrics and Electrical Insulation,2011, [53] v B, 25 B ) SR 6 45 R I = U A 7t A4 25 v T R
18(5):1616-1625. AR [ 5 W A D). A L AR 4 4:,2020,40(8):2715-

[38] LOISELLE L, RAO U M, FOFANA I. Influence of aging on oil 2725.
degradation and gassing tendency for mineral oil and synthetic [54] MUk 0 55, KOS5 AL R0 A T 4 il v 2 SRR A
ester under low energy discharge electrical faults[J]. Energies, 577 47 S50 i it 5 R () S [0 1 H R 4R, 2020,46(8):2864-
2020,13(3):595. 2871.

[39] KANG P B. Stability of electrical-insulating oils[J]. IEEE Trans- [55] International Electrotechnical Commission. Fluids for electro-
actions on Dielectrics and Electrical Insulation,1970,5(2):41-46. technical applications-unused natural esters for transformers and

[40] KHAYAM U, SUSILO A, MUSLIM I, et al. Partial discharge similar electrical equipment: IEC 62770:2013[S]. Geneva, Swit-
characteristics and dissolved gas analysis of vegetable oil[C]/ zerland:1IEC,2013.

Proceedings of 2014 International Symposium on Electrical In- [56] International Electrotechnical Commission. Fluids for electro-
sulating Materials. Niigata: Japan, IEEE,2014. technical applications-unused mineral insulating oils for trans-

[41] LOISELLE L, FOFANA I, SABAU J, et al. Comparative studies formers and switchgear: IEC 60296: 2003[S]. Geneva, Switzer-
of the stability of various fluids under electrical discharge and land:1IEC,2003.
thermal stresses[J]. IEEE Transactions on Dielectrics and Elec- [57] HADIJADIJ Y, FOFANA I, SABAU J, et al. Assessing insulating
trical Insulation,2015,22(5):2491-2499. oil degradation by means of turbidity and UV/VIS spectropho-

[42] BOUDRAA S, MOKHNACHE L, FOFANA 1. A comparative tometry measurements[J]. IEEE Transactions on Dielectrics and
study of impact of electrical stress and thermal aging on trans- Electrical Insulation,2015,22(5):2653-2660.
former 0il[C]/2014 IEEE 11th International Multi Conference [58] GRAY I A R. A guide to transformer oil analysis[R]. Transform-
on Systems. Barcelona: Spain: IEEE,2014. er Chemistry Services,2009,1-12.

[43] 150, MR R AWML G B2 T Z AL RIHT T [59] KOHTOH M, KANEKO S, OKABE S, et al. Aging effect on
TR 5 R R[], 4R ,2020,44(4):1276-1289. electrical characteristics of insulating oil in field transformer[J].

[44] B i 5e N AR Il AR A 2 i - BB G E AL T A AR Y IEEE Transactions on Dielectrics and Electrical Insulation,2009,
PR 5 43 # [J]. fB L HOR 24 412,2006,21(2):17-21. 16(6):1698-1706.

[45] WEIY H, MU H B, ZHANG G J, et al. A study of oil-impreg- [60] MAHARANA M, BARUAH N, NAYAK S K, et al. Condition
nated paper insulation aged with thermal-electrical stress: PD assessment of aged ester-based nanofluid through physicochemi-
characteristics and trap parameters[J]. IEEE Transactions on Di- cal and spectroscopic measurement[J]. IEEE Transactions on In-
electrics and Electrical Insulation,2016,23(6):3411-3420. strumentation and Measurement,2019,68(12):1-11.

[46] MONTANARI G C, MAZZANTI G, SIMONI L. Progress in [61] JEONGIJI,ANJ S, HUH C S. Accelerated aging effects of min-



IR 2021,54(8)

SIS ¢ AR RS W T 17

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

eral and vegetable transformer oils on medium voltage power
transformers[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2012,19(1):156-161.

International Electrotechnical Commission. Mineral oil-filled
electrical equipment in service-Guidance on the interpretation of
dissolved and free gases analysis: IEC 60599:2015[S]. Geneva,
Switzerland:IEC,2015.

IEEE Power and Energy Society. Guide for the interpretation of
gases generated in oil-immersed transformers: IEEE Std
C57.104-2019[S]. New York,US:IEEE,2019.

FAIZ J, SOLEIMANI M. Dissolved gas analysis evaluation in
electric power transformers using conventional methods a review
[J]. IEEE Transactions on Dielectrics and Electrical Insulation,
2017,24(2):1239-1248.

MEIRA M, RUSCHETTI C, ALVAREZ R, et al. Dissolved gas
analysis differences between natural esters and mineral oils used
in power transformers: A review[J]. IET Generation Transmis-
sion & Distribution,2019,13(24):5441-5448.

GOUDA O E, EL-HOSHY S H, El-Tamaly H. Proposed hepta-
gon graph for DGA interpretation of oil transformers[J]. IET
Generation Transmission & Distribution,2018,12(2):490-498.
GOMEZ N A, WILHELM H M, SANTOS C C, et al. Dissolved
gas analysis(DGA) of natural ester insulating fluids with differ-
ent chemical compositions[J]. IEEE Transactions on Dielectrics
and Electrical Insulation,2014,21(3):1071-1078.

PERRIER C, MARUGAN M, SARAVOLAC M. DGA compari-
son between ester and mineral o0ils[C]//2011 IEEE International
Conference on Dielectric Liquids. Trondheim: Norway, IEEE,
2011.

KHAN I U, WANG Z D, COTTON 1, et al. Dissolved gas analy-
sis of alternative fluids for power transformers[J]. IEEE Electri-
cal Insulation Magazine,2007,23(5):5-14.

DUVAL M. The duval triangle for load tap changers, non-miner-
al oils and low temperature faults in transformers[J]. IEEE Elec-
trical Insulation Magazine, 2008,24(6):22-29.

0 2 75 2R ME B, FLAR AR A I AR IR BE T 28 S vk B A R )
FEERIE T[], 462504 81,2015,48(8):51-55.

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

AR 8 R L A% XLPE /KB 2 A0 HLEE A v B2 Sl 2 ik
BEFE[I]. 46244 #1,2018,51(2):51-56.

SAHA T K, PURKAIT P. Some precautions for the field users
of PDC measurement for transformer insulation condition as-
sessment[C]//2003 IEEE Power Engineering Society General
Meeting. Toronto, Canada: IEEE,2003.

JAMAIL N A M, PIAH M A M, MUHAMAD N A. Compara-
tive study on conductivity using Polarization and Depolarization
Current (PDC) test for HV insulation[C]//International Confer-
ence on Electrical Engineering and Informatics. Bandung, Indo-
nesia: IEEE,2011.

FITTORERA M CSY, A T A A A A A R
AR I S AR 48 2 AR BT FE (0] i B R 4R, 2017,43(1):
195-202.

T R R R A R T AR AL R i AR 5 R GRS
Sy HT[I]. F LA AR 5447,2020,35(21):168-178.
SAMARASINGHE W, MANOJITHAN S, SUBHANKAN 8, et
al. Condition assessment of field aged transformer oils up to 40
years[C]//2015 IEEE 10th International Conference on Industri-
al and Information Systems. Peradeniya, Sri Lanka: IEEE,2015.
MATHARAGE B, FERNANDO M, BANDARA M, et al. Per-
formance of coconut oil as an alternative transformer liquid insu-
lation[J]. IEEE Transactions on Dielectrics and Electrical Insula-
tion,2013,20(3):887-898.

I AR B T 4 R A TR K Y ARG R A A 2 A A AT 11
SUIA[T]. H T AR 24 917,2014,29(4):290-297.

AL . A s 2 il AR 208 5 40 S A TR TS S A el A 72 TR] H 7 1
WFFE[D]. f P H R K 52,2012,

STEVENS G C, HERMAN H, FREEBODY N, et al. Chemo-
metrics in the study of liquid dielectrics[C]//2017 IEEE 19th In-
ternational Conference on Dielectric Liquids. Manchester, UK:
IEEE,2017.

AMALANATHAN A J, SARATHI R, PRAKASH S, et al. Inves-
tigation on thermally aged natural ester oil for real-time monitor-
ing and analysis of transformer insulation[J]. High Voltage,2019,
5(2):209-217.



