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Condition assessment method for power transformers based on cloud similarity and evidence fusion

LIU Zhichao', TUSONGJIANG-Kari', MA Xiaojing', GAO Wensheng®, MUNAWAER - Abudukeremu'
(1. School of Electrical Engineering, Xinjiang University, Urumqi 830049, China; 2. Department of
Electrical Engineering, Tsinghua University, Beijing 100082, China)

Abstract: There is uncertainty in power transformer condition evaluation, and so an evaluation based on cloud similarity
and evidence fusion is proposed. First, considering the randomness and fuzziness of each indicator at the state-level
boundary of the power transformer, a cloud model is used to establish the basic framework of condition evaluation.
Second, considering the rigor and fuzziness of state-level classification, an improved cloud entropy optimization
algorithm is used to determine the cloud entropy of the cloud model. Then, given the uncertainty of the index data itself, a
forward cloud generator and cloud synthesis algorithm are used to generate the identification and scale clouds for each
test item, and the similarity between both is computed using fuzzy closeness as the basic probability assignment of the
evidence sources. Finally, conflicting evidence correction methods that consider the credibility and uncertainty of the
evidence are used to correct the evidence sources and blend different evidence to determine the final state of the power
transformer. It is verified by examples that, compared with the traditional method, the method can effectively deal with
the uncertainty in the condition evaluation process, and the evaluation results are in accord with the actual situation of the
power transformer. This has a certain reference value for condition evaluation.
This work is supported by the National Natural Science Foundation of China (No. 52067021).
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Table 2 Transformer condition grades and maintenance strategies
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LOp,
0.8
0.6}
04}

02r

. B 0].6 ( 0.8
SR T HRE R Bbr AL 5 11

2 BT “S0%MHER" AMNPFRRE
Fig. 2 Grade cloud model based on “50% degree of

certainty” criterion

o
go §_°
3
o
o0 o
% 0B 03°%
00 o0 lP g:é%?@
1 Q 1 0- 0
0.6 0.8

G AT R KR AL Ja OB
3 BT WM EENFRTRE

Fig. 3 Grade cloud model based on improved cloud

entropy optimization approach



X, &%

BT 25 EABLEE S5 R R 1 ER ) AR R A RSP T ik - 83 -

2.3 BATEHREZRILTE K E A E S EL

1) B € b R 2 B E R AR

WIHVEFN ARG 1.3 15 N B SR AEA S I3 2
HAX =(x,%,x,x,), VAERFE. EE. 7% 34
REZRMIER = HEIESAERR, o E H(G)
WE, E,H227%W5E, H, I 0.01.

E#FRERR A ESE TR, HaH
FHRAEWA DR,

E, =x,E, =E, (11)

XX nx

X E,  E, RS EEEIRGENR R = f 2 A
WM E,, NIRRT R = (.-
PEERESR = RAEBRIES = FoR, Hafl
FHRAEIN12) R .
E, =x.E, =E,, (12)

Rif: Eov B, S BN ERAHER 2R8I A
WifE: E,, A HE RS R S RS E .

2) bR G Rk

RIS A RS, B AR AL
PRI AR SRS 3 MR E R R = . Bl
W AR R = (& e IR, s A DT
EEHZIRE I E TR SRAEN . P
MR B F AN T R A 4 MBS SRR o R
A, FaEd @7 AR, a5 AR R
oy it

3) PR = A

stepl: JETA D)IFE H IR RS TEARIRES
SR AZBTRAE, EL IR m KA

step2: K5 FE AR SIE x, brdEL 5 1A x; N Z
B m RAST, il x 8T 5 AMERM
gy, o TR DAy S B U U SERf R L IR, THE
FIRECEYE, R FE AT 3 — AL ERAF 21 &
BNREFLTIIRE w, » W13,

5
w,o =, | > (13)
=1

NG HET SIS 5 MIREEH T T
FHE, (4G B2 S8 X AR = B R AE
x(E, .E, H,)-

step3: H K stepl Ml step2, TIFHFTAE ISR
W =B -

stepd: MR SCHR[23] 0 1) 5 V206 o o TR 56
H N &4RbR A E .

step5: K &I H KR T = W(4) & BN

I R =

4) F= T RO FE 1 = AR AL v 57 1k

TR AR AR, STRETHE
Wi A RO AEARE S, ARBLEE TH SRR IR 95 B
SO B 2 VP A R HER Y . AL G S AL EE 5
TP BRSSP — 2 M K
W, FEERREEN, RN T E, . H HZ
TEARFHERI R . AR, HRSEER
IR S8 RFAE, A SCR I SCHR[25]H B AH 0
AT BE TVE AT U AR R = AR R 5 B AR AL EE

i, xR AR AR IR = N(E,, LE,, .
H, ) MR R = N,(E,, ,E,, H, ), WH
SRR 18] ZAHALEE p ana(14) s

1

1
JE£J+HQ-+JEiJ+H;2 (14)
Exxz - Exx,
¢{JE5X, I B T J
#(x) = fLe’%dz (15)
YA2n

H 3 MRITTH AR & MBS R )
MBABE R —1k,  FE IS B0 A A S /3 2,

3 ETu# D-S IHERICHIE HhTER[K

SN E
3.1 D-SIE#EIEL

H T D-S U4 PR i 75 A R 22 P55 Al & 0 T B
A—EMmH, HIICAIRZZHEHNHRRESVE
Wrasias, EE S LA R A R .

1) HHRAHELL ©

HERAEZE L — AN 0 DME O R AR RS &
AR . RSO AR 5 ASREERAE N
FRHFRHESE TR

O={L,L,,L,L, L} (16)
2) FEANEZ IR H BPA
FHHEZEN O L e @ , MIFHE 2 R(17).
m(J) =0
Yo =1 an

0<m(L)<I
b, m(L) N LKA ARIE, BHN mass
BRI



-84 - )RR HEH

3) & L
N ZEHE 2 A B an =01 8) Frw
1 N

[Tm@)

LN--NL,=L i=1

m(L) =
. a8)
K=1- Z Hmi(Li)

LN--NL,=2 i=1
A m (L) NUESE m, N L H) mass B¥EfE: K 4
MRAE. UK =00, FRIEEETLEMR, I
IHIEYE A RN R34 1 K& T 0 I, FilG 4
RoTRe o1 W, bWl O goE 3s il
FE R AT HE ™ AL (R S RS VR ) EE 205
3.2 AT REESTAHEEHSIERIEIESE

X TS bl AT BEAEAE ) IR, 38 AT LU
SO UE AR fl - B U RN e SRS A IE P T TS R, 5
(IR A= i AR5 PVl NS U
R [ AT AN 58 B2 AR o8 &5 UE R 12 IE R
#, FAMBIERBUBIEIRMGUEYE, SR )5 P00 RS
A T U 75 28] £5% £ Py i £ 45 SR,

1) I UEHE A Lance P 25 17 & E 48 7T {5 1

SFHRNESR O ={L,,L,,--,L,}» REGILE N
MIEYE ELE, -+, E, » XN BPA Nm,m,, -, m,
EEP m; = {mi(Ll):mi(Lz):‘":mi(LN)} ° )I_I\IJ lIETE Ei *D
E ] Lance ¥ d; 13(19)F175 -

4ZLNM@)%mﬂ 19
TN E[m(L)-my(L)]

KAYH, ZHi=jHf, d,=0. HT Lance i1
BT R () ) 22 S, DRt SCUERE 2 [H] R A
AL s, a3 (20) s -

s;=1-d, 05, <1 (20)

R E, 5 AR AR BR BERR O, A A%

WEHEER P AE, UEYE E, ISR R QDR

{i 2
Sij
R ooV @1

2) S UEHE (115 FE RS T Bk 45 AN

AR E A P SR A B E AR A A S R E R
N, ABFERGEUN, (SRR, AR ENEN . i
L (k=12 N) Z&FRER 0 WFHE, m(L)i=
1,2,---,N) NiE$E E X R BPA, h RaRTHEL M
TR WRIEHE E, (15 FERSFTR R FE BOE 07,
mn=Q22) s,

- z m; (Ly )10g£m;;:}{)]
V= ofi =g i (22)
XV H— A4S BNESE E, AN E B U, 1n=X(23)

Ptz o

U = (23)

>,

3) AIE B AN 8 AR 4G G RS AE 1E 7 V2
EHE (1) AT5 FEARANA 5 i 3 () s W47 £ o 22
FERE, BULESHIFRSIER, MiZga%iE. ik
SCHRUEE R RT3 BRI ANEA 2 B AH 45 A 13 BIE 4 1112

ERE EHE E B IERE M, R4 FR.
M, =R xU, (24)
SHEIE RBGHATIH— LA B, SRR ARIEIE

FHw,, QSR
M

W =

S 25)

i

4) UEHE Rl A

£ D-S iR EIR AL I, 454 SCHR27] 3 H 1)
P S5 IR Rl 5 775 92 A SCHR[28 97 H >R IE 4 R 12
TERIFEE IE RE 7%, RIS IE REO0 R IGTEE
E, 1] mass BREUE m, (L )(i=1,2,--,N; k=1,2,---,M)
AT B IEFER A, 19 B 2R 1) mass oRA{E
m, (L), tWQ6)Hi~.

my (L) = Z[Wi xm,(L,)] (26)

F A 1) mass BREUE B WA m, (L), X
NAMESE, FHRA)BEAT N -1 & AT 2 R4 1)

e

4 ETFzHEUESIEEMEMNBENTESS

RSN A

ARSCHREH T —Fh 3T = MU SR i & ) AR
FE#RETHN 7%, AT R 4 Fios.

1) AR SCHR[16], 4 HE 7778 e 3 IR S5 9k 4y
NS ANER L= (L, L,,L,,L,, L), RGN X, X, H
X, R H L x,,,--, 0y, 12 DR T
RSV

2) HEFRHR x,,, -, xy TRIRHPIR S S HIGH], %
1.3 T B EHR AT AR AL AR B, 2.2 AT 2.3
AR B AR AR I S B B RRAE

3) % CER23 1B E - H vk, HE SR
T H R B e bR A E



Pax
&

X,

BT 25 EABLEE S5 R R 1 ER ) AR R A RSP T ik

- 85 -

4) KB )P EA RN R IR SR S
R, 3% 2.3 A O ARG TR RIS A
R SRR R 25

5) B N b AE AL AL FE S I SE 6 BOHE X,
X, $% 2.3 WA EBAF PR BOE R AL v F AR
ARG AN I s R SR T AR R B =5

6) R4 2.3 TTNE 4)THESMRIEIH fFFR
Al FbR R AR AR AL S, R 3 — AR
PEHEL )46 BPA;

7) MR#E 3.2 1 AR T H BPA #4712 1EFF
RlGr, AR B SR R B TR N A 5 A 2 (e BEIR S

| EmBERRESTEOEE ]

[ BRI R

v
T

v v
FRIE2. 2795 Frids eheadh 1) 2 g Wi ilha u Kt R IVATY
DAL 5 b 1 W H R
BT, E, H.) 3y

! \ A S H ‘
Sr AR H 0
FRIOBHCT B R R

PRSI = ORI

| [
v
i 20(14) T SRR = AN
T H b R 2 ISR AR DL

FHROR AR LR T — 16
WIZHIBPA

v
MRHE3.275 Tk )5 VEAS IEA 46
BPA, JfRH s at A
SIS A AT R 15 B R 2%
F 5

v

AT IR RSP I FEE S M
IR FRRA

B 4 BOZEFRSIFNRIZE

Fig. 4 Condition assessment process of power transformer
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Table 3 Test data (case 1)
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X11 X12 X13 X14 X21 X22 X23 X24 X31 X32 X33 X34
1 1.600 0.280 0.019 0.450 1.470 15.200 0.260 55.000 1.170 49.350 27.740 15.700
2 1.390 0.610 0.025 0.490 2.340 21.100 0.290 51.000 2.820 88.570 110.360 23.600
FT 4 1 AN EIER mass BE(SEH 1)
Table 4 The mass function for the first set of test data (case 1)
mass PR %L m(Ly) m(Ly) m(L3) m(Ly) m(Ls)
m 0.0006 0.8674 0.1291 0.0029 0.0000
my 0.0000 0.0849 0.7018 0.2133 0.0000
ms 0.0019 0.5469 0.4391 0.0121 0.0000
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Table 5 Grade cloud model parameters for each index of the transformer
. _ P T AR & BT HHIE(E,, E, He
A o (£ B )
Ll L2 L3 L4 LS
X1 (0.0000,0.0417,0.0100)  (0.5000,0.0417,0.0100)  (0.6286,0.0417,0.0100)  (0.7857,0.0417,0.0100)  (1.0000,0.0417,0.0100)
X12 (0.0000,0.0550,0.0100)  (0.2812,0.0550,0.0100)  (0.5000,0.0682,0.0100)  (0.7188,0.0550,0.0100)  (1.0000,0.0550,0.0100)
X13 (0.0000,0.0444,0.0100)  (0.2750,0.0444,0.0100)  (0.4250,0.0444,0.0100)  (0.6500,0.0888,0.0100)  (1.0000,0.0888,0.0100)
X14 (0.0000,0.0443,0.0100)  (0.2250,0.0443,0.0100)  (0.4000,0.0592,0.0100)  (0.6250,0.0737,0.0100)  (1.0000,0.0737,0.0100)
X21 (0.0000,0.0370,0.0100)  (0.1875,0.0370,0.0100)  (0.3750,0.0751,0.0100)  (0.6250,0.0751,0.0100)  (1.0000,0.0751,0.0100)
X2 (0.0000,0.0319,0.0100)  (0.1500,0.0319,0.0100)  (0.3000,0.0672,0.0100)  (0.6000,0.1145,0.0100) (1.0000,0.1145,0.0100)
X3 (0.0000,0.0295,0.0100)  (0.1500,0.0295,0.0100)  (0.2875,0.0480,0.0100)  (0.4375,0.0365,0.0100)  (1.0000,0.0365,0.0100)
X24 (0.0000,0.0752,0.0100)  (0.3750,0.0752,0.0100)  (0.5625,0.0370,0.0100)  (0.7500,0.0753,0.0100)  (1.0000,0.0753,0.0100)
X31 (0.0000,0.0295,0.0100)  (0.1500,0.0295,0.0100)  (0.3000,0.0590,0.0100)  (0.5000,0.0590,0.0100)  (1.0000,0.0590,0.0100)
X32 (0.0000,0.0395,0.0100)  (0.2667,0.0395,0.0100)  (0.4333,0.0592,0.0100)  (0.6667,0.0794,0.0100)  (1.0000,0.0794,0.0100)
X33 (0.0000,0.0587,0.0100)  (0.3000,0.0587,0.0100)  (0.5000,0.0587,0.0100)  (0.7000,0.0587,0.0100)  (1.0000,0.0587,0.0100)
X34 (0.0000,0.0444,0.0100)  (0.2750,0.0444,0.0100)  (0.4250,0.0444,0.0100)  (0.6500,0.0888,0.0100)  (1.0000,0.0888,0.0100)
*o REMBRREERSY
Table 6 Test item grade cloud model parameters
R30I H b5 R = BEFRHE(E,, E,, He
R BRI H b3 R o BT RHIE(E, )
L Ly Ls Ly Ls
X (0.0000,0.0458,0.0100) (0.2978,0.0458,0.0100) (0.4636,0.0523,0.0100) (0.6654,0.0711,0.0100) (1.0000,0.0711,0.0100)
X> (0.0000,0.0402,0.0100) (0.2385,0.0402,0.0100) (0.3481,0.0542,0.0100) (0.5990,0.0660,0.0100)  (1.0000,0.0660,0.0100)
X3 (0.0000,0.0399,0.0100) (0.2389,0.0399,0.0100) (0.3834,0.0566,0.0100) (0.6009,0.0662,0.0100)  (1.0000,0.0662,0.0100)
LOp prrz 7 AFRE
- FFRG 3 SRR =
0.8t r
B :
2 2
=04 =
0.2
0 . F 0 PR 8 2% 3 .
0 0.4 . 0.2 0.4 0.6 0.8 1.0
FRbRobRiEAL 5 1 1E TEBRRIEAL 5
5 SR 7 SRR ST
Fig. 5 Electric test Fig. 7 Dissolved gas analysis
mﬁzj R =03502, R,=02670, R,=0.3827;
A A
U =02284, U,=03%943, U,=0.3772,
& IE R BRTRR AR R 24) F1 X (25) TH 545 3
I~ W, =0.2427, W,=03194, W,=04379,
1= S s N s
£ RIS IE 28030 (26) 4 W14 BPA #EATIETE,

2P =3 i ]

04 o8

Febrcbr el 5 IME
& 6 ihftitis
Fig. 6 Oil test

0.2 0.8

& IEJ5 1) BPA Y

m, =[0.0010,0.4771,0.4478,0.0741,0.0000]

Y FEA mass BRE m, , m, , m, 1WA m,, R
J& WFH ) mass BERLA N — 1IN = 3) IRIS BB &1
A S Rom,

m,_=[0.0000,0.5463,0.4517,0.0020,0.0000]
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Table 7 Comparison of test results of different methods (case 1)

H RS
ok RETH S
5 m(Ly)  m(Ly)  m(Ls)  m(Ly)  m(Ls)

P A
A
R
1 SCHR[16] 0.2685 03164 03547 0.0531 0.0072 JEECIRZS
BARKET
BARKET

SCHA[13] 04738 0.5141 0.0121 0.0000 0.0000

SCHR[15] 0.2899 0.4371 0.2174 0.0564 0.0000

SCHR[17] 0.8203  0.8779 0.8380 0.7033 0.6819

AITTE 0.0000 0.5463 0.4517 0.0020 0.0000

5.2 %f 2
itk — B U B AT VR A R S5 D0, RIS
W1 IR b S VAR AT SR, X SCRR[16, 29]
I G ESEHN 220 KV 1 HL AR 2 T R A
78, MAHBE MR EBIE R 8 Frax. #5546 1
R ITETT RS VR, AFRIHERI PRI 45 R an
* 9 Pr.
= 8 MIEBIREES 2)
Table 8 Test data (case 2)

RATEbR 1 Hod
X1 1.750 1.280
X12 0.480 0.450
x13 0.015 0.037
Xi4 0.510 0.550
X1 2.470 2.410
o 6.300 21.000
X3 0.960 0.320
X2 58.000 48.000
x31 0.000 3.200
X3 13.660 92.000
X33 16.250 90.300
X34 11.600 21.200

R 9 TREIHN A EFTEL(SEH) 2)

Table 9 Comparison of test results of different methods (case 2)
Tk

il m(Ly)  m(Ly) m(Ls) m(Ly)  m(Ls)

URIEEES

SCER[13] 0.1273  0.2227 0.0000 0.5970 0.0530 SEHCIRZS
SCHR[15] 0.0257 04223 0.0322 04134 0.1064 SEHCIRZS
2 CHR[16] 0.0275 0.1561 0.0747 0.5409 0.2008 FHIRG
SCHR[17] 0.6968 0.7342  0.7552 0.9176 0.7857 SHIRZS
AICT7EE 0.0000  0.0002 0.1458  0.8539  0.0000 FHARE

3) KL

FHER 1 ZSeot gl Bnl . SCHR[13,15] R A HEnf
PN e A8 AR A, I A& F T SCHR[ 131+ A5 25
AP I FE RS — 1 = MR8 AL
K e AR EAE, RERE RSP I A
FORIPE T AR BN LM . R, JLRT A R R4
PE RN —3, 2T AN FEHFEARTER S VAN 1 it
FEF RN SCHR1S] RS ER I =5
FHRHEF ) E, 2T T 26) 58 10, 500 70 ik
NIEWT, RSB AR R, TEVPAN T R
IS 1% S S R I R BIRR E o ARSCE SCHR[16-17]H)
Wreh R —80 FFE BRI, 52 4
IS ah e 5 Mo b g f—8. 48 LA,
AL T7EAT AR AN SCHR[ 13,151 A 2, REfE
S5 Hh A FE L 3 A5 T 2SR S TR I R R AR AROR 14 5
ML o

[ 3
%t

[

SCHA[13]  0.8632 0.1368 0.0000 0.0000 0.0000 & HEIRZS
CHA[16] 0.0896 0.3480 0.5018 0.0046 0.0002 JEEIRZ
CHR[17] 0.5710 0.8429 0.8955 0.7440 0.7097 JFEIRES
AT 0.0124 02497 07201 0.0178 0.0000 VERIRE
SCHR[13] 0.0302 02283 0.3596 0.3820 0.0000 SFHIRZS
CHR[16]  0.0359 0.0835 0.4000 0.2439 0.2366 JERCIRAS
CHA[17]  0.7058 0.7330 0.8067 0.8104 0.8091
ASCHE 0.0000 0.0002 0.1458 0.8539 0.0000 7

1) AFRPE RN A

HHEE 1 ZHSRBR S5 RnT . STER(13]H I ER
REAER IR AL I 4% AR  FLIEU A 5 5249 1 Al ]
AR AR SEPRTE LS s 5 Bate S AR [ 28 RO A
BUE RS BRI A T RS R T, B
F BISEBRIRZES JTE RORAS o« 158 2 2SI 25 B mT 4
SCHR[161R REVHERA TR 28 I 8% AL 3, X2
TR RHER DB THL E, N, ARE R HHE
B LA ETE, B IE IR =i AR
Eo TEJE ST A N T R, R AR
JE 2% FSDRAS KW SCER[17]9 45 2R AR BoR 7t
WORS AR ML B oK, (B 7™ ERASAE
BRSO AR PRI BEAF & 300, ZME /T 0.01.
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TIEHIR LG R IR 11 PR

SIS AE R MRPEER 10 A%, ESE my A my
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JIEHATREE N, 5 2 REE MM RATK, =
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m(L) PAFAERRZIP IR, BIULE 2 REE PR &
K, =0.0006, #iT0, MIELESHINER, G
g RAEE IR

ARTTE T Fe il uE4E (A1) Lance #H S AIE 2
TR AT AR A (S FE AT E E, FEE A FANE
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Table 10 The mass function for the first set of test data (case 2)

mass PR 5L m(Ly) m(Ly) m(Ls) m(Ls) m(Ls)

my 0.0003 0.7155 0.2758 0.0084 0.0000
) 0.0000 0.0688 0.6777 0.2535 0.0000
m3 0.9963 0.0036 0.0001 0.0000 0.0000

xR 1 FRIRIEREA R A EHERERM S 5 AT
Table 11 Comparison of different evidence fusion

methods under evidence conflict

Yhr B e Yhe Eih
%l[éﬂ Eﬁﬁ%% 'Eﬁl{}\miu 5@2(}\?&1_1
m D my m; O my Dmy
K1=0.2382 K> =10.0008
m(Ly) 0.0000 0.0000
o m(Ly) 0.2066 0.9046
D-S /& ik
m(L3) 0.7845 0.0954
m(Ls) 0.0089 0.0000
m(Ls) 0.0000 0.0000
K, =0.2880 K> =0.3040
m(Ly) 0.3832 0.4187
i = m(Ly) 0.2395 0.2069
CHR[2517 12
m(Ls) 0.3508 0.3668
m(Ly) 0.0265 0.0076
m(Ls) 0.0000 0.0000
K, =0.2383 K> =0.0006
m(Ly) 0.0000 0.0000
L . m(Ly) 0.2066 0.9046
CHR[301 /792
m(L3) 0.7845 0.0954
m(Ls) 0.0089 0.0000
m(Ls) 0.0000 0.0000
K, =0.3243 K,=0.3748
m(Ly) 0.0406 0.0124
o m(Ly) 0.3000 0.2497
VNSWRTN
m(Ls) 0.6078 0.7201
m(Ly) 0.0516 0.0178
m(Ls) 0.0000 0.0000
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