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Abstract

A fault location method for partial discharge of transformer based on multiple signal classification
(MUSIC) algorithm and steered power response (SRP) sound source location algorithm is pro-
posed. First of all, MUSIC algorithm is used to measure the turn to turn partial discharge of high
and low voltage windings in transformer, considering the error range, the search space of SRP al-
gorithm can be effectively reduced. Then SRP algorithm is used to locate partial discharge in the
reduced search space, and the location accuracy of SRP algorithm is significantly improved with
the reduction of search space. On this basis, with the application of the fiber-optic ultrasonic sen-
sor array, the localization simulation and experimental results of the partial discharge between
turns in the high and low voltage winding of the transformer shows that the localization accuracy
of MUSIC-SRP algorithm is greatly improved compared with SRP algorithm, which verifies the ef-
fectiveness of the method.
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B —METLERES20HE Y (multiple signal classification, MUSIC)HTA] #% 1 T % (steered
power response, SRP) 5 Y & AL H AR 2R 38 /5 S0 B iU B B AL 5 vk - T S5 R FI MUSTCEA X 28 e 28
PA) T {1 P 490 4L [T ) Sy S s B AT W 1), 00 [ 45 SR8 R IR EVE B T A R4 /N SRPELE T R T . RJF
| SRPEEFE S/ G I8 R 2518 A XY R0 I AT /e AL, SRPEEH B AL B R E R M4 /NG B
ERT. EIER L, S ROGLE 4 REERES, 3R F 8% K B Se 4 I 6] = 38 R AT 1 8
PAF AL R, BT SRPE Y, MUSIC-SRPEVEM EMBEEWR KRG, BIE T EFERN
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1. 5|8

JRI R B 5 AR R A A S I R R K, SRS M E BRI . SR 8RR D2 )
JI6E A AT B AR () B T P A, T T 0 S P R N 5 R B R i b s B 1A A 1) 8 R I o s
FHISLEAS SRS, DRI T J 3 e ik AT s A A 3K [ 1]

BT H R S B9 SR 0 SRR B P A, IS AT AT 1 3 B E 8 R R R e A, BAR
B ) TSR 7 A R P R P A R T A BRI R ) SRR S T R A AL B o AR I P AR R T
PRSI 7 ¥ ) JR R R e A LR T T KR AL [2]-[12]0 AR, BEE R R AR I 5 A 5 i
R, SBETRG BEB A 51N SR FR 8 AL o SR FH /N A RS B SRS I = TR R R AE S, AR B
FIE 5 S SR A T 5 0 150 H U A 3895 5 1 (direction of arrival, DOA) [13] [14] [15]. iXF7 kBB BT
ReJJim. (S5 i ainR. 2SR HEae u e, ORI RE 71 R g KT AR s AL AL, BT LLSE I 2 )R
A T R UL P ARG U A S AT o

MUSIC SEERN H TR A )72 B B AR (25 T 5 2 P 2 (A A b e 6 550023, add
PRI (R RFAEAEAS 5 1 25 [ R 75 7 23 R (1 TEAS 1, 7545 5 B 410 1 it 0 2 1) — e AT 48 R A R A
[7] [16]. MUSIC 5% e A Rt ] A8 e 25 iy (% i S8 20 0L (8] J= 3B 0 b A T R ), AH il T B AR IR ER B 971
T AL T A8 SCE AL I /D AR RS BRI AS, (AR R A8 B A5 M 55, LI SR P30 4% ek 2 K
TN, SHE T RER GRS, Ja e vE 51 %% X U R SE P, S5 At &, 3 LATE S prEp
BTz N SRP YR E LR E RS B s, R AT AR AR RS S M, 3 TR R RO Y e
fI[17]. {H SRP @M FIEFEZ IGEN, H—EFELE, MR, REBK, HRSE A
IR NI I, S0 e AR .

ASCHR T MUSIC 5 SRP AHZS & (1788 1 25 JR 0 5CFE W 52 467 77 ¥  SRP 8 1 1% 5 MUSIC Wl i)
A S B, AR MUSIC-SRP 456 Fyk B AWia s, SiketikEm. LIRSy
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SN AR T 28 PN e K R e 4H I ) J=3 35 i B 3R AT MUUSIC SEyE ), ) 45 5% e iR 2= JE Bl vl i i€ SRP 357
MR A0, ZIE R 2S5/, SRP HEiERene A Syt /i e i AT HERA B 67, 3R R SR OB IE AL B .
T FF 6 B Y A8 P AR TR AR B 47, 38 I 5 AN S8 6% 5 VR AR R AT T 56 E .
2. BEHEME
2.1. EF MUSIC BEERB AN 757 3%
B K NMEIZHES NGBS b, HAP RS B M AT, FEARIE S A
X(t)=A4(6,0)S(t)+N(r)
A
X RALRBEEI BN S, X (1) =[x ()., (1), xe ()]
SORAESTIR, S(0)=[s(t).5,(6),5¢ (t)]T,
N, N (¢)=[n, (¢)n, (£),sme (6)]
A(0,9) RIESHITT R, 0 KARTTRLA, o R, H(0,0) #R155H DOA,
A(H) = [a(01:(01)7“(02541’2):"'7‘1(01(’?’1( ):' ’
Hr, a(6,9) KN (6, 0,) KIETHITT AR E:
a(6,,¢,)=exp(j2nfik,[v), i=12,-,K .

o fRAESIR: r=[nn, ] s ro 8 m NEETTHIAKR: kBRI (6, 0,) (155 HBEUCR,

k, = [sin((pl.)cos(é’i),sin(goi)sin(@i),cos((al.)]T .

MUSIC 57k B3 A AR S 6 BE B 5 (b 7 Z 58 FESE AT U AE 20 A, ARPE MR 75 T (B 515 5 T M K &
A IEAZ AL T DOA:
5T RS HE S X (¢) Wt T 225 R -

R=E{X (1) X(e)"} = 4(0) R A(6)" +0°I
st Ry = E{S(1)S()"} RIS Hermitain 4iF, FbL,
R=ULU" =UZEU{ +U, 2, Uy

Hef, U RGBS TEN, U, RS TEE, = MS, AR, BTS2 s 1
R LR, AR 2

Uta(6,)=0,
Hek=12,--K »
I FLAH ) 1 R 5

1
Fose = 8 (@YU U ()
tESR, {0 o Afl, ST TR A T DOA. MUSIC S0 0 e R e Jel ] 1
iR
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Figure 1. MUSIC direction-finding spectrum and contour map
1. MUSIC M e E A = 2

K MUSIC 503 1 e Bk SRR e 145 5 X R P 7 286 R, Sebs b R —E KEE 5 P8I —
B S5 R AR L s

2.2. T SRP BARIBREE AT 7%

TRBAL LS BEG R 28 m AL IR AN n AME RIS R 15 52 x, (O x,(0)s X, (6)F x,(2) [P ELAH K

Rmn (T) = E[xm (t)xn (I—T):|
N 7 AFEARTAHRIN S THEE, 7R S BUNAS T A B AN IS A TR B o (EAE PRI e 75 VR
BORPEIGOLT, BEART AR E S T EVEA TG o RS AR BAR DG s B0 R 6l 5T N T —A
BRBERE T L EHAISSR$% (Generalized Cross Correlation, GCC), W x,, () A1 x,()iI) X EHAH S ER %L
E XN

m*n

1 i * jwr,
R, . (z') :E _[ W, (W)Xm (W)Xn (w)e’ mn dyy

Heb, oy, (w) AIBGREL X, 0) R X, ()2 x, () x, () LA S, () ABUESE. <, (s) s ok
MRITBUR s A3k BN 5 m ADNFIES n ML R (7] 22 .
IR E y,,, (w) R T GCC b PRI A A vk AR G e i e 4, BT 208
1
X, (w) X, (w)
Wy (W) B EE m MGG n MRS 5 08 B ) B8 Sebr B —A> A DR,
RS AL DDA, (55 EAHR MR 5 B3 MR B FIRE S M I, S me fokg
7, () TR FAT T HATEIE N

7 (8)= ([ =7, )/v

b KRB s RRTTAEAR, 7 B, P BINE m AR 0 AMEBIS IR ALER, v Fm B PE il o
MIFEHARRE, |- o ik 28
AT T SRP BRI BT A I BT SR KB SR A BB, TR 2 AL AT S

Vo (W) =

s=h
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I)% SRP Fik A N:
P(z)=2,

m=ln

Il
1 M=

Rxmx” ( 1')

1

SRP A AT LLEAE A& IR P - SR AN SR i, 38 T DUE AR =& B A AR IS X1 GCC 2 M1, B
FRfEPE[ 18],
JR RS AL B A T A 25 18] PN 45 3 AT 4 Wi 1 Ty 2 B e KA Bt 2 () o7 2

§ =argmax P(z)

2.3. MUSIC 5 SRP H& & KBRS EN 7%

MUSIC 30 i 0355620 58 P4 210G 04 0 AP P 2 2 B, i M3, T B4 SRP
B4 25 7 14 97 2 M R 2 S /NS B P o SR 5 80 B3 Sy TR A 2 ) s AR 5
AT DR 2 2 NI UL R, % 2 A 5 SUEATHE B A K. MUSIC-SRP Bkt 4R BEAR T B 40, i
BESRE RO R RO, BoU R MUSIC YR F0% £ A 2K SRP H4UZR 24N, 52 R0k
FERTE. FIFIFE 2 49H7 MUSIC 1 B4 SRP 97 GG, £ A8 R 38 xoz I ALKR R0 3 FF
e BAA RO AL (x,, 02, ) HAT MUSIC SEEENUR, SRR RITRA (6.0,) - 248558 B IR L
I 0 % A R MO, RS AR 1o BIRSRALAME N ryy 0T BRI L B AR
BB d. W0 2 FR, TR SO A R R [, 7 AR RO A 7 00 2, B [z, 20 |

[d—rz,d—n cos45°] Bp {d—rz,d—%cos%‘} o 518 MUSIC M [ 5EAER J7 [ A 0,78 90° B (] i) £
TR A RUNGEZE, BFTLORE[89°, 91T IX (A4 A 43 B x, 7E IE F - lva Bl . n R 6, <89° I, TIARHE <] 2 JLATHE
S x E@?ﬁﬂ{o,grz} s QAR 6 > 91 B, [RIEEATHE 5 xiﬁﬁﬁﬁ{—%rz,o} s W 89" <4 <91,

SRR FEYIAEIZTE ] MUSIC MR ZR N, i 3 AR ZE R R, ATRYE 2 6] LR R3] x; 7S
B [ =Y 103", 3, tan3 o XSO 35 KV ASTERS HAISEAL,  yima WL IE 5 1 SRR 51 )
GRUABRES Z A1 70 cm, BRIt x; BIYEHE R[-3.7, 3.7] cm.
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Figure 2. Schematic diagram of MUSIC direction finding for turn to turn partial discharge of transformer high voltage winding
& 2. TERSESAREEIBME MUSIC MEREE

DOI: 10.12677/sg.2019.96031 287 B HE L


https://doi.org/10.12677/sg.2019.96031

R 45

X

P,
v
| Zimin

A

Figure 3. Transformer xoz plane coordinate system

3. TERR xoz FHELIRR

X R R i B o R 2z, AR BRI R 5 5 s AR (4090 R il 52 BN 2% IR T LART R 7 320 Ry
PO 7 0y, ARAR VS B REAT VRAR . fitblel 2 F5 2018 4 8t WEPR, i'R08 i )AE xoy PIH
ERIBEE k mO iR y B R . BT CA R BTSRRI TR (0, 6, ) A 2 ARBRIVE RIS .
B Lzoi= g, Lxoi' =6, ik =z, TR ok By AkRAGTERL. BT B 1 x, SRR BB 5 4%,
MRS T 6 RERE. N 7RO RBURE, FrlE 2 AAPRTE BIE BIE y ARARITEH .

Hik [ oz » FITBA Zoik =180° ~ Zz0i =180" — @, , [Kl Ik ok = ik *tan (0ik) = z, tan (180" — ¢, ) . % &
MUSIC W [A A7 £ — 5 1R 22, IR AR T UG o MRS THERIRZE /N T 80 O T B IEHRFBR 15 L2 EL
RN K, =10 RERE . A5y, TS [ |2 tanp, +10°=90°| |2,| ., tan|p, ~10"=90°| ] - Bm5R
|21 tan [, =10 =90°| > ., SRALEE 5 41k i 6 41 BULRAALBE 8 2 F(T00m), TSy (RIIBAEL ¥ - BRI
2 v P 5 e R AR B B B SR AL PRS2 A 70 oms 2R |z, | tan|goi +10° —90°| < Vimin T BRSNS FE RS (10
cm), Ay, (IBCE S FE R BRIU% A 51 2 SR AL B8 (10 cm).

o
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0

Figure 4. Simplified diagram of MUSIC direction-finding
B 4. MUSIC =) 1L E
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3. HE#HR

3.1. {FEER
FIH COMSOL A 175 241 oA 37 5 S PRSI IR AR I 1945 AR AL o 75 37 Fh R TR AR TN 75 3
FIREAR T EAIZEN TR FESFETFE. WS HFEHR B AR FAR A BT N IRIE 75 7 R -
1p
c ot

-V’p=0

X p NFE RN v A AERE . p AEERNE. T HEERE. v shhiiE 7. &R
DR A 7 37w (R I T 0245 ] PR AR R4

P — N R AR A K e B AL ] S . ARESHAE R ST I mx 2 m x 1 mo AT S
7R e i AL S v I s SR L I ] Je S TS, DRI I S ST A AR TR B SR A AR AR R AT, 3 B LA AR R AR R4
B R 35 kV B SWEHAR R4S, HIUTSEON: S5 0.6 m, mESHIMEHN 025 m, AN 0.19
m, RIESRAIMEN 0.13 m, WAEN0.1m, BG4 0.1 m, FEA 0.6 m. 17 BN 4 SR 1
A, HFELEMOREEIRESRH LR, SR E R 1 W&

Figure 5. Simulation model of transformer oil tank and winding

Bl 5. ZESRBERSANRERE

Table 1. Material physical parameters

F 1. MRAESH

AR 5y Bt R RE % ¥ (kg/m®) P (m/s)
Bl FaEE Structural steel 7850 5100
LeeH 2k Copper 8700 4760
AR RS Transformer oil 890 1420

Ry 7 AR, 5 B30 5 3 0 75 V5 e SO A0 R i e R O R A S AR SRR R R
HATH, RSN IR RS R T R e RS, BT 1RO B AR, KRR e RS A
EWAR

Soa = Ae™" sin (2nft)
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X A RHBKIRE, « BRI, =G S RIRG .
T S256 B FHOGET FP AL RER A 08y 30 kHz, PRIEAS S YR s B0 4R f L 30 kHz, WRAE 4
HUA 1, WA BUN 1/(36000), A5 ER BRI UE 6 fin.
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Figure 6. Simulation waveform of partial discharge function

B 6. BRI R B 7 R

FEREAT PR E 0 I, 75 EE BN R JE . T BSOS SRS AN AL, B
BT A R T RS 1 20 I B R RS RS Ve B O P AR A e s il P R I oy 22— /N RST B A AR AR
g BB+ 2 — . tHEITE DY 1000 ps.

3.2. BEAFRRAVEL

ASCHFHIYAN L FP AL RS R RS T o TIAME RS IR AEBLE b, H:51 05 KON+ 4
FIUNPE 7 i o BEHL IE A0 B AR IR AR IR S 0 254 0.9 emo DUAREEL A0 AT 1A = 4 AL R E AT 0(0, 0,
0), VUMEBEEIRKAL T xoz PN, — S = SAERIBIRLALT 2z 4l b, = 5P SA BRI LA T x
B b, PUAME IR B ER S A8 KR 23591 4(0, 0, 0.9) (0.9, 0, 0)« (0, 0, —0.9)~ (—0.9, 0, 0). /= HE L IE S z Rl
S e SURIM A, RS o F£ons KRR IELE xoy T LBEL S x S e SUN TR f, R
50 R, I T W DOA RIR N0, o)l 8 fizr.

Figure 7. Fiber optic FP sensor array
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Figure 8. Three dimensional coordinate system of space

E 8. m=[E| =4 PR ER

ARSI S A2 s 2 v U R 2L I ) J) T ARG, Dy o A SRR PR WAL ) 4 J) 3 T3 P A 5 BT B I AN A
Mt/ KA TR B 50 UL ) 15 B AR T 25 e RS SR AL R HE R 1 105 10 em &b, 4nl&] 9 Fos . 4R
GRALITL[A) 5 2 Jmy TR, JR) A T3 PR A5 5 A I ) S S S AR R E N A S, AN 75 3 e A A A ot B T A A JaK
SR i e SR I (8] A R TR R, R SRS T R R I v s SR AL — I e R AR, BT
etk Ras Bl Rk, K A% AR B 21 10 B A AR T 2% R R IR SR 4L IR E (K 1 107, AT DAAT Rt A6 I gt 42
ST 4 g S TS0 PR 75 S DA AR A B0 o TSI P DU A A% TR B A7 8 o T P 18] B 90° A L, SIS A
AR 15 5% e A s S AL I ) =) T P AT M o PR 2 B ) 75 ZOULI 0 72 90 Y, RIM% R (R IR S
MDY 7r 22—

Sensor
Array

Figure 9. Top view and main view of relative position of sensor array and transformer winding
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33. BB AIRE

XA s 24 e SR 4L T R FEOFR R AT 5 3T, EAE IR R SR 2R L 8] 43 il 36 AT 2 U R i i 3. A T
KB — /N GLT FP A% I8 B 471 Fir B W 0 ) 30 s Hh PR Y ], 95 BEAE AR T A Se 2 1A [ R P AR R 25 4 I 2 B 41
AFEAE ERE 2R S R UGEAT I B fERERN 10 em 1) BJESR4. IREN 30 cm 1 E 5%
AR 50 cm [T 2G4 5y I TE Bk e SE2E I 1) 1 B = 2N [RIGR B2 0 | 4H, &) 10 o, B
A A GRS AT 1) 20 R = o SR s F s AR T SRk A T w0 A [ O g 1 3 B IR i 4
LA IR B, S SO S A F) S e e BRI e FE AT, TR SR AL i) B FE A, DRIRAE (i 25 A 9 07
15°, 30° 45° 12k L 7E = Ge2H I (6] v B = AN IR I [B] R FE(2 emy 3 emy 4 em)fff B4, 7RI G2 [ ]
BWENANFEFRE( emy 2 em)fiEA. W 11 FoR, ZEOVEEBROHLE. B TE RS
BRSSP A2 b, R BB A 0 25 A% B B 4 AS 5] AR B2 (0 0 B0, T 7 00 7 A 25 4 SR 2%
WA [ £ FE I 07 LA S5 A 0 AR, B RO A SR — 8, AT E A7 B,

Sensor

Arra
Y —eee
]

PD Source

IHIHINI

Figure 10. Setting of partial discharge points in different depths
B 10. FRIRENEDHEARE

74

PD Source

Figure 11. Setting of partial discharge points with different deviation angles
E 1. TEREAHNEBHERAIRE
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3.4. HiEER

T 4 6t v e S 2 I (7] =) 3B FEE 47477 B0, MUSIC-SRP By 06145 Hs 28 v b 2 2% 4 [T ) J=) 358 50 PR o o
g /AN 2 Fios.

Table 2. Positioning results of MUSIC-SRP algorithm for high voltage upper winding
# 2. mE BSR4 MUSIC-SRP BIAE(ILER

T[] R T 9 £ AR SRP sEfiftith %% (cm) MUSIC-SRP Efiflitt  #Z(cm)

0° (0,20.0, -5.0) (-0.4,35.9,-0.4) 16.5 (-0.2,244, —0.2) 6.5

‘ 15° (5.4,20.0, -4.3) (0.1,37.4,-0.8) 185 (0.6,22.5,-0.6) 6.6

" 30° (10.5,20.0, -2.2) (2.3,39.0,-0.9) 20.7 (0.4,24.8, —0.5) 6.7
45° (148,20, 1.2) (2.9,40.7,1.4) 23.9 (-0.5,252,0.7) 7.8

0 (0,20.0, -6.0) (0.1,36.5,-1.4) 17.1 (-0.1,23.8,-0.7) 6.6

15° (5.7,20.0,-5.3) (13,37.7,-1.2) 18.7 (0.6,20.0,0.5) 6.8

i 30° (11.0,20.0, -3.1) (2.8,39.5,-0.6) 213 (5.1,17.1,-5.4) 7.1
45° (15.6,20.0, 0.5) (3.9,40.4,0.8) 24.4 (19.5,25.7,0.5) 7.4

0° (0,20.0, -7.0) (0.1,36.5,-1.1) 17.5 (0,18.2,-0.4) 6.8

. 15° (5.9,20.0,-6.2) (-14,372,-1.1) 19.4 (0.4,21.9,-2.3) 7

" 30° (11.5,20.0,-3.9) (2.5,40.2,-0.8) 223 (6.1,23.9,-6.9) 73
45° (16.3,20.0, -0.3) (3,42.1,0.5) 25.8 (10.0, 19.4, -4.9) 75

MUSIC-SRP 5048 e 25 i s 11 J2 SR 2RI ) Jo 3 8 F o o2 45 R e 3 i
Table 3. Location results of MUSIC-SRP algorithm for high voltage middle winding
% 3. BERELE MUSIC-SRP B L ENZE
MERE WA Ay SRP sEfrflivt % 72 (cm) MUSIC-SRP Efiflitl  #Z%(cm)

0° (0, 40.0,-5.0) (0,57.3,-1.0) 17.7 (0,45.9,-1.0) 73
‘ 15° (5.4,40.0,-4.3) (0.5,58.5,-0.9) 19.4 (0.4,34.9,-0.5) 75
" 30° (10.5,40.0, —2.2) (4.2,61.5,-0.8) 224 (10.6,35.7,-8.1) 78
45° (148,40, 1.2) (5.8,62.6,0.9) 24.4 (179, 33.6,0.6) 8.1
0 (0, 40.0, —6.0) (0,57.8,-1.1) 18.4 (0,34.7,-0.7) 75
15° (5.7,40.0, -5.3) (14,58.9,-1.7) 19.7 (1.5,44.8,-1.0) 7.7

i 30° (11.0, 40.0, -3.1) (-1.1,58.4,-0.7) 222 (33,41.7,-1.9) 8
45° (15.6, 40.0, 0.5) (0.9, 60.2, -0.9) 25 (19.9, 33.0,-0.6) 8.3
0° (0,40.0, -7.0) (0,58.2,-3.1) 18.6 (0,36.0,-0.7) 75
. 15° (5.9,40.0, -6.2) (14,59.1,-2.8) 19.9 (0.4,39.8,-0.6) 7.8

" 30° (11.5,40.0,-3.9) (1.0,59.7,-0.7) 22.6 (9.8,34.0,-8.9) 8
45° (16.3, 40.0, -0.3) (34,62.4,-1.0) 25.9 (18.9,32.1,-0.5) 8.4

MUSIC-SRP 5254 A48 Fi 5 iy F N J2 G2 I 7] J= 308 50 78 67 45 055 4 oo
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Table 4. Positioning results of MUSIC-SRP algorithm for lower winding of high voltage
# 4. BETE4%4E MUSIC-SRP BIAE(IER

T [A] R T 5 £ AR SRP sEfiftith %% (cm) MUSIC-SRP Efiflitt % (cm)
0 (0, 60.0, —5.0) (0,42.3,-0.1) 18.4 (0, 56.7,-0.6) 8
. 15° (5.4, 60.0,-4.3) (0.4,40.9,-0.4) 20.1 (0,65.5,-1.2) 8.3
" 30° (10.5, 60.0, —2.2) (2.1, 38.8,-0.5) 22.9 (4, 65.4,-0.7) 8.5
45° (14.8, 60, 1.2) (5.8,36.8,0 24.9 (6.6, 57.5,0.6) 8.6
0 (0, 60.0, —6.0) (0,41.9,-0.1) 19 (0, 66.5,0.3) 8.2
15° (5.7, 60.0,-5.3) (1.4,40.4,-1.3) 20.5 (0.8,64.9,-0.7) 8.3
3 30° (11.0, 60.0, -3.1) (0.1,38.3,-0.3) 24.4 (4.3,64.7,-0.8) 8.5
45° (15.6, 60.0, 0.5) (5.3,35.7,0.3) 26.4 (8.1, 65.9,0.4) 8.8
0° (0, 60.0, =7.0) (0,41.1,-1.1) 19.8 (0, 63.8, 0) 8
. 15° (5.9, 60.0, —6.2) (0.4,41.2,-0.3) 20.5 (0.8,63.9,-0.7) 8.4
" 30° (11.5, 60.0, -3.9) (4.1,38.3,-0.4) 232 (7.9, 67.6,-0.6) 9
45° (16.3, 60.0, —0.3) (5.7,36.4,0.1) 25.9 (8.1,64.9,0.4) 9.6

SR JE R e G2 I [7] Ja3 350 FL R AT 477 35, MUSIC-SRP 5323560 A8 He 23K . | J2 8 4 17 (1] J=3 340 780 PR

SRNG5S R

Table 5. Location results of MUSIC-SRP algorithm for low voltage upper winding
# 5. {RE_LE%4E MUSIC-SRP BIAE (IR

MRS e LY SRP JE Rl it iR 7 (cm) MUSIC-SRP Ef7fliit %% (cm)
0 (0, 20.0, 4.0) (0.5,35.7,5.5) 15.7 (0,25.2,0.4) 6.3
: 15° (3.1,20.0, 4.4) (0.6,37.5,2.7) 17.8 (0.3,24.1,0.4) 6.4
& 30° (6.0,20.0, 6.5) (1.2,38.1,1.0) 19.5 (7.3,26.2,7.2) 6.6
45° (7.8,20.0,7.5) (1.5,39.5,1.3) 21.4 (7.5,26.7,7.4) 6.8
0 (0,20.0, 5.0) (0,35.1,0.6) 15.7 (0,24.5,0.4) 6.4
N 15° (2.8,20.0, 5.4) (0.6,36.9,0.8) 17.6 (0.3,23.4,0.4) 6.5
" 30° (5.5,20.0, 5.6) (1.9,39.6, 1.8) 19.6 (7.1,26.3,7.1) 6.7
45° (8.5,20.0,8.2) (2.5, 40.6,3.3) 22 (7.5,26.9,7.3) 7
MUSIC-SRP 5548 e 231K 1 J2 SR 2RI ) o 3 8 F o o2 45 R e 6 i
Table 6. Location results of MUSIC-SRP algorithm for low voltage middle winding
% 6. {RETELLE MUSIC-SRP BIEEMER
[T i) 5 8 T 9 £ AL FR SRP Efiflivt 7 (cm) MUSIC-SRP JE Attt RZE(cm)
0 (0, 40.0, 4.0) (0,56.3,1.1) 16.6 (0,45.9,0.7) 6.8
" 15° (3.1,40.0,4.4) (1.4,58.1,1.1) 185 (0,45.1,0.8) 7
" 30° (6.0, 40.0, 6.5) (1.3,59.6,1.2) 20.8 (7.6,33.3,9.0) 73
45° (7.8,40.0,7.5) (3.1,60.3,1.7) 21.6 (123, 44.2, 12.0) 7.6
0 (0, 40.0, 5.0) (0.1,56.5,0.9) 17 (0,34.2,0.5) 7.2
y 15° (2.8,40.0, 5.4) (-0.7,58.3,1.0) 19.1 (0,44.9,0.5) 7.4
" 30° (5.5, 40.0, 5.6) (1.3,603,1.2) 21.2 (7.8,33.9,9.3) 75
45° (8.5,40.0,8.2) (2.8,61.9,3.6) 23.1 (5.9,32.8,9.1) 7.7
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Table 7. Location results of MUSIC-SRP algorithm for low voltage lower winding
#* 7. [RET B %:4E MUSIC-SRP BIAE IR

MRS e LY SRP JE Rl PR 7 (cm) MUSIC-SRP 5Ef7fliit %% (cm)
0 (0, 60.0, 4.0) (0,43.2,0.6) 17.1 (0, 67.0, 1.0) 7.6
" 15° (3.1, 60.0, 4.4) (0.6, 41.6,0.3) 19 (0.7, 65.5,0.5) 7.7
" 30° (6.0, 60.0, 6.5) (1.9,40.3,1.5) 20.7 (1.9,65.1,2.1) 7.9
45° (7.8,60.0,7.5) (3.2,39.1,2.4) 22 (3.4,65.8,3.7) 8.2
0 (0, 60.0, 5.0) (0, 42.6,0.6) 17.9 (0, 66.6,1.1) 7.7
y 15° (2.8, 60.0, 5.4) (1.4,426,13 19.5 (0.6, 65.5,0.5) 8.1
" 30° (5.5, 60.0, 5.6) (0.6,39.9, 1.4) 211 (0.9, 54.0, 2.0) 8.3
45° (8.5, 60.0, 8.2) (3.3,38.4,1.5) 232 (4.1,65.9,4.0) 8.5

DA B S0 R 0 B R AR AE T P R SR B A D 15T, R (5.4, 40.0, —4.3), AT ]
(82.3, 96.1), MUSIC il [a145 % ~(87.7, 92.5), AR#E_EiR JFEHE MUSIC 1) J5 #f 2 AR RIaE N : 2 iR
YEFEIA[-9, 0] cm; x AR RVEE N[0, 17.7] em; y I RIEEIN[32.4, 114.5] em, KT H T4 % 5i%&
JRAR T BN S BE B 2 A 70 em, WO S y FIAERTEEIN[32.4, 70]em. F7H SRP #8225 [A] LR A
[17.7,70, 0]; TR N[0, 32.4, —9]. 1l MUSIC ] i) & 4 25 [ 0T 4% 2= 25 [0 8 R R[17.7, 70, 615 FERA[-17.7,
10, 9], ZNIEAR G R 5.3 fif.

I B2 R LG X 35 KV R R 2% BUFH Se2H N 5 SR AR 8 6K FE 3 7E 10 om BAPY, 8 SRP 5
RS AT WO T . B BT MUSIC Wl ) f5 6 SRP 48 2% 23 (BT R4, 98 2R 25 [0 45 /N Y
AR, AR BT . MUSIC-SRP & {7 53200 A8 1 35 1 K s G 2L 0L B F3 PR s A3 PR R Ao 25 4
K, T8 AT 1R ZE R, A 2 T AR SC T FH (1 B A% S B B A AV 7 R0 77 1) B 25 90, W i % 222 oK
PR ERER, EALRZER, XM T@EERERSEKSHDVHE SR, mBvEd,
We e ARG FE . TR EEAN R, X @Ak s AR, B FIRAREE ZAUNAE 1. 2 em, XS B AL IR
M, /NATZ2mEATH. MUSIC-SRP Bk e 45 B 48 RARIHAATE D ViR 2, HoRIET LA LA J7

1) HF AN BRSNS 55— 7 ) R 1) A6 AN (R (R4 22 o DRI TR 50 T 85 B 1) S [ B8 1
T, AT AR ZE

2) HTHE MUSIC BiEM M4 R iR 2, FTREE SRP 8 0B A 4/ N2, AR E;

3) HT AR ATAE SR, RS A G SRRt R AU HUR SR . ARk
B E S P TIRME S, Xt 38 E A A .

4. LSRR
4.1. LWFEH/ET

FENLH R R I A SR &, AR BRI AR . AR R AR S AR AN R A Y . BRAAR R
FEMAR RSN 200 cm x 100 em x 150 em, B 780 25#38 R 48, ARSI E R . SRR 35 kV ZBIE
PO, HuEE 0.6 m, mIESHHAME 024 m. NAE 02 m, fRESIAME 0.13 m. A4E 0.1 m, SRkt
FEJ 0.6 m. 4209 0.1 m, Wil 12 s, SEERi B R E Ay, BSRA T EFBCRAREEAL, s 13 fi.
v AR — S, e A 5 e r R 2 [ [ B T AR A 5 B R e 2 D TR . N T A
MUSIC-SRP At R AL E, &t V@A BCRERS, KR RFEWE 14 Fis.
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Figure 12. Transformer winding model
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Figure 13. Point discharge model
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Figure 14. Optical fiber sensor test platform of partial discharge
E 14. BEBMEAA RRFNTE TS

4.2. EEEEEHME E RIS

KIS IS 7 AR B RN, AR E A BB 5 07 B OLREL, BEEAAR LS54l EJ7 IEXHX
AL . (H T SRR BRG], AR AR RS R AR T 584 5 eme 23 AE e IR e SR 2L I ] £ A [ T ]
TRIE N [FIONRDTR FERIAN 7] i 25 £ B B30k % 22 MR Rl B BRI AT A, Sl i HEAT S
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Figure 15. Placement of partial discharge power supply in high voltage winding
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Figure 16. Relative position of partial discharge point between turns of high voltage winding
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Table 8. Experimental results of MUSIC-SRP algorithm location for high voltage winding
% 8. BE%4A MUSIC-SRP EAE U SIIREER

75 AR MUSIC-SRP Ehifhiit %7 (cm)

1 (12.0, 15.0, 1.0) (18.5,9.1, 1.4) 8.8
2 (4.0,35.0,-5.0) (9.5,28.1,-2.8) 9.1

3 (4.0,35.0,-7.0) (8.2,422,-2.7) 9.4
4 (-8.0, 35.0, —4.0) (2.0, 42.6, -0.9) 10.1
5 (0,55.0,-5.0) (4.9,27.9,0) 10

6 (0,55.0,-7.0) (4.8,46.3,-8.6) 10.1
7 (13.0, 55.0, 1.0) (8.1, 65.0,4.9) 118
8 (15.0,55.0, 0) (5.3,60.1,-4.9) 12
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Figure 17. Placement of partial discharge power supply in low voltage winding
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Figure 18. Relative position of partial discharge point between turns of low voltage winding
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Table 9. Positioning results of MUSIC-SRP algorithm for low voltage winding
# 9. {RES4A MUSIC-SRP EiAE LR

Fe AR MUSIC-SRP SEAiflitt % 7 (cm)
1 (1.0, 15.0, 4.0) (2.5,23.2,5.0) 8.4
2 (1.0, 35.0, 4.0) 0.5,43.1,1.2) 8.6
3 (9.0, 35.0, 6.0) (2.2,39.7,2.1) 9.1
4 (3.0, 55.0, 4.0) (3.5,63.5,8.4) 9.6
5 (9.0, 55.0,7.0] (3.3,59.9,0.2) 10.1

LA, SRl S 425 E Y, W) MUSIC-SRP 03 AT AR 726 F 3 7 15 P S 41 1)
RSP R T, S S 7 U S AT DR LR L. (RS AR, RIS, S
RAEHR, AR, TR, X 5E RO B AR K. SEI R L0 BRI K, B T 207
o (RIRE A TR SRR 2 . MUSIC Sl FHE 2 AR R 2, A — T L7 T 5 2 R

1) SRR 7 E — e SIS, Sl e B A PR 15 S B A S, ot R T
HAEA NI

2) BTV AN GLT FP AL B0 A DR B 76 30 KHz, HLSCHR A DU /A Bt 1 e DB
RS MM, i R

3) Sl e £) o B PR A AR A R A R B, AP B 2
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NI B3 T 8 SRS FE Y H 1
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