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Modeling of Broken Rotor Bar Fault of Induction Motor in
Virtual Simulation Experiment
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Abstract: In response to the lack of faulty induction motor modeling in simulation software, an induction motor model with
broken rotor bars (BRB) fault was designed for virtual simulation experiment. Based on the principle of rotor winding reduction, the
resistance matrix of the fault rotor was derived given the characteristics that BRB fault mainly causes the variation of rotor winding
resistance, and the mathematical model of the motor with BRB fault was built. Then the model was realized and verified by Simulink
software and actual faulty motor. Results showed that the proposed model accurately simulated not only common physical quantities
such as current and speed, but also physical quantities such as electromagnetic torque and air gap flux that are difficult to detect. On
the basis of the model and the original object platform, the teaching process featuring ‘virtual and real combination’ of relevant prac-
tical training courses was designed. The development and application of the faulty motor modeling have facilitated practical teaching.

Key words: virtual experiment and simulation; simulation model of induction motor; broken rotor bar fault; new engineering
education

WEE B TR BUEME AR, TR
PR R . RS A L 235 LI T R
LR B AR TR L RRAE ) Y B

R, HUMSERAELE, 2 EFERERLE G
RO HEARME &, R T “RSEE” W
SR RGNAETE Y A B IR

(RS RS . s R, DL 2R e
TR A 4R SER AR T H KPR Wik,
e Sl Gl VA R DY R o S S
TCRENHOF AN . B TR AR T
H IS LRI, T SRR A

ks HEA: 2019-08-09; f&REIHHA: 2019-09-21

B0 RSB 1 2 T

SRTIT, Toif R AL 07 LS S K 5e
&7 Sk, HRU SRR O IR . Rk gL
B A f 3 TR 07 LB, ™02 B F r L
L KA ED Rl | LB . a3

HEEWB: mhsRk&ets bEk TAEAA A (PPZY2015B132); T 54 55X F KA IE4(2019JSJG336); +
B A kK FHFHTR B (2018YB41); TEF LXK FE A FREEEHELRA (2017),
fEB®Y: T22(1982-), B, Ht, @l#¥r, T ERFEARLEUELEE T gy BOAR,


https://doi.org/10.12179/1672-4550.20190295
https://doi.org/10.12179/1672-4550.20190295

55 4 1)

TEEEE, AR R ELSE R W AR S AP A S U R B 13-

Pl R G G URBR I S g0 rh o B X S S PR 5
BRBCE B TR, B 1) S50 A S 25
PRE] TN Tk SEBR AR AS TR A R ALK
B, BT LA R LR A LAY R
— e KR a e . WA MBS KRR, i
S EMFZWH AR, WA IR R
FHOE MRS S5, (H2: H FrH 5 B A
A e SFA0 B sh LB, G323l 2 BB B A i
BT oK, DN ™ JE i 249 T Ji 4800 5 56 1 iy
FHE LR R VR .

e DT % B R S 20 B B LR LR 2
—, AT 10%, DRI E S
SRl pE L ATLRIRE L 9 FH P A5 R SL e . Han, %%
T T S5 R B B A R 2 ek U
ZITIE AT LA BT AL % T S L AR I A [l i
BRI, IR LATH RO e TS dl i sy . 25 el
BN R, (B FARSL I 22k 0y i
HFRE. UM, BARSEE. KTk, &
SC AT AR B AR JRRAE 1 %, R L BLES T4
AT & FEHRH, B —Fh s . SR
by 4% ke B B Simulink 45 BLREHED | 0 TS B
o

1 SEFRLREIHFRE

R T B F 53 W FBIE 5T 53 25 L Bl B 1 B 5
AL, HAEITE 6 MR ARLE .

1) 20023 [A1E I A RN, — AHSE A MR
HZs | LB 25 1200, B A B RE S 33 3B
FEE XA

2) ZWEASEIFE LGRS 5

3) SLed H RN B ERE ZRE

4) A L AT ] LML R REL A s i

5) WTEFRR, iS5 abliE T RsE
g RERENX, WK EERNSELE T, I
HREFM, PrEnnE rY R A A

6) HUEA LA . . WEBERY Y mIFF &
FE SIHLASL A A T2 e e )

FE AR B FNRLE AR L, AR AP L
PP BT 25 5 iy g 1L abe AR AR T BB
B g A R O AR R
BB EMEs R, HEASWE
W . 255 B R (B RAEX S AR R
e, BPASAHLUBE RS, 250N R G AR S BT AN

P g BTN T ERE . S TR A HL S L
MRCERRL, H R T R A b s fe, HEEAR
SRR A L S BIL AR | ) AR AR AR
B E T S HLAYREAL, T LA abe A0AR R T
(1 5 25 H S LA AL S B, 4 LA 46 BT B ik
HEFRZR qdO H o AP BERAE I [Toa0(0)] A1) BT
N, AR (2) BiR

2 2
cosf cos(6— ?n) cos(f+ ?n)

SN

[QMM= sinf mw—?)mmn?) (1)

1 1 1

2 2 2

cosd sinf 1

2 2
[quo(e)]_lz coS(Q—?n) sin(a_?n) | )

2 2
cos(f+ ?n) sin(6 + ?n) 1

R (DMK (2, 655 qls a By,
W AR, R ML LA REBESF AR
Fed 3] qdo AbR &, FOAMHN AR ST R | WEEETT
P BEHEDTRRANR

LT 7 -

uqs I3 0 0 iqs /ldS /lqs
[ Uds ] =10 r, O Igs |+w —Ags |+ Pl A4
Uos 0 0 7 i0s 0 Aos
(3)
Ugr rr. 0 0 iqr Adr /lqr
[ Udr l =0 r O igr [+(w—wy) —Agr |+ Pl Agr
Uor 0 0 r Ilig 0 Aor
(4)

K3 HE FHRIEIRE, P [ug ugs g s ligs
igs ios) A1 [y Aas Aos] 53 IR AE T L84 AE qdO AL FR
ATW AR, BIRAMEEE; r HE THRAHE
FH; w=d6/dr }y qd0 Aedn RIFE . X (4) BT
B R, Hoh & AR R e R 50 (3) 24,
Horb o =d0,/dt ki ShHLEG 7 (1 H A

W TT A

3 .
/lqs Lls + ELSS 0 0 Igs
A = ]
A“ 0 LB+%L% o || " |"
0Os 0 L 10s
3
SLe 000 |[dq
3 idr ( 5 )
0 Ly O .
Lor
0 0 0



14 - SRRbE S HA

H18 %

3
/lql- Llr + Eer 0 0 iqr
Aar | = 3 j
dr 0  Ly+2L; 0 || |F
/lOr 2 lor
0 0 Ly
3 .
EL“ 0 0 Igs
3 g (6)
0 ELsr 0 l.ds
1l
o 0 ol ™

A (5)FC6) 7l 5% T e sE T A .
LA Ly R E T BT TG L A
L, R TSAR A Ly BB T Z R R
HIRE.

BT e

3P
T.

= EE(Adsiqs_/lqsids) (7)
Krf, PSR, AR R R R R S LA
MEF, BIEL S A 0 o SRR A B H, R i A
KHo

BT
J dw,

Te=TL+>
e~ LT P

Ab, T B T TR LA R 5 B)
i, tizshor e nl A/, SR, @k
HL RSP T A2 ] P AL i E AR A

K (3)~x(8) By qd0 AL bR Z TR SEUF A0
PR, 5 abe AR BR T RIHUEERIA L, %
PR B FE R RO AL, FFHIFZTAET 0,
XM T ARSI BR T AR R B I AR, D
T AR Z RS, I TR AU

2 BETHRREEER

B I 4% e S B = ARG T S8 R T
PE A5 2 4L A B RES NI IR, A
TLEH PR Y (122ks) f; BRI A,
k=1,2,3 . BIRFE T AR R i 255 R FE 1
2% 2 F BELRITE R A Ak, {EL RS F LAY 7 Ak e
KPR g P, T A L
BAL, TR AL EHL, AT L2200 I 2% Xt
e T2l AU S

¥ abe Wb ABFR R TR, Wi A5 MR % HLBELAR

R -
. (ry + Arpa) 0 0
r= 0 (ry + Arp) 0 9)
0 0 (re + Aree)

K, Arg Arg, F Ary 53590 0 W 2585 B 5 | R 2 1

(8)

=GR . XN Selr b, SCRR [14]
G TR T RA S AR E R OCR

_(2Ny)?
re = No/3 143 (10)

K, g WP, N, AFREE, N, WL

M FLRAME 0 ny, R RWIRE, 158

LB BLATR I Ary . N

(2Ny)? m_@mﬁm: 3npp

Nb/3 —nub Np/3 Np —3npp
W) R 7 H oy R rb M BEAE R, D

A ST abe AR R 28T 176 1 W 2l s S 20 L IR

R, WUREEHE ST qd0 AR AR R T 1Y R FE LB AY

U 5 G P LR e AR N

Arri1 Arp Arngs

Arp1 Arpo Arm‘ (12)
Arz1 Arzy Angss

rr (11)

Arra,b,c =

Arrqu =

BV L
Ar1 = (Arg + Argy + Are) /3 + QAr — Arp—
Are)cos(26,)/6 + \/g(Arrb — Aryc)sin(26,)/6
Ari1a = Arg = —(2Ar — A, — Are) sin(26;) /6+
V3(Arg, — Arie) cos(26;) /6
Arr13 = 2Ar — Argy — Are) cos(6;)/3—
V3(Arg — Are) sin(6;)/3
Aryo = (Arpa + Argy + Are) /3 + QA1 — Arp—
Ar)cos(26,)/6 — V3(Ar + Arge) sin(26,)/6
Arg3 = —(2Ar — Argy — Arg) sin(6;) /3 -
V3(Aryp — Arge) cos(6;)/3

1 1
Argzy = EA’HS’A’BZ = EArm
Ar3 = (Arra + Ay + Arie) /3

3 HPEERHAERYEY Simulink ST R HISIE

3.1 HIPEEAAERYAY Simulink SR

1€ Simulink i TR R EF R AR A
SIFLEEEL, PR T DR TR 126 rh 4 4 L A 7 L AL
BEH, WE A SR, BRI RT S IR G L I ) £
B (HEXF Tl AR, )7 AR 5 A
R Fr 5. R Simulink [ 1k 2 72 52 30 1Y
B W SRR LA N 1 s, EE Al
4 ERIT o

1) ARFRZAEH, fu4h abe 5% qdo BT qdo %
abe AL, H TR TR qdO AaFs R B AR AL,
D] I e 2 A R R 2 (1) RN (2) W B A F R R



55 4 1)

EEEE SR RO LG BT AR S A0 H S AU AL B

.15.

AT AR AR AR

2) B T AL BT R 2B AE q. dL 0 =
AT S o 3K AR A DA RS A5 A 2 A A
(i, PR T L q Sl S o i LABE R . %
B R PRy — R A T TR (3)
HSE T 7 R 3 (5) SR g th 7 1 q Tl e A el

iR (6) IR AT q hREBEM L. TR T
R TR S S U, e A I (4) 358
TREGEWE, 5 TR D% T i R A 5 (12) X e
P REUREL P A T AR A P

3) RFGEFL AL, SR AR T AR (T)
TR AR, AR5 R Tz 37 R (8 ) sK g

s i M TR s R (4) ME T rtsE e
L wr/wb =(>—’®
—fcosdr L vgs_ g Gain "
sin20r cos20r
wr/wble » sin20r psigs
out_vqgs cos26r » cosOr Te
(D—»|i —1si > i0r . L
-~ n_vag ;2}4;\52 »| psidr psiqr- n_1q i
N A »i . H out_ia —».
R 9 g Tem P¥% @
d —»{ sinfr igs e
out_vds|— P :
in_vbg 94 By ids »|in_id
- HHRR _
ub psids out_ib
; wr/wb ib
t v0 o i0 Tmech
out_vus . 101 —4¢
in_veg —: Smeer L . —»>in_i0
U abe 5 qdo HiBk cosur PSiqr pidr R AR out ic(»(5)
» v0s i0s |+ —¥|iqr ] T
—»idr B b dqo %% abe Bk
oy » sin20r psids
(fg:%i | > cc&sZOrp '
T » vds .
- — plwr/wb  1ds
|-> cosfr
d b e
QRGE BN

B 1 W&k Al Simulink #5273

4) 55 4B R A IR AL A T R
T A A AR X (12) SR AL T 75 (9 5% A IE A %M
3.2 HEEEHREAIEIE

HT BRI B A R, RS
K Y90S-4 [ 54 i AL AT SE B A, LS 6
B MW A5 F R 2 FR . ZHBPLYIR R 1.1 kW,
SRR 225 SR AT RER ] B 7

2SS S AR T

T AEXS S AP AL A T B RS 2, AR
BRI TR EL R . BIRS G R, b 2R
W SR R -, SRAEFMLEE R T3 F e TH
JE. ETFHIRMEEES .

FIH SR AL S BOS AL AT IR, AT
K 12) TR R BRI/, BIWT7E Simulink
XS W SRR F LR R R A T HaE AT, A E
LR = N D Rl S SO i = I 1 E 2 Y [

SR L HL S B R4 L A R A 5 43 il
Kl 3(a) FE 3(b) s XFEEIE 3(a) AT 3(b), SE
I FEL A5 A5 TR0 {7 B A Pl 2 Dy AE 5% P LA L
T3,

&l 4(a) FIEL 4(b) 43 5l SE bR AL RIS R {5 B
HIE TR S . B 4Ca) Al 0L, JEk 0 H 3
TR B . R T WA R
TR T (1225, W& D B, Tz
JE U A A () B SCAR /DN, DT 8 o T 3 I A
(8RR AR D A R R I A TR



.16.

LR S HA

H18 %

BEEFAE MR, RN TSR ALY 25 0
TRXETT IR TRy SE et

P

XTI 4(a) FIE 4(b), SZFRHELHLAY HE 545
400
200
2 o%
-200
~400 :
0.0 0.5 1.0
t/s
(a) SZPRALHLAL

05 FLRL R AN AR R ARSEIT,  [R] 7 458
BEASIE_ AR L P oe R (R DS )
SR UEHT T T At R ML AL Y T I R AT AT

400
200
20
=
—200 H
-400 :
0.0 0.5 1.0
t/s
(b) BRI

K3 bl a MHE

il

i/A

t/s

5

(a) FEBRALAL a AHFAEIR

ﬁ..\

t/s

|
|
5

(b) BRI EL a FHALTE
Kl 4 mNLa MG

] 5(a) FIIEL 5(b) 35 PR L S A () FL Y
A5, XA 5(a) K 5(b), SEhRr LA E
IR ) e PO AR AR WA Y o A RAT LS
Kl 5(b), aTLUKBE, (5 A HLAE T e oA
WAFRERISIR , JEHBSIIR O 25, XL
e W A e ) R . (HORAERR BT BL,
THBFRRBUEIE R, Feaddesh AR, &

BT R BE AR AE o X T 52 s e BIL A 2 i iy
2, MTME SRR, SIS SR R
BB, HRAHE PR R RRE

X FSCPREAHL, HE . H IR S TR
W, HREXTFH YR, A S
PRRGIE S, MITEMB LT . B SR
ALK A BE AT AT o X 4 HL AL T D ) B



55 4 1)

TEEEE, AR R ELSE R W AR S AP A S U R B 17 -

fift . BT AEER R ALER A 0 BTl ok TONE, T ER R
THEARCR . IR 05 HAOR, X L) B #
TR G AREL, A m] L N 2513t o0 B B A7 B9 4)
U, W, BETREEE . B REREAE,

1500

1000

n/(r-min")

RRAE G T o7 BRI I RO, L HLPEREA
W BRI R A A AT B A SR A TR ) FL
B L ML RS B 5 A 1) R e 1 i A HEL G e
K6 fi7n .

1500

1000

n/(rmin")

500 - 500 |
0 0
0 5 0 5
t/s t/s
(a) SEPRALHLFL 3 (b) PrFL LS
Bls AL
1 1 30
20
o | o =
Z 0 Z 0 z 10
S S >
0Ff
-1 -1 -10
0 5 0 5 0 5
t/s t/s t/s
(a) 7 T-HEAE (b) T wi%E (c) LGS

Bl6 7Y R R AR A R e T T

4 HEERNIERENHFNHE

BT HSL R DL, ke Ra L LA Y oy e s
—J7 A LAY A SRR R SE R B N A, e
FL AL R 4 sl Lt AR T 3 A S R R S5
URAR P T JRe — L6 B 132 50T S92 B9 00 B4 e e R AL S
Rrs Jy—Jrmm, el Loy —288riiitie, iR
WA, JT A —Se HAT —E e TR
ORI ) EES 20 e oS g R (= R

AR DA AL B L 46 50 R ik e s o
BRI BRI ZEE S N 0], BT A ik
PR AL R SIA AT Hee e, A
K7 i

1) 3 A—H A 10 ELGERILLE G ) ITE
LPRTEdF LS B, AR SR, FRECE L
SR, RS PRRALI S FIB T TIRES

2) FOME R PR E (A 1 Bl L
7)), PRI AN SRS T, R

IS o IR A X B LA R L DT A5 I s A Jbvk:
N, R A DGR B AL R TS B TR A
Z5t.

3) WA AT AL LR SR S LS
B, @SS ALA O AR R SEPREALY
BB AR

4) i ELAHT AL RE DG R o IR BEAR HLHL T
VEJRFE . 2550 B AR IS HI, ARG e BL S AT
JE HLRE G R ARk

5) D ELA BT L TAEREME . IR LT
B R BIRAES N EENOCR, K
VT A% e B X LML BE (4 S

6) HUBEALE BT, MEFH . PGS |
HRERE L, B BRI T 8T s TR 2 R A
W A B R LI . BRRERE . LRGSR
FRE YR

EE 3 2~50 6 4, nLIFESLIRE IR, W
A AZERRAN At Ty 64T, Se il T SEBRBUF AR T



18 - SRRbE S HA

H18 %

()RS 18] b AR o ik S i R AN HRE 5870 ]
MTRASLRS, BB T S50 N ARS8
W, JF HRgg LA A A2 5 B g hok,
R T2 AR LIRS SEA R, KK
fem T HARCR

et | | BT | | g
g = I g
sz | | AT D W
L it | | e | | SOE
s [ skt 7| AL
R VR S

5 #ERIE

RSN R RS g N A R B S
Simulink (%% W S5 5l L AILBE AL, I 00w
T MG MG LlEeE . a5 R
LML LIS UE, S5 RM . B RIAVH fE
YER 05 FLRT 2R RS N L FLAY A5 A B, R
AT R LIRS . Tk
B AL ) JF & 55 0 T R T 52 56 202 1 P 25 RN
BE, JFREAR T SR s aA, RETdA S T AN S
H5ESHER . A, R B R Sim-
ulink FAFSEIRY, (R BT LS AT oA A |
AR LB RS

& % ik

C1] RAL, E s, SEmmas. 3T s 4Bl J iy B T 75
A O S SR (T]). SRR S HOR, 2018, 16(2):
129-133.

[2] SkSrBH, IGEE, sk, 5. OB EE S R L
BHSRT5 ], SesBles 550K, 2018, 16(6): 68-70.

(3] B, B3, B3, 4%, 5 S i B0y TS gi s
DS #EE ] LR 54 R, 2018, 16(5):
185-189.

(4]

(5]

L6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

ST, KW, kiR, 4. S TFMATLAB GUIMYHL /)
R BOR HE RSB0 O FF- B BT S 0] SEd it
2EEHR, 2018, 16(3): 146-149.

S L, TR, VSR, S BT A IR AT AL 14 25 R AL
SETE [T]. SEsRE S5HOR, 2016, 14(4): 94-97.
R, B, L4 G PLCE IR RS & 1], S ft
5K, 2018, 16(3): 162-166.

WRIEHH, ARIESR, il % Je. MESL45 5 TD-LTESC B M 44
P11, SLERlE 55K, 2017, 15(6): 192-197.

PREL, FAEVL, £5, 55 “RILE VPR RY
SRS EZOEA RN D], SRR S HRE,
2018, 37(5): 103-107.

FEEEE PN, KT, AF R AR B T RORLREL
P R LG 1 W Al iz i 0] P R AL
e, 2012, 32(30): 73-81.

TR JERYBON L B B 5 IR S R 2L B 2 1B
FIFELR W [J]. B TR =47, 2003, 18(1): 77-81.
PNIEFS, 2RI, VP58, H T 2 W R E AR R 1 53 25
LS LR R IR A L B2 (). f ) R 48 31k, 2004,
28(23): 35-40.

CHANG X, COCQUEMPOT V, CHRISTOPHE C. A
model of asynchronous machines for stator fault detec-
tion and isolation[J]. IEEE Transactions on Industry
Electronics, 2003, 50(5): 578—584.

AYHAN B, TRUSSELL H J, CHOW M Y, et al. On the
use of a lower sampling rate for broken rotor bar detec-
tion with DTFT and ar-based spectrum methods[J].
IEEE Transactions on Industrial Electronics, 2008,
55(3): 1421-1434.

BELLINI A, FILIPPETTI F, FRANCESCHINI G, et al.
Quantitative evaluation of induction motor broken bars
by means of electrical signature analysis[J]. IEEE
Transactions on Industry Applications, 2001, 37(5):
1248-1255.

FILIPPETTI F, MATTELLI M, FRANCESCHINI G, et
al. Development of expert system knowledge base to on-
line diagnosis of rotor electrical faults of induction mo-
tors[C]// IEEE Industry Applications Society Meeting.
Houston: IEEE, 1992.

“mig PEE


https://doi.org/10.3969/j.issn.1672-4550.2018.02.030
https://doi.org/10.3969/j.issn.1672-4550.2018.06.016
https://doi.org/10.3969/j.issn.1672-4550.2018.05.042
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2016.04.026
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2017.06.048
https://doi.org/10.3321/j.issn:1000-6753.2003.01.016
https://doi.org/10.3321/j.issn:1000-1026.2004.23.007
https://doi.org/10.1109/28.952499
https://doi.org/10.1109/28.952499
https://doi.org/10.3969/j.issn.1672-4550.2018.02.030
https://doi.org/10.3969/j.issn.1672-4550.2018.06.016
https://doi.org/10.3969/j.issn.1672-4550.2018.05.042
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2016.04.026
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2017.06.048
https://doi.org/10.3321/j.issn:1000-6753.2003.01.016
https://doi.org/10.3321/j.issn:1000-1026.2004.23.007
https://doi.org/10.1109/28.952499
https://doi.org/10.1109/28.952499
https://doi.org/10.3969/j.issn.1672-4550.2018.02.030
https://doi.org/10.3969/j.issn.1672-4550.2018.06.016
https://doi.org/10.3969/j.issn.1672-4550.2018.05.042
https://doi.org/10.3969/j.issn.1672-4550.2018.02.030
https://doi.org/10.3969/j.issn.1672-4550.2018.06.016
https://doi.org/10.3969/j.issn.1672-4550.2018.05.042
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2016.04.026
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2017.06.048
https://doi.org/10.3321/j.issn:1000-6753.2003.01.016
https://doi.org/10.3321/j.issn:1000-1026.2004.23.007
https://doi.org/10.1109/28.952499
https://doi.org/10.1109/28.952499
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2018.03.037
https://doi.org/10.3969/j.issn.1672-4550.2016.04.026
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2018.03.041
https://doi.org/10.3969/j.issn.1672-4550.2017.06.048
https://doi.org/10.3321/j.issn:1000-6753.2003.01.016
https://doi.org/10.3321/j.issn:1000-1026.2004.23.007
https://doi.org/10.1109/28.952499
https://doi.org/10.1109/28.952499

