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Abstract

The rolling bearing is the key part of the aero-engine bearing system, working in high speed,
high temperature and high load of variable conditions, extremely prone to failure. Thus, fault
diagnosis and residual life prediction of rolling bearings of aero-engine have important theoretical
significance and possess certain practical engineering value for the effective implementation of
condition-based maintenance and health management of aero-engines. Based on what is stated
previously, this paper developed the off line oil abrasive detection technology and the on-line oil
liquid debris detection technology. Besides, we have developed a method for detecting the fault
diagnosis and the method of residual life prediction of rolling bearing of aero-engine. The feasibility
of these methods has been proved by practical engineering applications and experiments.

The main research contents of this paper are as follows:

(1) Sums up the common failure of models of aircraft engine rolling bearing. Take an
aero-engine as an example, the failure cause and failure mechanism of rolling bearing are analyzed by
studying typical failure cases of the rolling bearing of main shaft and accessories. Studies have shown
that the main failure mode of bearing of aero-engine is rolling contact fatigue failure. Meanwhile,
fatigue spalling failure process tests of real rolling bearing of aero-engine, on which the cause of
failure of the bearing was analyzed, have been carried out on the accelerated failure test platform,
demonstrating that the fatigue failure process of aero-engine bearing can be simulated by the test
procedure. In the end, the symptom information of the fatigue failure of the rolling bearing of
aero-engine is analyzed, the defects and shortcomings of the existing methods for bearing fault
monitoring of aero-engine bearings are discussed and then the failure characteristics of the rolling
bearing of aero engine were sorted out, indicating that the fault diagnosis of the rolling aero-engine
rolling bearing can be carried out by the off-line monitoring of the small size abrasives in oil as well
as the condition assessment and the residual life prediction of the aero-engine rolling bearing can be
realized through the on-line monitoring of large size wear debris.

(2) Aiming at the problem of difficultly detecting the wear particles larger than 10 microns in the
oil sample analysis method, the intelligent detection technology of the oil moving particle is studied
and the Multiple Intelligent Debris Classifying System (MIDCS), which can not only calculate the
pollution degree of oil solid particles, but also make an analysis of the particles larger than 10um, by
dividing particles into the class of metal and nonmetal while the metal particles are further identified

as cutting abrasive grains, severe sliding wear debris, fatigue wear particles, and the non metallic
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particles were further divided into bubbles, fiber, other non metallic particles, is developed for the
more effective diagnosis of aero-engine bearing fatigue failure. Besides, a new method based on
genetic algorithm for multi parameter adaptive adjustment of micro imaging system is proposed. In
view of the redundancy problem of the wear debris recognition feature in MIDCS, the rule extraction
is carried out by using C4.5 algorithm of Weka software, acquiring the expert knowledge rules for
identification of abrasive grains, analvzing the rules, and compared with artificial extraction. The
results show that the recognition rules of the wear particles proposed in this paper have a high
recognition accuracy.

(3)A method for detecting the wear fault of aero engine based on the motion of the oil was
studied. Discussion and Analysis on the method of setting the boundary value of the wear particle
monitoring. MIDCS was used to carry out the actual engine wear monitoring and verification.
Because of the MIDCS to 10 m more than the abnormal wear detection, and the rolling bearing early
fatigue spalling will produce more than 10 m abnormal wear particles. Therefore, compared with the
traditional spectral analysis, MIDCS has a better advantage in the monitoring of the fatigue failure of
the rolling bearing of aero engine. MIDCS wear debris detection is used to predict the failure of the
aircraft engine successfully, and avoid the occurrence of dangerous faults.

(4)A theoretical analysis of the on-line monitoring sensor for oil and liquid on-line wear debris is
carried out, and the principle of the magnetic particle detection and the detection of non ferromagnetic
particles is discussed. According to the results of theoretical analysis, design and development of
on-line oil monitoring system, the system structure and working mode are discussed. The research
proposed the wear debris recognition strategy and the algorithm, and carries on the verification. In the
aspect of sensor signal processing, the improved median filtering method is proposed, and the
proposed method is verified by experiments.

(5) Based on the 35-206P1 bearing of the gearbox of the aero engine accessory, the fatigue
accelerated test of 15 groups of air bearing was carried out; On the basis of the experiment, vector
regression support (SVR) is introduced to train the effective data, Useful Life Remaining (RUL) on
the radial load, speed, and the characteristics of the radial load, speed, and the characteristics of the
bearing are obtained. The model can be expanded and perfected continuously through experiment;
Finally, the bearing data of the real-time data acquisition is predicted by GM (1,1) grey model, and the
residual service life of the bearing is obtained by combining the forecasting model.

Keywords: Aero-engine; Rolling bearing; Wear monitoring; Condition assessment; Fault

prediction; Residual life
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s—1 t-1 s—1 t-1

H (A) = _ZZ(pij/PA) Ig( pij/PA) = _(]/PA)ZZ(pij Ig pij - pij Ig PA)
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=(1/P,)IgP, Py —(/Py) P 19 Py
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S WAL RN SR I 22 Al FH B AT A UR B, BRI 1 0E T R i A 1 A
PETALBEIIRE, LA B RE VP A I 2 R 7 ik . Weka 2 1 Java 15 5 SEELIIFRIME &, BA
B RAFHIY RYEFIGEA Y, FH P AT DR BAR R ZOE M R Rl R 4, ik 3R b
HREVETEREVEAE IO I, BT Weka HA RUFE MEER S AR S0, AH
HFF R #H IR T — N EER A R BRI R G o ASSCRIF Weka #3817 BRI AR $2
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L R KA 22 i8S

5 o
1) CA5 WRIEMEHIE

C4.5 51 Quinlan T~ 1993 4E4 H, &0 —Firf 18 S92 51 50k, kK T 1D3 vk 4
SHE SR B S, 7E 1D3 SV IERS R T 45 1D3 BE TS A AL TR R, H
FWAEUT LA T : D)FE RIS 2ol BB A, SEAR T P S5 080 2 100 18 8 P o {1 i
BB B IAR 2 s 2) AL A AT B e B A, 1 FLRE AL BE S B M s 3) RS A 56 BEBUIR
(A PIBMEERED BATAEE, )M RIS IR, S)IEmit s,

HRESEE, CA5 FE T ELE N FARMRATE ., RAEES T, FELEIEM A IE
R VASRPRR VAR S S R VAR £\ VAN 1 RS o - A 7 T [ % A= (7 N
T, ={t|A<v,}, T,={t|A>v,}, FEILEITE m-1F RIS, SR A K m-1F5 E A
B, MR A B, TR B B, FET SRR A R
fofs B e SRE RIUR KIS R M BIE AR IE A K030, BITh(V) =v,, i, v 3
RS 58 2 R Rk

CA5 SRS B 2% ekt ib IR Ve 43 2K i Tk, T LA WAk 10 L k2 s M A M 1
(s, WREASET BB e A M) s MRFMBE, WHNT,,.... T, 3Es AT, WH AR
T HEATRIAM 015 B4 20

|

GAT ):lm-imx ) (32)

Hep, I(T)FRT WOESR. ’T A m Ak, 1.

I(T)z'zpjxl()gz(pj) (3-25)
j=1

Foh, p, FRT Paak | MR,
FI AT AT RN 125 B8 5

R(A,T)=G(A, T )IS(AT) (3-26)
Hrr:
S(A,T )= Z(['I'i /[T xlog, (T, |/[T]) (3-27)
i=1

SR FH e 2 24 25 Xl PR AT B RS, R A R B KR B R g k. b7
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Fol 2 R S LR S AR 2 i 5 T R BE BRI 7T

PN
2) RFEMAITIRL

AR T A RKREN G, 9 7T R AS BE AL S, SRR R R, X R
RINBT R MG DS BT A U SR 703 I 1A T 48 H SR 7, HAB BT U i3 s M
Gt AN L BATT R 7350, DSR2 AR BE ARG L« HL e R T BRI ZREE T (9T A
AN

C4.5 R AE M R 42 B 1% (Pessimistic Error Pruning) , A2y AR e o SFm 111 25 K0l ok
KrI R AR, SEFR EXPEHR A THE TR T, DS s 2 Ul gR s SR A i, BTl
FEZ BB DL T AW 5 I GREE SR AT A 0o ESE DS T T I ZR88080 LA 0 B df 3047 70 2%
I, AR (R R AR KGN &1 LA BRI, Quinlan it Y = 35073 A7 3 U1 25 Ko dhs o 1)
AU IE, DS BIHEONRT & ShRm iR R A 5B IERT I IRR ML, B1E)E R
R KT AL, B ER R B S .

SRR R : XTSRS BT AR S AREAT TS . AR TS TR, THE
FEA R BT B R B AR IR . RN ZRBR SR A eillikde, BCEAS X A _EFR
TERRRAZR Ao 450 — D EE KT a(C4. 5 FIETERIN 0=0. 25), TAREH IR 10 B0
M T A, WA

p-p°
Vp°@-p°)/N

Horp: P ORSERRMLIN BT RFAZ, ENBETTE MBLH ARSI, N OB BT 74 T 2
(Z)SS 8
Lz =U,, BCELE XA BRI ZA TR RAR AT, W2 R AR AT

AW

P

>ula}a (3-28)

Z2 p p2 Z2
Ptz

Horp POWBLINRFIZE,  p® TR,

Ve MR AR R RE N C, A BTSRRI % p® & C i, WILRER JECR K 5
B, BIWET 2%, A ARE.
3.4.4.3 YRS FL I B
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L R KA 22 i8S
BYROE A P, AT LR R rh SR UM B R SR . SRS BT EDWAE L 5
BRSERE o R IF-THEN BRI, SRS — 2 MAR Bt 19 s i Bt A
25 RN BARI S5, T8 i DAL R 45 5 S RS AH R 2 AF A HUEL. AR SRR 21 DR SRR
el 3.19 fivR.

IF JgtE a=Aland & b=B1 THEN 2% 1

I IF &1 a=Aland JE b =B2 THEN %2

IF @ a= A2 then 2% 1

3.19  HRSROA B ) e it

3.4.4.4 BRI 5 BLK R S

WA A SCHREL I BERL 16 MR, R KRG S2ba i as R sHLmAEEAT R 0, 53T
2404 NASFSEFBAEERL. R Weka ¥R 04.8 51k, XAFILE CA5 F2] 8k Weka
SEHEL, 4.8 S SR BT — MERFRIE N CA.5 FIMEIERR 8 HIRESHT I HES A gk R A, Xt
FEAEE R b —h C5.0 #EH AT LA F N G — DM AT A . Hp EEEEy C=0.25, Hik
SEEIECH 8 M=2, BITE Weka #{H-H 17r 283 K7~ A: weka.classifiers.trees.J48 -C 0.25 -M 2,

3.20 7y 2404 /M1E CA.5 BLiL T AL BRI TR SR 45 5 . 3% 3.5 Jy TR SREAM rh SR U 6 %A
I 6 2R 4 /N JE Ik 21k T 2404 AN B RS b BT 2 S IR A, A RS0 S TR BE T
RRFIER R4 AE ke . 32 3.6 F PR BRI, xF 2404 > 6 SEBERLA IR 45 R .

M 3.5 FITos MRLIN AT DA H A S AU AR 1 Bt BEORE (R TR 31 T 7%, AR mh ] DA i
BE A KL VR AR o

(L) F 1 ekt B TUIE R, RAREERE K P 5 ERIEH b AL RAZIR
K, [FES, HTUIHIEBRC S B EERL, B R OGRS T SRR, BRIt i s N AL
o, PRI EERIZL X LR o BRI AN R AU B AT S 12 28 B A 28GR0 . AR 3.6 1T LA
A AU DT BRI ZR L F) 99.5%.

(ORI 2 fipeke: H T/ I ) R ELANC, (2R DIHI BRI G, Pk o o L )
I SR BN, [F)I, T SRR R AL, B RLAE AN LD IR T RORHR K,
IR T W7 A, DRI B RLAT IX LU B AR o DR ARG M PR ANRRAE BT ST Z 28 B s 1)
AR AFE 3.6 AT LAE HY, 10 B 3 B RL A PRl AR ik 5] 99.4% .

(ORI 3 fke: T o7 BERDEASER, UL ERLE R LR /N, AN, 57 RN
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Fol 2 R S LR S AR 2 i 5 T R BE BRI 7T

S )3 V3 VRGBT G AW N2 K (NN S TR TN EAN SR SN AN K s AVAEZE 51
Ko MFE 36 ATLAEH, A8 57 BE R AR5 2R 1L 5] 99.6%

(4) N 4 fwe: BT URBRSRE, FHEREK P 5B b R 8N, [
I, TR B A R v A DX, AR DR AL, BRI L AT X L N % A
K, Mg @R LR NAR K. BARGR X LR U BRI R IR IE. AR 3.6 TTLAE H, 1M
W S IR A £ 100%

(5) FM 5 FAUHLN 6 fifke: hTeF4ERaEe)E SOt gy, IR X 4k 201X bR 2% 42
Mo FINFLFAEMAR G JRARLL, ZP4ERENaR, PRI 4ER R ELE /N, 3R 3.6 ATLLE H,
T AT £ 4 R 5 2R IA 3] 92.6%, K A4 B b 1R 51 2 IA 2 99.4%.

att_13 <= 0.0984
| att_ 8 <= 0.1522: & (28.0/1.00
| att_® > 0,1522: T (895.0)
att_13 » 0.0854
| att_11 <= 8.4801

| att 15 <= 3.1714: 3 (457.00

|

| | att 15 > 3.1714: 4 (95.0}

| att 11 » 8.4901 == 15201522 == 3.4901 = 5.4901
|

|

| att 11 <= 11.4952: 2 ([485.0/2.0) - -
| att 11 > 11.4852: 1 (444.0/5.0)
<= 117714 <= 1140531 495

Mumber of Leawez : @ - . ) .

Size of the tree : 11

== .0934 =0.0934

3.20 CA4.5 Y HVEA R 4G
F 35 BERLA R PR BN 45 B

ol 1 M | AKX 1>0.0084 H FiL>8.4901 H JA%EE>11.4952
it | UIHI B KL

il 2 M | AX1h>0.0984 H J%iLL>8.4901 H JA%EHi<=11.4952
it | REME BB

i 3 P | AX1h>0.0984 H JRith<=8.4901 H ZSEXIHE<=3.1714
it | ST B KL

- M | AKX 1>0.0084 H F%iti<=8.4901 H ZEXLE>3.1714
it | At

o—_ %M | 41X 1h<=0.0084 H K4H4htk<=0.1522
it | A4

—_— M | X H<=0.0984 H KJHfh>0.1522
it | E&)E
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L R KA 22 i8S
HIBETT I, ASSCRIA] Weka 2 94.8 SR HUARUN BB IR KR 2, SO 17 SEZB B KL
SRR G U BT BN RO O RO RE2 EBh e, BRIk, ARSI 38R Rt
T ARG E B H B KT BT B2
®36 AL

R T PCTA R G WU E Y g
1) HI B kL 439 437 99.5%
L Bl B R 485 482 99.4%
9 57 I L 458 456 99.6%
! 95 95 100.0%
“r- i 27 25 92.6%
A4 Jwm Rk 900 895 99.5%
it 2404 2390 99.4%

3.5 Az HA IR K AR 16 T &1 18 36 iE

MIDCS ks Il 1) A 5T Rk 5 SR 5T I I 3.2 7E 45 R b m] LA R BTl vsh A% 1 15
PR E(S B, W#%>10um. >15um. >20pm. >25um J~FBCREREERIGE R, [FIEAE S R B
Y BRI (O FURL R D) B R eSS B R, S R, RSB BURLEAT /32, X 5-10pum (1
UL 4 Jai B R AN Al 4 Ja8 UKL 20 2 o 3 AT DA B A PO [ 4R R 5 G B2, 4 HE GIB420A
NAS1638. I'OCT17216 43 brife R Je S5 21

(a) ARSI (b) Heui4s

3.21 MIDCS #4460 S 1h

R 27— F IR 8 ) B — ALl AR e B BT AR AR, SR MIDCS BEAT ARG TN 56
i, KSR 3.7 Fron, 1EMAR AR RS BRI AL LA 3.22. ATLLE Y, B K
Rt (B (3 0, 5 M SRR [ kL b T S a2 LU T S5, R0 ST R b T R fetR . AR AR R

W1, RO EE ORI N, KB MIDCS 38 1L AS A oK T 10pm R BE AL R, mT LA Zker il Al
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FL 7 R SATLVR Bl A AR U2 W 5 TR DG BE R 7L

TR 57 2R O
% 3.7 MIDCS BSR4t 3
e >10um >10um >10um >10um
I ] SVRFAE B R DI R PV B B R I 57 B AL
h) (M/mL) (~/mL) (NmL) (NmL)
1 357 18 37 302
4 804 71 304 429
5 1305 143 322 840
6 2575 196 697 1682
7 5365 573 644 4148
8 21491 1986 7730 11775
—=— DMK
25000 —o— UEBEEL
—A— PR
v SRR
20000 -
= 15000 +
E
t
2 10000 -
i’z
#
5000
04

SN TR](h)
3.2 WA TRE R ) K TRV B AR

3.6 BT MRz s BRI 2 & S EREFEI2 B 5 0%
3.6.1 MBS U R IR1EHIE T2

AR SHOMEREN, hFEBARRE R, SECHBESTRL A HE . RAmREss)
B RR BIBE A R R 5 2 R ZD Lt R T R AT, WS IR IR 2 R R AR
LI APAR A TP A, 7 S X 2 R LB WP TR 25 %6 7 R T 2 R 3
DUBBRBCR RS SO, RIS, R RABERS . MRS Tk, 7E KRR
R ORI LA RID AL, 1T R SRR SR R T L 1 AR LR AT RIS T, L
A B A RIS TR PR 22 4, Wit i 2 45 . MIDCS B LR AP 2 A
K] 3.23,
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L R KA 22 i8S

[ﬁ%ﬁﬁ%%ﬁﬁ ][ W5 ] [ e BT ]

A 4 A 4 A 4

[%M%ﬁ%% ]—»[ U1 A :] [ IR PR ]

! La N GRAD !

________________________

BRI B IR1E

K] 3.23 MIDCS B 5 FRAHE il 58 i A2
3.6.2 MBS HHIFRE
MIDCS R &I i Fp RS KT 10um BERL AR . SRAVRI R ~F oA, HEE R 56iE R
P H AN, MIDCS RSN GE S, 3= 35 v I [ AR R 75 G P DA R 4% R~ YU Tl ) S A A B ks R
FEAE . JE57BERIIR A . T ER BRI . VIHIBERIR . RS BRIk E, NS
Fl 4 KT 10pm, KT 15um. KT 20um. KT 25um PURY, it 21 NS48, W3k 3.8 fiik.
% 3.8 MIDCS Wil Z%k

A (EA | FM1 HH 2 P 3 HH 4 FKA5
KF 10um

KT 15um SVREAE BB R 9 57 PR P EE B DT AL k4 8 ik
KT 20um W WE Tk B2 W W
KF 25um

THHVR ] AR SR 5 e J5E

PABERY S 2 RSB, T SO e B L M 2

IR R SR B AR (R A 5 B 57 R ARG AR R AR R R T AR A
FOTRER, #ATHERT 10um BLE, PRI 6 70 Ao AT R8O o AR A8 el A R 200K R
RAOERE P AL P 2E 5 57 AL, b= 2B VTN ™ B 335 2 MR A RL, A 57 B kL
A AR B WLV JEE AR () S GAEAT 5 B AR 05 RO %o i ™ LI, 2 P AR RO RS O
Rio PRIUL, BEXHIT A A S HLIR Sl AR 57 R RO A i, MIDCS il RS NS 808 K
T 10um FLEAFAEBERIR B . KT 10um f9E 57 BERLR FEAE . KT 20pm PR VR AR B R
H+ KT 20pm 19855 B RLAR B

XTI A R BN AL i P 5% e, T AR 0 R A B 5 2 R 0 7 A R B R — i
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Fol 2 R S LR S AR 2 i 5 T R BE BRI 7T

RSB, DT 10pum BRI o BEAE SR, 7 SO B 7™ = I B A 2 7= AR R R
SPEERL, EHUEHRE KT 10pm [ SVRFAE BRI BEAE R KT 20pm FRLEVREIE BE R FEAE A 1% 28
I R 0 2 5

GiH i AR RS YR G SRR, 2 18 % W BRSPS T BT GIB420A 12
i, 2 63% 1ML RIS Y ST BT GIBA20A 11 ¢, AR,  WE Iy [ 1Ak 5 Y
AFFEUE K AWAE I SEBRARI, 5 fE R ME B AR DS AN SR, BTN B2 S 4L

Zitr LIRAMMT, Bt i A R S T B U S HON -

(1) KT 10pum [ S FFAE BRI BEAE ;

(2) KF 10pum [¥15E 57 BERLIR A s

(3) KT 20pum (1) SRFAE B R4 B A 5

(4) KT 20pum (195 55 B Rk FEAH -

PRI R IR FR AR R B I . 95 . S =44,

3.6.3 BRIHIFIZH A RIEFIE T A

BT MRS G R, DIEME T Z RS TR AR Tk, Aia i KSR
SR, SR PP A ) AR S R AE

B (1=12,3,...,n) NREREI S | R . ATRASETEH, BIME D
yzzn:xi/n (3-30)
i=1

I EN:

oo Ji(xi P /n-1) (331

i=1

MRAEME RN GE T 22 b B DR PG, IR S R N E
EH: Ty=u+o

=

& T, =u+20;
S Ty,=u+30,

MGETH WL RN A S IR A B 2 7 BT, B3 4 v v A B AU ) XA A 28 R 3
PUIEH B AR DX, MR AT ok B v ) X SO OB AE IR X o FRRAB B B el i, 4 5 S
bR R EHL R S AT IE .

3.6.4 HFEIL BT SR

AR 1) 5 (¥ 5 BRARL, At mT DA 28 L 22 R sh WL R B IR A8 2 5 IR o S AR 9 2 R 3 L
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P R R K S 18 2 A S

MIDCS R i fai2 Wi B2 L 3.24 Flis

(1) A RSP BRI 25 5N T8 & S RAE, R9)H TS RAWLEPIRSIEH .

(2) 2417 AL BERLR I 25 5K T8 54l D T R BT, SRR SINLE RSB,
TR O A A R B, Ak A e, SEEE SR KAWSESE, WA Sk
WS AT AR A EURE R, S s A, — BRI R ORISR, SE R R R B

(3) i KAWL BRI 45 R T A, R, FREAE RN, IRt
AT HBERFA o

fE— M ZH

B R b AR

MR 4 )5
RFEHTIAIE

RALEE R IR,
R 2

KA,
AR

A
=
[%ﬁ@mm‘ﬁﬁga%$\ 2
R BHERTRE ]
5y

RAFIA B,
FEAAT HE R T

FI3.24  SURIIE R EIHL MIDCS BRI I 25
3.7 SEPRAN S & B EE 5 Ha 4 0k
3.7.1 BENIE—: R R IHURENRE R

TR KAWL G 4337 B Cu e BE 15 9 5.5ppm, MIDCS Z 4t B fips il (1) & 5 {5
3000 M/ml. FIADGIE A Z AL R A HLEAT R, G R BN TAE S 1284 /NI, I
e oM KRB Cu R FEAE R ik 3 5.2ppm, Fe iREIEH . S, MENEBERES %
WiE, RUKELEHE.

1811 MIDCS X B TAERT [ A 1057 /)NeF 21 1284 /INKF 2 8] (1 15 AN MR EAT T B R 2
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FL 2 R B HLTR B R B 12 W 55 T S BB AR 7
Hr, W OGEEA MIDCS 2347 80E W3 3.9,

ATLRIL, MRBIHLTAER 1221 /NSFESFFAR, JHR-h B ROR i B, 5%
Bre RARRF . R BNHLE BRI B RIS Cu R B BE T AR () 125 4k WL P 3.25. & TAE S
1284 /NI, BRI SR KT 10 £, TG RE CudRFEESG KA, 3R B i - KR~ 1 ik
8%, SRAVBERIEIE, SRR,

% 3.9 LA MIDCS B4 b5

e RN TAER ] (h) Cu(ppm) >10um (4~/mL)
1 1057 1.1 1378
2 1088 1.0 1643
3 1113 1.2 3022
4 1136 1.0 1829
5 1150 11 1033
6 1168 15 1617
7 1185 1.3 1590
8 1202 14 1855
9 1221 2.0 3022
10 1235 2.4 4506
11 1241 2.4 5911
12 1255 2.4 5142
13 1276 4.3 6733
14 1280 3.7 4970
15 1284 5.2 36847

a7500 ] ' | s wcshmERE [
C e %lgCUE;{&fg 18
36000 - [
L 16
’—E\ T - 14
<: 7000 [, T
ﬁj 6000 Q
& 5000 [ =
‘Lﬁ 4000 - :: g
g 3000 A s S
2000 ] ‘//\\/_A// . 0% Fa =
1000_. ......... ... .._.l_.”..'.o..o...o Lo
0 T T T T 0
1050 1100 1150 1200 1250 1300
KAWL LAER A (h)

3.25 BERIK R A EE Cu Rk EAR L

R 10-15um, 15-20pum. 20-25um PR KT 25um YRR FE AR A 1500 UL A 3.26 (a)
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SRR E (4 /ml)

F AU AU R A 22 AR S

MR B RLLL 10-15um RSFB N, HAEIZRSIFLEE ST A2, 10-15pm ST B B Fi
K. K 3.26 (b) NUIHIE KL, ™ E ISR 9757 BERLE K S AR I [ AR 150,
ALAEH, KEIHLITAEM 1057 2 1239 /NNf 2 8], iR H 8 57 BE R 2 . A 1239 22 1284 /),
TR T E N S BRI, R MR R R AR R R D 5T RITE N, R R T
B, UBEHUNE.

20000 20000
18000 - 18000
16000 - fg\ 16000 -
~
14000 - <& 14000+
12000 @ 12000
10000 £ 10000
8000 - E 8000 -
6000 :D@ 6000 -
4000 4000
2000 - 2000
0 T T T T T o L T T T T
1050 1100 1150 1200 1250 1300 1050 1100 1150 1200 1250 1300
KB AR 1 (h) KWL T AR 1] ()
(@) ANE R B bk i A Ak (D) A RIS AL BRI FE AR A

K13.26  AN[A] RUSS ANAN RIS 1) P Rk P2 AR 4K

BRIA R, RIS HLE AR ERRIVE . IRFFA™ E R, AINEIRTE
PR ORISR, WA 3.27, R A T RS P M SIRERGR I, BAARIERE A, HR
Vi DXCHOVRFEREAAR [F), 2ONBR BRI ARG N B m] LA B A8 57 IR, i R AT
IR 55 26 RFAE,  WLE 3.28, RWNZHAR R 57 Rk, R AL RIGIE T MIDCS FEhL
Iy AT R IERA 1 -

(a) WEIERD] (b) &k
K13.27 AR B A
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Fol 2 R SR B R 2 W 5 T S0 B BORBIE 7T

2
Signal A = SE2
Photo No, = 12

Date :28 Feb 2010
Time :1120:30

EHT = 2000 kV
WD = 41mm

Signal A = SE2
Phota No. = 2

(a) WA

K 3.28

(b) VRERIAIIR 57 2% HRFAE
RERE D7 %

ME3.25 haT A RA H, SEg0O6E ML, MIDCS R4t HOLHE B i 7% 1 50

/NiF . BT MIDCS X 10pm DA _E ) 5 5 BE R AG I g 56 58, 11 VR B bR - 1 55 RV B e A
10pum BB S5 BE R, [RIk, MIDCS S - W45 0 25 R sh ALV sl il Ao 57 e s 2L AR 34

3.7.2 BAIIE — . AT LN R4

BRI AT, R A RIREME S SR COME S, KA T E A
160 B0 S 2R 1) B I DR 2 R Bl L 2 Bl i B R T B TSR RGeS e, i R B
MU 4. H k& Sh LRl T ] 320 /N 56 430 X% Rk ShHLHUE AT J5 3% 9 AN IEE, 20331
KHDEREA MIDCS HEAT AR, A6 I4E FAE WK 3.10. AIEE BEY, EERARK 4 A
10 HAT4 A 11 H, W8P R E BERLE B E B R iE R, e >20pum AORRAE B R
MK, 2 5EF] 356 A1 502 AN/mL, I S Z R K ShHL IE# IR A .

% 3.10  AEIHLIE G o A AT LA £ R

A RENL T AR i A4 (ppm) MIDCS(“*/mL)
TAERFIE Ch) EQ) Fe, Cu >10um >20pm
3H23H 297 20 0.6 0.1 210 29
3H26 H 300 23 0.2 0.1 270 38
3H28H 302 25 0.6 0.2 106 26
4H1H 305 28 0.7 0.3 637 101
4H6H 310 34 0.5 0.2 328 60
4H7TH 314 38 0.4 0.1 229 98
4 H10H 317 41 0.6 0.2 1325 356
4 H11H 320 43 1.3 0.3 1004 502
4 H15H 324 47 28.1 4.6 15729 2654
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L R KA 22 i8S

3.7.3 BAMEE=: RNZ XA AR EER

2014 5 6 H 20 H, HCHURSILIZ N E I 18] TR B a2t AT Vi A, A BIZ R SO 7
IR TR A IR T 20um SARFIE B RLAR P SR BT, ol AR R A KT
20pm SVRFIEEERLRE 3450 ANmL) o HLAYR T EmiEe s, KIBZERE. HhihE
TR G5, EWENIFEERIE, RO R E . WiEeREaE
SERNGT, 5RIANNTREAS EMEARRE . 6 o dr R BRI I 45 R W3 3.11. 6 H 19 H
KT 20pm (P SRAAE BRI BE A b — MR 2 T, 6 20 HORT 20pm FR) el RRAIE BB Rk
Ol T 5. RSB, Ok, T RIRERAAK, R
HR R AR T 10pum T B R R 32

R 31 RBIHUE GG A A RLAS I 45 R

ST KBl VB I AR I K% (ppm) MIDCS(“~/mL)
TAEmSTE] Ch) [] (h) Fe, Cu >10um >20um
2014.03.05 1602 100 0.6 0.2 196 52
2014.05.12 1649 147 0.7 0.6 196 17
2014.06.19 1702 200 0.3 0.0 788 229
2014.06.20 1706 204 0.5 0.1 1663 583

3.7.4 HEVEMY . BT & sl E S EE BT %

2015 4F 1 F 23 H, FECHUELHE I ] A RR B AT I i, M IS 2 R BhHLE O
WEATIER, {EH MIDCS #EAT VB Rk il LB bk Il 25 SR e b — AN ie B ok, H
KT 10pm SR BE RV B 1 353 MmL b FH %] 938 MmL, kT 20pum BAFAE BRI FE £ 34
AMmL EFH3] 247 ANmLe KT 20pm SRR BRI FE O 7295 (32230 MmL) o il
Sy AN RIS 45 R W3R 3.2, DGl AT A R — HAERFEROK, A HEEN. MiEkE
RN ARG, EFIFMEHEERME RN Z ISR, WK 3.29, FiHmEA RiEL.

312 BN HOG G Zr B AN A I 45 2R

SERE ] &bl T AR JGHEHHE (ppm) MIDCS(~/mL)
TAEmSTE Ch) [f] (h) Fe, Cu >10um >20um
2014.11.26 1583 141 1.0 1.1 282 35
2014.12.20 1634 190 0.9 0.8 584 192
2015.01.05 1642 213 13 1.3 353 34
2015.01.23 1684 265 1.0 1.6 938 247
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FL 7 R SATLVR Bl A AR U2 W 5 TR DG BE R 7L

K329 ERWMRANEEF
BRI RRRE AR I, R BIHLER — J R AR W 1k B 2 e S [ E R ET ReEAN B A
B 5 B2 R TR RS AR RE R B, A el B IR O AR, Bl N LT R,
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() 13T AL FIR N R R 5 2 S EN RIS, B 7 HEGERNR
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WA HTAREL, MIDCS X T W 32 i 2 sh AL Bl b 2ok 55 i 58 LA 35

(7) KH MIDCS % BRI ZS R ANALEAT BE LRI, - R B8 5T T4t 22 e i 2 R L e,
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REN AN I R BIHLORE A BLRR A (AT 20 4x,  SEIN R 28 U R 3 il 7 i
B, BEA AR G RATHA R . RS VPG AT DU TR Bl ik & A i IR ) 52 4R 48 7 SRR AR
fi s BET GRAEAT S AL AR (4 22 e BT BB S AT TT 1 3 TR0 g 7 2k I 45
AR, FEAEBEFERL b xR B R 1) 75 di B0 7 B AT R AT

4.2 MK B TE Lk M1 RS IR Sy i
4.2.1 RS E AR T ERIE

‘?%QWJé%El\ B £2 el 2

B I R N O

TR RLEL B
K41 RS EERER

R IR R S R XU iR e et R BRI A 4.1 Fos. PRERREIL /RN 2k el
M, Sl BecE, SRR, Gl 1R R AU AT B . AETERURLE I, P2k e A
IS EG P AL RIRES R INHEE, DT TR, BN, IS S 4% . 3L — b 2k
AL B JE UKL S Bk UL A T2 A0 0 AR R AN E 0K rh ™ A Ui, A 2 S BURNL 26 Pl
DU REE A AP, AR E] A IV, 2 T SRS 26 Rl BN L Eh 3, RN H
SR A 5 S

dAy

E=——% -
” (4-1

AP PR GEIIIFMEAE, 22— S5EE 5 AE R E ML Z SRR TR MR
REFEZHAR) WIESZES, AR —Ert,

E. CAy (4-2)

max

T 88 R 2 e ) S 2 7 23 30 1 BURLAR G 3o />l e BBl I, . P 3l 4 d ALK /AR
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A PSR . BRIE, ARSI — N ek AU R A KR I RR AR 1 AP,
ST P UL A0 S G SO 0 I A R B, N R0 A 5 S IR 2 AR A BB R
5], MR AF 7 2 TT DA U7 S0 75 Ay ek S o
4.2.2 {5 IR M A
Sy BT B2 B RINB LR (IR A0 A AT, DA% 4 8 SURSE 1Y) T A, P S B0 7 L VS 5 85 e 7 4
R AR A

4.22.1 BELBHBIAT T

Kl 42 LR ER

EE 4.2 R, B |, ARME G r R R AT, A 2 AR A L
BRI BRI 3E H
e, xds,

- m
B(l)=—""—|*+—=* (4-3)
( ) 47z“- r:

12

R r, TR L 2 ZIINBEE, e, FmA LS 2 ik, ds, #5 2 S S
LHIKBETC,  fy RONHATH TR

O LRI AL 2 ARAR 3N (X, Yo, 20) AT (X2, Yo, Z2)o 4 X0=0, =0, yi<r B}, 7EARALHRR
Tid (Yo, Z2) = (rcosd, rsind), #£ YOZ PN
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— (rcosg-y,rsing)’

elZ
L
2 2 (4-4)
r,= \/(rcose— y,) +(rsing)” = \/r2 +Yy, —2ry cos@
ds, = (-sin6,cos0)" rde
Py
- - = T - r-ycosd -
—e, xds, =e, (cosd,sin@) rdde, = —=——rdoe, (4-5)
L
B(1)-, (1) - 2 [ g A [T
4x I 4r (rz +yi = 2ry, cose) 2
" 1- Y cosg a1 1-Yicosg il [y (4-6)
N r do = — [ r da_—°k(—1)
Axr 'L v 2y % 2r 2z J“’ v 2y % 2r r
[1+ —— 1cos@j (1+§—1c059j
r r r r
REERIT . (x, Y1, 20)=(0,0,0) A
|
B(1)=B, (1):‘;L (47
r

FEL R, DN SR ), WG ER K. ELhr TR, THERGER, JyfE s
12 O (585 487 b R B PO SR A2 s R v e I 1Y P W o = R 3 T = RANS R M 17 3 i
B, THE RSSO WA (4-6) thaf DUE H, 2P rb it 8 B i FE 45T o A N
S —AREBIFA, MEENG yor #HC. HHIERT DLAEFAS 3] b O R IRk N ik 52 3fe DA 2k Bl T AR
T ALh SR A5 368 B 5 S B o B ) BB & — AN T 1 IREME

*y1=0, ;=0 B},

Ir’
B(1)=8 (1) - —— (4-8)
2(r +xf)

4222 WRERE IR DA

Wk 4.3 s, WKL, [WACY N FSREE, IRZE P X ARFR7 i) -Li2 AT L2,
R BN IR BN
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~
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L 4r?2r
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e L’ 2r
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B L>>r i, BT JE R A 2k Rl i

2Nl 4 NI

0
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(4-10)

(4-11

(4-12)

(4-13)
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NI NI
average = /uOZ ( L2 + rz - r) ~ ILlO
L L

BULTTRL, 2 r>>L, HIERRAT, 8 RSN GBI R, 54
LR ARR . 2 Lo>r i, BIBEEEM KL MR, 2 P % AL 35 5 AR P . LR
EH, SBT3k

ST LA T R R I B AR, S A AR AT IT AN, R AR [ T
B, TR LB T 75 T A 2 I S K
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PR EANE RS, Wi 5 LR AR L. R — b 25T, Dt m Btk
R FL AL SRR 2 P 7 A O G RN
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G A BRI T IR S A T, A AN U5 AR B, TR R T FL R AE I
24 B F 7 A R 3 R A S 0 2 A
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B
A

|
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K44 &KL HTR &

i P T 30 9 2 ) R JE PR T i o %, BT BA
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Y x1=0, 7170, yi>>r B, FEARAAR R HIE (Y2, z2)=(rcosd, rsind), WITE YOZ 1 N A
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ds, = (~sin0,cos )" rdo
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—e_ xds, =e,_ (cosd,sin @)’ rdde, =—r cosddoe, (4-17)

z,,e—xds—2 A J‘Zﬂ —rcosddéo

B(1) =8, (1) -2 [

r 4z % (y,—rcosd)

,uo J-/ -rcosd  rcosd 4o A A ~4r’y, cos’ O
7| (y,~rcos@)  (y,+rcoso) 4z 77 (y,~rcos) (y, +rcosd)
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r’y, cos’ 0 Ir* ox Ir* ¢/ cos26 +1
z_ﬁLf4 L= d&:—”°3j4cm%me:—”°sj4 PP
A zy, *7 zy, T2
:_uJﬁ(mma+gjﬁg=_%wz
zy; 4 2)% 2y’
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b=~ =] | oy ody = [ —dy=- = i

A BRI AT, B R ARORLA, T B 2k Bl v Lo AR N, R PRV BN P IR 5 ) O 5 P
TEHRUE . BUREAR T T BAE L, SN AR b . 2R AL T2 B AR B, -
R AIIREAL, R B R AR . RN LB Dy R kBN R KRB, Al

UTARIA YRR B 25 rh 25 2 Pl Wi AH [

T AR T B RN 2 el ELAR R, S Al i, AR IR e JmBRE, e AR

R P 2R IR R R ) o B PRI AR, A 00 <o R 8 R e

4.2.3 XL HBIHP B RNFRLB TR TR

AT AR, B IEOR B AR TR B, BRI AT DA SR BT 7E X 488 F
G R s . R T R AR, RGE S BZ RS H S, BRI, SECH ALK
RGP OF 678 H B 25, NS85 i s s @H 2k 8l il 1 ) A3 A2
51, WORLES) BRI TE AL B H A8k, BRI UL V) B T I

T PR 2R 2 F BUBURLREE B AR, HETT P A R F S AR LR . RS AL B3 I KN
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B3 AAC AR BRI e R M T ORI B 2 8] v 0o il 2 S oL I P PR 3R S BRI R 3A B AL 3 e K
HZIRIRADNR R
AR L S DL T AT b BRI RO £, R EN 1,

I =1_sin(2zft) (4-20)

G Y SR L

H(xt) = Ir’ __ I r’sin(27ft)

2(r2 +x2)/2 ) 2(rZ + xz)g/2

(4-21)

XIS [B] SR A3 2GR Z N
Ll = ﬁ+ﬁd_x (4-22)

R I A4 3 BUR e 9 FE AR Ry

H  xfl r’cos(2xft)

¥ (4-23)
ot (rz +x2)/
CES
max(ﬁ) _znh (4-24)
ot r
T E BURLIE 5 SO BB AL T SOy q, BRI AT S A
oH 3X
— =1 r'sin(2z ft) ——- ,
S 2(r2+x2)/ (4-25)
max(a—H) =151 r’ max X - | =151, r" max (ju(x)]) (4-26)
ox (rZ + xz)
MFHAR, FIS A, u(X)ea .
ou  rr-4x
T (4-27)

x (r2 +x2)7/2
o x=e/2 i, S0, B
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01 mxu ) = 22— 22 w2
5/2 r4 r
g
max(ﬁjzl.SImr2 max (Ju(x)|) = 0'4?”‘ (4-29)
OX r

EIEESSE Gl 7 R RS IN [P 5|

(4-30)

4 r=1cm=0.01lm, f=100kHz, v=5m/s B, k=1460; 34 r=1cm=0.01lm, f=10kHz, v=5m/s I},
k=146; 4 r=1cm=0.01m, f=10kHz, v=10m/s i, k=73; 24 r=1cm=0.01lm, f=2kHz, v=10m/s
B, k=14.6,

K, — BB, Sl HE AR B AR A S 3 R AR A Rz K T R s B S B A g E AR
R, TR T RN s 3. HR S ] PLZREAN T,
4.2.4 SRHEME BURAS I R 32

U M R A R 3y R G B AR I R R &R

B=puH+J=puH (4-31)
X, H RRHAR NI SR, I RoRHEARA R

H=H, - H, (4-32)

H,=-N,— (4-33)

A, Ho RoONMEWH A, He RonBRSARE, Ng RoniBRIA 7. BHIR T SHEATIR
HR, HEARISHARE7 T WA, BRER 7, BRIARBRER TN 13,
X (4-31) £ (4-33) AJLIHERER

J= :uoHo (,ur-l)

= 14N, (2 1) (4-34)
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= M (4-36)
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BREGVE BRI S 38 TR I — T R Lo TR, AT BRI TR AR 45 i 26 7 1)
W% 5 IR Z W6 s B

_ AN
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(4-37)

458 4.2.2.3 Tiop M, T LA BBk P RIUR 12 1 PRV - B SURN 4¢P P A AR A N
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Ay
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P DR AR R 2 2 B TS M Al I B, [R5 SRR R X B B o O — MRS LS,
R, (55 IEHEk.
4.2.5 FEERFL M RS N JR IR

(23 ] 3551 AR (58 AE RS Ho R HOFEIR T HUBTRE (re, Lo 3 BIZRER LR MK ) Py
B F R SN B B VAR AL, TFAEE 2k . Forster 32 HUH B SRS, WAL TSI AR HR
TN B SR AT B AMEE RIS Ho, TS R AR E I AR A
fh, EHTRE A IR 25T [ S Py ZLSE I B BT P2 A IO REIE, S3oRe B — AMESE IO REH Ho
RIS AT R0 T 2R e BAR T S2B BB IO H, RV SE AR 2 g, SRR AR
T S 7 g A

B =1 1.H, (4-39)
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MBI 108 Ry
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il ER A, KENL, [EHCYN, FEANS SRR AN S S iE 37 26 Bl N s i A2 Ah B

NL, ., NL ., NL S
Al//:T,uo,ueﬂHO;rrC —T,uoHozrrc :T,uO (pts —1)H 7t (4-41)

BRI RORLIE AU A B 4 T ELAR 1 [ AL T A0k, 0]

y 3
_ 2N/10 (lueff _1)H07[rc (4-42)

A
4 L

275 FERURLA T B S M3 [ 22 P8 D 7 2 BRI A I DL, T 3 SR R ATV IR AR AE

Ay o (p —1)r° (4-43)
ARG F R pess WIHUE S WU R 5 R B LU T/ AR
XF T AR A R

5066

9 2
od

f (4-44)

Hrb, o RRMHBSE, BAE MSIm; d FoRBFSAEMELS, B8 cm.

DA A BT IR . S50 H 5508 35.4MS/Im, S5 &R, TEIUNANZ N 100kHZ B 15 45

BN 4.1 fios.
T 41 BROIRERRA SR E
RIS fy/kHz AR L fi, Hets SEHD et KE HP |ttet-1

400 0.25 0.9989 0.0311 0.031119
200 0.5 0.9948 0.0620 0.062218
100 1 0.9798 0.1216 0.123266
50 2 0.9264 0.2234 0.235212
33.3 3 0.8525 0.2983 0.332775
25 4 0.7738 0.3449 0.412459
20 5 0.6992 0.3689 0.475991
16.7 6 0.6360 0.3770 0.524047
14.3 7 0.5807 0.3757 0.562995
12.5 8 0.5361 0.3692 0.592884
11.1 9 0.4990 0.3559 0.614545
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10 10 0.5678 0.3494 0.555767
8.3 12 0.4202 0.3284 0.666344
6.7 15 0.3701 0.3004 0.697864
20 0.3180 0.2657 0.731929
50 0.2007 0.1795 0.819207
100 0.1416 0.1313 0.868384
0.7 150 0.1156 0.1087 0.891055
0.5 200 0.1001 0.09497 0.904897
0.25 400 0.07073 0.06822 0.931771
0.1 1000 0.04472 0.04372 0.95628
RS M |uer-1115 T/ fg 22 BRI, WK 4.5 For.
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B 5 UKL B2 19 5 T IEBARE LE .
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4.33.1 AL

TALHLIZATF G4 GNU/Linux V2.6.38. #%4t CPU A5 2L ARMIL76JZF A %1
S3C6410A, & Nand Flash 771i# %% 1GB Al SDRAM 128MB. [ A5 7K H (38 X 4 1% 1 B4
K gec 4.4.6 FRAS 141 4% bootloader, 5|5 %% % i) /2 U-boot 2012.04.
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VERORLIT . 1000pm A b BREEMERURL T & BRBEVERURIECR 70 8 R SR Bk E s 5
SERAGER . BBV RURI A N AR B BB RO B AR A B BRI RORL T & 5 4
PRI . R TEURL B RN AR . X ESRHAE S Y T DA ST R A, EA LT
T o R RORT AOR B B RS S e 7E S B o B R A 25 5 2 B R G TR R TS YIRS, 4
W s SRR 22, TR P AR B /N I AR 1 26 5 0 /N R A 26 ) DU 1) e i il 7 5 4,
s, LAES 1 R R BOME R A N, Bl B S BRI M RUR BN N AR A S R
/NI AE AL AN P 4.32 TR

1000 180

F."__ ‘_I_|C 160 -

o 800 . 140

<: £ 120

N 6007 ﬁ 100

ig - 804

I 200 ﬂﬂﬂﬂj 40+

& & 20
0 —_—————————— 0 ——————————————
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

T B 5 BT SR E]/h T8 5 BT SEEG N [A)/h

1 4.32 E206-05 %L fli7K B5 8 RFAIE AR b i 35

St 431 FE 4.32 RERA A . IRBNFFIERE A - EARAE WLl R I 51k ka 3, (B3N
K, BOZRINIAEE T, e R E AT E, B M AR KR 2 R 0 RS
RIYFICHA R ML, WBRER B dh 258 o, BRah(s 5 HA B i,
PRI, 3430 Sl T2 0 R M 00 o o 2 i B WLV 0 i e 1 9 4 7 iy AT R ST«
4.6.4 HRX I MR THE

SRR I &A1 R ] et 00 5 At — 8 BT S i & P BB LR 3R 22 R
RISHIEE R . AT U HOHR B Bl AR T R 77 i AT @RI, 0 & 2B A R A T T e Ok
T L BT AR — HE

(1) ARAE B AR 36 e S 1 L R AT 7 ik

e, AR E AR RIS 1 SR A A AT IR . BTSCC AT, 5B 6 AIRIG TS
FATRERR R, BIEATTH: BAh, R 1R, 10 AR, 7E I 5 1 B g s (e T
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15000rpm) HITEHL T, I A E e AP R K G 25 D, SO R HE
H o

(2) MR Hict TALBE 45 R i

TR BN AR FPIRES VAL 5 75 i T A 2 B T4 T A R i B iR shiik . Rk, %%
AR 2 H Ay T3 BIREh RlR LR R R R B Bl (Al 4.29 Fios) IR EEE X
b A IR AR B0 RO R o AR SR SR P AE i B0 0 5 ol P sh il AR AT 75 A T, TARLIE,
AR SR PR I (1 9ok Y80 P S R oK S 7 (4 6453 0 AR B8R 451 1 E206-08 il 7K B T 45 R
SBRFIEAR A 3 L 18] 4.33,

AR AR AT RSP B Y QAR ALE R A R I BT, R S v 2218, HIZHT
G Wb R BUR I, R SR RO PRI . iR 51T RE () BRI AT L DA B il K
R, 1A MR A e B RIR I8 5 AL B BOR AR BRbR s o A8 15 21 PR ik 2K B 1S R (IR 32 4L
FHKE, AR BIEA ZAIERUE. BN, USRI SRR B sk S B A F
He—E M, BRI RUR BN AR AR B RN AR AR IR BB — L, I R Bk R
REERIE — RT Bk A PERURL I Bk 31— e (B 5555 . P AR OSBRI € 5, AT AR i A K
O BB — I LE BT 5, A9 2V AR R MG 47 s B . X HLR R O A6 D5 I 208 SO
AR RSHAE 600um  DA_E (R BRmE PERSURE RIS 25 b7 1) e 28 SR A0S 2008 SO IR AR RTHAE
800pm LA b Akl P RBURE OB 221 o il 10 3 A% 5 7 i R SO il A N ATT e 40 0 P 221 281 el 7 e 24
RIS 2 P e B

ZEVTEE, RRG T % SR IR A i 47 FOR,  RIREIE R & ALAR BRI A 575
N 4.8 i,
ey m— R
—— 200-1007 K
5004+—— 400-60071
., 600-800fH K
:\:; 4004 }( J.'H()(),TJH{‘/K
raey
#®

T T T T T T — T
30 33 36 39 42 45 48
S )/h

] 4.33  E206-08 i B 5 25 ] BURFE AR e 3
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AT RV T B2 R R R A A

Fedrpm | Wk S | BIREFmIIR | WIRBIN 21008 | AR R
12000 E206-05 | 100.96 16.04 117.00
12000 E206-06 | 77.84 33.06 110.9
12000 E206-07 | 77.72 390.42 468.14
12000 E206-08 | 84.36 16.00 100.36
12000 E206-12 | 188.46 70.42 258.88
9000 E206-10 | 29.78 124.86 154.64
9000 E206-13 | 234 56.43 79.83
9000 E206-14 | 0.225 65.79 66.015
9000 E206-18 | 154.92 113.45 268.37
6000 E206-19 | 635.87 142.29 778.16

R A8 [N % A AR AR R A 7 i

FIEAKN | BRG S | BIREAFGIIR | WIIEHDI 208 | AR R
2 E206-17 | 99.5 12.56 112.06
3 E206-05 | 100.96 16.04 117.00
3 E206-06 | 77.84 33.06 110.9
3 E206-07 | 77.72 390.42 468.14
3 E206-08 | 84.36 16.00 100.36
3 E206-12 | 188.46 70.42 258.88
4 E206-16 | 56.26 23.6 79.86
5 E206-15 | 16.04 0.44 16.48

M4 TR LAt B 912000rpm )l , B206-12 Hlik 5 A4 i A b T [R] 00 Hof
LR B O R, T A LS T AE 9000 rpm T Ak K 1 A s B3 9000 pm 1) K
E206-10. E206-13. E206-14 Hliz& (1) 75 i B AR T 12000rpm T [ & 2H il 2 2 5 i R P 34
BB, K PR AR AE T B B L T4, EAIHIBENL SIS B, S 80T B .
FTEL, iR AZH I 1) 7 AT e Bl T A Al ) 5 R A 2 7] — FE BE B W a6 12 0 T 3 80
HANNTEAIRIE 1 EIRAZ RIS HAE TR FIRE, R4, 8H i m] LLE HE206- 1 2% 2K 50 20405 A7
TESEH s R R M N2KN R HIE206-1 7478 8 5 fiy /N T2 A1 38047 72 3kN R fIE206-05% 7% ,
B HC3Y R T H AR A 1 804 £ 3KN T PRVl 2K PR 6 75 i, 28 FE IR 75 A AR B A7 £ B AL , IAE206-17
o 7 ) A T A

gi b, YONPTHEIT ) 15 RIS, ORI EHE A %, KR 6 ABIRAE & T

SEEAR R AR AR AR A, BARME BRI TR 4.6 H.
4.7 BT SVR AN HARI R HF s
R AR B, 51N TS24 h) & | )H (support vector regression, SVR) % RBHE 4T I
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FL 7 R SATLVR Bl A AR U2 W 5 TR DG BE R 7L

GRIEME, 133 T RSN )R A 8T 75 fiy (Remaining Useful Life, RUL) X4 A 804 . ik
FROE R AT, A7 ml e il 36 kb 78 A Wit 4 i 56 35

SCRFIRRNURE T Gi vt S B R R R A — R L8 22 1 U7 ik, i a2 45 A0 XU # /)
ERYJEN, FEAT BRAEA MG LT BAT B AL RE o SCRFIAIR B JA(SVR) A& SCHF [ R HLAE ff
SRl i RS (3, F A S SR R BRI R DRI, ASSCRER A SCHF A & B R
XA 2 il A R AR A i AT R A

4.7.1 XFEEEHAEYIREY

B RN [T, W TR EIIGREA (X, Y,),XeRY Yy, eR, i=1--n, Z&EF
YA 9 B At A SR 0 [ U B
f(X)=(w-x)+b (4-46)
K. weRbeR)(W-X,) AW 5 X IR, I HLis 2 45 KUK e MR B
KA H A B R B AR
QW) =Wl + CRyy () (4-47)

emp

A C NETIN T, SSBELS R MEEGEZ R Ry, () ABKmE, HHK
BURBRECE XA 3. Huber s, Laplace AN & — AMEUKRR AL, Horb & — AU R FmT A
B ORISR B RORRERLE,  [RI 6 OR 22 R doe /M AEAE AT T S AL TR AL . DRI SR8 F) 1
JRIMAS R Z IR, B yo NIESHE, y ATIIME, HESCN

[Yo=Yl=&, |Yo—YPe

L.(Yo,Y)= (4-48)
MEIN & —AFURERE, X (4-47) A5 A:
1 1Q
Q(w) :§||w||2 +CEZ| y, — f(x)], (4-49)
i=1

B, My, —(W-x)—bl<e(i=12,---,n), BPTHRASEER f(X)+e 0 f(X)—e4l
R N, & 4.34. R (4-47) W]E R

N A
min=|w||
2
st: y,—(w-x)-b<e , (w-x,)—yt+b<e (4-50)

ZRER ERZFRRERR L, SIAMIHE T >0/ >0, Nt (4-50) MR AL R EAS .
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AR LR R 2 A8 S

.1 . .
min §||W||2 +CY (S +S)
i=1
st y,—(W-X,)-b<e+¢& , (W-x)—y+b<e+d’ (4-51)

i BT LU SR AR Rt — VO (58 o, ar,” T4 B v

Qa,a’) = ZY.(a —a') - «92(0! +a )——Z(a — o) —a;")(%; - ;)

—1 j=1

s.t. Z(O{i -a,") =0,
i=1
0<@ <C,i=12,-,n (4-52)
0<a <C,i=12,-n

Aof, kRN R RS e, B, BT LRI

b——1/22(a —a " N(% %) + (%, X )] (4-53)

=1
Rigb, Hr X, X EIERPIA ARSI R R XL ATS SR R RAEA I T o5 £

f(a,a*,x)=zn:(ai—ai*)(x, X;)+b (4-54)

K 4.34 2Rl ) A B X 4k

RALTF 2RI, P RR KX - %) REACABUE S, SCB R IR 2 1) 28 fry 24 2 W) £ ek
S, TIASEAER 24 2 [R) A JE 2R M In] UG A S ey 4 S (R R e it . ST NAZ RS, oAk B bR R4
A (4-52) BRI HE:

Qa,a’) = ZY.(a —a’) - 82(0! +a )——Z(a — o )(a; — o )K(X;, X;)

—1 j=1

(4-55)
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T AH L PR T e K 2K (4-54) B2

f(a,a*,x):i(ai—ai*)K(x, X.)+b (4-56)

EEMMA (4-56) HUa] B SCRF A B [ R
FTUAE Sk S XU e MG I SR ) B B VA TN vk, BRS5 8 1 N ZRFEAS B UL 5 12k
NIRRT INGREAR IR 2, oA BT i T g

4.7.2 I RIG IR AR

AR ST AR A RS R A 5 oy 0, S8 Ik 5 T 43 8 5 2H R 6 v A VA B g
B o Ll A SEZ o PR 0 A% 7 i o R 2 M 00 9 50 P SR L) 18 ANRRAE R, kTl b 4
ZINEF AR A 2 5 I /NS A 26 R A M S R AR B AL B . R R OWA R GUR A BRI AL 5
BEJE i, R — B e, AN ST AR P RURL 25 /N B A A A Sy VR B il A Rl % 7 o TN
(RIRFAE o DRI, S Al R 57 0 8RB0 3R A5 1 O LA AAHe, T LAAS 317 3 Bl 7 ) 9 4 77t
FEAN VG . AR AT T % TR I ROk 28 /N i A8 £ 2 1) AR A i 2

FEAR AR AR A SKN I, N ) A 3o T 110 4% 4L b 7 A0 91 4 75 i 5 R AE B PO A8 Ak 0% SR U P 4.35(a)
iz, Fr 33y 12000rpm 1510 L E206-08 fili & AR (K124 E206-08 Fifl 2K 18 4% 4 75 i B¢
Pl iz Tl P RIR i FfE, sk 4.7 FoR)s fEFEHE Y 12000rpm B, A EE A EAT T
[ - 25 il 2K (0 00 2 77 i SRR AE B R OG R AN 4.35(b) AT, R EAT D 3KN R AE L LA
E206-08 fli7k A3 FEFLH 2 12000rpm 42 A #ifi Jy BkN N, [F) a0 ) 5 AL bk ) 36 A A i 5
RHE & AR R N 4.36 FTm .

M 4.35(a) AT A, TE5E SRR AL, A R % 0 5 2L A VE 2 220 7 4
T SRFEEIIAR . X TRAEE, SRR TERIIA 315 AT B RFE(E Y8 6 TR 7
iy, BRI, FARR DB R ESR . (B2, BERIEEE R, AEEET
2Rl AR TR A T AR ECAR L

ME 4.350) AT LLE H, 7R SURIRIIAT skl ANRIAR R34 R 1 &5 4l AR 7E 10 %
IR A GRAEEIIAR: W FRAEE, S-SR AR 105 A%t B RFE (35 /N s o380
KRRy, BARRER RS, ARG RS BEEREEE R, AREH
AT NS AR A i R AT R ZE . SRR, 43 10 28 Ay A R TR A 75 i P S K
T N AR TR A T A R o % S SRS AR L
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2004 004
. E206-19, 6000rpm y B, 2kN
s < \
N 804
* i E206-08, 3kN
3 1
-
i % m“'{/Kg\
EY
R 1004 §  E206-18 9000rpm R \ \\
= i = 404
2 1§ = \ §
\\ ~ E206-16, 4kN
E206-08, 12000rpm 201
= E206-15, 5kN
0 0 /
0 100 200 300 400 500 0 100 200 300 400 500
PRGN R AN 0t BREE RN LR

(@) N[ 23 A K ) AR (0) 7 [ 8k 7o T b 2 1O 90 4 75
K] 4.35 AN [ SE ATAN[R) B T~ i 2K PO 90 A A i

100,
i E206-05

80
AN
60 /KEZO(S-OG

N
104 . E206:07
4

RUL/ TG

20+ y
__ E206-08

0

0 50 100 150 200 250 300 350 400
YRR A A 0
K1 4.36  [a] o0 Sl i) 96 p 73 i xf B

M 4.36 PR LAE HY, FERIA S0 AL, FHEL T K] 4.35, % 2H 4K i 380 4% el A i S U R
B T E206-07 Al A FH AR & 2l AR B B RHE (R 3 BN SO . (R, A Lol NI %40
R PR A2 75 i R AR A AR AE — 8 I B UM A BELYE, 40 E206-07 il 3 4 73 i BEARFAE A2 4k
FIZL CGzihAise S A B, Wk 4.6). Bk BE, [FITO0T & 4L AR 4R 75 il
LATAE— ML

4.7.3 f=SdAR R FHIEELINZ S MK

g BN A, ATCMS AN R A58 A R S HLR Bl AR A2 (5 A5 i 52 1 1 55 42 1 BT
RISEMA RN, 7 i TSR rp 7 5 25 R I PSR 2R s A, W AVORFE [REGE [Fl42
() BT G L 5 R T A 7 iy B Ak A R /N I AR A 2R AR A A7 AE SR R . TR, 2 A
P ITEME AT SR A BRI SR LN, SRR B — A R R AT . R EE A
AR AR T PR B 4 dE R, BIREA R A 9 AA AR b Al AR T A6 453475 1) B 4 R A
T FEAR ISR G E AT SVR @AM IIZRFEAS; AT, S0l A2 i a8 AR B 2 )
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Fol 2 R S LR S AR 2 i 5 T R BE BRI 7T

—AAb B . FERRLYIN RS A, A SFEAR BRI 7 — ARG A 3 — AR A IAREAR .

BT IR R EAEA, @I FIRREAYIZRH R R R e B AR AR B R IR i 5
B L AT B FVRAAE B LR O R o 24915 B 5 — I Z2 7R OAE B R R B, AR LA R AT A
BRI 557 Hh R 1 980 5 5 1 o

KA G REMREAZEZTT R LIBSVM AR R FE T T 2 IF R, LA SVR
MRSt BALIZR, RIBLKA (4-50) FHSHE C =100, £=0.01; #ZKECKHZM
#:(Radial Basis Function, RBF)#%, Sl s = 10, & 4H4hA XL (MR 45 B an & 4.37 Fros,
Hhon B, F AR .

100, 100+

M —— T
% —— S
804 ® 80,....
\k \\i%&
60 ®, 60
4 ’a,\ 4 \%‘"'«.,
i N, 2
~ :&\ -~ +
;‘ 404 ‘»,fj\ 2‘ 40 \m
%t:‘l ®
2y \@.
204 204 ~<.;§g
e m?th\
0 \.%W'm 0 “%‘&» -
00 01 02 03 04 05 06 07 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
FHIERE FHIER
(a) E206-05, n=12000rpm, F,=3kN (b) E206-06, n=12000rpm, F,=3kN
100 100 _
90 —— T — iﬂ_ﬁ:‘@;ﬂ%un
S . — S
804 . 80 %?
70{ ’\\\
0] 604 W,
w INM’””:,‘ # %
R 501 \ %1.‘; R \
3 i 3
3 40 - | S 40
Ny, Tt D:
* 30 \ \\M‘
204 k\ 20+ AN
’ wm"é".‘ gy \‘: T
10 4 L T e o
0 . . . . — 0 ——
015 020 025 030 035 040 045 050 00 01 02 03 04 05 06 07 08
FHIER FHIER

(c) E206-07, n=12000rpm, F,=3kN

116

(d) E206-08, n=12000rpm, F,=3kN
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18+ 60+
164 5 —— TRNan
501" —— S
14 4 ‘ “\\
3,
124 \. 01 %
% 10+ i » Y
S o S *
o} o)
T 6- X 20- \\
\ ',
4 "o,
\\\ 104 \s%k
21 -
\\ N""‘m._
0 —— 0 ; ; ; ; ; oy )
00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08
I RHIER
(e) E206-15, n=12000rpm, F,=5kN (f) E206-16, n=12000rpm, F,=4kN
100 . 1007 4
NS —— Tz \
80 %\ R ey 1 %0
"?m‘
60 60
bl g b
1‘3 \Q%‘t»% E “\‘C‘“e
5 40 s 3 40 N
o b o
:\‘\ .
20 :g“.\&: 20 N\
%, Fo
0 — N 0 : : e
00 01 02 03 04 05 06 07 0.0 0.2 0.4 0.6 0.8 1.0
FHIER FHiER

(g) E206-17, n=12000rpm, F,=2kN

RUL/J5i%

(h) E206-18,

250 4

n =9000rpm, F,=3kN

—— T
—— S
2004
|
1
150 -,%\;\
W
100 %
1)
\\
0 0 2 ot
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
i

(i) E206-19, n=6000rpm, F,=3kN

4.37  FARAFar BRI 45 2R

Kl 4.37 FR X HIAEANR 00T 7R T Tl i iR A3 73 d B AU ) I 46 R b 7R 1) S AR A
i Trg — PRIV R, 5 HIRR A6 Te (X RN

T, =T, +2

Hrp, z lRM =0, ¢=2.71532 ] Laplace 5 i

(4-57)
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=4
fzlmo)=—re 7 (4-58)
20
DGRBS 5] B T B 2% 2R A TR 5 S AE 2 18] 1P A iR 22 O (average relative error)-5 4H 5%
Z¥°FJ7 ri(Squared correlation coefficient). & Hi3l (4-59) 755, r* il (4-60) 3%

13 |Xi_yi|
o=—>» —— (4-59)
n; " 4-5

n

(niXiYi _zxizn:yi)z

= (4-60)

(03X~ (X)) + (037~ (X v))

i=1

r2

Horb, X 2 MR RESE, Y 2 MR RTINE, n AR E. SARARINK
145 FLSAE-FBIARAHR 2E & SHCRECE 7 r* I3 4.9,
RA9  RIRAFar AL R

MAFE AR FRFINHRZE S B el
E206-05 FEA 10.76% 0.99
E206-06 F£4< 17.7% 0.99
E206-07 £ A 35.57% 0.96
E206-08 ff A< 36.37% 0.98
E206-15 FEA 3.81% 1.00
E206-16 FEA 5.38% 1.00
E206-17 FEA 16.52% 0.98
E206-18 FEAS 10.44% 0.97
E206-19 FEAS 8.01% 0.98

T i A 2 R ) B AR 16.07% 0.96

Hrp, B 437 (@ - (d) 3t 4 ZHE50RR) TH—50 XN TN Gy 5 R R 28 2 —
FERY, ATLAE e JRUE R LT & 2 AR A F R A3 A7 AE — 8 I B A, (E AR A R 38 R A
T S A ST ST R AR A e A B BT RAIE, A RAE n =12000rpm, F =3kN HJ L T HAE
IRz ARE S . B 437 (o) - (D) HRENNRIRZERVD, E T dr th 24 ol e A7 2 “ i s
PG (nEl 4.37 (e)), ZRFINNZGFEA T RS T MU A —H i, Mg REA
Wikh 7, Tl A7 AR Y (K2 A6 BE J 1K AN B

4.8 f= & ThillIR & R &R 55 FUl

AR 24 iy A I B = SR T DATH S IR SRR (R R A i, (HR, AR AEMS AR Y s SL K
T AR A EeHe AT DLBE R F IR Sh AR R R A i, 01 7870 OREBE RHLRIA 2 AR S HLI
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ARG EEE . BT RO TP EA R @S B e A IR S, B, K
SCEFE GM(L, 1) RS SIS H 7 51 AR A A AR HE TN, LEARHF5 T L PR SR A A5 VR Bl
7R R 2% 75 6

48.1 7R B1ERI GM (1, 1) RIFNIRIE

IRt A GOV ] T B AL B s B b Ty i, HH IR T EIESE S T B 4 T
I LA E PR CRRR MR A B R P O
(1) Hedls Rk
B B, fiiid A AGO ( Accumulated Generating Operation ), ¥ J& 15 ¥4 N

{XO@)} (=12, N), W EFEAT AR, F—k 2L E N 1-AGO, HidA:
XO)=> X)) (@(=1,2:N, (4-61)
k=1

HE T 1-AGO # A {X O (t)} (=12, N), TR m-AGO %yl N
XM} (=12, N), TFarf St oS ki, X4 m gk, m-AGO ¥yl
B FT Ao R AL EL R B T A R MR T o SRR S8 T S R RO I

Kl 4.38 (a) N—HAHEES (YL MIEGFH, K 438 (b) A& 1-AGO J& %4,
SARBENLYE O B B M55

Xm(ti) Xm(te)
A
X(l)(ts/
Xm(t4)
X(o)(ti)
A
X(l)(t3)

X(l)(tz)

X(l)(tl
0 t t t3 t ts tg t 0t t, t3 ty ts5 tg t

(@) JRAGHIEF S (b) — R BIE R

K4.38 Ikt R g A B

(2) Hds Ry At B
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FEIR G AN, 7 20T B NACE B0 i AT Rse B R BB s, i
IAGO (Inverse AGO), ¥ m-AGO At ELEAEIHIIA{X ™ ()} (=12, N), Nt
BEATUNARER, FR—IRIEALEEDN 1-1IAGO, FHLN:

XOP()=XM()-X"(,), (i=12,---N) (4-62)
RIERHETLAE S | -IAGO £7I X ™ (1), (i=12,---,N) .

4.8.2 TR RGHIER

IR RGERIEFR GM B (GreyModel) . ‘&3t T R AAEIIFTS ) 1-AGO 41 i & 57
sy 772, 89 GM(n, N)o Hordt n A D7 RR B 4, N i iR b & Ar AN

PEFIN A A — i GM(n, IR AL . HG b B S 1) [R] B R AE SE B N 1530 22 1 22
GM(L, 1),

GMQ, )R & — A & 1) — B il T RE K

+aX®(t)=u (4-63)
dt

M ZESREW, K (4-63) JLURFFN:
XO@t)-XOt_)+aX®P(t)=u (4-64)

4
X® (t)+X @ (t,)

~ X(l) t.
i (t,)

I, B 1-IAGO B4 X O (1) = X O (1) = X O(t, ) fo A (4-64) 75

® ®
X© (ti)+a{x (t‘)+2X (t“l)} =u (4-65)
Bl
® ®
—a{ X (t‘)+2x (t“l)}tu =XOt) (4-66)

Hi=23 NI (1-18), ATLUEH] N-1 A7, A B e A% a fISHu 2
ZiEENA=1{a,u} ", WS MR A
B-4=Y, (4-67)
oo,
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IXO) + XO )] 1
2 X°(t,)
1y 0 0
5| XXV 1 YN:::X(ts)
. X°(ty)
_E[X(l)(tN)+ X(l)(tN—l)] 1
& FH I/ T T LA
é:{a,u}T =(BTB)71 BTYN (4-68)
) _ ()
dX (ti) :u_ax(l)(ti) , _ld(u ax (ti)) :u_ax(l)(ti) ,
dt a dt
AU=XOO) g gingu-ax O 1) = —at, +b
T u—axO) ’ =TT
Fibl
u—ax () =e " =€’ =e[u—ax ()] (4-69)
=L i, A DA e =e®[u—aX @ (t)]. LA (4-63) f
XOt)=u-e VU [u-ax )]} (470)
a
bd
X0 =~ {fu—e "0 V- ax YWl
a
FiLl

XO@)=XO(t) - X, ) = i[ax O)-ulll-e*e™ @71
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