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Research on remaining useful life prediction and life extension of control system
with implicit degradation of actuators
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Abstract Aimed at the problems of life prediction and extended life control of closed-loop control systems with measurement errors
in actuator degradation monitoring data, firstly, the relationship between the uncertain measurement data and the implied degradation
state of the actuator is described by the nonlinear Wiener model with measurement error, and the actual degradation state is estimated
by Kalman filtering technique. Secondly, combined the dynamic and steady-state performance constraint sets, the system's
degradation failure threshold is determined by the three degradation stages that drive the control system to be degraded due to the
actuator's implicit degradation. Through the estimation of system degradation threshold and actuator degradation state, the analytical
solution of residual life prediction distribution of control system is obtained. Then, the actuator degradation state was incorporated
into the design of the LQR controller, and an adaptive life extension control strategy based on the real-time degradation state of the
actuator was proposed. By the trade-offs between control system performance and control action to slow degradation the actuator,
thus achieving the purpose of extending the life cycle of the control system. Finally, the validity of the method in the paper is verified

by the double-tank water tank level system.

Key words actuator; life extension control; remaining useful life; measurement error; implied degradation state

IS HEA  2020-01-09.
TEEEN 2 M (1963-) , %, #I%, E-mail: liwei@lut.cn.
BB ERARRIFEESEIHE 61763027, 61364011).



<2 A N o R AR )

48 %%

Z TAEME KR AT S e, 6 &40
I H AR PATERA B S R AR Bl B4 oy
IR IR, X TOA IR A R R e xR R S
AP 2 S P AT 55 1 58 s ™ E sz e . Tk =
B 1 b S R4 25 5 1 RIS AT AT RS 2 % A e
BFEIR, WG T B Y AR, T RE
TEPAT ZHRAL 2 T ) R R F . FRH
TE AR SRS, I SE S P AT 2% R e R i T
RERAEH RA I, XX RG©2aia T MYEfs 4k
e B sEbrE B F, IR gERES KRR TR
T2 Tl (Residual Useful Life, RUL) M %iE 7595 |
1B T R T 5 g B 2 (Prognostics and Health
Management, PHM) 453 57 (1) 1] &

BT, KT o R Byl FE R %
BAE T Gamma 2. Markov i #2. 18 & Bt 2
PR LT Wiener I F2 55 AW, V12 538 B TR
JTAERE AN [R) 2 (R b ST A #RdE AT 1R A A AN 75
TR 2 858, RS T M SR, B2
A AT R G I AT 1R A AN A A U 7 v
(BT A WIS D . BRAT S sl 48 5 i 0t 3
Z AP EE A T RAEF, XIS AR
R B SR M 3 5 1) 3R 4 A AR i BT S 4
IFIE]], PR AT S 000 T RS E  R G
IR A 7R3 T BE LR At AR I R G A an Tl A
it 2 25 1) R G0 AN A2 1 R K IR AN RE 2 i AT 75
AT A DG EE . Aggab ZEPHICHIAT AR 2 5200
Bl REFLESHM AR, TR LR R
GURSRIB MBS, IFIRIE RV RETRAR T
B BE IS B K R A . Shi SFUOMGHATAHR
A A N AR A T 5 5 ] A B DG B AL A,
FRL- 83 FE AT R ARG S IS Ad
TEM T A BRI J5 1 S 3 M6 RS %5 o
. AH FIRWF AR B B, B MEREFE AR
IR ATEMT, BUNEIE TR&RE, ERTEB
Xt 5 40 F v 1 B AR AR IR 210 7 T A AN A2

BEE G R A ROR R kR, TF2 iR 1L

Hode mT LU AR E . (el T R R M

WRRR MEREFEELER KM, AT 5E
PR A AR ) I A 5 S P AR A B8] A7 A O 22
L L A2 S 0 K0 00N 15 B ) 2R G 75 i i IR AFAE
BORIRZE 2T L - F2 66 3R G i R B At 2
XS PRS- sE Sm R L ESR B BT
FC LR BN A RO R A R A7 I R 22 1) 7 i T
AT TRV, @ Shen SFIPHENEIRZE THES: T

Wiener I3 #2175 iy 7 A Al fide, 45 2158 g5 i ) 1=
REN T A A TIEs & Wan SV H T A27E
I 22 W BE LI AR B0 B 0 N A e 5 7%, 452
(75 dr OME AR X R ZE BN . B 2B A ) TT iR A
BENRG IR SR 20, ] 5 g
Wit v FORAOIRAS IR0 1 1 RG A7 A i AT T, [+
I3 b ) A B YRS SRS, XSGR IE T RS
g FREAED I (PR v @, R 1K R GRS AT I [R] 1)
RAEEPAE.

NREAE AR A B B 1B T TR AT REAE K
ARG IR TAERE. 2l 90 44K,
NASA ¥ 5 {5t b i iRt e 345 ] (Life
Extending Control, LEC) FIMEE). gl R4
HIPAT S e AR B, BIFERAT S T &
GiPEREANRETH R I, B Ik B F0E GES I TR I AR
FOURF L BP 15 I T S0 2 ) O e — v 32 348 B
ITRMITTE, RAEPAT 4 IR BN W
I R I E e Pl as g i . SHCkE A
KRG TAER ], $Rm & fk. Li 200
R XA RGATE T 5 22 AR R T A 2, I8
I 2R AR A IS B E KA bR RGtis 47 A ar i H
(), AR BT 57 ) # ) R A R 5 SEBR AN R — B
Langeron ZFLE T LQR 2 28 S BUk Nz
HIVER, BEMZARHAT AR B B E R H i, H
FEIRA B A R 2 PR SR ZE I 5E M, R
JEFE ) 2 H T B S IR AR BE ) SRR

BT, ARSCE SR IAT 23 AT S R A R
By — R EAMERZRAELNE Wiener F351R
ik 2, FEBT Kalman JEREEAAN THAT 251
SERRIB IR Hk, [R5 & KRG RS
RELI, K5 R GEANH 2 W9 7 T 1%k BEHR AR I P47 4R
W RME I E Syt RGURAIE, TR HE R %
J& B $ (Probability Density Function, PDF) Fiill 4
il RS AFars EULILAE B, JE T AT E8 SC B AR
A0 B 3T N AE 5% ) S (Adaptive Extending Life
Control Strategy based on On-Line Degradation State
of Actuator, AELCS-ODSA), R4EHIT A IELFESE
TEZ % LOR #6| Z4, Wi 1 3P R 1ERe 5
PEHIE R R PRIE AT 2 KT, K RGBT
WFE],  DUAZESAT 88 A AN, i RS
SR fit T3 A YE S I A PR P



#1284

b, S AT E IR T RGN S I A T A 3

1 [E) ik

L1 BITRRU T RIGESI R G iR

M T 6 RGP PAT S TR, SRRAE
A, BAFSAT S B R A A BORZE 5
TR PAT TR R G AT (R BN R 2K,
PRI, A BLE — AT SR AL T 2k R Ge 9t
FF G, ARSI HiE N

X(t)=Ax(t)+B (1-C, (t))u(t)
y(t)=Cx(t)

A x(t)eR" N n 4EIREFE, u(t)e R AFH]
BN, y(t)eRT ARG, A B,CRREN%E
B RGURETERE . SR HI M A R . AT 4%
BE TS SEBLAZ HIE T u(t) DUk T HAZ K. kit
[R5 ) 25065 2 ELARAT B BRI, 42 4 F Re A A
ARV IR S, P2 R G AT ARG 2 423817
(B R T HAT AR BB R, sERdEHIER u(t)
IR 2 B e, ME¥RATLUERRN
(1-C. (1)) » 3+ C, (1)={diag (0., (t),0) |
APAT RERBEEARIERE, ¢ (1) =K, (1)/K, (1) £t
255 @ MPATEREIRATREN) K, (1) YT RE
J1K, () Z t.

5 A i A W AT SR R R R G g
FRISENAL, RIS 9 S A ST S AT RE ) 55 R 4t
PEREZAIHIC &, X BURR AL R R N B 1 PR
=4 prEe Hrb L, Ron RGERE IR H I 3T 2%
PATRESIBIME, Ly FomHAT 8B A 2 R G0 R RN Y
B, Ly RonhATas RABRME, BRI, <1, . s&
IRRGRCR R/IME, a R AT AR AR O ME.

c
we1 3 \ mEm
| |
.
o ! !
P . Y !
[ i
i i
e T !
i e |
! -, !
S_____l_________?!-.._
! !
I S S 0
a | | ™
L st Lav D

1 PUTERAH BUR = &l
B 1. 426 RGOt 2 HIPAT S A
PEBY B AT 2 R AR IRALI, AT ERIE RGAZIBILEE
mi, B4LE D(t)<L, Hc(t)=1:
BrBCIl: i PAT S B 57 S IR R R A2

RGN BB 2 oA BT R IO MR PR AR, LI
BL<D(t) < Ly, ¢ (t)=1-b, b e(s,1] b, e (s,1];

BERIIL: PRIBAAT SRR R0 R G MR T A
WM E A, MW B L <Dt <L,
G ()=1-a, 748 HAECLENIT RE 1 A GE
17

TEBUARTE IR R, LQRIH S s thl e 7 8.
Pt 5 TS, O TR T
32 R FET8Y, b DR H AT 388 3o Y Q5 R o 47 5 P
RGMERE S EHIER A SO kN R G
9%, LQRILR M 5T S A H 2 bl A u(t) , 78 X [
[ty .t ] £ LA — YR EE R AR bRAR /D

9=["[y()-r(0] QLy ()~ r ()] +u(t) Ru(t)ck

Forf, @ R R 4 IR A B B
B, y(t) MR, r(t) NEE S R
LQR $IFE0%,  RGHHITER u(t) TR N:

u(t)=—Kkx(t)+[C(BK -A) "B | r(t)

oAt K 72 B B I A R 3 25 0
B,=B(1-C, (1)) 4T B AL f bR

i) RGO RS DAL FIM SR R, 453
MRS RS P AR RR . 7E ST S R
P TR AT RE ) 2RSS, WO Eh T AT 5
W, RO DUA T AT (HHE LA
TR, T SR LB — B, RAMENA.
A PR 1 & R TEAL T T A B, BT
WIS R A KA. N AT T ) R 4
KAGHRILHIE RGGBLBIE, SOR RN R
e, FIAIN I, o A 0% 255) A5 M AL G b RN
(R RGN, 4351+

ess: r-y,

tszinf{tJX92:3@J<:aos}
yoo

1.2 PUTHRBRH I IEmR
PATZSEH HIR ] PSSk, H

MRES B K WS AT M TAE RSS2 R & R A5

Bk, Kk, B CURHES BN FEX AT 28R

AR HEAT AR IR Wiener X2 1) B ik 1 8] 40 A1 B A At

Wi e R0 R BeF i e, (8T 50 7= 5 A fl ]

x100%

o %=



‘4 b R B K ¥

¥k (B R R O 548 %

REHEAT AW S8 A BT e 38 A 4 1
B R AAR 24, WﬁHmL%ﬁ&Lﬁ¢V%m
P IO i LT R 7 7R R 2
IR T LR Wiener i b dB L0 Bt (8 5 1 5
EICRAIF R, BTSRRI, T %
HRIEPHRUEAT A, o) RGMA T, W
4 7 S D B 2 R T 5 0 e P9 B
a2

Hp— KA (D(Y), t>0) itk
BT 5 IBEHLE LI, 1 D(Y) o7 t 2L
B AT DR SOk

D(t):D(O)+J'; (;0)dz +6,B,, (t)

A {By, (1), t=>0} FRbaiEAiizs), wu(r;6) M

o 7 MFIRIB TR RS R B BOREL e

IR 4 JE I 55 ALK 1% £ BE 450R A 77 T (7 0) IR

Rt A TR BRSO SR HOF 8 5ol

Jz U2, ARSCR B R R 3 (T O)=aft’ ™ FRAEAE

B ARLRPEREPE . B IBA I B IR BIE N L, » W
at”(1-5),

X 7 B 5 i 73 A
(I —at’)?
O'B\/ xt® P 203t

B S B R R R TG,
SE o R W AR b L 5575 M R A
BWILRRL. B, ZERIRSH I,
Gt B AFCE MR AENT, 1T S M £ - F S
flodks. s SR (D), 120 kHiiik t 12

fT(tle)z

AN EE SPAT RS RAZ R R, Hl
R R IR M
D(t)=D(t)+e

oy

= D)+, u(r;0)d7 + 0, B, (t)y+e

A e~ N(0, %) NEENLIN &R 2, HARBAT & %)
t W e SR ML [ AT, RIS B, () A EL ST
& AT 8O Us i2 4T B Y wr mE %)

O=t,<t, <---<t, F B f& W W 1 % 4k AN
D, =(d;,d,, -+, d,), Hrd,=D(t,) k=12, £rY

U Z1 ¢ A5 20 i, ST Dy, fh AT 48
R BE S PR IR AR A dy AT L e DA R A A [a] A5
RSRFIR P

d, =d, +h(t.,0)-h(t,_,,0)+v,
d =d, +s

Ref: h(.0) = [ apr’dr: e Ae Lt M

B, v, =o[By ) - B, )] A5 & &ML
gy A OBE WL M R OF A, 3 — B
Vk~N(Oio-2(tk_tk—1))’ 5k"'N(0’72)-

EIRZIB AT I (8] 2 AR R R, EXPIR
AR, KIMA Kalman B8R EAREATIRL
WG A I #%. Ei—'lﬁﬁﬂ]‘?ﬂt TET

Kalman g5 (IR MRl T A2 mT IR 45 K@)
A@3), Hrh
RS
ak\k a4 dk k- 1+h( ) h(tk—l'e)
dk\k dk\k 1 (k)(d &k\k 1) 2
K (k)= k\k 1(Pk\k—l 7 )71
Ji ZE
k\k 4=k ~1k-1 +og (t —ts)
©)

P = A=K (K)By,
FEXTAAAEN B 1R 22 AT SR A AR TR TS
fliTHHREA b, ATAS AR AR A 70 AT B LT 4RI
R 0 TREPLR MR {D(t), t>0}, H&
WEREUY A u(z;0)=apt’™, Bt NIRRT i,
FE45 € Dy, ORI 4275y PDF Ny
1
\/27rt (R K +a§t,k)

(Iaf - k\k al)(t|k;6’))2
A TS kT O8h,) " )

[l —av(t, ;0)+apt, (t +1 )"
k\k(laf O‘U(t '9))+dk\k

I:’k‘k + aBtk

|k|y1k (t |k| lk) ~

FAR AT S VILEIATRE J1 N K, k B ZITIR
WEAN dk‘k , WRZE ZIBAT 28 AT BE 1T KR A
K,(k)=K, —d

Kk



#1284

b, S AT E IR T RGN S I A T A 5.

2 RGRIREFGIUN S EFEH R

2.1 EHIRGR & F TN

PAT 88 75 A 5 I R G B X ) XA B
R, PUT BT RIEPAT SRR R RORASIE 1T
FB KRB TAER AL B A S R
PATZHERAL T I R A e fa U PAT R3]
FE—BME, RGTOVETE R R 5 AT 55 B (1) 5
221 [k, ERATIEH RS A T2 BT, SN
T T N R PR RE TR AR I T R GBI BIE, TR
MR AL TEAT 5 i FRUMI R AE 5 4% 1 B 7

EAFREMNZ, EfE i RGBT RE R T
i, AR T EFRSIRERNAS, KR
J T ShASPERE, BOCHR[11,22110 %% (8 AR iR 21
NFIWT R GRS RAIME— VR REFR AR &, X RS
PEREIIT A Y 4T X B PR e 45 R gt Re i
IR BE TR AR R AR [eI™, t7™, o™ %] IR N7 TR AL
I NRFEMBBIE, BT, <1, Har]
ARG HmE XN

T, = inf {:D(t)>l [D(0)<l; } (5)
e inf ANHAFRE T | ishl RGR A,
N AR GEF AR T i R am N
RUL(t)=inf {T,>t, D(t)>l, }-t (6)
FRAE 1.2 75545 21 )70 = 75 i W 22 5% 2 R A ()
HOEMERRGIRCHRE, 6 RGN R Ao
PDF A[ &R A

~ 1
fi ., (D) =
helyrx M 10k \lzﬂ_ti (Pk‘k

{ (I, —dy, —av(t, :9»2}
eXP4— X
(7)

+ U§t|k )

2(Ry +o3t,)
[ly —ao(t, ;0)+apt, (t, +1, )
_mmwﬂmwmn%wﬁ]

2
Pk‘k +ogt,

Ao, ;0= +t,)" -t”.
2545 (5)~(7) 2\ T 15 AR 28 1) 28 Gt 30 A2 77 i R T
WA R, ONBIRERE N T RS AMAE 4E 47 558
eI
22 ETHUTHRENRWIRSH B IE M & R
PR R G AR B ER 1 TN 2 ] R G5 {5

SR Bt A I YE AR Z A, IR B
I AR T AR A . SEEEE R A RS R
GIEFFI E NG TR RGTELR AL 73 SRS ARt
U AR 4R, OB R AE AT R
b, HAEFE I 2R G REEE I AR R P 2% R0 8
EZ 0, BB E R R K R A B
BULHIYE B BN = R G 22 e w] SEVEA AT 4R 4P 4,
SEILHL H 4R T 24 isAT.

SR, AT 2 T AT 2R AL T R G TN 77
TREERIE e 2 AFTIR 2R 1t — I AR5 25 (LQR)
PERERR BT LUE H, FERE Q 52 RGUIRA 5 1ERefa
PR IR ORIBE, TAERE R SSyE4a i AN\ 5 PEREFE bR
ORI . FERE Q g JU R IR/ P R 45 € 0 R
ESG RS R IS, A — e R i R 4t
PERER G AT AR HIPAT I ), BETI A B E AT
ar BRI R RS A H . SCER[A7] 2 % T
Bt Q A1 R A E TC R AEBEAT ML Y, kB T 4%
FEAT 2% 5 000 B L AEX Q FI R FEFE TC R AE Y
KM EPATARBICE TR EEE, XA AAR%E
JEFE N u(t) 53T 4% 58 ) 15K T & o (1) 2 [A]
ORI, B RS FE AT % SEFR IR T Ex u(t) A
RICBLRE ST . DR A i A0 7 SR g 1 2 o A 37 A IR
NE. BEUN, LhRFETIERERZE Q MR T H
BRI SHAT BB G B2
HBORIS, i) R G o i R4 E F u(t) DLk
IERGVERE, NEMPATARHIPAT ), FHHK Q M
RITERMERHTEE K, kR, HPATHBIER
NI, DR ATBECRIEIE ] RS RO MEREIKF, # Q A
R JGEAE AT &N . 0 R H B T AT 45 S iR
PR B H 18 B SE A7 S AELCS-ODSA.

FEBCIE T SN, 15 Se /7 @02 Q AR FEFEHIRF
SETCRAE T 51R I Z A1 40 R B EUR &

Qi (k) =Q(k=1) -7, * (k) *Q; (0)
R (k) =R, (k=1 +7, *¢(k) * R, (0)

(8)

A 7,>0, 7, >0 N RE, Q (0) IR, (0) 4
R ox Q MR FE£F T T R MY AG 1
@(K) =exp(-(L-c (K))) /& 5 AT a5 1B AL HH 5 IR 7%
. B EIR R HOR R KR AE SR S 240
THRR TR, AN AT A 7 SRS 0 IR A SE 4 1Y
TR E

Fok, ARAE Q(K) TE T I FE 4R 243 /2 2 IE €
HI26AE, SIS 2RO A



(B B F O o548 %

*6- op B H K ¥
Qi (k=1 > 7, *p(k) *Q; (0) 9)
Q; (0) * Z(’h (k) <Q; (0) (10)

S, (o) FRfe it e b Q sapsez Qi (k)
4TI 220 9V R N T 20 Q, (kL)
{8, SECRE BT AT (R 22019 Q(K) M 2k IE
£ 3t (100 RIATERITREE AL 42k I,
BRE Q T2 Q, VA B B0 MRS e 3L ) 0 i

BUE R

Q;(0), tHEPHZME QM) >0, M APUTAIBME
EHATRESIN 0 I AR RAE R K

UEAh, APAHAT SR R G SRR H
PRIEBAL S, ORESE S R GRS IE K 2 4 T AR
IFBL 7T LGS I PR AR GE R RESR bR ik B SE A%
ARGzt H K, HEAFR ] T S ] R e 4 f
K2 . BEXTATRIT SR R AR SR =
AR BE, F ] 2 e I AE 73 SRS TR 70 N = AP B

S

BT

e

c
C
Cani
R
T

JEHH ()

N
i | wik
>

PP A
(ue) .

s g e R T

B2 Sl R ST A RIS AE R

BB 1 BEErBED) <L, AT SRR R
i, ARIERGER NS e, t, 0 %, QFIR
73519 Qy MRy 5

eI D) e (L, Ly |, RS RS IERES
b e e[e;, eggax) ,t e[t:, t;"ax) , U%G[O'*%, O'max%) >
PAT BB G, il AELCS-ODSA Sl 4%
PATERIEML, Q F1 R VAR (84T

BN D) e(Ly, Ly |- AT SR RY0R

LB, , R RS RE T b e, > em™

max
£, >t

o%>c"™ %, NHIRRGARW Z2IETT, TFIEIK
AGEHIE bR BARRERERAE DA 3 PR,

A RESE bR
e g ey

RT3
AR

2HQy R | Y

Dt)<L, ?
TREF A

. LR
Q0 =Quk-1 -1, *0()*Q, (0)
R, =R,k -1+, ()R, (0)

[,<D®<L,?

N

Y
FEAIRE RERA b Li<D(t) <L,?

N

RYifEILIEAT

Kl 3 izl £4 AELCS-ODSA JifE &

3 hEXESERSH
3.1 SRt
ASCE TR K FE 1 ] R G KSR it
FEARIGUE SO TR A e, o i 4 fr
. WOKFE 1 BRI AR S, JKAR 2 AR AN
NS, NOREN G, HKIERIEHITA U, Z [H 1
KANG =K, , Hi K, RIRKEHHATHE T,
H IR E N g, . h Fih, 7350387 K A8 1 FKAE 2 1)
WAL, W 2 AT 3 BB BN R, A1
R, . RIEVIRl I T4 R HEAT I AL BE,
EAFEEPATEIRILITEIE T, WEKFE RG A
N

H,(s) _ Ky

U(s) TT,s*+(T,+T,)s+1

/E\:EPleslﬁz ’ Tzzszﬁs ’ KT:Kaﬁg sy
e 18 R B IR A A RIA I, [ 25 & AT 2=
KERBUAEULTE, 24 KREHLEN
x(t)=[h(t) h(t)], RGHH y(t)=h(t), MR
GBI IR



#1284

b, S AT E IR T RGN S I A T A 7.

. 0 -5.549 1.376
08 i POR R (RTOI0
vO=[0 1x(1)

Z KRR TR S R EARFFREE R
T AR, IXFRAT A8 0 22 120 fhach A2 B & LT
[B] R JE 42 M Wienerid Rk RAE BN A HE,  HUL K4
HRPAT AR AL B 2 R S RS BIR S TR IR
AR, W EN R Z SR T 36 RS
F7 MR 2 A (7)) B

...........

K 4 WA KR ER

FH T3 o A R 4% 1) S MO AT I A7 2 DU R 4
PERENARHT I, T 7 LA S A7 BTG RE 77 SR
() Bz i R G RESR AR . SCHIE U T AT AR IR
EE R GA R R RE TR AR TR, HE RS
AR N MBS AT 04T, O 7O R SR
FEMEREZ N & ERAO PO, R 2 SO R PR F
N i 1 N ; 1 N i
=leSS T =N =1tS ,0%=ﬁ;0% (1D

Esszi
N “4

WAL, K4 SCHBR[14142 A B FH e e A iR 4 )
Hdm E R AT IR A5 A TN ) 77 (Method 1, M1)
EARSCEET R IR S UE AL T I 1) 7772 (Method 2,
M2) #EAT EE AL 9 N R T A 1) 3 T R E
(Mean-Square Error, MSE) SRIFM PP 7 iETEAR
[ FREU BT 220 e 5 OO PR RS P, BAA

MSE:%i(Té_T}X(NRm_:10Q20Q~g7OO)
i=100 RUL

X TS AT 20 B SR R A, T A
M1 B¢ M2 7E TN i 2 ) A 75 i TRGIAE , MSE H]
F2RIR LS F  5 AN R 51 R A T 5 R
K 2 5

IKFEEEAT BB HCN: S, =10, S,=25, K, =8,
K,,=6, g=9.828, h =0, h,=0, p=1, R,=0.0232,
R,=0.031: B LM B HON: K, =8, «=0.2,
£=0.6, 0,=0.1, y=0.05, 1,=0.0001, 7,=0.002,

N=1500, PEEEFEARAIAIES eg™=0.1, t]™ =24,
o™ %=11.71% , —IRVEREFE bR L R MBI 46 1A -
Ry=L,

Q_o 0
1o 1894

32 RS
3.2.1 IRRESME T

K5 g T HATRHB LR R I 2 . 3]
SR K TN R ) Kalman JEBE A5 HE, Kl 6 4
H T ERE ASTHES BESHE R RIRZE K.

FENIA S

0.8F T 12

0.6

0.21f 160 180 200 220

100 150 200 250 300 350 400
{iFURS it / (5)

0 50

K5 BRI EE S T E AR

0 Sb 1{)0 1é0‘ 2{)0 ZéO 360 350 460
G Tt / (s)

1%0‘ 260 2%0 360 3%0 460
A LI E]E / (S)

Bl 6 ki 5l E iR b

AHMEEH, HTWEEDESAHBORNRE, @
ToE R IR 2 8 I A 3 (A (A b R 0 A B v
fffth s B T BCSE IR ARG, HANTHE S L SHE R
RAJEHTE N, U T TN RS B A
THE S b s i TR AL B SOIRAS . 1% N e R
RO B PRANGE 5 255 1 JEA.
322 REREESD

¥ RGN REANT B LI RE TR — AT,
o IR A R BRI 1, A N RGUBLRAE . B
7 NKEE 2 MR BERAT 2B LI A E, ATLLE
H, BATERPATRE I FIB LI T BRI R, TR0
FLINIA] =1 143 s I B & Sl 5 i Rt re 48
PR, B RS CICVE R M R e A R R
N, RN RGHFMLal. FR, REE7) M



(g R TN

(B B F O %48 %

.
lg > 0 AEET M1 AT M2 (XUA K ] R4t 75 fir
T 7> AT 40 8 B, PRI A AN R TN i %59
A7 A TOAS B MSE 1972 7 an &l 9 Fis.

Hi/& 8 FTLLE Y, FET M2 75 i T A 2 %
FEHIZE ML RS INSET, W] M2 BTN AN 5E
T ML #E—8, mE9FH, M2 TR A
MSE Bl /hF ML X7en i, IR E X
BEMERZWHOT, @ RRIBEAM T
FERACIRAS,  BCE R H 5L e I & 25080 1oL 1) 2R 4
Ff, BHEGTAESME. b, X T SEbR TR ok
BRI, BT IRS AT HEAT A R SR AR
73 i T — AN ATAT 5

110

B
E oo
E
=
I eof
=
B
60}
_ BRRERR
o 500 1000 1500 2000 2500
V7 ERT I / ()
K7 JKAE 2 AL A A
0.06

FlRxFflfIPDF

2500

1500
1000

Mt/ ) 0 GrELH I/ (5)

P 8 Fx il & Ge A7 fiy T o A1

weeees J ML MSE
—— Jy M2 MSE
450+ S e
w L e T
;é’ e S
=, by S ey,
2 a0 oo T
& ¥
=2
350)
300
5 . . . . .
100 200 30 500 600 700

0 460
R B 1 1

B9 FlsiFar MSE L
323 WEHEERRS
B, (EHEET M2 TR E RS T 7
AT AR b, S5 A SO T AT 2SR AR
(I 4E 75 42 ) S % AELCS-ODSA #(8), B 10 45 T
HEFF N PRI ) 2R G0 7 i T 40 AT
FH - 4 75 SR 2 L AN L Q FI R,

P TR INR AT S PAT IR I10, BIE, 3h
TR B R WS, RGN L TERETR AR L)
AR RIS HOE G, BIRGUARRACERE | RIS
AR EARAY, 2] R G824 AT I R4S DU
AL Q FERFI TR Q) A —ZEbr &

2500
2000

1500

1000

R At/ () e izt / )

B 10 1E 50 T RGHF iy T 4 A
R ESEIE A1, it — DA 155 5w 5 o
HETFRBE T Q,, Al R AR A # DA S i/ F (5
EEPE 11 FE 12 53504 1A AELCS-ODSA
HIEFERE Q,y R 4t EH At 2. M
11T 12 AT LA Y, Bl A AT 38 A0 2 4
FIEZE RIS R, K A3 AELCS-ODSA 7772,
RIS ZSH Q MITERE Q, M1 R 2 T AT d5 SE
IBAIRAS H B THEE, FEXS TR K 2 75 SR M i — 2%
REFALRIEN, EHEHAESS, ReBIZMHAT
BPATHEIAIER, AT BUEK RG0S 4T

HEFFFQ,, A THEHQ,, Lt %
20 20
18
19
O; 16 \ &
18
14
12 17

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

A TRAES ,  HEARELEY

15
o« //' e | —

05

GO 500 1000 1500 2000 2500
17 ZUIF ltU(s)

O0 500 1000 1500 2000 2500

117 FL [AJt(s)
K11 Q2 A1 R 2B k%4
o EAEH F I
1801 —AELCS-OSA T I ]
i
170] ) ’hﬁ i
160 s }fﬁ!ﬂgf*
Pk Ty
& 1501 ,-;‘ ey ¥
2 4
§ 1400 i’ :
ﬁ 1301
120
110
100
500 2000 2500

1000 lgLOO
P Fum ) ()

K 12 A5/JC 3 A7 SR R R 4 P G L



#1284

b, S AT E IR T RGN S I A T A 9 -

IR, e B M SO SE AT SRS (AR, SOk
[17] rb 4% 1 2 $0R 8 Oy B e (H 1 05 X5 A 3

AELCS-ODSA | &% % 5B (L FE B AH S 10
AL R 1A H TR FIAE 5 S5 DL K TC 4E 75 3R

® | B/REHFRIEH R TNEHE

T Z1 ts 100 200 300 400 500 600 700
TCIEFFRME RUL 840 731 669 490 368 289 156
SCHR[L713ES5 SR HE RUL 913 803 742 560 435 356 217
AELCS-ODSA RUL 941 831 770 587 462 382 241
SCER[L7)ZE A TA) 73 72 73 70 67 67 61
AELCS-ODSA FEF i H] 101 100 101 97 94 93 85

WS I P i R A A I PIIME.. M 1 SRAFATELE
Ho—, EAFEHFIET, 56 RG%4 dr T{E )
KT ARIEFF TG, 150 B I S 73 SRR 1 51N
PUAT BB RN ME, b1 AR 0] R G5y A5
Fl—mmaEK; H, BOCHR[17] 4 5 R B,
AELCS-ODSA 74— Tl I INF 21 ) 4 75 ) () 357 vy e
24~28 s, W IFILEFERS (] 73 5] 95.86 s Al
69.00 s, AELCS-ODSA EbSCHR[17]4E 75 SR Bs 34 i
th 26.86 s, IEAFIT A4 1 38.93%. it LR 5 4%
24 Q M R AT 5B EAH OGRS, Be 5 A £ %k
L ARPAT 2R S, T 2 HIE K R G

BT o0 E XM bR (1), AR %4
TGS RGPERE IR L &E RNk 2 Fos. i BAE
TELEFF HEME T 0% & KT AL A SRmG, B IR
UEPRAT 2 KT, 20 DI 45358 2 SR 4 1 R
TR A, XFEL AELCS-ODSA FISCHER[17]H74
TR, iTEH M RGERESMEhERER T EE,
Tt 42 1) 2% 2 B30 2 5 38 AN SRR ) 4 77 SR S A
PAT A SO S BEHIEH, skl RS
DAk .

*2 FREIEHFER T ARG R

Hemg E,, /mm T./s ol %
TeHE 4 SR 10.4819 6.3717 11.74%
SCRR[L7]4E 55 SRR 9.1157 5.7328 12.13%
AELCS-ODSA 9.0587 5.7159 12.13%

4 L5E

AR SR X PRAT 5% B A M 0 0 A A B R 22 1
PIMEH R G, F T IRt Wiener 18, R/REZIE
PRI LQR S Uizl s, Bt 7 HArar il 5
SEFF PR R L, FRAEXUROK AR IR R GEdE AT S B 56
ik, EEABMGE RS

1) Bhardil &R Z [ ARZEE Wiener BRI AN

e M = EH S PATHRBRERRE IR, ik
TRIRSPEBEEAA T T LIRRIOIRE ;. SLiRas ]
e B I R 7R 2 I 15 30 1Ak T 2 M A
e B 7 A b S A S R AIR S

2) MRAEPAT B B FE B F IR 35 ] RGPk
AR, B X T RFBUK =B, &
il Zgish A SiaastEreiets, LA RSN 7 i e
T RGUBRARME, AR RS THE, 2
BT ) R G R AT A T 4 AT AT s SRIR &5
REH, R INEE S W ERZENEL T,
B R R R I S O O R A A 1 i,
I RIR SRR HAMIFRMARE, H IR E %
T B S .

3) ¥ LQR #=H#8 24 Q. R MiHE 54T
IBAL A EOCER, 2 12 T HAT AR SE i 1B IR AS
() 38 N E 75 S AELCS-ODSA, 3 id 75 25 1 5 4%
HZ A IEVERR AR, P3P T RgTEREE
PATEHRALIHERE; L 45 R W], AELCS-ODSA #
SCHR[171RE 75 50, 8 S8 A BT P ML 22 Al 04T 2% I
71, W ZHIEK T &G 1.

SERR TAEA, il B AT 2R A A AN ATk
FalfT i), AR AN S R R 2 5 2 YR AN
S8 PR 2 1) 22 42 75 i TN RS BE AT 22 7= A2 52, LQR
PR A B A R A — R FERE B2 T R,
XK A RAIE T8 A 75 12— AR 1) 1] L.

2 £ x W

[1] NGUYEN D N, DIEULLE L, GRALL A. Feedback
control system with stochastically deteriorating actuator:
remaining useful life assessment[C]// World Congress of
the International Federation of Automatic Control. Cape
Town: IFAC , 2014: 3244-3249.

[2] BEGANOVIC N, SOFFKER D. Remaining lifetime
modeling using State-of-Health estimation[J]. Mechanical

Systems and Signal Processing, 2017, 92(8): 107-123.



10«

PR K g

M CH R B RO 348 &

[81 Mk, G, "ML, KIEW, K& FEAHE
DB R AR 22 S (0 AR ek BE LR K R G0 % 75 i i
[7]. HBMLEER, 2017, 43(2): 259-270.

[4] "M, HEE, FARE. FNERER ISR
TR 5 R & Far il [0, B34k, 2013, 39(5):
530-541.

[5]1 EHi%k, G, KA T 2 u AR B 4R A AL 33
AR 75 T (0] 4 h BHEOR 22 24l (B AR BE 2R, 2018,
46(8):28-33.

[6] ZHAIQ, YE Z S. RUL prediction of deteriorating products
using an adaptive Wiener process model[J]. IEEE
Transactions on Industrial Informatics, 2017, 13(6):
2911-2921.

[7] SON K L, FOULADIRAD M, BARROS A. Remaining
useful lifetime estimation and noisy gamma deterioration
process [J]. Reliability Engineering & System Safety, 2016,
149: 76-87.

[8] LANGERON Y, FOULADIRAD M, GRALL A.
Controlled systems, failure prediction and maintenance[J].
IFAC-Papers On Line, 2016, 49(12): 805-808.

[91 AGGAB T, KRATZ F, VRIGNAT P, et al. Remaining
Useful Life prediction method using an observer and
statistical inference estimation methods[C]// Annual
conference of the prognostics and health management
society. Florida: HAL , 2017: 1-8.

[10] SHI Q, HU C, SI X, et al. Predicting remaining useful life
of degraded control systems considering three-source
factors [C]/ 2017 Prognostics and System Health
Management Conference (PHM-Harbin). Harbin: IEEE,
2017: 1-8.

[11] KE X , XU Z , WANG W , et al. Remaining useful life
prediction for non-stationary degradation processes with
shocks[J]. Proceedings of the Institution of Mechanical
Engineers, Part O. Journal of Risk and Reliability, 2017,
231(5): 469-480.

[12] "/, BB R B SR A i 505 TR A A7 i TN B
REAIM]. Abst: [EB Tk ik, 2016.

[13] SHEN Y , SHEN L , XU W . A Wiener - based
degradation model with logistic distributed measurement
errors and remaining useful life estimation[J]. Quality &
Reliability Engineering International, 2018, 34(6):
1289-1303.

[14] WAN XL, GU B, CHENG ZJ. Residual life estimation
based on bivariate Wiener degradation process with
measurement errors[J]. Journal of Central South University

of Technology, 2013, 20(7):1844-1851.

[15] LORENZO C F, MERRILL W C. Life extending control-a
concept paper[C]// 1991 American Control Conference.
Boston: IEEE, 1991: 1081-1095.

[16] LT D, CHEN T, MARQUEZ H J, et al. Variance
constrained model predictive control and application in life
extending control[J]. Transactions of the Canadian Society
for Mechanical Engineering, 2005, 29(2): 297-314.

[17] LANGERON Y . Actuator health prognosis for designing
LQR control in feedback
Engineering Transactions, 2013, 33:979-984.

[18] Tk kte, #LFE. ZF LQR-IMCS kMR e gb R sh =
ENFEHI[I). b RHEOR R (B AR R, 2012,
40(3):72-75+80.

[19] LANGERON Y , GRALL A, BARROS A . A modeling

systems[J]. Chemical

framework for deteriorating control system and predictive
maintenance of actuators[J]. Reliability Engineering &
System Safety, 2015, 140:22-36.

[20] 406, B TARALI PSRRI AR AR, Tk R R M.
AbsT: 7 Tolk Hifikt, 2014:63-65.

[21] A/, BAEME, RIS, A RS 20E T R
RAFMMTHI]. BF2EIR, 2015, 43(1):30-35.

[22] HEAL, B S, w0, JE DR A, 5K IE 3T 25 B I T 25 PR AR IR
PR ] R G ARG A TN T4 ()], A3 EaEdR, 2019,
45(5):941-952.

[23] LAAYOUJ N, JAMOULI H. Prognosis of degradation
based on a new dynamic method for remaining useful life

in Maintenance

prediction[J]. Journal of Quality

Engineering, 2017, 23(2): 239-255.



