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Actuator Fault Status Evaluation Based on Two-Class NMF Network

Abstract

Abstract: In the feedback control loop, the adjustment ability of controller covers up the performance
degradation of the actuator to some degree. A fault state evaluation algorithm based on a two-class non-
negative matrix network is proposed to implement online fault state monitoring of the actuator, including
fault classification and degradation assessment. The local static features of the samples are extracted,
and a classifier model is established to form a network. The similarity is introduced to describe the
dynamic characteristics between samples. To fulfill the actuator fault status assessment, the static
distance and dynamic changes of the network output are merged to construct the fault discrimination
index and degradation index. The effectiveness of the algorithm is proved by the experiment of double-
tank tank liquid level cascade control and the single loop simulation based on DAMADICS platform.
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Abstract: In the feedback control loop, the adjustment ability of controller covers up the performance
degradation of the actuator to some degree. A fault state evaluation algorithm based on a two-class
non-negative matrix network is proposed to implement online fault state monitoring of the actuator,
including fault classification and degradation assessment. The local static features of the samples are
extracted, and a classifier model is established to form a network. The similarity is introduced to describe
the dynamic characteristics between samples. To fulfill the actuator fault status assessment, the static
distance and dynamic changes of the network output are merged to construct the fault discrimination
index and degradation index. The effectiveness of the algorithm is proved by the experiment of
double-tank tank liquid level cascade control and the single loop simulation based on DAMADICS
platform.

Keywords: actuator; non-negative matrix factorization; fault diagnosis; degradation assessment

2= Gappek A, R, S RS RTRR
5 LA T L L

\\ A 4 ‘u ég s 4 Be . \L\{\\ - . N . N

ER T LML, PATAERD), R SET LA T v B LR PR X

PSR LA P it 2 MR AESRIET e g g, BRI, K. AT
PREET, CHRUABRATIERIRE, TSE oo g g )y R BRI, 1
ARSI, ST, CEMRRGET, TH gogein im0 s HARED T . o F FIBH
MBI IFF, BUTBIOSRORS, TIVRER prygp i, o m i (B BRI 474431
R T4 DL B 0 HBRS TR, )

WA H#: 2020-06-08 Bl HE: 2020-07-08
BEEWH: EHXRBERPAHE(61533013)
HAEE . EERAQ1967-), T, WL, HdR, ©FRTTROASE RS SIRIE S REMPE SR . E-mail: wys@ncepu.edu.cn

Published by Journal of System Simulation, 2021



Journal of System Simulation, Vol. 33 [2021], Iss. 8, Art. 16

33 525 8
2021 £ 8 H

SARC | SR € i 31 9 3 T M ATVES i
B E s b PR ER RN v 4 (1) Htfs = 1)
Wb BMIRAERAAE A [R], AN T2 8 Kt B S 2,
PRI 1M 8 g 5 T 040 3K 5 ) it B 12 M Sk 11 BF 9 4
Mo BRI F T, Wi/ — 3. Fisher #
W TeE. B T IXREAES I, 4R, Lee 55
FE e PR %k AR AR A i JE AR A AR fRORE BE A AT
(Non-negative Matrix Factorization, NMF)f J £ &
(R IER . AT G0 2 I8 R —E [
BB A BRI M, 120718 R BRI s A oy
file i AR o X AL B RIMAFAE — € M B 1 I RE
BRI RERIE . A TE RIS ) E, Ding
ST NMF IFEZ10, $2H Semi-
NMF, §i131% 775 n] DO AR AL & s i Bt 48 1,
SR TN A T BRI H RTZ RS SR R T
HAEizmt o, g™, oA, HiRE
o El g 2, IR R IR

A A7 A 2 A A8 g e T 5 12 W AR 5 | kS R
PRI Z B FT . BNkt F A NMF $2 3K
TR BN AT I A b A5 2., AR A SRR &
MO HA S A N AT U g 2K R R
TSV Hhy — ol 37 100 355 T 0 240 A A 47 R 4 AR )
5290 Tl 2 e B A I AR, IR D B T
1000 MW HLZL: Bl 251 4 0 F ek JF LR
A A7 B o SR B AR R B0 5 20 & ARFETE 2,
I A TR Rai S5Vt il K 22
AZ Wk, R Semi-NMF X} 04 4 E 56 BRI AT 43
fige i DU S HE A ) 18 S R e AR 4518
For W () R AR o R DA BT A R NMF
PRSI R A, B A AT WA, AN e X i e
RIPEAT 3 A, HLRZ 0SSR FE PN o T
Jia Q AEPVELHY T — b T 00 R M 4 R T T ——
TSNMEF, W] DAL= A [ i B 040 O pr 2845 B A L
TGy, AR 7 =) SRR I 5 b g b . H2
AR T 2 MR AR AR, R R R A 5
Wi, PR AT AN F T K FEA 2 ARG )
AR, BRI IEAR.

TR, 5 BT 502 NMF 4 AT 2% SRR A5 PP 4k

Vol. 33 No. 8
Aug. 2021

BEXS LAE R, ASCHR Al 2R AR
R X 2% (BT A SO RS VAl B0 o i SR A%
O AE T4 OB A5 R AR I R AR - S AR 2 £ B
B RS FHER SRR . R LEEFEA
HFFAS PR A ZN A A, M B A A R b AR AL
fabr, SEOUMBERIN. 2R 5YERE S VPG . 1255
FHEALUTL: OHERM S, WRRRIER, WA
HBZH B ARG R A OFE SIS I
RIS, Rt MM B IR b2 it b SE A,
ST R R A L 1A TR O TR
RIS IS SR, TR 2 T A W A I T) AR
JEfEE, FLUERE.

1 HETF 43 NMF R& AT
RERAS AL

1.1 HEHELE
/N 2 AL T R 42 NMIF [ fr 3

AHELE , &AL BRI R AIE 28 iR IR S TRAS 2 A
o, w1 s,

|
o1y PSR = KB o] IR
| 7 bl R
i
% .
NN S
B g | s
% 3
e "
LTI Y B TT
| flt B 2 W EiEL
A
T \
\ EE- |
DR o=
L A A

Bl 1 /32 NMF M4 HESE
Fig. 1 Two-class NMF network framework

M RAER) IR E R4 Semi-NMF ik 52
HBURFAE, R90 08 2 MRAESE, — D H TN R

http: // www.china-simulation.com

* 1883«

https://dc-china-simulation.researchcommons.org/journal/vol33/iss8/16
DOI: 10.16182/j.issn1004731x.joss.20-0319



Wang and Sun: Actuator Fault Status Evaluation Based on Two-Class NMF Network

33 %5 8 1
2021 4 8 H

Bt 2 (AR Y, AR s 55— M el g,
060 e 1 5 2B 2 W SRS o RS AN RIS
o, R HISR br AL L BE I 18] 1) 5 AR S

FEREAREZE A, TERRF SR I 2 — )
RAER PN SR, LR RAR bR 10 e T AR = AT R
FOERE SRR o 17 H., AESERR R R
2R NMF [ 48 BAT S5 fa1 3 o ml AR ik o 1) A
mo GG Z Te Gt it U5 ik DU HAR ) NMF 2 1
JIEMLE, ARSCTTEEEAFAE U TR OHESE
i, ANEAEM S RAEESE, T2
fiff o 7535 T NMF 5535 FOM g 1 A JR) AR AIE S U RE
73, T UL B o3 i 2 B — BN 8] Py [ A
(10 7 25 B I A% BN 18] P AR AL B (1 3 & R
TR AP AR R R e, R R AN [R]
BN ERRAE s MBS L fE bR 2 S
PO IAR R, AN RO SE R A A AR A . TR,
FLATAR S5 (0 nT R o @ Ao I e e o A= 1) 2 i
., SRR K2 AT TOR NMF HE
T A I B AT B A o B, AT TSNMF (1)
/b BB 53 W TR U8 1% A AE 12 W 98 B I B e N
H, ASSCHEZRSEAE SR LA b, R B SE AR
FiE AR AR E . B S HU4RAR, SOk TSNMF
2 PR A T T PURO SR, R T T2 W 1A
. QE BN IR IERE S IEL . NMF 1R
T s R RE VA I TT o AR SR ) i P S Y
ZJa R bR RE 2 M7 48 2 i b e e )AL
R, P iEE R4 B R SR .

1.2 J$MEIREX

Semi- NMF & Chris Ding 7£ 4% 4t {1 E 756 5 43
il BLORFE ARG AR f ) Fmh b, PR H i — 25K
B, Af 2 n] DUSLH T AR AE 5B B A st
Bl Ao r e s: XeR™ MR U A 6UE, 1V
RIBGREFE R, R

X.=U)V, ey
W FhR RN A, £ RRBERT LU IE{E
LR U N mxr ERIBEFERE, VR rxn 4E1)

RGTE AR

Journal of System Simulation

Vol. 33 No. 8
Aug. 2021

REGERE, r BIUEW S (mrn)r<mn, m HZEA
B, n NREARNEG WRIEET F OSEi kiR
%, UX5 UuvinirzEs/ MENBARREL 1LY
B UMV EERHEN R .
u=xv'ovhH

[UTX]; + [(UTU)’ VJ

RS [U'x] +|(v'v) v |

2

! 3)

B 0 F1Qy 4 HIAERE @ i E AN 14
#Horo HAtH .

0;-(lef+,)2 ¢ =(el-2)2 @
AR, Q@'/':Qi}r_Q!/_'o

M Semi-NMF SRR FEA #H A4 A
FEREATHEEL, RAFIEEE . A — A RS EHEE
A5 IEHERSHE T RRES . SEFr Tk fid,
Bedn & e K BAFEME S 40, I NMF 008 75 1)
R, St RAGEE AR A Semi-NMF #EAT R LS
o BARBIRAN: O IEH RS ERES £
B 5 B B ) 3 O T /NBG: @R A Semi-NMF $2 X
B BIEFRE, REREEE, TERHRHE N &
P BB B A X AN X, Hoh X FORIEHDS, X
TRl . HARBALE T O E{E BB R
FERE Vo, AR RE U M RE R B R s 1 B
HA AR AR @HHE B 1) 187 J {845 £504h At 1
G BRILE U WA, ik, %k U
RE T —/MEEUENFSRE, B2 U AEK
FHIESEARER T B HR R M sh A& 224k RIS
(AR AE AR B B8 B 8 iR 4R B30 AR BURPAIE, X REAAR I
HEhABZAN, HAIRGRE AT Rt .

1.3 A%

T3 NMF MZAZOAE T2 A — 70 B
o BEASRLER — Flihe, A S 5 2 IR
REIE R ZM RS « B8 IEH S MR HS
{1 Jir a6y Kot 0 3 R A 5 A O B S i S A 3
SRR R, ROKREAR T Hda i S . Rt
PR AIEF S ARNE G UL L H d Kikbsks

http: // www.china-simulation.com

Published by Journal of System Simulation, 2021

* 1884 »



Journal of System Simulation, Vol. 33 [2021], Iss. 8, Art. 16

33 525 8
2021 £ 8 H

R RS, B REES 5 EESEAHE
BOTE BN ZRFE R, N Is BB, 15 2% R %K
) O P 4 AR

R 1.2 AR T IER SRR X, Fli
FREASRF ISR X :[Xfl’sz’XfB»’”"de] o HH, X
FORER | RIERHEAE, JFH IR 4 K. K
X, 58— AR SRESE Xy HA T RO 8 5
X € R (1=1,2,,d) , IHE—ANHEHRLE,
Fayis E b o 2n R
X —UVHi +a”VTV—W“i )

i
train

it

st. V=0
KA UeR™ yHh IE 4 R 45 241 i ¥ 5400
B Ve R™S NITT LARIAG A6 M ER AR 205 B AL AR R
HOBERE. 3T Xl PO — ML R X, #
XBTIERZE, WY, =1,V,,=0; & X8 Tk
. WV, -0 v, =1, B V:F; H

p p
p=k/2. NTIEEAKRM U RS, B Mes
B R RIR, [FIR R S S IZRFEATE SR BE S )L
IENEAA, RA TXFR NMF 203, thah, wiE
X 0-1 BUE. B, R X5 X 2R, N
W=1, &N, W=0.

)R] LB ik DL St db fn) @i 21

min L(UV) =[X,,,, - ov[ +o|y'v -w -

Tr (X vy +v'Utov )+
oTr(VIVVY 20 YW W )

-2x!

train

TXtirain
(6)
XU R, ARy 0, N,
U=X,,V" (V") %
FINFE I HE T @, SECER2IMERE, "TLL
R EHENA
(U'ov) +(U" X )j+2a(VW)ij

.. train | ..
i i

T O] (UK ] 2V
( )lj ( train)ij OC( )lj
®)
L, * T8 DHEdRE X, » WAL

TR, 5 BT 502 NMF 4 AT 2% SRR A5 PP 4k

Vol. 33 No. 8
Aug. 2021

AR U, 1R 28 S S R AR A
M, N RHERE VB IN R 1 B A S AL

1.4 TELMIRDR

YIZRIF RS R T E e A B 380,
ZEA RN I R A S NS AR B B PR Y, JF
510 i B EU I, Gn SR A A Y ) Hh A R R
HBRTBE, W6 7= A 1 8 S 28 e rh R ISR 1
AR, ST IR Bl EOEr U SRR, BRI AL R . A,
Rl A B S AN R 2 S B Y ) Bl S AR A
IAHARE &, TE R FR AR, HH IR )84
I RS R i B 2 A

T B R AR B, SRR, A
B BN Xiesr W Xiest T View ZIEAFEELL T
KR

X, ~UV,, 9)
b U ANGERIETR, B R 7K Vi
RImT. #S HARTREM T

min J (Vg ) = [Xiew = WV | =

Voo test
Tr(Xt];stXlest - 2XtestUVtest + Vl;rstUTUVtest) (10)
SINBIEEIH AT W, X Vieg RIS, B0

(4o, FEHRHE KKT 244, 19 215 2 00 55 :0)

W

(UoV) +(U" X )

test J..
y

L

i

(I/teSl )ij < (Vlest )ij

(U'ov,, )j +HU"X,)

FEAG R Vieg J7 » TBILHIBT Vieg o AT AL 1K
NSRS ROR S . IR — AT MK T35 =47,

WAL T IER 25, RZMELE U X RAER
R

HAERET, EFEN Ve BT
[1,,0,]"s T MRS I Vies FERE 22 2IE[0),,1,] 7 {HAE
SEBRRLH R, R4 View AN FIRIIR L 2 5 A R B A
PETEL, i e 445 B A 25 R BAR AT LA A2 Xiest 5
UV HEAL, EDAN—TEAE Wieod P A RS
(K350 1 o T LA, ASCR VRS SE TR AT View FIHTARLL o
By 2 M. 2> BB I REAS R IEH 1, I

http: // www.china-simulation.com

* 1885 .

https://dc-china-simulation.researchcommons.org/journal/vol33/iss8/16
DOI: 10.16182/j.issn1004731x.joss.20-0319



Wang and Sun: Actuator Fault Status Evaluation Based on Two-Class NMF Network

33 %5 8 1
2021 4 8 H

Iy Vs WIERA[1,,0,]"s B BEAHAR IR A 2 i o
(K1, BRI, Vi MIERAEA[0,,1,]" ST LA 2 Fid)
GRS B R IR ZE R R, R LLEUINE N B ik
W, AR SR . RIS BE, HIRrES
PR B 5B R/, an SR BT R A i R R S IR
R T BUE, 0B BT B ], e 3R (]
SRR, [z, AT RAREAT T — 5 (Rl s U
¥,

HL b, BRI ERREER . XMTA
K Xuain=UV, P CLERfR g, JEAGHRE B 2 M BEAR 1)
BRI, WA RN v Ris. W), K
FERE AT AP AR NS AS RRAERE P, TAERE v i bk
AT R RS R I AR P 2 AMRRE ) B
NS EIR . B, EERIZRE, FEE Vv
MY TRAREAE B AR N T ISR
AKIABWAFE o AT Refaillie A, FIWIRAR, B
B R TR ZE PR R, BN UIZRAERE VAR
FE Viest FIAEAL. 25 b, il — AN IREFIMTIER Foia:

Fyy =[Xeq UV s + X (1= (VWi )|) (12)
ey R BRI RS T RER ISR v
FREIHEFE Viese FIARBATE . — 4328 NMF W48 —
AR N — A Faio [, Fain B/NUARR KA
A R R AT B PR, BT A AR S R
L5 RGBT

R T RAR MRS, Wb I A — N AR
&, A E S B, & P RE I 5 R FEAN ]
LR A B AR B R SRR L, b Ab e ST — ANt
HARPR:

F;iel = mean (I/test )2]

, (13)
Viest BNE T AR5 A6 DN A A AN T e PR AR AR (122
WAL, I MBS R X View R MR
B KR - e ST B8, T DA e — N Bl Be
b EARR . TR E, RDERERE U
SE » M Viest IARAL RIS 1 A5 00 504 O B A 7R PO A
FEo AL NIIEESEA ST, BRI Vi
HRAE, RIS 15 25 Bl 8 25 B,

RGTE AR

Journal of System Simulation

Vol. 33 No. 8
Aug. 2021

IS FH ) AP A R, 5 38 ) 2 s R R R A
B, SRR, (WEREEMGE. Brel, BT
1 D03 B P AN ] S, e 2 1 DU 35 B 8 5
e L REE IR -

1.6 MRS EMELEDE

CRE RSO ITIE I TR B IR, AR /N15 8 2 s
RAEVHAL P ERANT -

step 1: HAEAFFIRHEIRI . K05 IEES
A A RS, R4l FHRE . g A,
BB R B TN B R/ NB, il (1)
PEHURFERE P o T — IR E & IR S RHIEAUE
— PP () R R R AE

step 2: YIZRBETY . ARG ERFRZAE S,
WIHEACHERE v A W DA R SR8, AW A7)
M), 1925 —FKHPEARRIFFIRER U V.

step 3: MABIAL . XA AR, JoilbATHL
AL BRI SR, A A . W01, X
B MHREBGEAGTH R & B KRR .

step 4: FIWrakhs. HEAF— MR R R
R 5 AR A EE B, RS PR B LU B
THR R R SRR SR HOH FE A AL, FR 4
(12), THREFGFENR, S RFEREAAR R
A2 4

step 5: IBIEA . 242 Wi dbsmn, FR4E R
(13), THHE BV TR, 5 2w

2 PUTSHRBFERRS I LR SR

2.1 ETIRKFEWRAL #B R R G0 L5
e 3|

X &R AE M, 8IS TE OVATION /K48
SRIGP- 6, REAUL LT U T I A A AT S B B
SIS B A B 2 FT7R o SEEER FH OUZS /K R A 4% )
RYGE, LURKFMAAE Szl B Ax . BFxd 5 ik
&, REEHIES . WAL R & Z i 2EE .
MBS, WhfES, —3L 5 NMERMEAFEANI
o ArBITEIERAS . I M, e R 2. &

http: // www.china-simulation.com

Published by Journal of System Simulation, 2021

* 1886 ¢



Journal of System Simulation, Vol. 33 [2021], Iss. 8, Art. 16

33 525 8
2021 £ 8 H

Vol. 33 No. 8
Aug. 2021

TEIRS, S B 03 NMF 4 AT 28 SRS P0G

FUARRR . KRR . FEIX R, 6 Fif il 4% R4E
2 000 NEHEREA . B 100 MEEAL — A F B
FIH Semi-NMF $i B 46 £504#8 i #5 ASRFAE o K 1B
SHG MRS EELA S, BRIIGERA
WA, 5 ) 7 RN 3% B (1) o SRR . Ry
GO AE W 2% 1A R, FHIREE 6 RS T &% RE&
1 000 MEA, FFHEHURHE, MENRE . WL
FENK:, WEBMEN0.5, T/irAaE a=1, p=02.

2 IR

Fig. 2 Experimental equipment

1 RN B P 4t B S R S, 77
TE/NT A RIE DL, BT LA TR E PR AR . R
FHNERIR— A Ay FAFERY, I H A I B2
TEH B ASEE B9, T A3 BB 2R A Wk e e
MESIEE . BATRR—RRNEAR, REA, 5%
72 B 0 /NS RS A A ] L PR3 4325
T BB /N R B EARER T A A RS R, gk
DR BB BT o T IEH 508, BT (104 28 38 41
PR IR o X P B, BB R A,
AN P G DU A 55 6 5 11 T 7 1 g e 4 2 2 R
A RLFHRCR . T BRI E %, IR
7,79 SEER IR 7.74 BAHZET L. BB EEB1E
DN S S, RS T s AR AR AE B A
etk ARG A SERGARA, BTCAESI NI
SRR 50 0 RN B AR LR S, TR AR
TIX—6REG, MRHITRAR AW A R AR 2 iR,
i 5 W, FEBINARIMES RS, KA S e 0%
A BT H K

MY SR ) HU A SRR B ) M R AH D
KP4 AR S AE oAt 112 B D v gk AT ot Ll
W, BRI LS R 3 Fis.

R 1 WISHH RIEASIE R
Tab. 1 Static distance of network output
EFRIRES TE I A AR 2 TE i ZE A 2 RICHLR i A 2 BEIX AR A
EH 0.23 40.83 0.23 17.13 0.23 98.01 0.23 232 0.23 1.58
iz 38.46 0.22 38.46 22.42 38.46 127.69 38.46 38.77 38.46 38.20
1 i 22 16.60 23.24 16.60 0.23 16.60 110.94 16.60 17.04 16.60 16.39
It 120.00  164.40  120.03 138.91 120.03 3.27 120.03 119.97 120.03 120.51
bR 7.81 40.04 7.81 17.76 7.81 97.53 7.81 7.79 7.81 7.74
JEIX 1.40 40.09 1.40 16.68 1.40 97.46 1.40 1.0 1.40 0.24
2 wbEHIRIFE ARG R
Tab. 2 Fault discrimination index results
DRURINS TE I 2R AR A 1 g ZE AR Y RIERRY R ARy SEIX B R
E%# 0.42 41.01 0.42 17.28 0.42 98.17 0.42 2.50 0.42 1.73
=R 38.65 0.40 38.65 22.59 38.65 127.84 38.64 38.95 38.65 38.35
1 g 22 16.74 23.39 16.74 0.41 16.74 111.08 16.76 17.20 16.74 16.53
RIE 120.10  164.50  120.10  139.03  120.10 3.46 120.17  120.11 120.10  120.57
R 8.01 40.20 8.01 17.88 8.01 97.66 7.88 7.85 8.01 7.92
BEIX 1.56 40.25 1.56 16.85 1.56 97.63 1.58 1.17 1.56 0.37
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