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Fault diagnosis and optimal fault-tolerance control of singularly
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Abstract: A fault diagnosis method and an optimal fault tolerant control method for singularly perturbed systems based on
proportional integral(PI) observer are proposed. Firstly, a condition for the existence of the PI observer is given in light of the
singularly perturbed system theory and the matrix transformation technique. This observer can detect the fast-slow state and
the state of fault system as well. Moreover, a state feedback controller is designed by using the optimal control theory. And
the fault diagnosis method and the optimal fault tolerant control method can be obtained based on the PI observer. Finally,
two numerical examples are used to illustrate the effectiveness and correctness of the proposed approach.

Keywords: singularly perturbed systems; PI observer; optimal control; fault diagnosis; fault tolerant control; state
feedback

0 51 F
FE SEBR 1 TR AU b B 3 — R B R Rl

M EVERE B, S A /NS BN R R G Y
BARE, ME— L2504 2 5 R 3 ah R4 Lok, o

B RE B R G, IR Z IRt RS H4%
] i A 45 ) 7 S 4 5l 2R GE VO ME ST T A A 4
B — R B & R Rg a2
R e, FLEA AR JFURs I A BBORBR 2 R 457,
HIEWRG. ) LRGBS N, BEAFAENAERR R X
AERFXA. BRET: HNhSHe = 0, RGEK
AT XARGE, B SRR e = ORI RGRRN
TR RGERIMIRIE A2, 2B S8 e > 1IN, &5
WA e R A O IR I 2 R 2. R HE B B 19
JTEBUEREE, A RE ARG RIEE RG S X
ARG, BT IEW RGE. ) LRSI TR A L
A BERONERNERER, Loy T 52X,

Yk BHER: 2015-09-08; &EIHER: 2016-01-26.

FCRIAE L BAE TN S RO AR B b, WA 7 5 4%
BN AR GEER Y — SRR IE 2 3B H T EIRE T
FERE G A ML IE SRR B RO R AT
5, TN T RS W R TR AS 22 L, S8R KA SOk
(81 WFFT 1 i A AR KNS B0 ¥ A 57 £ 50 28 8 WU 12 W 1]
R, A 2 W 1) A bR P H o 42 81 [
BB SLbr R G — BRI AT REE RN
SURII 7 R ER R, HBs 2 I 55 A 2 A R T 70 X
L E EPL SCER (101 /v 4l T BA 51— JF 58 DC-
DC A2 #ie a5 A8 T I L F N 1R 7 A8 2 1, nT UG 1) 4t
BRI, I LI T A TR 51 H AR a2 i A
e SR, ST SN R BE. B 000 25 (s 12 W g v

EeWH: EXBEARSEELT EWH61473002,61573024); bR B AR50 H (4154068, 4142014).
TEE I XE (1984—), 2, kI, {4, WNF)™ L RSG. b EHir s, @A 1961-), B, #d%, L4 5, NF

W28 ALl A SRS AL



1868 = Ll 5 * R ¥ 31 %
TE RS T OB 90 T B R AT BRI B B, %) F 25 oall) Gy 0
S G B T — B2 SR [11] 75 0= @ﬁJ’G: 0 ¢l
50T 7 RN R AR L VLI S8 0, SR M B 5 0
Vo 45 S -1 2R S AT O B 4 SOk [12) 5F =l g |
7T EARMTFMHEIE) X RS Pl (proportional W EG 1 5HE R G 2 BT, S FI RS
integral) LIS 0 U H, B R AR REAS ek AR, 735 { B Ay 4 Bu
ORI R L M 5 R N 7 5 SR, s i ] 3)
U7 45 SRR 7 kB (0 2 77, 5 y=Co(t).
RS I R G W TR R A R L o Fn P T
Ho PEREAR bR 5, 001 167 22 G551 2 AT LR s &lan’ ADE) 5 1B
98 [RVNFHEAT R, 33t AR 1 B S 4 AW 07 0 G 0
T B ARZS S5, BF 90 20 S350 28 G5 0 2 W A e C=[C DyF), p=[z"(t) ¢ ()"

A,

AR — LR T TR R G, R —
F P28 (1) 4 2 4 0 R 5 A0 2 s o . 1 %%
4S5 R G R BRI ST S R G, T iR
BN F GRS B R AR R AR, 45 HH PT A2 W00 23
TELE I 26, %000 58 FT DAL 25 45 1) e 4R 45 A
BE R GRS, FE A5 B R BOR A 3Rl L3k — %
FERLAR M, VT TORZS S B bl 4%, S A A M3E B
G AR T 0T R 5 1, S FLAG A4 2 etk — Uik
) B /M. 55 B B 7 BB T TR 7 i
f P AT IE B
1 [ SR

RN 5 e BRSO 2  5  E 7
SR R 55

E.i(t) = Ax(t) + Bu(t) + D1 f(1), "
y(t) = Cx(t) + Daf(t).
ﬁ¢w>o%%@%ﬁ¢uz=[%1f Luﬂe
13 no

R RS &, A FE 0y 4101848 5 R ng 4 1) PR AF
B,y +n2 =n;u(t) € R NRGHKN; y(t) € RPN
ARG f(t) € RY NHME; A,B,C, Dy, Dy NEAA
3T YR RBOE RS

WRRAE S f (1) B A AR IR AR R f, (¢) AT 4%
Wk fo(t), B

fult)
t) = .
7o) l 1.(0) ]
B 5 AT BB A R A, U

e

2)
ft) = Fe(t).

Horh: o(t) € RMratme) Jylgfi R GRS &, H.

{ (1) = Gep(t),

EX I WMRRFG A0 < e < 1H, RTF R
GRS T RGUHR L REFERE LI, PR R 45 (1) 2 i Ae
5 BRAEVLIT).

KT X RG M 5 B4 15385 88 R
GiHIEEL.

SIE1 &) 2 LNk, 2 HALY
0 FE.
rank =n + rankF,.
E.
SIE2 R4 ()KIETRALBEMA, 2 HAL
:\_:ul
sE. — A
rank =n, Vse C. 4)
I3 R4 ()R T RELBEME, 2 HAL
%'

E.
&)

rank =n.

F1 SCER[41 61 TT L RS (e = 0) IR 18
ARG Re s e L) F A, HSL EARGUEM, 1B 1~ 5]
3T 0 < e < 1A RH3h R IR IE .

BT REG (1), &tk RN

7= [T 00 + o R ©)
H: Q € Rintatsxntats) R ¢ Rimxm) Sy &4
. Q=Q" >0,R=R" > 0.

RE M5 M8 191 RE TR AR (6) 14 3] e /IMEL 1 2 ) 4, R
N . Ak, RS & o) 72 bR ]
ReAANTTI, DRI EE T H a0 N ARAS I s i) 4

u(t) = Kij(t). @)
tof: () 9 PLALII B vHE, K € RO Jyfi

1y

\

o

Bk

AT BATR S RN RS () TS R4 (),
BETE P 28 LIRS [ itz il 2%, (615 1A R 4



10

X & o AT PIUM & 69 F 45 3 Gudi [ 145 W7 For 5K AR 5 4 ) 1869

1) WAz 1;

2) I8 PLULI #5 Be 8 ) 2] 55 8 (5 S 2N
T R TAIRES;

3) PEREFE R (6) 15 i /ME.
2 FEER
2.1 PIEHERESM S

MG R G5 (3), Mid PTAZENL 25, @i R4t
BRI o) MRS (). B g 2B W F
e

Z(t) = Nz(t) + Liy(t) + Lag(t) + T'u(?),

D(t) = z(t) + Toy(t), (®)
g(t) = CO(t).
EI1 W T R 3), 15 PLULIIEE (8), 4544
T .

WEBH R OSCHR [12] AT, Wi R 8 () & TR AR
(1, T U= (8) i PT AR 2847 7E. F5 b, ]2 2,
I EE 3 K@) AGS) A, RG8(1) A2 Bki ae W R g
oA {8

B D(t) # T op(t), $EBE N Ly Loy I' Ty T
SRS IRS M THR Z T O AR, & e(t) =
p(t) = P(t). FH

E.

rank | _

¥

F DAAEAE— MT IR, (515
E.

:n+na+n57

[Th T3]

= In+ng+ng-

FERUR AR G5 (1) MBI (8) KRS, A
e(t) = p(t) — (1) =
P(t) — 2z = ToCP(t) =
(I = ToC)p(t) — 2(t) = TLE(t) — 2(1).
13 FPRES A THRZE W 2N
é(t) = () — U(t) =
Ne(t) + X (t) + (1B — Iu(t).
Hrp
Xyy = TyA — I,C — [,C — NTLE..
N
T\B=T,I, = NTy,N = TyA — L,C,  (9)
(EESISPEES
&(t) = (T A — LoCelt),.
5E X
Agps = ThA — LyC.
WK Aops /& Hurwitz [, WAl 11 3% 22 2 G0 200 T

TR E Y. B AT 3 5 P Lo REE, 2 ALY
(T A, C) TR, BIX TfEE s e CH A
[ SI'rL+'rLa+nS - TLA
rank _

=n
C
DAY 5 R <}
- sE. — A
sE. — A _
rank _ = rank sC =
C _
C
[ T1 T2 0 SEE — A
rank | 0 —I, sI, sC =
0 0 I, C
SIn T1A
rank 0 =n+ng + ns.
C

PRI Aops & Hurwitz, U o (¢) # T ¢ (¢). O
22 mifizHlE

KARE BN R G0 (3) s Az ) L 5ok
FEU NP

1) (E., A) & ok,

2) (E., A, B) & i #H52 1, (E., A, C) 2 nr &
s

3) R4 (3) A& Bk RE VLY.

BH I T PR 43 B Al 2, 2 (1) ~ (B) SR AR AT

EIE2 X TAFEE RS Q) HEREERR (6) i
B/ MA, 24 BAC Y Rz mE N

u*(t) = —R'BTX(¢), 10)
Horb X R40R ) X Riceati 77 2 B f#:
EIX =X"E. >0, (11)

AT X + XTA+ Q- XT"BR'BY =0. (12)
AR R TR bR N
T = S0EE Xy = S0 X By, (13)
UEBH  WEME 4
L= 2[pTQp +uTRul,

%€ X Hamilton I_i:liﬁj?j
H(x,u,\) = —L+ AT (AY + Bu), (14)
JSLFH AR R AR /M R R, RS T R N
E.p = %—If = As + Bu, (15)
BT = _aai; — Q- AT, (16)
WAl 5% 1F N
%—IZ =0=—Ru+ BT\, (17)



1870 = #l 5 3 F 4 W31 %
Rt e P 22 1 0 0] (0]
u*(t) = R7'BTA. (18) . 1 0 2 0 -1 ] 1
A (E., A, C) S T K W19, FF BLap(oo) — 0. A(t) A=10 0 0405 0 |, B=|0],
Hy@t)FWTFRR: 0 0 =01 0 O 0
00 0 0 -1 0
A= X0, (19) - : -
Fob X € R (1), %50 (19) K P, 47 BT, i e
M (18) 155 0 1 100 |
ETA=(-XTA+ X"BR'BTX)).  (20) 1 0 000
$53X (19) FAPHRETTE (16), I 53K (20) LAAT 4 | 0002000
_ ) o E.=|0 0 100
[ATX + XTA+Q - X"BR'B' ]y =0 0 0 010
WFAEE (), (12 L. HF (B, A— R7'BTX) 0 0 001
=) ﬁ/\/\
B E%HMIT X" X Riceati TRAFE— BT Wﬁmfilﬂlﬁ@) i Matlab & sk
X, BRI 0.7311 —0.0064 0.1612 0 0.2689
* -1 T
ut(t) = —RT B Xy(t). —0.3224 0.0322 —0.8059 0 0.3224
a5 AR ITRE (11) A1 (12), E X Ty =| 01612 —0.0161 0.9030 0 —0.1612 |,
V(w,t) =T EX X, 0 0 0 1 0
e | 0.2689  0.0064 —0.1612 0 0.7311 |
V(1) = (BEdh)T X0 + 9 (8) X T Bty = [ 0.2689 —0.1612 |
—wT(t)Qiﬁ —uTRu—l-MlTRMl <0, 0.3224  0.8059
S M1:u+R’1BTX1/1. HENGRIES b= _0';612 0"0370 !
| 02689 0.1612
2f {_* TETXMjLMlTRMl}d [ 16322 —1.0818
%Io ETXo:o+f MTRM,dt, 0.3136 —0.5434
BF|u* (1) = —RBTX() R R bR s s T = | 0202 ~0.19920,
FME.L B = %w()TEEX¢O. O 0.0161 —0.0097
Zo I BB BRI | 01787 ~04350 |
w(t) = —R'BTX(t). ey N= ]
3 M E —2.4687 —2.0623 0.6538 0.0806 0.7376
TR (1) (02 SR 5, S R 0.6770 —0.3553 —0.9355 —0.4030 —0.3546
Lo 9 o ~0.3385 —0.3224 —0.2322 04515 0.1773
E5:l000217 =l1 01, 0 0 —0.1 0 0
' | —0.5313 —0.5377 0.3462 —0.0806 —0.7376 |
B= 0],0:[10'6], HAE KA A bo = [1 1.5 1 0 1],
1 01 Lo
D1 - 1 0 5 DQ = O 71 . O 1
2 -1 10 BR1 EN L= |00
RIS S f(t) 248, Hn, =2,n, =1, H 00
REPERT AR (2) 1930 RECHIE, ZHOEREI T 00
—0.4 05 0 Lo o e 3 2, 159 2 R4 AR R iss il A
G=| —o. ,F = . () —
0.1 0 O [0 0 1] u* ()
0 0 -1

HIERE) R 48, 152

—[0.0837 0.8157 0.6765 0.0674 — 0.3132]¢(t),
et IR E A e by J = 4.3086.



10

X & o AT PIUM & 69 F 45 3 Gudi [ 145 W7 For 5K AR 5 4 ) 1871

LA 2 D38 28 G0 RS A0 00 I 25 4l T (R

AL

© 2 — X
5 OL——*k --------
> -
5] B ,"'
§ .
%) -2 ' 1
0 10 20 30
t/s
L 3 —X
= |
= .
g 1 K
0] 2
§ T
w 71 N N
0 10 20 30
t/s

1 L BUETREGRSSMHITER R TR 1D

L — Pu
o 1 A
= 1
S
> 0"-- e e m - o =
)
g
w) _1 N
0 10 20 30
t/'s
o 0.5
O
S OORC oo
g
S-0sf — o
= i %
71.0 "
0 10 20 30
t/s
[9)
N b
S
> Ol\__ ===
9]
3
w _1 N N
0 10 20 30

t/s
B2 L, ETHERGRESSHITERERELZE (B8R D

0 0
0 1
1ER2 kB L, = | —0.1 0
0 0
0 0

7 R GEIRAS 5 AL S0 R A L) 3 I 4,

B AR S 080 25 B SR EE 2 4, SR EUR R Lo, 9F
AU 25 K AL FE AR T, AL 7 IR 2500 4%
P BB, B T (e). BT bR R s B
TR 75 5 L 28 0 A A S50 45l % o (1) W
WA, T VIR I 2 1 i 25 LE et I S B

P 1~ ]S T, IR [ED ) Loy 36 L0 5 L 2
A4 0, S e BN 7 Lo 7 LABCES Aoy 5 (6 76
52T (1 B, AT A8 ZR G0 A 1 S (B R0 A M
ST

L 2 —_x
> %
§ kdl
§ 0 L—/'—.é ----------------
© ;
E L
[75] _2 N N
0 10 20 30
t/s
L 3 X,
= —
A\
[ N
E __________________
w 71 N N
0 10 20 30
t/s

E3 L, METRRAGRSSMITELRZ (FR2)

L
O
8
5
>
[}
s
w) 71 M
0 10 20 30
t/s
o 0.5
O
| T
g
2-05 0
= i
“-1.0 :
0 10 20 30
t/s
o [R—
s 1 IS
< -—- 0,
: N\
S R
o
s
v 71 N N
0 10 20 30
t/s

5 AR L SR &MIEHI#LZE u (1)

F2 @) PRI RMSEAE Aos T E J5 #8
I EH 3 (9) M RLBAE, 1M Aops B3 B B R ARAEAR E
BIRT, BETE B E R [ Bt 5 25 PUYLI 25 AN P —.
FESEBR A, R DARRAE 28 48 (1 78 e 22 RIE A IE I Lo.

H A 45 SRR Bl 4T R, AR SCRT R Y P
AL 5 e % AR A LI 2 R M P A RS AR 2, Bl RE
B G DU 2 WA 5 2R S (VIR S, TR, ) FE UL 2% L ) 28]
(145 5 AT DASEBL B DUIRZS S 158, A BEAS R GEAE R A
BRI TS EIS BIRSE « AR AL,



1872 1= # 5 * R %31 %
4 % i’ﬁ lemma approach[J]. Control and Decision, 2010, 25(5):

AR SR E L B AN Sh AR A b,
T PIAZE M &5, X 21tk 75 57 55sh &R G i) i a2 e 5
BHAERIREAT T HTI. W Se 5 T A S R R GO G
WAHE MR AR B R, 45 HY T PY A 2 W00 I 245 A7 72 1 2%
P, B R GE A A R B T2 W o6 A 32— 28, i
T 7RES SR A5, (A5 P R G DU L
Fa € 1), M0 H AR #5405 2k — IR bn ik Bl B/ ME. B
Ja RSB S W, N2 P i B 1 75 9 B v ) PT 4= 4E R0
0245 BB % R 1 b W ) 28 e i e AR, R B R A% £
IR R G B A R I S e fitE, ANTTSRAIE 1 BT 2
JHE AT AT YRR IE B 1

£E Yk (References)
[1]1 VAT = R AT & F M. Jbat: Bl B,
1986: 13-23.

(Xu K K. Singular perturbation in control systems[M].
Beijing: Science Press, 1986: 13-23.)

BT, e rE AT RS RGMIRIERE T 5458 — —
T~ SR G VAID]. B st B s HE LK% A 2k 2B,
2007.

(2]

(Zhong N F. Limiting behavior of linear singularly
perturbed systems analysis and design — A singular system
based approach[D]. Nanjing: School of Automation,
Nanjing University of Science and Technology, 2007.)

[3] Saksena V R, O’Reilly J, Kokotovic P V. Singular
perturbations and time-scale methods in control theory[J].
Automatica, 1984, 20(3): 273-293.

FIEA, wiAr B AN E 7T 7 B R G AR E S
BHE T 215 K, 2003, 18(4): 487-489.

(Wang X J, Gao C C. Robust bounds of stable controllers

(4]

for linear uncertain singular perturbation systems[J].
Control and Decision, 2003, 18(4): 487-489.)

¥, 48 =, BT LKYPSI B F LA R EII ARG
A BRI SE A i 23 (D). 5 61 5 PR, 2010, 25(5):
711-714.

(5]

(Mei P, Zou Y, Finite frequency positive realness analysis

of singularly perturbed systems based on generalized KYP

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

711-714.)
Xu S 'Y, Feng G. New results on H, control of discrete
singularly perturbed systems[J]. Automatica, 2009, 45(10):
2339-2343.

Tk SR, IR SE, BT A R SR Bl I R G 4R
#il (¥ Chebyshev 2 T X H 77 HET]. #5211 5 YLk, 2012,
27(5): 691-696.

(Zhang B L, Zheng F F, Tang G Y. Chebyshev polynomial
series method of suboptimal control for singularly
perturbed time-delay systems[J]. Control and Decision,
2012, 27(5): 691-696.)

Xu J, Cai C X, Zou Y. A new method for fault detection
in singularly perturbed systems via th finite frequency
strategy[J]. J of Franklin Institute, 2015, 352(11): 5061-
5084.

JA %%, Ding X. 2 FH 42 1 B0 S R A (0). B sk sy
%, 2000, 26(6): 788-797.

(Zhou D H, Ding X. Theory and applications of fault
tolerant control[J]. Acta Automatica Sinica, 2000, 26(6):
788-797.)

Jamshidpour E, Poure P, Gholipour E. Single-switch DC-
DC converter with fault-tolerant capability under open-
and short-circuit switch failures[J]. IEEE Trans on Power
Electronics, 2015, 30(5): 2703-2712.

Huynh N, Wright R A. Nonlinear observer design for the
slow states of a singularly perturbed system[J]. Computers
and Chemical Engineering, 2005, 29(4): 797-806.

Koenig D, Mammar S. Design of proportional-integral
observer for unknown input descriptor systems[J]. IEEE
Trans on Automatic Control, 2002, 47(12): 2057-2062.
Khosrowjerdi M J, Nikoukhah R, Safari-Shad H. A mixed
H>/H approach to simultaneously fault detection and
control[J]. Automatica, 2004, 40(2): 261-267.

Dai L. Singular control systems-lecture notes in control and
information science[M]. Berlin:

38-50.

Springer-Verlag, 1989:

(Tt tt: RE)



