FE33EHSH
2016 5 H

w4 25y A
Control Theory & Applications

Vol. 33 No. 5
May 2016

DOI: 10.7641/CTA.2016.50535

BAT R R g A R T v

G NS
(1. ZRAERE: R Tvgsar B b B X S seae =, 107 $0FH 110819;
2. F SRR At 5 a T TN AT, LR Hi5 266042)

WE: A IHET M R G, L T I8 T AL FE 1 XUZ 45 /A A, 78 Bh Sk ath b, 383 2 7 A R B & B
W2 W S, $eH T ARIETE RS WS R B R 73 Be i O AL e A R 4 Hh XA 4 1) vk, R 28 5 R R
PRI AT T B & SRS W B R . EIE B 12 v R A A 8 S R R AR IR 7E [B] B 4% 12 H
P Fief AN 3 4742 ) AT AT S S 8 L SR A AR Ak B I 3R . %05 1 B T AR se S A 1), 15 45 REGE T TR 7 i
Rk,

SFHRIA): MRS W, A BT

hE 422 TP273 HERFRIRAD: A

On integrated fault tolerant control for operational control systems
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Abstract: A two-layered operational control model is firstly established for the optimal operational control for industrial
processes. Based upon such a new model, an integrated fault tolerant control for the operational control layer is obtained
using the adaptive fault diagnosis scheme. The proposed method adjusts the optimized set points so as to achieve the
original optimal operational control effect when the system is subjected to either faults or disturbances. Detailed analysis
has been made on the construction of the adaptive diagnostic algorithm for fault diagnosis using of Lyapunov stability
theory. It has been shown, by tuning the optimized set points to the loop control layer, that the proposed method can ensure
that the operational control can converge to the original optimized control effect when there are faults in the loop control
layer. Indeed, the proposed method is in fact an incompact fault tolerant control scheme, where the simulation studies have

shown its effectiveness.
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Fig. 1 The mode of operational control systems

| r—Jd@)=min |

BT Z iL

8} ‘ r, T
_ + B + ~ +
e e e,
C, C, C,
P, P, P,
TR n
o B g 7=

2 BATHEENRR
Fig. 2 The illustration of operational control systems
2.2 MERIEST (Model building)
ARG 7 FE R 2 v [ s 2 PP s 2 R R O 1R
Db, TN A%, H A A ] AR



5 AT BT RGUER T U vk 571
RN —AMEilElEE LR TS ST RS R R
Ll.','i = Q;T; + biui + Hidi, ﬂiﬁﬂﬁﬁfﬁ%ﬂ%ﬁ“ﬁ(m = 'I";k, 1= 1,2, cee ,’I’L)
Ve Gy R BB R I, SRty K
1 ’ s BRER TRSE 20 R IO B AR VL R (. X, PERETEAR R
t=1,4-,n,

Horbe ;€ R S5 il [ B8 4 42 6 RIRPIRAS 1)
B, u; € R™O& S 42 H) o] B 5 12 6 o\, y; €
R™ERIERf, d € RIONHFEIE, {a;,b;, ¢,
0, } AHRLI DG T B 450 R © A SO RE, {n;, m;,
q; PN REFI S 50 RGO AERHAT
F AL A, A DAl BN RE ()RR, 4
d; = OFF, BBaANRIBR TC iR, R, d; v DR S
[ SR R %, RId, (¢), BB s B L A
ROk
PR — AR BT &, o IR R
€ =T — Y- (2)
IR BR 1% 22, S50 A1 I 0 206 1 3 45 I o 4 ) 4
AR T — o
v = fivi + giei + Wiy,
{ u; = hyv; + D;ey,
Horr v, € RPé 550 0] B 1R 428 1) 2% B IRAS [) &2,
{fis gi, hi 245 SR S BOEFE, BT BT RIE
e RGRIREE, I AEd, = O SEBLC T4 B E
Er; )58 A ERER.

3)

lim e; = 0. €))

t—+oo

455 (D)-Q2), FA BB AR AR AT E SO

zZ; =
Vi
DRI, A RS 1) PIRRES TR R
2:’1* = AiZi + Bﬂ“i + Eidi,
Yi = CiZi7 (6)
i:1a2a"' y T

Horp36) TR I 2 BB R 22 BB AL i AT LA
PN

e RMHP (5)

A,L- _ a; — bi-DiCi bihi c R(m+pqz)><(m+m)
wic; — gici  fi ’
B, = biD; c R(”¢+Pi)><m7c’
L gl
EZ- _ 01 G R(n,;+pi)><q,;7
0
C, = [Ci 0] c RMix(nitpi)

(M
ZERM: (O)-NFExr T2 ARSI RS

# J(y;) = J(r) = min REIA R/ ME, BN R
Gt R AE F AR AR T Is AT, 280, kbR A4
TERE—AN PR B, MR e; # 0, HaE i
S )V RE 4R AR R 0K A PR S MEL TR T (v:) >
J(rF). X, FF BT e AR 2 S B
oy, BERE TE A W I PR R TS0 25 e i BRAR AL 8 {8 )
(i= 1, ,n), ULREEREFARIO AL, JKFE,
TN ER, SBR[ () 5 E (i v] e

ri=r+Ar(i=1,---,n), (8)
Forp A 2 550 A B % 1) 6 (A B, A, TRIEHL
RERE ORUE SRR H v, rT AR et v e (il (i = 1,
ceyn) FEARICH, Ar AT DR s 4T 1 E 5
A, ST A AT B 456 320(6)~(8), AT LA
X

EN (A, 0 --- 0
Z 0 Ay--- 0
z=| . |eR", A=| . . eRrR™",
| Zn | 10 0.4,
- (B, 0--- 0
h 0 By--+ 0
y=|: |eR™",B=| . . eR™*"™,
LYn | 0 0B,
. E, 00
r
1 0 Ey--- 0
r'=|: |eR", E=| . eR"*,
n 00--E,
C,0--0
A
™ 0Cy-- 0
Ar=| : [eR™, C=| . . o |leR™X™,
Ar. Do :
" 00---C,
dy
d=|: | eRi r=r 4+ Ar,
d,
n:;ni;m:;mhq:;(li-

©))

B, P2 AR I T 0 R i1 s S st s s T
AR N

{,73 = Az + B(r* + Ar) + Ed,

y=C {10



572 Boh B 5 M H #33%
Forf d = [dy, dy, - dy] TR W B (A, B, B, WWATLLEEIE (T Foib R A1 o At b S0
CYy M {ai, b, i, 0: 3 5{ fi, gi, hi } KIRFR (T ML Ay — —(BTB)leTEc?. (15)
O it XRIIA, B, B, CHOAKIIEZ ) f, g, "
hMAEA. TR R SR OBy O, e ARIEHOTEAR, ATLIEN]

BAFS I 50 R S . BAr + Ed =

FETE R d = 0, R RS RAL T s

{5, BIAF = 0. BEIT, B4 R0 R G AL THRALE AT IR
A, KRB TTRE RN

{ 2= Az + Br",

o (11)
y=Cz.

Al LAE H, 7R RIS gz Rt e ilG, B R %
SRR 1Y, HRE0E SCILE ORI 1 5¢ TR e
156 4 BRER (L 3K (4)). 1IX KB AR F2 7 5 BE (R AR D,
FEHFEFE(A, B, O) Rz /& T 7 o i (1) 5 42 21
ERARAF R E2):

—-CA'B=1. (12)

AT H B2 B Fe vk B B g i 2 W, R I
it ok vt Ar Sk SEIL AR R, DAORIE £ f R
KA A RGBT RER, BT = min. HE
B AR R AR M2 W ) Rl T Ar R SEEL
FEIBATHEH = A ).

3 R 4R 51 H % 11 (Fault tolerant control
design)

XA0)AT B 50

{zzAz+Br* + BAr + Ed,

o (13)
y=Cxz.

W d =0, RFEIE Ar = 0, B RIEEA BT
B KRG RIfE ML, SR, Wnifd # 0, ASCFHRE
I —AAr KRRy, — 7, X R RS 7R SRR R AR
1 e AnJ (y) = min. SEBR L, 76 ¥k &k AR I,
R e E RN LES BAr + Ed = 0, W5Ar sk
WEA BT R I IE AT, X R A st
H bR, SRS 1, BT LA43 B T ) LA 43 i3 AT
I3

1) HdHHONEER, R R 450 R AT, ]
RS A S RS RUF ST, WAt Le g pli v e 5]
FRGT T o3 125 ) 2 (PIDE IR ), FRZ N TE 2 A Fda il

2) AR OB AR bR N () A RS el
TR JE ) R R K 2 A2 B B P YRR AR s i 2, 5
Al 1% 3 I 2R A REAE I Z 3 ] [ g i e, A
R IR — A e 7, BV SE & 2.
3.1 E BRI A HS I WE X (Research on the

constant fault)
LA NS W 56 T d A T, FRESE
lim (d — d) = 0, (14)

t—o00

—B(B"B)"'B"Ed + Ed =

~B(B"B)'B'Ed + B(B*B)"'B"Ed —

B(B™B) 'BYEd + Ed =

—~B(BTB)'BYE(d—d)+[I-B(B*B) ' BT|Ed.
(16)

AT LA, S g TP 2 Wi 22 d — dERE A,
2O OB TR OME M OEAE A S M-
B(BTB)"'BT|E. At WAL RIS 2R
HECGRAE3)

[ - B(B"B)"'B'E =0, (17)

24 (1) 1EH Tz 478 R G, £ A7) AL
*HTH

lim (BAr + Ed) = 0. (18)

t——+oo

DAL, 72 Wb b 2 (4) I SR BAL, BN AT 55 )
PSR ATIS T HARIZ AT IR, BRIl B g
W e B

R 1 GERBHER]) WA GG I
il # AR 2 W ik, AR A R(12) A A7) R, T
AR I SR (15) AT AFAIE 20 (4) BT, SRBILAE e
RAEIT AT RGBT HARAIRES.

A1 LlbEEmh A R E I R, &F
RS2 B ORI L 1), R AR 3ENAN — S 2, 42k 1348
U3 S BRI 6%, AR S BRAR R 1, 253 ST LA B 1R A
SE& AR, 53N AR I, A SCE W R e bR Ak
IR R 7k, R e A5

3.2 AR OO I AR i 7 4 % ] (Research on
the time-varying fault with known mode)

A LR AR T AR Bz, 722010 20804FA UL
RERIWE TR, SO AR & s fel fledzs i, G oo
LEPUN B I (& D I SU AT A O R Y NS g P X R W
PR SRR, QR AR G R A T BRI RN,
U B A 2 PS5 T A EESKR, — R il i Ab
feds, “RBUEAMES. HMM VAR UERER
HEHEIR RS, ASURAHECR.

EE2(RE&BHES) X RGA13), H
REGTHd # 0, HEEE

Ar = —ap(t)(BTB)"'BTEd,



55 W A TR R G AR T 573

RGAERAER. Horp: Horhdo e MR IIWIEHTE, 8 H %,

ap 0 - 0 MR R G HEN Vi X R BN

o= 0 o --- 0 V=z"Pz+ W, @7
5 Hrp

0 0 an, Vi=cTPe+ (d—d)Tr Y d—d). (8)
[SRRYAN é/%” ~, M) Vi
SRUE X HR S AT LA 5]

ei(t) 0 0 V=
o(t) = : : ; TPz+2"P2+ V=

By (1) 2 5l () R I RS BR 4L

1 3 R IR B 24 # 0, Wk I AR 2 J =
min. A LU PR BT RG

i3 W LR N et el

[ — B(B*B)"'BY|E # 0,
IO BTt AT T BOE(E
Ar = —ap(t)(B"B)'BTEd, (19)
Hodt: a2 BB EOERE, o(t) 2 5ikbEd(t) R 1
B T RGUPIRA R R
{z — Az+Br*—aypB(BTB)"'BTEd + Ed,
y=Cxz

(20)
HA s Ho(t) 55 A
é\
H = —apB(B"B)'B"E, (21)
AR,
t=Az+Br* + HE(d—d) + (I — H)Ed.
(22)

LR2 ot RGN E B RS, A
PABC T H— oW g X
2 =A%+ Br*— B(B*B) 'BYEd +
Ed+ LC(% - 2), (23)
g =C3.
B3 GRS, 18 F 2R
FasE MEEIRIE I RGP
7 SCIRAWLINRZE

e=%—z, (24)
DUt 5222 SR 561t a] ) 4800
¢ =(A+ LC)e + E(d — d). (25)

MU RRAL ) E NN
d=—T'E"Pye — I'og(d — dy), (26)

(I—H)Ed)"Piz+2"P(Az + Br* +
HE(d—d)+ (I — H)Ed) + V; =
2V (ATP, 4+ PLA)z + 22" P Br* +

2:TP(HE(d — d) + (I — H)Ed) + V.

M
V, =
(Ae 4+ E(d — d) + LCe)" Pye +
eTPy(Ae + E(d — d) + LCe) +
o(d — d)*r'd =
e"((A+LO)'Py+ Py(A+ LC))e +
2(d — d)*ET Pye + 2(d — )" I d,
PRl
V=
ZY(ATP + PLA)z + 22" P Br* +
2(d — d)"E" Pye + 22" P, (HE(d — d) +
(I-H)Ed)+e"((A+ LC)"' P, +
Py(A+ LO))e +2(d — d)* I d.
IRAEATTEAEE R, 40 A AL
2:TP Br* < 512 PPz + /;1||B7“*H2,
2:"P (I — HYEd<
ﬁngPlPlz—i—;QH(I—H)EdHQ,
2:"PLHE(d—d) <
8o PP | HE(- )|
H (i = 1,2, 3) RATEMIER L
BRLHRs BT ANSE AR (29) 7T LAAF2)
V<
2T (ATP, + P A+ B P P, +
ByPy Py + B3Py Py)z + ﬂll||Br*|2 +

(29)

(30)

€2y

(32)

(33)

(34)



574 oA R 5 N A

33 4%

|| = H)Ed| + — |HE(d - d)|* +
Ba Bs
e"((A+ LO) Py + P,(A+ LO))e +
2(d — d)* (E" Pye + I \d). (35)
o)A (3513
V < ZY(ATP, + PLA+B, PP, + 3P, P, +
B3P Py)z+ 2+ T (A4 LC)' P, +
Py(A+ LC))e — 204(d — d)™(d — dy)),
(36)
Horf

1
2= B—HBT*HZ + (I — H)Ed|* +
1

1
EII
S IHE@ - D),
EBEBH Y, ve, IERHEFFQ,, QoL
AYP, + P, A+B, P, P+
BoPL Py + B3P P, = —71Qq, 37
(A+LC) " Py+ Py(A+LC) = —7Qo,
A, 2(36) 1T AR N
V< —72"Q1z — 726" Qo + 02—
204(d — d)"(d — dy)). (38)
t T T T AN el T
—204(d — d)"(d — dy) =

—204(d — d)"(d —d+d — dy) <

—204(d — d)*(d — d) + oa(d — d)T(d — d) +

aalldo—d|* =

—0a(d—d)*(d - d) + oal|do — d|°, (39)
PRl it

V < =12t Qrz—10et Que—oa(d—d)* (d—d) +

Q+ o4l|do — d||*, (40)

i

)\min(Ql) ~ )\min(QQ) 04
)\max(Pl)7 2)\max(P2)’ )\max([’il)
b=+ a4lld — d|,

R(40) K

2

a =min{~,

V<—aV +b. 41)

ot E A B BT TR A BOE IR R R, R
AR RGP EHIE 5 S0

E2 ol b/ ISR AR, Oy T A B BT

SRR, Al S (22) F3(23) T 4K Q1, Qo BiE K EAl

K B MR AR IS AT BE KK, Py, Po 8 KRR AR IS AT E A,

Y1, 72 RATBER, B1, B2, B3R AT BER, og K/NELE T, ofEH

Hh, DRI RS bR

4 {EMFF(Simulation research)
25 RN PP AN SR B PR A PR 1) R G
G“”:ai4’%“*:@12
B RGUHAR FH PT84, W2 i n] LR,
R G e 0 95 ) 88 2 0m] LAy ik N Kpy = 5,
Ky = 1M Kpy = 1.5, K1, = 0.8. B RGEAGHIT
FE, HMES500, = 0, = 1. fetrskdue

J =22+ 68(r; —28)% + 8.6 x \/(ry — 66)°.

Sy R G EAR N FE bRry = 28, 15 = 66. %18 1T 1%
RGN R JE BB HPIDIE HIPAT. 4 RGAFE T ik
B, FHFPIDM SR E M, RGLIIRE RS H R
5, L FO0 TR LSRR AR UM I AR (R T, PIDF%
HlE ARSI 1 FE S BRIk, SR 2 RGUAFAE— Lk
[F] S A AS W AN , 4 1E 5% R R 5 e, PIDA ] 2 il it
T RIBRYE. T THAR SO RS AR G R AR R e ] A
A A G, BETTX AR U7 ik g O HLIE.
SR R G A RS R T A an = (13) s i
PRI, X8 I PSS R S
iﬁﬂlﬂm = Y1, EIEYECES

jfl = 1)1 = 1/5(—x1 +U1),

HpHzElds A
U, = dey + feldt.
ZS
u; = ep + vy,
)
01 = 4é1 + ey.
T

€1 ="T1 — Y1,
M BB B fe 45 31N i A3 T
i‘l = 041?1 + O.2’Ul + 0.27"1,
1')1 = 061171 - 0.81)1 + 0.27”1.
[F R FA) 0 BT T B2 PR IR i R G A Re 8 15
B
To = —0.7525 + 0.25v5 + 0.2575,
Vg = —0.425x9 — 0.125v9 + 0.67575.
EHCRE 2 = [21 v1 2o vo|", WATA M IZ
1T RS2 WA TR g R an A s, WU AT 4 Rk
HE T KRGS Wit R g5 i A XFR:
2= Az+ B(r* + Ar) + Ed,
y=Cz,



%5 e AT R R G A b 575
Horr: N E IR A A e, ST 2N
—0.4 02 0 0 dy =5+ 2sint.
06 —08 0 0 o ) o
e oo e FI AR, BEIN 0 25O ) LS B8
0 0 —0425 —0.125 A
0.2 0 0.2 0 o= [0'97 0],
02 0 0 0 00
B= — , .
0 0.25 0 0.25 _[sint 0
| 0 0.675 0 0 0 0
c_|t o000 D7 LG5 S Bk BRI E3-T R, Herh B3 K
1o 0 1 ol AR, HR R ZEPIDIE IR 1 R4 26 1R &

T ARRFAEAR A PN SEEURFEAR —0.2, — 10
AN $—0.4375 + 0.09271, —0.4375 — 0.0927i, ff
PLASEFR R, H.

10
~CA™'B = :
IEPSS
0.1 0
—0.1 0
I-B(BTB)"'B")E= 0,
(I-B(BB) ) 0 021985 |7
0 —0.08143

SCH ) T8 A A R R 45 H B3N SR, BT A
AT LABSAIE, 25 R VRN 25 A2 2 5 2 10, {EL 2R 13 AN A2
(Rl 77 2R AN S8 & A a4 ), DA ORas TR i
4 HFr.

pri e

Nn=r=L5=0=0=14P =1,

2 0
F: R 1= 5 :2’
0 2.5] 9d, = 04
100 0 02 -1
2 0 1 —0.1 0.02
p_ |02 01| 010025
0010 1 0.067
010 2 —0.1 0.025
_155 08 0 0
08 —235 0 0
le 5
0 0  —225 —0.175
0 0  —0175 —1
04 —-11 0 —03
11 32 035 0925
Q2 =

0 0.35 1.3667 0.525
—0.3 0.925 0525 0.5
N TH 2 PR R IR BT 72k
1) B [n] BRI R E R GEis 47101 s, HA 1

gufnth, vTLLE R, mhZ I T B, AR
AR, RG2eid— Bt (Al iRk 2 1 RS E
IRES, 2101 s R GEAR AL Rt I, i AN AR E. X
LR GEPERESR AR B T BEK BN, WE4Hs.

30 T T T T T

10 1 1 1 1 1
0 50 100 150 200 250 300
t/s
B 3 i falig A IR 22 PID% i 5 2 Sk
Fig. 3 The output of system with PID control

when fault occur in single-loop

100 T T T T T

80 - A
70 A
60 - A

40} _
30} -
A Ak

20} 4
10} -

0 1 1 1 1 1
0 50 100 150 200 250 300
t/s
K 4 Halig R I 22 PIDS% i Ja PE REFE bR
Fig. 4 The index of system with PID control

when fault occur in single-loop

KI5-772 2R AL R 2, SR A A2 i Ja i 46
RS, AR B R A IR, B2 47 ) (] A



576 oA R 5 N A

ATPIDFEH, A3 5 MU —HF, i 2ol — B
[ PR U, K B R ST ARE, SEFr bk Pl AR A B AT
SR A PID; 1 24101 s K AE SR, 7T UG 3, &
I WIAPIDIII AT RISNIAA SE % A A ] (1L R A
T, RGOk TR AR, S &85 1 AR
R EleLs 1R WE T R B 2, S b, A
PID A R T IR A IR ZE, RFEHIA 10052
AT AS R ) SRR 5 DL T 101 sJ&, ARG R0 e
i THE R IS Frs) M SE 1 #fRd, = 5 + 2sin t4F
FERCRZE 52, 1XH = [B] % (K PID X s —
S IHGTHAE R, RN PIDEEHIMER 2 5, JE R
S HE S B TH R AL ANRE SE 2 THBR, FATEMSN AR EE
I, 4 (13) P R R d Sk br B el izt 7
T ER. AR 13) ) b, A ™R B ST N d, T
AEPIDIEHIER T I RE BRI d. BT L 1
EAREREL, ATLLE Y, X EC A7, G AN 58 % A4
PEHIEE R, 7T LA R 7 dh I RE A B .

30 T T T T T

28 1 v
26 B
24 B
22 b
> 20¢ -
18 F R
16 | s
14} 4
12} .
10 L . ! L .
0 50 100 150 200 250 300
t/s

B 5 alnl A AR BRI AN SE A A R R G

Fig. 5 The output of system with un-perfect control

when fault occur in single-loop
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Fig. 7 The index of system with unperfect control

when fault occur in single-loop
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5 &5 (Conclusions)
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