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Frequency domain approach to integrity

of control systems with general failure model

JIANG Cheng, WANG Shi-fu
(Department of Automation, Tsinghua University, Beijing 100084, China)
Abstract: Based on the general failure model, sufficient integrity conditions in frequency domain are proposed for systems

with failures on actuators, sensors or on both of them. Then, by setting the equivalence between the conditions and the H,, con-
trol problem, a design method for output feedback reliable controllers is given.
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1 5] E (Introduction)

DA 5% F 52 B 01T 8 & SR A R340 47 7
w2 BSRAARE R BRI 0[0, 1] MR
B AR A VEE NI B X P AT 28 B AL Rk 28 23 Bl ok
A RAATIZIHED ¢ (B, 2R S FOA5 ) 38
Wt ZEE X 2 B B — B, %5 ) 88 AR Tt e
R B F%, AT PR T X Ee 7 5k B A . AR SCEH X R A
— AR R S SR A A T HTHE T 25
FEAERRBS SR BAT BR R R LA T 15 R 28 F AT 2% R
B R BT B R, T Ho BHIZEIL, 441
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2 @A (Problem statement)

B1AHZEMR P(s) € T MiEH %
K(s) € ™" A RMAESL O(P,K).

’T—‘{r(” % ~ K(s) l——-l P(s) NS

1 RBRSE &(P,K)
Fig.1 Feedback system @( P, K)

R H 31 :2001 - 03 - 205 WUE MRS B #5:2002- 03 - 11.

YR AL R PAT RS K BUF AT, & FE
RS O(P,K) D5 AMMEBEIFRYME F, MMATERE
MEF,, KRR RS O(F,,P,F,,K) B4
2 i B2

F, = diag {fi1, /2, 5 fuls fu € BHe, (1)

<i<n

Fa = diag i_f;l,fGZ’.--’fam%’ lf;li 6 RH&- (2)

B, UPITHIER LHEER F, = I, ERBIEY
TRt F, = 1.

1) 1o L ks Fy Ps) |2

H2 RME%L O(F,,P,F,,K)
Fig.2 Feedback system ®(F,,P,F,,K)

A XK BRI RIRE RS K(s) BT
BEW F, MF,, &% ©(F,,P,F,,K) #iWfaE R
AERAE.

3 RYGE £ ERAY 5T M &% (Integrity
conditions at system failures)
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A% ©(F,,P,F,,K) BRAEBENRM, SIS
W BBITA L RIS R R BB B S
H—51 .

SIE 119 & P(s) 1 K(s) NEAHEERME,
WA 1 AIRRENBREN R VERER

f(s) =det [T + P(s)K(s)] (3)
Y Nyquist BHZ 3 2 1T & 45

D Al EE, B f(jo) % 0,0 € [0,%);

2) WistEF TGRS Np, + Ny, A,
Np, TR P(s) £ S MG F FEMIRSE, Ny, Fn
TE K(s) £ S G FmEmk s 5.

3.1 5B E8 KW AT A9 52 B 4 & ¥ (Integrity condi-
tions at sensor failures) '

YBRYGE O(F,,P,F,,K) P REEEBRE R
B, 2 PR F, ST HRARKE. 4

F,=F, -1, (4)
HRiX:

1) F,P(s) 5 P(s)TE S A3 FE MRS N HHE
=5

2) P(s) A& EA TR EPE;

3) FEEAEERE r.(s) € RH, ,#18 F,(jw)
B KA R o ! F. (o) | 2

Omax | Fi(G)} <1 r,(Gw) 1, Ve € [0,2).(5)

BRiZ DRIE FP(s) B84 E ; B RGP HEA]
SEEMATA, BiIRAMA2) —ERBWE;BA F, €
SH., , Bt AR 3) el i 2. fE RS R UBT R 4
&O(F,,P,F,,K) BUNT RS € EH.

EE1 AWELRBREXAGENOELT,. RS
O(F,,P,F,,K) TEIE AR A T HENT
SEMR K(s) RERE P(s), A

Il r(s)P(s)K(s)[I + P(s)K(s)]' |l » < L.

(6)

E 4
Q(s) = FP(s), (7)
fi(s) =det [T+ Q(s)K(s)], (8)
f(s) =det [T+ P(s)K(s)], (9)

XEK P(s) AHERBEREEE, LT +
P(s)K(s)]™" f71E , Bk

fi(s) =

det {7+ [1I+ FIP(s)K(s)! =

det [7 + P(s)K(s)ldet {I +

FP()K(s)[T+ P(s)K(s)]' =

f(s)det {I+FP(s)K(s)T+P(s)K(s)]7'}.

(10)

BA K(s) $ P(s) WE,BrLA f(s) B9 Nyquist B &
WRESIE 1 WFANRME, B f(jo) = 0(w € [0,
w)), Bt Et TSRS ¥ Np, + Ne, A XA R
sup Omnc ! FP(s)K(s)[T + P(s)K(s)]™"} <

sup am{ﬁ'sfxsup G | P(sYK()T+P(s)K(s)] <
r,(jw) st:pam{ P(s)K(s)[T+P(s)K(s)7 '} =

| r(s)P(s)K(s)[T+P(s)K(s)] 'l « < 1, (11)
BT LA
{det [1+F,(jw) P(jw) K(jw)[ T+ P(jw) K(jw)]™" % 0,
Vo€ [0,%).
(12)

['4

fi(jw) 20, Vw € [0,®), (13)
H £,(s) B Nyquist BIZRZF S RIRES £(s) AHIR, BP
K Np, + Ng, A Ny, T~ Q(s) 78 S A FEAIR
A EBBIRSRM 1) BIH Ny, = Np, JRLL £,(s) 19
Nyquist BHZRS BT SR R HIR BN Ny, + Ny, JL,H
WRS &(F,,P,F,,K) IEE.  IEEe.

MAEM 1 W, e LURA R R
r(s)P(s)K(s)[T + P(s)K(s)]™' H9 Ho, TEEOEH
WERG O(F,,P,F,,K) TEA B R BT T RE.
3.2 TR KB AT 52 B4 K M (Integrity condi-

tions at actuator failures)

ARG O(F,,P,F,,K) P RAEWITER RIS,
B2 HERIK F, ST RN 4

F,=F, -1, (14)
B

1) P(s)F, 5 P(s) £ S A3 ARS8
HHIF] 5

2) P(s) ™4 EA B RERE;

3) FIEEFEEE r,(s) € RH,, #18

O FuGw)} <l ra(Gw) |, Yo € [0,).
(15)

B DIRIE P(s)F, 8888 F, € =H, ]
WRBIRSRM 3). PUTEHR RN RS ©(F,, P, F,,
K) BBt e e T .

R 2 TEHELARABEXGHELT, R4
O(F,,P,F,,K) TETEF R BB B A C MM T
SR K(s) REEE P(s), B

I ra(s)K(s)P(s)[T + K(s)P(s)] ' ||l @ < 1.
(16)
FEXE 2 5E 1 RYUE AL, SRS .
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33 ARBENTEAN AN TEEEE
(Integrity conditions at both sensor and actuator
failures )

HEG O(F,, P, F,,K) TRIB LRSS R

TTaRRBB, & F, = F, - IF, = F, - I, 3BiR:
1) F,P(s)F, 5P(s)7E S A2 F MR AT

I ;

2) P(s) AR EAEEREH P(s) € Lo

3) FEAEBEEL r.(s),r(s),r,(s) €
“H., 1%

amfﬁs(jw)% <) r,(jw) !,

amfﬁa(jw)% <! rejw) I,

Omax ! Pl ) < rp(jw) 1,

Vo€ [0, o),

Vw€ [0,),

Yw€ [0,0).
(17)

RS ST FIR R BB R O(F,. P, F,,
K) BT eBtHeE®.

TR 3 EWHREERBREGMERT, ER
SEHITRRII AR, &% ©(F,,P,F,,K) A
SERMMFESFER K(s) ARE P(s), H

I (ro(s)+r,(s) +r,(s)r,(s))rp(s)K(s)(1+

P(s)K(s) 'l w < 1. (18)
4 A 5 M3 0 8% B9 1% 11 (Design of reliable

controllers)

AT R TAREE V&R DB R S
®(F,,P,F,, K) Vot TSR RS . B B35
ERORMERT AN, SAst 1 88 AR TR RE VT LR 4k R bR
#E H, 81 AR, Bpi i 2% K(s) 158 3 FrR
5 (G, K) P 6(s) MBRER || T(s) |l « <
1. EE 3 RSP

Gu(s)N 1w
eolla].

(O N D
(19)

u = K(s)y. (20)
313 21 & B(G.K) FL,7E Gn(s) PHRE
BT, K(s) i 6(s) WREMEMVERMGRE
K(s)f# Gn(s) NERXE.
TE Gu(s) R EM KM W UES
z = T.(s)w =
1G1(5)+Gp(s)K(s)[1-Cn(s)K(5)]) Gy (s)}w.
(21)
PATF A R B8 1) ) R 4 X A TR) ) SR 31 T 3 $RAE T
B G(s), B “K(s) HERE 6(s)" FEM T K(s) N

BE P(s)”, H T, (s) FTHAERBPHEBRER
Mr ARYEEE 1~ EH 3, 7304 5K(6), (16) F(18)
R B R 5 X (21) Xt , AT ARG B8 AR SR Bt
0 rs(s)P(s)]
I - P(s)
BT Gp(s) =- P(s), T, = r,(s)P(sYK(s)[I +
P(s)K(s)])™'. $RATRR AT
0 ra(s)I]
P(s) - P(s)
MBS Gp(s) = - P(s), T,.(s) = r,(s)K(s)P(s)[ I
+ K(s)P(s)]~". Mife/d&as G047 25 [RIad 2%
G(s) = Gu(s) =
[O [r(s)+r,(s)+r,(s)r,(s)]rp(s)1
. (24)
I - P(s)
B Gn(s) = - P(s), Tpu(s) = [r,(s) + r,(s) +
ro(s)r, () Irp($)K(s)[ T + P(s)K(s)]™".

G(s) FEZG AT EH 1 ~ X3 P
FFFAL A 3 BT bR He EERIRE , AW B
BAAE A MARE Hy, 23 7] @K M 58 Bokok &
4 ®(F,,P.F,,K) WISEBHEEEHES.

6(s) = 6(5) = | (22)

G(s) = 6.(s) = | (23)

W z

G(s)

u y
E K(s)

H3 &RH o(6,K)
Fig.3 System ®(G,K)
5 &R % (lustrated example)
P(s) =

1

S5 o2 2. .4 . . .
71555475 08s+6.432 3.235+9.538

1.765+5.376 2.47s+7.334
WL R 5 AT 38 I A 2 2t , R 3E K (24) , B vl
H BEHIFIBHFE G(s) FF Ga(s).

HH r(s) = | P(s) | « = 2.5121,RIRIEIR
RO r,(s) = 1.r.(s) = 1.5. fARME Ho 75
il 1) BRAT A4S 3 s ol 2%

K(s) =

2.45+7.272  3.135s5+9. 348}

1
$2 + 22.6308s + 100.7170
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v 5 M M

2%

[0.(1]26s+0.036 0.0008s +0.024 0.0014_s+0.0241.
0.00195 +0.0397 0.0036s +0.0485 0.002s +0.0338

HBAFEHI SFH R, B R 0pe ! Fo(jo)
-l < 1.5,0m ! Fo(jw) = It < 1.5,0 01 Fo(jw)
IV < 1H 0l Far(jow) = Tt < 1 BB RIS R
Fyy, Fo AT RSRBRE Foyy Fop INF s

s=1.17
1o 0 s+3.48 0 0
Fxl= 00 0 ) szz 1.25+3.1 ,
00 si-173 $7+2.355+7.8
; 0 0

1
T 9 —— 0
Fo=1s+2 sy Foo=(s"+s5+1 .
0 0.57 0 0

BREREHEE K(s) RITBUMERES RHRE F,,
Fo MBRAT R R BE F,,, F BARARBZRS
®(F,,P,F,,K), ol LR ARRIAT 88 L 285
KBBATHAR RS (RWE L) BIESEREHA, R
Gyttt SR RS R B A e

A1 WL 69 M 3R E

Table 1 Closed-loop poles under failures
ﬁi%g% F5=Fsl F3=Fs2
B =
-16.5423, -6.0861, -16.5423, -6.0806,
P P -1.3005, -2.5012, -1.1749 +j2.5340,
© T T 2.0007, -3.0000 -3.5025, -2.4790,

-2.0055, -3.0011
-16.5423, -6.089%0,
-1.1750 £j2..5336,
-0.0500 £j0.8659,
-3.4769, -2.5029,
-2.9996

~16.5423, -6.0886,

~0.5004 +j0. 8662,

F,, -1.2993, -2.4998,
-3.0000

o
1

6 45 (Conclusions)

G, TLBRI T4

1) ASCEEX —ARE LR, MR i &,
LEIHE T REFEE RIS R IT R R B RAER
AT EN R =M ARHEE T8, B
gt b F M RTHAMNEMREAR r,(s)
ro(s), AMATREREMELA .

2) MAAASCHr G e &, RREA AR RS
R He TLEORHE RIS, FIH T ]
Bl

3) ASCH AT SRR R 2R B0V AL BUVR M He
Pl =B R A% , B A LA A B AR He 3
][] L B AP 1 R VR T H 4 I 8% , 16879 5 W 2% B0 i3 1T
E51T.

BIaTREUH IR, A O 46 B 38 i iR
BRE R PAT 88 F A% RS R B A BRI O BY , 3
THATE ALBRFHIR LSRRI, REER%
£ G(s) BNaTHRRIRE RS AT IOT .
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