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Abstract

Design of a reliable control systems 1s investigated for a class of uncertain linear plants. The
uncertainty considered here is for the case of uncertainly in the system matrix. A decentralized
control scheme with two observer -based feedback controllers is developed, and it is shown that the
resulting closed loop system is reliable in the sense that the control scheme provides guaranteed
stability and #.,-norm bounded performance in the event of sensor and/or actuator failures as well
as in the presence of parameter uncertainties. We observed that soft type failures were additional
exogenous inputs to the closed loop system. As a result, the sensor and/or actuator failures can be
tolerated in the design, which is achieved by extending the methodology developed in [1).
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A3t o] gstod AR,

E 1.o42] Aol Azt AF2 AL g9
H. x5%(1)

Table 1. H
function for several cases(1).

norm of closed loop transfer

Ao A% AAZA a2

@=265 @=3307 a=5 a=6
(A-1) AA=0 199 2491 2716 3244 3364
AF7F 9
AA=0
(A-2) AA=0 2597 3242 3534 4217 4372
o[3 AF
AF
7 gleRz
(A-3) nA=0 3511 7037 1054 B19  Hod
744l
AF7FE
e} A
(A-4) nA=0 4517 9047 13H4 12214 2t
AF

(A-5) AA=0 234 &8 2460 2819 3755 4917
AFZFGlS & aEy S 4 (006, (0.03 0016, (0.005,

(A-6) AA=0 A% AF & 025) 01 0.016)  0.025)
AF 1 sl 2877 2822 3771 4921
A g (.06, (0.03, 0.016, (0.005,

AA 025) 0D 0.016)  0.025)

(AT nA=0  HAA dF #5280 3067 3197
AF W}OAFE &+ A& (0064, (0016, (0.016,

wroaE gds o
aled A SE

A 0256 0.128) 0032

*xxAF © Actuator failure, 7-%7]2 2%
wxx 2t G olol a2k g3 6 F 2v)

k3 2.42 gl dig 2 0G g
e 8(2)
Table 2. H.. norm of closed loop transfer
function for several cases(2).

a=307 a=3% a6

Alae) 49 AA 3 e=26
(H-D 6A=0 (183 (192 2460 2819 3150 4917
SK/AFe] = 417 (0.06, 003, 00, (oK,
& 05) 003) 00 00
H-2) AA=0 ()80 2R 35 ;8 308 343
AF AA g (002, 002 (0016

S 0060 0060 0032)
H-3) nA=0 A 1& e 3B 3 4

SEeh AR oldsled Al & 4 (0064, (0064, (0032
AT 026 0Z0) 0032
#xxAT 579 2, SF A 719 A

2004, 2b7ke] Aol Wal, A 77| W

(1216)
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W H, A% AAE UE5HE o4 vk =g
a<3.8621 A9, (14)¢} (16)9] 6“-3: AL 1 e,
A7 fele gevie] 294 FE7] 2 3]
o AL 25 43P Adlide o & Ho =% 73
AZE 89S AE2AS 5 iAok

(3) ZAfel i Alxwle] 554

opl "ollxi= A3 AARE A=A e B
71E 7R R 3= Aleir]e] HelelelE el AR
£ AAAE Almys, SR} st e
AL AAIR Alol7]e] 7o} Al 18 o] 83} ol%
25 ki AAE A=l ole Aozl dig

548 v|astas) gl

e (24)04 $A,
Alel7]5 A BA}

Hol7l= (18)3F (1904 3} &8 A(0)22 3}
3, QF 9 HMZ Fa dE il dARL ez
e % NS s, QF
9 & (null matrix)® 2 (18)9] &l X+= o834
zcl,

pabgAsh wAe FAlskn

622 F2b 189,

0.4026 0.2908 0.0045 0.2463
0.2908 0.4046 0.2408 0.1941

X= . (26)
0.0045 0.2408 0.3279 0.0915

0.2463 0.1941 0.0915 0.2983

o -

Kl=— B,"X=1] —0.2908 ~0.4046 -0.2408 —0.1941 |,

27)

K2=— B, X=1[ —0.2463 —0.1941 —0.0915 —0.2983 1,
(28)

Kdz"aLz G'X= 1 0.0113 0.0148 0.0092 0.0094 1.
(29)

A+ B K+ B.K,+GK 2] aAE {-0.2329,

-2.5425, -14535 +j29786} oltk wahd, A,+
B\K\ + B,K,+GK 2 Hurwitzelth A,+GK,8 18-
2+ {0.2090, -25582, -1.3151 +j29186}0|2 2 jw
Foll afAE A ek

w3 6 £F HO)R dta, QF d $H
(null matrix)Z F< (19)9] sl W+ o831 3l

(1217

$33% B B8R 9

0.787 1.215 0.842 —-0.711 0.482 0.751 0.423 -0.350
1.215 2.366 1.470 —1.467 0.613 1.450 0.636 -0.751
0.842 1.470 1.060 ~-0.917 0.405 0.807 0.439 —0.3%4
—0.711 —1.467 —-0.917 0.949 —0.300 —0.840 —0.347 0.447

W=
0.482 0.613 0.405 —0.300 0.681 0.93 0.65 —0.538
0.751 1.450 0.807 —0.840 0.93 177  1.007 -1.060
0.423  0.63 0.439 -0.347 0.855 1.007 0.743 —0.630
~0.350 —0.751 —0.394 0.447 -0.538 —1.060 —0.630 0.680
(30)
k=t
Li=W, CT=10.788 1.2152 0.8420 —0.7112 1 ©
(31)
Ly= Wy C,7= [ 0.6545 1.0070 0.7432 —0.6302 1 7.
(32)
ez A WA Aoz ofle} 2ok
—2.7755 1.0148 1.0092  1.0094 0.7868
1.4940 —0.4046 —0.2408 1.8059 1.2153
= 5|+ y
~1.8307 0.0148 —1.9908 —2.9906 0.8420
—~1.5350 —1.1941 1.9085 —1.2083 ~0.7112
w=1 —0.2008 —0.4046 —0.2408 —0.1941 | £&,. (33)
a2, F A Aler)e
—1.9887 1.048 0.3547 1.0094 0.6545
| 2.7092 —0.4046 12479 1.8059 1.0070
&= &yt ¥z
—0.9887 0.0148 —2.7340 —2.9906 0.7432
—2.2463 —1.1941 2.5388 —1.2083 —0.6302
wy= | ~0.2463 —0.1941 —0.0915 —0.2983 | &,. (34)
chgof AlgA] gl Ale]7 & AdAls] Bak
A7l Al 18 o] 83P4d, £,=0.032, £=0.032
ol =628 Folr} asd, (14)9) slel X o}

o3 7}
0.8703 0.8422 0.1543 0.3790
_|0.8422 1.2695 0.5325 0.4849

X= . (35)
0.1543 0.5325 0.7096 0.2163

0.3790 0.4849 0.2163 0.7800

18],
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Ki=[ —0.8422 —1.2695 —0.5325 —0.4829 ], (36)
K2=[ —0.379 —0.4849 —0.2163 ~0.7800 ], (37

0.0285 0.0382 0.0240 0.0165
K,=0.0234 0.0353 0.0148 0.0135]. (38)

0.0105 0.0135 0.0060 0.0217

Ao+B) K\ +B; Ky3+G K 23w { -0.8526,
-2.7193, -1.6841 + j3.0725 }eolc} webr, A+
B, K\ +B; K,+G K& Hurwitzelth A,+ T K&
{ 0.2776, -2.5543, -1.3070 * j29126 }ol== jw
Foll THAE 22| @

=7, (16)9] sl W ehast R,

5.363 11.694 7.026 ~-6.909 2.174 8.209 1.919 -3.18

11.694  26.644 15015 —15.412 4.646 18.874 4.181 —7.476

7.026 15.015 10.146 -9.445 2.3%0 10.159 2.457 —4.050

—6.909 —15.412 --9.445 9.950 —2.355 -10.334 —2.401 4.381

2,174 4.646 2.3%0 —2.385 3.144 7.274  3.088 ~4.067

8.209 18.874 10.159 --10.334 7.274 23.456 7.081 —11.315

1.919  4.181 2,457 —2.401 3.08 7.081 4.380 —4.815

—3.186 -7.476 —4.050 4.381 --4.067 —11.315 —4.815 7.182

(39)

8o

Li=[ 2.8163 5.8468 3.5132 —3.4544 1" (40)

Ly=1 1.5439 3.5407 2.1900 —2.4076 17. (41)

Ao A am Alols) okt ik

—4.7879 1.0382 1.0240 1.0165 2.8163

—3.6657 —1.2342 —0.5177 1.5285 5.8468

y.
3.5132

=il

—4.4847 0.0382 —1.9760 - 2.9835

1.0859 —1.4715 1.7897 —1.7583 —3.4544

w=[ —0.8422 —1.2695 —0.5325 -—0.4829 ] &". (42)

\=4

=

g

A Aol7)e hes 2k

a4

—1.9715 1.0382 —0.5199 1.0165 1.5439

2.1812 —1.2342 —4.0584 1.5285 .
&y 3.5407 .

—0.9715 0.0382 —4.1660 —2.9835

2.1900

3—2.4076

—2.3685 —1.4715 4.1973 —1.7583

(1218)

He AlEA Aol Al 2de] A FHEEE 5

wy=[ —0.3790 —0.4849 —0.2163 —0.7800 ] &'.  (43)

AAR A7 o]-83]F 22 Al (simulation)el|4]
oleld glEe -0.159 0.15 Akl <lej9] As
(random signal)=t 7Psicl w28 [12] o4
wal ofe} 7RA|e] A meo} Alge Folla} 1029} 15
Atole] wlojoi(bias) S A4-& AR
gk o] Afelir, ZFA7]2] mAe] HEA Aol y o]
yi+1E2 Elof 3RS wirlo] GEr)e] 31k Alefx &g
Holen, HFMES] 27| Aeex0)= (1 3 2 117
22 gk

28 4= Azl ol AR &, &8 AR g
Ajey7] (33)2F (34)ellH FREC]| B3 As) 732]7]9]

z=

el AR Al dlFeloles W] EEAe
bl Ao, ekgald Alol7lzAel sleg 4

ARE & 4 2lek

y! (nonnal, fail)

0 3 [{] 15 20 25 30 as 40 45 50
Time [sec)
(a)
Regulaled vasiables(Hx)
Ls T T T
1
s
ya il
Nl /
OSH- /
-1
-15
0 5 10 15 20 25 30 35 40 45 50
Time [soc]
(b)
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Reguistod yasisbles(ul, u2)

03 -

o5

25
0

(c)

33 4. AT wAbe] AAA wEEA] e
A5 B5A AR 44+ 0 ol
2719 Aol vbA (a) y,  (b) Hr,
(C) ) U,

Fig. 4. Time responses when uncertainties and
failures are not considered in the design
©actually 4A += 0 and sensor failures
occur (a) y;, (b) Hx, (¢) u, u

a9 5 wikshl FEole) 1A FEAlc)
T8 68 Falel el A £, g gz 2
Ae17] (429} (43)ela] FdEa] RepAIsh 1Al
A MR A9 18] 78 FErlo] o)
A3 719e) AgeelEls We) BEE vehd 2
olck. Ho Arls 71exlen Ful ofdela AR
Hole, AR Aleirle) Az 54 Bral v)
2E)E ool 9], 23] 4, 5, 68 Fo thebdal 54
2 olsl% 4 et

ul (nonnal, fail)
0 < T
\\ I
5 i
05 3 +
b X
.2/ .......
25 \\
3 N
\
|
el s 10 15 20 25 30 35 40 45 S0
Time [sec]

(a)
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Regulated variablea(Hx)

JLoT

3 e
!
-2
[} b] 10 15 0 25 30 35 40 45 50
Time [soc]
(b)
Regulated variables{ul, u2)
0
sl h
.
3 \ ............
N
——
\N—“
-5
0 ] 10 15 20 28 30 35 40 43 50
Time [sec]

O3 5. B8 mAe] AAldlA a sz ke
389l FE5A Ao R g4+ ( olm
TE719 o] WA (@) w, (b) Hx,
(C) Uy, Uy

Fig. 5. Time responses when uncertainties and
failures are not considered in the design
*actually 44 + 0 and actuator failures
occur (@) wuy, (b) Hr, (¢} u u,

V.8 B

=y e 9 gl ke #es)
v EEA AYARRE 91& A=A Aol A 2E
AA BAE chEdel. kel oigk siMel] gloid,
71 4 AR 3L HH2 Axml) gt = o}
€ 94 Yo Aeisgled, (119 A%g &
A Agsislct Aol ¥ 4 gRe] Aoz A



Holl g H. =& A% AAS

12 ERyA AgA2

A" A3z A2de gielule] ZabdAEnt oz}
7571 2 ZFA71e] o] WhAsitelE A, g A

& AAE TSR =3 Al Qe 28-S SlsiA
:11%7] " 718 mAe] F4EE ASole 1%x)
S WEch o & g, X% AS A7 dAs)elo}
& 5 5 YAdlch

A3 2 A2w] ol A Alxgle) Ad5-g AshA]
715 80E Rl B d= delelee] BaiAde)
v 5] s gR)7)e) w2k 2%k zle) pHe] B
e 517 ¢ewd J|E dF AR 4xed 3
e I e e B A b R T e
A A7 & AdAlsldck

¢, £ Ao A= 349 s8] 2L T
o]zl o}, FF AFAEH A8l e 7 ¢
A|(fault detection)v} 214}(fault identification) FA|
o} A3 @ A7) o1 Rl st Qulw Bk

y! (normal, fail)

15

1

0s

-0.5

[} s 10 Is 20 25 30 35 40 45 50
Time {sec]
(a)
oz Rogulatod vasiables(kix)
06f - A

y /)

-02 I
0.4 ’
06
03

-1

[} 5 0 5 20 25 30 s 40 45 50
Time {soc)
(b)

Al Aol A 2 o) A

FitEE 4

Regulated varisbles(ul, u2)

Time [sec)

(c)

O 6. BT rAte] AACA seisl 749

EEA CAAAee gA = 0 olT 7
712 3Ayo] A (3) vy, (b)) Hx, (c)
uy, u

Fig. 6. Time responses when uncertainties and
failures are considered in the design :
actually 4A + 0 and sensor failures

occur (@) y,, (b) Hx, (©) u u,
ul (nonnal, fail)
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4
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3 i {
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Fig. 7.
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(c)
At aApe] MAA zeE Ao
EA  AAHeE 44 = 0 o)l3 FET)
o] =AY (a) (b) Hx, (c)

Uy, Uy

;}

o olﬂ m{m

U,

Time responses when uncertaintics and
failures are considered in the design :
actually 4A + 0 and actuator failures

occur (a) u,, (b) Hx, (c) u; u,.
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