GIMC-based fault tolerant control and its
application to magnetic suspention systems
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Abstract: This paper deals with a fault tolerant control system for magnetic suspension systems by
using Generalized Internal Model Control (GIMC) structure. To design a robust fault detection filter,
fault detection design problems are formulated as multiple objective optimization problems by minimizing
the effects of disturbances and keeping the fault sensitivity involving an LTI system with disturbance and
fault signals. The designed fault detection filter by solving an optimization problem is implemented with
the magnetic suspension system to verify its validity. In experimental results, the sensor fault is detected
by the designed filter. It has better performance for the disturbance attenuation than the conventional
detection filter. Moreover, actuator faults in MIMO systems can be detected by the proposed method.
The algorithm for the fault isolation is proposed to decide which actuator is faulty. Finally, a fault tolerant

control system with fault detection, fault isolation and reconfiguration functions is constructed for a MIMO

magnetic suspension system and its effectiveness is evaluated via control experiments.
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Fig. 1: GIMC-based Fault Tolerant Control System
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Fig. 2: Block Diagram for the Fault Detection
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Fig. 3: Description of the System
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Fig. 4: Property of the Fault Detection Filter

3 j=8Ic, £7 Simple Genetic Algorithm I kK-> TH
Z2EEXTREPGRE Y, B5niEzEL LT,
BHRIYIC Nelder-Mead Simplex 5 & » TRREEH T
3. TOLEFELNERBEHERHE T « )V Z DRBE
MR Fig. 4 (a) ISR, 2720, BRRISTERBE (4]
THAWTWALEERHN T 2L EZEELTED, RGXD
EEBRIRRICH U THERF LD THS.

BREF U HERE 7 4 V2R AW TREREBEBC
5. AEBR TR EEHRERFRUICREN SR LD,
# 1 [s] RICEASHOEHTERELLE >/ (Sensor
2) ORHYEDNTRIERE N TLE S KIAZEZX T
3. BREIERR TR ERICERY LY ORI F 2T

Table 1: Comparison with f

B/A C/A D
275% | 33.6 % | 0.79 x 1073
162 % | 19.3% | 1.15 x 1073

TEHIE
REE

L, BEICRH R E T2 2BCR>TWVS.

3.2 SRERER

t UEROEENEL LIRS, ChUEETIVLDRZ
A—ABEEL UTEET RN L EB 20, BERDN
TANWVRC X T DEERIZ, BEES LRI UX
Fhiix bz, 22T, BRROEBFHEICELE Y,

—185—



1[s] BiC eV HRENRETZEREB ko 5,
ﬂ&@ﬁ%ﬁﬁﬁ&ﬁfutmka&Eﬁmﬁﬁf

DEBIVIHEVES BRBRVEEEE WA S, Fig. 51T
%ﬁ%%%m?.kﬁbJ@ﬁ%%ﬁ%kﬂf%mf
WEEEIHIRH T VRIS X BER, (b) IBRZEICLS
HERH T V2 RRWBEOKRTHS. BHD
A BRI X328 B XU C BAELIC X 358%
ELTWA. HEIC K BHENT 3, SELIC X 28
DEIEHET B/A BXU C/A DEEFHELFERE
Table 1 iICE LB, EBEDELBREDIZS HUNE
WZ MG, ki & D NELITRIEREENR W E b
%. Fie, BRI R TREEDIEZ S HRER & ik
BOFXry T D BRKENC DD, BHERHERLC K
57 DME Jyp OBRCEERSZZTENTES.

T, AT ANELNRE LRSI b RE
RHIES [ cEBBI LY, BEEDIESIHNEVE
WEREEBONEL I L T3 T L EREERERIC
Ko THEERRLTWA.

4 HRERSHT S HIEHROBEN
4.1 PRBMSELZATL

BT, BELBEN DX 558 ORI B
REZHTICDOWT, MIMO YA T7 L THAHiRESZ L
AT LERAVWTRIEEREB &S . AR T Fig.
6 ICRT &SI, MBICEBX N-BRAORSIHIC
Ko TR LI A2WBEHTZEL AT LR
3. Fl, WFhAhDT I FaT—2DHAH 50 (%]
BEFTRLVWSTVFaT—RREREZS. FDT
IF 2 T—RIEBHRRELTVANICE TV AT
LADESENRIL B 180, EZK BT hbkiThid
BULRHARANEBER TS R TERN. TTTRE,
VAT LEETFHBILT B3 DICEROEESE— R L
WCEIERBETES. 0D, ERET 1 V2 EBE
BE— Ric LCHIZICRET 5T LM TES.

—h, FNFNOT I F 2 T— 2 HREESICH LU TH
ExRT B LT, Table 2 IERT &3 RAETHES
WiEBT/ES TN TES. HIXIE, fL ORDEE Jin
SO REL GRS, i 4 IKHd 37V Far—
AHENIRELTWVWB I ERRL, EBHES n=1
LT BT L THIEREE RS ONBRERT 5.

4.2 ERER
CDVATLCHNUTHLRAKFICEE 2 hEB/ENS
BEAHERH 7 VA2 REH L, REEERZB -
fr. ARBTRPEREZFRRFLCRENSIELED, 1
[s] BICET VF2aT—RF AV 50 % ETTET7 Y
FaT—RERREIED. TTT, HEZHESE
Table 2 ICEDWTE(LTZE DL L, Table 2 DS D
HAEDLEEESTHESE n REDSBENLDET S.
i, WEIZEFMICERT A eV EVSIEZLD
5,105 np=0 " BELLERVEICRELT
W5, Fig. 7ICES fmes DOIFREISE %R, Table 2

'
b

x10
5
4.5¢
4.
351
= 3_
3
B 25}
S 2
5 1.5 T
E -
1
0.5
o laannig —bigger mass
05t ! c ~—nominal mass
’ | - smaller mass
) 05 1 15 2 25 3
Time {s]
(a) Conventional Detection Filter
x10°
5
45
4..
3.5}
e I3
2 23t e e et
8 5l %“%W*m%” .
g 1.5F =
g A
N ¥
0.5
ot —bigger mass |
05+ ~—nominal mass||
’ ~smaller mass
-1 : . : T =
0 0.5 1 1.5 2 25 3

Time [s]
(b) Fault Detection Filter

Fig. 5: Experimental Comparison

LR T BEI BB C-T2ER, n b i) B
LS &—HL, #fliREBEYICEIDBEZ S LN
T MBI, i, UNOT7 7 F 21— 2 RE LS

Fig. 6: MRUSIF LY X5 I

Table 2: 77 F o T —RE L INEDIHES n
+: %@fnﬁb‘féﬁflﬁ Jine LHKED
- %@{n’ﬁb‘ﬁﬂﬁﬁ Jeni X D’J\g W

i fo s falim

N - - — —Jo
uARE ]+ - — — |1
W WEE ] - + - <[ 2
3 NEE] - - + — 3
WA - — — + Il 4

BLRUBEBHIES 1 Ic ko TEYR D ZZH
%Lﬁbhfb\% (- &%EERJL.\ L/Tll\%

—186—



5 HbYic

AHFETIE, GIMC #IcE D BlERH 7
WEBRREL, MKIE LY AT LT B HRESER
DREFERB ol £z, MRESIZELEY AT LicH
T HMEZET L) XLEREL, MIMO ¥ A5 L
I HMHFERIERZ B LU /. SRR, 2T,
HIEROBRR L VS HERERICB T HEER 3
DOBEERE LIZRIEROBEEB A5 T ¢, BE
FHEIC L BMHBERERDARY X7 LI L TReM
FRUETEIBITLNRENZLEWVWS T EAKREAE
RTH5.

BT, WERN 7 4L 28REHCT 3 4 D%
HHEEtREEER L, FPNFhoEICH T 58
TR EH Uz, FHCIE 9 I &> TR b N DBEIR
BT V2 ERANS T & T, EEOHBENSRICHY
SHRESORME LD ERICIEZR 2 T N TE, B
HEHEXRE [f1, fo) I Ko THEERIH T 4 IV Z DEEH
AlREL x5, Thid, fuc B U 7zRRE & EhTHNEL
KK BB T AREEBENT AT LT, &K S
HE R BARBERICBOT IO BEBIERT ST N
TEBINLTHS.

e, NEERTHAHUKZFLRICHL, NELBXT
BEESEEDIET NV EEH L, EEICRESRERE
T IV EDEEEB TR -1 MEEEERTIE, #E%i
K BMERIE 7 VR K> TERICHERE R
BHITELHRTE, FNICK > T GIMC BEDOARERIL—
TERYBZZC L THEROLEER#EFTESC L

M — g
0025 0025

002 0a2
1015 0015

.

0.01 g om

2 T —
n 0

-0.005 -0.4X5,
-0 o 3 -0.01

fhat]

1025 0.025

002 002
., 0015 L s
R i om
LH03 y ) 2
0 "’
0005 -0.005
-na -0
) 4 ] 4

2 a2 3
Time s) Time [s]

Fig. 7: RBHER — i) VB LIS

PHERR LTz, T, B EXNSRYIOERESENILL LT
BEZ2T LT, MRECKZETFRHT L2 &, 8
RIEIC K BHERE T ¢ )L R DIF S HSNELINEHERE
BT ERLUE.

E5I, MIMO Y AT LTHMHEHMTIE L AT
LIS ATHHEREREZEE L 2. RAEERTI, 4
DDSH 1 DD VT TEHAMETTET7 7Fa
IR L, BRFRICKZWERE 74 V2%
ANWTTO7 7 Fa21—2BELRHUTER LR
Liz. E5IC, BIESWES ONELIC X 2 E% M

B70IC, ERENE A BEICRE SRR BIT 3
RifEBREB /- 1.
SEOFE

BEFEICK 2 BERERE T VRIS A—Z
BELIC K> TEHINTWA 8, B hi-iERl
TV ARBRT LB LB 2 BER e
REE S, MERH T < V2 OEERBEE LAWVE
B EFEICET 2MEDDETHS.

e, kb AV AT LWNEFHRLDTH>TH, H
ELTVBHRENT 7 F 21— 2, L FigED ¥
E5 20O R LATNE RSN, LENST, 7
IF2X—2EL L HERETET 2D, 5
W RIOBIEZUNICE T 2 MENRETH 5.

SE X
(1] R. J. Patton, “Fault-Tolerant Control Systems:

The 1997 Situation,” Proc. in IFAC Safeprocess
Conference, pp. 1033-1054, 1997.

[2] Y. Zhang and J. Jiang, “Bibliographical Review
on Reconfigurable Fault-Tolerant Control Sys-

tems,” Proc. in IFAC Safeprocess Conference, pp.
265-276, 2003.

[3] K. Zhou and Z. Ren, “A New Controller Archi-
tecture for High Performance, Robust, and Fault-
Tolerant Control,” IEEE Trans. on Automatic
Control, Vol. 46, No. 10, pp. 1613-1618, 2001.

[4] ¥/, FLl, “GIMC #BEERWERSEZELY T
LOEMEEDNA M, 5t B EhHE AR
£ Vol. 42, No.11, pp. 1181-1187, 2006.

[6] N. Liu and K. Zhou, “Optimal Solutions to
Multi-objective Robust Fault Detection Prob-
lems,” Proc. in IEEE Conference on Decision
and Control, pp. 981-988, 2007.

[6}] D. U. Campos-Delgado, E. Palacios and D.
R. Espinoza-Trejo, “Fault Detection, Isolation,
and Accommodation for LTI Systems Based on
GIMC Structure,” Journal of Control Science
and Engineering, Article 1D 853275, 2008.

[7] K. Zhou and J. C. Doyle, Robust and Optimal
Control; Prentice Hall, 1996.

—187—



PR BERROEE

—188—



