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A Robust Control Strategy for Linear Systems having Uncertainties
—A Proposal of Moving Attractor—

N.Sakamoto* and M.Masubuchi**

As the robust control strategy which assures stability for linear systems having uncertainties
caused by parameter variations, the one using linear and nonlinear laws by G.Leitmann and others
based on the second method of Lyapunov has been known in these ten years.

For this control strategy, however, saturating function approximating discontinuous function
is used and it has been pointed out when implemented to existing plant that chattering may be gen-
erated at the manipulating variable due to the input delay caused by the sampling time in the com-
puter system.

This paper proposes a new algorithm of Moving Attractor to reduce this chattering effect. The
control deviation is not evaluated by using the existing deviation but by using the deviation be-
tween the Moving Attractor and controlled variables. Position of Moving Attractor is first given at
a prescribed place and then is moved to the position of real command under some given rule. The
rule of Moving Attractor which assures uniform boundedness and uniform ultimate boundedness is

derived.

Itis shown by an example of a robotic arm that the chattering at the manipulating variable is
remarkably reduced under this proposed system,

+ STUEHBHAESCT-BRE
FRERETFEWRR Y 2 7 4 THEK
¥k TERELATERE 4



28 FR401992)2  FEHSEEURHMOY AT A BRI
1. FE&HIE

RETHVAT LY STBACLIBRFEETVTREALLBAR, TORERREV AT A
DIEELZRIEDE LBP IS, BREB—RLAVLE ERRBEAETHD, TORED—
KA 2 h\RBAI A 5 A — B EBED Do & L CHERYRET L. £ORH
PR L DIEOEE BN M oDy VAT ARTREER ok DV T5E EBB B, 2D
X5 I REED &% b WS AT AN LREHEBIET 5 0 3% b SRIL LT, Lyapun
VDR X BB+ I HHRARE S AT B, & OMBROBKARICOLTIE, Y.
H.Chen#&x (8] b b, BB 2WTiX, M.Corless& G.Leitmann®i&X (9] #H 5,

Z DOFIEANIVSC(Variable Structure Control) & BRI IR E 2 REBEMAIHE L., RIB
RY M ABEOPRTHET S LR E - TariR MR bbTODTHD o DMCHRE
SRIEER 2. sgnBBCE AV B RERBMETH - fodt, ADBWLLF + 2 ) Y ¥
FbR. FRR AKX D lisET 5 2 LARRE R, ChIRIE=SOFHSS LT
CEEYRT.

$—i2Fig. 1(a) R & 5 KRB L BT 5 EEABET 5 HETHD o

—sgn (B'LX) +p (X) if B LX) >e
u(t)=| pix

* p (X) if IB'LX|=e

LizLyapunoviBROMTH D, B LXGHRELET. o (X) BREY 27 ADRADT
B 22EALRBEMNETAEDAH 7 —HMMTHSD,  XERTELH/DNELIEOENKT
BBo p (X) OEBEsgnBIc X5 FAMTIRI L\ Fig. 1@ KFTESKE IFLX] < ¢
DEBHMHEL B LEDET B,

#—DFHIC. Ambrosinobit L5 o

u55§%+a°ﬂ@>
SRERDPEREOENTH Do Fig. 1RRTE DK, MELD LEAERRE HRASH
isho

sgnBIBE. 3 B RN —RGERE M R RIET B 5, LAR0MsHL L BIEAN . $E s 2
7 A BTEEAERDE T B FERCMET B & (—HERA R RRIET Do TR, 0
FREREERERLE TS, FROAE SR e, SO E->TEBER, ¢ 8 DEAIEL
+3RERDERGEINE < K5,

COHEAERS AT ARRATHBE, 70 VHEK LIIZE S SRR Y ERT S
phy REHCIRABBIM LT LA R CH B iotd, TV € a2 — 2510k SEBVTAT

u(t )=




WA - MRIER  EHBKRZETERPIEHER (B28%) 29

KERERY § Dk MREHEEK B\ THIERNT + 2 ) Y 73BT 2 LABHEA TV S
M ADDBIEIE L CHRIFRD & DK # RIEEORE. ¥ @l Y 7D Y SR
FURAUBOBNF + 2V Y TIBLo —Fs ¢v 6 OfERKE B L THREESE 1T
BEMERENEC Ly RS IREY A2 A BBEBOLMI DL BB DIBR, ¢\ §
DIEESHE L TRRHRERS KX < 750 LichoTy FHA~DBEREF v 2 ) Y FOIE
WEDHIC b U= K 7 RITHBERDD o F4 40 Y FITEERLBET 3 BARS B b
EFMEL TNV AT A JUR AR TS D B

~F5\ BIL « KB « MEFLREME D<A b EFVEREEA | RBE L. Chid
NI A—2BWHEbDufy b V—20EFLERHANEYE 2284, ELRLE
%@MT@@M%&M%%@%&ET%KV&ﬁbz0\uh%ﬁbtbkﬁﬁszA#ﬂﬁ
TERERBINE A L PA LR OTH S,

Fhey BN Ay =€ a b — 50 b oM BARA LT O SR S b I EH
I+ 52 LHR>T W5,

EEDIRREEDG. Leitmann 5 DIGE M L, RBADFH AT E T F+ 2 ) v IH
BPT, L R EBEREE LTF + 5 VY IRKE T TOBHELH D, 29 &
PCRRE S ER LT i\ EEM B AR IRE LORBADE K3 &, REBANTR
KD ->THEHTET, ThIi PR rDEREEA2EOBELAFRCDI T2 &%
Hxdo DED, WORBAL AEEL OEMENE < LTHE, BERVER S TREDH
EBERPELTBLER LTy F4 80 Y IRERERDE LK Lo &hid BREHRE
BOKE SEEERTIMERDOT v 2 ) ¥ 72 EWILT 5 HETH 5. Fig. 27T 15K
EEORZE b LREREYHET30TR A< PATESBHT 3R OBEE (k. &
BEBAM®) L3 5) b OOMEIC L - THIERERD D SOTH D LOBRE. p (X)18
BEHoTe F48Y Y IHERIN D, & bRARTTRET S HECL ) EEEEALS
Bihids M8y 257 A0 hRE —BRBERMARES RS & & 45T

BTy 58 Y A 7 MREIBRIEE A 7 A RIRE LCHAR B ELAOMRES0 L. BEC
BAFREDWTF + Z YV VI EROHEY VI 2 V—Y a VL - TR Lo

(2],([38]

2. FEMNEDHDLATFLOGIH
2,1 MNRELGDIBHEAEEIHIS T L

Xu)[A+AA(ﬂn)]xuy+[B+AB(ﬂw)]1u0+Cvu)xun =X, Gm(2.1)
X€R, ueR reR’ sER veR'



30  PR4(1992)2 @ FEATEAUCREBNY AT ADD/IR +EHEA

LT, AR x nfiFl, BIXEH n xmfiFl, CIXER n X 8751 ThB. Eh. AAWR
NS p—tritlBdnXnYATFLTFFORKEER. ABIZ/ 35 A—-4si X3 n XmAHTF
DOFBEER, CvizAELEET.

X(DRBAML ST S AT AORBERL, X= (0} %FHAELT B, LEd-T, X
ORFEGA» GOBELET, HHBMRZORELRETHE L TEHS, vRBAt S
35 EFREET,

(2. 1)DYAT ARRD &5 EEELHRTEDET 5,

(1)AA (), AB (*) Bhbhr UDHAEIALMKTHD. ThEAR , R CH\-TH
HTH 5,

(2)FREER/STA—=4r (=) :R'@R, s (*) :R'€S, v () :R'EViILR—IT]
WTHH, ZZTRER . SER, VERBHYUALDMOD O UDREE hta v A
7 bR BETH 5,

(3) (A, B) B4lHITH 3,

(1)&RDL5%D. E, FAFDEET S,

AA(M=BD() reR R TEMED () OHE (2.2)
AB(s)=BE(s) s€eR R “CHistiE () OFE (2.3)
C=BF ERTFIF OFELE (2.4)

ZhiZVWhWE Ty FVIEEEIENRTED. OB EMTAPEHNH (7] ©
%UB?L’CL\ZM
(5)F<TO (X,t) ER XREENT

max |E| <1 (2.5)
sES

2.2 feROSEA TonT
(2. 1)DEEEREET B HEANE LTy G. Leitmannb i3 KA S REL T\ 5,

u =KX +p(X) (2.6)
—sgn (B'LX) «p (X) if |B'LX| > ¢ (2.7)
p(X) = B’ LX
- *p (X) if |BLX|[=<c¢
(2.8)
KXid/ S TNV AT L (RHEREERLBVL) 2H00T30008H7 1+ —F/32 2 Th 5,
AL A4BK (2.9)
PXVIAREED S RIET 5 H/FR. LizLyapunov ik
LA+A’L+Q=0 (Q : £EDEEHFHT) (2.10)

DIFTHHEEBMHTIITD 5,



WA - MMIER  BERATFIERHRLR (5285) 31

(2.2)~(2.4),(2.6)%(2.1)ERAL, AN I LT LDTe(X,t)%(2.120DL 5
CEET bo
X =ZAX+Bp(X) +Be(X,t) (2.11)

e(X,t) DX +EKX +Ep(X) +Fv (2.12)
[e(X,t) | < p (X) (2.13)

(2.13)p6 e X)2XD B, 0 X)XBIRBB T B TRTOHFB LIFE, TORAELE
T RE(S)LD,

p (X) 2 (1-maxlIEI)"' (max|DX| +max|El - IKX| +max|Fv[) (2-.14)
sES rER sE8 vEYV

< a +bX|

2= (1-max|EJ) " (max[Fv])
b= (1-max fE|)" (max|D| +max|EK])

(2.15)

EH(1)

BE(L~(5)RFHETHIVYATA(2. DR(2.6)2FMT2, DL, LR 5%

HEESWT(2. 1))D—FERERS LU —HKRERMELRIET 3. CORBERFERIT. ¥
rORICEL-TELBNS,

_ ca €A 3 + ebh 1
T 42 min(Q) {[4 4 min(Q) 22 min(Q) :

1 00 (QURQDB/PEREER T, ML, Xk (2], [3] 28K,

3. (REBEERDEA

R LIcHIEA(2 . 6 )~ (2 . 8 X BRI IZ gt i AT H 2 M, T TR~ &
SEANCYVRIBIRY DS L ERXRETIRAFRAFHEOKEELF + 2 ) ¥ JERILED
B b U= N 7B ART A LER DD, 2 CEELRFLLEEEESAOBASRET
Ho T, Fig 2L L 5l Lt ERAEAMM 2RELTEAY B X, 20K
BMAFEAMG) ERBXW) LOHDREL (3. 1)D L RXW) EEHLT, Fhic X DlfFR
ERDLLDTH 5B,

X(t) 8 X(t)—M(t) (3.1)
HEETE.
[il 2 Xas 'in] , =[x| -xa'”'rxn] To— [mlvmz"”’mn] '

COFEBHRBEX W EAGBRIE, (2.7)0 0 X)HOXM)2XWCBEHR LT, » (X%



32 ¥m4(1992)2 FHEISESUREBRHYRAT A0 A

PNELLTHZEREIDEMEREZBMO L, F+ 2 )V I/DERHILE B LA ik T 5,
DT TCRMBEY AT LADO—REREE —RERBRERZEET S, REEFAMA)ORES
JUBBHFEESDWTARRBZ DI, TTEH(2)2FRT,

ER(2)

FEE(L)~(5)EHWBTIVATL(2. BB, FHHMASEAMG) 2YRAELETRDON
BRI DBBHIELBE, (2.7)0p (XXM % (3. 1R IBFEEXM)IBELEHRL TK
DIBERIS TRUOFBETHITHEL IOV, IBLX| > THRTIMBY AT LD
RBO—HHERELRIET 5. O, TORMEEAMO) L BA BEHETH 2 FEACHR
HTHEI RS LT —RRAFRERRIET 5,

FREESM)OBEN. KRAD & 5 ATRE L2 P EM(0) & FHE B ¥ 52 Thh T,

M(t) =M(0) «exp [— B (L)) (3.2)
[B’ LM(t) =0
B2 (1/22.4..(Q L)) (3.3)
2 aes (Q'L)Z Q" L OBRABAELRT. DUKEMO)ZKRE X ) ERT 5,
1.0 @
IMOT = Ll iDl oy X!
reR seS (3.4)

B'LM(0) =0

W

R EBEAMA) 2 FRFHTM(t)>X= {0} (PHX) CAEILIDT, —RHRBER
HBESWTRER(1)MEEZDOEERT TS, 22 CREMEEAMOLLOREX M) 252,
EFOX WL p (XD % b BV HfER(2.6).Thbb u =KX+ p(X)H, BBV AT LD—
BERMLHRIETS 2 X ERT 5,

YATAQRIDERDL I KB EFD 5,

X =AX +Bp(X) +Be(X,t) +B( D +EK )M (3.5)

e(X,t) ADX +E+KX +Ep(X) +Fv (3.6)

leX,t) I < o (X) (3.7)
LyapunovBi# &g %

V(X(t)=X"LX (3.8)

&3 %, LyapunovaiBisuis.,



WAEM - MPER  BEBARFTEEFENE (289) a3

V(X) ==X"aX + 2X°LBL p(RX) + e(X,t) + (D + EK)M ] B.DX=X-M &b
==X70X + 2(B’LX)’[ p(X) + e(X,t) + (D + EKOM ]
+ 2(B°LM)°L p(X) + e(X,t) + (D + EKOM ] (3.2 B’LM=0 &9

==X"0X + 2(B’LX)'[ p(X) + e(X,t) ] + 2(B’LRX)’(D + EKIM
B’LX = B’L(X—M) = B’LX & 1
==X"QX + 2(B’LX)’[ p(X) + e(X,1) ] + 2(B"LX)’(D + EK)M (3.9)
Xk [3] &b, (3.9)DE_FHZIB'LX[ > e nbiXHRBL LS,
IBLXI > ¢ KB, V(X)<0& %5 4tkid
0¢ 2, @QIXI? =X QX = 1,... (QIXI? (3.10)
LD, (3.9)DE—FHOBME. BLUE=HOBAMEE T,

V(X)=< - 2 min Q@ I1X1* +2|BL| (max|D] +max |EK[) IM{ - [ X]
reR s&€S

V(X)S02#B=0iit [ X | 20THBH b,
2 @IX1—21B' L] (max [ D} +max |EK ) IMJ = 0

reR s€S
Tﬁh&xl\l‘o Lf;i’:-o'c\ )
2 min (Q)
M(t I X(t) | (3.11)
M S B LI (maxi Dl +mer [EK 1)
reR sE€S
t=00+2, REAGAZRBACIDEWBRIBS L2582 T
2 min (Q)
M@ | = 1 X(0) | (3.12)

2IB'L[ ( max||D| +max | EK | )
reR (=)
&> TH B ED B, £ LT | X(E) | OBMBEEE L D b E M) LBE ST (3.
IRRRTHE LD, T [ X() | ORBHERIR [5] KREATED,

I X(E) I < 1 X0) | »exp [~t/22,.,,(Q7L)] (3.13)
T OBBEEEE X D E M) BB 5 Ki2,

Bz [1/21..,(Q"L)]

Lz kv,

BEF+ 2 ) Y 7 ERELHTTHE, ETE—CREA L FEEEAOERIE A E LN
PEID FRRIECTRIFRBDE KD F v 2 Y Y S OERIERAD TS Do LibiaTs
EE(2)RWRERT, o, WHRBOE < K68 B EAOWMLE Y BE T2 LERS 5,
—BLLT (3. 4)L MRS BIMEM, B (EEY | MO) | £33) LHAE (B LX=0)
LI THOLAMELBHE, TOFMLED > LIMRIEE B S\ B 2548 5 85D
PGB E L. TOADSHOBEEE COES LB ELRIT L.

Fio, MOO)DREH LM S B2 ShBNTREERSBH, 00 LIRS BORMEE
L LTWB,



34 PRz 4 (1992) 2 FEIILSUBUBNY AT AD a2 IR
4. GIRE

R ERAMOOERERRIET 5 odic, MR X DB EBAMG) 2&/H Ly
Bed s BATIHALRET 5. UTTRMHLe Ry b7 - 2D0FFLHRNT 5,

41 HREFN

AFEREET MBI T — 4 (Fig.3) ¥5L 5.
BERAROTHACLANEDAM, BIUMIZTHAuRFETA LTS, ZOMEHHRR
2.

(J +Mr*+(m +Am)°) 8 +(C +AC) 6 =nu +Au

[x,, x,17 2 [6, 8] &LTEFgHIL,

X, =X,

. C 4+ AC ~ u + Au
ST T M (m Famr J M +(m +4m 1
EREBHOMBIT L ORKEDLHEMEFET S, ChbELHTOX>IEL,
|lAm | £0.25 [Kg] , [AC| £0.01 (Nms / rad] , |Au| =0.1u [Nm]
Y3ial—YaVERFARESRMGE LT, ¥V 7Y Vv Z7RMIZI0MSE L, AmRoWTIRE
B%Fig 4D LS55, ¥1AC, AuRDWTRERRD L 5 RERE Lito
AC=0.01sin (zt), Au=0.1cos (2=xt)
COETFNMEXN LTROTMIEZLY 5 2 5,
PIHREL 0 (0)=—1.57 [rad] & L. 0(0)=0 [rad/s] B,

4.2 #HIMAORE
Fig. 3R T 4@ RA L TEET T,
X, =X,
X, =(—0.312 4+1) X, +(20.06 +s ) u
re [—0.218 0.491] , s€ [—8.95 10.5]

HEA(2.6)%2RDB, ADEIE—1+], THQ=1LTE L. FOBE,

K =(k, k,] =[—0.0997 —0.0826]

B'LX =0.667x, +x,=0

p(X) =2.1(]0.0245%, | +0.523 | k, x, +kyx, | )
ERDONI, TZTe=06=0.00LFL, RAEFREROERri2(2.16) 1 b, 0.0222
7:‘:50



BARME - MWER EBRAFIFEHRLE (F28%) 35

4.3 {RAEEERDER
FEEREEAMM)2(3.2)~(3.4)RL &BWTHEL. 4.28iDp X)%
p(X) =2.1(] 0.0245%, | +0.523 | k, %, +k, %, | )
ELTRDB, HOMEIZ0.TEHRE Lz,

4.4 L al—iaBER

HARE LOATN M 7 ORREB Y Fig. 5IKR$, REROHBMANL FOX T HHLI-HRY
(a), (R T, 7eby (e)iZ(2.7), (2.8)DRHNHKG. Ambrosinob ik & 2 faFBI% * A
WiehDTHbH, EELORETHHEBAFRAZLhLhEBHALLEREZ D), (DR,
k. | 6(t) | £0.05 [rad] 2 RT3 ¥ COLERMERAR, FDOREREYFig.5IKiEA L,
FEABEAMA) 2 BATAZLTCHLIRF v+ 2V VY IRERTHE Ehbh b, AR HRE
BAWPNEL e B 1D IERERSPER LK, FOBEBIHLTIR2.5%UT TH -1,

5. &HYIC

F+ 2V Y TERCOBREYEROCEIATH L LRBED L L AEBTH S, RET K
MEEA%G. Leitmannbic L 5 052 MMM ERAT 2 Z L LY, —BEBERERDOK
EE BLUY YY) Y IRMIAEESTIREROF v 2 ) v SR ERT S 2 L TEE, ¥
%2y G.Ambrosino® HRE T 5 BE Y AV L HBANCEA L BATh, SLRERTESZ
EERRE VI V=Y a VIRESTHRTEZ ENTET,

MR EZETNTBRERY P I LI LDRFEBAEAY A LW BARETOERRMM
PRELSIDL, L L, ZABEOBE T2 UTREDERTH . AR TIZHME Libb
DY IaVv—va VEBERERBVLWTHHAE BRI A LN - T,

BEH

[1] S.Gutman and G.Leitmann:STABILIZING FEEDBACK CONTROL FOR DYNAMI—
CAL SYSTEMS WITH BOUNDED UNCERTAINTY,Proc.of IEEE Conference on Decision
and Control,Gainesvill, Florida, WA2, 94/99(1976)

[2] M.Corless and G.Leitmann:Continuous State Feedback Guaranteeing Uniform Uli—
mate Boundedness for Uncertain Dynamic Systems,lEEE Trans., Automatic Control,
Vol.26,No.5, 1139/1144(1981)

[3] G.Leitmann:On the Efficacy of Nonlinear Control in Uncertain Linear Systems,



36 PRT4(1992)2 . FEELTERESURBBIM Y AT LD SR HEIN

Trans.ASME, J.DSMC,Vol.102,No.2,95/102(1981)

[47] J.J.Slotine and S.S.Sastry:Tracking control of nonlinear systems using sliding
surface, with application to robot manipulators, INT.J.CONTROL, Vol.38,No.2,465/
492(1983)

[5] G.Ambrosino, G.Celentano and F.Garofalo:Robust Model Tracking Control for a
Class of Nonlinear Plants, IEEE Trans., Automatic Control, Vol.30, No.3,275/279
(1985)

[6] S.M.Madani-Esfahani, R.A.DeCarlo, M.J.Corless and S.H.Zak:ON DETERMINIS—
TIC. CONTROL OF UNCERTAIN NONLINEAR SYSTEMS, Proc. American Control Conf.,
Seattle, FA5,1523/1528(1986) ,

7] Y.H.Chen:On the Robustness of Mismatched Uncertain Dynamical Systems, Trans.
ASME, J.DSMC,Vol.109, No.3,29/35(1987)

[ 8] Y.H.Chen:Design of Robust Controllers for Uncertain Dynamical Systems, IEEE
Trans., Automatic Cdntrol, Vol.33, No.5, 487/491(1988)

[91 M.Corless and G.Leitmann: CONTROLLER DESIGN FOR UNCERTAIN SYSTEMS
VIA LYAPUNOV FUNCTIONS, Proc. American Control Conf., Atlanta, Georgia, F
Al2, 2019/2025(1988) ,

[10] XZR, P FERY A D= AN Y AT LD AR b EF VBRI, HNEBHAES
#3CHE. Vol.24, No.2, 126/133(1988) .

(111 &L, XF’. N ZEHME /SR b 2F B, HNEHHAEERTE, Vol
24, No.4, 350/356(1988)

[12] XEH., I, MF: == 2 V—2OPDHE_EHE 32 b = FAEREM, HUA
BhFIAE SR/, Vol.25, No.1, 46/53(1989)

[13] R.Horowitz, H.I.Stephens and G.Leitmann:Experimental Implementation of a De—
terministic Controller for a D.C.Motor with Uncertain Dynamics, Trans. ASME, J.
DSMC, Vol.111, No.6, 244/252(1989)

[14] F.Garofalo and G.Leitmann:Guaranteeing Ultimate Boundedness and Exponential
Rate of Convergence for a Class of Nominally Linear Uncertain Systems, Trans. AS
ME, J.DSMC, Vol.111, No.12, 584/588(1989)

[(15] C.G.Kang, G.Leitmann and R.Horowitz:Robust Deterministic Controller Design
of a Two Degree of Freedom SCARA Manipulator, Proc. American Control Conference,
Pittsburgh, TP2, 1457/1462(1989)

[16] FJI\ . HFiaHy bv=val—2D e 2 MeBHBREHA. © X7 A HMAMN
P45k Vol.3, No.7, 218/225(1990)



B - MMIER  WEAPTREHEME (H285) 37

3 A
+1 +1
-¢ 0 B'}X 0 B'l:x
3 - -
1 -1
{a) {b)

Fig.1 Two ideas for continuonsable

xz equilibrium point
4

-

> X1

state point
t
.X()

N\

MO\ prLx=0

Fig. 2 Moving Attractor

Parameters

0.009 [kgem?]
(woment of inertian)
C 0.02 .[Na)
{coetficient of fricticn)
u torque ()
8 sngular position {rad)

L] 2 4 ] 8
Time(sec)

Fig.4 Load history



38 PE4(1992)2 FHEMPEZEUREHHC AT LD/ | EIIR

Q.
= X -
[ 3
= ‘
rezponse tise response tise
1.023 (sec) 1.155 (sec)
-5 3 -3 =ttt
Tinets? Vimeln?
f.2 1.2
g z 00
H 3
E s g
E' .:; B.Nj\L
i - ittt
Tiaele) Tinete)
(a) Responses due to G.Leitmann (b) Responses of authors’' s control
and others law with Moving Attractor
a.
3 £
& 5 -t.sg
= -
x
response tiee response tise
6.944 (sec) 7.068 (sec)
-5 Sttt -3 —t—
Timete) ) Tinatla)d
L] 1.2
g -0 g _!n.
s :
PRl L g
;“ .68 r\k_— -:; Q-N:L
- St - 1t
Tinsled Timeln)
(¢) Responses due to G.Ambrosino (d) Responses of authors’s control
and others law with Moving Attractor

Fig. 5 Results of simulation



