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Abstract: In this thesis, the multivariable robust control of nonlinear manipulator systems is based on the compute
torque method and the LQG/LTR design procedure was proposed. This controller is able to handle the system that have
modeling errors and external disturbances while it keeps the close-loop system robustness and satisfied the prescribed
performance. In this research, the computed toque method is applied to design the proposed control law to form the
main control structure by using the benefit of its feedback linearization strategy. The error dynamics of the plant is then
formulated to the standard H,/H,, control problem, which is easy to be applied by the LQG/LTR design procedure to
find the optimal control gain and observer gains in the process of matching the target loop. With regard to the non-can-
celing nonlinear terms, the closed-loop system is formulated to the Lu’re-type problem form with sector-bounded uncer-
tainties, which is then analyzed by the Multivariable Circle Criterion to discuss the stability and robustness. To verify the
feasibility of proposed controller, one example with various external disturbances and parameter uncertainties is made
and its computer simulation result shows the efficiency and feasibility of the proposed design methodology.
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B APRLGE I EHEES LQG/LLTR M HEL N T E R4kt 2 BBl m vt MIErET R84
PRI E M 52 BIBENL TR B0 T AR NN T R G s bl Bt a8, ARk N T B i R 5
BA R0 sf@ e 53 Rt Re 2Rk . SO E S AV H AR R RN UCT R 2R 45 rh & T Al T H (AT 45 A
Wt 5 LAY, 508 AR b o) 142 RGEHEATE U IR 1 s #3548 A LQG/LTR Bt fE75%m H [=l
2% 11| %% (output feedback controller)BE# &I T T 5E & T B Ax[EI#% 1] # (target feedback loop). % T-AEZ ALK
FE R RFETEL Lure-type WS, wJTRIREMIIC R @ A VFE—ER LA S TR, s LEH
& e HE N FE 18 (multivariable circle criterion)fR 2 bzl 2% 2 BB EVERE . SORMI CAAELR NI E R 400vuk, it
ITHHENT I, SeuEfs i 28 A A 5471k

KHIA): TFEHAEE: LQG/LTR Bit; AR (5 E HE N

1 518 BB, 1932 4 Nyquist iz F 2 48 R BB R 257 T AR 4
24, EHESRREELZT T A . 35— A e N T B A ON - FR R H R4 R AR T I T
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MM TAE 30 4EAX R Bode 5 Nichols #E— ¥4
Sk REF N A, {2 SRR, 1948 4 Evans
P A2 IR BIEE (oot locus) I3 T2, BF 98 R i 2 8
Xf 2 R Gifa e ER BN ASRRE I REIR, RS/ )
HEEINN 2 BAR R BRTVET R 1 g i
WHIRZ L, HoAr 3 25 (gain) 5 AH A7 (phase) S PR B )12 19
FSRFE S Aa e i, 5 RS 2 Rk, &
SRIX G TT V5 3T R W S R R S B AN 8 S IR AN ]
BN, AHIRATEITT AR HEI T RS TREAS
VE BRI A1 4 2 S5 AL AR B, 3t B ) 4%
B RR T ZR G s A AR E 11 o 22T 5] Wiener 1] FH A
S NV PR ) e A A ) 5 U AR A B 1 45 O
FH ARV 2R E RS S R ML,
T = A 6 e g o R 4 (A R M 1k A ) 2 12k e v )
(performance measure) M /Mb o N IZ B I T iEM
P IEl g R Gifa ek, JRRI, $EHI 2245 R 4R ) fe
HER . 2 XV (pole-zero cancellation), &[4 [H]
PEAFEIE o

BB, 1960 4F Kalman 25 A 5] NARZS 23 617
(state-space method R i+ f £ 5 ] 5 i€ i BB L), (HAE
A BB RAEA B BRROH. & TRERESRER
ZERME AT 2 (linear quadratic regulator, LQR)4<
5 BB R M BEAT s e L JRAR, Z D 60 FERIAE
A RS IR KPG8 5E0R, 1977 4E4°H Safonov
55 Athans &I BSR4t Rl 2 45 R 42 ) gk
IRECE IS .

K2 1970 FIFUEHIZE =B, FEHlER AR E X
R T, HEFEN TR B2 BB RAW
FEHIA BT X B, 8K R 1 Rosenbrock 5
MacFarlane %6 A\ 325 . B4R Rosenbrock ¥4 H2 18 = & %
B, DU 5 AR A8 25 AR b AR e v g s,
IR TVEFF AR RG S HAMED, % a0 i o
R E SR H X 5.

S, W=, EHERREHFREXR
¥ RF AR R RGN ) G, I HRR B X 2
) R B R . BT R Ut R SR A A AR
W S Ja5 N AR SR K 0 3% 26 7 V2 BT A3 — SR i 2%
A . BIFALE 1945 4, Bode 7EHEEH LY 52
F AR R A] AR S HOR S R B, 1964 4 Cruz 5
Perkins 782 & T 2 & & R 4000 R B0 R 4L
(sensitivity function), AR S HULANT R 5 15200

Bl fH™ ke ok, X7k AR IR TR RS
X SHCR RN R, IFAETT . PRI e SOk
FraR S 1) e A, IR IEF BB &= . XXt
AT L R T IR & R IRAT, I RS0
K22 P, R REY4E RS E R .

1980 4 DA J it 48 i) B8 & e 1E XA AN
PERI RGN A, K E SRR 32 AR X
PBhxt Rt tE S TERERIREM . 1981 4-H Doyle 5
Stein | [ /)N 25 J7 B (small gain theorem)$2 H! T FRIE
2 B Bl #5458 ) 5 8 R e M 1) 9 A A8 E 2% A (robust
stability condition)®™, [AIR42 H T [\ 4% % ok ¥ ml 2
(loop transfer recovery, LTR)B A (TRER, 753l Fa A\ 4b
Bn—& L A 1) Kalman 389588, DMEESZIER
Giim A E LQR Fr BA [ saig i) i N #E4 . 1981
., Zames $EH T RBUERET) H, -norm i/ Mb 2 2
SEFEH RS HURIENY, (8 R GRS e fa v (M R Bk
o). Bk, N FEEIFEAANIA R TR
T SCHR [ s ads DL AR il PR 0 A 2 i 7 — 2ty it
P A S A ), R HERIA N H, -norm ARLAK 1] R 1)
BV

2. HEHEZES LQG/LTR Zigit
2.1 WEHERX

BEXS A EA 0 D RATZHUTE RGUIRETT R
A, Fwwn

B(q(1)d()+C (q(1).d () + g (a(r))=7(c) (1)

A §(1),q(2),q(e) nx1imi, RE n MR

BSH T SEG B (q(0) FES: C(q(2).4(2))

TR0 I BRI g, (g(1)) AEAIE 7, (¢)

NIRB) GIRAE S R ZAEH IS 05, i=12,n .

BLLEKS ()55 50 AB, (4 (1)) -

AC,(q(1).4 (1))~ Ag:(q(t)) - SHiBSRNZ IR 7, () e

ARG AL A] R15 2 FRFR1E (nominal value)

By (4(1)).Cor((1).4(1))- 20 (a(1))» EHIT
[B) +AB;]G; (1) +[Cy +AC, ]+ g +Ag,]
=7, (t)+7,(t)

HEEMQ)RZ T B K, 4 5,(4(1).4(2))
it EHAE T A 1, (¢) Bt

@
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5(2()2( )) AB, +AC, +Ag, 3)

[ J+C + Zoi “)

Kot g () REXIBBERSHM: u(r) RFE%
RIEGT LTINS

BRRE@DRMANQR, HASREZTEHE
X (1) 9RO B A B b ol AR e 2 R 2R P

y(t)=q,(1)—q, ()  BEEWRELL N R RGNS
Jr ek

x(t)=Ax(t)+Bu(t)+Gd (t)- £ (»(t).7.t) ()

y(t) = Cx(t) 6)

A

A:B ﬂ,g:m,czz c=[0 1]

7
F(5(0)7) - [3 3 (a(0) z(f))}

0

2.2. LQG/LTR #=Hiit

BLAE K5 (5) 2 5 (6) 2 A LA 7] fij 4% il &% (Servo-
compensator S, )IIALY HG ARAE H, 3258 7], FoR
Rt

)?(t) =4x (t)+Bnu(t)+Guw(t)—fa (y(t),;f,t)
(3
y(t)=Cx, (1)
A r(e)eR”: FEHIEIN: (4,,B,) AT
|AT—A|=2"+a, A"+ +ad+ay;
A, e R™7;B e R"7;x (t)e R™
HAEWFRRIT
| x() _| (1)
<0060
©)
A 0 B
A= B =
{ BC 4 {o}
0 G
NP AELR NI T 2452 LQG/LTR B2 &l
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B 1R, Hishles st
a) fAl fi#% 1) % (servo-compensator S, ):

%, (t)=4.X, (t)+B,(r(t)- (1)) (10)
b) & 5e #ill #5 (stabilizing control law S, ):

u(t)=[k, k, k]%,()+fio(v(2).1) (D
¢) I #%(Kalman filter S, ):

X(1)=A%(t)+Bu(t)— fo (»,t)+L(y—7) (12)

BEAE, X35 (12) 2 AN E T A B2 AR
B, R

D S((0).71)= B fi(().7:1) 5

i1) fo(y,t)zB-flo(y,t) ;

iii) fAE—A> N2 B=GN -

BMEKADRSA2)RANE), W RS F 3 &R
Gin faifb A Lu're Type 220, Wl 2 A 2T A
SE Tl (o(y(t),r,t) , # B 278 B [ £5 € AE W (multivaria-
ble circle criterion) | 7] PLERIIE I A1 [9] i 7E — A5 BR 3G
BB, JE8 T 46%) £2 52 (absolutely stable). £ 4t 41818 &
GUIRE TR R T

{z’(z‘) =Az(t)+Bw(t)-Bo(y(t).r.1)

y(1)=Cz(1) "

1(t) e(t) x(0) ' u(f) y(®

!

Figure 1. Control structure
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1
BZ T ;1 CZ |
A —|
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Figure 2. Lu'retype problem block diagram
2. Lu'retypeproblem 55kE
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Favizop
[ 4 Bk Blk, k] ]
A=|-BC 4 0
| LC Bk, A+B[k, k]-LC
[0 G
B =B 0[C=[C 0]
L0 0] (14)

£ (v(0).rt)= 1, (»(1).1)
o.f(y(t).r.t)=B 0

("(y(t),r,t)=L(\)J(fl (y(l),r,t)—fm(y(t),z))

PLEiRZ M LQG/LLTR #S, A4
AH DL ER[AL.
221 Bt A
Q)R TE 248, HRES TR ATFRR
R
{x(t) = Ax(t)+Bu(t)+ Gd (t)—f(y(t),y,t)
y(1)=Cx(1)
Reb: 4,B,C,G, f(y(t).7.t) EWDRFR, ¥y A
1 8 T
%R LA AR 88 S an(1)=, Romin R
x, (t)=A4X_(t)+B, (r(t)—y(t)) (16)
M RGP ECIRAS TR, KR WR:
{fc(t) =Ax (1)+Bu(t)+Gw(t)— £ (y(t).7.1)
y(1)=Cx,(1)
KRh: 4,,B,,C,.G,. f, (y(t).7.t) HIO)XFIR, y
NANH RE T
M LQG/LTR S fEIELR 45 il 28 vl S ih 4 -
u(t)=[k, k, k)%, ()+fo(v(2).1) (18)
%(1)=Ax(t)+Bu(t)- foy (».t)+L(y-p) (19)
Hor, £, (0) RERTIIEMBREEZR: £, ((1).1)
N¥ y=y, RN fl(y(t),}/,t) 2 —3F 2k M o8 # s
fo(»t)=B- fi,(y,t)» FE—DNIiL B=GNo
W[k, k| FRFIEH I

(15)

(17)

[ka kh k(‘] = R_lijl (20)

K RY5 P, BOAXRRAERE, 7RIk, RENHAIHFE
H P, A AR EEL R4 75 #2 5 (algebraic riccati equa-
tion) 1E 7€ fi# :
4,R+PA4,-RB,O"'B,R+0=0 (21)
X, 0=0">0
M) L AWM 538 2, Roman T -
L=PC](®)" (22)

W @R FEHUGZE: P, AXFRER:, HATH
AAREEL R 4277 £ (algebraic Riccati Equation) 1E
SE M«

4,P, +PA" +GmG" -P,CT (©) ' C,P, =0 (23)

e G=1; m ARREEHLHL.

B Ja. PR RGUIRES 77 FE T 2R A (13) T
N, FLRRE MR 2 A & R R E 1 ) (multivariable
circle criterion) KRG MR . I, LEPA B 2% RS AE A
N P RN 2 BT T nI R vAsE s T HoaTis s H
FrlEl#2 bk £l (target loop) 2 ERIAYERE . BEAL, AL
TR (2) T e P AR v] B v an(4) s

2.2.2. JERB

H13) Xz RG AR RS TR, Bk
A, € Hurwitz,(A,,B.) ATTHEH]L (A4,,C. ) T B,
a=0,p(t,y) esector[0, E] , WA i€ X RFZ ALK
TR/

o(t.y) [o(t.y)-Ev]<0ve=0  (24)

X E NIEES M (positive definite symmetric
matrix).
B4 — PR e o R
V(x)=x"Px,P=P" 20 (25)
v (x) oy RN, R
V(x)=3%"Px+x"Px
=[A4x-Bo(t,y)] Pxtx"P[4x-B.o(t,y)] (26)
=x" (Al P+PA.)x—2x"PB.o(t,y)

BEAIFQHNE5@6), HI A &7 (upper
bound), MEUWIT:
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V(x)<x (AZTP+ PA. )x—ZxTPBZ¢)(t,y)—2¢)(t,y)T [o(t.y)-Sy]

x’ (AZTP+ PAZ)x—ZxTPBZ(p(t,y)—2(p(t,y)T |:(p(t,y)— SCZx} 27

=x" (Al P+PA)x+2x" [Csz—PBZ]gD(t,y)—ZgD(Z,y)T o(1,7)

% Z(s)=EC.(sI-A,) B, +I , HR# Meyer
Kalman-Yakubovich Lemma, 7] 5 St 13,
A:Q+QAZ =-N'N-¢€Q
OB =C'E-N'M (28)
MM=I+1" =21

HAYRTE, M=M" =21, M=M" =2,
CTE-QB=~2N", fEN(18)X 175
V(x)<x" (-N"N-eQ)x+232x"Np(1.y)
~20(1,y)" p(t,y)=—ex" Px—x"N" Nx
+ 23425 N (t,y) - 20(t, ) 9(t,¥)
= —ex Px—[ Ne 2 (1.y) || [Nx =20 (t.)]

B EIRAEN, AIFLLT SR
V(x) <—ex"Px<0 (29)

I 5 AR A B A U K 28 — 5F 3 (Laypunov First
Method), HAERHIA (1) =0 . H1(13)202 M [E#% R
i, TR

(30)

Bx=0R%(t)=Ax(t)- Bp(t,y) y(t) Z FH#i 5,
IERT J VRS- S

a) V(O) =0;

b) V(x)>0, Vx =0 (positive define);

) V(x)<0, Vx=O0 (negative define);

d) ¥ (x) >0, x| - oo (radially unbound).

VUV RT 455601 1 P ] B R G A — H BRIYE b, 8T
24 %5} £ 52 (absolutely stable).

TAE EIRFE T, o(t, ) e sector[0, E] 1558 BR 1)
JELRPEIX A (1, y) € sector [, B] AN, WU FH 191 2% 5
#(loop transformation), HAKIA N Lu’re type 2244, 40
3 B AR TS S P I i 3R 4 i AN e
UbAh BRI oy, WARERE R RELG, (s) W
e
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G, (s)=G(s)[ 1 +aG(s)]" 31)

HA G RS 2 R R R

{x(z) =(A4 -BaC)x+Bu
(32)
() =Cox(r)
RIS RN
o (ty)=0(ty)-ay (33)

MR g, (¢,y)Hi 2 sector condition, HHE = f-a,
H (4-BaC)e Hurwitz , WA H X2 A 5% i (bilinear
transformation), W& 4 s, R REZ, (s) W0
T
Z;(s)
=I1+EG,(s)=1+(B-a)G(s)[I+aG(s)]
34
=[1+aG(s)+(f-a)G(s)|[I +aG(s)]" 9

=[1+pG(s)|[1 +aG(s)]

1

YU A2 DA 2% A
{GT (s)= G(s)[1+0:G(s)]1 € Hurwitz

Z,(s)=[1+pG(s)][I+aG(s)] eSPR

A ORAIE A 1] B 28 G842 — A R A Y 1 v s T 0 A e
(absolutely stable).

.............................

:|- =

Figure 3. Loop transformation block diagram

3. BB EE
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[ Y

==

Figure 4. Bilinear transfor mation block diagram

4. MENEFEIRAHIE

VE s WO T- IR i 4 2 8] #% (1] 5 (loop transfer
recovery)Z BRUN R :

Stepl: fiH LQR ¥it, MKHEEZMEREMAR KK
PR R &, k [HREB A kR fEE P2 O 5 R
Kii%: k=R"B'P.

Step2: XM G = [, BFEHHEEE mE50, fAA
Kalman JE 3 2% BB EL R 42 )7 72 {(algebraic riccati
equation) KK fi# Kalman 3435 L = P,C” (@)f1 .

Step3: EI—IE Y] g, S m' =qm .

Step4: FIFHTHENITH Step3 W g {EFTX N2
WA G A L, () R R AE I, R IR T AL
et HR 5 L(s) <@ e (H B 30, ks34
NilEZ 2R, WP ¢ HIFES Step3.

3. HEHGR

IUAEBAIE FE— A 2 [ I AR U T B
G 5 BiR. B, SIRFE G M B 0 SITE R
(x, (1) x, (1)) ARFE AR B FF IR Rerp 0 C (B

[Ym (1).Y, (t)} =[0,2.5],7 < 0sec

Figure 5. Robot manipulator

5 N FERZE

v, 51, R 54w 0 (X, Y) AR Rk
By (m, M) ARENE AT 5 R iE: (J,,7,) 1
RKPEBER: o AARBUO C RS R MRS .

R4 Lagrange-Equation #EFtH RAHI3) 11772
XWr:

(m+M)i -0(x,R)¥ =V
27
I(x,M)%, +20(x,,R)%%, =V,
X
O(x,,R)=mx, + M (x, +a) (28)

I(xl,M):Jl+J2+mx12+M(xl+a)2 29)
TEME X BH M =40 kg, M =60 kg, a =1m.
3.1 EH B

SRR 17 SR T R, 5 bl v, 595
197 Vs HOH N T BB TR 0 K SR ], T ELLE AL
W R A2 T ALK (X, Y) FBEREAR N 2.5 m
HERSE, 3t H RBU TR F

RAGEROG] —[(x1 (t)+a)cosx,,(x, (t)+a)sinx2],0 <t<msec

Yo =
[ Y0, (£). Y, (1) ] =[0,-2.5],¢ = msec

3.2, @IHIT

321 5B 1 HEHAEEHITER
ST Q7)FAE FH AR VLI AT 32, A5 k% )

aﬂﬁuhmo={%}‘wﬁx%%xahﬂ=[2:?}\%%ﬂ

U,

WX y(0),, =| DT mEREARZEASN T
44,
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0 1 0
Ay :|:02X2 0 ? :|’B2><2 :|: ;X2:|s
2x2 2%2 2

0
Gt =[1, %dL@M=01X[?1

2

322 2. HEATIAALY 1
AT IEB R RIS SIBERTERE, R 17

B(tr))H—Bfic jj[i(@

NOZK7Oﬂ;%ﬂE{ZO

X

O O O O o O
O O O O O O -
S O O O O = O
S O O O O o O
O O O O O o o
O = O O O O O

&
1

O O O O = O O
O O O = O O O

323. HR] 3. REEHREIT

MR

X =Ax +Be
{‘ S G1)

y.=Cx

X

00 0
4.=[0 0 1[,B =
00 0

HIHEOREEDHA, FEY AR R T:

B 0 G
O}uls (I)J{BC 0:|W(l)
(32)
=C,x, (Z)
(0 0 0 0]
00 0 O
0 0 01 0
1 000000
00 0 m,qz{ }
01 00000
1 0 0 0
00 0 O
001 0 0]

&ﬁQmmgummmﬂﬂzu ﬂ%mﬁﬁﬁﬁmmvamﬁ,ﬂ%%ﬁ@%ﬂék@?:

_[24142 0
| o 42361 0

24142
3.0777 0

0 -1 0 0
-1 -3.0777

A REERL(s)=k(sT - 4,) ' B, 2 RGHLWAMNIE, W 6. FURTEZF2 B, w7,

324. R 4. WEEEREIT
i [} Kalman JE 85, HBhA TR0
x(1)=Ax(t)+Bu(t)+L(y—CR) (33)
EO=Vn=10"5m=V"m,+BB" =107, &
AR FP s E A I a8 L 40 7F -

(141 0 7

0 141
10
L=l 0 1
-1 0
0 0

L 0 _1_
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325 HE5. FEEH g

LAY R g, FEUEIERE g = 10" /54
(51452 (B ] Bl S ALl H FR Rl 42 el i, anf&] 8 5K 9,
MTELE g (8T 236107 v 54w 70 v, W5 Bk 10
HE 1. RFGREHRSWE 12,

326. £} 6. HEIZMTHNZ ERETH
TEGTEIE R T, R E T EN T —
JE X [A][40 kg, 60 kg], AFRREEN 50 kg, &1
EH 1= T 1k R G oA KRR B AR A 4L
B R At 7 HRAE R
WA AT RS TR, BRAEZ TR



y1(t)(m) & y2(t)(radians)

Y axis: meter

Y axis: meter
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Singular Values

350, - ;
—— it [ [
1111 e i b ] £ ]

250 |
200+ '
150
100

50

Singular Values (dB)

=100k = s i w0 cedvenin eon s e e o s
103 102 10! 10° 10! 10?
Frequency (rad/sec)

Figure 9. Output recovery with ¢ = 10

Figure 6. The plant output y(t) vstimet & 9 q=10° 2
6. Bt R E9.q Za ERE S 1ER

3000 v v v v v
—— M =60kg
2000 1
N . z
21000 .
S
9
1.5F 1 S 0 A
£ U S S S
o
O
1k | -1000 1
-2000F .
0.5¢ 4
30001 T
0 ) N 1 1 1 1 1
-3 3 0 0.5 1 15 2 2.5 3
X axis: meter Time (sec.)
Figure 7. Target trajectory of manipulator Figure 10. Histories of control force V,
E 7. M FEEshz BirikE 10. #5175 V. ASE
a5k 7 ' ' : ) e 2000 T T T T ;
M= 40kg — ——M =40kg]
———M=60kg
1500 = M6
2t . ~
= 1000
&
15l i % 500
5
E o0
E
Ir 1 & -500
-1000 1
05} J
-1500 1
0 L 1 _ L 1 1 1 1
-3 -2 -1 0 1 2 3 2000 0 0.5 1 1.5 2 2.5 3
X axis: meter Time (sec.)
Figure 8. Output y(t) in cartesian coordinates Figure 11. Histories of control force V,
8. LTR 2 F B R BRI 1. #5H V. \SHE
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- -M = 40kg
0.5 M = 60kg

Error el(m) & €2 (rad.)

0 0.‘5 1I 115 i 2.I5 3
Time (sec.)
Figure 12. Tracking error vstimet
12. RGRERSHE
P B HEMR R AR L I e VEIE . &l 13 $13
40 kg ZARLRMENL T sector[ey, 8] B 14 613 60 kg
ZARLHENL T sector[a,, B, ] HeH o =035, B, =13,
a, =031 B,=112.

e R _EIR R DX Ta], 5 P 20 A e [ A 5 4 U
TR GMB Sl FHRA . B 15 53 40 kg 2
GMB 5l 78 B 16 9113 60 kg 2 GMB Sl 518
4. &g

AOFFA XS AL NN T RS, el — 1 aa
TS LQG/LTR MgEafaml st ititJr
DAL T SR R AR L T R G Al
T NN AR & 121 R G, IF HAE F AR sk vk
X SZAE R G AT & ALY 1Y < B 5 {8 LQG/LTR

3

25T i

[N
T
1

—_
W
T
1

Nonlinearity

05} 2

0 0.5 1 1.5 2 2:5 3
yl

Figure 13. Nonlinear sector with 40 kg
13. fa% 40 kg 2 dELkM4 sector
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N

[N W
T

1 1

—_

W
T
1

Nonlinearity

00 0.5 1 1.5 2 2:5 3

yl

Figure 14. Nonlinear sector with 60 kg
14. $a#¥; 60 kg ZIELE sector

Nyquist Diagram

1.5}

o
n
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Figure 15. Satisfaction of circlecriteria with 40 kg
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Figure 16. Satisfaction of circle criteria with 60 kg
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