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Polytopic gain scheduling output feedback H. control

for robotic manipulators
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Abstract: A new approach to the design of a polytopic gain scheduled output feedback H. controller with pole placement
for n-joint rigid robotic manipulators was presented. With linearization around the equilibrium manifold, the robotic system was
transformed into a continuous linear parameter-varying (LPV) system with respect to the equilibrium manifold. A filter was in-
troduced to obtain an augmented system, which was apt to have the polytopic gain scheduled controller designed. This system
was put into a polytopic expression by a convex decomposition. Based on the concepts of quadratic D-stability and quadratic H.,,
performance, the polytopic features were used to simplify the controller design to be a vertices’ controller design for the poly-
tope. An output feedback controller, which satisfied H, performance and dynamic characteristics, for each vertex of the poly-
tope was designed with a linear matrix inequality (LMI) approach. A global continuous gain scheduled controller was then ob-
tained by a synthesis of the vertex controllers. Experiments demonstrated the feasibility and novelty of the designed controller.
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(LPV transformation of robotic system and

its polytope expression)

AR n MRTHIREVLSA , KN %EF
BANNTER.

M(q)g + C(q,4)q + g(q) = . (1)
Het g CREBXRHAERE, M(q) € R MRtk
P, C(q,9)¢ ER"FEARBLNERHKNIW, g(q)
€ R"RRENW, - € R REHRNE. B2 = ¢,x,
= ¢,% = (%, 2)", RO)ATAREERFRRN

i= F(z) + 6(z)r. , 2)
Hrs
[0nxn  Inxalz ]
“M(E)(C(x)+g(2))
0px1

G(%) = [M_I(JE)] :

MWEK(2), EBESHE p(t) = [p(8), -,
()] c RICHBIERRL, TXH o(2) BHE R
o), HIUSEAR V: = lo, ,onl, ¥ o, € R,
i=1,,N, FANENGR TSR o EUTE RV
2 KN4, Bp

p= lz;#i(P)we:#;(P) = 0,2#;(4)) = 1.
BRFEH TSN o SBULWFEIE, BIFIEES
BR¥ . (p):R' =R, z,(p) : R —= R™ , (45X} T J5 4
R VHIR e, B

0= F(z.(p)) + G(z.(p))z.(p). (3)
HAPTSH o TURRGERS A B SSNRE
SHIRE, T E NN RESH p WER DA RH
—i, HIENZ RN o BERERBEZRANHE
FHE. X B o, EFEKESG)A, ZRET KM
1, 75 (2)T4L R

£ () = A(p)2(1) + B(p)a(s). (4)

F(2)= |

He
£(t) = (¢) - %,(p), a(t) = z(t) - z.(p),

A(p) = %(F(E) + G(2)7) |5 (p),e(p)s
B(p) = G(z.(p)),

.;a;=i=fm=[

et A(p), iz(,:)%I%ﬁpmmmﬁ Bp
[Ap) B(p)] = Zpl[A B,

XA LUESESH o HﬁAﬁﬁB&ﬂeﬁﬁ H(4) BN
PIBARGEM LPV TR . AV A\ B fEfE A R
BE, WEHRBEERS, AN A SR EEDS)
BARBEMIMRTH, WA T ZRNBES B8N,
ERBARATRESEE, BRA R TRT w(e)
FERIRE S ARHEMSIF TR ROZEMNI
), XXV AT LPV EX:

2 (1) = A(p)2(1) + Byw(s) + By(p)a(s).
(5)

"|. Bato) = BCo.

an

ER(5)F By(p) RESH p W K%L, FTLA

- fR¥ER] F £ 8 (Polytopic ) B A X 1 31 78 1 £5 42 i

B A LFIA—PIRE S, E HWETSARN u,
BHESRETERA

{x = A,x, + B, u, 6)

it = C,x,
Hep, ZPOERF A, € R™", B, ER™",C, GR“X"%
BESRITSH ERES P, BEREF R
HRNERHFERK. EXL » = (2 1", EH(5).(6)
[ RO F 7]

2 = A(p)x + Byw + Byu. @)

Hrp

Ao Balprcay [ D A; : B.C,
Ap) < [ o 2: ][gm ;p.B ]
v 0 A,

B, =

nXD
Tan

e[l
OTIXTI

BERS 38T SR (T)H B, RN T H80E  X Fl
ZE BT A 2 B AR RN 1 B 4.
BHRBTER Z(¢) RAN T w(e) MMM L
BB, RGth (o) BOAPLSARXNAE, &5
(D, TEB THERXETESHERR P(p):

i = A(p)x + Byw + Byu,
lz = Cix + Dpu, (8)
= Cyx + Dyw.
Hep MEREIS fn R BUERE C,, D, R CIC, = P,
DLDp = Q,P > 0,0 > 0 RMEUERE. C,, D, 3K
BRETERNTEERS w € L,[0, + »), FF


http://www.cqvip.com

5 631

BB LA SRR 25 4 ik 5t He 927

ARG AR Ho 188 7, BPER
?’J («"Px + uTQu)dt < )’J wlwds.

BAGH L y IS AL TR, BT
Cy = [1n Ouen Ouxnls Dy = 0,y
BEASE o T AN V WEEZRATEL, R
WRG(R) F A(p) RBERTEH p WS R,
FI5(8) RS 25 IS et 7E — S R Z I AL, B
A(p) B, B, . A(w;) B, B,
[ ¢ 0 Dlz}= El,ui(p)\: ¢ 0 D12}=

C, Dy O C, Dy O

N A, By B
2mp)| € 0 Dy,
=t C, Dy O

/“t(P) =0, E#L(P) = 1.

i, ‘ﬁ(8)ED§9m%§A LPV B Z RN .
3 ZHaTEEHHRSR H. 25 3%8
( Polytopic gain scheduled output feedback

H.. controller design)

31 MHXENHMEE (Related definition and theo-
rem)

BX 1ML K8) % D AEFEH—ATF
£ MPEHFLE—MFREE o = [oy] € R™™ RIEH
g =[Pyl € R™"HAE

D =1{z€ C:fp(z) <O},
Hep
fD(z):=a+zﬁ+EﬂT = [ak]+ﬂklz+ﬂ[k2:ljsk'[sm
A D BFFERREL, B 7E m x m Hermitian %5 [ %5 [6]
BUE. R4, DIRALMIKIE. M = [pulichicn®
AME—A"mx mEE, IR .

BX 2R DRE) (T pHWEHESHAR
8 i = A(p)x, Y4 p HEEMEBTHTE LM X D F
BB s ENL R E T SOk |

Mp(A(p),X) =

laX + BuA(P)X + Bu XA(P) )ich,1cm-

Hep X I3HRIEERE. Mp(A(p), X) 5 fp(2) ZIAL#E
S TFHRBERRER: (X, A(p)X, XA(p)") — (1,
z2,2) . IR AMEME A(p) AR DRER T VERMN
R X, BN HASE p: Mp(A(p),X) < 0.

EM (TR HHBE) FTHXRT p AR
BHARG

{x A(p)x + B(p)u,
y = C(p)x + D(pu.

(9)

BAZKH MR y WRERHR - FE—EEHE
B X > 0,[H83 B SH p HEA .
Blato). (. c(p). 0 (X572 =
A(p)X + XA"(p) B(p) XC'(p)
[ B™(p) -1 D'(p)
C(p)X D(p) -7
EE 1T N FERAHESHNR
(9), 3% p TELATEN w, ", 0, BIZRAZL, Bl
p € Co {wl wr}.___

Ea w;ra; =0, Eal—li
R §IETJ9EEIEF??E ﬁlﬁgﬂﬂlﬁﬂl‘ﬂ: Ep
A(p) B(p)]6
C(p) D(p)
A; B; Alw;) Blw;)] |
Co {[ci Di]: B [C(wi) D(wi)]’ b 1’"'"}’
T3 =T %4
1) RS K D-FaE, RISt EA —IK H. #E6E 7;
2) FE—EEEME X > 0, H8XE

A(p) B(p)
c(p) D(p)l <P

Mp(A(p),X) < O,

Bl (). 8. €0 D1 (X2 YD) < 0;
3) FEEEES X > 02 T3 LMis:
MD(Airx) < 0’

B‘EA‘.,Bl.,Cl,,D._](X’Y) < 0. g
iE BIEE 2 MEN3, 1) 2)ZEBSEH
REARKN . FTEIESH 2)F 3) ZEMEM. X 2) R
i, Z TR & BD 3) B ARRNL. EE S
A(p) B(p)] E [ ]

c(p) D(p)
E:F a; ?Oviai =1, mll
Mp(A(p),X) = 2 aMp(4;,X),

= 1,2, ,r.

B 4(p), 83,01 (X Y) =

ZQBIEA B..C, D](X 7),

Y] S)EE_LBT WAL, EEE.
3.2 # MM H K i H 88t (Polytopic output
feedback controller design)
N FEEEHESHRLER), RIS HAHR
B Z LSRR 4 R BHE RS K(p):


http://www.cqvip.com

928 B H

# ® 5 M A

F20E

ix = Ax(p)xx + Bx(p)y,
{u = Cx(p)xx + Dx(p)y. (1)

He
Ax(p)  Bx(p) N Ag;, By
[Cx(p) DK(P)] - E#i(‘o)[cm DKi] ’
(2 ] s zmmsmmmmia.
T T2 B UE B X AR T AT AT .

EE 2 XMARZ),®iHmX(10) 8+ iR
RS, RAFAELEEER X > 0, T AR
e

e
Mp(A,,X) <O,

B(EACL"Bd-’Cd.'Dd.](X’)I) < 0, I: = 1’-..’N’

R4 2 M b BRI B2 (10) e A S
o MENEEANTRREHALE K D-RaE, F
BHRESMR TR w(e) BIMEREIEHR 2(¢) ZRIAHF =
W HoTEEE 7.

iE EHBNORARKER®)UE, B/ 2y =
[x x]7, BRAARE RN

X = Acl(p)xcl + Bcl(p)w’
{Z = Ccl(p)xcl + Dcl(P)w- (11)
He
A(p) < [A(p) + ByDy(p)C,  B,Ck(p) _
alp) = Bx(p) C, Ak(p) 17
N Ai + B2DK1'62 Bzc’ﬁ
2ute] BxC: Ak I-
Zlyi(p)Acli’
B, + B,Dx(p) Dy,
Bd(p) = [ BK(p)Dzl ]_
N B B,DyD N
Ccl(P) = [Cl + D12DK(P)C2 D12CK(P)] =

N
E#i({))[cl + DpDC, DpCgl =
i=1
N
E#i(p)ccli,
i=1
D,(p) = DpDg(p) Dy =

N N
Z #:(p) Dy DDy = E #:(p)Dy;.
i=1 i=1

A, AR RERFERA SR, RIEEH 1 O
REH, T REZREWHEETESHRELE(8), R
%Iﬂ]ﬂ:ﬂﬂﬁi%mﬁﬁi’ MD(Acli’X) < 0,

Bi, 5 .c ,.DM](X’Y) <0,i=1,-,N,ZiiHmHR

B HAR(10) B AT RIEH SR RRELE S p BB
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Fig. 1 Design principle of polytopic output
feedback controller
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o BREESXTHRERE R € RS €
R™", PL R 4ERE Ag, By, Cx,Dx R (13) ~
(17). R(3) FRIE 7 - RSAHEH AR NI - RS =
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Fig. 3 Block diagram of closed-loop control
4 3LIEHFZE (Experiment research)
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0001 0 0 I w(e) FITERETEHR Z(1), B83N(30) LS, /183
0000 L o (6,0, WRONSRAEESHRS I
2
0000 —gcos (8.-6..) ;l Ale) = i};{""(”)A"’ B= 8,
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plp) = ————, m(p) = ———

max — Omin max_“Pmin’

RS 3 R P E X T EEBSYLE NS RIE


http://www.cqvip.com

932 o |

w5 m M

B20%

MRERREZSH o WEIMHEASBES K
D-15E , BN T w (o) BIMERETSHR Z2(2) Z 18]
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a(o) Br()] 2 Ak By
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Fig. 4 Design principle of polytopic output feedback
controller for direct driving robot
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