%34 % 9
2008 £ 9 H

H 2 % 4R
ACTA AUTOMATICA SINICA

Vol. 34, No.9
September, 2008

TORA HIsh hFEEERET
BE 2 RIS HIZIT
ERHE!

W E i NERAEEE TR RNIEs RIS TORA (Transla-
tional oscillators with rotating actuator), SR EERIITTL, ¥
T RGERRA R, TR MIH 78, #5727 TORA M3)
JIERETY NREIE IR R R, B T R GG, ARkl et
T AGES WA R R, WAR T REmEIEE, SRR R
AP BT T I R G A e . BUE O BB TR IR
IR T RER IR, TORA, RUKED, 2533 Kk k, L
FESEES TP273

Dynamical Modeling and Energy-based
Control Design for TORA

GAO Bing-Tuan!

Abstract
deractuated TORA (translational oscillators with rotating actu-
ator). Based on Lagrange equations, the dynamics of TORA is
derived. The total energy of the system is employed to show
the passivity property of TORA, and then a proper Lyapunov
function including energy item is designed. Based on Lyapunov
theory, a state feedback control algorithm is achieved. The sta-
bility of the control system is based on LaSalle invariance the-
orem. Finally, simulation results demonstrate the feasibility of
the presented controller.
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Fig.1 TORA system configuration

B sy AR RSBl Re N34 AE, REEH B BhaE th P
AR AL, /NERVNERI S B REN

K=K+ K=
%(M + m)i? + mrif cos O + %(mr2 +1)6* (1)
ARG RIHEN
1
P = —mgrcosf + 5]@952 (2)

1.1 REshhFEEE
TORA Rtk B H A 7R E0h

L=K—-P= %(M—I—m):&2 + mrafcosf +
%(er + 0% + mgr cos 6 — %ka (3)
MRYE A% W H 7R, RGN ) ik
d 0L, OL
%92 " = O (4)
d 0L, OL
a(@) 90 — 7 (5)

SRR RGNS ) iR

(M + m)i 4+ mr cos 00 — mrsin 0% + kz = 0

mr cos 0 + (mr® + 1)9 +mgrsinf =1
Kzl 0y 27 1l T 5 R 3K

M(q)g+C(g,4)q+G(q) =U (6)



1222 A Z/ A 34%
Yok FE 2. RGBT RIHE Tk BT LU h, MR A0
: H R LT R SR 007 T R L/ BRAE AP T Py 322
=" } 3 TORA, [ 5IAET/NBRAE KT P2 1) TORA REEHY
L ¢ SRE R L .
miL mis M+m  mrcosd EEXT T =0 MO € (—m x], RE (6) RAPAT
M@ =1 o | T | mrcosd me® 41 i 8, B —AAELSE 0 F 1 (@, 2,6,6) = (0,0,m,0) AI—
- T NEGE PRI (2, 4,0,6) = (0,0,0,0); RAMRER E(q,q)
Clg) | O —mrdsing TEAKE T A0S T mgr, AERGE 0T 54E % —mgr.
0 o AR PR A RGBSR A 0
Cla) - ka } 2 ETrEEMEHIRT
| mgrsind U AREEHOTEIEEE, MR T (02 218 K R
0
U=1. ] V(g,d) = k(E +mgr) + 26° (13)

iz ik T LUE tH, TORA R A —ANitin e
AN RIS g, (B AT AN IR AR B S, BN
(AL BRI /NER K42 41, PRl TORA R EG02 — MR EK SN HLAR
RE.

E 1. OGP B TORA R8¢ RNk 7EK
I AIE BN, A EH) TORA R4, H/NERGEAERH
J7 P A IE S 1, B NER 12 3 32 3 5 5 )RR,
MR F B0 1 5 T RE PN T mgr sin 6 3X I

TERE] M(q) R —MAFRAERE, H.

det(M(q)) = (M + m)(mr® + I) — (mrcosf)* =
(M 4+ m)I + Mmr®> +m*r?sin® 0 > 0 (7)

Pk, M(q) X TP g A& — AN IEEXARAEFE. 4K (6)
5T M — 20, 135

. 0 mr sin 00

M) -20@a)=| 8)
Rk L R B LR, B4
2" (M(q) - 2C(g,9))2 =0, Vz 9)

XAMRFIER AL S5 2: 1 U] TORA 2 G iX) Jo Uitk J7 I 21 =
LAEA.
TORA REIHAE P F G(q) KRN

oP kx
=97 _ 10
Gla) Oq mgr sin 0 ] (10)
1.2 TORA RZGHITIRME
RE R BN
E=K+P= %QTM(q)q—mgrcosﬁ—ﬁ—%ka (11)
WIE (6) ~ (9), AT
E=¢"M@)§+ 54" M@)q+d Glg) =
. N 1.,
4" (-C(g,0)q — G(g) + U + ;M(9)d) +
q'G(q)=q¢"U=0r (12)

ISEARPEPSE AN ASE R EE W w1 O

ek, by WIEHEL B8, 20 € (—m,m] M, SR
AV (q,q) REIESER.

ST K R S, 7T
V(g.4) = k1B + k00 = kb + k266 = O(ki7 + ko) (14)

/?\

kar + ko = —k36 (15)
Hp ks > 0, HEATTE
V = —kzb? (16)
HiEk (15) noR RS 5 A A
_— —kil(kge + ksf) (17)

SR H P RN (17) AT BALRAIE 2 S 375 5K 10 5 AU 7
e, BIGRIESR (16) A& 6 i, Dk, d 4= W8 e e
PR AT, PR R G AR e 1.

3. L (17) RUISEILRG AR 0] ARIET /N
LA R S BT R .

F 4. NETREE NIRRT LR W, &l
FRIFIREIE H T/ NERAE K P I NIZ B TORA, His 5 #3311
PEBIEE (17) [RIRERT LU R S L Ao 4112 0L

5. 50K (2, 5] BEXH/NERTE KT N IZ B TORA
A 30 0 R RE PR 23 T B A LU AL, A SO T Be AR s T 1 O vk,
VT2 W 5 R BR B500 SR I, LT BT 0 25 0 K R
BB, MBI EE (17) B R s
2.1 BREMSHR

HRAERLBE R ANAS R ST, UE W LA N 2

EIE 1. il (6) A1 (17) HRMR ARG, #HlEA
(17) REWEHE 2 G0 AT S AT) ey o7 57 0 R 80 i A

IERR. KA (16), ABET &N T : {(x,4,6,0) : 6
=0} AEABETD B, B0 =0, WA V =0, ATEAR
TEET o, VA (R (17) #ewE M0,V fr
HRL R, I (6) THEEARRET FF 2 = 0, A
A & =0 WOKIEHEREET PEH (z,4,0,0) = (0,0,
const, 0), [, HH#=X (6) F1 (17) Arfe

)

T = —k—le = mgrsinf

T (18) 15 0 € (—m, 7] WATIE—fi% 0 = 0. [Fitk, Atk
I BB (2,2,6,6) = (0,0,0,0), IITHUFRE X

(18)



9 3] FN Il TORA 3 )2/ e K 1 RE RO T I ot 1223

AR B P R G HNERCE TRER N —mgr MIRE NP
17 i Ak O

3 fREX®

AT ATIS ATV AR TT 5, T s BRI R S
O SES. PiE SRR RASHECh Gk [1] PR T &
fl1Z %, Bl M = 1.3608kg, m = 0.096kg, k = 186.3N/m,
r = 0.0592m 1 I = 0.0002175 kg-m?; HrJ5 2% (1 2 i
A k1 =450, ko = 5.3, ks = 1. fiEE R 2 F1E 3 .

x10°
4

x/m
=)

t/5
(a) NENLE

(a) Cart position

40

301

20

10

0/°

0 2 4 6 8 10
t/s
(b) k¥ fn
(b) Rotated angle of the ball
x103

7/Ne*m

0 2 4 6 8 10

t/5s
(c) FshlsmA

(c) Control input

0,048

~0.049

~0.05

~0.051

o ~0.052

-0.053

~0.054

~0.055
~0.056

0

2 4 6 8 10
t/s
(d) R&hekt
(d) System energy

2 R AER (0,0,30,0) G ELER
Fig.2 Simulation results with initial condition (0,0, 30, 0)

Kl 2 A& 3 73 AE W IR 4 (0,0,30,0) A (0.01,
0,30,0) f560 T RAIA LI 77 P32 05 ST AL th )y
HAERATLUE H, TORA REMIRE B HIRMEH T,
15 6s Z NI T RGAE MAESS, WK RGNIRE i) ih
(A E B sl BEZRA I e AL TR AR, [, (3
45 R SR NERI B A KT 0.025 m, FRELHNFERIR KT
0.1 N-m, A2 3CHR [1] H st 2k, g Ricvel: xh 1
AR IR AR 2 AT, AEANRL DN /N 4o B A LR RIS 60, BT
BV A 25 1T LS AR G it R e F5 .

0.01
0.008
0.006
0.004
0.002

0
-0.002
-0.004
-0.006
-0.008

-0.01

x/m

0 2 4 6 8 10
t/s
(a) NFEArE
(a) Cart position

40

30

20

0/°

10

0 2 4 6 8 10
t/s
(b) /NEkH S
(b) Rotated angle of the ball



1224 H Zl) e ¥ {1 34 %
x10° 4 Wan C J, Bernstein D S, Coppola V T. Global stabiliza-
10 . s . .
tion of the oscillating eccentric rotor. In: Proceedings of the
8 33rd IEEE Conference on Decision and Control. Lake Beuna
6 Vista, USA: IEEE, 1994. 4024—4029
4 5 Jankovic M, Fontaine D, Kokotovic P V. TORA example:
=] 2 cascade and passivity-based control designs. IEEE Transac-
é tions on Control Systems Technology, 1996, 4(3): 292—297
0
" 6 Alleyne A. Physical insights on passivity-based TORA con-
-2 trol designs. IEEE Transactions on Control Systems Tech-
4 nology, 1998, 6(3): 436—439
-6 7 Tadmor G. Dissipative design, lossless dynamics, and the
-8 nonlinear TORA benchmark example. IEEE Transactions
0 2 4 6 8 10 on Control Systems Technology, 2001, 9(2): 391—398
(c) ??%U;Alj/i\ 8 Jiang Z P, Kanellakopoulos I. Global output feedback track-
(c) Control input ing for a benchmark nonlinear system. IEEE Transactions
0.038 on Automatic Control, 2000, 45(5): 1023—1027
-0.04 9 Pavlov A, Janssen B, van de Wouw N, Nijmeijer H. Exper-
~0.042 imental output regulation for the TORA system. In: Pro-
ceedings of the 44th IEEE Conference on Decision and Con-
-0.044 trol, and European Control Conference. Seville, USA: IEEE,
= -0046 2005. 1108—1113
= _0.048
10 Hung L C, Lin H P, Chung H Y. Design of self-tuning fuzzy
-0.05 sliding mode control for TORA system. Expert Systems with
-0.052 Applications, 2007, 32(1): 201-212
-0.054
-0.056 BRE  AREREA LR BT, 2007 SEERAF I RIE T R
0 2 4 6 8 10 ALRERM AL EEHTFOTT A KIRSIHUR R A
t/s E-mail: gaobingtuan@seu.edu.cn

(d) Ragheht

(d) System energy

Bl 3 #a%tth (0.01,0,30,0) MIFEER
Fig.3 Simulation results with initial condition (0.01, 0, 30, 0)

4 g

AT e /N ERAE TR BT N IZ ) (1) TORA 24T T
FesE PRI RIWT I, BT his W H 5 R ar T R GE M) ) 2
B LT /INERAE K1 T N B (1) TORA (13 124 AR L,
ANERTERE B R B B I K 3 SIS SR

B ARG Jo B B U T /N BRAE T Y 1T P 32 3 1Y
TORA TG, el BBt T 5 40 i 2= W% 1 K b
B, AT HE T2 S0 R BEAS B S B AR 48 A SR i AR Y
R BT, X Bk i PR RG] T e /N ER A
K AIZ B TORA. 5 Jr b SCrhas H 2 75 S8 kAT 1
BT E S, SEUe 45 RAEW] T Prde th s S8 k.

References

1 Robert T B, Bernstein D S, Coppola V T. A benchmark
problem for nonlinear control design. International Journal
of Robust and Nonlinear Control, 1998, 8(4-5): 307—310

2 Panagiotis T, Martin C, Mario A R. An L, disturbance at-
tenuation solution to the nonlinear benchmark problem. In-

ternational Journal of Robust and Nonlinear Control, 1998,
8(4-5): 311-330

3 Robert T B, Bernstein D S, Coppola V T. Experimental im-
plementation of integrator backstepping and passive nonlin-
ear controllers on the RTAC testbed. International Journal
of Robust and Nonlinear Control, 1998, 8(4-5): 435—457

(GAO Bing-Tuan Lecturer at the School of Electrical En-
gineering, Southeast University. He received his Ph.D. degree
from the Department of Electrical Engineering, Harbin Institute
of Technology in 2007. His research interest covers underactu-
ated mechanical systems and robotics.)



