Mem. Fac. Sci. Eng. Shimane Univ.
Series A
31, pp. 71-91 (1997)

>

2Ry b= L U—&D
% = 5 L ¥ — G

7 Rz
ETFHE 27 A TR

Operation of Robot Manipulator with Minimized Dissipative Energy

Teruyuki Izumi
Electronic and Control Systems Engineering
(Received September 19, 1997)

Abstract

With the depletion of global energy resources, saving energy has become an important aspect in design
of energy consuming equipment. Hence, this paper deals with the determination of the optimal trajectory
which can minimize the dissipated energy in an articulated manipulator.

In a horizontally articulated manipulator without friction, the optimal trajectory is found out globally.
It is proved that the dissipated energy is monotonously decreased against the operating time in case of zero
non-linear-friction, therefore the optimal operating time does not exist. Since a vertically articulated
manipulator system is highly non-linear due to gravity and an analytical solution can not be found. There-
fore, the system is first linearized around various equilibrium points and the existence of an optimal time is
investigated theoretically. The theoretical results and simulations show that an optimal operating time ex-
ists when the first link of the manipulator traverses the stable equilibrium point and that it does not exist
when the first link traverses the unstable equilibrium point. Finally, the optimal trajectory of the manipula-
tor constrained by an obstacle is obtained.
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Table 1 System parameters used in calculation

- Parameters link 1 link 2
Moment of inertia  7; [kgm?] 0.43 0.244
Mass m; [kg] 14.25 10.0
Link length J; [m] 0.25 0.16
Resistance R; [Q] 1.0 1.0
Torque constant K;[Nm/A] 1.0 1.0

A L— x
I m: I m;

Fig. 1 Configuration of a horizontally articulated manipulator
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Fig. 2 Extremum energy vs. spacial path

Yo V—20RRACEEY T E, B1LYV v 27820 vIrxFrhFh+FR, —F
MIEEELT, RnmEBERECHECEH4BEEHORELD . 6=[—-05x 017, 6
=[(3—-0.57), 01T D&M<, ThZhORBC R THE=F ¥ -%5tET5% L, Fig.
20X 5Ky, BBECH LTHEB=FAF— 13 AkEL B, oD« L, FhZh
DREBICHT HBNDOHEE=F NV —ELRT. ThhrbfE1 Vv 27 E82) V7 ok
FHAPHECTHEEB= A A F - DA ELEHTES. ZoBEAI

o B DEBTEMTIIORERIIETHLDT, MY V7 OIEOFAIRCIE D &

X T, PAETEREVEIR, AT 5

o =7 B TEETFINNEL B
i, ¥EETHSHMY V7O 2@ EARE TS E, F1 V) V27 oREBEAEO/NIW+HE
OFBRHB=FINF — %/ IRDZELEMTES. F1 Y vIrr+HmE, F1y v
7R —FHACET 5 RE[AE, EERRL, Fig.30 k5w, Fig. 4 3 r0k x0B),
BrAIrER2E, 7 ENCRT.

4.2 BRI ERIVHBI R IILY—

RUBS UL, BhYERSRT 4 2% Lsec] E—E & BEMHDD & T, HEHELRDK. = O
Tk, F/NHB =3 ¥ -2 EERE OB Oh TERCEAT5 & L2RT.

4.2.1 BHEHEOHKDBE
BHEBEBDLERTSE, ML 2V )V IREED 2.kR /B0 T, K@Mk



BEy b2 L V= X2 DE R F ERE 77

ey 3
a4 01
~
R 2 A 0
= 1
b //
o=t b = e
& E\_.JM4 06 0}8 1
Fq—s _2 ¥ \\\ Il
> \ T~o /
— A ‘\ \\~ l,
ge] = \ 0‘2 ,’
< \\ \\~ I,

-0 D) . 7 S =
E‘O \\\\ --------------- 02 ,"
T e —

— t [sec]

N starting

A AN é

e YA
LS o
-0.4 -0.2 0.2 0.4 7T
Fig. 4 Globally optimized trajectory

e LT, RAD A OMS HRRC s, Tichbb, BERE ekt 2 RE%Y
{x* (@), x2*(1), pi*(), p*(D)}, Wh=FAF—({HE J*LEL &, BERHE  t/a Lico
oA, REFI

ty—>lj/a (18)
x*(¢) —> x1/ (at) ‘ (19)
x* (1) — ax,*(at) (20)
pi*(t) — a®p,*(at) (21)
p2*(t) —>= a’p,*(at) (22)

Lich, REBEOHELESRIY S, Tho bBIEER t/a sl 5 Wl =51 ¥ — ],
I,
1

tila
]:?S a’p,*(at) H'KR'KTH a’p,*(at) T dt=a%T* (23)
0



78 2 Bz

kRN, BERFEO 3 FRILGIT S & & AERICRIhS.
4.2.2 BHEBEHOHIOBE
WIBEE AKX E  TESE ERCE 254, EHAERQ) EHB=Fx ¥ — (DT,
DOEDX SIS,
%, (1) =F'Ki(t) (24)

J=Svi<t)TRoi(t) dt (25)

22 C, Re=R+KTF K CTH5H. “hhbIa =7 vk, Euler 0REHFERLY
L. TOBMHLEEBRBN—ELRD, mh=FAF 1, kKR TEEhS.

1
]=;f (6,—8,) " (K~*F,RF,K+F;) (6,—6,) (26)

Thh b, BUEENNTEL Y AT AT, Rh=FAF —3EEREC R 5
EpE»RT.
4.2.3 —ROBE
BMIE & G EEENRET S, 1V v 7<=t .- 2 BT 5B/ NYB= L
—X
_ WPH?R(6,— )’
"~ K*{mt,—2 tanh (mt,/2)}

27)

LRI B bhS. 22T, m=F(K?+FR)/(H?R) Tk%. tanhx i, tanh x~x—23
/3 (for small x),tanh x=1—2e=% (for large x) LFEPTEBDT, JII2ED X5t &
BT bh, FifioERE—FKT5.

1

J ocﬁ Sor small t; (28)
f
1

J o Jfor large t; (29)
7

AN, BV VIR =L V- ZRBTHRNMNEBE=FIAF 1T, BITCRD bR
V. FCT, BRI T A RNEE = R L ¥ — ORERYERERC e, b TBE,
Fig. 5D X5 isotc. ZORIL, BfERENRDIVEE, RIEBE=F L ¥ —13-3 D
B4 b o— MR, BEREIAXEVEE, 1 0EEY b OBRBEE T2 2 & 2R
+.
DEoz & Xy, BRI 5E, BUHEIZENCIS D TRINEE=F V¥ —
i, BOPERFEIO 3 A LT, BIfFRREIAKEWIBE, WIEBRENZTERAC LS D
TRAHEE =X VF 13, BERECHLGITSZ b sic. WTFhicLTh, FFRE
BEIPFELETIE ~=C.rv—200o VEIKBEHEB=FLVF -2 I T5D
T, RAHEB =R LF - R/INCT B REBERREIIERE Lisu.



BRy b= V=2 DB =AY —EEE 79

10° =y
o Fj=diag(1,1)
a Fy=diag(5,1)
10°8= o F;=diag(5,3)
Y
) S
8 \J
e \/®
~N 10 ’éh
ILQ\‘
) >\_“‘}:\\“
102 L
\‘=_(?
10!
10" 10° 10!

[ 7 [sec]

Fig. 5 Relation between dissipated energy and operating
time without nonlinear friction
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Table 2 Eigen values and optimal time

equilibrium linear non-linear
case pomts eigen values of @ half of period [sec] 1 %)
0, 0, q1 g2 n/V—q, n/V—g, [sec] joule]
I 0 0 43.49 21.39 (0.800) 4061.7
I n 0 —43.49 —21.39 0.476 0.679 0.761 13.8
III 0 n 34.88 —26.66 0.608 (0.800) 1880.5
v n T —34.88 26.66 0.531 0.549 100.6
1 ' 1 ' 1 l 1 I 1
1400 _ . —
i : —— linear i
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Fig. 7 Energy J(#) of 2 link manipulator traversing 6;=n, 6,=n: case V
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case |

Fig. 8 Locally optimized trajectories under gravity
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gravity

Fig. 9 2 link manipulator avoiding an obstacle
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Fig. 10 Optimal trajectory constraint under 7,=0.30[m]
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Fig. 11 Minimized dissipative energy vs. /,
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