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Abstract. This paper demonstrates the approach of implementing the adaptive sliding mode con-

trol algorithm on a two—link revolute joint manipulator. Experiment results show the validity of accu-

rate tracking capability and robust performance of the system.
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. 1 Introduction B

: The development of modern industrial manii)ulator calls for robustness of performance with
regard to variable payloads,torque disturbances,parameter uncertainties and other specifications.
’fherein,the tracking of desired trajectory (trajectory control) is an important field of control
problems that has been considered by many investigators. Variable structure control of robot ma-
nipulators as an approach to solve the trajectory control problem has attracted intense research in-
térests [17]. Many variable structure controllers have been proposed in the literature,but most. of
ﬁhem only give the theoretical analysis and computer simulations. However,the ultimate justifica-
tion for value and applicability of an algorithm lies in its actual hardware implementation. Based
‘this perspective ,this paper proposes an adaptive sliding mode robot control algorithm. Using. a
gle — board Motorola MC68000 microprocessor ,the proposed algorithm was implemented on a

o revolute joint manipulator.

Adaptive Sliding Mode Controller

- In the absence of friction or other disturbances the dynamics of a n—link rigid manipulator
n be written as v : ' ,
M({ + Blg,9)q + G(g) = u. ‘ (D
here ¢ is the X 1 vector of joint displacements, u is the n X 1 vector of applied joint torques,
(g) is the n X » symmetric positive‘definite' manipulator inertial matrix, B(q,¢)q is the 2 X 1
vector of centripetal and Coriolis torques,and G(g¢) is #X 1 vector of gravitational torques.

Two simplifying properties should be noted about this dynamic structure [2]. First,the two
matrices M and B are not independent. Specifically ,given a proper definition of B,the matrix M

Manuseript received Apr. 24 ;1989 ,revised Feb. 19, 1990.



60 CONTROL THEORY AND APPLICATIONS Vol.8

— 2B is skew—symmetric. The second important property is that the individual terms on the left
side of (1),and therefore the whole dynamics,are linear in terms of a suitably selected set of
robot and load parameters. ‘ ,

The controller design problem is as follows; Given the desired trajectory ¢,(¢) and ¢,(¢) ,and
choose the sliding surface s= 0,and with some or all. manipulator parameters being not exactlyi
known ,derive a control law for the actuator torques and an estimation law for the unknown pag'?
rameters such that the manipulator tracking errors q(¢) = q(¢) — q.(¢) are forced to slide along the :
sliding surface s =0, thus guaranteeing asymptotic convergence of the tracking after an initialy,
adaptation process.

The sliding surface-is defined as ’

s = C® — ¢®) + GO — §®). @

where C-—-dlag(cl---c.),c,>0,z—~1---n. ’

Let a be a m—dimensional vector containing the unknown elements in the suitably selected
set of equivalent dynamic parameters. Let a be its estimate,and let M,B,and & be the matrices ’
obtained from the matrices M, B,and G by substituting the estimated a for actual a. ﬁ

Suppose the overall feedback control law to be implemented has the following form

2() = uy(®) + Mu(@). 3)
where u,,(¢) is the equivalent control [37],u,(¢) is its'estimation and the expression is :
U() = — (MC — BY(®) + MC4:() + & + Mg(©) @

and M(q), B(q,q) and G(q) are respectively the estimated values of M(q) B(q,9) and G(q)

. Au(t) is sliding torque and taken as
M) =— Ksgn(s). SR 5)
where K=diag (k;***k,) ;sgn (s)”= (sgn(s;)-+-sgn(s,) )and will be determined in the followmg
Note that 2, (1) is equal to the average value of u(¢) which maintains the tracking errors on the
sliding surface s=0,and the role of 4u(t) acts to overcome the effects of the uncertainties andf;
nonlinearities and bend the entire system trajectory toward the sliding surface until sliding mode
occures. '
The linear parametrizability of the dynamics enables us to write - ;
(FC — By — FCG) — & — i) = Y(qdrinridd (6)

where a=a— a is the parameter estimation error, Y (¢,954s»Ga)is a n X m matrix independent of

the dynamic parameters.

The adaptive sliding mode controller and adaptation law becomes

W) =— Y(qrd160,306 + MO, | o
Muy(t) =— (Vz’lfij!sjl + 6)sgn(s;) »‘ 1= 1,em.
7= . .

a=— P~1Y%s, ' 8)
Where P is an uniformly positive definite matrix,and fi; is function satisfying | B;;|<C fi The

above control and adaptation laws are globally asymptotically stable and guarantee zero tracking,{fﬁ
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It can be proved with the Lyapunov function
V = §&M(g)s + o"Pa (€))

strict mathematical proof of such results is detailed in [4].

errorse

and
Remark 1 In sliding mode,the resulting system equation is
7 =— Cq®. ’ (10)
: 'Eq uation (10) represents # uncoupled first order linear system and the system only- depends on
the parameter C. Clearly ,the robustriess to the' uncertainties of the system is guaranteed.

Remark 2 Since the control law (7) is discontinuous across sliding surface ,such a COntrol
law jeads to control chattering.. This can be remedled by approxxmatmg these discontinuous con-
trol laws by continuous ones inside the boundary layer [5]. To do this,we replace sgn (s) by sat

" /PP is the boundary layer thickness. This leads to trackxng to within a guaranteed
:,pre,clSIOn ) ' - ' (
Real—-Tlme Implementatnon ,

"To demonstrate the vahdlty of proposed robust algonthm (7) and (8),a real——tune imple-
mentanon of the control strategy was developed for only two degrees—-of freedom out of a self
buﬁt 5—axis mampulator Smce a I‘Obotlc mampulator must have at least three degrees—of —
edom in order to move to an arbxtrary point in space ,two degrees—of — freedom ,however sare
,f1c1ent to examine the validity of the control strategy.

:The controlled two— link manipulator is shown in Fig. 1. A dc servomotor is mounted on
sint which is driven through gear drives (1:60). The computer controller rs a Motorola
; 000 16— bit single—board mlcroprocessor runing at 8 MHz. The SBM prov1des voltages to
erobot motors through 12— bit D/A converters. The manipulator angular positions were fed
to the microprocessor from encoders mounted at the motor shafts. The encoder outputs were
erted into a count representing angular positions and reacl by the mxcroprocessor through als
t parallel port..

ffSoftware for unplementmg the control algorithm was developed in PASCAL programmmg
uage togather with MC68000 Assembly language. The 1mpetus for usmg PASCAL was pri-
lly due to the avallablty of a PASCAL compiler for MC68000 and the complex1ty of the con-
Strategy. Inasmuch as the SBM does not have a floating point processor, all floating point
hmetxc operatlons are performed in software and therefore sngmfxcant performance bottleneck

aused. Thus the choice of sample time is restricted, and the sample interval cannot be chosen to

The dynamics of the two— link manipulator including actuators are described in
a ‘l‘ /3 + 27c0s6, + I 4+ hyy/hyy  mcosfy + B
ncosby + B g+ b/ hsa

6,|
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-7,8inf, — (61 + 62)sine, 6

76:siné, 0 ,92

acosf; + neos (8 + 8,) g _ |m hyy/hsi 7| 6

l neos(6, + 6;) I uy kaa/hsz| |6z]

where A;(1=1,2,3;5=1,2),1, and I, are known constants, g is the acceleration of

gravity , three unknown parameters a, § and 7 are functions of unknown physical parameters of

the manipulator ,u; is the input of actuators. The known constants and parameters are

as follows;

By = 0.042; h;; = 0.033; hy = 3.5

hyz = 3. 045  hg; = 0.027; kg = 0. 016

Li=—0.38; 5,=0.36; ¢ =c¢,=2;

a=2.43; p=0.5; 9=0.3; r(P=+])=

61=9; 6,=2; ¢ = 0.05; @z = 0.05 )
The desired trajectories are illustrated in Fig. 2. A removable 2. 3 kg load was placed at the ,,

end of the manipulator. Test runs were made both with and w1thout this load. Changes in the load

were not accounted for in the controller in order to test the robustness of the controller. The con
troller was run at sample interval of 0. 015s. Thxs is the maximum effectlve rate at whlch the con-

troller can run.
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System time Iesponses. were obtamed from actual measurement and stored in the SBM, dis-

ayed on 2 CRT and recorded. The trajoctory trackmg errors for the manoeuver described above
p

with

‘there
th the load removed from the end of hnk 2 " The shghtly large tracking error in joint 1 com-

ed with joint 2 is due to the larger gear backlashes in joint 1. Thus,it is confirmed that validity

the load attached are shown in Fig. 3. Smce s(O) 0 and sliding mode occures immediately ,

are no transient periods in the error responses. Fxg 4 shows the joint angle tracking errors

par
“of thi
_ of uncertainties and nonlinearities of the system.

4 Conclus:on
The expemncntal result demonstrates that ‘the adaptxve shdmg mode controller achleves good

racy for high—speed operations in the presence of parametric uncertainties such as

i« adaptive sliding controller is explicit for the purpose of trajectory tracking in the presence

_ tracking accu
 handling a varying payload and the COmputatlonal requu‘ements of the algonthm are w1thm the

pabihtles of the mlcroprocessor

;;;;;;

References

Zhou Qme, u Chunyi. Robot. Mampulators Control Usmg Iheory of Var*able Structure System (m Chmese) Robot A
Joumal of Chinese Society of Automauon,lQSQ,o(S) 6165 i FEEE AN Y LR

ung,T P Zhou pre,Su Chunyi. Practxcal Tra)ectory Control of Rebot- Mampulators Usmg Adapnve Shdmg Control
me. Proc. 28th IEEE Conf. on. Decmon and Control, 1989,2647—2651 . .

kin 'V L Shdmg Modes and Their Apphcatxon m Vanable StructurkemSystems M1r Mosoow 1978 ‘ )

2hou Qne,Su Chuny1 An Adaptwe Shdmg Mode Control Scheme for Robot Mampulators Aocepted for pubhcatxon in ].nt

Slotme,J J. E. ,and S. 5. Sastry. Tmckmg Control of Nonlmear System Usmg Sliding Surfaws,wnth Apphcanons to Rabot
pulator ‘Int. J. Control, 1983, 38(2) 465~492

REAERHES AR TR
wx¥ ARt HEE

(@%ﬁl&%ﬂbﬁ—%ﬁ%ﬁi@%) '(fiﬁﬁﬂlﬁt’%—&ﬁ@&h%f‘ HD

‘:ﬁﬂﬁﬁmm;?ﬁfmﬁ;mw;%w N





