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Robotic Manipulators Tracking Control
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Abstract—This paper proposes an adaptive sliding mode
controller which combines adaptive control and slithg
mode control to control a nonlinear robotic manipuktor
with uncertain parameters. We use an adaptive algdthm
based on the concept of sliding mode control to aNiate the
chattering phenomenon of control input. Adaptive lavs are
developed to obtain the gain of switching input andhe
boundary layer parameters. The stability and convegence
of the robotic manipulator control system are guarateed
by applying the Lyapunov theorem. Simulation resuls
demonstrate that the chattering of control input ca be
alleviated effectively. The proposed controller satme can
assure robustness against a large class of uncertaés and
achieve good trajectory tracking performance.
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|. INTRODUCTION

large number of robotic manipulators have beengthesi

over the last half century[1]. There has been tretoes
progress in the development of controllers for tabsystems,
such as sliding mode control, fuzzy control, PDpotifeedback
control, neural network, finite-time control, araan [2-8]. Itis
well known that robotic manipulators have to endeun
nonlinearities and various uncertainties in thgiraimic models,
such as friction, disturbance, and load changing, itiis very
difficult to reach excellent performance when thentcol
algorithm is simply based on the inaccurate plantdeh Thus,
designing a robotic manipulator controller is dmes challenge
for engineers.

In the last few decades, the sliding mode contrategy has
received much attention because this method previde
systematic approach to retaining asymptotic stgtaid robust
performance. The sliding mode control is a robeshihique to
control nonlinear systems operating under
conditions and it can reduce the sensitivitieheouariations of
uncertain parameters and to external disturbar@&d]. The
sliding mode control is based on the design of ghdspeed
switching control law that drives the system’sdipry onto a
user-chosen hyperplane in the state space, alsamka® sliding
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surface. The main feature of sliding mode contna the
following: (1) fast response and good transientqrerance; (2)
robustness against a large class of perturbationsadel
uncertainties; and (3) the possibility of stabilgi some
complex nonlinear systems which are difficult talslize by
continuous state feedback laws. But, the discoatisuature of
the control law of sliding mode control createsttgring which
may excite un-modeled high-frequency dynamics.
boundary-layer method, which attempts to eliminabe
chattering phenomena, would require a trade-offwben
performance and chattering.

This paper proposes the solution to the probledesfgning
an adaptive controller for a nonlinear robotic npamator with
uncertain parameters. The controller comprise$iding mode
and adaptive components for uncertainty compensaiibe
adaptive algorithm is continuously refined based stiding
mode in order to improve the chattering phenomehanill be
proven that the tracking error can converge to.z8mmulation
results will be given to verify the effectiveneddtoe proposed
scheme for high-performance trajectory tracking.

The

Il. DESCRIPTION OF THE ROBOTIC MANIPULATOR

Consider the dynamics of a general two-link robot
manipulator with external disturbances to be déscriby the
following Lagrange form [13]:

M (a)d+C(a.a)g+G(a)+ Ty == 1)

where q0R? is the joint position of robotic manipulator,
qOR? is the joint velocity vector of robotic manipulato
gOR? is the joint acceleration vector of robotic marétar,
M(gq)OR?*? is the inertia matrix,C(q,q)0R?*? is the
Coriolis and centrifugal torquesG(q)D R? is the gravity

vector,T, OR? is the external disturbance, andl R? is the

control vector representing the torque exertingoamts. Figure
1 shows the two-link robotic manipulator, wheggis angle

displacement of first jointg, is angle displacement of second
joint, ¢, is angle displacement velocity of first joind, is
angle displacement velocity of second joimi, is the mass of
first joint, m, is the mass of second joirlt, is rotary inertia of
first joint, |, is rotary inertia of second joint, is length of
first joint, |, is length of second joini,, is distance of the
starting point of first joint to the centroid, amg is the distance
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of the starting point of second joint to the ceiutro & 00
f= % , b= 00 and
| -Ma)(C(a.a)a+G(a)) M *(q)
i 0
w= . Therefore, the dynamics of a general
|-M Ha)Ty

two-link robot manipulator (1) can be rewritten as

x = f(x)+b(x)r +w (%)

| For tracking control purpose, the error state findd as

Fig. 1 Two-link robotic manipulator e=X—Xq (6)

The functionsM () , C([) , and G([) are assumed to be

_ N . T _ T
continuous and defined on an appropriate open sulfsthe where e=le; e & &'\ Xy =hu X X Xl

(a,9) phase space and assumed to be unknown. For simplici:[qdl O42 G qdz]T, Qg +i =12, represents the desired
we assume that the above dynamics have the foltpwitracking of the first joint and second joint.
properties [2]. Implementing the sliding mode control scheme totidra
(1) Property 1: The inertia matrik (q) is symmetric and robotic manipulator generally involves two stepsn A
positive definite. It is assumed to be appropriate sliding surface must be selected foapable of
ensuring the stability of the equivalent dynamitshe sliding
myl, < M(q) < m,l,,0q0R? (2) mode such that the error dynamics can convergesito. 2A

o sliding mode control must then be determined taensot only
wherem; and m, are positive constants, arld R is the  the reaching of the sliding surface in finite tirbet also that the

identity matrix. state trajectory can remain on the sliding modeethi¢er even
(2) Property 2: The matrix of Coriolis and centgél forces when undergoing the system uncertainties. As mead@arlier,
C(q,q) is bounded, a proper sliding surface must be designed to erthergystem
stability in the sliding mode. The next step imaswdesigning
Ic(a.¢)|< &|d].Da,a0 R? (3) an adaptive sliding mode control scheme to drieeetktended
error system trajectories onto the sliding surface.
where fc is positive. Firstly, the sliding surface is defined as
(3) Property 3:M (q)-2C(q,q) is a skew symmetric matrix s(t)=Ae (7)
and satisfies
: Where/\—}ll 0 10 A >0
XM (@)-2c(a.¢)x = 0 xOR? (@) o 4 0170
where x is a nonzero vector. Consider the situation of parameters perturbationthie
system, denoted a6 = f, + Af , b=h, +Ab. Let the subscript
Ill.  SLIDING MODE CONTROLLERDESIGN ‘ o' means the system nominal value, and symBhdIrheans the

Sliding mode control design approach consists ofgihvases: system uncertain value, i.e., and it is supposedsatisfied as
(1) selection of a sliding surface so as to achignedesired follows [14].
system behavior, when the control system reacheslitling Assumption 1;HAf (X)H s((x), HAb(Xmsg(x) andHM‘ <¢,
surface; and (2) selection of a control law suett the existence

of sliding mode can be guaranteed, where Z(x) , E(X) and & are the upper limit of parameter

perturbations and miscellaneous information.

21 Assumption 2:det{/Ab,)# 0.

i i 2

In order to easier derivate the control law, jet g | Assumption 3:“(/\tb(x))'1(/\Ab(x)X‘<6<1, whered is a
d, positive real number.

Next, determinate the control law by satisfying glieling
condition s"$< 0. The control input is
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T =1+ 14 (8) such as mass and inertia, are difficult to meagmd.the exact
value of the external disturbance is also diffitalimeasure in
where z, is the nominal control input anel is the switching advance for practical applications. However, thpliaption of
control law given in Egs. (9) to (11¥ limited due to the
chattering and the unknown bounds of the uncertginAlso, it
deals with the plant parameter variations and tkiereal \yas generally selected conservatively based omdbeds of
disturbances. uncertainties. In this study, the goal is to replte termg to

alleviate chattering. The adaptive sliding modetamraw is

control input. 7, takes care of the nominal part in (5), and

= ~(Aby (X)) (Ao (x) = A%y) (9)  proposed as follows:
s T=19+ Ty (15)
= ~(Abo (x)) AL (10)

= =(Abo (x)) (Ao (x)) (16)

||/\||(Z (¥ +&) + A% = fo()] P
T R 1D as = (Ao (X)) B4 5) )

Taking the derivative of(t) with respect to time yields A\ gal(c?l,sl) R 1- exd as) _

GeNMAIELRYE = S R

(t) = A(af (x)+ w) + (Aby (x)) ™ (Adb(x))A (% ~ fo(x))

—[I2+(/\b0( ) (Aab(x ))],5' (12) The adaptive laws are

I

A R 0 T
| T pend @l %) e a9
where |, is the 2x2 identity matrix. Multiplying both side of or
(14) by s" obtains
2 0
ay =1, (/\bo(x))ne_L Sg’{a_Xlel (20)
sTs= " (Aot () - 57 (1 + (Abo () 2 (AAB(x))3-S b g
ST (o () (Bt = To0) + Aw) i :ns(Abo(x))zzezsg{%jsz 1)
<[l I/\IIGIAf( )II +w]) (13) 2
+||5|q /\bO “(Aab(x X‘"/\ O(X))" where s, are positive constants= 1,23.
The following discussion establishes that if thatonl input
-s' I, + /\b0 /\Ab( )) T is appropriately designed as (15)-(Mith adaption laws
IISII
(19)-(21), then the trajectory of the error dynasrdonverges to
Applying Assumptions 1 to 3 yields the sliding surface. Now consider the following pyaov
function candidate
s"s = |Allc () + &) + oG - fo () L
Q (o)) Velde=l(e+el +g +&) 22)
= {In2f + (Ao (0) (A () 22
_(y+"/\"(((x)+ &)+ A (xg - fO(X»‘]Hs" ” The derivative of Lyaput]ov function is
=) av _ v edx or 9B
<=y dt  de dx dr 93 ot
<0
The result of (14) implies that the system trajeet will e%i( (/\tb(x))"l(/\fo(x)+ ﬁdﬁs)))%
asymptotically converge to sliding surface from amon-zero 0r 90p3 ot
initial error, and guarantees the robust stabildf the
closed-loop system. _ e% (_ (/\bo(x))_l(dér,s))/} 23)

IV. DESIGN OFADAPTIVE SLIDING MODE CONTROLLER

ituting (19) i 23) yiel
It is well known that the parameter variations feé system, Substituting (19) into (23) yields
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W e{[ o) (%j}km o (el

dt o) \or

2
= —lyl(eT e} Hq)(c?, s]\ 2 (24)

<0

0X
or

By direct computation [15],
dv _ oV de dx, dr; 04,

dt  de dx 0r, 9d; ot
~ o % a4 2sexd-dis)
=-e — BNk (X)), ; ————————=a
e_l. a‘[l IB( bO( ))11 (1+ exd— ﬁl‘cﬂ))z 1
Substituting (20) into (25) yields

‘fj—\t’ = 11,61 5} o s 2l dys) ;S0 (26)

1+ expl-dus,))

With the same procedure, the derivative of Lyapufumetion
is found to be

(25)

dt a% aXZ 0‘52 6&2 at

- (27)
_ Xy = 1 2s, exp(— azsz) A
=—e,—2 B(A i s v WY/

€ oz, Al bo(x))zz (1+exp(— azsz))z az
Substituting (21) into (27) yields

dv 2no  2exp-a,s,)
— =—],e — =<0 28
dt /72 ZﬂSZ (l+ eXF(— ﬁ'zsz ))2 ( )

Since?j—\t/ <0 whileV >0, as definedV reaches zero in finite

time, ance=0. Therefore, the elimination of tracking error can N

be guaranteed.

V.SIMULATION RESULTS

In this section, we show the design process optheosed
adaptive sliding mode control algorithm on a twakli
manipulator. The equation of motion for this rolsgstem is
defined as in [16]. The desired trajectories avemyiby

o = {qdl} ~ {1.6— 1.6exp(-8t) - 128t exp(- 8t)

Qg2 | |16- 1.6exp(—8t)—128texp(—8t)} (29)

The external disturbance is

~ { 32+ z:os(o.ozt)}

47| 35+ 1.7sin(002t) (30)

The proposed sliding mode controller, (9)-(11)applied.
The gain matrix of control input and the gain mabf sliding
function are

{30 O} {10 01 O}
B= N = (30)
0 30 0 10 0 1

Figures 2 to 5 show the simulation results of tikrgy mode
control. The output tracking results of joint 1gotht 2 are as
shown in Fig. 2, the solid line is the joint positiand the dashed
line is the desired position. Fig. 3 demonstrates ¢ontrol
inputs performance of joint 1 and joint 2. It shothat the
control inputs have high frequency chattering pimegcon.
This result of chattering control input will causeachinery
damage in practical application. Figure 4 illugtgasliding
surfaces time response of joint 1 and joint 2. Bighows the
tracking error of joint 1 and joint 2.

@

e, (a

Fig. 5. Tracking error of sliding mode control

For comparison purpose, the performances of adaptiv
sliding mode control law (15)-(21) are demonstratest. The

initial value of adaptive law is3(0)=200, T (0) =300,

a) :[20 20]T , and g = 0001. The learning rates are
n, =1, n, =1, ny=1. The simulation results of the adaptive
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sliding mode control are shown in Figs. 6 to 9.rfféig. 6, we effectiveness of the proposed controller.
can see that joint 1 arrives steady state dftet s and joint 2
enters steady state after1. Figure 7 shows the performance of

control law without chattering phenomenon. We ceaa the

(1]

performance of adaptive sliding mode control igdrehan the
sliding mode control in the presence of the extedisgurbance.
Figure 8 shows sliding surfaces time response. r€igd

illustrates the position tracking errors with theomosed

adaptive sliding mode controller.

)

4, ()

Time (sec)

Time (sec)

Fig. 6. Output tracking of adaptive sliding modetol

T (tm)

0

of adaptive sliding modatcol

Time (sec)

T T T T 1T T T

Time (sec)

Fig. 9. Tracking error of adaptive sliding mode toh

VI.

CONCLUSION

(3]

[4]

(5]

(6]

(7

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

This paper proposes a novel control method forketio
manipulator with external disturbance. Using theajuynov
stability method, the proposed method guarantdmsstoess as
well as tracking performance. A self-tuning law lelea the
automatic adaptation of the adjustable control geirameter
and the adjustable boundary layer width to the irahvalues.
The control input chattering is eliminated effeetix Smooth
control activity and excellent tracking performarzze shown.
Simulations performed on a two-DOF robot demonsttae
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