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A new adaptive digital control scheme for the robotic manipulator is proposed in this paper. 
Digital signal processors are used in implementing real time adaptive control algorithms to 
provide an enhanced motion for robotic manipulators. In the proposed scheme, adaptation laws 
are derived from the improved Lyapunov second stability analysis based on the adaptive model 
ret~rence control theory. The adaptive controller consists of the adaptive feedforward and 
feedback controller and PI type time-varying control elements. The control scheme is simple in 
structure, fast in computation, and suitable for implementation of  real-time control. Moreover, 
this scheme does not require an accurate dynamic modeling, nor values of manipulator parame- 
ters and payload. Performance of the adaptive controller is illustrated by simulation and 

experimental results for a SCARA robot. 
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1. I n t r o d u c t i o n  

In these days robotic manipulators utilize in- 
dependent joint controllers which control joint 
angles separately through simple position servo 
loops (Ortega, 1989). This basic control system 
enables the manipulator to perform simple 
positioning tasks such as in the pick and--place 
operation. However, joint controllers are severely 
limited in terms of precise tracking of fast trajec- 
tories and sustaining desirable dynamic perfor- 
mance for variations of payload and parameter 
uncertainties. As a consequence, design of  a high 
performance controller for robotic manipulators 
has been an active topic of research in recent 
years (Ortega, 1989 ; Tonei, 1991). 

The dynamics of manipulators are highly cou- 
pled and nonlinear. In many servo control appli- 
cation:~ the linear control scheme proves unsatis- 
factory, therefore, a need for nonlinear techniques 
seems increasing. Today there are many advanced 
techniques that are suitable for servo control of a 
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large class of  nonlinear systems including robotic 
manipulators (Sadegh, 1990 ; Bortoff, I994 ; 
Slotine, 1987). Since the pioneering work of  
Dubowsky and DesForges (Sadegh, 1990), the 
interest in adaptive control of robot manipulators 
has been growing steadily (Ortega, 1989 ; Tonei, 
1991 ; Sadegh, 1990 : Bortoff, 1994). This growth 
is largely due to the fact that adaptive control 
theory is particularly well-suited to robotic 
manipulators whose dynamic model is highly 
complex and may contain unknown parameters. 
However, implementation of these algorithms 
generally involves intensive numerical computa- 
tions. 

Digital signal processors (DSPs) are special 
purpose micro-processors that are particularly 
suitable for intensive numerical computations 
involving sums and products of variables 
(Ahmed, 1991). Digital version of most advanced 
control algorithms can be defined as sums and 
products of  measured variables, thus can natu- 
rally be implemented by DSPs. In addition, DSPs 
are as fast in computation as most 32-bit micro 
-processors and yet at a fraction of their prices 
(Bortoff, 1994; Ahmed, 1991). These features 
make them a viable computational tool for digital 
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implementation of advanced controllers. 

To develop a digital servo controller for non- 

linear systems such as robots, one must carefully 

consider the effect of  the sample and hold opera- 

tion, sampling frequency, computat ional  delay 

times, and that of the quantization error on the 

stability of a closed loop system (Ahmed, 1991 ; 

Parks, 1966 ; Dubowsky, 1979 ; Cho, 1986 ; 

Gavel, 1987). Moreover, one must also consider 

the effect of disturbances on the transient varia- 

tion of the tracking error as well as its steady 

-state value. 

This paper presents a new approach to the 

design of adaptive control system using DSPs 

(TMS320C30) for robotic manipulators to 

achieve trajectory tracking by the joint  angles. 

This paper is organized as follows. In Sec. 2, the 

dynamic modeling of robotic manipulator  is 

derived. In Sec. 3 the adaptive control laws are 

drived based on the model reference adaptive 

control theory using the improved Lyapunov 

second method. In Section 4 the simulation and 

experimental results obtained for a SCARA 

robot are presented. Finally, the results are dis- 

cussed and some conclusions are drawn in Sec. 5. 

2. Dynamic Modeling 

The dynamic model of a manipulator-plus  

-payload is derived and the tracking control 

problem is stated in this section. 

Let us consider a nonredundant  joint  robotic 

manipulator in which the n x 1 joint  torque vector 

"r (t) is related to the n • 1 joint  angle vector q (t) 

by the following nonlinear dynamic equation of 

motion 

D(q)~'+N(q, ( l ) + G ( q ) - v ( / )  (1) 

where D(q) is the n x n  symmetric positive defi- 

nite inertia matrix, N(q, (t) is the n x  1 Coriolis 

and centrifugal torque vector, and G(q) is the 

n x 1 gravitational loading vector. 

Equation (1) describes the manipula tor  

dynamics without any payload. Now, let the n x 

1 vector X represent the end-effector position 

and orientation coordinates in a fixed task 

-related Cartesian frame of reference. The end 

-effector Cartesian position, velocity, and acceler- 

ation vectors are related to the joint variables by 

X ( f ) - - ~ ( q )  
x ( t ) = J ( q )  4 (t)  
J((t) j ( q , ( / ) q ( t ) + J ( q ) # ( l )  (2) 

where ~b(q) is the n •  vector representing the 

foreword kinematics and J(q) = [O~t (q)/~q] is 

the n x n Jacobian matrix of the manipulator. 

Let us now consider payload on the manipula- 

tor dynamics. Suppose that the manipulator end 

effector is firmly grasping a payload represented 

by the point mass ,_4L. For  the payload to move 

with acceleration J ( ( t )  in the gravity field, the 

end-effector must apply the n x  1 force vector T 

( /)  given by 

T(t)- -z lL(Y(( t )  + g ]  (3) 

where g is the n x 1  gravitational acceleration 

vector. 

The end-effector requires the additional joint  

torque 

rx(l) J (q)rT( / )  (4) 

where superscript T denotes transposition. 

Hence, the total joint  torque vector can be 

obtained by combining Eqs. (1) and (4) as 

~(l) --J (q) ~T (/) + D(q) it" + N (q, (51) 
+G(q) (5) 

Substituting Eqs. (2) and (3) into Eq. (5) 

yields 

AL J(q)TEJ(q) i i + j  (q, (/) q + g ]  

+D(q) it'+N(q, c't)+G(q)=v(t) (6) 

Equation (6) shows explicity the effect of 

payload mass AP on the manipulator dynamics. 

This equation can be written as 

[D(q )  +zIL j(q)Vj(q)]// '+ I N ( q ,  c~) 
+~LJ(q) T J(q, ~)c~,] 

+[G(q)+zJL J(q)T~]=r(t) (7) 

where the modified inertia matrix [ D ( q ) + ~ I L J  

(q)VJ(q)] is symmetric and positive-definite. 

Equation (7) constitutes a nonlinear mathemati- 

cal model of the manipula tor-plus-payload 

dynamics. 
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3. Adaptive Control Scheme 

The manipulator control problem is to develop 
a control scheme which ensures that the joint 
angle vector q(l) tracks any desired(reference) 
trajectory qr(t), where @(l) is an n •  1 vector of 
arbitrary time functions. It is reasonable to 
assume that these functions are twice differentia- 
ble, that is, the desired angular velocity r) ,( t)  
and angular acceleration #~(t) exist and are 
directly available without requiring further differ- 
entiation of @(l). It is desirable for the manipu- 
lator control system to achieve trajectory tracking 
irrespective of payload mass AL. 

The controllers designed in the classical linear 
contrcl scheme are effective in control of fine 
motion of the manipulator in the neighborhood 
of nominal operating point Po. During the gross 
motion of the manipulator, operating point Po 
and consequently the linearized model parameters 
vary substantially with time. Thus it is essential to 
adapt the gains of the feedforward, feedback, and 
PI controllers to varying operating points so as to 
ensure stability and trajectory tracking by the 
total control laws. The required adaptation laws 
are developed in this section. 

Nonlinear dynamic Eq. (7) can be written as 

v(t) =D*(Ap, q, (1) i/ (l) 
+ N*(Ap, q, O )q (t) 
+G*(Ap, q, 4)q(t) (8) 

where D*, N* and G* are n •  mat r ices  
whose elements are highly nonlinear functions of 

AL, q and 0. 
In order to cope with changes in operating 

point, the controller gains are varied with the 
change of external working condition. 

Thi:~ yields the adaptive control law 

v(t) = LP~(t) #,.(t) + P~(I) O,-(t) 
+Pc(t) q~(l) l + IPP(t) E (l) 
+Pv(t)Is + P~(t)]  (9) 

where PA(t), PB(t), Pc(t)  are feedforward time 
-varying adaptive gains, and Pp(I) and Pv(t) 
are the feedback adaptive gains. And Pt(t) is 
time varying control signal corresponding to the 

nominal operating point term, generated by a 
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feedback controller driven by position backing 

error E(t) .  
On applying adaptive control law (9) to non- 

linear robot model (8) as shown in Fig. 1, the 
error differential equation can be obtained as 

D * E  (t) + (N* +Pv) /~  (t) + (G* - P P )  E (t) 
=P~ (t) + (D*--PA) #,(t)  + (N*--J%) (lr(t) 

+ (G*-Pc) q,(t) (10) 

Defining the 2n • 1 position-velocity error vector 
5 ( t ) = [ E ( t ) ,  [s r, Eq. (10) can be writ- 
ten in the state-space form 

+(Oo)O'r(t) +(06)  (11) 

where 

Z,:---[D*] -~ [(;*+pp], Z2=[D*]-I[N*+Pv] 
Z3~-ID*l-lli(~r*-P(.], Z4=[D*]-'[N*-P~I 
Zo=[D*] '_D*-PA], Z6=-[D*]-'[P,]. 

Equation (11) constitutes an adjustable system 
in the model reference adaptive control frame 
-work. We shall now define the reference model 
which embodies the desired performance of the 
manipulator in terms of  the tracking-error E (t).  
The desired performance is that each tracking 

-error E,.(I) =qn( l )  - q,.(t) be decoupled from 
the others and satisfies a second-order homogene- 
ous differential equation of  the form 

~7, (t) +2&a0,E~ (l) + ~ E , ( t )  =0  
( i=1 ,  ..., n) (12) 

where ~e and ao~ are the damping ratio and the 
undamped natural frequency specified by the 
designer. Equation (12) can be written in the 
vector form. 

The desired performance of the system is em- 
bodied in the definition of the stable reference 
model 

3~(t) = ( _ 0  Is2)3y(t)  (13) 

where S~=diag(~', e.) and S2=diag(2~ieo~) are 
constant n •  diagonal matrices, 3~(t)=[Ez 
( l ) ,  E'~(t)] r is the 2n • 1 vector of desired posi- 
tion and velocity errors, and the subscript ' y '  
denotes the reference model. 
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We shall now state the adaptation laws which 
ensure that, for any reference trajectory Or ( t ) ,  the 
state of the adjustable system, 6( t )  = [ E ( t ) ,  '2E 
(t) ] r tends to that of  the reference model 6"7(t) = 
0 asymptotically. The controller adaptation laws 
will be derived using the direct Lyapunov method 
-based model reference adaptive control tech- 
nique. The adaptive control problem is to adjust 
the controller continuously so that, for any 0,-(t), 
the system state ~'(t) approaches the reference 
model state 6~'(t) asymptotically, i.e. z ( t )  ,z 7 
(t) as t ,oo. Let the adaptation error be 
defined as e (t) = d r ( t )  - - d ( t ) ,  and then from Eq. 
(13), obtain the error differential equation can be 
obtained as 

~ = (  0 / ~ 2 ) e + ( Z 1 0  0 6)  
- S ,  - $1 Z 2 -  S'~. 

~U ( L 3 )  qr Jr- ( A 4 )  0 r -~- ( __0 ) ~]" T 

+(o0) ,4, 
The controller adaptation laws are now derived 

by ensuring the stability of  error dynamics Eq. 

(14)- 

To this end, let us define the scalar positive 
-definite Lyapunov function can be defined as 

V =  e r r s +  trace I [ @] rK~ [ @] } 
+ trace([ O~] rK2[ O2]} 
+ trace{ [Q3] rK3[Q3] } 
+ trace{ [Q4] rK4 [ Q4] } 
+ trace{ [Qs] rKs[Qs] } 
+ { Q6K606] r (15) 

where Q ~ = Z ~ - S ~ - Z I * ,  Q 2 = Z ~ - S 2 - Z ~ * ,  Qa 
=Z3--Z3* , Q4=Z4--Z4 *, Q s = Z s - Z s * ,  q6=-z6 
--Z6*,R is the solution of  the Lyapunov equation 
for the reference model, [/(-1, ..., K6] are arbi- 
trary symmetric positive-definite constant n •  n 
matrices, and the matrices [Za*, ..., Zs*] are 
functions of time which will be specified later. 

Figure 1 represents the block diaram of the 
proposed adaptive control scheme for robotic 
manipulator. 

From the stability analysis by Lyapunov sec- 
ond method and then simplifying the results, the 
required adaptive controller gains are obtained as 

Pp (t) = p, [P , ,E  + P ~ E ]  [E l  r 

+ p2jo~[PmEr + Pp~E] [E] rdt 

+Pp  (0) (16) 
Pv(t) = o, [ Po, E + Po~ ~E] [/~] r 

+P~(0)  (17) 
Pc(t) = c~ [Pc, E + Pc~;E] [q,] r 

+ c2St[P~,E + P<~I~] [q~] rdt 

+ Pc (0) (18) 
P~(t) =b,[  Pb,E + Pb~[~] [ Or] r 

b2 f <[ Po,E + P ~ E  ] [ gl ,] + 

+Pb(0)  (19) 
P~(t)  : a ~ [ P ~ , E + P ~ F . ]  [//. ] r  

+ a~f~[P~,E+Po~[~] [ ii~] Tdt 

+P~(0)  (20) 

Ps (t) = t2 [ P,~E~ + ,L f ' [  P,,E] Tdt 

+P, (0 )  (21) 

where [,t~, Po,, P~l, Pc,, Pb,, p~,] and [,t2, 

Fig. 1 Block diagram of adaptive control scheme for 
robotic manipulator. 

i I I 
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Zl4 L ~, 

Xq- 

Fig. 2 Link coordinate system of a SCARA robot. 
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Pt~, P .... Pc, Pb~, p~] are positive and zero/ 
positive scalar adaptation gains, and then are 
chosen by the designer to reflect the relative 
significance of position and velocity errors L" and 

4. Simulation and Experiment 

4.1 S imulat ion  

This section represents the DSPs-based emula- 
tion results of the position and velocity control of 
a four-link robotic manipulator, as shown in Fig. 
2, and discusses the advantages of using DSPs tbr 
robotic motion control. Thus, the adaptive 
scheme developed in this paper will now be 
applied to control the position and velocity of 
SCARA robot with four axes. 

Figure 2 represents link coordinate systems of 

Table 1 Link coordinate parameters for a SCARA 
rovot arm. 

Joim ] qi i_ a, ~ _ f z i  _ 

qi 0 M l l  

. . . .  0 ~ -  1 8 0 ~  

_ •  o A o .... 

di 

dl 

0 

d, 

the SCARA robot. Table 1 lists link coordinate 
parameters of the robot. Table 2 lists the specifica- 
tion of link parameters of the robot. Table 3 lists 
motor parameters. Consider the SCARA robot 
with the end-effector grasping a payload of mass 
,:JL. The emulation set-up consists of a TMS320 
evm DSP board and a 486/33MHz personal 
computer(PC).  The TMS320 evm card is an 
application development tool which is based on 
the Tl's TMS320C30 floating-point DSP chip 
with 50ns instruction cycle time. The adaptive 
control algorithm is loaded into the DSP board, 
while the manipulator, the drive system, and the 
command generator are simulated in the host 
computer in C language. The communication 
between the PC and the DSP board are done via 
interrupts. These interrupts are managed by an 
operating system called Ashell which is an exten- 
sion of MS-DOS. It is assumed that the drive 
system is ideal, that is, the actuators are perma- 
nent magnet DC motors which provide torques 
proportional to actuator currents, and that the 
PWM inverters are able to generate the equivalent 
of  their inputs. 

Dynamic equation of  each joint for SCARA 
robot is expressed as 

4- tfm122 Ol ~l~+flOlq-kxSg~Z(41)=rl 

Table 2 Link parameters for a SCARA robot. 

Mass of link(kg) Length of link(m) Inertia of link (kgm 2) Gear ratio of link 

ll 1/100 m~ 15.067 

n,,!2 8. 994 

ni~3 3.0 

n:~4 1.0 

11 0,35 

12 0.3 

13 0.175 

14 0.007 

__~ 1538 t ...... % .... 
12 1/8o 

13 1/200 

14 0. 0016 [ r4 1/75 

Table 3 Motor parameters of a SCARA robot. 

Roter inertia(kgm 2) 

Jml [ 5.0031x10 -5 

Jm2 1 1.3734x10 -s 

Jm3 I 0"8829x10-s 

~m-m45 0.22563• 10 -s 

Torque constant(Km/A) Back emf 

I - K a 2 J  20.0124X 10 [:S~ [ K b 2  

Back emf constant(V . s/tad) 

] 2-~)O7;35~-) xl% - ~  

tI'I IE I;: 

Amature-winding 
resistance(otms) 

R a 2 ~  42 

R a 3 ~  9 

20 
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N.,& + ?v:...& + N..O.+ V.,.~.4,O. 

+ V....,4, O.+f.O.+&sgrz(q.)=r. 
. ~ q r 3 3 / t 3  J r -  ( ; 3  -}- 7 3  ( / 3  - i -  kasgn (da) - ra 

= 7 4  

NI~= ml/2o + L + m2(f f+  tcz~ 

+ 2/2k,,cosqe) + / 2 +  ( ma + m4) (ll e 

+/ca, + 2 l~ l~cos q2) + 14 

Nle=N2~ = m~(/~ +2lllzcosq~) +[2 
+ (ma+m4) (l~+2l~l~cosq2) + L  

N==m~ l~,+Ie+mal~+m4 I~+L 

N I 4  = N41 = ]V24 = N42  = - ] 4  

N3a = kna + m 4  

N I a = N a l = N 2 3 = N 3 2 = N 3 4 : N 4 a : O  

V,.na = - 2 mz/1/.,sin qa - 2 ( ma 

+ m~) k 12sinq2 

gin,ca = -- m2k /c,sinq2- ( ma 

+ m4) l~/.)sinq~ 

V~m = m~ ll L.sinq~ + (ma + mg li/zsinq2 

V ~ , ~ = -  V~=~ 

= - O. 5 ( mz l~/~.sinq2 

- 2  ( ma + mg  l~ l~sinq2) 

G I  - -  (;2 = G4 - -  0 

Gs = g ( m a +  m4) 

f(c)~) :viscous friction 

tesg,~(gl3 : Coulomb friction 

q,. : rotation angle of the i-th axis 

da : displacement of prismatic motion of 

the third axis 

rn~: mass of the i th link 

l,. : length of the i-th link 

/c, : displacement from the i-th coordinate 

to the center of the i-th link 

I, : rotation inertia moment of i-th link 

In all simulations it is assumed that the load, 

hence the uncertain parameter, is unknown. 

Adaptive control algorithm given in Eq. (10) 

together with the parameter adaptation rule, as in 

Eqs. (18) ~ (23), is used for the motion control of 

the robot. The parameters associated with adapta- 

tion gains are selected as ~.~ =0.5, t~=0.02, a~ =0. 

2, a,e=0.3, &=0.01, b2=0.3, c.~=0.05, C 2 = 0 . 1 ,  P1 

=10, P2=20, zti--0.1, u2-=10, P o , - l O  ~, P , , =  
I 0  4 Phi 2 0 ,  p~,--30, P,.,=10, p,,,=15, Psi,=0. 

5, Pw=0.4,  P~,=0.01, and t~ ,=0.05.  

It is assumed as 6o~--co2=10 rad/sec, e = & =  

1, and s . ~ = 2 5 I  in the reference 

MEMORY 

hl/~M RAM 64• BITS 
~LOCK 0 gOM ~OGRAM 

BLOCX 0 4 KX32 CACVm 
L K * ~ mrs ~ ~a= m-s 

Cl~J 

~a.OAT~G 
POINT POre1 

MIJLTIPUiC.R #tLl] 

EXI I ' ,N I ) I / I I  PT~.F~ISION I~:GIS1ERS 

A/IliKF~g.'5 
gea~EJtAroa 0 G I ~ t A r O R  1 

8 AUXII.IARY S 

I)liiA 

A DLIR~S 
i GENERA [~')[IS i 

TIMER 

TIMER I 

Fig. 3 The Block diagram of TMS320C30. 

/ 

< - { i /  i ', 7i~c:zl 
-~ ~ ~,i ; \ i l l  

i . ~ :  '~ mml l  [ 0 , , ~ ,<_>  : . . . .  ,~ .,- .... , ~ ]  

Fig. 4 Position tracking performance of each joint 
with payload (5kg) for reference trajectory A. 

model. The sampling time is set as 0.001 sec. 

Simulations are performed to evaluate the posi- 

tion and velocity control of each joint under the 

condition of payload variation, inertia parameter 

uncertainty, and reference trajectory variation. 

Control performance for the reference trajectory 

variation is tested to the four reference trajectories 

A, B, C, and D for each joint. As can be seen in 

Figs. 4--7, reference trajectory A, B, C, and D 

consist of four different trajectories for joints 1, 2, 

3, and 4. 

The performance of DSP(TMS320C30) based 

adaptive controller is evaluated in tracking errors 

of the position and velocity for the four joints. 

The results of trajectory tracking of each joint 

in the different cases are shown in Figs. 4--7.  

Figure 4 shows results of angular position trajec- 
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i [ t -  "~ Nil s \  - . . . .  ' 
| " , " /  ~ II]i-~,/ \ i .' ~ \', Ilia i' \ ! I  
' I  II, ,, ,,.. , 

,~ -'7 tY" '-4 ' 
f \:l/i t ,"= 2 ~  

' ..... I x/! .... '~ i ! ,  ,--,!L,,I ........ ,x , , , - '  i I  

"*" ) _ _ . _ . L L  ....... rT : :  ............. L;7 J_~,,~ 
Fig. 5 Velocity tracking performance of each joint 

wiih payload(5kg) for the reference trajec- 
tory B. 

I 7X i ,  \ ,__ I 
1 \ . _ _  :=a,.,, t -=.=-., \ ,  i 

; '~ ~ " / -  k l [  7a -7  - ~ l '  ; ~  - ~.,..~,J~ ...... ,i 

i"~ / \ / i = , " ,  / 1 ' ~ i  
It \ / . . . . . . . .  I/~ L. / \ ; : i i q ~  

l .... . . . . . . .  t/ .... . . . . . .  ~ i  

Fig. 7 Velocity tracking performance of each joint 
with payload(Skg), inertia parameter uncer- 
tainties(10%) for reference trajectory D. 

,L.27 7 ,  ::> / /  ' I 

| ' - ~ " '  ; / i //:..%;::,t,'f\ \ i 

~ 7 f  2 2 2  2272 7 ? Z 7  . . . .  7 72 . . . . . . . . .  

: \., - , -  .... | '., . . . . . . . . .  
i"i ' \  / !i .... \. i .  

', / " i I  
1 2 .......... ' . . . . .  . . . . . . . . . .  !_~.'-<-> 1 

Fig. 6 Position tracking performance of each joint 
with payload(Skg) and inertia parameter 
uncertainties(5%) for reference trajectory C. 

j M~3~; ItOARD BI~CK DIAGR~ h 

Fig. 8 The main board block diagram of hardware 
structure of SCARA robot. 

tory tracking for each joint with a 5kg payload 

for reference trajectory A. As can be seen from 

these results, the DSPs-based adaptive controller 
represents extremely good performance with very 

small tracking error and tast adaptation response 

under the payload. 

As can be seen from Figs. 5 and 6, the proposed 

adaptive controller represents good perfbrmance 

in the position and velocity at each joint for 

payload variation, inertia parameter uncertainty, 

and the change of reference trajectory. These 

simulation results illustrate that this DSPs based 

adaptive controller is very robust and suitable to 

real time control due to its fast adaptation and 

simple structure. Figure 6 shows results of angu- 

lar position tracking at each joint with payload (5 

kg), parameter uncertainties (5%), and the change 

of reference trajectory. Figure 7 shows results of 

angular velocity tracking at each joint with pay- 

load (5kg), parameter uncertainties (!3%) for refer- 
ence trajectory D. 

4.2 Experiment 

The performance experiment of the proposed 

adaptive controller is performed for two joints of 

the SCARA robot. To implement the proposed 

adaptive controller, we used our own developed 

TMS320C30 assembler software. Also, the 

TMS320C30 emulator is used in experimental set 

-up. At each joint, a harmonic drive(with gear 

reduction ratio of 100 : 1 for joint I and 80 : 1 for 

joint 2) is used to transfer power from the motor, 

which has a resolver attached to its shaft for 

sensing angular velocity with a resolution of 8096 
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Fig. 9 Experimental set up. 
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Fig. 10 Experimental results for the position and 
velocity tracking at the first joint with 5kg 
payload. 

pulses/rev. The experiment is performed to emu- 

late the position and velocity control performance 

of  the two joints  under  the condi t ion of  payload 

variation,  inertia parameter  uncertainty, and 

change of reference trajectory. Figure 10 shows 

the experimental results of  the position and veloc- 

ity control at the first jo in t  with payload 5kg and 

the change of reference trajectory. Figure 11 

shows the experimental  results for the position 

and velocity control  at the second jo in t  with 5kg 

payload. Figs. 12 and 13 show the experimental 

results for the posit ion and velocity control of the 

P ID controller  with 3kg payload. As can be seen 

from these results, the DSPs-based  adaptive con- 

troller shows extremely good control performance 

with some external disturbances. It is illustrated 

that this control scheme shows better control 

performance than the exiting PID controller,  due 

to small tracking error and fast adaptat ion for 

disturbance. Figure 14 shows the experimental 

results of the posit ion and velocity tracking per- 
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payload, 
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position and velocity tracking at the first 
joint with 3kg payload. 
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Fig. 13 Experimental result of PID controller for the 
position and velocity tracking at the second 
joint with 3kg payload, 

formance at the first jo in t  with 10kg payload. 

Figure 1 5  shows the experimental results of  the 

posit ion and velocity tracking performance at 

second jo in t  with 10kg payload. From the Fig. 14, 
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Fig. 14 Experimental results for the position and 
velocity tracking at the first joint with 10kg 
payload. 

Fig. 16 Experimental results for the position and 
velocity tracking at the third joint with 5kg 
payload. 
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Fig. 15 Experimental results for the position and 
velocity tracking at the second joint with 10 
kg payload. 

Fig. 17 Experimental results for the position and 
velocity tracking at the fourth joint with 5kg 
payload. 

it is illustrated that the proposed DSPs-based 

adaptive controller is very robust and has fast 

adaptation response to the tracking of the posi- 

tion and velocity at the first joint  with external 

disturbances. Again, as can be seen from the Fig. 

15, it is illustrated that this adaptive controller is 

robust and has fast adaptat ion in tracking of the 

position and velocity under the condition of 

disturbance increasing. Figure 16 shows the 
experimental results for the position and velocity 

control at the third joint  with 5kg payload. 

Figure'. 17 shows the experimental for the position 

and velocity control at the fourth joint  with 5kg 

payload. As can be seen from above experimental 

results, it has been illustrated that the proposed 

adaptive scheme is very robust to the external 

disturbance, and suitable to real time control of 

complex nonlinear systems, such as robot systems. 

5. Discuss ion  and Conclusions 

A new adaptive digital control scheme is de- 

scribed in this paper using DSPs(TMS320C30) 

for robotic manipulators.  The adaptation laws are 

derived from the model reference adaptive theory 

using the improved direct Lyapunov method. The 

simulation and experimental results show that the 

proposed DSPs-adapt ive  controller is robust to 

the payload variation, inertia parameter uncer- 

tainty, and change of  reference trajectory. This 

adaptive controller has been found to be suitable 

to the real-t ime control of robot system. A novel 

feature of the proposed scheme is the utilization 

of  an adaptive feedforward controller,  an 
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adaptive feedback controller, and a P[ type time 

-varying control signal to the nominal operating 

point which result in improved tracking perfor- 

mance. Another attractive feature of  this control 

scheme is that, to generate the control action, it 

neither requires a complex mathematical model of 

the manipulator dynamics nor any knowledge of 

the manipulator parameters and payload. The 

control scheme uses only the information 

contained in the actual and reference trajectories 

which are directly available. Futhermore, the 

adaptation laws generate the controller gains by 

means of simple arithmetic operations. Hence, the 

calculation control action is extremely simple and 

fast. These features are suitable for implementa- 

tion of on-l ine real time control for robotic 

manipulators with a high sampling rate, particu- 

larly when all physical parameters of the manipu- 

lator cannot be measured accurately and the mass 

of the payload can vary substantially. The 

proposed DSPs-based adaptive controllers have 

several advantages over the analog control and 

the micro-computer based controls. This allows 

instructions and data to be simultaneously fetched 

for processing. Moreover, most of  the DSPs 

instructions, including multiplications, are perfor- 

med in one instruction cycle. The DSPs tremen- 

dously increase speed of the controller and reduce 

computational delay, which allow for faster sam- 

pling operation. It is illustrated that DSPs can be 

used for the implementation of  complex digital 

control algorithms, such as proposed adaptive 

control for robot systems. 
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