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Model-Based Feedforward Precompensation and VS-Type 
Robust Nonlinear Postcompensation for Uncertain Robotic 

Systems with/without Knowledge of Uncertainty Bounds( | ) 
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In this paper, a robust motion tracking control algorithm for robotic manipulators is 

proposed where the higher-order system uncertainties are taken imo account. The control 

structure consists of two main parts: a model-based precompensation part and a robust non- 

linear controller one. Specifically, with knowledge of possible upper bounds on uncertainties, 

we propose the nonadaptive version of robust controller. Stability and robustness issues of the 

controllers have been investigated via a Lyapunov method and it is shown that the proposed 

control algorithms are highly robust in the presence of significant system uncertainties. Finally, 

the computer simulation results are presented to validate the proposed algorithm. 
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Norms, Structured (Unstructured) Uncertainties, Lyapunov Stability, Uniform 

Ultimate Boundedness (UUB), Chattering. 

Nomenclature 
Symbols written in bold type denote veclors or 

matrices, while scalars are written normally:  

/r Set of non-negative real number;  

R~:  =[0,  + ~ )  
A'" mdimensional vector space with real 

elements R 

R ..... Set of all real-valued (~ • m) 

matrices 

inf lnfimum, the greatest lower bound 

sup Supremum, the least upper bound 

x A vector; x = [ x ,  x2 "'" a:~] r, w, c R  

II x Ir Euclidean norm of a vector x ; 
II X II = [ X T X ]  1/2' ~ r  

A > 0 ( < 0 )  : Positive {negative) definite matrix A 

]l A II : Induced norm of a real matrix 
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22r(~') :Closed ball in R" of radius r ~ R  + 

centered at x -  0: ,(2,-(x) =(x@-R" : 

C p :Set of /)-times continuously differ- 

entiable functions 

E,~ : (n x ~) Identity matrix 

Lp :The function norm in the Lebesgue 

space ; Let f ( l )  : t{'- --~ R" be 

Lebesgue measurable function, then 

the Lp-norm II f lip is defined as I1 f lip 

/ ~][ f ( t )  for p C [ l ,  = [ l]Pdt] ~'p <oo, 

oo). When p = ~ ,  f ~ L ~  if and only 

i f t l f l l ~ =  sup I ] f ( / ) I t<  c~ 
t ~ [0,+~) 

Am~x(A) : Maximum eigenvalue o f A  ; ,a.max (A) 
=max{A,.(A)}, where A,(A) is the 

i 

i th eigenvalue of matrix A 

A,..n (A) : Minimum eigenvalue o f A  ;/lmm(A) 

=rain{A, (A) } 
i 

( �9 ) c : Complement of ( �9 ) 
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I. Introduction 

Currently, robotic manipulators are often 

expected to solve a wide variety of automation 

needs in many modern industries. Thus, the devel- 

opment of effective (and reliable) control algor- 

ithms will be an important step toward high- 

speed and -precision robot system. 

Research has shown that many physical systems 

contain various uncertainties, which include 

structured and unstructured uncertainties. Several 

model-based control schemes, such as inverse 

dynamics and passivity-based controllers, have 

been presented for motion c o n t r o l  of robots. 

Craig et al. were one of the first to examine this 

approach  in detai l .  Among  the var ious  

approaches to improving system performance 

under parametric uncertainties, adaptive control 

method (Craig, 1987 ; Slotine, 1987 ; Ortega, 

1989; Sadegh, 1990; Chert, 1990) has been used 

extensively. During last decade, several research 

papers dealing with the control of uncertain 

dynamical systems have been oublished. In this 

paper, based on the deterministic approach, the 

robust control method for uncertain systems is 

discussed for real-time applications. One of the 

useful design method is variable structure (VS)- 

type control schemes.(Qu, 1992; Spong, 1992; 

Abdallah,  1991; You, 1994a; You, 1994b) Ab- 

dallah et al. surveyed the robust control of robotic 

manipulators. Although some works have been 

done in this area to date, more studies still need to 

be conducted to ascertain the effectiveness of a 

control system under higher-order uncertainties. 

Specifically, this paper suggests a decentralized 

control method. Up to this point, many advanced 

control  strategies employed fall into the following 

categories: cope with relatively small uncer- 

tainties; utilize computationally complex algorith- 

ms; synthesize purely discontinuous controllers. 

The aim of this investigation is to study the 
robust trajectory tracking controllers for an un- 

certain robotic system, which will overcome all 

the defects in earlier methods. The control algor- 

ithm consists of two major components: the 

nominal (or primary) control and the robust 

nonlinear controller.  The uncertainties assumed 

are bounded by higher-order polynomials in the 

norms of  system states. The nominal values of 

robot parameters are used in the primary control 

law instead of updating model-parameters on-line 

(as in the centralized adaptive control approach). 

It is shown that all possible responses of  the 

corresponding closed-loop system are at least 

unitbrmly ultimately bounded under significant 

uncertainties. 

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

system description and formulation are presented. 

In Sec. 3, the robust nonlinear controller has been 

proposed with known uncertainty bounds. In Sec. 

4, numerical simulations are conducted to test the 

performance of the closed-loop system, while the 

conclusions of the research are summarized in 

Sec. 5. 

2. System Description and 
Formulat ion 

Based on the Euler-Lagrangian dynamics, the 

mathematical model of ~-DOF (degrees of free- 

dom) rigid manipulator  with open-loop chain can 

be written in compact vector-matrix form as fol- 

lows : (Craig, 1987 ; SIotine, 1987 ; Ortega, 1989 ; 

Sadegh, 1990; Spong, 1992; Abdallah,  1991; 

You, 1994a; You, 1994b) 

M ( q ;  6)) i l"+C(q,o;  @ ) q + G ( q ;  6)) 
+ T u ( q , ( 1 ) ~ T ,  Vt_>_0 (1) 

where q ( @ R ~ ) ,  (1 and ~/" are the vectors of 

generalized positions, velocities, and accelera- 

tions, respectively ; M (q ; O) @/~•  is the iner- 

tia matr ix;  C(q,  (1 ; O ) c / r  ~• is the nonlinear 

coupling terms representing the centrifugal/Cot-  

lolls effect; G ( q ;  O ) @ R "  is the gravitational 

torque vector ; T @ R  n represents the generalized 

torque vector ; T,(q,  (1) ~-t~ n is tile vector of  the 

unstructured uncertainties whose fimctional struc- 

tures are poorly known or completely unknown, 

such as friction, link and joint  flexibilities, exter- 

nal disturbances, sensor and actuator noises, 

strengths of interactions from other subsystems, 

and other unmodelled dynamics;  O@/~ '~ repre- 
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sents the vector of bounded system parameters, 

such as link masses, link lengths, and moments of 

inertia. 

It is well known that the dynamic model (1) 

having revolute joints satisfies the following 

essential properties.(Craig, 1987 ; Slotine, 1987 ; 

Ortega, 1989 ; Sadegh, 1990 ; Spong, 1992 ; Abdal-  

lah, 1991 ; You, 1994a ; You, 1994b ; You, 1994c) 

[P1]:  M is symmetric and positive-definite 

matrix, i.e., M M r >0, V (q, O). Furthermore, 

M ( C  ~ function) is uniformly bounded as &_< ]1 

M]] -<8~, V ( q ,  O), where & and 3~(<co)  are 

some positive constants. 

[P2]:  A part of the dynamics (I)  is linear in 

terms of a suitably selected set of system parame- 

ters 

M ( q ;  O) Je+C(q , (1 ;  O ) x + G ( q ;  O) 
= Y(q , (1 ,x ,Jc)O,  V (q,(1,x ,s  ~ (2) 

where y ~ ] ~ ' ~ "  is called the regressor matr ix;  

and the vector O ~ R  '~ belongs to a bounded set. 

[P3] �9 x r ( M - 2 C ) x = O ,  V x ~ R " .  Namely, 

( M - 2 C )  is a skew-symmetric matrix with 

( (1~ C,(q ; O) 

C(q ,  0 ;  O) == ( iTCh(q;  O) (3) 

(1~ C~(q ; 6)) 
where C ~ R  "• are symmetric and bounded 

matrices, which may be defined as 

where m~ denotes the ith column (or row) of M, 

and q, is the ith component of q. 

[P4] :  C(q ,  x ) z = C ( q ,  z )a ' ,  'v' (a:, z, q ) ~  
R ~. Also, it is known that the norm of C satisfies 

II cI I -<.a ,  I[ (111, V ( q ,  (1, 0 ) ,  with a z ~ R  +. 
[P5] :  G ( C  ~ function) is bounded by H G ]]--- 

a> where a2 is a scalar constant. 
Now, consider the following assumptions |br  the 

problem formulation. 
J A I l :  The vector O=[O~...Oc..&~] r is not 

exactly known, but the variation of 0,. is within a 

prescribed range {P',=[0,, 0 i ]CR,  where 0~ and 
0 ,  are known positive constants. Therefore, we 

have g e = g f l • 2 1 5  in which O ( ~ )  is a 

nonempty and compact set. 

[A2] :The  desired trajectory (qd~  C ~ function) 

and its derivatives are all continuous and uni- 

formly bounded by 

d~=sup  dJqd , ~ .  -7/?v- , ( j = 0 ,  1, 2) 

where cla ( <  co) are known positive constants. 

A class of tracking errors are defined as fol- 

lows : e ~ t r  is the vector of the position tracking 

errors, e v = q - q a ,  with b~,=dep/dl, where qa~ 
R" is the desired position vector; the reference 

tracking errors d , . ~ R  ~ are defined by e ~ = q ~  

- F e p ,  with F = e E , , ,  where e ( > 0 )  is scalar 

constant; the sliding surface variable vector e ~  

/r is defined as e,~=(1 d~. 
Lemma I I f ] l e p ( l )  [I ~ < d ( < c ~  is satisfied 

for any t~[to,  co), then 

Il ep(t)  _<exp[ -e ( t - / 0 ) ]{ I ] ep ( t0 )  

- d / ~ }  + d / ~  (4) 

and 

II o,,(I) ~l-~-~Lle,,(t) LI (5) 

Proof:  The proof is a straightforward.(You, 

1994c) 
In fact, this lemma shows that the norm bounds of 

ev and dv can be obtained from that of es, thus 

the corresponding ultimate bounds in (4) and (5) 

are respectively given by 

lim II et,(t) II = d /E and 

In the special case, if d 0, then lira II ep(t) [I 

0 and limll d ~ ( l ) I 1 - ~ 0  

Thus, in this study the control objecnves can be 

thought of  as follows : 

lim suP ll ep ( t ) II <~ r p and 

lim sup [I d~( t ) I t  ~ r v'ffl~>0 

where the desired tolerances rp  and r - o ( ~ R  +) 

can be considered as a measure of closeness of the 

system tracking performance to the asymptotic 

stability ( r p =  r ~=0).(Sadegh, 1990; Chen, 

1990; You, 1994c; Sastry, 1989) That is, the 

design objective is to formulate a control input 
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Fig. 1 Block diagram of the proposed control 
algorithm 

vector so that the actual system responses track 

the desired quantities as closely as possible irre- 

spective of significant uncertainties. 

Now, the general control structure (see Fig. 1) 

is given in the following form (You, 1994a ; You, 

1994b) 

T = T , , + T ~ ,  t > 0  (6) 

which is the sum of two major parts. That is, a 

model-based feedforward precompensation (or a 

nominal controller) is chosen by 

T~ Mo(q.~; (%)6 ,+Co(q~ ,  O,~; O0) t?, 

4 Go(q~ ; @o) -- Ke~ (7) 

whine M0, C'~), Go, and (% denotes the nominal 

values of the true values M, C, G, and O via 

modeling, respectively; the feedback gain matrix 

K=KE,~ is chosen by the system designer, with 

( K > 0 )  . And an auxiliary control input (or a 

robust nonlinear control), - )'' T,+~ A , is intended to 

account for both the compensation error and the 

unstructured uncertainties, and its structure is 

specified later. In fact, the model-based portion 

can be calculated off-line, since the desired trajec- 

tories and the nominal values of dynamic parame- 

ters are known in advance. Substituting (6) into 

(I) along with some algebraic manipulations 

becomes 

M~,+=- Ce+-(T, ,+ T O - K e ~ +  T ,  (8) 

where 

T ~ : [ M  M0]b,++[C C,,]+,- 
+ [ G -+ Go] (9) 

represents the structured uncertainties which 

caused by system modeling errors (or parameter 

variations). 

Remark : For the vector of nominal values 0 0 :  

[0m..-00i...00,,] 7, the i th nominal 'value 00+ may 

be selected as (}0,----~/2(_0,.+ O +), that is, the mean 

value of the admissible range of 0,, otherwise by 

designer's convenience. 

In deterministic control approach, the possible 

upper bounds on the system uncertainties can be 

expressed in the general form 

II T+ll _<+~,+(t, ep, ev) and 

where r~s and ~+~(~R +) are continuous and 

scalar bounding functions. 

First, the following properties are stated fbr the 

system dynamics ( 1 ). 

[P6] : There exist scalar bounding constants p~i 

~ 1 ~ ,  VtC-:_tr +, such that 

( i )  p , ,=  sup sup I].ff-M0]] 
( ( O ,  O u ) ~ : ~  ( q , q c ~ ) ~ R  a 

( ii ) II c -  c,, II ~ p,zll 0 ]1 + p~:~[I 0all 
with paz sup supE','~l II c~  II and 

r -J ;  q~ q( .  1r 

~,~ sup sup~L~ !1 Coill 
I % ,  : i [ r  ~ A ' "  

(iii) pt4= sup sup ]1 G G01[ 
4 ( '3 ,  +9(+ J ' = q J" ( + I, ( l ,~)  ! [~ + 

If the augmented tracking error vector z ~/r is 
T - T 7" defined as z = [ e p  ev ] , then the following 

assumption and lemmas provide the possible 

upper bounds on the uncertainties. 

Lemma 2 : The structured uncertainties ( TD are 

bounded 

IIT,+ II +--.0 + - ,  II -z  II + a~+ l[ z 7 =  ~.,. 

where ai( i : 0, 1, 2) are known positive constants. 

Proof: See Appendix A for the complete proof. 

[ A 3 ]  The unstructured uncertainties (T~) are 

given in powers of H Z H 

II T~ II ~ b o +  b~ I1 z-tl + " - +  bm II z It m 
: ~ , ~ o  b, II [ l ' :  +~ 

where h,. ( i - - I ,  --., m) are known positive con- 

stants, and nz is the highest order of c~+ in the 

system uncertainties. 

Lemma 3: The combined (or structured and 

unstructured) uncertainties are bounded by 

]l T~+ T. ]i <-I1 T~ II + II T~ II 
_<c,, +c:  II Z ]1-+ ..... + c ~  II z i ] "  

. rt C" - 21,-:+ + li Z I[' = ~,+ 

where co( a++bo), c t ( : : a++b: ) ,  c,~(::<12+b2), 
and c+(=b, ; i : 3 ,  .--, m) are some known con- 
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stants ; 095(= G , +  g~) ~ R + is continuous and 
known scalar bounding function. 

In fact, the robust nonlinear control (T~) in 
the error dynamics (8) is intended to postcompen- 
sate for T, and T~ (equivalently, ~ )  

3. S y n t h e s i s  o f  R o b u s t  N o n l i n e a r  

Contro l  

In this paper, the uncertainties under considera- 
tion are assumed to be known ; that is, a priori 
knowledge of  uncertainty bound on ~ is 
required. If the information on ~ is unknown, 
then the adaptive mechanism, which will be 
discussed in the subsequent paper (I1), can be 
employed to estimate the system uncertainties. 

The robust control structure with VS-type 
scheme (see Fig. 1) is given by (Qu, 1992; You, 
1994a ; You, 1994b) 

- OOsZe5 
T,~= II e~.lt~,+,)' t~O (10) 

with z/(t) a e x p ( - n t ) ,  where the design 
parameters a and n are non-negative constants. 
Clearly, the existence of G(t) in T,~ guarantees 
the continuity of  control input vector even when 

]1 ~'s(t)II becomes zero. 
R e m a r k  The VS-type nonlinear controller 

(10) can be discontinuous as t ~ ~ ,  i.e., limz? (t) 

-+ 0 , but we are mainly interested in the trajec- 
tory tracking properties in a finite time. 

The system stability and the tracking perfor- 
mance (including the robustness issues) are given 
in the following. 

Theorem: With the known coefficients (e) on 
the uncertainty bounds in Lemma 3, the solutions 
to the closed-loop error dynamics (8) under (10) 
are globally stable (or bounded). That is, there 
exists the compact set (or closed and bounded set) 

A such that for all (ep(0), e~(0), e s ( O ) ) ~ A ,  
every trajectory, with r ] . 0 ( a > 0 ,  K 0), globally 
converges to the following residual set (or the ball 
of attraction) with the ultimate bound VI: 

A { e s ~ R ' :  V ( t ,  es)<~Vs}, V t c R  + 

where Ks a / v  and y=2K/Amax(M),  with A C  
A. Otherwise, all signals under the conditions 
that G~-0(O'>0, K>0) or z i = 0 ( a = 0 ) ,  are 

globally exponentially (or asymptotically) stable, 

i.e., lim (ep, 0v, e,) ---~ 0. 

Proof:  The proof proceeds by choosing a 
Lyapunov-like function (at least a C 1 function), v 
(t, es) : R + •  ~--" R +, which is given by 

V =  l/2eJMe,,  M >0 (11) 

By introducing Rayleigh's principle,(You, 1994c) 
we observe that 

I//2A:,I..(M)I[ e5 ]t 2< - V <-I /2&~x(M)II  e .  }12 

in which M is a positive-definite matrix, accord- 
ingly, A~m(M)>0. The total time derivative of  

the scalar function V is given by 

L'z = esrMd : + l/2esl~le5 
= e  J { -  Ce, (T~+ T , ) - K e s  

9 

i T " </>~-e5 zj}+ /=e5 Me, (12) 
II +511+5+ 

By using [P3], we obtain 

~.~ ~5211 e5 II 2 

from which 

I/ <-- - e rKe  - z2ff)~L- 
: " W L I I + : + +  

-<- - fi l l  e~. 1 7 + v  (14) 

Hence, we have the following differential inequal- 

ity 

9_< ~V+ ~ (15) 

with v=2K/,~m~ (M) 20.  It can easily be verified 
that the solution of  (15), with z] ~=0(a >0, K>0), 

can be written as 

< e x p ( - v / ) [  V o - a / ( u - ~ c ) ]  

V + e x p ( - K t ) [ a / ( v  K)], v*/~ 
_<exp(--vt) V o + a t e x p ( - v l ) ,  u = x  (16) 

where V0= Vt:0(0, es(0)) and ~/2Amm(M) ]1 e5 
(0) [12<_ Vo<__~/2Am,x(M)[] e,(0)[]2. From (16), it 
is shown that 

[ _<+ '~5-{exp( -v t ) [ /2Am~x(M) l ]  e~(0)[I 2 

]1 e, l] - ~-aK]+exp(-k/) ~--~x}~"2' 
y:r 

_< + ' ~ - )  {exp I -  ,~t) ['/'.,,~m0x (.~/)II e, (0/ p] + at 
exp(-vt)} "2, v=K 

Moreover, by Lemma 1, the uniform boundedness 
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of es also guarantees those of ep and ev. Thus 
from (16) and (17), we can conclude that the 

solutions (e~, e~, e~) are globally exponentially 

stable for any bounded initial values. If r]#-0(a > 

0, K:=0), i.e., a saturation-type controller, then 

V < _ e x p ( - ~ t ) [ V o - a / ~ ] + a / v  (18) 

Accordingly, the uniform ultimate boundedness 

(or UUB)(Chen, 1990; You, 1994c) results of 

system responses are achieved with respect to Vs. 

In other words, for ~=a/~>__O,  V is nonin- 

creasing, that is, TP~0 for all ( t ,  es)~=--lC+)<R'~ 

such that V >  V,. (or V c / I ~ ) .  And its ultimate 

bound is given by 0<_ [ imV=in fV=V, ._<  V0. 
t ~  t 

Furthermore, the norm of  joint  tracking errors 

converges to the following ball, which is measure 

of the size of uniform ultimate boundedness : 

from which one can show that [] ep II and I[ e~ If 
are also ultimately bounded by 

This concludes the proof  of the theorem. As a 

results, it is shown that all signals (or the tracking 

errors) in the closed-loop system are at least 

unitbrmly ultimately bounded. 

Remarks:  

1) For  the specific value 7]=0 (or a=0}  in 

(15), i.e., purely discontinuous VS control law, it 

can be easily seen that the closed-loop system is 

also exponentially stable. That is, since V is 

nonincreasing function of  t, which is upper 

bounded by V0 and bounded from below on zero, 

i.e., e ~ L = ,  we have 

s 0_<K 11 e~(r)  [1 d r <  V0-1im V < o o  

which implies that es~L,~.  Now, we can obtain 

e E i L ~  from Eq. (8), thus, e ~ L 2 A L ~  and 0 s ~  
L~. By Barbalat 's lemma,(You, 1994c: Sastry, 

1989) we can draw a conclusion that e~--~0, 

equivalently, ep--~ 0 and e~- - ,  0 as t ---* co 
2) Therefore, we have achieved stronger stabil- 

ity results in both ~ = 0 ( o r  a = 0 )  and ~=~0(a>0,  

~c>0), i.e., asymptotic stability, than those 

achieved in ~=~0(a~0,  ~ = 0 ) .  

4. Simulation Example 

To illustrate the tracking capabili ty of the 

control algorithms, we present a computer simula- 

tion example on a two-link mechanical manipula- 

tor (see Fig. 2) whose dynamic model can be 

expressed as(Ortega, 1989; You, 1994c) 

7"1 = rnzlz 2 ( i1"1 + #2) + rn2A l:!& (2 i/'1 + ci2) 

+ ( m~ + mz) 112 ~'1 - mzl112s2 ~z 2 

- -  2 m'2 A [2S2 0 I ~'] 2 - -  m 2  [2:~('12 

+ (mt  + mz) [lgc'~ + T~I 

T~-- m21~ 12c'2 iA + m2122 ( ii, -= iA) 

+ m2A 12s2 dt "(+ m212g&z+ Tu2 

where s ,=s in(q , . ) ,  c i j = c o s ( q l + q j ) ,  etc.; m2 

denotes the mass of  the second link plus unknown 

payload. 

The robot parameter vector O iis defined as O 

= [ A lzml m2] ~, and the corresponding actual val- 

ues of 69 are assumed t o  be ll = 12= I (m) and m~ 

= m2 = 1 (kg)  �9 For simplicity, the nominal values 

are chosen by O0=[I .0  1.0 1.5 1.25] r. The initial 

conditions for the actual joint trajectories are 

given by q l ( O ) = q 2 ( O ) = O ( r a d )  and c)a(0)=c)2 
(0) = O ( r a d / s ) ,  and the desired trajectories are 

supposed to be q a ~ ( t ) - - q d 2 ( t ) = O . l * c o s ( I O t ) .  

Let the system uncertainties be assumed to be T~ 

= q , +  0 , +  q i / t i+q l  2+ ,),.2+cos(o)/t), with i ( =  

1, 2), where ws--2.0 or lO0( rad / sec ) .  The 

known uncertainty bounds are given by e = [ 1 0  10 

10] v, where the highest order of polynomial 

bound in O~ is selected to be m = 2 ,  i.e., qua- 

Fig. 2 Model of a two-link robot manipulator 
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dratically bounded uncertainties, however, more 

significant uncertainties may be assumed if neces- 

sary. The numerical values of other design vari- 

ables are selected as K = 2 0 0 ,  6--2,  ~7=0.7(cr=0. 

7, ~c=0). 
The simulation results are given in Figs. 3--9. 

Provided that the other design variables are un- 

changed, the chattering phenomena are observed 

with specific choices of 77=0.1 (see Figs. 7--8)  
As a final remark, we also provide a simulation 

result to compare the performance of the 

proposed control laws with that of the PD con- 

troller (T=kpep+k~,(~.), with control gains 

being the same (i.e., kp=kpE2 and k,,-k~,E2, 
with kp=400 and k,,=200). It appears that the 

closed-loop system with the PD control is unsta- 

ble (see Fig. 9). The results indicate that the 

control law gives better tracking properties than 

the PD control and that all signals of the corre- 

sponding closed-loop system are guaranteed to be 

hg .  5 bl~dmg velocity tracking errors(coj=-100, 
0.7) 

Fig. 6 Joint torgues(wz=100, ~2=07) 

Fig. 4 Jointvelocitytrackingerrors(c0~- 100, r]--0.7) Fig. 7 Sliding variable tracking errors(w/ --2.0, 
~=0.1) 

Fig. 3 Joint position tracking errors(wi--100, 
72--0.7) Fig. 8 Joint torques(oJj-2.0, 7/--0.1) 



Model-Based Feedforward Precompensation and VS-Type Robust Nonlinear... ( I ) 303 

laws can guarantee at least the UUB results of all 

signals (or tracking errors) under the significant 

uncertainties. 

R e f e r e n c e s  

Fig. 9 Joint position tracking errors with PD 
controller 

ultimately bounded under a given class of the 

uncertainties. 

5. Conc lus ions  

Based on a deterministic approach, we have 

addressed the robust trajectory tracking control- 

lers for an uncertain robot system. It is shown that 

the control scheme consists of two major parts, 

that is, fully model-based feed[brward plus PD 

compensation and robust nonlinear controller. 

The torque computations in the model-based 

feedforward part can be performed off-line since 

the desired trajectories (q~, c)d, q/~) and the 

nominal values of system parameters (6)0) are 

known in advance (or decentralized scheme), 

while many other methods rely heavily on the 

onqine computations to estimate the unknown 

system parameters (or centralized adaptive con- 

trol). Both theoretical and simulation analysis are 

performed to verily the effectiveness of  the sug- 

gested control algorithms. The results of this 

study can be summarized by pointing out that :  

the joint  accelerations are not required in the 

control law; no exact knowledge as well as 

parametric values of the dynamic model are need- 

ed ;  the control torques in the model-based 

precompensation can be calculated off:line with 

less computational effort (this is particularly 

promising for real-time applications) ; the robust 

control part is intended to postcompensate for the 
effect of any higher-order uncertainties in the 

system; by Lyapunov stability method, we can 

conclude with certainty that the proposed control 
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A p p e n d i x  

P r o o f  o f  l e m m a  2 

Not ing  from (9) that the model -mismatch  uncer- 
tainty becomes 

I] Ts H -< }1 M - M 0  Illl e'~ ]J 

+ II c -  Coltll e~ II + II a -  G0 II 
Using [A2] and [P6], we can obta in  the fol lowing 
inequali ty 

I[ T~II-<P-II e~tl + (pie [I 4' It+o~ It 4'~ 11) 
II e r tt + P14 

-<on(ll 4'd II + ,u  II d,~ II) +[Px2(]l qd II 

§ I[(?~ It) § qa [1] ({I qa tl 

+ ~ tl ep It) + ~ 

ed2 IIe/) II AC (1011 ~:-1- P12d2)II ev II 
+~o12 fl e~ till e~ II 

where I[ e r tt <- II 4',, tF § E II e,~ tl and II q tl <- II 4'~ 
I[ + tl e ~ It. [n this way, by noting that II ep [I <- II 
) - I I  and tt 0v II-< II z II, the compensaion error  
can be finally est imated as 

II T~ II -< ao + rzl ]t z Ir § a2 tl z tl 2 

where 

(20-- p~jd~+ (p12+ p13) d22@ p14 
a:1 = (pl2 + pxa) ed2 + pu ~ + p~zd.z and 

a3 = ~p12 

The  p roof  is completed.  


