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Abstract adaptive control (RAC) of linear systems [10, 11], much of
the effort in nonlinear adaptive control area has been devoted
to robustifying the adaptive backstepping designs [1] with

A desired _compensation adaptiye robust control (DCARC) respect to bounded disturbances and significant progress has
approach is proposed for nonlinear systems having bothbeen made [12, 13, 14, 15, 16]

parametric uncertainties and uncertain nonlinearities.
DCARC of nonlinear systems transformable to a normal | [17, 18, 19, 20], an adaptive robust control (ARC) ap-
form iS fiI’St SOlVed. A DCARC baCkStepping design iS thenproach has been proposed for the design of a new C|ass
deVeIOped to overcome the deSign dlfflCUltIeS aSSOCiated W|trbf high_performance robust Contro”ers_ The approach ef_
unmatched model uncertainties. The proposed DCARC hagectively combines the design methods of deterministic ro-
the unique feature that the adaptive model compensatioyyst control (DRC) and adaptive control (AC). The result-
part depends on the reference trajectory and parameter es{ng ARC controllers achieve the results of both DRC and
timates only. Such a structure has several implementationaC while naturally overcoming the practical limitations as-
advantages. First, the regressor in the model compensatiorsgciated with each method. The approach was originally de-
part can be Calculated Off'line and On‘line Computation t|me Ve|oped for the trajectory tracking Contro| Of robot manip_
may be reduced. Second, the interaction between the pagators in [17]. In [18], the methodology was extended to
rameter adaptation and the robust control law is minimized, 3 class of single-input single-output (SISO) nonlinear sys-
which may facilitate the controller gain tuning process con- tems with arbitrary known "relative degrees” in a semi-strict
siderably. Third, the effect of measurement noise is mini-feedback form [13] by combining the backstepping adap-
mized since the regressor does not depend on actual meagye control [1] with the general deterministic robust con-
surements. As a result, a fast adaptation rate may be chosefyo|. MIMO nonlinear systems transformable to semi-strict
in implementation to speed up the transient response and tGeedback forms were studied in [19]. A general frame-
improve overall tracking performance. These claims haveork was formalized in [20] and a discontinuous projection
been verified in the comparative experimental studies for thepzsed ARC was also proposed. Comparative experimental
control of robot manipulators. results for the motion control of robot manipulators [21] and
the high-speed/high-accuracy trajectory tracking control of
) machine tools [22] have demonstrated the substantially im-
1 Introduction proved performance of the suggested ARC approach. Other
applications include the motion and force control of robot
During the past twenty years, a great deal of effort has beermanipulators in various contacting environment [23, 24, 25]
devoted to the control of uncertain nonlinear dynamics. Theand the control of electro-hydraulic systems [26, 27].
problem is motivated by the fact that almost every physical
system is subjected to certain degrees of model uncertainThe proposed ARC approach was originally motivated by
ties. The causes of model uncertainties can be classified intthe excellent research done in the conventional robust adap-
two distinct categories: (i) repeatable or constant unknowntive control (RAC) area [10, 11, 12, 13]. However, it should
quantities such as the unknown physical parameters (e.g.be realized that there are some subtle but fundamental dif-
the inertia load of any industrial drive systems), and (ii) non- ferences between the proposed ARC and the conventional
repeatable unknown quantities such as external disturbanceRAC [12, 13], even including the recently presented tuning
and imprecise modeling of certain physical terms. Two non- function based RAC approach [14]. First, in terms of fun-
linear control methods have been popular and well docu-damental viewpoint, the proposed ARC [17, 18, 19, 20] puts
mented: adaptive control [1, 2, 3] for parametric uncertain- more emphasis on the robust control law design in achiev-
ties, and deterministic robust control (DRC) such as sliding ing a guaranteed robust performance. In fact, the parameter
mode control [4, 5, 6, 7, 8, 9] for both parametric uncertain- adaptation law in ARC can be switched off at any time with-
ties and uncertain nonlinearities. Recently, as in the robustbut affecting global stability and sacrificing the guaranteed
1The work is supported by the National Science Foundation under the transient perfornja_nc_e resultsince the resulting co_ntroller be-
CAREER grant CMS-9734345 comes a deterministic robust controller. Second, in terms of




the achievable performance, in the proposed ARC, the uppeof the new ARC design. Section IV considers DCARC of
bound on the absolute value of the tracking error over en-nonlinear systems in a normal form. Section V talks about
tire time-history is given and is related to certain controller DCARC backstepping design and section VI concludes the
design parameters inkanownform, which is more transpar-  paper.

ent than that in RAC [14, 13]. Finally, in terms of specific

approaches used for the controller design and the proof of

achievable performance, the proposed ARC uses two Lya- 2 Discontinuous Projection Based ARC

punov functions; one the same as that in DRC [4, 5, 7, 8]

and the other the same as that in adaptive control [1], while|n this section, tracking control of a simple first-order system
the robust adaptive control [14, 13] uses the same Lyapunowyill be used to illustrate the discontinuous projection based
function as in adaptive control [1] only. Because of these ARC designs presented in [17, 20]. The system is described
subtle differences, the terminology cddaptive robust con-  py

trol” is used for the proposed combined design method to dif- x=f(xt)+u, f=0¢T(X)0+A(Xt) (1)
ferentiate the approach from the conventional RAC approach

and to reflect the strong emphasis on the robust control lawVherex,u € R, andf is an unknown nonlinear function. In
design for robust performance. general,f can be approximated by a group of known ba-

sis functionsp(x) € RP with unknown weight$ € RP, and
For some applications with relatively more transparent dy- the approximation error is denoted by the unknown nonlin-
namics, one may have several options for the design of theear functiomA(x,t). The objective is to lex track its desired
robust control law and the parameter adaptation law for thetrajectoryxy(t) as closely as possible. The following reason-
proposed ARC. It is thus important to identify the desirable able and practical assumption is made, which is satisfied by
ARC controller structures so that one can select the most apmost applications [17, 21, 22]:
propriate one for a particular application. One of them is
the desired compensation ARC structure—the regressor in the . L )
model compensation and adaptation law depends on the ref- A1 - The extent of parametric uncertainties and uncertain
erence trajectory only. The desired compensation adaptation ~ nonlinearities is known, i.e.,

law was first proposed by Sadegh and Horowitz [28] for the A
9 S Qe:{e: emin<e<emax}

trajectory tracking control of robot manipulators. The idea A (2)
was then incorporated in the ARC design in [29], of which A € Qa={A: ||AKX1)]] <d(xt)}

the resulting controller has the following desirable features:

(a) The regressor can be calculated off-line and thus on-line whereBmin, Bmaxandd(x,t) are known. ¢

computation time can be reduced; (b) The interaction be-

tween the parameter adaptation and the robust control law iSI'hroughout the paper, it is implicitly assumed that if a func-
minimized, which leads to an almost total separation of the . .
tion depends ot explicitly (e.g.,d(x,t)), then, the function

r ntrol law ign an rameter ion ign; . . L . .
obust control law design and para e_te _ada_ptgt_o de_s Mandallits partial derivatives are bounded with respect to time
and (c) The effect of measurement noise is minimized since . . ) .
. The following notations are use®; represents théeth

the regressor does not depend on actual measurements. A§ :
. . . component of the vectar and the operatior: for two vec-
a result, a fast adaptation rate may be chosen in the imple;

mentation to speed up the transient response and to impro tors is performed in terms of the corresponding elements of

Vi
: : the vectors.
overall tracking performance. These claims have been ver-

ified by the c_omparative experiments on the motion control |, qer Assumption A1, the discontinuous projection based
of robot manipulators [21, 25]. ARC design [17, 20] can be applied to solve the robust track-
ing control problem for (1). Specifically, the parameter esti-

This paper continues the work done in [29] and formalizes mated is updated through a parameter adaptation law havin
the desired compensation ARC (DCARC) design by gener-. - torm g?/en by ghap P 9

alizing the approach to a more general class of nonlinear sys-
tems. In particular, desired compensation ARC controllers A :

. ; 6 =Projy(I'1) (3
will be constructed for a class of nonlinear systems trans-

formable to a normal form. A DCARC backstepping design \yherer is any symmetric positive definite (s.p.d.) adaptation
is then developed to overcome the design difficulties associyate matrix,t is an adaptation function to be specified later,
ated with unmatched model uncertainties to enlarge the apzng the projection mappin@rojs(e) is defined by [30, 31]
plicable nonlinear systems. (for simplicity, assume thdt is a diagonal matrix in the fol-

. . . : _ lowing)
This paper is organized as follows. Section Il uses a simple

first-order uncertain nonlinear system to illustrate the dis- _ 8 = Bimax and >0
continuous projection based ARC design in [17, 20]. Sec- Projs(e) = 0 if { 8 =Bmn and e <0

tion Il presents the proposed DCARC design for the same . otherwise

first-order system to illustrate the uniqueness and advantages )



It can be shown [30, 31, 17] that the projection mapping has

the following nice properties

P1 @ € 56 = {é  Bmin < 8 < emax} (5)
P2 0T(F Projy(Fe)—e) <0, Ve
The ARC control law consists of two parts given by
_ — _ 4T
U= Us + Us, ur =xg(t)—¢'0 ©6)

Us=Us1 + U, Ug = —Kkz
wherez = X — xq is the tracking error. In (6)ys is the ad-
justable model compensation needed for achieving perfec
tracking, andus is the robust control law consisting of two
parts:ug is used to stabilize the nominal system, which is a
simple proportional feedback in this case; aglis a robust
feedback used to attenuate the effect of model uncertaintie
which is required to satisfy the following two constraints

i -9 O+ A(X,t) +ug] < € @
ii Zup <0

whereg is a positive design parameter representing the atten
uation level of the model uncertainties. In (7), condition i is
used to represent the fact tha is synthesized to dominate

the model uncertainties coming from both the parametric un-
certainties and uncertain nonlinearities to achieve a guaran

teed level of attenuatiog) and the passive-like constraintii is
imposed to make sure that introducing does not interfere

with the nominal identification process of parameter adapta-

tion. The specific forms afi; satisfying constraints like (7)
can be found in ARC designs in [18, 19, 20].

Theorem 1 [20, 17] If the adaptation functionin (3) is cho-
sen as

T=0(X)z (8)

then, the ARC law (6) with the parameter adaptation law (8)
guarantees that

A . In general, all signals are bounded and the tracking

error is bounded by
|22 < exp(—2kt)|2(0)|2 + £[1— exp(—2kt)]  (9)

i.e., the tracking error exponentially decays to a ball.
The exponential converging ra2& and the size of the

final tracking error (z(«)| < ,/§) can be freely ad-

justed by the controller parametegsand k in a known
form.

B . If after a finite time, there exist parametric uncertainties
only (i.e.,A(x,t) =0, Vt > tp), then, in addition to the
results in A, zero final tracking error is achieved, i.e,
z— 0ast— o, A

3 Desired Compensation ARC (DCARC)

In the ARC design presented in section Il, the regre$$or

in the model compensatian in (6) and the parameter adap-
tation function (8) depends on the state Such an adap-
tation structure may have several potential implementation
problems. Firstly, the regressp(x) has to be calculated on-
line based on the actual measurement of the staféhus,

the effect of measurement noise may be severe, and a slow
adaptation rate may have to be used, which in turn reduces
the effect of parameter adaptation. Secondly, despite that
the intention of introducingi; is for model compensation,
because ofy(x), us depends on the actual feedback of the
state also. Although theoretically the effect of this added im-
blicit feedback loop has been considered in the robust control
law design as seen from condition i of (7), practically, there
still exists certain interactions between the model compen-
sationus and the robust contrals. This may complicate
the controller gain tuning process in implementation. In the

Sf'ollowing, the idea of desired compensation adaptation law

introduced in [28] will be combined with the proposed ARC
design to obtain a DCARC controller structure to solve these
practical problems.

For simplicity, denote the desired regressor ¢agt) =
d(xa(t)). Let the regressor error g = ¢(x) — ¢q. Not-

ing that® is unknown but bounded as assumed in (2), there
exists a known functiody(x,t) such that

1§76 = [9(x) 70— d(xa)"6] < B(x,1)l7]

The proposed desired compensation ARC law and the adap-
tation function have the same forms as (6) and (8) respec-
tively but with the desired regressiy(t) and a strengthened
robust controlis, which are given by

(10)

U=uUs+Us, Us=Xq(t)—0]()0
Us = Ust +Us, Ust = —Ka1z (11)
T=0¢a(t)z
whereks can be any nonlinear gain satisfying
kst > k+ dp(x,t) (12)

andug is required to satisfy constraints similar to (7) with
the constraint i modified to

. Z-0J8+A(x1) +ug] <€ (13)

Remark 1 Examples of smoothgusatisfying (13) can be
found in the following way. Let(,t) be any smooth func-
tion satisfying

h=> [|8mlllI$a(t)]] +3(xt)

whereby = Bmax— Omin. Then, using the same technique as
in [18], it can be shown that

Us = —h tanh(227892)

(14)

(15)

satisfies (13) and condition ii of (7). Another simple choice
would be [19, 25]
Up = —2h?z (16)

Other smooth or continuous examples gfean be found in
[19, 25].



Theorem 2 If the DCARC law (11) is applied, the same re- the inputu such that all signals are bounded and the output

sults as stated in Theorem 1 are achieved. A y tracks the desired output trajectory(t) as closely as pos-
sible. As such, if perfect tracking were achieved, the desired

. n—-1 .

Remark 2 The DCARC law (11) has the following advan- State would baq(t) = [ya(t), ya(t), .-, t(j. T er, which

trajectory only, it is bounded and can be calculated off-line SOr¢4 = ¢(xa(t)) and the regressor errgras in section Il.

to save on-line computation time if needed; (i) Due to the Define the state tracking error as= x—xq € R". Similar to

use of projection mapping in (3@ is bounded as shown (10), there exists a known vector functidg(x,t) € R" such

by P1 of (5). Thus the model compensatignini (11) is  that

bounded no matter what type of adaptation law is going to be

used. This implies thathd)cl)gs not affgct the systengn ste?bility 1376 =170~ d(xa) 6] < By(x,1)" el (23)

at all and the robust control functionsican be synthesized

totally independent from the design of parameter adaptation

law for stability; (iii) Gain tuning process becomes simpler

since some of the bounds like the first term in the right han

side of (14) can be estimated off-line; and (iv) the effect o

measurement noise is reduced.

The system (22) has a relative degrea ahd is in the semi-
dstrict feedback form studied in [18]. Thus, in principle, the
¢ backstepping designs may be applied to construct intermedi-
ate control functions for the first— 1 equations (i.e., state
equations forxp_1 = [xq,...,%—1]'). However, since the
system (22) has matched model uncertainties only. A simple
Proof of Theorem 2 Substituting (11) into (1), the error  sliding-mode-like technique can be used to construct a con-
equation is trol function for the firsth — 1 equations directly, which is
adopted in the paper. Furthermore, a dynamic sliding mode
Z+kaz=9"0— ¢gé +A(X,t) + U (17) can be employed to enhance the dynamic response of the sys-
tem as in the control of robot manipulators [17, 21, 29]. The

where=6—0is the parameter estimation error. Noting (10) design proceeds as follows.

:ind (12?, the derivative of a positive definite functidg = Let a dynamic compensator be
37 is given by
% =AcXc+Bee, X €RY¥ BceRw! (24)

Vo <—kaZ+[2l8T01+ 4050 +A+u2] g Yo = Coxc, Ye € R

< —kZ+Z-¢J0+A+ug)
where (A, B¢, Cc) is controllable and observable aed is
Thus, from (13), the first element oé or the actual output tracking error. For
) 2 simplicity, denoteen_1 as the firsn — 1 elements oé. Not-
Vs < —kZ +e< —2KVs+€ (19) ing (22), én1 = [e,...,en]", which is known. Define a

which leads to (9) and proves the results in A of Theorem 1. switching-function-like term as

§ =Llle+ye=L] G 1t+en+ye

Now consider the situationin B of Theorem 1, i&=0, t > 5 . (25)
to. Choose a p.d. functiov as =gl +...+ |En—1e(1n_ ) 4+ e(l”— ) 4 ve
Va=Vs+ 30718 (20)  where Lg = [Egn_l,l]T, Len_1 = [lg1,--,len 1] is a con-
Noticing (18), (11), condition ii of (7), and P2 of (5), (Séasr)lta\r/%C(tgz )tgl E); i(;hr%?aetg éatt;r(-s)lrtlj ;requency domain, from
Va=Vs+8TT16 < —kZ+ 8716 -T1) ~ - .
< k2487 (F~1Projs(I'1) — 1) < —k2 (21) &u(s) = Ge(9)8(s) Gel9) = grrp st e
(26)

Thereforez € L. Itis easy to check thatis bounded. So,  where Gg(s) = Ce(Sh, —Ac)"!Bc . Itis clear that poles of
zis uniformly continuous. By Barbalat's lemma— 0as  Gg(s) can be arbitrarily assigned by suitably choosing dy-
t — oo, which proves B of Theorem 1. 5 namic compensator transfer functi@g(s) and the constant
vectorLg; Gg(s) should be chosen such that the resulting dy-
namic sliding modg¢ = 0} (i.e., free response of the trans-
fer functionG; (s)) possesses fast enough exponentially con-
verging rate and the effect of non-zér@n e; is attenuated

to a certain degree. In addition, the initial vakg€0) of the
dynamic compensator (24) can be chosen to satisfy

4 DCARC of Systems In A Normal Form

In this section, DCARC of SISO nonlinear systems trans-
formable to the following controllable canonical form will
be solved. The system under consideration is described by

X=X, i<n-—1 Coxe(0) = —L; €(0) (27)
o 4T
;n:_xj) ()8+A01) +u (22) Then,(0) = 0 and transient tracking error may be reduced.

T i i Noting (25) and (24), the state space representation of (26)
wherex = [x1,...,X)]' € R"is the statey is the output, and s gbtained as

6 andA(x,t) are assumed to satisfy (2) as in previous sec-
tions. The objective is to design a bounded control law for X = AgXs +Bs&, Yr =Cixe (28)



wherex; = [x{ , &_4]" € R="""1and

Ac B 0 0
AE: 0 0 In 2 5 BE: O B CE:[O,]-,O]
—Ce L-Ern 1 1

(29)

SinceGg (s) is chosen to be stable, there exists an s.p.d. solu-

tion P for any s.p.d. matrixQ; for the following Lyapunov
equation,

A{Pe +PeAg = —Q; (30)
Furthermore, the exponentially converging r ((QE; can

be any desired value by assigning the poIeApfo the far
left plane and suitably choosir(g.

Define the transformed state error vectoxas: [xg,E]T =

[x,e' 1,&]T € RN The original state error vecta is
related toxe by
B [0 1 O
e=CeX, Ce= —Ce _Lg—n 1 1 (31)

Noting (23), there exist known nonlinear functiohg(e,t)
anddg (xe,t) such that

1B76] < By, (Xe, 1)1 + Be (e, 1) €] (32

The proposed DCARC law(xe, 8, t) for (22) and the associ-
ated adaptation functiony (xe,t) have similar forms as (11)
and are given by

(9 t) +0s(Xe,t), Os=0si+ 0,

d "t ) -3 (1)8
cxsl = _kXe(XEvt)Xe — .
= —ka1& — Co(Acx +Beer) — L, 18n-1—BI Pexe
Tg = ¢d(t)a
(33)

In (33),ks1(xe,t) is any nonlinear gain satisfying

ket > K+ B + 5 85, (34)
wherekq is any gain less thakmin(Qz ), andas is required
to satisfy constraints similar to (7)

i E[—018+A+ag] <€

i foe < 0 (35)

Specific form ofag can be obtained using the techniques in

Remark 1. For example, corresponding to (16),

a = —h?% (36)

whereh is any function satisfyinch > ||q||||Om|| + 8.

Theorem 3 If the DCARC law (33) is applied, i.e., & o
with 8 updated by (3) and = 14, then,

A . In general, all signals are bounded. Furthermore, the
positive definite functionMlefined by

Vs = 3] Pexg + 382 (37)
is bounded above by
Vs < exp(—Avt)Vs(0) + % [1-exp—Avt)] (38)

Amin(Qs)

Ry 2 24

wherehy = min{ —5—
B . If after a finite timeA(x,t) =0, Vt > to, then, in addition

to the results in A, zero final output tracking error is

achieved, i.e,e— 0and x — 0ast— oo, A

Remark 3 The DCARC law (33) has the structure that the
model compensatioms depends on the reference trajectory
and parameter estimate only, and the robust control tegm
dose not depend on the parameter estimate. In addition,
os — 0 as||xe|| — 0. It thus has all the nice properties
stated in Remark 2.

Proof of Theorem 3 In order for the results in this_ section
to be used conveniently in the DCARC backstepping design

in the next section, formulas are derived for the general case

that u might be different from the control functiom first.

Denote the input discrepancy as= u— a, from (22), (25),

and (33), it can be checked out that
§=2,—ka —BJPx +$70-9]0+A+ae  (39)

Noting (28), (30), (39), and (32), the derivative\@fgiven

by (37)is

Vs = —3X] QeXe — ka1&2+ EBT0+ &[5 0+ A+ ag] + &z

< =3 (Amin(Qg) — ko)X [|> — k&2 + E[~0 {0+ A + A + &2

(40)

inwhich £§76 < 8 [Ixe||[&| +8e&? < 3kall¥eI* + (56535, +

3 )&? has been used. Thus,lf=a or z, = 0, noting i of

(35),

Ve < —AVs+e (41)

which leads to (38) and proves the results in A of Theorem
3. Noting ii of (35), B of Theorem 3 can be proved by using

a positive definite functio of the form (20) and the same
techniques as in (21). |

5 DCARC Backstepping Design

In this section, a DCARC backstepping design will be pre-
sented to overcome the design difficulties associated with
higher "relative degrees” anghmatacheanodel uncertain-
ties. To keep the development concise, the system under con-
sideration is obtained by augmenting the system (22) through
a general first-order nonlinear input dynamics, which is de-
scribed by

Xi=X41, 1<n-1

=0T (X)8+A(X,t)+u
U= (x,u)8+ Ay(x,u,t) +v
y=X

(42)



wherev is the new input of the system andecomes a mea- whereVs is defined by (37). Noting (32) and (45), from (40)
surable state variable. Similar to (2), the unknown nonlinearand (47), it is straightforward to show that

function4, is assumed to be bounded by ) ) ) ~
Vst < =5 (Amin(Qe) — ko) [[Xe|* — k&> + &[4 {6+ A + 0]
[Buf < Bu(x,u,t) (43) — (ksu— Bp,4)Z8 + [Bpusllell + |55 (B |Ixe | + Bel& )] 2l

0 60(
The goal is the same as in section IV, i.e., WanRts yq. +2uVeo — @ B+ By — G0 + 2u[vss — Z5-6]
(50)

Like the system (22), the desired values for the firstate Vg is now chosen to satisfy conditions similar to (35)
variables for perfect tracking is known in advance and given x au

_ . I — Z2s
by Xa(t) = [Ya,--.,yo" V]T. However, the desired value for - 2V — Q0+ Du— FEA] < &u
the state variable for perfect tracking is unknown because I. zV2 <0

of the appearance of the unmatched model uncertainties "b
the second equation of (42). To by-pass this technical dif- pecific form ofvy, can be obtained using the techniques in

ficulty, the best estimate of its desired valwe,(6,t) de- Remark 1. For example, corresponding to (16),

fined in (33), is used, i.e., laly beug = a¢(8,t). The de- Ve = — 7=z, (52)
sired value of the functiofh, (X, u) can thus be calculated as ) _ o

dug = du(xq(t), ug(B,t)). Similar to (23) and (32), there exist V\l;herehu is any function satisfyinghy > [|u[[[|8u || +8u +
known functionsdy,1 anddy, 2 such that |5e18. Let the adaptation function be

(51)

B3] = [9u(x,U) T8 — dua(Xa, Ua) 6] < BpyaXell + Bp2]u— Ul T=Tat Q2= 0ad + Qi (53)
44)
Noting thatju— ug| = |z, + as| < |z,| + |as| andas given by Vg €an now be chosen aé
(33) hasthe propertyth:&—u is finite when||x¢|| — 0O, from Vg = ‘%“ié = B—G»LPI'Ojé(rT) (54)
(44), there exist known functiordg,z anddy,4 such that ) ) )
to cancel the effect of the time-varying parameter estimate as
Tl < seen from (50). Note thatg given by (54) may experience
16461 < Bguslell + Sgual2 (45) possible finite jumps since the projection mapping is discon-
tinuous at certain boundary points. If this poses a problem,
then, instead of the direct cancellation by (54), the technique

As shown in Theorem 3, &, = 0, output tracking would be
in 20] can be used to construct a smoato dominate the
achieved. Thus, the backstepplng design in this section is eSaffect of the time- ~varying parameter estimate. The details

sentially to syntheS|ze a DCARC law for the actual input
such thatz, converges to a small value with a guaranteed are quite tedious and omitted here.
transient performance as follows. The proposed DCARC

backstepping law has the following structural form Theorem 4 Consider the DCARC law (46) and the adapta-
~ . tion function (53) for the system (42). Choose the controller
V= Vi (e,t) T vs(xe, 7,,0,t), Vs= Vg + Ve + Vs3, gain ks in (46) large enough such that
ver = ke — E+ ous s e (Agxe + BtE) s> Gt B+ 5, (B, A O (55) ;
"“5(zu ks& — BT szg +0s) where d is any positive scalar, fdand ¢ are any positive

nonlinear gains satisfying20< Amin(Qs) — ko and & < k
wherevs is the model compensation depending on the refer-respectively. Then,
ence trajectory and the parameter estimate ogjyhas the
same function as that in (33)s is synthesized in the fol-
lowing to attenuate the effect of model uncertainties,and
is an additional robust control action term synthesized in the

A Ingeneral, all signals are bounded. Furthermore, the p.d.
function \4 defined by (49) is bounded above by

following to handle the effect of time-varying parameter es- Vst < exp(—Avt)Vst(0) + R2[1— exp(—Avt)]  (56)
timate. -

Noting the particular form (33), from (42), (39), and (46), it whereAy = min{%&fdz 2(k—ds), 2d;}, and
can be checked out that gy = £+ £y ;

Zo=U—a=0T0+A,+V— ["O‘fé+ L ausXE n ausz +9s) B If after a finite time A = 0 andA, =0, then, in addition
to the results in A, zero final output trackmg error is
A

= ke~ &+ $i0— a""5(13T6+v32 @ O+0,— "“SA achieved, i.e, e— 0as t — oo,
+V auf e
(47) Proof of Theorem 4 If (55) is satisfied, by using the com-
where . pletion of square and noting (54), from (50), it is easy to
o =ua(B,t) — 6Gs¢d( ) (48) show that
Define an augmented p.d. function as Vst < _%O‘min(Q&) —ko— d2)||XE||2 _N(k— ds)&” — chZ;

+E[— 040+ A+ o] + zu[ve — @ B+ 8y — B4
Vet =Vs+ 37, (49) (57)



Noting i of (35) and (51), [11] P.A.loannou, “Robust adaptive controller with zero residual
. tracking errors, IEEE Trans. on Automatic Controbol. 31, no. 8,
Vet < —Av Vst + &y (58) pp. 773-776, 1986.

which leads to A of Theorem 4. [12] J.S.Reedand P. A. loannou, “Instability analysis and robust
adaptive control of robotic manipulator$E2EE Trans. on Robotics
WhenA = 0 andA, = 0, noting (53) and ii of (35) and (51), and Automationvol. 5, no. 3, 1989.

. B _Th [13] M. M. Polycarpou and P. A. loannou, “A robust adaptive
Vst < —AVVst —T°0 (59) nonlinear control design,” ifProc. of American Control Confer-

Thus, B of Theorem 4 can be proved by using a positive def-€ncé pp. 1365-1369, 1993.

inite functionV,; = Vit + %éT =18 and the same techniques [14] R.A. Freeman, M. Krstic, and P. V. Kokotovig, “_Robustness
asin (21). O of adaptive nonlinear control to bounded uncertainties,1RAC
World Congress, Vol. Fpp. 329-334, 1996.

[15] Z.Panand T. Basar, “Adaptive controller design for tracking
and disturbance attenuation in parametric-strict-feedback nonlinear
systems,” inFAC World Congress, Vol.Fpp. 323-328, 1996.

A general framework of the proposed desired compensatiorf16] F- Ikhouane and M. Krstic, “Robustness of the tuning func-
adaptive robust control (DCARC) has been presented fortions adaptive backstepping design for linear systems Proc.
nonlinear systems having both parametric uncertainties andEEE Conf. on Decision and Contigdp. 159-164, 1995.

uncertain nonlinearities. The resulting DCARC controllers [17] B. Yao and M. Tomizuka, “Smooth robust adaptive sliding
have several implementation advantages such as reduced ofode control of robot manipulators with guaranteed transient per-
line computation time, an almost total separation of robustformance,” inProc. of American Control Conferencpp. 1176
control design and parameter adaptation to facilitate gainy;gqy 1994. The full paper appeared8ME Journal of Dynamic
tuning process, the reduced effect of measurement noise, an \stems, Measurement and Contidbl. 118, No.4, pp764-775,

a faster adaptation rate for a better tracking performance LUT998
implementation. The controllers achieve a guaranteed tran- : ) ) )
sient performance and a prescribed final tracking accuracy in18] B. Yao and M. Tomizuka, “Adaptive robust control of siso
the presence of both parametric uncertainties and uncertainonlinear systems in a semi-strict feedback formyitomatica
nonlinearities while achieving asymptotic output tracking in vol. 33, no. 5, pp. 893-900, 1997. (Part of the paper appeared in
the presence of parametric uncertainties without using an inroc. of 1995 American Control Conference, pp2500-2505).

finite fast switching control law or an infinite-gain feedback. [19] B.Yaoand M. Tomizuka, “Adaptive robust control of mimo

nonlinear systems in semi-strict feedback forms,” 1999. Submitted
to Automatica(revised in 1999). Parts of the paper were presented
) ) ) in the IEEE Conf. on Decision and Contropp2346-2351, 1995,
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