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Abstract—The rapid advances in microelectronics and the advantages of both adaptive control and DRC while
microprocessor technologies during the past decades have gvercoming their practical performance limitations for a
made the physical integration of mechanical systems, various reasonably large class of nonlinear systems. Specifically,

sensors, and computer based control implementation platform . . .
rather affordable and a standard choice for any modern the following categories of adaptive robust controllers

precision machines. Such a hardware configuration enables have been developed: (i) the smooth projection based full
the control of the overall system to be constructed in the state feedback ARC designs [10], (ii) the discontinuous
same way as what a human brain normally does - seamless projection based full state feedback ARC design [9], [13]
integration of the fast reaction (or instantaneous feedback that has a more stable parameter adaptation process for
reaction) to immediate feedback information and the slow ot . .
learning utilizing large amount of stored past information a better pgrformance in implementation, (iii) the desired
that is available in the computer based control systems. The Ccompensation ARC controllers [14] that reduce the effect
theoretically solid nonlinear adaptive robust control (ARC)  of measurement noise and have a faster adaptation rate in
theory that has been developed recently well reflects such jmplementation to improve overall tracking performance,
an intuitive integrated design philosophy of human brains, (iv) the saturated adaptive robust controller (SARC) [15]
and has been experimentally demonstrated achieving better - . . w .
control performance than existing nonlinear robust controls deyeloped for uncgrtaln nonlinear systems_ in the cha_ln-
(e.g., sliding mode controls) or nonlinear adaptive controls Of-integrator” form in the presence of practical constraint
in a number of motion control applications. This paper is to  of control input saturation, (v) the partial state feedback
expose motion control engineers to the essences of such an ARC scheme [16] that incorporates a nonlinear observer
advanced nonlinear control design methodology. Some recent to recover the unmeasured states associated with the dy-

ARC research results are discussed as well. The precision . . .
motion control of a linear motor driven high-speed/high- ~ namic uncertainties for better performance, (vi) the output

acceleration X-Y positioning stage is used as a case study and feedback ARC schemes [17], [18] that need the output
comparative experimental results are presented to illustrate measurement sensor only, (vii) the indirect adaptive robust

the performance and practical benefits that can be achieved control (IARC) designs [19] that, in addition to good
by the proposed ARC approach in implementation. control performance, achieve the secondary goal of having
as accurate parameter estimates as possible for purposes
such as machine health monitoring and prognostic, (ix)
As the society steps into the era of micro and nanothe neural network adaptive robust controls [20], [21]
technology, modern mechanical systems are often requirdtiat incorporates the universal approximation capability
to produce motion accuracy down to micro and/or nanoof neural networks in learning general nonlinearities into
meter range. At the same time, these machines also hatlee ARC designs to enlarge the applicable systems of the
to operate at high speeds to yield high productivity. Suclproposed ARC theory, and (x) the adaptive robust repetitive
an increasingly tight control performance requirement putgontrols [22] that utilizes repetitive learning for applications
a great challenge to control community and forces controhaving repetitive tasks.
engineers to look beyond traditional linear control theory The proposed ARC approach has also been applied
for more advanced model-based nonlinear controllers tto the control of precision mechanical systems driven by
have a better handling of the avoidable nonlinear effectsotary [23] or linear electro-magnetic motors with dif-
(e.g., the nonlinear Coulomb friction and the highly cou-ferent physical characteristics [24], [25], [26], [27], and
pled nonlinear dynamics of robot manipulators) for highthe electro-hydraulic systems [28], [29], [30], [31], [32],
performance. There has been an exponential growth if83]in various specific applications. Extensive comparative
nonlinear control research during the past decades, witbxperimental results have been obtained to verify the effec-
major advances and breakthroughs reported in both thiéeness of the proposed ARC approach and the significant
nonlinear deterministic robust control (DRC) area [1], [2],improvement in the tracking accuracy of motion over the
[3], [4] and adaptive control area [5], [6], [7]. Systematic existing methods.
and constructive nonlinear control design methodologies The theoretical breakthrough and the significant per-
such as the backstepping technique [8] have been proposddrmance improvement of the proposed ARC in various
Recently, a new approach, adaptive robust controimplementations make the approach an ideal choice for
(ARC) [9], [10], [11], [12], was developed to preserve industrial applications demanding stringent performance.

I. INTRODUCTION



At the same time, the by-product of the approach -t can be shown [12] that the projection mapping has the

accurate parameter and nonlinearity estimations — makédsllowing nice properties

adding intelligent features such as prognostic to the system A N A

possible. It is thus beneficial for motion control engineers P1 ng Q_"lz {0_' Omin < 0 < Omaa} (5)

to get exposed to such an advanced nonlinear control design P2 07 (I Projs(l'e) — ) <0, Ve

methodology and to master how the method can be usethe ARC control law consists of two parts given by

to build intelligent and yet precision mechatronic systems, . -

which is the main objective of the paper. u=up+us, up=iq(t)—¢ 0 (6)
Us = Ugl T Us2, us1 = —kz

Il. ADAPTIVE ROBUST CONTROL FRAMEWORK where z = x — x4 is the tracking error. In () is

To avoid getting bugged down to the technical desigrthe adjustab_le model _compensation needed for agh_ieving
complexity, in this section, the tracking control of a simpleperfect tracking, and, is the robust control law consisting
first order nonlinear systems with uncertainties will be use®f two parts:u,; is used to stabilize the nominal system,

to illustrate the advantages and limitations of different typegvhich is a simple proportional feedback in this case; and
of adaptive robust controls. us2 IS a robust feedback used to attenuate the effect of

model uncertainties, which is synthesized to satisfy the
A. Direct Adaptive Robust Control (DARC) following two constraints

The simplest ARC design is the direct ARC designs i 2[—pT0 + Az, t) 4+ ug] < &
presented in [12], [9], in which learning laws such as pa- ii 2Ugy < 0 (7)
rameter adaptations are synthesized along with the control

law to achieve the sole purpose of reducing output tracking/N€ré  is a positive design parameter representing the
error as illustrated below. For simplicity, consider the first- attenuation level of the model uncertainties that one would

order nonlinear system described by like to have. In .(7) cond!non i is usgd to represent
the fact thatus, is synthesized to dominate the model
= flx,t)+u, f=¢(2)0+A(x,t) (1) uncertainties coming from both the parametric uncertainties
and uncertain nonlinearities to achieve a guaranteed level of
wherez,u € R, and f is an unknown nonlinear function. attenuatiore, and the passive-like constraint ii is imposed
In general,f can be approximated by a group of knownto make sure that introducing,, does not interfere with
basis functionsy(z) € RP with unknown weight®) € R, the nominal identification process of parameter adaptation.
and the approximation error is denoted by the unknowmhe specific forms of.,» satisfying constraints like (7) can
nonlinear functionA(z,t). The objective is to let: track  pe found in ARC designs in [11], [10], [9].
its desired trajectoryr,(t) as closely as possible. The  Theorem 1:[9] If the adaptation function in (3) is
following reasonable and practical assumption is madeghosen as
which is satisfied by most applications: =)z (8)
Al . The extent of parametric uncertainties and uncertain
nonlinearities is known, i.e., then, the ARC law (6) with the parameter adaptation law
(8) guarantees that

0 e 02 {0: Omin <0 <0Onmaz } 2) A. In general, all signals are bounded and the tracking
A e Q2{A: [|A@ D) < 6(zt) } error is bounded by
wheref,,in, Omar andd(x,t) are known. o |2* < exp(—2kt)|2(0)]* + £[1 — exp(—2kt)] ©

Under Assumption Al, the discontinuous projection
based ARC design [9] can be applied to solve the robust
tracking control problem for (1). Specifically, the parameter
estimated is updated through a parameter adaptation law
having the form given by

i.e., the tracking error exponentially decays to a ball.
The exponential converging ra@% and the size of
the final tracking error|¢(o0)| < f) can be freely
adjusted by the controller parametersand & in a
knownform.
3) B. If after a finite time, there exist parametric uncertain-
ties only (i.e.,A(x,t) = 0, Vt > tg), then, in addition
whereT is any symmetric positive definite (s.p.d.) adapta-  to the results in A, asymptotic tracking or zero final
tion rate matrix,r is an adaptation function to be specified tracking error is achieved, i.e — 0 ast —

é = Proj;(I't)

later, and the projection mappinBroj;(e) is defined by oo. Furthermore, if the desired trajectory satisfies the
(for simplicity, assume thaF is a diagonal matrix in the following persistent excitation (PE) condition
followin
9 o ST p@aw)e" (@waw)dv > gpI,  VE >t
. 0; = Oimar and e >0 N (10)
Projj(e) = 0 if 0, =0, and e<0 whereT', ¢ty ande, are some positive scalars, then, the

estimated parametér converges to their true values

. otherwise e~
(4) as well (i.e.,§ — 0 whent — o0). A



Remark 1:In the absence of parameter adaptation (i.e.andu,. is required to satisfy constraints similar to (7) with
I' = 0), the proposed ARC law reduces to a deterministiche constraint i modified to
robust control (DRC) law and Result A of Theorem 1 still _ -
holds. Therefore, the adaptation loop can be switched off at I 2[—pg0+ Az, t) +ugp] <e (14)

any time without affecting the stability and the guaranteed Theorem 2:[14] If the DCARC law (12) is applied, the

output tracking transient performance. However, such @ame results as stated in Theorem 1 are achieved. A
control law does not discriminate the difference between

parametric uncertainties and uncertain nonlinearities ang. |ndirect Adaptive Robust Control (IARC)
results in a conservative design since Result B of Theorem . . :
The underline parameter adaptation law (8) in DARC

1 is lost. As for adaptive control [8], the proposed ARC . .
uses certain coordination mechanisms (e.g., the disconth’?‘—nd DCARC in the above two subsections are based on the

uous projection mapping used in (3)) and robust feedbacgirect adaptive control designs [34], in which the adaptive

controlu, to achieve a guaranteed output tracking transien?.OntrOI law and parameter adaptation law are synthesized

performance even in the presence of uncertain non”neaﬁlmultaneously to meet the sole objective of reducing the

ities (A of Theorem 1) while without losing its nominal outliut”trackrl]ng erorlor. SL_JCh a(ljde_slgn r:ormallyﬂ:eads t% a
performance (B of Theorem 1). A controller whose dynamic order is as low as the number

of unknown parameters to be adapted while achieving
) ) excellent output tracking performance as done in [11], [10],
B. Desired Compensation ARC (DCARC) [9]. However, the direct approach also has the drawback

In the DARC design presented in the above subsectiofhat the design of adaptive control law and the parameter
the regressop(z) in the model compensatiary in (6) and ~ €stimation law cannot be separated and the choice of the
the parameter adaptation function (8) depends on the staB@rameter estimation law is limited to the gradient type
z. Such an adaptation structure may have some potenti&{ith certain actual tracking errors as driving signals. It
implementation problems. Firstly, the regressqr:) has IS well known that the gradient type of estimation law
to be calculated on-line based on the actual measuremefdy not have as good parameter convergence properties
of the stater. Thus, the effect of measurement noise mayas other types of parameter estimation laws (e.g., the
be severe, and a slow adaptation rate may have to be usd@@st square method). Furthermore, although the desired
which in turn reduces the effect of parameter adaptatiorfrajectory might be persistently exciting and of large signal,
Secondly, despite that the intention of introducing is for a_weII desig_ned direct adaptive control law, the actual
for model compensation, because @fz), u; depends tracking errors in implementation are normally very small,
on the actual feedback of the state also. Although thec@nd thus are more prone to be corrupted by other factors
retically the effect of this added implicit feedback loop such as the sampling delay and noise that have been ne-
has been considered in the robust control law design adlected when synthesizing the parameter adaptation law. As
seen from condition i of (7), practically, there still exists @ result, in implementation, the parameter estimates in the
certain interactions between the model compensatipn direct adaptive control are normally not accurate enough
and the robust contrat,. This may complicate the design t0 be used for secondary purposes such as prognostics
of the robust control law and the controller gain tuning@nd machine component health monitoring, even when the
process in implementation. To by pass these problems, ttesired trajectory is persistently exciting enough.
desired compensation ARC (DCARC) [14] can be used as For the applications that need accurate parameter esti-
explained in the following. mates for other secondary purposes in addition to the good

For simplicity, denote the desired regressorzgg¢t) =  Output tracking performance, the indirect adaptive robust
©(z4(t)). Let the regressor error = o(x) — 4. Noting ~ control design presented in [19] can be used, which com-
that 6 is unknown but bounded as assumed in (2), ther®letely separates the construction of parameter estimation

exists a known functiom,(z, t) such that law from the design of underline robust control law as
illustrated as follows.
1670] = |p()T0 — p(xa)T0] < dy(x,1)|2| (11) One of the key elements of the ARC design [12], [10]

is to use the practical available prior process information
The desired compensation ARC law and the adaptatiof construct projection type adaptation law for a controlled
function have the same forms as (6) and (8) respectively bi€arning process even in the presence of disturbances. In the
with the desired regressar,(¢) and a strengthened robust above ARC designs, the discontinuous projection mapping

control u,, which are given by (4) is used for its simplicity to ease implementation.
However, theoretically, such a discontinuous projection

u=up+us, up=igt)— wg(t)é mapping is valid only for diagonal adaptation rate matrix

Us = Ugl + Usz, Ust = —ks12 I', which is not a problem for the above direct ARC
T = pa(t)z designs that use gradient type adaptation laws only. For
(12) the indirect ARC introduced below, as the least square type
wherek,; can be any nonlinear gain satisfying adaptation law will be used to achieve better convergency

of parameter estimations, the adaptation rate matrix will
ks1 > k4 04(z,1) (13) be time-varying and non-diagonal. As such, the standard



projection mappingProj;(e) in the adaptive control [35], With the above estimator and the adaptive robust control
[8] should be used to keep the parameter estimates withilaw, it is shown in [19] that the same theoretical output
the known bounded sé?y, the closure of the sdby. The tracing performance results as in DARC in Theorem 1 are
expression ofProj;(I'r) is achieved.

I'r, it 6 6(029 or ’ngFT <0 D. Integrated Direct/Indirect Adaptive Robust Control (DI-
nanT R ARC)
(I — Fnz?rfp) I'r 0 c0Qy and neTFT >0 )
g "o The above IARC design overcome the poor parameter
. ) N . _(15) estimates of the DARC designs through the complete
wherel'(t) can be any time-varying positive definite sym- separation of the parameter estimation law design from the
metric matrix. In (15),Q¢ and 0 denote the interior underline robust control law. In addition, on-line explicit
and the boundary dfy respectively, and:; represents the monitoring of signal excitation level can be employed
outward unit normal vector a@ € 99y. Such a projection in implementation to significantly improve the accuracy
mapping has the same nice properties as in (5). of parameter estimates. Because of these algorithm im-
With the use of the projection type adaptation lawprovements, the resulting parameter estimates are normally
structure (15), the parameter estimates are bounded withaccurate enough to be used for secondary purposes such as
known bounds, regardless of the estimation functioto  machine health monitoring and prognostics.
be used. As a result, the same adaptive robust control law As shown in the comparative experimental results [37],
as in the direct ARC designs (i.e., (6) and (7)) can be usethough the proposed IARC design has a much better
to achieve a guaranteed transient and final output trackingccuracy of parameter estimates than the direct ARC, the
accuracy, independent of the specific identifier to be usedutput tracking performances of IARC are not as good as
later. Thus, the reminder of the IARC design is to constructhose of DARC, especially during the transient periods.
suitable estimation functions so that an improved final A more detailed thorough analysis reveals that the poorer
tracking accuracy— zero final tracking error in the presencé&racking performance of IARC is caused by the loss of
of parametric uncertainties only—can be obtained with amlynamic compensation type fast adaptation that is inherited
emphasis on good parameter estimation process as welh the DARC designs. To overcome this loss of tracking
For this purpose, it is assumed that the system is absence pérformance problem of IARC, an integrated direct/indirect
uncertain nonlinearities, i.eA = 0in (1). Using any filters ARC (DIARC) design framework is developed in [38]. The
with a stable transfer functiof ;(s) having relative degree design not only uses the same adaptation process as in
no less than 1, the filtered system dynamics is obtained dbe IARC design [19] for accurate estimation of physical
parameters, but also introduces dynamic compensation type
fast adaptation to achieve a better transient performance as
wherex; = Hy[z], o5 = Hf[p(x)], anduy = Hy[u] are illustrated below.
the filter output, regressor, and input respectively. Define For (1), the resulting DIARC law is:
the estimation output and its estimate as

iy = 70+ uy (16)

. U = Uq + Us, ya = Uql + Uq2, USA: Us1 + Us2,
Y= ‘Tf —uy, g = ¢?0 (17) Ug1 = _SOTQ + l’d(t), Ug2 = _dc

With the calculable prediction error defined as= § — ust = —ka1z, usp = —kaa(2, 1)z

y, the resulting static prediction error model is linearly
parameterized in terms of parameter estimation etras

(21)
In (21), uq; represents the usual model compensation with
the physical parameter estimate&) updated using the
€ = sp?é (18) same indirect parameter estimator as in the above IARC

. . ) . . _design,u,s is a model compensation term similar to the
Various estimation algorithms can then be used to |dent|f)fast dynamic compensation type model compensation used

unknown paramet.ers .[19]. For. example, When.the leas, the DARC design, in whichi, can be thought as the
squares type estimation algorithm with co-variance resastimate of the low frequency component of the lumped
setting [36] and exponential forgetting [6] is used, the

. . o ) ; model uncertainties defined later. From (1) and (21), the
resulting adaptation law is given by (15), in whi¢ht) o of equation is obtained as
is updated by

T ,é':ueruagfgoTéJrA (22)
'=al - T———=——T, T(t])=pol, v>0 (19) . ) .
1+ ver Loy Define a constard,. and time varyingA*(¢) such that
yvhere_z/ = 0 leads to the unnormalized algorithm, and de+ A* (1) = T+ A (23)
is defined as e
PP & A— (20)  Conceptually, (23) lumps the disturbances and the model

- T
1+ vepTey uncertainties due to physical parameter estimation error

In (19), « is the forgetting factort, is the covariance together and divides it into the static component (or low
resetting time, i.e., the time whex,,;,(T'(t)) = p; where frequency component in reality). and the high frequency
p1 is a pre-set lower limit fof'(¢) satisfying0 < p; < pg.  componentsA*(¢), so that the low frequency component



d. can be compensated through fast adaptation similar tthan that of IARC as seen from Fig.1. Overall, DIARC

those in the above direct ARC design as follows. achieves the best tracking performance while having more
Let d.ps be any pre-set bound and use this bound taobust parameter estimation process and accurate parameter

construct the following projection type adaptation law forestimates than DARC.

de(t)

C:Zc _ { 0 if |d|=den anddez >0 (24) .
Yaz else

Tracking error with load inpm

. (@DARC

with v4 > 0 anQ|(ZC(O)| < d.p;. Such an adaptation law
guarantees thatl.(t)| < d.as, Vt. I T R R IR I
Substituting (23) into (22) and noting (21),

2= Us + Ug2 + d. + A*(t) o

7 . (25) :

= Us1 + |:us2 - dc + A (t) s

Due to the use of projection type adaptation law, all .

estimation errors are bounded within known bounds. As

such, the same as in the DARC, it can be shown that, as .
long as the nonlinear feedback gain, is chosen large
enough, the same robust performance condition as (7) can

be satisfied T

2 \ugo — d, + A*| < e, (26) ) " ime®

(b) IARC

¢) DIARC

With the above estimator and the adaptive robust controlFig- 1. Tracking error for (2)DARC, (b)IARC, (c)DIARC with load

law, it can be shown [38] that theoretically the same output
tracing performance results as in DARC in Theorem 1 are
achieved.

0.2

solid: DARC

I11. PRECISIONMOTION CONTROL OFLINEAR MOTOR 085
DRIVE SYSTEMS

All the proposed ARC designs have been applied to
the precision motion control of a linear motor drive system oef
[24]. The details on how the ARC control laws are im-
plemented are given in [37]. This section only gives some .l
typical experimental results for illustration purpose.

A typical high-speed/high-acceleration motion trajec-
tory for the pick-and-place operations in industry is used in 008
all experiments. The desired trajectory has a movement of
0.4m with a maximum speed dfm/s and an acceleration 008
of 12m/sec?. The experimental results in terms of the
guantitative indexes defined in [24] are given in Table 1
with time history given in Figs.1-2.

otted: IARC

solid(thick): DIARC
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