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Adaptive robust control of a class of nonlinear systems in semi-strict feedback
form with non-uniformly detectable unmeasured internal states

Lu Lu and Bin Yao* T+?
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SUMMARY

This paper proposes a novel control method for a special class of nonlinear systems in semi-strict feedback form. The main
characteristic of this class of systems is that the unmeasured internal states are non-uniformly detectable, which means
that no observer for these states can be designed to make the observation error exponentially converge to zero. In view
of this, a projection-based adaptive robust control law is developed in this paper for this kind of system. This method
uses a projection-type adaptation algorithm for the estimation of both the unknown parameters and the internal states.
Robust feedback term is synthesized to make the system robust to uncertain nonlinearities and disturbances. Although the
estimation error for both the unknown parameters and the internal states may not converge to zero, the tracking error of the
closed-loop system is proved to converge to zero asymptotically if the system has only parametric uncertainties. Furthermore,
it is theoretically proved that all the signals are bounded, and the control algorithm is robust to bounded disturbances and
uncertain nonlinearities with guaranteed output tracking transient performance and steady-state accuracy in general. The class
of system considered here has wide engineering applications, and a practical example—control of mechanical systems with
dynamic friction—is used as a case study. Simulation results are obtained to demonstrate the applicability of the proposed
control methodology. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The control of nonlinear systems with various kinds of uncertainties is receiving more and more attention these years.
Typically, the uncertainties of the system fall into two categories: (i) repeatable and constant unknown uncertainties
such as unknown physical parameters, (ii) non-repeatable uncertainties such as external disturbances and the
imprecise modeling of some terms in the system dynamics. To deal with these uncertainties, two nonlinear control
methods, the deterministic robust control (DRC) [1-3] and the adaptive control (AC) [4, 5], have been developed.
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The deterministic robust controllers are able to guarantee transient performance and final tracking accuracy in the
presence of various kinds of uncertainties. However, some problems like switching [1] or infinite-gain [3] feedback
will happen, which are undesirable for industrial application. In contrast, the adaptive controllers [4, 5] are able to
achieve asymptotic tracking in the presence of parametric uncertainties without using discontinuous or infinite-gain
feedback. However, this approach may result in unstable closed-loop system in the presence of external disturbances.
To remedy, a modification method called robust adaptive control (RAC) [4] has been developed to robust the system.
But some trade offs have to be made, since the property of asymptotic tracking may be lost using this technique.
In [6, 7], an adaptive robust control (ARC) algorithm has been proposed, which incorporates the design methods of
DRC and AC effectively. The resulting ARC controllers have the advantages of both DRC and AC while overcoming
their practical limitations. The proposed ARC algorithm has been successfully applied to various systems such as
electro-mechanical systems [8, 9] and electro-hydraulic systems [10].

Besides parametric uncertainties and uncertain nonlinearities, some systems may be further subjected to dynamic
uncertainties. This kind of system has exogenous dynamic systems whose states cannot be measured. The control
of this kind of system has received more and more attention in the recent years not only because there are few
previous results available, but also due to the many practical applications of this kind of system, e.g. dynamic
friction model in [11, 12] and the control of eccentric rotor in [13, 14]. In [13], an adaptive controller was designed
for a class of extended strict feedback nonlinear systems in which the unmeasured states enter the systems in a
linear affine fashion. However, it is unclear how the approach can be made robust to uncertain nonlinearities and
disturbances. In [15], Jiang and Praly proposed a modified RAC procedure [16] for a class of uncertain nonlinear
systems subject to dynamic uncertainties satisfying certain conditions. However, since this method does not explicitly
use the structural information of the original system, it does not have some desirable properties like asymptotic
tracking in the presence of parametric uncertainties. In [17, 18], an observer-based ARC algorithm was proposed.
Robustness and asymptotic tracking can both be achieved using this algorithm. However, the original system is
assumed to be uniformly detectable. This assumption limits the application of this method because some systems,
e.g. the mechanical systems with dynamic friction, does not satisfy the assumed detectability condition.

In this paper, we propose a novel ARC algorithm for the control of a class of nonlinear systems in semi-strict
feedback form whose unmeasured internal states are bounded by known bounds but are not uniformly detectable. For
this kind of system, no observer can be designed to make the observation error converge to zero. Instead, we design
a projection-type adaptation algorithm to give the state estimation. It is theoretically proved that with the proposed
control law, the closed-loop system is robust to nonlinear uncertainties and disturbances and has guaranteed output
tracking transient performances and steady-state tracking accuracy. Furthermore, in the presence of parametric
uncertainties only, asymptotic output tracking can be achieved. These two characteristics combine the good merits
of DRC and AC while naturally overcoming their performance limitations. To illustrate the applicability of the
proposed approach, we take a practical system—the control of linear motor systems with dynamic frictions—as a
case study. This system satisfies all the assumptions made in the paper, mainly the unmeasured internal states are
bounded but are not uniformly detectable. The simulation results show that our proposed control method achieves the
claimed control performances for this kind of system with non-uniformly detectable internal states, demonstrating
the applicability of the proposed method in practical applications.

2. PROBLEM FORMULATION

In this paper, we consider the following class of nonlinear systems:
= Fn(x)9+G11(x)7]+H11(x)+An(x» n,u,t),
)'C,' = x,'+1 +0T§Dol(il)+hl(_fl)+Al(xa 7]7 u, t)a lglgl - 17
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ARC OF NONLINEAR SYSTEMS

1= u+0" g () + @y (On+hi(x)+A1(x,n,u,1), 0

y =X,

where x =[x, ..., x;]T € R! is the vector of measurable states. ¥; =[x1, ..., x;]T € R is the vector of first i measurable
states. u and y are the control input and output, respectively. 7 € R™ is the vector of unmeasured internal states. 0 € R
is the vector of unknown constant parameters. Fy € R"*?, G, R"*™, H,€ R", ¢y, € RP, h; € R and Py € R™
are matrices, vectors or scalars of known smooth functions. A; and A; represent the lumped unknown nonlinear
functions such as disturbances and modeling errors.

Remark 1

The nonlinear systems considered in this paper are different from the system in [17] in that the internal states only
appear in the dynamic equation directly related to input # here. But in [17], the internal states can appear from /th
to nth dynamic equations. The reason we do this simplification is because our design method in this paper uses
discontinuous projection algorithm to estimate the non-uniformly detectable internal states, and the discontinuous
projection algorithm for the state estimation is neither continuously differentiable nor compensatory via large enough
feedback gain as can be done for the discontinuous projection algorithm for the estimation of 6 in [17]. Thus,
in order to use discontinuous projection algorithm for the internal state estimation, we have to restrict the class
of system we are dealing with such that the internal states appear only in the last dynamic equation, which is
directly related to input u. Otherwise, the non-differentiability of the discontinuous projection algorithm will make
it impossible to design virtual control laws for x;42, ..., X,.

It is, however, possible to use continuous or smooth projection algorithm instead of discontinuous one as in [19].
With projection algorithm that is continuous up to n—/4 1th order, the class of systems that can be handled with
the proposed method can be extended to the same one as in [17], i.e. the internal states can appear from /th to nth
dynamic equation. Since the notations and deductions are very complicated in these cases, and the focus of this
paper is on how to deal with non-uniformly detectable internal states, without loss of generality, only the class of
systems in (1) are considered. Later in Remark 3, the continuous-projection laws for 0 and {o will be given and
compared with the discontinuous one used in this paper in detail.

Now some practical assumptions are made as follows:

Assumption 1
The extents of parametric uncertainties are known. Also the uncertain nonlinearities are bounded by known functions.
More precisely, parametric uncertainties and uncertain nonlinearities are assumed to satisfy

0eQy = {0: Omin<O<Omax},

2
A €Qp, 2 (A |A(x,n,u, 1)< (X))

Assumption 2

The 1 dynamics is bounded-input—bounded-state stable with known bound. In other words, n €€, (), where Q ()
is a known time-varying convex set as a function of x(t), t€[0, t], such that if x(z) eL’oo[O 00), then €, (¢) is
uniformly bounded for all ¢.

Remark 2
This assumption is different from the uniform detectability assumption made in [17,18]. In [17, 18], the pair
(qo;l, G) is assumed to satisfy the uniform detectability condition, i.e. there exists an w(x) =[w; (x), ..., Wy )17,
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such that the unperturbed system & = A(x)e is exponentially stable, where A(x):G,,(x)—(@w/@xl)(p;l. But for
some practical systems, e.g. mechanical systems with dynamic friction, this condition cannot be satisfied. In this
paper, we will deal with the systems where (‘9317 G,) may not be uniformly detectable, but the internal states are
bounded by known time-varying bounds.

Assumption 3
There exists a positive-definite matrix I'y € R™>*™ such that l“,? lGn (x)—{—G;(x)F,? <0, V xe Rl

The following assumption is made on how the parametric uncertainties affect the dynamics of unmeasured internal
states:

Assumption 4 ]

Let Fy;(x) be the jth column of Fy(x). Then dynamic systems {; = Fy;(x)+Gy,(x){; (1<j<p) with the input
x and states [{{,...,( p] are bounded-input-bounded-state stable in the sense that for every x(7) € fo,[O 00), the
solution [(y, ..., {,] starting from any initial condition is bounded, i.e. [{;(?),...,{,(H)]€ LYP[0 00).

Let y;(t) be the desired motion trajectory, which is assumed to be known, bounded, with bounded derivatives up
to [th order. The objective is to synthesize a bounded control input u such that output y =x tracks y;(¢) as closely
as possible in spite of various model uncertainties and unmeasured states.

3. DISCONTINUOUS PROJECTION-BASED ARC BACKSTEPPING DESIGN

3.1. Parameter projection

Let 0 denote the estimate of 6 and 0 the estimation error, i.e. 0=0—0. A discontinuous projection-based ARC
design will be constructed to solve the tracking control problem for (1). Specifically, under Assumption 1, the

parameter estimate 0 is updated through a parameter adaptation law with the form

@=Pr0jg)(1"01'0), (3)

where I’y is a symmetric positive-definite (s.p.d.) diagonal adaptation rate matrix, tg is an adaptation function to
be synthesized later. Projg): [Projg)1 (®1),..., Projé (o p)]T where each projection function is defined as
P

0 if 0;>0;mx and e>0,
Proj; (0)=10 if 0;<Ojmin and e<0, )
e otherwise.

It can be shown that for any adaptation function 7y, the projection mapping guarantees

P1 aEQ()Z{@: Hmin<@ < Omax}
1 )
P2 0 (I, Proj;(Tyzp) —19) <O
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3.2. State estimation

The estimation of unmeasured states 7 forms the core part of this paper. Since the pair ((p;l, G) is not assumed to
be uniformly detectable, which is detailed in Remark 2, the observer-based approach such as those used in [17, 18]
cannot be applied to this case any more. In [17, 18], using the detectability condition, the estimation error ¢ is
proved to converge to zero exponentially; thus, the effect of ¢ will ’diminish’ as seen in the proof of Theorem 1 of
[17]. It is impossible, however, to make the estimation error converge to zero without the detectability condition.
Instead, we will use a technique similar to parameter adaptation algorithm in ARC theory, i.e. to add an adaptation
function to the state estimator and apply the projection algorithm. With this approach, although the estimation error
may not converge to zero, the output tracking error will converge but in the presence of parametric uncertainties
only, as will be proved later in this paper. Furthermore, the boundedness of the estimation signals is guaranteed
with the projection algorithm, which will also be used later to synthesize the robust feedback term to guarantee
transient performance and steady-state tracking accuracy in general.
Let {; € R™ (0<j<p) be the estimated variables with the estimation law as

Lo = Proj, (G Lo+ Hy+Tyy),

ny I’I.T
I—l—‘nTiv (Grlél()_*’HyI"_FyITn)o
nyol",,nv

lI>

(6)
if {o€0Q;, and n} (Gylo+Hy+Tyty) >0,

Gylo+Hy+T'yt, otherwise,

gj = Gi]élj_*—Fi’[ja I<j<p,

where I';; € R"*™ is a positive-definite matrix satisfying Assumption 2. 7, is any function to be synthesized later.
Q, denotes the time-varying convex set that { lies in (sometimes we drop the notation ‘¢* for simplicity), €, is
its boundary. ng, represents the outward unit normal vector at {o € €. Q; is derived as follows:

)4
Qi (1) = ya+b:acQy(?), |b|<5up|:zmaX(|9maxj|»|0minj|)|Cj(t)|:|}» (7

t>01] j=1

where sup, . (e) function denotes the supremum of all e(¢) from the beginning to the current time. Since €, (¢) is
convex, it can be easily checked that Q is also convex.

Now put {;, 1<j<p, into a matrix {=[{; ... {,]. We have é:G,,C—i— F). Defining the estimation error to be
e ={y+{0—n, then we have the following lemma:

Lemma 1
For any function 1,
(1) If {p(0) € Q, (0), then {o(2) € Qg (7).
(ii)
STr‘Jl [PI‘OjCO (GnCO + Hn + r;ﬂn) - GnCO - Hn - F,7T11]<0. (8)
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Proof 1
At any time, if {; touches the bound, i.e. {j € 0€), then according to (6),

T nCongo

ne I—l",,iT = (Gylo+Hy+Tyty),

T ¢ r nCornnco

ny Proj; (Gplo+Hy+Ty1) =
G Prolgy (GucotHytLytn) = 1 4 nl (Gylo+Hy+Tywy) >0,

”go (Gplo+Hy+Tyt,;) otherwise,

0, if n} (Gylo+Hy+Tyty) >0,

ngo (Gylo+Hy+TIyt,) otherwise
<0 )

Thus, the derivative of {; always points inward or to the tangential direction of current {, at the point {y. From
(7), Q¢ (¢) is monotonically expanding. Hence, we conclude that {((7) € Q, (7) if {o(0) €, (0).

For (ii), we see that

Case I: If either (o€, or ngo (Gylo+Hy+1Tyty) >0 is not true, then Projgo(Gn§0+Hn+FnTn)=GqCO"‘
Hy+Tyy, (ii) is obviously true.

Case 2: If (o€ 0, and ngO(GnCO—i-Hn-l—Fn‘c,,) >0, then g is on the boundary of Q. From (7), n—{0€C,

T

since Qq, is convex, ne € :ng0 (Co— (n—L00))=0. Then, a simple mathematical deduction leads to (ii).

Lemma 1 is important. Although the proposed state estimator may not guarantee that the estimation error &
converges to zero, with Lemma 1, we still can construct a Lyapunov function different from those used in [17, 18]
to prove asymptotic output tracking in the presence of parametric uncertainties as done later in the proof of part B
of Theorem 1.

Remark 3

The parameter adaptation law and state estimation law proposed above are discontinuous, i.e. the differential
equations (3) and (6) have discontinuous right-hand side with respect to 0 and {o. As the only known sufficient
condition for a differential equation described by x = f (¢, x) to have the local existence and uniqueness of its
solution is that the function f(z,x) is locally Lipschitz in x (i.e. continuous in x at least), one may raise the issue
of the existence and the uniqueness of the solutions of the proposed discontinuous projection-based ARC designs.
Such a concern can be addressed in the following two distinct ways:

S1. The first way is simply to use the continuous or the smooth projection instead of the discontinuous projection to
avoid any potential mathematical flaws, as done in the earlier publications on the proposed ARC; these include
the continuous or smooth projections used for systems with matching [6] or extended matching uncertainties
[19] and the smooth projections with backstepping designs for systems with unmatched uncertainties in
[7,20]. For example, if the continuous-projections are to be used, the parameter adaptation law (3) and the
state estimation law (6) would become as

0 =Tgtg+1p(0), 0(0)€Qy,

) (10)
CO = G11C0+H11+r11711+l§0 (Q/O)a CO(O) € QCO 0),
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in which l@(é) and I¢ ({o) represent the additional nonlinear damping terms to make the parameter adaptation
and state estimation robust to unstructured uncertainties. As in [6], it can be shown that, in order to achieve the
required robust performance results without losing the excellent steady-state performance result of asymptotic

output tracking under parametric uncertainties, the damping terms l@(é) and I¢ ({p) are only required to
satisfy the following three conditions:

() lp(0)=0if 0eQy and Iy (Lp) =0 if {HeQy,.
Gi) 0'1y(0)<0 if 0¢Qy and eTl, (L) <0 if Lo Q.
(iii) The nonlinear damping terms lo(@) and I¢,({p) should be chosen in such a way that the parameter
estimate 0 and the state estimate {o belong to some known sets QZo (t) and Q?) (1); these known sets are

required to be bounded when the measured state x(¢) is guaranteed to be bounded.

In other words, the damping terms should be chosen such that the parameter adaptation law satisfies the
properties similar to (5), and the state estimation law satisfies the properties similar to those in Lemma 1.
A specific example of the continuous damping terms in the parameter adaptation and state estimation laws
satisfying the above conditions is given by

0 if [0—0(0)|<dy.
lo(0) = —m'@_@(g#(@—@(on if 99<10—0(0)|<dg+ 0, (an
—79(0—0(0)) if 10— 0(0)|=0g+¢9,
0 if 20— Lo(0) <3¢, (1),
Ity (Lo) = —m%@o—com» if 3, (1) <[ Lo — Lo (0)[ <Oy, (1) +eg,, (12)
—Vgo(Co—Co(b)) if (80— Lo(0)| =3¢, (1) +ex,.

where Jg is the smallest positive number such that Qg C{p: | p—@(0)|<50}, 0¢,(t) is the smallest positive
number such that Q¢ (1) C{p: |p—{p(0)|<d¢, (1)}, &9 and &g, are positive numbers that represent the thickness
of the boundary layer in which the nonlinear damping terms continuously change from 0 to —yg(@ - @(0)) for
0 and from 0 to —Y% (Lo—C0(0)) for {y, respectively, and y, and V¢, are some positive scalars representing
the damping coefficients of the nonlinear damping terms at large. Noting the bounded-input—bounded-output
assumption of the internal dynamics (Assumptions 2 and 4) and the definition of € (7), we know that if
x(t) is bounded, Q¢ (7) is contained in a bounded set for all 7> 0. Then, the same as in [6], it is easy to

verify that these choices of l@(é) and I¢ ({o) satisfy conditions (i), (ii), (iii).

In the cases of using the backstepping design procedure for systems of ‘relative degree’ of /, the projection
laws may need to be /th order continuously differentiable. For these cases, one can use sufficiently smooth
functions to replace the values of damping terms in the boundary layer d9<| 0— @(O) |<0g+eg and o (1)<[{p—
{0(0)[<d¢, (#) +&¢,, just as done in a recent publication [21] on sufficiently smooth projection. In this sense,
the continuous-projection laws (11) and (12) can be used as a typical example for all continuous or sufficiently
smooth projections when comparing the designs using continuous or sufficiently smooth projections and the
proposed discontinuous projection-based ARC designs. Hence in the following, only the essential differences
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between the design using the continuous-projections (11) and (12) and the proposed discontinuous projection-
based ARC design are detailed, but the conclusions are valid for the use of smooth projections in general
as well.

Combining the bounded state estimation design and the ARC design procedures in [6, 19], an ARC
controller using the continuous-projections (11) and (12) instead of the discontinuous projections (3) and (6)
can be easily worked out as well, which would have no formal mathematical flaws in terms of the existence
and the uniqueness of the solutions.

S2. Though the continuous or the smooth projections as described above may be preferred by pure theoreticians,
the resulting controller cannot achieve the same level of performance in implementation as the proposed
discontinuous projection-based ARC design as detailed below:

(1) Nowadays almost all advanced nonlinear control laws have to be implemented approximately by a
digital computer as there is no suitable hardware to truthfully implement complex nonlinear control
laws in continuous time-domain. The essential treat of a digital computer lies in its ability to imple-
ment complex logic decisions in a straightforward way. In comparison, calculating values of complex
nonlinear functions may need significant computation time, and, aside from the computation time issue,
implementing a controller described by a set of differential equations having stiff nonlinearities in the
right hand may have the issue of significant numerical approximation error problem. From this point
of view, implementing the discontinuous projection-based controllers using a digital computer is rather
straightforward and better conditioned in some sense than the continuous or smooth projection-based
controllers. To see this, let us take a closer look at how the two classes of controllers are actually
implemented by a digital computer. When the continuous-projections such as the ones in (11) and (12)
are used in the parameter adaptation law and state estimation law in (10), the resulting controller would
be described by a set of differential equations in which the right-hand side contains the continuous or
smooth modification terms lg(é) and Iz ({p). Aside from the complexity of these modification terms
in terms of real-time computation time needed®, these modification terms tend to be very stiff during
the transition periods when the parameter estimates are going out of their known ranges of Qg, as
the thicknesses of the boundary layers for the smoothing, &9 and e, have to be very small for a
better theoretically guaranteed control performance in general. The resulting controller is thus normally
described by a set of differential equations having stiff nonlinearities in the right-hand side. It is well
known that these classes of systems are hardly implemented well numerically by a digital computer.
For example, when the Euler discretization method is used (normally done in actual implementation
due to the much less online computation time needed), the parameter adaptation law (1) would be
implemented as

O((k+1)T)=0kT)+[Totg+loli=ir T, (13)

where T is the sampling period, @((k-{—l)T) and @(kT) are the values of parameter estimates at the
sampling instances (k+1)T and kT, respectively, and e|;—;7 represents the value of e at the sampling
instance k7. As mentioned previously, when the parameter estimates start going out of the known
bounded ranges of Qy (i.e. wrong parameter adaptation in reality), the modification term lo(@)) is stiff in
the sense that dl,/ 00 is quite large due to the use of very small boundary layer thickness &y for a better
theoretically guaranteed control performance. Owing to the capacity limitation of hardware, the sampling
period 7 in implementation cannot be chosen arbitrarily small. With this in mind, the moments when

$The sufficiently smooth projection in [21] is much more mathematically complex than the continuous modification in (11).

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Adapt. Control Signal Process. (2010)
DOI: 10.1002/acs



ARC OF NONLINEAR SYSTEMS

these modification terms start acting, significant larger amount of numerical approximation errors of the
parameter adaptation law (10) by the discretized version (13) in implementation could exist. This could
easily lead to the undesirable chattering problem of parameter estimates at the boundary when the modi-
fication term lo(@) starts acting (i.e. when |@— @(0)| =0g in (11)). Furthermore, there is no guarantee that
the resulting parameter estimates will actually lie within the pre-specified ranges that the original contin-
uous or smooth modifications to the parameter adaptation law in continuous time-domain are supposed to
achieve.

On the other hand, the digital implementation of the proposed discontinuous projection law is carried
out by a combination of the usual approximation of differential equations having no stiff nonlinearities
in the right-hand side and the logic operations that the discontinuous projection modification is supposed
to achieve in continuous time-domain. As such it does not have the chattering problem of parameter
estimates at the boundary and the resulting parameter estimates are kept within the pre-specified ranges
of Qp precisely. Specifically, noting that the real reason for the use of modifications to the parameter
adaptation law is to keep the resulting parameter estimates within the known range of Qp when the

parameter estimates using the unmodified parameter adaptation law (i.e. é:l“grg) tends to go out of
the known range of Qy, the proposed discontinuous projection-based parameter adaptation law (10) is
implemented digitally by

0. ((k+1)T) = 0kT)+[Tgtollimir T

A Bitmax if Oy (k+DT) > Oimax, i
0; (k+1)T) = { Oimin if 0;,((k+1DT) <Oimin, i=1,...,p,
@iu((k-i— 1)T) otherwise
where @u =[@1u, . @pu]T. This implementation not only precisely guarantees that @EQ(), but also is

free of the chattering problem of parameter estimates at the boundary when a stiff continuous or smooth
modification term is used. In addition, much reduced online computation time is needed due to the avoid
of the explicit calculation of the complex continuous or smooth modification terms.

(2) Aside from the more robust implementation of the proposed discontinuous projection-based adaptation
law, the discontinuous projection-based backstepping ARC controller design is also better conditioned in
implementation than the continuous or smooth projection-based backstepping ARC designs in [6, 7, 20]
or the generalized og-modification-based backstepping robust adaptive designs in [22]. Specifically, the
backstepping ARC designs [7,20] or the RAC design [22] are based on the brilliant tuning function-
based adaptive backstepping design proposed in [4], which needs to incorporate the adaptation law in
the design of control functions at each intermediate steps. As a result, the intermediate control functions
involve the explicit calculation of the stiff smooth modification terms lg(@) and their higher derivatives,
which will have exactly the same implementation problems as the smooth projection-based parameter
adaptation law mentioned above. In contrast, the discontinuous projection-based ARC designs [23] such
as the one detailed in this paper recognizes the implementation problems associated with the complex
smooth modification terms and explicitly avoids the use of any direct cancellation of the parameter
adaptation law in the design of intermediate control functions. Consequently, the resulting control law
not only becomes simpler, but is also free from the possible numerical approximation errors associated
with the stiff smooth modification terms and their higher derivatives.

(3) The existence and the uniqueness of the solutions of the proposed discontinuous projection-based ARC
design in the implementation is not a significant issue either. As seen from the above explanations on
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the digital implementation of various control laws, there is no difficulty or ambiguity in the calculation
of control output u(k7) based on the proposed discontinuous projection-based control law at each
sampling instances. With the zero-order hold (ZOH) circuity associated with the digital implementation,
the actual input to the physical system to be controlled thus always exists and is uniquely determined by
u(t)=ukT),Vt€[KT, (k+1)T). There should not be any issue on the existence and the uniqueness of
the responses of the physical system to such a control input as well.

In summary, compared with the discontinuous projection-based adaptation laws, the continuous or smooth
projection-based ones spend too much time on the practically not so meaningful smoothing process and get
nothing out of it in the practical implementation except the mathematical completeness of the derivations in
continuous time-domain. Instead of focusing on the practically not so meaningful problem of the existence
and the uniqueness of the solutions, we believe that a control engineer should directly deal with the real
issues in practical implementation and provide practically implementable solutions. In this regard, in this
paper, we will keep using the discontinuous projection in the modification of parameter adaptation law and
the state estimation law. It is also noted that the discontinuous projection-based ARC designs have been
successfully implemented and tested in various applications [8, 10, 24—-26].

3.3. ARC controller design

3.3.1. Step 1<i<I—1. To give initial values of the recursive function used in the backstepping design, we denote
oo (1) = ya(?).

Atstepi (1<i<[—1), let z; be the error between the state x; and the desired control signal «; 1, then z; =x; — o 1.
Taking its derivative

Zi=Xip1+0 Qg +hi+ A —4i—1. (15)
Noting that
il Qo T Ootj—1 % 00—
&i—1 = Xir1+0 +hi+A))+——0+ 16
i—1 ]gl ax]' ( j+1 Po; j j) 20 o (16)
we have
. i=1 Qo4 Ooi_14 0oy
Zi=xip1+0 g +hi+A -y — [xj+1+0T(P()j+hj+Aj]— ),
=1 Ox; 00 ot
= Xj1+%ic+ %y, (17
where
AT i=1 50('_1 i=1 50('_1 i=1 50('_1 8oc~_1
die =0 | ppi— Y ——g; | +hi— Y ——hj— Y ——xjr1——,
j=1 ax]‘ j=1 0Xj j=1 ax]' ot
(18)
~T i=1 o 001 A i-1 0o
%y =—0 oo — 2 Pyj | ———=—0+Ai= A
! < j=t oxp ) a0 =
are computable and unknown parts, respectively.
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We construct a control function o; for the virtual input x;4| such that x; tracks its desired control law o;_
synthesized at step i — 1.
o (X, 0,1) = oig + s,

Oiag = —Zi—1—ic, Ois =0isl +0is2,  Ois1 = —KisZi,

(19)

2
0o 1
kis > gi+‘jcm +|C¢ir0¢i|2’

where g; is a positive constant, Cy; and Cy; are positive constant diagonal matrices. Let z; 41 =x;41 —; denote the
input discrepancy. Substituting (19) into (17) leads to

. ~T ~ dotj—1 A
Zitkiszi=zi41—zi—1+ois2—0 ¢;+A; — al@ 0, (20)

where ¢;=@q; — Z;_:ll (00;—1/0xj)pg; and Ai=A;— Z;_:ll (00i_1/0x)A; (let Aj=A1, ¢, =pg,). Choosing V;=V;_;
+%zl.2, then its time derivative is

. i ~T ~ Ooti_1 A
Vi=zizip1+ Y [—kjsz§+Zj(ocjsz—0 ¢j+A)— ajé lﬁz]':|. 1)
j=1

The ARC design can be applied to synthesize a robust control function oy, satisfying the following two conditions:

. T .
) zi(us2—0 ¢; +A)D<e,

(22)
(i)  zj22<0,
where ¢; is a positive design parameter.
3.3.2. Step l. At the last step (step /), the derivative of z;=x;—oy_1 is
a=u+0" g+ opn+hi+A—d-1,
=u+0" oy + oy o+0—e)+h+A —iy,
= u+0" (9 + L @)+ oylo+hi—di—1 + A —pye. (23)
Noting that o;_; = Zé‘_:ll (8a,_1/8xj)(xj+1 -l—HT(/)()j +/’lj +Aj) + (0o /5@)@4—50(1_1 /0t, we have
) 121 Qoy_y Ooy—1 % Oy
a=u+0" g+ o) +oplothi+Ai—ope =3 3 it 0T g +hj+A) ———0- s
j=1 0X; 00 t
= U+ tge+ oy, @4
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where
~T =1 5061_1 =1 5061_1 =1 5061_1 5061_1
% =0 (@()1+CT(/"1I_ZI ox (P()j>+¢;’C°+hl_.Zl Ox; hj_'zl o YT e
J= J J= J J= J
(25)
éT +§T lil 50([_1 50([_1é T LA lil 50(1_1 A
X = — Po Py — Poj )~ U= QT A — -
‘ T e ) o " = ox

We construct the control input u such that x; tracks its desired ARC control law o;_; synthesized at step [ —1.

u(x, 8.0, 0,1) = oy + s,

Ojg = —Z—1—0c, O =04s1 +04s2, 0ys1 =—kis2y, (26)

0oy—1
—Cyy
00

2
+1CuT o> + ol

kis >gl+‘

where g; and ¢y are positive constants, ;= ¢,;, Cg; and Cy; are positive constant diagonal matrices to be specified
later. Let 7741 =x;41 —oy denote the input discrepancy. Substituting (26) into (24) leads to

Ooi_1 ~
i} 27)
0

. ~T ~
Gtk =—z_1+us—0 ¢~y e+A—

where ¢; = ¢y, —l—CT(p,ﬂ - Zé._:ll (Qoy—1/0x)¢py; and A=A — le_zll (Ooy—1/0xj)A;. Choosing V;=V,_| + %zlz, then
its time derivative is
. ! ~T ~ Ooj_1 4
Vi=3) |:_ksz?+Zj(0st2_H d)j—ﬂe-i—Aj)—ﬁHZj}, (28)
j=1

where zﬁzo, Vj<Il. The ARC design can be applied to synthesize a robust control function oy satisfying the
following two conditions:

) ~T .
1) zi(ous2—0 ¢ — l//zTE +A)<e,

(i) zjoys2<0.

(29)

Remark 4
One smooth example of o> satisfying (29) can be found in the following way. Let &; be any nth order continuous
function satisfying

hi=10m 11614+ 119, |+ 01, (30)

where 037 £ Omax — Ommin and Slézllll |0oy—1/0xj]10j+0;. [€,| is the length of the set Q, i.e. the maximum
distance between any two points in ééo' Then oy,; can be chosen as

15
O‘ls2:_4_glh1Zl- 3D

It is easy to verify that this choice of o) satisfies (29).
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3.4. Main results
Theorem 1
Let the parameter estimates be updated by the adaptation law (3) in which 7y is chosen as

[
Tg= Zl }jzj (32)
j=

and t; is chosen as
I
(33)

=2 zjY;
j=1

Let cg;; and cyy; be the ith diagonal elements of the diagonal matrices Cy; and C gy, respectively. If the controller
i =(n/4) Z j=2 1 /Cf)]z Vk, i, then, the control law (26) guarantees

parameters Cy; and Cgyy are chosen such that c

that
A. In general, all signals are bounded. Furthermore, the positive-definite function V; is bounded above by

)
N .1 &5 N
v,<r><e—mv,<0>+—zf;1 L—e iy, (34)
1

where 4; =2min{gy,..., g}.
B. If after a finite time f, there exist parametric uncertainties only (i.e. A;=0 and A; =0, Vt>19), then, in
addition to results in A, zero final output tracking error is also achieved, i.e 71 —> 0 and t — oo0.

Proof 2
For part A, from (19), (26) and (28), we have
. [ oo _1 2 ~T ~ Jo. i—1
Vi< Zl { (— —L—Cy; —|c¢,-r0¢j|2—co|wj|2> 2 +zj (=0 ¢j—¢}e+Aj)—Zj#e .35
]:
By completion of square
L O 1 L (|00 2 |
Z —1 Zlﬂ cw Z( —=ley; Z+51C5; 0 ). (36)
Noting that ng and I'y are diagonal matrices, from (3) and (4), we have
S S 2 s
> 1€, 07 = Y 1€y, Proj (o> < 3 ICy, ' Tyel,
j=2 j=2 j=2
! 2 L ) )
<Y (Z ICq recbkzu) <Ly (Z ICy Tody] zk>- (37)
j =2 1 ]:2 =
Thus, if Cy; and Cg satisfy the conditions in the theorem, we have
! oo i—1A ! oo 1 2
— Y L0 Y it} ——Cyj| 25 + ZIC()J Codyl*z;
j=2 a0 j=2
L1 2
ozj 1
<X Coj| zj +Z |C¢kr()¢k| 2% (38)
j=2
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From (35) and the properties of each o,,, we have

l
Vi < Z —8jZ] +8]) —i[V[+ZISJ, (39)
Jj=1 j=
which leads to (34). The boundedness of z; is thus proved. Using the standard arguments in the backstepping designs
[4], it can be proved that all internal signals in the first / —1 steps are globally uniformly bounded. Furthermore,
since x; =z;+0y_1, x; is also bounded. Thus, x =[x, ..., x;]T are bounded. From the bounded-input-bounded-state
Assumption 4, the projection-type estimation algorithm of {; and the bounded internal state Assumption 2, {y, {
and 7 are all bounded. Recursively using the fact that x; =z; +o;_1, it is obvious that «; and x; are bounded. Thus,
the boundedness of u is apparent. This proves part A.
For part B, when A, =0 and A; =0, from (35) and (38), noting the condition (ii) of (29) and (22), we have

. ! ~T
VIS Y (—gjz5—coly ;P25 =20 b=z je). (40)
j=1
Define a new p.s.d function V, as
~T 1~ _
Va=Vi+50 T;'0+ 5T, e (41)
Then
. . ~T 2
Vo=Vi+0 T, 0+6T; ¢,
1 ~T ~T_ . 1.2 : .
< Y (—gj7 —col ;P25 =20 ¢ =z e)+0 Ty ' Projy(Tpzg) +¢ Ty (Co+L0—i),

1
= Z( g]Z] c0|¢j| Zj 2]6 d)]_zjl// €)+€ F PrOJO(F()I())

+e" T, [Projy, (G o+ Hy+Tyty) +(Gyl+ F)0— Fy0—Gyn— Hyl,

|
MN

(—8jzj —cellﬂjl Z; 5 — 9 T9—& ‘c,1—|—0 Ly PrOJO(Fgrg)

~.
Il
-

+e" T, [Projy, (G plo+ Hy+Tyty) +Gyle —Lo) — Hyl,
1 ~T )
= Z (—ng§ _Cé)le |2Z§)+9 (F_l PI'O]@(F‘C@) —10)
j=1

+e" T, [Projy, (Gylo+ Hy+Tyty) — Gplo— Hy— Tyt ] 46T, G e (42)

Since 8TF;1G,18= %ST(F G,,(x)—i—G (x)F )8, from Assumption 2, STFJIGWSSO. Using (5) and (8), we have

1
Va< Y —g)2) (43)
j=1
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from which z; € L,[0, o0). It is also easy to check that z; is bounded. Hence, by the Barbalat’s lemma, z — 0 as
t — 0, which proves part B of Theorem 1.

4. PRACTICAL DESIGN EXAMPLE AND SIMULATION RESULTS

In order to see how the proposed algorithm can be applied, a practical design example is given here. The system
in this practical example has bounded but non-uniformly detectable internal states, which is exactly the type of
nonlinear system we considered in this paper.

4.1. Systems with dynamic friction

Nowadays, the control of mechanical systems with dynamic friction has become increasingly popular. A kind of
friction model called the LuGre model [11] has seen wide application. Now we consider a linear motor-driven
stage with dynamic friction existing between the contact surfaces. With the LuGre model proposed in [11, 12], the
dynamic equation of the system can be written as

N . iy
z=x—'—.'z+Az, g () =0 +og e/, (44)
g(x)

mi=Ku—ooz—01h(X)z—onx+Ay,

_ . [ |x] } .
=Ku—o0oz—01h(X) [ X ——=z2+A; | —x+ Ay, (45)
g(x)

where m is the mass of the stage, u is the input voltage, K is the gain from voltage to the force applied to the
stage, z represents the unmeasurable internal friction state, gg, o, a4 are unknown friction force parameters that
can be physically explained as the stiffness, the damping coefficient of bristles and the viscous friction coefficient.
x, X are the position and the velocity of linear motor, respectively. The function g(x) is positive and it describes the
Stribeck effect: agog and gg(og+ 1) represent the levels of the Coulomb friction and stiction force, respectively,
and vy is the Stribeck velocity. A, and A, represent the modeling errors of dynamic frictions and the disturbances
of the stage, respectively. Let yq(¢) be the desired motion trajectory, which is assumed to be known, bounded, with
bounded derivatives up to the second order. We want to design a control law u, such that the output x can track
vd(t) as close as possible, in spite of various uncertainties.

In (45), the dynamic friction Fyyn =—00z—01h(x)[x —(|x]/g(x))z+A;] is a complicated nonlinear function of
three unknown variables: z, 69 and g1. As such, it is not possible to use an one-dimensional observer to estimate the
internal state z directly as some sorts of adaptation laws are needed to estimate g and g online as well. Noting that
the three unknown variables appear in Fgy, only through ¢z and 61z, we do not have to separate the estimations of
z, 09 and o1 for dynamic friction compensation. Instead, we simply treat ¢gz and ¢z as two different variables and
estimate them directly through certain observers. Thus, denote n=[c9z/K o1z/K]" as the unmeasured augmented
internal states and Ay =(o1h(xX)A;+A,)/K as the lumped model uncertainty. Let 0=[00/K 01/K o2/K AT
and 0, =m/K be the unknown parameters with known bounds, in which A, represents the constant component of
the lumped model uncertainty A,. Denote Ax as the time-varying portion of A, and define x =[x; x]T=[x *]T.
Then the system can be represented by

= F,0+Gyn+Ay,

X1 =x2,
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0% = u+9T(pg+(P};17+A2,

(46)
y =X,
where
fxp 0 0 O
Fy= , (47)
(0 x 0 0
[ |x2l
G, = g(x2) , 48)
x|
B g(x2)
Pg=1[0 —h(x)xs —xp 117, (49)
h(xz)lle]T
=({-1 ———| , 50
Pn |: g(x2) 0)
A11:[0'0Az UlAz]T» (5D
Ay =A,. (52)

This system is of form (1), except that the unknown parameter 0,, appears in front of xX,. For such a case, we only
need to make slight modifications to the previously proposed algorithm, as shown later in this section. Now, we
will show that this system satisfies all the assumptions made in Section 2 and the internal states are non-uniformly
detectable.

Since the physical meanings of all unknown parameters in (46) are known, it is safe to assume that the unknown
parameters, uncertain nonlinearities and disturbances are bounded by known bounds. Thus Assumption 1 is satisfied.
It can also be seen that the pair (q);, Gy) is not uniformly detectable. Because at x =[x 01T, we have Gy =022,

Then for any w(x) € R?, the matrix

dmq 0
oo 1 0x2
AX)=Gy(x)—=—¢, =
oxy 0o
— 0
0xo

will always have zeros in the second column. Thus, techniques in [17, 18] do not apply here. However, since z
represents the deflection of bristles between the contact surfaces, z is physically bounded by a fix bound [11]. Then
n=I[ooz/K o1z/K]" is also bounded. Then it is easy to see that Assumption 2 is satisfied.

Since Gy(x) is a diagonal negative semi-definite matrix for all x, for any diagonal matrix I',>0, we have
F,7_1 Gy(x) -|—G;(x)l“,7_1 =21",7_1 G,(x)<0, Yxe R?. Hence Assumption 3 is satisfied. It can also be easily checked
that Assumption 4 is satisfied. Since all assumptions required for the system are satisfied, we can use the technique
proposed in this paper to design a control law.
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4.2. Control law design

Letting o9 =yq(t), and z; =x1 — o be the tracking error, then, z; =x; —dg =x2 —d&g. Selecting oy =—kyz1 +do to
be the desired x;, and defining zp =x, — oy, then

Onza=u+0"(@g+Lpy)+¢ylo—@ye+Ar+ki0nii —Ondio. (53)

Then the state estimator and the parameter adaptation laws are chosen as

{o = Proj, (Gylo+Tye,22), {=Gyl+Fy,
. (54)

0 = Proj;(Ta(pg+C"9,)22). O =Proj; [vy,, (k121 —"%0)z2].

In this case, €, is a square set, i.e. £y = [N1in1> Tmax1] X [Mmin2> maxz2]- From the special structure of F; and Gy, it
is obvious that only {j; and (5, take effect. With this fact, Q) =[{omin1 > {omax1] X [{omin2> Comax2], Where

COmaxi = Nmaxi +Sup[maX (|9maxi |» |0mini |) |Cii (t) |]»
t>0

(55)
Comini = Hmini — Sup[max (10maxi |» 10mini D1 (O],
t>0

for i=1,2. a1 is chosen as oog1 =—kozp. For oy, we use the form given by (31): oczszz—(l/4£)h222. h is
chosen to be the right side of (30), which is a continuous function with respect to ¢y, Py (. The control law is
thus given by

~T A C
u=—kyza+m—0 (9g+L" @) — oy lo—Om (ki 21 +50). (56)

4.3. Simulation results

For simulation, we choose the system parameters to be the same as that used in [27], i.e. 0,,=0.12,
0=[7000 1176 0.166 0]T, g(x2)=(0.1236+40.0861e~2/0-00221y /7000, h(x2)=0.00013/(0.00013+|x2|). The
internal state z is within £0.00005. In addition, we set the uncertain nonlinearity term A,, =0.1sin((27/0.02)x1) +
0.1cos((21/0.02)x1) +0.02sin((47/0.02)x1) +0.02 cos((4n/0.02)x1) to simulate the effect of cogging forces on
the linear motor, and A, =n(t)|x2| to represent the modeling error of the internal state dynamics where n(t) is a
uniformly distributed random number between —0.2 and 0.2.

The controller parameters are chosen as @m(0)=0.1, (9(0):[6000 1100 0.2 01%, O,max=0.2, 0,ymin =0.08,
Omax =[10000 1500 0.5 0.5]7, Omax =[4000 500 0 —0.5]T, k1 =50, k=10, £=0.008, V0, =35 X 103, Ty=diag
{2.5x 10" 2.5x10° 10 500}, T, =diag{1500 200}, Hmax=[Zmax - O1max Zmax-O2max]’ =[0.5 0.075]T, nin=
[Zmin - O1max Zmin- 02max]T =[-0.5 _0'075]T, {o(0)=[0 O]T and {(0) =024,

The design trajectory is chosen as a sinusoidal signal, with the amplitude of 0.002 and the frequency of 1 Hz. To
see the transient performances, we set the initial value of the unknown internal state z to be 0.00003. The tracking
error with disturbances added to the system is plotted in Figure 1 and the input is shown in Figure 2. As can
be seen from the plots, the tracking error converges very fast after the first few cycles, showing a good transient
performance and final tracking accuracy. Furthermore, the input signal is bounded, and the tracking error is less
than 0.05% magnitude of the desired trajectory in spite of large disturbances and modeling errors, showing the
robustness and good capability of disturbance rejection of the proposed ARC algorithm.

Then, we keep all parametric uncertainties but remove all the disturbances and unstructured modeling errors,
and use the same trajectory, same initial internal state value and same controller parameters. The tracking error is
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Figure 1. Tracking error, system with disturbances.
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Figure 2. Input, system with disturbances.

plotted in Figure 3 and the input is shown in Figure 4. As can be seen from the plots, in the presence of parameters
uncertainties only, asymptotic output tracking is achieved. All these results demonstrate the applicability of the
proposed theoretical method in practical design cases.
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error (m)
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Figure 3. Tracking error, system without disturbances.
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Figure 4. Input, system without disturbances.

5. CONCLUSION

In this paper, a discontinuous projection-based ARC algorithm has been designed for a class of nonlinear systems
in semi-strict feedback form with bounded but non-uniformly detectable internal states. Specifically, discontinuous
projection algorithm has been used to give the estimation of both the internal states and the unknown parameters.
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This algorithm has been theoretically proved to be robust to disturbances and uncertain nonlinearities with guar-
anteed transient performance while having asymptotic output tracking performance in the presence of parametric
uncertainties only. The class of system considered in this paper has a lot of applications, and a practical example—
control of mechanical systems with dynamic friction—is used for case study. The simulation results demonstrate
the applicability of the proposed control methodology.
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