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Abstract: This paper deals with the extension to sampled-data stabilization of strict feedback dynamics
of the Immersion and Invariance procedure proposed in Astolfi and Ortega [2003]. A direct digital
approach is developed in two steps: first the target dynamics and immersion mapping are defined for the
equivalent discrete-time model; then the control law is built to drive the dynamics towards the invariant
manifold. A simulated example illustrates the performances.
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1. INTRODUCTION

Stabilization of continuous-time strict-feedback dynamics has
been widely investigated in the last decades and several solu-
tions have been proposed. Among them, backstepping is the
most popular. It was firstly introduced in continuous time in
Kokotovié¢ and Arcak [2001] and later on extended to the
sampled-data context (NeSi¢ and Teel [2006], Postoyan et al.
[2009], Monaco et al. [2011]). Immersion and Invariance (I&I)
proposed by Astolfi and Ortega [2003] represents an interesting
design procedure as shown in Astolfi et al. [2008]; applications
to different engineering domains have been also developed in
(Mannarino and Mantegazza [2014], Hristea and Siguerdidjane
[2011]). A first contribution in discrete time has been more
recently proposed in Yalcin and Astolfi [2011].

1&I technique relies on the idea of defining a manifold where a
lower dimensional dynamics is known to be stable and setting
a control law making it attractive and invariant. In this way, the
problem reduces to drive the dynamics to the invariant manifold
with boundedness of the complete state trajectory.

In this paper, 1&1 is addressed in the sampled-data (SD) context
starting from a continuous-time dynamics in strict feedback
form

X1 = fx1) +g(x1)x2
Xy =a(x1,x) +b(x1,x)u

ey

which admits a backstepping stabilizer ensuring global asymp-
totic stability (GAS) of the equilibrium. A first result is pro-
posed in Mattei et al. [2015] where a SD controller is de-
signed to ensure partial input-to-state matching of the continu-
ous off the manifold component. This assures attractivity under
sampled-data control but not invariance, which holds in that
case, because the external control is assumed equal to zero on
the manifold.
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through the "iCODE” project funded by the IDEX Paris-Saclay, ANR-11-
IDEX-0003-02"
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In the present work, a general solution is proposed for strict
feedback dynamics. The design, worked out on the equiva-
lent sampled-data model, provides a “direct digital” controller
which is developed in two steps. First, it is shown that a target
dynamics can be defined in the sampled-data domain while
ensuring the invariance of the consequent manifold. Then, it
is shown how to design a SD controller preserving manifold
invariance and attractivity with trajectory boundedness. The
computation of approximate solutions is also addressed. Com-
putational issues for sampled-data design are in Monaco and
Normand-Cyrot [2007].

The paper is organized as follows: in Section 2 some brief
recalls on continuous-time backstepping and I&I design are
provided. Section 3 deals with sampled-data I&I stabilization.
An example is worked out in Section 4 with simulations illus-
trating the performances.

2. PRELIMINARIES
2.1 Some recalls

In the sequel, some recalls on continuous-time backstepping
Khalil [1996] and 1&I design Astolfi and Ortega [2003] are
made for dynamics (1). The vector fields f,g : R — R”" are
assumed complete and without loss of generality the origin is
an equilibrium.

Theorem 2.1. (Khalil [1996]) Consider (1). If there exist a
smooth function y(x;) with ¥(0) = 0 and a positive-definite W:
R" — R such that

%(f(xl)+g(xl)7(xl)) <0 Vx; €R"/{0}

then the state feedback control law

w=b""(x1,x)[(x1) - %g(m) —a(x1,x2) —K(xa—y(x))]
globally asymptotically stabilizes the origin with K > 0. <«
Set, for simplicity
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a(x17x2) x17x2)

Theorem 2.1 can be reformulated in the I&I framework by
setting & € R" and

_ _( & .
x=m(6)= (7(5))’
7= 0(x1,x2) =x2 — y(x1).

Flx) = (f(x1)+ng(x1)> . g(x) = <b( 0 >

c(&) =71 (E)[¥(&) —al&. 1(E))]:

(@)
Following Astolfi and Ortega [2003], the Corollary below sets
the problem in the I1&I context.

Corollary 2.1. Consider the system in (1) under the hypotheses
of Theorem 2.1. Then, it is I&I stabilizable with target dynam-

ics & = f(&)+g(&)y(€) by means of the feedback

W(x,2) =b" (x,x) [7(x1) —a(x1,x2) —K(x1,x2)z]  (3)
with K(x1,x3) > K > 0; i.e. there exist smooth functions
a:R"—R" m:R"— R c:R" R
¢ R SR,y RUFDXI SR SR
such that the following hold
H1 (Target Dynamics) the system

E= /(&) +5(&)r(&) = a(f) @)
with & € R” has a globally asymptotically stable equilibrium
at &, and x, = w(&,).

H2 (Immersion Condition) Forall £ € R", 37(&) = (€ (&))"
and c(&) such that
f(ﬂ(i)Hg'(ﬂ(é))C(i)gg[f(ng(é)}’(i) Q)

H3 (Implicit manifold) The following identity holds
{xeR"o(x) =0} = {x e R"|x=n(§) for some § € R"}

with ¢ (x) = x2 — y(x1) and zo = ¢ (xp).
H4 (Manifold attractivity and trajectory boundedness) All tra-
jectories of the system

z= g[f(xwrg(x y(x,z)] (6)

are bounded with

limz(t) = 0, w(w(§),0) = c(§). @)

=300

<

Proof. The target dynamics is given in (4); accordingly, H2 and
H3 are satisfied by the choice in (2) with z, the off-the-manifold
variable. The feedback

w(x,2) = b (x1,02) [7(x1) — a(xi, x2) — K (x1,%2)7]
with K (x1,x2) > k > 0 brings to the closed-loop dynamics
X1 = fx1) +g(x1)x
Xy = Y(x1) — K(x1,x2)z
7= —K(x1,x2)z
with z converging to zero as the time increases. To prove bound-
edness of the trajectories, it is sufficient to show boundedness of

x1 and z. Hence, set any M > 0 such that W, as defined in (2.1),
verifies (L + yYLg)W (x1) < 0, V||x1|| > M. Consider now the
Lyapunov function V (x1,z) = W(x;) + 32* and its derivative
along the trajectories of the system. Hence, for any smooth
function p(x;) > 0, one has

LW > 2
p(x1)

_ (®)
with K(x1,z) = K(x1,z+ y(x1)). Finally, (8) is made negative

by defining a and K such that

V(x1,2) < (Lp 4+ yLg)W + +p(x1)z2 — K(x1,2)z

LW >
L L, )W <0V >M
E f+y £) + P(xl) ||X1|| (9)
K(x1,2) > p(x1).
Hence the thesis. <

2.2 Problem settlement and the class of system under study

It is assumed in the sequel that the control input u is piecewise
constant over intervals of fixed length &, the sampling period.
One looks for a controller u, possibly §-dependent, that makes
the equilibrium of the closed-loop system globally asymptot-
ically stable at the sampling instants. With this in mind, the
following definition is set.

Definition 2.1. A system described by equation

X = f(x)+g(x)u
is said to be sampled-data I&I stabilizable if there exist 7 > 0
and for each 8 €]0,T*], a piecewise constant control u constant
over time intervals of length J; i.e. u(t) = u; for r € [k6, (k+

1)8[ such that the equivalent sampled-data dynamics satisfy
H1d,H2d, H3d and H4d provided in the sequel.

Hereafter, for simplicity of notations, we consider the simplest
strict-feedback form

) = f(x1) +g(x1)x2 (10)
X2 =U
under the assumption of Theorem 2.1.

Indeed, the theory developed in the sequel can be extended to
any system in the general form (1) by first carrying out the
design for the integrator dynamics X, = v and then finding uy,
such that

(k+1)6 | (k+1)6
w= ([ pxenan) ! [ i alx(e)lde
ko ko
providing an implicit definition of u.

Under sampling, dynamics (10) takes the form Monaco and
Normand-Cyrot [2007]
2

1)
Xlk+1 :F15<x1k7x2k)+5MkG5(xlkax2k»uk) (11

Xok1 = Xok + Oty
with

Fla (xlkaka) = 63(f+XZkg)xl ‘xl =Xk
G? 1k, X2k, uk) = g(x1%)

0

+ 3Lyl + Lol + gL )1 | +0(8%).

X1=X1k

The strict-feedback structure is lost under sampling since the
dynamics of x; is directly influenced by the control which acts
with terms in O(82) at least.

3. SAMPLED-DATA 1&I STABILIZATION

In this section, the design of the I&I controller is directly
performed on the SD dynamics (11): namely, according to the
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sampled-data nature of the closed-loop system, the conditions
H1, H2, H3 and H4 of Corollary 2.1 will be reformulated and
shown to hold.

3.1 On the choice of the digital target dynamics

Given (10) and its equivalent sampled-data dynamics in (11),

let us define the SD immersion mapping nd  R" — R ag
x=m(&)= (& P E)) (12)
with & € R" and the SD target dynamics as
&1 = F (&Y (&) + 57¢% (80 G0 (6, Y (&), (&)
(13)
where ¥ (€) and ¢® (&) must be computed to satisfy
(k+1)8
W(E) =WE)+ [ LW E@NT (14
Y (k1) =7 (6) + 8¢ (&) (15)

The equality (14) ensures Lyapunov Matching of W(-) under

¥9(-) while (15) satisfies the immersion and invariance condi-
tion (sampled-data version of the H2). Accordingly, a different
invariant manifold is now obtained by setting

P =¢%(x) =x2— P (x1).

It is important to point out that ¢%(-) is implicitly defined in
terms of ¥%(-) in (15). Its computation can be nevertheless

worked out by substituting Y% (&) into (15) with its Taylor
expansion in a neighbourhood of ék

75(‘§k+1 ék +Z i 85, |§k (Eer1 — &)

with &, | defined as in (13). Settlng now the following structure

16)

for ¢® () and ol (-) Monaco and Normand-Cyrot [2007])
51’
14
c®(§)= +z>1 l+1)‘ ci(§) (17)
)+ ; 18
PO =00+ L @ (1s)

easy but even tedious computatlons enable us to show that the
first terms are solutions of the following equalities

co(&) = (L + YoLg)Yo|5k
c1(8) = ML+ coLgWo+ (L + WLe) Vi + (L + WLe)*Y0le,

Substituting now c‘s(') with such expressions into (14), one re-

formulates (14) as an equality in 7°(-) which can be iteratively
solved so getting for the ﬁrst terms

YO(ék |§k
%i(&) = |
% (8) = [77(5) —5c(8)lg

and thus according to (17)

(ék ’5,{
c1(&) = [COL W+ Ve,

The following result can now be stated.

Proposition 3.1. Consider (10) under the hypotheses of Theo-
rem 2.1 with L,W # 0. Then, there exist 7* > 0 and, for each
8 €]0,T*[, smooth functions

ad :R" - R 7% R" — R
A :R'SR; ¢9:R—-R
such that the following conditions hold true:

H1d (Target Dynamics) The equation (13) rewritten as

i1 = 065(5)

with & € R" has a globally asymptotically stable equilibrium
at &, and n5(§e) = X,;
H2d (Immersion Condition) For all & € R”, define 7% (&) =

(70 (&) ng(é))T and ¢® (&) such that
o0 (§) = Igi(ﬂf(é)vﬂis(ﬁ)H
jca(é)Ga( 7 (&), 77 (§),¢% (&)

75 00’ (£) = 7 (£)+ 8¢ (&);
H3d (Implicit manifold) The following identity holds

{xeR"¢%(x) =0} = {x e R"|x = 7% (&) for some &€ e R"}
with 0% (x) = x — Y% (x1) and zo = 9% (xo).
q

Proof. First, one rewrites (14) as a formal series equality

5Q(E,8,7°) =W (&kp1) — W (&) — P lrt7te) Wl =
with &1 as in (13) and one looks for 7/5 -) satisfying
0(§,6,7°(8)) =0 Vg eR" (19)

in which, by definition, Q(&, 6 ,j =

It is immediately verified that % (&) =
8 =0;1ie.

Q0(&,1) = (L +WLe)W | — (Ly +YLe)W |, =0.
Furthermore, provided the rank condition

d o
Q(E’Yg?ﬁ)ho»yﬁm =LW(5) #0

holds, one concludes from the Implicit Function Theorem, the
existence of a T* small enough such that for any & €]0,T*],
(19) admits a solution in the form of asymptotic expansion
(18) around y(&). GAS of the equilibrium of the digital target
dynamics follows from the property of the continuous-time
dynamics: i.e., by construction of &, the Lyapunov matching
condition with respect to W holds

+1)6
W(Ei1) — W (&) = / (Ly+ YL)W (E(7))dT < 0

provided that (Ly + yLs)W (&) < 0. As far as invariance is
concerned, one easily shows by comparing the terms of the
same power in & in the expansion of the respective sides of the
equality (15) to be satisfied, the existence of ¢®(-) in the form
of (17) such that (15) holds. We note that ¢®(-) appears in the
construction of Y9 (-) and vice versa. Nevertheless, no algebraic
loop is introduced in the computation because each term 7%;
depends on the previous terms ¥; and ¢; for 0 < j <i—1) and
each c¢; depends itself on ¥, for p < j. <

Qo(&,.)+Xi>16'0i(E,.).
y(&€) satisfies (19) for

(20)

Remark Proposition 3.1 states the existence of a digital target
dynamics, defined according to ¢%(-) and y?(-), which results,
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in general, to be different from the continuous-time one as well
as the immersion mapping 7%, Indeed, as could be expected,
in the sampled-data context the whole design procedure is
parametrized by &; so that by changing the sampling period
the manifold and the mappings take different forms. Such
a re-shaping takes into account the possible mismatch with
respect to the continuous manifold occurring under sampled-
data control. <

3.2 On the digital controller

In the previous section the SD dynamics was found and the
global asymptotic stability of its equilibrium proved by means
of a ¥% which was computed by solving the one-step input
Lyapunov matching problem (ILM-P) with respect to W (as in
(14)).

At this point one has that the immersion is defined as in (12)
and that the complete dynamics is defined by

Xiip1 = FP (en) + 2P (xuk, 20) +

8 5 =5 5

jw (xlk,Zk)G (xlkvzkaw (xlkazk)) (21)
X1 = Xk + S (e, Xk, 21)

2kt = 2+ 0W° (X100, 26) — VP (rie) + 70 (1)
with
% = 00 (X1, %26) = Xk — ¥° (1)
FP (1) = F (xu, Vé(xalk)
1 d'F, :
Po(xipyz) =Y - —L 71
( ) ;l! dxy! ’V‘S(Xlk) k
G (x1t,2, ¥°) = G® (a2 +7° (10, W),
In particular, the digital control law is computed by solving an
input-output problem on z;. Manifold attractivity and trajecto-
ries boundedness are proved by Theorem 2.1.
Theorem 3.1. Under the hypotheses of Proposition 3.1, there
exist 7% > 0 and for each & €]0,T*[ a sampled-data feedback
y? : R"*! — R of the form
i
v (x1,x2,2) = Yo (x1,02,2) + Y vy Vilx,x2,2)
= (i+1)!

which ensures digital I&I stabilization of the equilibrium of the
dynamics in (10); namely, one has

(22)

H4d (Manifold Invariance and trajectory boundedness) all tra-
jectories of the system

X1k+1 :2F16 ()C1 ,)Cz) +ZkP6(X1 ,X2,2)+

jws('xla-)Q)Z)Gé (-x17-x27za W6 (xlaXZaz))
Xopr1 = X2+ 8P (x1,%2,2)
_ )
a1l =2+ 8y (x1,x2,2) — VP (x1s1) + V0 (x1)
are bounded and satisfy
limg =0 v(2°(§).0)=c’&). @3
N
Proof. As already stated in Proposition 3.1, Hld, H2d and
H3d hold, and the dynamics on the manifold defined by {x €
R"1: x = 7% (&)} has a globally asymptotically stable equilib-
rium. It remains to show that it is possible to design a control

law u; = 1;15 (xk,zx) such that the trajectories of the closed-
loop system are bounded and satisfy (23). To this end, con-
sider the continuous-time I&I controller, namely y/(x,z). As in
Fossard and Normand-Cyrot [1996], one can get sampeld-data
matching of the evolution of the closed-loop continuous-time z-
dynamics when the feedback control law u, is applied to (10);
ie.,

S(Lytucle) | 24)

9% (xip1) =
By rewriting (24) as a formal series
8S(xk7zka 57 ‘l/a) = ¢6 (xk+1) - ES(L_f+“cL§)¢ ’t:kﬁ

, one concludes from the Implicit Function Theorem pointing
out that since

aS(Xk,Zk, 0, u)

IO = L9 =1£0
a solution in the form (22) exists for 0 €]0,7*[ in a neighbor-
hood of the continuous-time solution.

t=ké"

(25)

It results that input-partial state matching is satisfied in the ab-
sence of finite escape time, which is ensured by the hypothesis
of Theorem 2.1. As a direct consequence one obtains that z
converges to zero as k increases with boundedness of the whole

state trajectories and w? (7%(&),0) = c®(&). N

Each term of the digital controller can be derived by equating
the terms in (24) with the same power of 8. In this way one gets
that each term is computed by solving a linear equation in the
previous components ;. For the first terms, one has

) 1
Vo (X, 2k ) ZW(X’Z)|xk,zk’ Vi (Xk,Zk) = W(X’Z)‘xkzk + 572()%)

1
1679 :VI(va)‘xk-,zk + Z% (k) + [(Lf +x2Lg) 1o+
1,
E(W"’_ YZ)Lg’}/O}Xkyzk'

Remark Setting § = 0, the sampled-data control law y?(-) and
immersion mapping 7% () (and, consequently, ¢®(-) and Y°(-))
reduce to their continuous-time analogs. <

The so far introduced controller is characterized through its

asymptotic expansion, but only approximate solutions can be

computed. A (p,q)-th order approximate solution takes the form
q i

3,[p.al I [p]
II/ ('xkazk) lI/(] +;(l+1),‘lfl

where p is the order of approximation of ¥ (-). One has to set &

small enough so that the hypotheses in Theorem 3.1 hold even

when an approximated controller is applied.

4. AN ACADEMIC EXAMPLE

Consider the system

(26)
whose equilibrium x, = (0, 0)7 has to be stabilized. It verifies
the hypotheses of Theorem 2.1: i.e. there exist W = %x% and
¥(x1) = —x1 — 7 such that (Ly+ yL,)W < 0 for x; € R —{0}.
Hence, one can set z = ¢ (x1) = xp +x1 +2x7.

X1 =X%+XQ Xp=1u

4.1 Continuous-time design

In the continuous time case, the 1&I control law which makes
the origin globally asymptotically stable is
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ue(x) = =K@ +x1 +x3) — (1+2x) (23 4+x2) K>a>1
with K = 2. The immersion mapping and invariant manifold are
defined as in Theorem 2.1. The target dynamics is & = —£&.

4.2 Digital design

First, introduce the sampled-data equivalent model associated
to (26) in O(§3), which is provided by

52
Xkt = X1g+ S (g +x2e) + 82xar (0 +xe) + oyttt 0(8°)
Xok+1 = Xok + O
We use the second order approximated sampled-data equivalent
model since we shall compute the second order approximate

controller y? (P4l 1n this case, the target dynamics is defined as

52 52
Gerr = G+ 88 +10(8) + 21 (&) + 57 26 (& +
5 ! !

W(EN]+ o colE) +0(5)

where 9, 71, and ¢ are the terms defining y>2 and (%[,
According to Theorem 3.1 they are computed as

0(6) =—&—& n(&) =28

co(&) = (& +28&7) e1(&) = —2& — 857 —4&7.
The second-order approximated SD I&I control law is defined
according to Theorem 3.1

uo () = —2 (o -+ X1k +x7;) — (14 2x14) (¥ +x24)
up () = —2x7 +6x7;, — dxd o + 11x7, +

611X + 614 — 225 + Toop + 3"
up(xy) = 18x7, — 2x7; +36x7 0% — 277,

— 21X — 1oy + 18x3, — 1500 + 647, (32, + 200 )+

3 .
(Euz — i) (—1—2x14).
27

It is nasty but easy to verify that by setting xo; = % (x1¢) in (27)
one gets exactly the expression of ¢ (xx).

4.3 Simulations

The designed controller is compared to the continuous-time one
and its discrete emulated version and the results are illustrated
in the sequel. The simulations are performed with different
sampling periods & (0.1, 0.4 and 0.7 seconds) and initial
condition x = (0.5,0.5) . First of all, it can be pointed out that
the attractive manifold defined by the sampled-data approach is
not the same as the continuous-time one (it is itself a function
of J); this appears evident from Figs for increasing values of
6. The performances of the proposed controller are depicted
in Figs 1-2 and 3. It results that while no sensible differences
can be detected for small sampling periods, when & increases
the proposed controller better fits the requirements and is still
capable to assure stability when the emulated controller fails
(6 =0.7s).

Concerning the control law, similar results can be observed; the
amplitudes of the efforts are comparable for small sampling
periods; while significant improvements are obtained when it
increases. In particular, the effort under the approximate second
order II controller is lower even with respect to the continuous
solution; moreover it ensures smoother trajectories and faster
transient than the emulated controller.

udmanics: Evlions

Invriant Manifolds

T
— — Emulated &) Maniold
— Emited 1, avlton

~ — Dt I it contoler of order (22 eniod

Fig. 1. Simulations with § = 0.1 s and xo = (0.5,0.5)7
5. CONCLUSIONS

Assuming the existence of a continuous controller asymptoti-
cally stabilizing a strict-feedback dynamics, a sampled-data [&I
control law has been proposed in the present work. The major
point stands in re-defining the immersion mapping and the at-
tractive manifold, which characterize the &I design procedure,
according to the the sampled-equivalent model of the system.
As pointed out it enables to compensate the mismatch of the
state evolutions over the invariant manifold under sampled-
data controller, so improving the over all performances. Some
simple simulations confirm the interest of the proposed solu-
tion. Future works include the extension of this procedure to
more general strict-feedback structures and investigations on
the maximum allowed sampling period (MASP).

REFERENCES

Astolfi, A., Karagiannis, D., and Ortega, R. (2008). Nonlinear
and adaptive control with applications. Springer Publishing
Company.

1089



MICNON 2015
June 24-26, 2015. Saint Petersburg, Russia

Invaiant Nanfolds

T
— — Emulated I3l Manifold
— Emited 1, evobdon

— — Diet 81 wih conrler ofoder (22) eniold

Q2 0 02 04 08 0 1 12

Fig. 2. Simulations with § = 0.4 s and xy = (0.5,0.5)7

Astolfi, A. and Ortega, R. (2003). Immersion and invariance:
a new tool for stabilization and adaptive control of nonlinear
systems. [EEE Transactions on Automatic Control, 48(4),
590-606.

Fossard, A. and Normand-Cyrot, D. (1996). Nonlinear systems,
volume 3. Springer Science Business Media.

Hristea, E. and Siguerdidjane, H. (2011). Stabilization of
a magnetic suspension by immersion and invariance and
experimental robustness study. In Proc. of 18th IFAC World
Congress, Milano, volume 18.

Khalil, H. (1996). Nonlinear systems. Prentice-Hall, Engle-
wood Cliffs, NJ.

Kokotovié, P. and Arcak, M. (2001). Constructive nonlinear
control: a historical perspective. Automatica, 37(5), 637—
662.

Mannarino, A. and Mantegazza, P. (2014). Multifidelity con-
trol of aeroelastic systems: an immersion and invariance ap-
proach. Journal of Guidance, 37(5), 1-15.

Mattei, G., Monaco, S., and Normand-Cyrot, D. (2015). Multi-
rate sampled-data immersion and invariance stabilization of

udmanics: Evlions

Invriant Mandolds

T T
— — Emulated &) Maniold
— Emited 1, avlton

~ — Dt I it contoler of order (22 eniod

Fig. 3. Simulations with § = 0.7 s and xo = (0.5,0.5)7

a class of nonlinear systems. In Proc. ECC’15, Linz, Austria.

Monaco, S. and Normand-Cyrot, D. (2007). Advanced tools for
nonlinear sampled-data systems, analysis and control, mini-
tutorial. Special Issue ”Fundamental Issues in Control”,
European Journal of Control, 13(2,3), 221-241.

Monaco, S., Normand-Cyrot, D., and Tiefensee, F. (2011).
Sampled-data stabilization; a pbc approach. IEEE Trans. on
Automatic Control, 56, 907-912.

Nesié¢, D. and Teel, A. (2006). Stabilization of sampled-data
nonlinear systems via backstepping on their euler approxi-
mate model. Automatica, 42, 1801 — 1808.

Postoyan, R., Ahmed-Ali, T., and Lamnabhi-Lagarrigue, F.
(2009). Robust backstepping for the euler approximate
model of sampled-data strict-feedback systems. Automatica,
45(9), 2164-2168.

Yalcin, Y. and Astolfi, A. (2011). Discrete time immersion
and invariance adaptive control for systems in strict feedback
form. In 50 th IEEE-CDC and EUCA-ECC, 343-347.

1090



