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monitoring incremental errors caused during two consecutive switching moments, and thus can identify
the true control direction quickly.
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1. Introduction

Nonlinear integrator backstepping was first introduced in the
seminal paper (Kanellakopoulos, Kokotovi¢, & Morse, 1991) to
systematically solve the adaptive control problem for a class of un-
certain nonlinear systems in the parametric-pure-feedback form.
The drawback of overparametrization in Kanellakopoulos et al.
(1991) was successfully overcome by Krsti¢, Kanellakopoulos,
and Kokotovi¢ (1992), with a combination of backstepping and
the technique of “tuning function design”. Now, many important
results involving nonlinear and adaptive control are well doc-
umented in Krstic, Kanellakopoulos, and Kokotovic (1995) and
Marino and Tomei (1996).

Adaptive control design for nonlinear systems in the parametric-
strict-feedback (PSF) form with multiple unknown control di-
rections was solved in Ye and Jiang (1998), where the smooth
Nussbaum-type gain (Nussbaum, 1983) was successfully incorpo-
rated into backstepping, to overcome the lack of information on
control directions. This new design technique was further applied
to nonlinear robust regulation control (Ye, 1999) and nonlin-
ear output feedback robust and adaptive control with unknown

* This work was supported in part by the National Natural Science Foundation of
China under Grants 61603118, 61375072, 61273134, and the Australian Research
Council through Discovery Project DP130103610 and DP160104500. The material
in this paper was not presented at any conference. This paper was recommended for
publication in revised form by Associate Editor Changyun Wen under the direction
of Editor Miroslav Krstic.

* Corresponding author at: School of Automation, Hangzhou Dianzi University,
Zhejiang 310018, China.

E-mail addresses: zjuhc2011@gmail.com (C. Huang), brad.yu@anu.edu.au
(C.Yu).

https://doi.org/10.1016/j.automatica.2017.11.024
0005-1098/© 2017 Published by Elsevier Ltd.

control directions (Ding & Ye, 2002; Ye, 2001), etc. However, in
contrast to (Krsti¢ et al., 1992), tuning function design cannot be
incorporated into the Nussbaum-gain-based design (Ye & Jiang,
1998) to remove overparametrization.

Therefore, this paper develops a new adaptive control scheme
for nonlinear PSF systems with multiple unknown control direc-
tions. The first contribution of the proposed scheme is that the
drawback of overparametrization in Ye and Jiang (1998) is over-
come. That is, for nonlinear PSF systems of order n with n + g
unknown parameters (including n unknown virtue control coef-
ficients), Ye and Jiang (1998) require a total number ofn (q — 1) +
%n (n + 1) estimators, whereas using the algorithm of this paper
the total number is n+ q — 1, which is free of overparametrization.

The proposed adaptive control scheme is based on a combina-
tion of backstepping design, tuning function design and a logic-
based switching mechanism which tunes the control directions
online in a switching manner. It was recognized early in Ilchmann
(1993) that, for MIMO linear adaptive control systems with un-
known high frequency gain matrix (i.e., multiple unknown control
directions), one can incorporate a switching-type Nussbaum func-
tion (SNF) or use a switching decision function (SDF) to achieve
asymptotic control. Therefore it is not a surprise that in this paper
we adopt a switching-type control law when there are multiple
(virtue) control inputs in a nonlinear system. Our switching mech-
anism is more like the SDF-based approach in Ilchmann (1993).

The second contribution of the proposed adaptive control
scheme is that it achieves asymptotic tracking control. It is worth
pointing out that for nonlinear uncertain systems, there are essen-
tial differences between stabilization and tracking problems (Yan
& Liu, 2010). Therefore, for uncertain nonlinear systems with
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multiple unknown control directions, although the problems of
stabilization (Ortega, Astolfi, & Barabanov, 2002; Psillakis, 2016;
Wu, Chen, & Li, 2016) and practical tracking (Yan & Liu, 2010) have
been tackled, very few methods are capable of tackling asymptotic
tracking problems except the adaptive control schemes of Ye and
Jiang (1998), Tiago et al. (2010) and our paper.

The third but not the least contribution is that the logic-based
switching mechanism in this paper is novel in the sense that it is
based on monitoring the incremental error caused during two con-
secutive switching moments, rather than monitoring total errors
as many previous related works did (e.g. Ye, 2005, 2012). The ad-
vantage of the incremental-error based switching criterion is that
it is more sensitive to mismatch between true control direction
and the estimated ones. As is well known, a major disadvantage
of Nussbaum-type control law is its large control overshoot, with
the new switching criterion of this paper, instead, correct estima-
tion of the control direction can be identified quickly, so that the
drawback of overshoot is often effectively suppressed.

The rest of the paper is organized as follows: the problem
under consideration is formulated in Section 2. Section 3 presents
the controller structure design based on backstepping and tuning
functions, and the switching mechanism design responsible for
tuning control directions. The main result is presented in Section 4
with some remarks. A numerical example is provided to show
the effectiveness of the proposed method in Section 5. Section 6
concludes this paper.

2. Problem formulation

We revisit the problem of global adaptive control of the fol-
lowing parametric-strict-feedback system with unknown control
directions (Ye & Jiang, 1998):

X = wiXipr + 07 i (X1, ..., X)),
i=1,...,n—1,

Xn :Mnu+9T¢n (X),

Yy =X,

(1)

where x = [X1,X,...,%:]7 € R" is the system state, u €
R is the control input, y € R is the output. u; #* 0,i =
1,...,n, are unknown (virtue) control coefficients, particularly,
whose signs representing the control directions, are unknown. § =
(61, ... 0g. 11, ..., un,l]T € RI~1 represents the unknown
parameter vector. Note that i, does not need to be estimated using
our approach. ¢; € R¥"~1 i =1, ..., n, are known smooth func-
tions. The control objective is to force the output asymptotically
tracking the reference signal ry (t) whose up to nth time derivatives
are assumed to be known, bounded and piecewise continuous,
i.e.,, we require lim;_, .y (t) — 1o (t) = 0. Let ry be produced by
the following known system:

fi = Tiy1,
i=0,....,n—1. (2)

3. Adaptive controller design
3.1. controller structure
As mentioned in Section 1, the adaptive controller design is

based on backstepping and tuning functions. Before the step-by-
step design procedure, let us first define the change of coordinates:

Z1 = X1 — To,
Zi =X —Oji—1 \ X1, ..., Xi—1, P15 -+ -5 Pi—1,

. (3)
I(],...,I(i_],ro, ...,Ti_1,9) 5

i=1,2,...,n,

where p; () € R,i = 1,...,n are continuous signals to be
designed, 6 (t) € RI™"~! is a vector that serves as the estimate
of 6, K (t),i = 1,2,...,n are switching signals which serve as
the estimate of the signs of w;, and take values in the set {1, —1},
that is, either K; (t) = 1 or K; (t) = —1. The switching moments
are recorded by a sequence of strictly increasing numbers 0 =
To < Ty < T, < --- and the switching mechanism for K; (t)
will be presented in Section 3.2. ;,i = 1,...,n — 1 are smooth
functions with respect to the variables, serving as the virtue control
inputs. K; (t) is discontinuous at Ty, Ty, ..., and so is «;, but «; is
smooth with respect to t between any two consecutive switching
moments. Throughout the paper we assume K; (t), as well as «;, is
continuous from the right at the switching moments. Now we start
the design procedure.
Step 1. Define

1, 1 K\ 1sp -
V1(f)=521+£ll11<1 ,01+E +591" 0,

where I' € R™4-Dx(4-1 s 3 positive definite matrix that can
be selected freely by designers. 8 = 6 — 6 is the estimate error.
Computing the time derivative of V; for all t except the switching
moments Ty, k =1, 2, ..., we have

Vi=z (IMOM +07¢; — Tl) + o1

+ miKiprpr — 00! (é - FZ]¢1) + mz1z2

=zl + (,b1 + 01z + 210"y — zm)

+ w1 (zien + Kipipr) — 07! (é - F21¢1) + 112123.

Defining p1 = c1z1 + 9T¢1 —r1 and 1y = I'z1¢4, taking

P = —z1p1,
a1 = K1 0101,
we obtain

V] = —C1Z% — éTF7] (é — T1) + n12123.
Step 2. Define

1, 1 K\’

Vo) =Vi+ =z + -walal o2+ — ) .

2 2 H2

Computing the time derivative of V, for all t except the switching
moments, we have

Vz = —C]Z]2 — éTF_l (é — T])

da
+2z |:M121 + w0y + 07y — 871 (X2 + 9T¢1)
1
i 80{12 ~ 80{1r 80{1r 80[1 é:|
T 4P o hh— T~ —=
I dro ar 30
+ 02 + 12Ka 0202 + paz273

= —C1Zf — éTF7] é -1 —Iz |:Z1€q+1 +¢2

0
- 8;:: (x2€q41 + ¢1)“

AT 30!]
+22 Y20 + 07 | Z1€g11 + P2 — v (%2411 + ¢1)
1
+ 80{12 - 30{1r B(X]r 80{1A
Tz~ ——
9p1 arg ary 20

+ 02 + 12K 0202 + 22223

where e; € R"9~1 is a vector whose jth entry equals 1 while other
entries equal 0. Taking

o

h=1+12 |:Zleq+l +¢2 — o
1

(x2€q41 + ¢1)i|
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