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Adaptive Control for Systems with Time-Varying
Parameters

Kaiwen Chen and Alessandro Astolfi, Fellow, IEEE

Abstract—This paper investigates the adaptive control
problem for systems with time-varying parameters using
the so-called congelation of variables method. First, two
scalar examples to illustrate how to deal with time-varying
parameters in the feedback path and in the input path,
respectively, are discussed. The control problem for an n-
dimensional lower triangular system via state feedback is
then discussed to show how to combine the congelation of
variables method with adaptive backstepping techniques.
To achieve output regulation problem via output feedback,
problem which cannot be solved directly due to the cou-
pling between the input and the time-varying perturbation,
the ISS of the inverse dynamics, referred to as strong
minimum-phaseness, is exploited. This allows converting
such coupling into the coupling between the output and
the time-varying perturbation. A set of filters, resulting in
ISS state estimation error dynamics, are designed to cope
with the unmeasured state variables. Finally, a controller is
designed based on a small-gain-like analysis that takes all
subsystems into account. Simulation results show that the
proposed controller achieves asymptotic output regulation
and outperforms the classical adaptive controller, in the
presence of time-varying parameters that are neither known
nor asymptotically constant.

Index Terms— Adaptive control, Nonlinear systems, Out-
put feedback.

[. INTRODUCTION

Since the 1980s, adaptive control has undergone extensive
research (see e.g. [1]-[5]), yet the works on systems with time-
varying parameters appear not to be as voluminous as works
that only consider time-invariant systems. Some pioneering
works on adaptive control for time-varying systems (see e.g.
[6]) exploit persistence of excitation to guarantee stability by
ensuring that parameter estimates converge to the true param-
eters.! Subsequent works (see e.g. [9], [10]) have removed the

This work has been partially supported by the European Union’s
Horizon 2020 Research and Innovation Programme under grant agree-
ment No 739551 (KIOS CoE), and by ltalian Ministry for Research in
the framework of the 2017 Program for Research Projects of National
Interest (PRIN), Grant no. 2017YKXYXJ.

K. Chen is with the Department of Electrical and Electronic En-
gineering, Imperial College London, London, SW7 2AZ, UK. E-mail:
kaiwen.chenlé6@imperial.ac.uk

A. Astolfi is with the Department of Electrical and Electronic En-
gineering, Imperial College London, London, SW7 2AZ, UK and
with the Dipartimento di Ingegneria Civile e Ingegneria Informat-
ica, Universita di Roma “Tor Vergata”, Rome, 00133, ltaly. E-mail:
a.astolfi@imperial.ac.uk

'In recent literature, methods requiring that the parameter estimates con-
verge to the true parameters are categorized as identification methods, see e.g.
[71, [8]. In the rest of this paper we only consider control methods which do
not require convergence of the parameter estimates.

restriction of persistence of excitation by requiring bounded
and slow (in an average sense) parameter variations.

More recent works can be mainly categorized into two
trends. One of them is based on the so-called robust adaptive
law or switching o-modification, see [3], a mechanism which
adds leakage to the parameter update law if the parameter
estimates drift out of a pre-specified reasonable region to
guarantee boundedness of the parameter estimates. This ap-
proach achieves asymptotic tracking when the parameters are
constant, otherwise the tracking error is nonzero and related
to the rates of the parameter variations, see [11]. In [12] and
[13] the parameter variations are modelled in two parts: known
parameter variations and unknown variations, and the residual
tracking error only depends on the rates of the unknown
parameter variations.

The other trend exploits the so-called filtered transfor-
mation, which is essentially an adaptive observer described
via a change of coordinates, and the projection operation,
which confines the parameter estimates within a pre-specified
compact set to guarantee the boundedness of the parame-
ter estimates, see [14], [15] and [16]. These methods can
guarantee asymptotic tracking provided that the parameters
are bounded in a compact set, their derivatives are £, and
the disturbance on the state evolution is additive and Ls.
Moreover, a priori knowledge on parameter variations is not
needed and the residual tracking error is independent of the
rates of the parameter variations.

The methods mentioned above cannot guarantee zero-error
regulation when the unknown parameters are persistently vary-
ing. To achieve asymptotic state/output regulation when the
time-varying parameters are neither known nor asymptotically
constant, in [17] and [18] a method called the congelation of
variables has been proposed and developed on the basis of the
adaptive backstepping approach and the adaptive immersion
and invariance (I&I) approach, respectively. In the spirit of the
congelation of variables method each unknown time-varying
parameter is treated as a nominal unknown constant parameter
perturbed by the difference between the true parameter and the
nominal parameter, which causes a time-varying perturbation
term. The controller design is then divided into a classical
adaptive control design, with constant unknown parameters,
and a damping design via dominance to counteract the time-
varying perturbation terms. This method is compatible with
most adaptive control schemes using parameter estimates, as
it does not change the original parameter update law designed
for time-invariant systems.

Since full-state feedback is not always implementable, most
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practical scenarios require an output-feedback adaptive control
scheme. In the output-feedback design with the congelation of
variables method, the major difficulty is caused by the cou-
pling between the input and the time-varying perturbation. In
this case simply strengthening damping terms in the controller
alters the input (as well as the perturbation itself) and therefore
causes a chicken-and-egg dilemma, which prevents stabiliza-
tion via dominance. In [19] and [20], a special output-feedback
case is solved on the basis of adaptive backstepping and
adaptive I &I, respectively, by exploiting a modified minimum-
phase property for time-varying systems and decomposing the
coupling between the input and the time-varying perturbation
into couplings between some output-related nonlinearities and
some other time-varying perturbations, which enables the use
of the dominance design again, though it is still restricted by
a relative degree condition. This restriction is relaxed in this
paper.

The paper is organized as follows. In Section II, two
motivating examples of scalar systems to illustrate the use
of the congelation of variables method are presented, and
an n-dimensional lower-triangular system with unmatched
uncertainties controlled by an adaptive state-feedback con-
troller is discussed to elaborate on the combination of the
congelation of variables method with adaptive backstepping.
With these design tools, in Section IIl the paper revisits,
integrates, and further develops the results in [19] and [20] on
the decomposition of the perturbation coupled with the input,
and proposes a controller design based on the scheme in [21]
together with a more comprehensive small-gain-like analysis,
when compared with the one in [19] and [20], that incorporates
the filter subsystems into the analysis. These allow the output-
feedback scheme proposed in this paper to achieve asymptotic
output regulation and to guarantee boundedness of all closed-
loop signals and, at the same time, remove the restriction of
having relative degree 1 or constant high-frequency gain, as
assumed in [19] and [20]. In Section IV a numerical example
to highlight the performance improvement achievable with the
proposed scheme is presented.

Notation: This paper uses standard notation unless stated
otherwise. For an n-dimensional vector v € R™, |v| denotes
the Euclidean 2-norm, |v|py = Vo T Mv, M = MT = 0,
denotes the weighted 2-norm with weight M, v; € R,
1 <4 < n, denotes the vector composed of the first ¢ elements
of v. e; denotes the i-th unit vector of proper dimension.
For an n x m matrix M, (M); denotes the i-th column,
(MT); denotes the i-th row, (M);; denotes the i-th element
on the j-th column, tr(M) denotes the trace, and |M|r =

> i1 2=y (M)7; denotes the Frobenius norm. [ and S

enote the identity matrix and the upper-shift matrix with
proper dimension, respectively. For an n-dimensional time-
varying signal s : R — R", the image of which is contained in
a compact set S, Ag : R — RR”™ denotes the deviation of s from
a constant value (g, i.e. Ag(t) = s(t)—Ls, and §; € R denotes
the supremum of the 2-norm of s, i.e. §5 = sup,~q |s(t)| > 0.

()™ = ;TZ denotes the n-th time derivative operator. o

In this paper the unknown time-varying system parameters
0 : R — RY and b,, : R — R may verify one of the

assumptions below.

Assumption 1 (Bounded parameters): The parameter 6 is
piecewise continuous and 6(t) € O, for all ¢ > 0, where
Oy is a compact set. The “radius” of Oy, i.e. da,, is assumed
to be known, while ©( can be unknown (see Fig. 1). o

Fig. 1. Graphical illustration of the role of ®o, £g, Ag(t), and da,.

Assumption 2 (Smooth bounded parameters): The parame-
ter 6 is smooth, that is, H(i)(t) € 0;, fori >0, forall t >0,
respectively, where ©; are compact sets possibly unknown.
da, 1s assumed to be known. o

Assumption 3 (Sign-definite parameter): ~ The parameter
b (t) is bounded away from O in the sense that there exists
a constant ¢, such that sgn({,,,) = sgn(by,(t)) # 0 and
0 < |bp,,| < |bm(t)|, for all £ > 0. The sign of ¢, and by, (t),
for all ¢t > 0, is known and does not change. o

[I. MOTIVATING EXAMPLES AND PRELIMINARY RESULT

In this section two motivating examples are provided
to briefly introduce the so-called congelation of variables
method, which is the core idea of this paper for coping with
time-varying parameters.

A. Parameter in the Feedback Path

To begin with consider a scalar nonlinear system described
by the equation

i =0(t)z? + u, (D)

where z(t) € R is the state, u(¢t) € R is the input, and

0(t) € R is an unknown time-varying parameter satisfying

Assumption 1. Assuming that we have an “estimate” 6 of the
parameter 6(t), we can rewrite (1) as

i =02 +u+ (0 — 0 )

One way to design an update law for 6 is to consider a
Lyapunov function candidate of the form

3)
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Assuming 6 is differentiable with respect to time for the time
being and taking the time derivative of V' along the solutions
of (2) yields
o L N
V=0x4ux+(0—-0)z>—0—-0)—+0—-0)—, 4
o Yo

which means that the selection of the parameter update law
0 = ypa® (&)

cancels the effect of the unknown (Gfé):z:3 term. The constant
v > 0 is known as the adaptation gain. In classical adaptive
control problems one assumes that 6 is constant, that is =0
for all ¢ > 0, and selects the control law

u=—kx — 02, (6)

with k > 0, which yields V = —ka? < 0. We can conclude
from this that = and 6 are bounded, and x converges to 0
by invoking Barbalat’s lemma. When 9 # 0, one has to
deal with the indefinite term (6 — é)% One way to do
this is to modify (5) with the so-called projection operation
(see e.g. [22], [23]), which confines the parameter 6 inside a
convex compact set and therefore guarantees the boundedness
of (6 — 6). It follows that the boundedness of § guarantees
the boundedness of x (either exact boundedness, e.g. in [24]
or boundedness in an average sense, e.g. in [10]), and 6 e Ly
guarantees the convergence of = to 0 (e.g. in [15], [25],
[16]). In some other works (e.g. in [11], [12], [13]), the
boundedness of 6 is guaranteed by the so-called switching o-
modification, which adds some leakage to the integrator (5) if
the parameter estimate drifts outside a reasonable region, and
it is often referred to as soft projection. All these schemes
share the similarity that they treat 0 as a disturbance. As a
result some disturbance attenuation effort is made to guarantee
that bounded 6 causes bounded state/output regulation/tracking
error, and sufficiently fast converging 6, which means that 6
becomes constant sufficiently fast, guarantees the convergence
of the error to 0. As a result, none of these methods can
guarantee zero-error regulation/tracking when the unknown
parameter is persistently time-varying, in which case 6 is non-
vanishing.

However, note that the reason why we cannot avoid 6 in
the analysis is the 6 — 6 term in (3). This term is included
only to guarantee the boundedness of 0, yet by no means
guaranteeing the convergence of 6 to 6, no matter whether
6 is time-varying or constant, thus replacing ¢ with a constant
Ly, to be determined, can guarantee the same properties. £y can
be regarded as the average of 6(t), which is not necessarily
known. In the light of this, consider the modified Lyapunov
function candidate

Vi, 0,0g) = ~a® + (0 — B)?. ™)
0

Taking the time derivative of V), along the trajectories of (2)
yields

o o .
Vo = 02 4+ uz + (bg — 0)2® — (bg — (9)7 + Agz®,  (8)
6

where Ay = 0 — fy. Comparing (8) with (4) we see that
the substitution of ¢y for 6 eliminates the 0 term, at the cost
of adding a perturbation term Agz3 due to the inconsistency
between 6 and ¢y. Considering the same parameter update law
as in (5) and a new control law
( 1 > 1 3 5.2
u=—(k+-—10, |r— zea,0n,2° —0z*, (9)
2€A9 2

where ea, > 0 is a constant, to balance the linear and the
nonlinear terms, yields

. 1 1
Ve = —(k + 5A9>x2 — *€A95A9$4 + Agl‘g
2en, 2

< —kz?<0.

(10)

Therefore we can conclude boundedness of all trajectories
of the closed-loop system as well as convergence of x to
0 using the same argument as the one used in the classical
constant parameter problem, without requiring a vanishing 0.
The method of substituting the constant £y for the time-varying
# to avoid unnecessary time derivatives is called congelation
of variables [17]>. Note that controllers designed via the
congelation of variables method can be used for systems
with fast-varying parameters, as the design does not rely on
properties of 0.

Remark 1: The control law (9) and the parameter update
law (5) do not depend on ¢y, in the same way as classical
adaptive controllers do not depend on 6, thus showing the
“adaptive” property of the proposed mechanism. One can in-
terpret the proposed controller as a combination of an adaptive
controller, to cope with the unknown parameter ¢y, and a
robust controller, to cope with the time-varying perturbation
Ay(t). This fact can also be revealed by noting that, when 6
is a constant, one could select /y = 0, hence da, = 0, and the
control law (9) is reduced to the classical control law (6).

It is also worth discussing the difference between the
proposed adaptive control scheme and a pure robust control
scheme in which ¢y is treated as nominal parameter. To
illustrate this consider a practical scenario in which we have a
circuit that has to work with one of three resistors with values
5042, 1002, and 15012, yet which one is used is unknown. In
addition, due to temperature variations, the resistances have a
fluctuation of £10¢). In the spirit of the proposed method, ¢y
equals either 5082, 10082, or 1502, which is unknown and
not used in the controller design, as it is replaced by the
dynamically updated 6, and oa, = 102, which is known and
used in the controller design. In the spirit of robust control,
one has to determine the nominal resistance of the resistor
before designing the controller, and according to the known
information, the best guess is ¢y = 100€2. In this case the
maximum deviation from this nominal value is da, = 602,
which is caused not only by the parameter variation but also

2Some works predating [17] exploit similar ideas to avoid involving 6 in the
analysis. For example, in [26] the unknown time-varying controller parameter
in the Lyapunov function is replaced with a constant (0, as a matter of fact).
In other works one first derives a constant parameter controller via dominance
design (instead of directly using a time-varying parameter controller that
cancels the time-varying parameter) and then estimates the constant parameter
of the dominance controller, see e.g. [27], [28].
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by the imperfect knowledge on the true resistance of the
resistor used. This leads to a more conservative design that
uses an unnecessarily high gain and may cause severe noise
amplification issues. In an extreme case in which the nominal
resistance of the used resistor is completely unknown, one
cannot design a robust controller while one can still design an
adaptive controller using the proposed method. o

Remark 2: The control law (9) depends on éa,, which is
assumed to be known by Assumption 1. Even if da, is un-
known, one can easily overcome this by building an “estimate”
for 6, via classical adaptive control techniques, since d,, is
a constant and the control law is linearly parameterized, see
Remark 2 of [21] for a brief example. o

Remark 3: It worth introducing a convention to clarify the
spirit in which we treat unknown quantities. If an unknown
indefinite term in the time derivative of the Lyapunov function
vanishes as the system parameters become constant, then this
term is to be dominated by a static damping design, like the
Ap-term in this case, and we do not aim at estimating d,, the
bound of Ay (t); if an unknown indefinite term is not vanishing
even when all system parameters are constant, like the (-
term in this case, then this term is to be compensated by a
dynamically updated “estimate”, which is 6 in this case. The
reasons for this convention of design are, first, that we do not
want to over-extend the dimension of the closed-loop system
by adding too many dynamic estimates, and second, that we
need the static damping terms to counteract fast parameter
variations for better transient performance (for the same reason
one can use nonlinear damping techniques even for system
with constant parameters). o

Remark 4: Consider the classical adaptive control problem
in which 6 is constant. The closed-loop dynamics can be
described via a negative feedback loop consisting of two
passive systems, namely

1 = —kai + 2,
Y { T (11)
h = Ty,
Ta = YUz,
Yo 12
2 { Y2 = T2, ( )
where 11 = x, 15 = 6 — 0, u1 = —Y2, Uz = y1. The storage
functions are Sy = jaf and Sp = gl-u3, respectively. It

is well-known that the parameter update law (5) is neither
designed to guarantee the convergence of 6 — 6 to 0 nor to
make 0 estimate 0, though 0 is called the parameter estimate
by convention, but to make 6 — 6 an input/output signal to
form a passive interconnection. When 6 is time-varying, the
dynamics of X5 are described by

22:{ g2 = vz =0, (13)
v2 =

€2,
which causes the loss of passivity from us to yo. The
congelation of variables method can therefore be interpreted
as selecting a new signal 6 — lp that can yield a passive
interconnection, while maintaining the passivity of ¥; by
strengthened damping. Within this framework, the two passive

systems are described by

w1 = —a(zy,t)r) + 23U,
D 14
! { y1 = SC?, ( )

Ty = YoUa,

Yo 15
2 { Y2 = X2, ( )
where 21 = , 29 = 0—{g, uy = —Y2, U2 = y2 and a(z1,t) =
(k+ 50-0a0) + 3€a,08,7% — Dgz1 2 k> 0. ©

B. Parameter in the input path

In what follows we show how to extend the idea of congela-
tion of variables to systems in which a time-varying parameter
is coupled with the input by considering the nonlinear system

i = 0(t)x? + b(t)u, (16)

where 6(t) satisfies Assumption 1 and b(t) € R satisfies
Assumption 1 and Assumption 3. Equation (16) can be re-
written as

i = 02% + a4+ Agz® + Aot

. 17
ro-iw-a(L-du O

b

where Ay (t) = b(t) = £y, 0 is an “estimate” of 7-, and u = g
From classical adaptive control theory (see e.g. [2]) we know
that the effect of the second line of (17) can be cancelled by
selecting the parameter update laws (5) and

0 = —,sgn(ly)uz, (18)

and considering the Lyapunov function candidate V (z, , 9) =

122+ ﬁ (0—6)2+ %(i — 0)?, the time derivative of which
e
along the trajectories of (17) satisfies

V = 02° + ax + Agz® + Apduc. (19)
Note that the perturbation term A gux depends on 4 explicitly,
which means that we cannot dominate this term by simply
adding damping terms to u, as doing this also alters the
perturbation term itself. Instead, we need to make Ayjux
non-positive by designing @ and selecting ¢;,. Consider @ as a
feedback control law with a non-positive nonlinear gain, that
is
_ 1/6A 1 1 on o
= _‘%(‘T? é)iE,
(20)

where €, > 0. Note that #(x,0) > 0 by construction.
Substituting (20) into (18) yields o = vosgn(ly) k. When
b(t) > 0, for all ¢ > 0, due to Assumption 3, there exists a
constant ¢, such that 0 < ¢, < b(t), Ay > 0, 6 > 0, which
means that any initialization with ¢(0) > 0 guarantees that
o(t) > 0, for all ¢ > 0, and therefore Aypuxr = —Ayorr? <
0, for all ¢ > 0. When b(t) < 0, for all ¢t > 0, similarly there
exists ¢, such that b(t) < £, < 0, A, < 0, @ < 0. Then
selecting 9(0) < O guarantees 9(t) < 0, for all ¢ > 0, and
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Apour < 0. Recalling (19), (20), and noting that Ay puzr < 0
yields

) o 1 .
V< —ka?— (62992:54 + T 91’3>

€
. (eAs(SAe 4

1)
ot JAe

224+ Ng2? ) < —kz? <0.
2 2€A9

2y

Exploiting the same stability argument as before, boundedness
of the system trajectories and convergence of z to zero follows.

Remark 5: This example highlights the flexibility of the
congelation of variables method: the congealed parameter /.
can be selected according to the specific usage. It can be a
nominal value for robust design, or an “extreme” value to
create sign-definiteness, as long as the resulting perturbation
A,y is considered consistently. One can even make £(.) a time-
varying parameter subject to some of the assumptions used in
the literature (e.g. £(.) € Loo, £y € L1, see e.g. [10], [15]),
and use the congelation of variables method to relax these
assumptions. This is the reason why the proposed method is
named “congelation™ not “freeze”. o

Remark 6: Similarly to the effect of the selection of ¢y in
Remark 4, the selection of ¢, makes ¢ — i a passivating
input/output signal. In addition, note that the overall system
is passive from —Aygkx to x. Our selection of ¢, always
guarantees that —A,or is negative and therefore yields a
negative feedback “control” (if regarding —Apgokx as the
control law), which is well-known to possess an arbitrarily
large gain margin in a passive system and robust against the

variation of Apok. o
o—> x
=l e
o>
> R
O—»
—4 T-n - -.{78
Se —
|
@
A p—1
0—-4,
|\ —

Ay Dicx

Fig. 2. Schematic representation of system (17), (5) and (18) as the
interconnection of passive subsystems.

The examples discussed above are simple, yet illustrate the
core ideas put forward in the paper: no matter if the time-
varying parameters appear in the feedback path or in the
input path. The readers will see that the following sections
are essentially applying the same ideas in more sophisticated
ways and to more complicated scenarios.

3The word “congelation” is polysemous: it means both “coagulation” and
“freeze/solidification” [29].

C. Preliminary Result: State-Feedback Design for
Unmatched Parameters

In the examples of Section II-A and Section II-B the
unknown parameter 6(¢) enters the system dynamics from the
same integrator from which the input u enters, that is, the so-
called matching condition holds. For a more general class of
systems in which the unknown parameters are separated from
the input by integrators, adaptive backstepping design [2] is
needed. Consider an n-dimensional nonlinear system in the
so-called parametric strict-feedback form, namely

1= &1 (£1)0(t) + 2,

B = @ (z)0(t) + wiva, 22)

G = ¢ (2)0(t) + b(t)u,
where i = 2,....n — 1, z(t) = [z1,...,2,]7 € R" is
the state, u(t) € R is the input, 6(¢t) € RY is the vector
of unknown parameters satisfying Assumption 1, and b(t) €
R is an unknown parameter satisfying Assumption 1 and

Assumption 3. The regressors ¢; : R - RY,i=1,...,n,
are smooth mappings and satisfy ¢;(0) = 0.
Remark 7: The condition ¢;(0) = 0 implies that

¢, (0)6(t) = 0, which allows zero control effort at z = 0. One
can easily see that if ¢;(0) # 0, ¢, (0)0(t) becomes an un-
known time-varying disturbance, yielding a disturbance rejec-
tion/attenuation problem not discussed here. By Hadamard’s
lemma [30], one can express the regressors as gzbl(&) =
®,(z;)x;, where ®; are smooth mappings. o

We directly give the results below and omit the step-by-
step procedures*. For each step i, i = 1,...,n, define the
error variables

zZo = 0, (23)
Zi = Ty — OG—1, 24)
the new regressor vectors
i1 50
i z‘,é =¢; — — B 25
wilz0) = 6= 3 59 (25)
7=1
the tuning functions
Ti(2i,0) = Timy +wizi = Y wiz, (26)
j=1
and the virtual control laws
ag =0, 27
O‘i(ﬂ, é) = T Ri-1— (Ci + C?)Z — W 0
1—1
8041‘, 0 i
+Z 83:41%+1+ Alrgl
j=1 J (28)
i1
+ JAngwZz,Z—l, ,nm—1,
Z; 90 !
]_
= 00y = —0K(x,0) 2, (29)

“The classical procedures of adaptive backstepping, on which the following
procedures are based, can be found in Chapter 4 of [2].
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where ¢; > 0 are constant feedback gains, (;(z;,0) are
nonlinear feedback gains to be defined later, I'y = Fg >0 1is
the adaptation gain, fi(x,é) is a positive nonlinear feedback
gain to be defined later, and similar to the one in Section II-B.
To proceed with the analysis, select the control law and the
parameter update laws as

U= an, (30)
0 =TT, 31)
é = —VQSgn(fb)@nZn, (32)

respectively, and consider the Lyapunov function candidate

V(2,0,0) = 3|21 + 3lto — 02 + BHE — 6%, where
z=[z1,...,2n) . Taking the time-derivative of V yields
n
V= = (ci+G)zi+ 2nln + A+ 2,0
i=1
-0 T(szzz— ) (33)
1 A
+ gb( - é) (&nzn - Q>7
4y Yo
where
n—1
A= Z ziw] Ag + Ayoan 2, (34)
i=1
R n—1 o
V= zZp_1 +w2972 nf1$j+1
- J
= (35)
ao&n,1 8CV 1
— —Tg1, — i-ip WnZi
06 ° ;; oo "

Remark 8: Recalling Remark 7 and implementing (23) to
(29) recursively, it is not hard to see that z;(z;, 0), wz(xl, 0),
7i(z4,0), a;(x;, ) are smooth and z;(0,6) = 0, w; (0, 0) =0,
7:(0,0) = 0, a;(0,0) = 0. Note also that the -dependent
change of coordinates between z; and z; is smooth, invertible,
and x; = 0 & 2z; = 0, thus we can directly express w; as
w; = Wi(xy, 9)& with W; smooth and, similarly, ¢ as ¢ =
o (z, é)z with 7/ smooth. o

The last two lines of (33) are eliminated by the parameter
update laws (31) and (32), and the non-positivity of Ayoa,zy,
can be established in the same way as in Section II-B, thanks
to the form> of @&,,. The rest of the problem is to determine
the nonlinear damping gains (;(z;, 0) and k(x,0) to dominate
the Ag-terms.

Proposition 1: Consider system (22) and the control law
(30) with the nonlinear damping gains

;((n—i—i—l)

Ci(ﬁ7 9) =

N - 1
L+ 6A96A9|Wi|12: + )7
€Ay €,¢)

(36)

R 1
2

K(z,0) = cn + Cn + §e¢|¢| , (37)
SThis form of &, is inspired by [31], which also designs a control law
with a nonlinear negative feedback gain, albeit to achieve inverse optimality.

with ¢, > 0 and €y > 0, and the parameter update laws

(31) and (32) with sgn(g(0)) = sgn(b). Then all closed-loop

signals are bounded and , lir+n x(t) =0. o
—+00

Proof: Recalling Remark 8 and invoking Young’s in-
equality yields

ziw;Ag = ziA;—W»zi

oA oA
< 2( g +€A96A9W|F)Z + 2%96 =
(38)
_ 1/ 1 - 1
an = anz - 5 <€1[, + €¢|w|2>z721 + E|Zn—1|2
(39

Consider now (33) and note that there exists ¢, such that
Ap a2z, < 0 provided that sgn(9(0)) = sgn(b), which yields

n n—1

V< —Z(Ci +¢i)zi —mzi—kznw—FZZi

=1 =1

w] Ag.  (40)
Substituting (36) and (37) together with (38) and (39) into
(40) yields V < — i ¢iz? < 0, which guarantees that z,
6 and 0 are globally uniformly bounded. The global uniform
boundedness of x is also guaranteed by Remark 8. Note that
the exogenous input signals to the dynamics of z are §(¢) and
b(t), which are bounded by Assumption 1 and Assumption 3,
and therefore 2 is also bounded. Hence invoking Barbalat’s
lemma one can conclude that t_13+moo z(t) = 0, which further

indicates that lim x(t) = 0, by Remark 8. [ |
t——+oo

Although state-feedback is in general not available in prac-

tice, the result presented above indicates how to combine the

congelation of variables method and backstepping to cope with

the unmatched time-varying parameters. We will see that, once

proper filters are built, the same techniques can be also applied
to systems in which only the output is available for feedback.

[I. OUTPUT-FEEDBACK DESIGN

Consider now an n-dimensional system in output feedback
form with relative degree p described by the equations

+Z¢l]
+Z¢m
+Z¢m

1 =22+ ¢o,1(y

xp * Tp+1 + QbO P (t)g(y)ua

xn*(zs()n t) + bo(t)g(y)u,

y =1, (41)

or, in compact form, by the equations
&= S+ o(y) + F' (y,u)f,
Yy= eirx’

(42)

where z(t) = [z1,...,2,]" € R" is the state, u(t) € R is
the input, y(t) € R is the output, 8(t) = [b'(t),a’ (t)]T
is the vector of unknown time-varying parameters, a(t) =
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[a1(t),...,a,®)]" € R4, b(t) = [bwm(t),...,bo(t)]" €
R™, m=n—p,
Fa) = | o ggueTo)| @)

(@7 (y))ij = ¢i,;(y) and g : R — R is a smooth mapping and
g(y) # 0, for all y € R. In addition, 0(t) satisfies Assump-
tion 2, and, in particular, b,,(¢) also satisfies Assumption 3.
The mappings ¢g; : R -+ Rand ¢; ; : R =R, 1=1,...,n,
j=1,...,¢q, are smooth and such that ¢¢ ;(0) =0, ¢; ;(0) =
0.

Remark 9: Similarly to what is discussed Remark 7, there
exist smooth mappings ¢o; and ¢;; such that ¢g;(y) =

QBO,i(y)i‘/, ¢i,j(y) = ¢i,j(3/)y- %

A. System Reparameterization

Due to the presence of unmeasured state variables we
use Kreisselmeier filters (K-filters) [32] to reparameterize the
system with the filter state variables (which are known) into
a new form that is favorable for the adaptive backstepping
design [2]. The filters are given by the equations

£ = A€+ ky + ¢o(y), (44)
2T = 42T+ 07 (y), (45)
).\ = A+ eng(y)u7 (46)

where A, = S —ke{ and k € R™ is the vector of filter gains.
These filters are equivalent, see [2], to the filters

€= Ar€ + ky + do(y), (47)
QT = 4,07 + F7 (y,u), (48)
where
Q" = [vm, .., v0,27], (49)
v, =ApN, i=0,...,m. (50)
Define now the non-implementable state estimate
E=E64+Q" 4. (51)

The state estimation error dynamics are then described by the
equation

¢ =Ape + F'(y,u)Ag

= A+ 0T (y)A, + {OWXZ))“} g(y)u, (52)
where ¢ = z — 2. We now show that after using the K-filters
(44)—(46) with the congelation of variables method the orig-
inal n-dimensional system with time-varying parameters can
be reparameterized as a p-dimensional system with constant
parameters ¢y and some auxiliary systems to be defined. The
substitution of £y for 6(t) prevents f from appearing in the
e-dynamics. For p > 1 one has the problem described by the
equations

g=wo+@ Lp+ea+ Ly, Vma

f]mJ' = _kivm,l + Um,i+1, 1=2,...,p—1, (53)

’[Jm7p = _kp/Um,l + Um,p+1 + g(y)%

and, for p = 1 one has

J=wo+w lg+es+by, g(y)u, (54)

where Wy — ¢071 + 52, w = [0,’Um,1’2, <05 00,2, ((D)ir +
(E)3]T, w=a+ e1vma.

Similarly to the classical adaptive backstepping scheme we
consider the p-th order system (53) (or (54) if p = 1) to exploit
its lower triangular form yet (53) and (54) are useful only if the
estimation error € is converging to 0. In classical schemes this
is not a problem since there are no A, (t) or Ay(¢) terms and &
converges to 0 exponentially provided that A, is Hurwitz. The
effect of A,(t) can be dominated via a strengthened damping
design, as proposed in [17]. However, the dominance method
cannot be directly applied to (52) since Ay(t) is coupled with
the input u, which causes a chicken-and-egg dilemma if we
add additional damping terms to the controller without further
modifications. To this end, in the next section we revisit the
ideas of [19] and [20] to see how we can decouple Ay () and
u with the help of the inverse dynamics of system (41).

B. Inverse Dynamics

To study the inverse dynamics of (41) pretend that the sys-
tem is “driven” by v, ¢0.:(v), ¢i(y), and their time derivatives.
Then one could write

2o =y — (] a+ o),

' (55)
z, = y =Y — (¢l a4 1) PP — -

- ((Z);)r—l + ¢0,p—1)'

Setting y; = ¢ a+ o4, i =1,...,n and uy = g(y)u, yields

1 _
Ug = T(_xp+1 + y(p) - ygp V.- yp)~ (56)
The resulting inverse dynamics are then described by
. bm—l
Tpt1 = = == Tpt1 + Tpr2 T Yp+1
bim—1 -1
+T(y(p)_y£p )_..._yp)’
(57)
. bo
Ty = — b—xp_H + Un
bo -1
o = = ).

Since it is difficult to use backstepping techniques to establish
stability, or convergence, properties for the time derivatives of
y or y;, we need to perform a change of coordinates to remove
the derivative terms from the inverse dynamics. Note that for
any pair of smooth signals s1(¢) and so(t) the equation

, o it N O
s158) = (=1)is\V sy + <Z(—1)47s§”s§"1‘”) (58)

=0
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Algorithm 1 Change of coordinates x,11,...,%n.
Input: z,.4,.. xmxpﬂ, . ,xn..
Output: T, 1,...,%n, Tpt1s--- s Tn.

1: while time derivatives of y appear in the expression of
Zpt1s---,Tn do > This while-loop iterates for p times
as it reduces the order of 3(”) by one each iteration.

2: fori=n—p+2do
3: Update Z; and Z; using (58).
4: Rewrite x; in terms of Z; in the expression of
2;—1 and leave the feedback term —b” — Tyt
unchanged.
5: end for
Update Z,41 and Z,41 using (58).

7: Rewrite x,,1 in terms of Z,,1 in the expressions of
Zpt1,-- -, Ty, respectively. >
This brings back the time derivatives of y,y1,..., Y,
but with the order reduced by one.

8: Tpt1 e mp+1, vy Ty — Ty, x,,_H — l’p+1, e,

Ty ¢ Tn.
next iteration.
9: end while

> Update the old coordinates before the

holds. With this fact, the change of coordinate

p—1
by s _
R — 1) (222G, (p—1=5)
7= = G
p—1p—i—1 ‘ bO N - (59)
S D e R
i=1 j=0 m
yields
. b b
B = = Ty (1P () Py
P by _ (60)
_ Z(fl)pﬂ(bi)(pﬂ)%
i=1 m

which does not contain time derivatives of y and y;. In the
same spirit, applying the change of coordinates specified by
Algorithm 1, we are able to remove the terms containing
the time derivatives of y and y; in each equation of the
inverse dynamics. The resulting inverse dynamics in the new
coordinates (we use Z;, ¢ = p+ 1,...,n with a slight abuse
of notation) are described by the equations

T = A;(t)T + bzy(t)y + Z bz6,0,i(t)P0,i(y)

i=1

n q 61)
+ Zzbw,i,j(t)@,j(y),
i=1 j=1
1 p-1
Ug = b (1) — ZTp+1 +y(”)+Za 4 (DY @)
" =0
p p—i ” (62)
(])
+ Z a, ym >,
i=1 j=0
where z(t) = [xpﬂ(t) Tt )] ER™ A = S — b€1 ,
b(t) = bml(t) [brm—1(t),...,bo(t)]" € R™.

Remark 10: The time-varying vectors bz, (t), bze.0.i(t),
bz¢,i,5(t) and the time-varying scalars a, ,i)(t), @ m(t)
are unknown as they depend on the unknown (). However
as a consequence of Assumption 2, they are bounded. o

Assumption 4 (Strong minimum-phase property): The
time-varying system (41) has a strong minimum-phase
property in the sense that the inverse dynamics (61) are
input-to-state stable (ISS) with respect to the inputs vy,
¢0:(y), ¢i;(y), i =1,...,n, j =1,...,q. Moreover, there
exists an ISS Lyapunov function v _|Z[* < Vi(Z,t) < 7z|Z],
0 < Vs < %4z, and the time derivative of Vz along the
trajectories of the inverse dynamics satisfies the inequality

Vi <

_“(Z.|2 + Jiny + Ui¢0|¢0(y)|2 + U:f:fl>|q)(y)|l2?7 (63)

for some constant oy > 0. o

Remark 11: Assumption 4 is verified if £ = 0 is a glob-
ally exponentially stable equilibrium of the zero dynamics
described by 7 = Aj(t)7, see e.g. Lemma 4.6 in [33].
Some works (e.g. [11] and [16]) exploit this exponential
stability property as a substitute for the classical minimum-
phase assumption. Note, finally, that Assumption 4 is not
more restrictive than the classical minimum-phase assumption
because for time-invariant systems Assumption 4 reduces to
minimum-phaseness. o

C. Filter Design

Consider now the state estimation error dynamics (52) with
ug given by (62), which yields

E’: Ak&\_'_(p—r( )A + |:0(,D 1)X1:| b<_'rp+1 +y(p)

Ay
p—1 )
+ ) ay,,0(t) y?)) . (64
=0

p_p—i
y(J) + Z Z augyl(j) (t)
i=1 j=0
Similarly to what is done in Section III-B, we need to use
a change of coordinates to remove the time derivative terms
brought by u4. Implementing a change of coordinates in the
same spirit of Algorithm 1, the state estimation error dynamics
in the new coordinates ¢ are described by the equations

= A, — Ab:fp+1 + bgy( )

+st¢01 ¢Oz +Zzbs¢11 ¢’L] ) (65)

=1 =1 5=1

= [01x(p-1): A5 T 5=

Remark 12: The time derivative terms are injected into
the e-dynamics via the vector of gains A,(t). Similarly to
Remark 10, the time-varying vectors Ay (t), bzy(t), bzp.0.:(t),
bse,i,;(t) are unknown, yet bounded, due to Assumption 2.
We will see that as long as these parameters are bounded they
do not affect the controller design. In particular, when b(¢)
is constant, Ay(t) = 0, provided ¢, = b, thus Ay, bey(t)»
bzg,0,i(t), bzg,i ;(t) are all identically O and & = &, which
yields ¢ = Ape + ® T (y)A,, a simplified case that has been
dealt with in [17]. o

where A,
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Similarly to the description of the ISS inverse dynamics,
we want the state estimation error dynamics to be ISS, but
in this case, rather than assuming it, we can guarantee such a
property by designing the K-filters.

Proposition 2: The state estimation error dynamics are ISS

with respect to the inputs Z,i1, ¥, ¢0.(y), ¢i;(y), i =
1,...,n, 7 = 1,...,q, if the vector of filter gains is given
by k = £ X:eq, Xe = X = 0, and X satisfies the Riccati
inequality®

SXg-i-XgST —Xg(eleir _’Yg_l])X§+QéjO7 (66)

where
" §

_ 5&, 5b5y beg,0,i oy 5bé¢,i,.7‘
Q== —+—+Z%—+ZZT I,

€A, €bsy i—1 Cbeg.0,i i=1 j=1 €beg,i g
(67)
and €(.y > 0. Moreover, there exists an ISS Lyapunov function
Ve = 7ele ﬁ)g, with P: = X7 ! and the time derivative of Vz
along the trajectories of the state estimation error dynamics
satisfies the inequality

n
Ve< — e’ + e, 0,57 + Z €bep.0.: 062900005 (Y)
i=1

n q
+ Z Z €bzg,i,j 6b5¢,i,j d)zz,j (y) + fA,,CSAbi’gHv

i=1 j=1

(68)

where €.y > 0, or in a more compact (yet more conservative)
form,

Ves — I+ ony’ +ozunloow)l” +omal®@f

+ Ufffpﬂj?ﬂrl’

for some constant oy > 0. <o

Proof: Taking the time derivative of Vz = ~:|£[%,_ along
the trajectories of system (65) yields

Ve = 27:€" P: (Ak€_ + beyryy + Z bz,0,i(t)b0.i(y)
=1

n q
)Y beoig(Di(y) — Abg—cpH)

i=1 j=1

< ’Ya(ET(PaS-I-STPe—@lelT +PEQ8PE)E> (70)

n
+ €., 5béy y2 + Z ebgqs,o,i(sbw,o,id)g,i (y)

=1
n q
2 _ =2
+ E E 6b5¢,i,j6bé¢,i,j¢i,j(y) + 6Ab(sAbxp+l'
i=1 j=1

Left-multiplying and right-multiplying by P: on both sides of
(66) yields

P-S+8TP- — (eye] —~7') + P-Q:P-<0  (71)
or, equivalently,
P:S+ STP: — ere] + P-Q:P: < —: 'L (72)

5The solvability of (66) has been discussed in [17].

Substituting (72) into (70) yields (68). Finally, defining

Ogy €bey 5b5y » Ogpg = IMAXE€pgy o ; 6b§¢,0,i > Oggy
max €beyi ;Obeyi ;> aNd Ozz = €a, 04, yields (69), which
completes the proof. [ ]

Remark 13: In practice @)z is tuned to achieve better fil-
tering performance rather than computed analytically. This is
feasible since there exist ¢(.) for any bounded ¢y such that
@z can be set to an arbitrary positive multiple of I, due to
(67). Moreover, €(.y and d.y do not affect the controller design,
as the o(-)-related terms in (69) are dominated adaptively as
shown in the subsection that follows. In this sense, neither €0
nor 4.y are implemented or need to be known. o

D. Controller Design

In Sections III-B and III-C we have established the ISS of
the inverse dynamics and the state estimation error dynamics.
However, before proceeding to design the controller, we have
to consider (53) in the new coordinates. Note that €5 can be
written as

£2 = &2 + ey ()Y + Ve, (), (73)

where Yo, (y) = acy(t)y + Y0l aeyp.0i(t)d0,i(y) +
S S ey (D) (y) and a0 (t) = G Two
special cases, in which either p = 1 or p > 2 and b,, is
constant, and therefore a.,40,:(t) = 0, for all ¢ > 0, have
been discussed in [19]. In general, aszy(l)(t) # 0 and, as a
result, 2 contains y. Substituting (73) into the first equation

of (53) yields

(1= az,ym)y=wo+@ Lo+ Ly, Vmo+&+Ye,. (74)

Noting that L = —bm eim , we can write the

170.52?;(1) bmfAbm’
dynamics of y as

bm (t)
148

bm (1)
4y

y = (wo+Ye, +&)+@" ( 69) + by () 2

(75)

m m

Observe that the effect of the a.,, ) (t)y term is to bring the
time-varying parameters back to the dynamics of gy, which
requires the congelation of variables method again. To do
this, we need first to augment system (53) with the £, = and
v-dynamics, which are not needed in the classical constant
parameter scenarios but necessary in the current setup. It turns
out that the extended system is in the so-called parametric
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block-strict-feedback form [2], described by the equations

£ = Ax& +ky + do(y), (76)
=2 = 42T + 0T (y), (77)
. bp(t _ 1 (bm(t
j = L()(WO“FY;Q“‘&‘Q)"'WT m()gg
b, b,
Jr bm t IU'I’n b
. (E)om.2 (78)
Vo,2 = V1,2,
Om—1,2 = Um,2,
@m,Q = - klvm,l + Um,3,
. 79
Um,p—1 = — kpflvm,l + VUm,p) (79)

bm,p = - kpvm,l + Ump+1 + g(y)u'

In these equations, (76) and (77) describe the state evolu-
tion of the filters of the regressors; equations (79) give the
integrator-chain structure used for backstepping; and equa-
tions (78) are the key part of the design that contains the
dynamics of the output y. Recall that wyg = ¢o1 + &2 and
©=[0,vm-12,..-,002, (®)] + (Z)5]". The congelation of
variables method requires an ISS-like property of the state
variables coupled with the time-varying parameters. It turns
out that we need to first establish ISS properties for (76) and
(77), and the zero dynamics of (78) before developing the
backstepping design. For the subsystems described by (76)
and (77) we have the following result.

Lemma 1: Let the filter gain k be as in Proposition 2. Then
system (76) is ISS with respect to the inputs y, ¢o,(y) and
system (77) is ISS with respect to the inputs ¢; ;(y), where
i =1,...,n, 3 = 1,...,q. Moreover, there exist two ISS
Lyapunov functions Ve = [€|3,, V= = r(EP=E"), with P; =
P= = vzFP¢ > 0, such that the time derivative of V; along the
trajectories of (76) satisfies

Ve < = [€° + oeyy® + 0egoldo(y)? (80)

and the time derivative of Vz along the trajectories of (77)
satisfies

— |2 + o=a|®(y)I, (81)

for some constant o .y > 0. o
Proof: Noting (66) and the fact that Pr = - P; yields

Al P+ Pe Ay, < —1 — 4=P-Q:Px. (82)

Define QE = v:P:Q:P: = 0, take the time derivative of
Ve=1¢ |§3g along the trajectories of (77), and invoke Young’s
inequality to obtain

Ve

ET(A) Pe + PeAp)é+ 26" Pe(ky + ¢o)
—&T(I + Q)& + 28" Pe(ky + ¢o)
— €] + oeyy”® + Teq o (y) .

(83)

IN

Similarly, we take the time derivative of V= = tr(EP==
along the trajectories of (77), which yields

Ve = Zn:((ET)iT(AZPE + P=AR)(ET)i +2(ET)iP=(@ 1))
= Z((ET)I(FF Q=)E")i +2(E7)iP=(®"):)

=[ + o=s|®(y)I,

IA

(84)

where Pz = P:, Q= = Q¢, and this completes the proof. H

The remaining work is to investigate if ISS holds for the
inverse dynamics of (78). To do this, first let

1 . 1 _ 1
bm—1 Ebo 1.
- _ 1 — e — — 85
T Um—1,2 0, vg,2 + bmy (85)
— 1 _
—((B)3 +(®)] ) — W(wo + Y., +&2)
and then define the change of coordinates: ¥po =
V0,2, 0m=-22 = Um-2,2,0m-12 = Um—1,2 — l%y The
inverse dynamics of (78) are then described by
'l._} - AZgﬁ+gﬁ(y7§aEvg_27t)7 (86)
¢ Ly,
where Ay = S —enl], O = [e:—:l,..., bebml]T’ and

95(?/75’ Ea‘r'f?vt) = [0’ 0, %y’ _(b:z;i

+ () M)y —
((F)s + (2)3)la — 7—(wo + Yz, + &2)]T. Exploiting the
flexibility of the conggZation of variables method we can
always select ¢, to construct a Hurwitz Azg, and therefore
ISS of system (86) can be established as shown in the lemma
that follows.

Lemma 2: Suppose ¢, = [lp, ..., 0] is such that the
polynomial ¢, s™ + ¢, ., s™ "1 +...+ 4, is Hurwitz. Then
system (86) is ISS with respect to the inputs y, ¢o,(y),
¢i,j(y), &, (2)j2 and &, where t = 1,...,n, 5 =1,...,q.
Moreover, there is an ISS Lyapunov function V; = |17ﬁ%, with
P; = PJ > 0, such that the time derivative of V; along the
trajectories of (86) satisfies

Vs < = [0 + 0ayy” + 0ug0 00 (1) + 000 |2 (y) [}

- ~ (87)
+ 006,65 + 05(2),|(D)2|” + 04s, 83,

where oy > 0 are constant. o

Proof: Since £, s™+4p, 8™+ 44y, is Hurwitz,
Ay =S — emég is also Hurwitz, and therefore there exist
P; = Pg— = 0and Q7 = Qg > 0 such that AZEP;, + Py Ay, +
Qs = 0. Without loss of generality we assume that Q; =
I+ Qy, where Q; = Q] = 0. This condition can always be
satisfied by scaling Pj. Taking the time derivative of V3 along

the trajectories of (86) yields
VT = @T(AZTEP@ + PﬁAég)T} + 77TR7917 + 917P175T

_ 88)
= —0 (I +Qs)v+20" Psgs. (
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Note that in g;(y, &, 2, &2, t) all the coefficients coupled with
the inputs y, ¢o.;(y), ¢i.; (), &2, (E) 2, &2 are bounded. Thus,
by Young’s inequality, the condition

— 0" Qo0+ 20" Pygs — (0oyy® + Togeldo(y)]?
+ 050 | ®(Y) |7 + 006,63 + 05(2). | (B)2]? + 055,65) <0
(89)

holds for some constant oy > 0. Substituting (89) into (88)
yields (87), which completes the proof. ]

Having established the ISS properties of (76), (77) and the
zero dynamics of (78), we proceed to the backstepping design
on the chain of integrators (79). Define the error variables

21 =Y, (90)
Zi = Um,; — Qi—1, i=2,...,p, on
the tuning functions
T = (W — 0azey)2y, 92)
rmria - 2 =2, (93)
0
the virtual control laws
a1 = p0q = —pKz, 94)
az = — bz — (2 + (2)za + Bo 95)
oo
= —2zi—1— (¢ +G)zi+ Bi + C;é Ty
80@ 1 6041_1 . (96)
—Z wzj, 1=3,...,p,
Jj=2 9y
with
€5 A ~ ~ — A=
m=q+§w“wm«M%<F+®@@@ 07)

G =

1 d 0
— 4+ P Abm 4+ = < al) X
QEé 26Abm E)y
(EAbm 5Abm (é2l{2 + 1) + GAé(;Aé + €Y62 + €€2>7

(98)
_1 8041-_1 2
Ci_2( dy ) )

(eAbm 6Abm (‘—62H2 + 1> + 6A§6A§ + €Ysz + 652)7

99)
80&1‘_ ~ 8041
B; = ayl(w0+ww)+ 5 L (ARE + Ry + ¢o)
- oy =T T
+y° W(Ak(: )i+ (7)) + kivm,1
=1 !
m-—+i— 1
da;—q ;.  (100)
+ Z 3 kA 4 Ajp) + % :
8 i Oay;_ ooy
i Y i LY
AGy 9o 9o
1 =2,.

the control law

1
U= ——(Qp = Um,p+1), (101)
o) @ met)
and the parameter update laws
0= Ypsgn(ly,, )21, (102)
CA:L/ = IYCyZ%7 C¢0 7C¢0 |¢0| B C‘I?‘ - 7(@ |(b|12—71 (103)
6 = Tor,, (104)

where ¢; > 0,i=1,...,p, ¢) >0, 7. >0,Tg =Ty =0,

6(t) = bz’;—(t)ég, and A; = 0(t) — £y. In the definition of &,
do(y), ®(y) are defined such that ¢o(y) = do(y)y. ®(y) =

®(y)y, which is feasible due to Remark 9. Moreover, the initial
value of the parameter estimates are selected such that 6(0) >

0, {(1(0) > 0.

Remark 14: We use dynamically updated “estimates” f(.)
as the coefficient of the additional damping terms due to
the convention mentioned in Remark 3, since the required
damping coefficients are in general hard to compute (this fact
is indicated by the proof of Proposition 3 that follows) and
not vanishing even when all system parameters are constant.
Meanwhile, thanks to these adaptive damping terms, we do not
need to know da, for a reason similar to what is explained in
Remark 13 o

Proposition 3: Consider the adaptive controller described
by equations (90)—(104) for the system described by equa-
tions (76)—(79). Suppose Assumptions 2, 3, and 4 hold. Then
the closed-loop signals z, z, &, &, Z, 7, é, 0, and f(_) are
bounded. o

Proof: We first analyze the backstepping error variables

z; step by step.

Step 1. Consider the dynamics of z;, which are described
by

. bm _ 1 bm

f1= —(wo+Ye, +82) +0 ——Lg + bV 2
by, ly,,
= (wo+ Yo, +82) +@ 0+ 0y, U2

+ A[bi (wo+Ye, +&2)+ LTJTAg + Ay, VUm.2
T

R (105)
= (wo+ Yo, +82) + @0+ a1+ b2

&7ty — ) — 4y, (1 - @)al
by,

+ Ao (w0 + Ve, +82) + 0" Ag+ Ay, bau,
bm

where A bm ( ) = % 1 (recall also that 6( ) béz(t) E@

and Ay = 9( ) — £p). Note that zo = v, 2 — 0&1 and

bnzo = BmZQ + (fbm b )2:2 =+ Abm 22, (106)
which yields
o (g — 0) + bm
@1 (lo = 0) + bnz (107)

= (w—oare1) " (lg — ) + bz + Ay, 2.



GENERIC COLORIZED JOURNAL, VOL. XX, NO. XX, XXXX 2017

Considering V,, = 21 and taking the time derivative of V,
along the tra_]ectorles of (105) yields
Vzl =z (WO + }/52 + 52) + zloT;Té + o121 + l;mzlzg
+ A b (OJO +Y., + 52)21 + Zl(DTAg + Abmzlzg

bm

+ z1(w — 5@161)—'—(49 - é) — b, (gb_i -
+ Ay, 000121

0)anz
(108)
Invoking Young’s inequality several times yields

‘./21 S H'Zl ( 0 ‘9|2 +UZN/) 21 +021¢0|¢0|2

+ 021‘1"(I>|F + 0215252 + 0215262 + 021(2)2 |(E)2|2

1 0p, e
+ UzlvU + <269 2A¢,>Z2 + Ry — AmeﬂZ%a
(109)
where Ry = z1(w — @dlel)T(€9 — é) — Ly, (Ebji — 0)arz1

consists of the remaining terms to be cancelled by the up-
date law/tuning function design. Moreover, using the same
argument as in Section II-B and Section II-C, we can show

that — A, 0k2z7 < 0, and therefore this term can be dropped
hereafter.

Step 2, ..., p. Consider the sum of the functions V,, = %zf,
i =1,...,p, and take the time derivative of the sum along

the trajectories of the system, which yields’
1 p

p .
ZVZ =V, — Ry — Z(Cz +Gi)zt — Zziagzl X

i=1 1=2 1=2
(E2+ Yo, +@ A+ (a1 +22)A,) + R,

. P - 1)
R SR L
=1 Abm
P
1 2 8041-,1
27 (%)

(EA”M Ay, (%K% +1) + €n0n; T év., + 652)

p

+ Zgz lel + vaolqﬁo + Zgz o|®[F
i—2 —
p

Z€2€2+ZUZ1£2€2 +Zgzl( E

+ Zazi@\@\Q +R,

=2

= — E CiZiQ
i=1
2

+ UZyZ% + 02¢o|¢0|2 + UZ<I>|(I)|1% + 026,65

+ 026,85 + 0.(2),|(E)2]* + 025[0)* + R,
(110)

N H'M

Cooldo|* — Ca| D2

s 2
_Cyzl_

7Some technical details such as cancellations related to the tuning function
design are omitted as they are already well known and not directly related
to the modifications for parameter variations. The readers can refer to [2] for
these details.

where 0.y = S0 0. > 0and R, = 7 (lg — ) —
b, (Z;ﬂl — 0)az1 consists of the remaining terms to be
cancelled by the update laws. Then considering the function
Vo= Y00, Ve, + 3lp — 020 + 121j; ! — 52 and taking
its time derivative along the system trajectories yields

p

Vzg _Zcz

i=1

Coolol® — Col @7

Cyzl

(111)
+ O'Zyzf + UZ¢0|¢0|2 + Uz<1>|¢|123 + 0’z5—2§§

+ 02665 + 02(2), 1 (B)2f* + 025]0f.

Consider now the Lyapunov function candidate V =V, +
W, Ve + ’YVV + e Ve + ’YV~V~ + w, Ve + 274 (G —
Cy) 2’y< (<¢0 - C%) Q’YC (Co — C'@) , where vy, =
Oczpi (0252 +002,020), Wi = Ozzy + 005,020, Ve = Ozgy +
05,0205 Wa = O2(2), T 05(2)2 0255 YV, = Ozp ar€ the scaling
coefficients of the corresponding partial Lyapunov function
candidate, and ¢, = 0.y +7v; Ozy V. Ocy +Vve Ocy 7V Oy
<¢0 = Oz¢9 + VVaOzgo T VW:-Oc¢, T+ VeOégo + VWi Ooo>
Co = 020 + W, 020 + V.00 + NV20=a + Vv, 000 are the
required damping coefficients to be compensated by (y, (g,
and éq>, respectively. Taking the time derivative of V' along
the trajectories of the system yields

p
V< —Zciz?—i—(
i=1

+ (Cdm

~ ) =116

(112)

chz <0.

Hence z, 7, &, &, =, v, é 0, and f(,) are bounded, which
completes the proof. [ ]

o)1 ~ 75 Ca)

+ (o — Ca)(|PIF — g, C<1>

We should not forget that the invariance-like proof of
asymptotic output regulation requires the boundedness of .
In Proposition 3 we have proved the boundedness of & after
the change of coordinates described by Algorithm 1. However,
it is not easy to directly imply the boundedness of ¢ since
Algorithm 1 involves the time derivatives of y, ¢¢;(y), and
¢ii(y),i=1,...,n,j=1,...,q, the boundedness of which
is difficult to conclude. Recall that these time derivatives are
present because u has to be decomposed at the design stage
with the help of the inverse dynamics. Now that we have
completed the design, it is more convenient to directly use
the boundedness of u for concluding the boundedness of e,
provided that we can first prove the boundedness of A, as
shown in what follows.

Theorem 1: Consider the system described by the equa-
tions (76)—(79) and the adaptive controller described by the
equations (90)—(104). Suppose the same assumptions hold as
in Proposition 3. Then, all closed-loop signals are bounded
and . 1121 y(t) = 0, that is, asymptotic output regulation to 0

—+o00o
is achieved. o
_Proof: We can directly conclude the boundedness of &,
=, 9 0, and C from Proposition 3, and therefore, in this
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proof we only need to establish the boundedness of A, €, and
z. First recall (50), which yields

Ho2 010 0] ra,
oma| = |* * 1 0 . a13)
. 0 :
* 1 An
U, p

7L

where “x” represents terms that are not important. Note that
Vg2 = A2 is bounded due to the boundedness of ¥ and thus
Ao is also bounded. Note that by Vieta’s formula,

ki = —tr(Ay) (114)

and since Ay, is Hurwitz, tr(Ay) < 0. Hence k; > 0. Consider
the dynamics of the first state variable of the input filter (46),
that is, Ay = —k1 A1 + A2 with a bounded input 5. Thus
A1 is also bounded due to the bounded-input bounded-output
property. Rewriting (113) yields

Vo,2

’ 1 0 0

: Al |V

el = |50 T e s
: * 0 An %

’ * * 1

U p

Since v, A1, and z; (or y) are bounded, we can conclude that
A3, ..., Am+1 are bounded by exploiting the lower-triangular
structure of the matrix in (115). Since Aq,..., A1 are
bounded, by Proposition 3, a7 is bounded. Note that zo is
bounded, thus v,, » is bounded, which further guarantees the
boundedness of A, o due to (115). In the same spirit, the
boundedness of A\, 3, ..., A, can be established in a recursive
way similar to [2], which proves that A is bounded.

The boundedness of \ and Proposition 3 yields the bound-
edness of «, and vy, ,41, and therefore the boundedness of
u, which further proves the boundedness of € along with the
boundedness of y due to (52). Since x = & + QT 4y + ¢,
we can conclude that z is also bounded. Finally, consider
(112) and note that z is also bounded due to the boundedness
of the parameters and all other closed-loop state variables,

hence Barbalat’s lemma yields tligl z(t) = 0, and also
— 100

. li+m y(t) = 0, which completes the proof. [ |

—+00

Remark 15: Using the fact that , 1121 z(t) = 0 we can
— 400

proceed to prove the convergence of £, =, A, € and x to 0 by
exploiting the converging-input converging-output property of
the corresponding subsystems or the dependency on converg-
ing signals. o

Remark 16: We do not implement any projection operation
in the parameter update laws and therefore the proposed
method cannot guarantee boundedness of the parameter es-
timates in the presence of noise or additive disturbances. The
reason for this is that we intend to present a plain scheme that
precisely and concisely shows the spirit of the congelation
of variables method, which exploits nonlinear damping and
small-gain-like design to cope with time-varying parameters,

instead of exploiting robust modifications to the update laws,
as done in some of the aforementioned works. This, however,
does not mean that the proposed method is not compatible with
such robust modifications. In fact one can replace the classical
adaptive backstepping procedure with the adaptive backstep-
ping with projection method [34] to guarantee boundedness of
the parameter estimates. This, however, is not pursued in the
paper. o

IV. SIMULATIONS

To compare the proposed controller with the classical adap-
tive controller, consider the nonlinear system described by the
equations

i = ay(t)2? + a9,
L.UQ = ag(t)l'% + I3 + bl (t)u,
(

i3 = as(t)z? + bo(t)u, (116)
Y=
where the time-varying parameters are defined by
bi(t) = 1+ 0.2sin(5t), bo(t) = 6 +sin(20¢),  (117)
O @)s.
a(t) = [1,1,1]7 — 20 sgn(ayl,ZQ) |E®;§Z| (118)
with (@)3.5 = [(@)3, (@)4, (@)5] . Bach of these parameters

comprise of a constant nominal part and a time-varying (a(t) is
also state-dependent) part designed to destabilize the system.
It is not difficult to verify that Assumption 4 is satisfied since
Z—‘l’ > 1—52 > 0. Consider now two controllers: Controller 1 is
the classical adaptive backstepping controller, and Controller 2
is the controller proposed in this paper. To compare fairly, set
the common controller parameters as ¢c; = co = 1, I'g = 1,
v, = 1 and the initial conditions §(0) = 0,3(0) = 1 for
both controllers. Each of the controllers uses an identical set
of K-filters given by (44)—(46). The filter gains are obtained
by solving the algebraic Riccati equation (66) with @z = 10
and 7z = 100, and the filter states are initialized to 0. For
the parameters solely used in Controller 2, set vy = 1,
€y = 1, 5Abm = 0.2, ea,0a, = 1 (note that one does
not need to know 5A§ as mentioned in Remark 14), and
set the initial conditions to (,(0) = 2, {s(0) = 1 (non-
zero initial conditions provide additional damping from the
beginning to counteract the parameter variations). The initial
condition for the system state is set to z(0) = [1,0,0]".

Two scenarios are explored: in the first scenario, each
controller is applied to a separate yet identical system while
the state-dependent time-varying parameters of both systems
are generated by the closed-loop system controlled by Con-
troller 1, and the second scenario has the same setting as
the first scenario except that the state-dependent time-varying
parameters are generated by the closed-loop system controlled
by Controller 2. In both scenarios, “Baseline” results are the
responses of the closed-loop system with constant nominal
parameters controlled by Controller 1, which demonstrate the
performance of the classical controller in the case of constant
parameters. The responses of the system state variables in
each scenario are plotted in Fig. 4 and Fig. 6, respectively,
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Fig. 3. Scenario 1: time-varying parameters generated by the closed-
loop system controlled by Controller 1.
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Fig. 4. Scenario 1: time histories of the system state and control effort
driven by different controllers and the parameters shown in Fig. 3.

and the parameters used in each scenario are shown in Fig. 3
and Fig. 5, respectively. These results show that the proposed
controller (Controller 2) outperforms the classical controller
(Controller 1) in the presence of time-varying parameters
and effectively prevents the oscillations caused by parameter
variations.

V. CONCLUSIONS AND FUTURE WORK

This paper discusses a new adaptive control scheme to
cope with time-varying parameters based on the so-called
congelation of variables method. Several examples with full-
state feedback, including scalar systems with time-varying

30 T

as(t)

as(t) ]

. . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 55
Time ¢

Fig. 5. Scenario 2: time-varying parameters generated by the closed-
loop system controlled by Controller 2.

Baseline Controller 1 Controller 2

3 3.5 4 4.5 5 55
Time t

Fig. 6. Scenario 2: time histories of the system state and control effort
driven by different controllers and the parameters shown in Fig. 5.

parameters in the feedback path and in the input path, n-
dimensional systems with unmatched time-varying parameters,
to illustrate the preliminary results, are considered. The output
regulation problem for a more general class of nonlinear
systems, to which the previous results are not directly ap-
plicable due to the coupling between the input and the time-
varying perturbation, is then discussed. To solve this problem,
ISS of the inverse dynamics, a counterpart of minimum-
phaseness in classical adaptive control schemes, is exploited
to convert the coupling between the input and the time-varying
perturbation into the coupling between the output and the
time-varying perturbation. A set of K-filters that guarantee ISS



CHEN AND ASTOLFI: ADAPTIVE CONTROL FOR SYSTEMS WITH TIME-VARYING PARAMETERS 15

state estimation error dynamics are also designed to replace
the unmeasured state variables. Finally, a controller with
adaptively updated damping terms is designed to guarantee
convergence of the output to 0 and boundedness of all closed-
loop signals, via a small-gain-like analysis. The simulation
results show performance improvement resulting from the use
of the proposed controller compared with the classical adaptive
controller in the presence of time-varying parameters, even if
the time-varying parameters are both unknown and persistently
varying.

In future work the knowledge of the internal model of
time-varying parameters can be exploited to avoid an over-
conservative controller design.
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