Adaptive Hidden Mode Tracking Control with
Input Constraints and Bounded Disturbances

Sze Zheng Yong?

Abstract—In this paper, we develop an adaptive control
approach for hidden mode tracking of uncertain hybrid systems
in Brunovsky form that are subject to actuator input amplitude
and rate constraints, as well as bounded disturbances. Our
approach adapts to the parameters of the hidden mode, and
relies on a systematic modification of the reference model to
deal with input constraints and disturbances in a stable manner.
Global tracking capability is shown for input-to-state stable
systems, while for input-to-state unstable systems, the local
regions of attraction are characterized. The effectiveness of our
input-constrained hidden mode tracking approach is illustrated
with a robot walking example.

I. INTRODUCTION

Control systems are typically plagued by uncertainties in
the form of disturbance signals and dynamic perturbations.
Moreover, control inputs to these systems are constrained
in most practical applications due to physical limitations
of actuators. It may also be desirable to intentionally im-
pose artificial limits, e.g., to avoid input chattering that
can excite unmodeled dynamics, which in turn, may cause
plant damage. On the other hand, for hybrid systems (i.e.,
systems for which the continuous dynamics is described
by a finite collection of functions, each corresponding to a
mode), the mode may be unknown or hidden because it is
impractical or too costly to measure without interfering with
the controlled process or adding unnecessary weight, or when
such mode sensors fail. Thus, the tracking control problem
of hidden mode hybrid systems (cf. [1], [2] for a detailed
model description) with input amplitude and rate constraints
can benefit many applications, such as navigation in hetero-
geneous environments, robotics, manufacturing, electronics,
chemical or biological processes, etc.

Literature Review. Control design in the presence of input
saturation has been widely studied, especially for known
systems with input amplitude limits (see, e.g., [3]-[5] and
references therein). The idea of tracking an adaptive refer-
ence model, i.e., with modifications to the reference model
dynamics to deal with control deficiencies due to control am-
plitude and rate saturation as well as bounded disturbances,
has been explored and formally characterized by various
authors (e.g., [6]-[13]) for linear time-invariant systems
and nonlinear systems in Brunovsky form. This includes
a positive (p, u)-modification that is recently proposed in
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[13] for preventing control amplitude and rate saturation.
However, these approaches do not apply to hybrid systems
that have switching dynamics and may exhibit state jumps.

On the other hand, tracking controllers for hybrid systems
typically assume full knowledge and control of the systems’
continuous and discrete dynamics [14]-[16]. Since these
assumptions are difficult to guarantee due to ever present dis-
turbances and imperfect knowledge of the system parameters
and its discrete mode, a hidden mode tracking control design
was developed in [2] to adaptively track a well-posed (e.g.,
with a sufficiently long dwell-time between mode switches)
time-varying reference trajectory. The design, however, as-
sumes that there are no constraints on its control inputs.

Contributions. This paper develops an adaptive hidden
mode tracking control approach for uncertain hybrid systems
in Brunovsky form using standard tools of Lyapunov-based
control synthesis for hybrid systems when the input ampli-
tude and rate are limited. To deal with and prevent input
saturation, the reference model is adaptively modified such
that in the case when the desired open-loop reference is not
feasible due to these saturation limits, the modified reference
becomes feasible and remains stable. Moreover, the effects of
bounded time-varying disturbances and jump dynamics can
be tolerated by further modifying the reference model. Our
approach deals with stability issues that arise from combining
the hidden mode tracking approach with no input constraints
in [2] with the concepts of input-constrained tracking for
non-hybrid systems in [13] to adaptively track the modified
reference trajectory. We provide global and local stability
guarantees for open-loop input-to-state stable and unstable
systems, respectively, where in the latter case, we provide
an estimate of their domains of attraction.

II. PROBLEM FORMULATION

We consider a class of uncertain hybrid systems H in
Brunovsky for that is assumed to be perturbed by bounded
and possibly state-dependent time-varying disturbances, i.e.,
|[d(%,(t),t)| < dmag»> With known d,q,:

(x{,4)(t) = (WI®(x,(t)) + bou(t) + d(x,(t),1),0),
= (fq(xp(t),u(?)),0), xp(t) € Cg, (1)
(vaQ)(t+) = (9q(xp(1)), 0q(x,(t))), xp(t) € Dy,

where the plant state vector is denoted as x,(t) :=

. -1 .
[2p(t), Tp(t),. .. ,xz(jn )(t)}T € R" For each discrete

The same approaches developed in this paper can be easily adapted to
extend the results to the class of hidden mode hybrid systems with a family
of linear time-invariant continuous dynamics (cf. [13]).



state/mode ¢ € Q = {1,...,]Q}, fe(x,(¢),u(t)) is the
continuous dynamics, C, the (closed) flow set, D, the
(closed) jump set, g4(x,(t)) the (bounded) discrete tran-
sition/reset map and 9, : D, — Q the mode transition
map. We assume that the reset map g,(x,(t)) is Lipschitz
continuous for all ¢ € Q

19¢(xp,1(1)) = 9q(xp2(0)|| < Kllxp,1(t) = xp2(B)]  (2)

for some Lipschitz constant K > 0. It also follows from
(I) that on every open interval on C, \ D,, the mode ¢
remains constant, while the continuous states flow according
to 25" (t) = WIS (x,(t)) + bou(t) + d(xp(t), 1).

The mode is unknown or hidden and mode transitions are
autonomous, i.e., there is no direct control over the switching
mechanism that triggers the discrete events. We also assume
that ®(x,(¢)) is a known bounded vector that is independent
of the mode g, whereas W, and b, are unknown constant
vectors and scalars with known bounds given by W4, >
Wymaz = Wq = Wy min > Wi, > 0 (element-wise)
and bma:}c Z bq,maz Z bq Z bq,min Z bmzn > 0.

The control input u(t) € R is amplitude and rate limited
with u.(t) representing the commanded control input before
saturation, while w4, and ,,,, are the actuator amplitude
and rate saturation levels. System states x,(t) are assumed
to be accessible but their derivatives x,(t) (and specifically
the last component) are noﬂ

Using the hybrid formalism proposed in [17], solutions
¢ to the hybrid system # are defined by hybrid arcs on
hybrid time domains, which are functions defined on subsets
of R>p x N given by the union of intervals of the form
[ti,tj+1]x{j}, tj41 > t;. Since the mode ¢ remains constant
for each j, one can associate each solution of the hybrid
system ‘H with a switching sequence, indexed by an initial
state ¢(0,0) € R™:

S(p(O’O) - (tO>(I0),(thCIl)a-~-7(tj7(Ij)7~-~7(tN>(IN)7-~-

in which the sequence may or may not be infinite. We
may take ty4; = oo in the finite case, with all further
definitions and results holding. The corresponding increas-
ing sequence of switching times is denoted as Ts =
to,t1,...,tj,...,tn,...and the switching modes is denoted
as Q5 =G0, q1s-->Qjs-v-1qNs - -

Moreover, if we restrict the solutions to the hybrid system
H to a class of solutions known as dwell-time solutions [17],
[18] such that the hybrid time domainsﬂ are given by the
union of intervals of the form [t;, ;1] x{j}, tj41 > t;+7p
with dwell-time 7p > 0, we denote the resulting switching
sequence, strictly increasing sequence of switching times and

switching modes as Sféo’o , Ts,, and Qg,  , respectively.

A. Positive (p, p)-modification

Similar to [8], [9], [13], we consider a control de-
sign modification that protects the adaptive input signal

2 An extension to the case with accessible X (¢) is straightforward and a
similar idea can be found in [13].

3Note that for the sake of conciseness, we may abuse the notation in parts
of paper and only specify the continuous time domain, unless the discrete
time domain is explicitly needed for clarity.

from amplitude and rate saturation. This is achieved by

. Sy . .

deﬁmng Umaz = Umaz — 6#’ Umaz = Umaz — 6ps

Aud(t) = ufnbat(“—“)) — ug(t) and Adg,(t) =
Umazx

ufﬁamsat<%(t)) — e,p(t), where 0, and J, are chosen

Umaz 7/, .
constants that satisfy 0 < 0, < Umaz and 0 < J, < Umaz.
The saturation function is given by

asat<5(;)) = { g(sgr’l(sw)’

Using these definitions, we consider a positive (p, u)-
modification of the input amplitude and rate using implicit
equations given by:

ue(t) = ug(t) + pAuc(t), (3)
ﬂc,ﬂ(t) = 7v.Ld,u(t) + PAﬂcyp(t)v 4)

where ug(t) is the desired input before p-modification,
Uq ,(t) is the desired input rate after p-modification but
before p-modiﬁcatio while u.(t) and ., are the input
amplitude and rate after (p, u)-modification, which will be
designed in Section [III} Further restrictions on the choice of
p > 0 and p > 0 will be derived in Theorem [2| for input-
to-state unstable systems. The following lemma gives the
explicit solutions of u.(t) and . ,(t).

|s(t)| <7,
|s(t)] > T.

Lemma 1. For p > 0 and p > 0, the explicit solutions to
and {@) vt > 0 are given by:

u.(t) = ﬁ (ud(t) + pule, sat <Z?§t)>> ’ (5)

max
le,p (t)

(ad,u(t) + pide, sat (ud(;”(t))) . (6)

5 9p
U’maa;

:m

Proof. The proof for u.(t) is given in [8], [9], and the same
proof applies for . ,(t) (cf. [13]). O

Remark 1. As in [13], the input amplitude and rate con-
straints need not be symmetric. To incorporate asymmetric
limits on the control inputs, we can derive the (p, p)-modified

(S(t)) with

(

command inputs by replacing Gsat

V)
—~

t)a g
,os(
s(

. . 5
where g represents either Umin, Umin, Uprip ‘= Wmin + Op

IN
»

<3,
: (7)

)

~

asat(s(t),o,7) :=

AV
o A=

~~
~— —

I Ql

.5 . o .
0’(; Ui = Umin + 0,; While T represents Umaz, Umaa
Umaz ‘= Umaz — 5,u or Umaz ‘= Umaz — 5p~

B. Reference modification: Impulsive closed-loop higher-
order adaptive reference model

Inspired by the approach in [6], [10], a previous work
[13] modified the open-loop reference model (ORM) to
include control amplitude and rate deficiencies feedback
and a tracking error feedback, resulting in a closed-loop
higher-order adaptive reference model (CHARM). In this

4This definition of the desired input rate is to be distinguished from Ud, o
which is before (p, p)-modification, and 14, which is the derivative of ug4
after p- but before p-modifications, defined later in Section “



paper, to cope with impulsive jumps in the system states,
we further modify the reference model (i.e., CHARM) to
also allow impulsive jumps in the reference model. With this
addition, we end up with an impulsive closed-loop higher-
order adaptive reference model i(CHARM) of the form:

am(t) =R () + a(Aug(t)) + c(e(t)),

T (t7) =1 (zp(t), 2p(t), T (),

7(t) h(ra(t), Ata(t)),

r(tt) = ia(r(t), zp(th), wp(t), 2m (), m (1)),
where x,,(t) is the model state and r(t¢) is the reference
signal. £97M (t) is the open-loop reference model dynamics,
which is modified by an adaptive term a(Awugy(t)), a tracking
error feedback term c(e(t)) and a higher order dynamics of
r(t) given by h(rq(t), Adg(t)), with r4(t) being the desired
reference signal of the ORM, as well as a novel addition,
namely impulsive terms 41 (-) and i5(-) to “absorb” the state
jumps that may lead to violation of the input constraints or to
destabilization of the closed-loop system. The tracking error
vector and control deficiencies in are defined as

e(t) = zp(t) — zm(t), 9
Aud(t) = UmazSat ( uc<t)> - ud(t)a

u’fn,{l,fl'

®)

(10)

A'dd(t) = UmqagSat (’UfC,p(t)) - udu/“’(t)7 (11)

Umax

with u.(t) and 1. ,(t) from Lemma

C. Uniform Ultimate Boundedness and Stability

Definition 1 (Uniform Ultimate Boundedness [19]). The
solutions of (1) are said to be uniformly ultimately bounded
with ultimate bound B if there exist B and &, and for every
0 < < there exists T = T(o, ) > 0 such that

[6(to, 0)[| < = [lo(t, 5)I| < B,Vt > to+T, (£, ) € dom ¢.

Next, we make use of a weaker version of the stability
analysis tool for hybrid systems called multiple Lyapunov
functions (MLF) theory [20, Thm. 2.3] as follows:

Proposition 1. Let S be the set of all switching sequences
associated with the system (I). If for each S € S, there exist
J € N and some Lyapunov-like functions Vy : R™ — R for
all q € Q that satisfy all of the following conditions:
1) V4(xp) is positive definite on Cy (i.e., Vy(x,) > 0 for
all x, # 0 and V,(0) =0),
2) Vy(x,) <0 for all x, € C,, and
3) Vool 1] £ Vapli] < oo, Vi = J where V5]
is defined as the value taken by V,(x,) during the j-th
switch-on instant,

then the system is uniformly ultimately bounded with ultimate
bound 3 := || maxgeo V, [J]|-

Proof. By item 2), the functions V;(x,) are non-increasing
during flow. Thus, any increase in V,(x,) is due to state
jumps governed by g,(x,(t)). But, item 3) essentially im-
poses an upper bound on V,(x,) after some finite time T
despite state jumps. Thus, the proposition follows immedi-
ately from Definition [T} O

D. Problem Statement

The problem of an input-constrained tracking control
of uncertain hidden mode hybrid systems is relevant for
situations when a general desired behavior of the system
is given but a specific feasible reference model may be too
difficult to design a priori because of input constraints as well
as uncertain and complex hybrid system dynamics. Thus, the
desired reference model needs to be suitably modified such
that when input constraints are imposed, the system remains
stable and still exhibits the general desired behavior. On the
other hand, when a desired reference model can be tracked
without violating input constraints, this desired reference
model should be ultimately tracked.

The problem we seek to address is as follows:

Problem 1 (Adaptive Tracking). Given an open-loop ref-
erence model (ORM), design an adaptive control signal
uc(t) (or equivalently, uq(t)), as well as the modification
terms of iCHARM, i.e., the signals c(e(t)), a(Aug(t)),
h(ra(t), Atg(t)), i1(-) and ia(-) in @), so that the state
x,(t) of an uncertain plant with input amplitude and rate
constraints tracks the adaptively modified reference model
state X, (t) with uniformly ultimately bounded errors, while
all signals of the plant and reference model remain bounded.

III. ADAPTIVE TRACKING CONTROL DESIGN

Our control design addresses Problem [I] and builds on our
previous work in [13] and [2], each of which independently
tackled a different aspect of Problem namely issues
related to input constraints and hidden mode switchings,
respectively. However, in an attempt to marry the ideas,
many complications arise and in essence, this paper addresses
these problems and shows that these ideas can indeed work
together with some additional care.

To this end, we shall prove that the tracking error is
uniformly ultimately bounded (cf. Definition without
violating input constraints, by making use of Proposition
In Section [[II-A] we will deal with challenges associated
with impulsive jumps in the system states x,(¢) and ensure
that Conditions 1) and 2) of the proposition is satisfied. On
the other hand, in Section we will handle challenges
posed by hidden modes and show how Condition 3) can be
satisfied. Then, in Section we shall provide global and
local stability guarantees for open-loop input-to-state stable
and unstable systems, respectively, where in the latter case,
we provide an estimate of their domains of attraction.

A. Dealing with Input Constraints

Our previous paper [13], which modifies the desired
reference model to account for input amplitude and rate
constraints, only deals with input constraints for non-hybrid
systems. Hence, we need to make sure that impulsive jumps
in the system states x,(¢) according to (I)) do not lead to a
violation of input constraints or to instability.

Thus, we propose the following modification to the
CHARM dynamics in [13] to yield an impulsive version



(described in Section [[I-B) that we call iCHARM:
2 (1) = K % (1) + bnr(t) + b(t) Aua(t)

+ psgn(e” (t)Pb)dmae,
Xm(t+) = Xm/(t) +Xp(t+) = Xp(t), if Xp(t+) # Xp(t),
To(t) = 7q(t) + Ar(r(t) — r4(t)), (12)
Folt) + 50 Ndig,  [ue(t)] < ulaa
(1) =3 #o(t) + THLO Ay uier < Jue(t)] < tmas,
7o(t), otherwise,
r(tt) =r(t) + %(W(t)T(‘I’(Xp(ﬁ)) — ®(xp(1)))

kT (1) = xp(1),if x,(7) # x,(8),

with b = [O 0 1]T, and any ¢ > 1 and A, < 0
(see additional constraint on A, in Theorem E] for input-
to-state unstable systems). 7(¢) is right-continuous, e(t) :=
Xp(t) — x,(t) is the tracking error vector, x,,(t) :=
[T (t), T (T), - Lz 1)( t)]7 is the model state vector and
by, is the model gain parameter, while Aug(t) and Adig(t)
are given by (I0) and (TI). k¥ is chosen such that A =

1T is Hurwitz (such that the x,, dynamics remain
x

stable), while P = P7T is the solution of the algebraic
Lyapunov equation A” P + PA = —Q for arbitrary Q > 0.

A noteworthy addition to the CHARM dynamics in [13] is
the jumps in x,,, and 7 in (12), which absorb the state jumps
that would otherwise appear in the control input and violate
input constraints. Note also that the case x,(t7) # x,(t)
above is not required for switched systems (i.e., when there
are no state jumps).

We will now show that the iCHARM dynamics above
is compatible with the Lyapunov-based adaptive control
approach that we will take. To this end, we first define a
control Lyapunov function candidate for each mode g:

V(3(1)) = e(t)T Pe(t) + W, (1) T W, (1)
4y, tbg (1) + alt)?, (13)
where b(t) and W (t) are estimates of b, and W, whereas
the parameter errors are by(t) = b(t) — b, and W, (t) =
W(t) — W, for each mode ¢ € Q, and the tracking
error vector e is as defined above. Moreover, we de-
fined the “desired” input (as if %,(¢) were accessible) as
x4y — U7y () +bmr(H) =W ()T @ (xp(1)))
uy(t) = 5()
as u(t) = uq(t) — uj(t).
To satisfy Condition 2) of Proposition [I] we choose the

following control and adaptation laws:
Control Law:

Ug,o(t) = —kat(t)

— bt (t
+ (" -

, and the input error

1
(

— e(t)T Pbb(t) + ;
)

(b7 (t)

oo

)

5(1) = W) ®(x, (1

W ()" (x,(t)))

. [On,1 In,11 Xp(t)

W ()" ®(x, (1)) + b(t)u(t) ),
—psgn(a(t)L(t))dmax

tao(t),  lue(t)] < uras,
ud’#(t) = ﬁud,o(t); Umaz < |Uc(t)| < Umaax,
0, otherwise,
(14)
14(t) = —kaa(t) — e(t)” Pbb Ly,
ud(t) = ku (t) (t) Pbb(t) + lA)(t) (bm (t)
— b(t)uj(t) — W ()" ®(x, (1))
+ (k;TfW(t)%’(xp(t))) (15)
. [On—l ] Xp(t)
W ()" ®(x,(t )) b(t)u(t) ),
—psgn(a(t) L(t))dmazx
Adaptation Law:
W(t) = Ty ®(x, (1)) (e(t)TPb - W) ,
b(t)
bo(1) = ue(t) T py, _ L))
bo(t) - Vbumawsat<umax) (e(t) Pb B(t) > s
i)(t) — { 9’ B(t) S bmin A Bo(t) < 07 (16)
bo(t), otherwise,

forany ¢ > 1, kg > 0, 'y = >Oand7b>0.
L(t) = (KT — W) T®' (x,(t))) ] is the
last element of k7 — W ()T @' (x,(t)) and @’(xp( )) is the
Jacobian matrix of ®(x,(t)). Note that uy(t) is obtained
from integrating with u4(0) = w%(0), while wu.(¢),
Ue,p(t), Aug(t) and Aug(t) are as given in (), (6),
and (TI).

Lemma 2. The control and adaptation laws in (14), (13)
and (I6) satisfy Conditions 1) and 2) of Proposition [I] for
the control Lyapunov-like function given in (13).

Proof. With the control and adaptation laws, the tracking
error and input error dynamics are given by

Ty
) [0

&(t) = Ae(t) — b(W,(t)" ® (x,(t)) + by(t)u(t)
—d(x,(t),t) + ¢sgn(e(t)” Pb)dmax (17)
—b(t)a(t)),

u(t) = L(t)( o(8)"® + by (t)u(t)
- wsgn( () L(t))dmaz — d(xp(2), 1)) (18)
— kaa(t) — e(t)T Pbb(t).

It is then straightforward to show that the V,(x,(¢)) > 0 in
has a negative semidefinite time derivative:

Vy(x,(t) < —e(t)"Qe(t) — 2kza(t)* <0, (19)

as required by Conditions 1) and 2) of Proposition O
B. Dealing with Hidden Modes

Motivated by a previous work [2], we will assume that

mode switchings are sufficiently infrequent, i.e., there exists

a dwell-time 7p between switches, to cope with hidden

modes of the hybrid system. Specifically, we assume the

existence of a dwell-time solution that satisfies Condition
3) of Proposition [T}



Lemma 3 (Dwell-time requirement I). Suppose the switching
sequence Sf]gt“‘]) starting after some finite time (t;,J) has
a dwell-time Tp given by

D> Th >Th;

for all 5 > J with

Tg o Amaz (P) In Vo, (Xp(t5)) — AVinas
T Anin(@) | Ve (%p(85)) — AViaw — AVjia |
(20)
with  the  following  definitions:  AVjiq =
[Vq_f+1(9qj(xpvu)) - Vq7(xp)](t]+1), and AV, =

maxier(j j+1) Wa, ()T Ty W, (1) + 7, b, (8)* + a(t)?
where Z(j,j+1) is the hybrld nme interval between jumps.
Then, Condition 3) of Proposition [I] holds.

Proof. For the sake of brevity, only a proof sketch will be
given. From (19), using an approach similar to [21, pp. 91-
93], we can find after some lengthy simplifications that for
each hybrid time interval between jumps, Z(j,j + 1),

)\min

)\mm((g)) (Va(xp) —
In order for Condition 3) of Proposition E] to hold, over the
hybrid time interval between jumps Z(j, j+1) before the next
jump, the value of V,(x,) must decrease from V,(x,(¢;))
by at least the increase AVj; that is caused by the jump
9q; (Xp,u). Thus, by applying the Comparison Lemma [19]
to @]), it can be verified that the minimum dwell-time for
all j > J is given by (20). The maximum dwell-time across
all j > J is then denoted 7. O

Vy(x,) < AViaz). 1)

C. Global and Local Stability Guarantees

To find global and local stability guarantees for system
(1), we first note that the tracking errors are uniformly
ultimately bounded in the next lemma that follows directly
from Proposition [I] since Conditions 1), 2) and 3) hold.

Lemma 4 (Boundedness of tracking error). For a given
reference trajectory and impulse dynamics that satisfy
Lemma [3] the control and adaptation laws in (14), (I3) and
(16), as well as the iCHARM dynamics in guarantee that
the solution to the tracking error dynamics e(t) is uniformly
ultimately bounded, i.e., ||€(t)|| < emaz for all t > to + T
for some T. Moreover, the input and parameter ‘errors’ are
also ultimately bounded, i.e., |ii(t)| < imaz, |bg(t)| < bmazx
and ||W(t)|| < Winaz for all t > to + T for some T.

Nonetheless, it is not sufficient that the tracking errors
e(t) = xp(t)—Xm (t) are bounded. In fact, it would defeat the
control purpose unless we additionally show the boundedness
of either the plant or model states, i.e., X,(t) or X,,(¢), and
thus the boundedness of both. Clearly, for systems (1) with
input-to-state stable continuous dynamics, the plant states
(and hence the model states) can be shown to be globally
bounded since both input u(t) and disturbance d(x,(t),t)
are bounded, and the reset map g,(x,(¢)) is bounded by
assumption. Thus, the following theorem follows directly.

Theorem 1 (Global stability for systems with input-to-state
stable continuous dynamics). Suppose the resulting input-to-
state stable plant trajectory (1) with the iCHARM dynamics
in has a dwell-time Tp > T, where T} is the dwell-
time given in Lemma 3| then the plant states (and hence the
model states) are globally uniformly ultimately bounded.

For the case when the continuous dynamics of system
is input-to-state unstable, global uniform ultimate bounded-
ness of the plant states is not guaranteed. In this case, we
instead provide in Theorem [2] the characterization of its local
domain of attraction.

For analysis purposes, we assume that in the operat-
ing region of interest, ||xp(tJr - x,(t)|| < Jimas and
[|®(x,(t1)) — ®(x,(1))|| < J2,,. We also assume that the
control input authority is greater than the disturbance input,
i.e., there exists R > 0 such that x,(t) € Br = {x,(t) :
[xp ()] < R} and bpintimas > maxx, (tyesy dg(Xp(t), 1),
where dq(x,(t),t) = [Wg®(x,(t)) + d(x,(t),1)| <
(W4 @(xp(1))] +dimaz < dinaq for all q ‘We further assume
that |[Wg|| < Wiae, |2(xp(t))]] < Pimae and that the
upper bounds are known. Thus, |W;P<I>(xp( )| < Wmar .=
iz — dmae and 3o such that Wiap + Winas = ¢Bmax-

Before moving forward, we would like to note that an ad-
ditional dwell-time 77, is required for input-to-state unstable
systems. This is because jumps in r(¢) may cause the system
state to exit the domain of attraction. Thus, we require a
‘second’ dwell-time 77, such that the signal r at the end of
the each interval is small enough, i.e.,

[ﬂ < Tmaa, = T}nal B

Hk HJmaz + (Wmaa: + Wmax)*]g;ar

dma;ﬂ

bm
bminAmin(@)n = bmin -
1 mainsimin man
- 5 .1 . d’n’L(L(L‘ - 7 Ymax, 22
Tmax,B 2I{bmbq bm U ( )
where r[j] denotes the value of r(¢) at the end of the hybrid
. . . 2|bgUumaz—dmaax
time-interval Z(j—1, j), n := I/\mbln(Q) QHPbllllll*HI and k :=
Amaz (P)

P> and the upper bound on r}nax, g 1s the bound
given in [13, Theorem 5] for nonlinear systems in Brunovsky
form without jumps. Note that the latter term in 7, is
crucial because it ensures that even with jumps in r, it still
results in r(t*) < ] .. 5. The next lemma provides this
‘second’ dwell-time, and can proven in the same manner as

Lemma [3} thus the proof is omitted for brevity.

Lemma 5 (Dwell-time requirement II). Let the switching
sequence Sfi(,t""]) starting after some finite time (tz, J) have
a dwell-time given by

™D > Th 2> Th
for all 5 > J with

1

) tt) — Arpas
Tp; = oo -

r(t7) -

) (23)

Arm.am

With AT pmae = maXeez(j,j4+1) (F(t) — 70(t)), where Z(j, j +
1) is the hybrid time interval between jumps, while t* and
t™ are the times before and after the j-th jump (at the start



of interval Z(j,j + 1)). Then, r(th) < rimw,B holds for
all j > J.

With the above, we now provide the characterization of the
local domain of attraction for systems () with input-to-state
unstable continuous dynamics.

Theorem 2 (Local stability for systems with input-to-state
unstable continuous dynamics). Suppose the resulting input-
to-state unstable plant trajectory (1) with the iCHARM
dynamics in (12) has a dwell-time

D > maX{Tg, h},

where T}, and TV, are the dwell-times given in Lemmas
and 5| and let the minimum and maximum of the desired
reference signal be such that

I min mazx I
“Tmaz < Td < Td(t) < Tq < Tmaz

with vl . given in (22). For given lower and upper bounds
on 14(t) such that

g < ra(t) <7
let the design parameter A\, be chosen to satisfy
2D" + yrae
2r}nam - (,rénin
and for arbitrary 0 < 0, < Umae and 0 < 0, < Umaa, let
the design parameters | and p be selected such that:

_ smin
Td

Ar <

—r)

k||| Pb bm ! 5 Umaz max

u>max{” r”” H77+ 7Arnam_’_VV{D u tu
bmindu Ou
— 2,0},

1 . I bm I mazx
P >maX{57(umaz+C +r|Ar|(Tmaz +rg*"))—2,0},

P min

b

mn

where g ,,(t)| < ct+ %|AT|(r}nax + "), with
1

cl=

b [(HkiH + (Winaz + Wmaz)(blrmw)(¢dmax
+ V Amm(P)’r]”Pb” + (Wmaz + W’maa;)q)ma;c

+ (bmaz + bg)tmaz) + [Tw | ®3,00€maz | Pb|
+ emaxHPb”(bq + Bmaw) + kﬂama;v] + bm'f‘gnaz
’Ybumamema:cHPb” *

min

+ bmr'}nam + (Wmaz + Wmax)®maa:]7

Dl .— (1 + U)bmax

i —

If the system initial condition and the initial value of the
candidate Lyapunov function satisfy

o x,(0)7 Px,(0) < Apin(P)n?||Pb
rl a
1 Amin(Q)*Z{%w
e VV(x,(0) < \/7 < 275 ) ,
for g = q(0) if it is known (otherwise, for all q € Q), then

o the adaptive system in (1), (12), (13) has uniformly
ultimately bounded solutions and |r(t)| < Tlnax,B vt >

. I . .
0, with Tmaz, B 8IVEN in @,

(ttmaz + C1).

2

o the tracking error e(t) asymptotically decreases during
each flow interval, i.e., when x,(t) € Cy, and

o |uc(t)] < Umaz and |icp(t)] < Umag, ie., control
amplitude and rate limits are avoided Yt > 0.

Proof. For conciseness, only a sketch of the proof will be
provided. The main idea for this proof is to ensure that
the assumptions in [13, Theorem 5] for non-hybrid systems
hold in spite of the jumps. The only assumption that may
be violated by the introduction of jump dynamics is that of
Trae.p- This is avoided with the stricter bound on 7, in
(22) and the dwell-time of 77, in Lemma [5} which ensure
that r(t) < rinax, 5 Vt > 0. Thus, the results above follow
immediately from [13, Theorem 5]. A minor straightforward
modification of the proof in [13, Theorem 5] has also been

carried out to make explicit the upper bound on A,.. O

Remark 2. The dwell-time requirement (i.e., Tp >
max{7),7h}) is a sufficient condition, rather than a pre-
scriptive method to compute the dwell-time. This condition
may be hard to guarantee a priori, especially since we
assumed that mode transitions are autonomous. However, the
dwell-time Tp can be indirectly controlled by designing the
open-loop reference model (ORM) to have a longer dwell-
time. Since we have constructed Lyapunov functions that
decrease monotonically with increasing dwell-time Tp and
with the assumption that the reset map g,(x,(t)) is Lipschitz
continuous for all g € Q, we can practically increase Tp in
simulation (indirectly via the ORM design) until satisfactory
performance is attained.

Remark 3. As in [2], asymptotic tracking can be achieved,
if Condition 3) in Proposition [I| is satisfied with strict
inequality, by [20, Thm. 2.3]. This translates to the dwell-
times in Theorems |I| and IZ| being strictly greater than 7‘5
and max{r,‘j/, Th}, respectively. In this paper, we opted for
the weaker result of uniform ultimate boundedness so that
the dwell-time requirement discussed above is more easily
satisfied, and that our approach will be more generally

applicable to a larger set of problems.

IV. ILLUSTRATIVE EXAMPLE

Fig. 1. Frontal plane toddler [22].

The goal is to actuate the dynamic walker, (cf. Figure [I]
[22]), such that it toddles in a periodic fashion in the frontal
plane, for which the continuous dynamics (assumed to be
input-to-state stable) is given as:

H(0)0 4+ C(0,0)0 + G(0) = T,



where 7 is the control input/torque generated at the hip or
from ankle actuation, and is amplitude and rate limited either
by physical constraints or by choice, i.e., |7| < Tyna. and
|7] < Tmaz. When the curved portion of either foot is in
contact with the ground, i.e., || > ¢, the dynamics are:

H(0) =T+ ma® + mec —2mRyacosb,
C(0,0) = mRsafsin b, G(A) = mgasiné,
whereas, when the ground contact is along the inside edge
of the foot, i.e., |0] < ¢,
H(0) = I+ ma? + mec —2mRyacos ¢,
C(0,0) =0, G(9) = mg(asinf — Rysina),
where a = 6 — ¢ if 8 > 0, otherwise o = 0 + ¢. The mass
is given by m, the moment of inertia by I and the lengths
and angles are as depicted in Figure [T}
Furthermore, the swing leg collides with the ground when

# = 0, and assuming an inelastic collision, the angular rate
after collision, i.e., the jump dynamics, is given by

. . Rysi

6t =0 cos {2 arctan <fs1n¢)] .

Rycosp—a
Thus, putting the continuous dynamics in the Brunovsky

form given in (I), the hybrid adaptive system describing the
frontal plane toddler model, as well as the chosen iCHARM
dynamics can be written as follows:
Continuous dynamics (when 6, # 0):
ép = WimRyasin F)pég + WamgR sin 0, cos ¢

+ WasmgRy cos 0, sin ¢ + bgu + d,
6,1, =—10w8,,— 25w20,,+ 26w3r +bAuy —&—sgn(eTPb)de,
To =1Tq+ AT(T — Td),

b(t)

. . s
To(t) + 2602 Audy ‘uc(t” < urr‘tlaz,

s ). . s

T =9 Fo(t) + BELO NG wtn < [ue(t)] < Umaz,
7o(t), otherwise;

Jump dynamics (when 6, = 0):

6 = 6 cos |2arctan M ,
p p Rycos¢ —a

o0 =0, +05 -0,

rt=rt)+

1 . .
T (10w(6; — 6,)
+ Wi(mRjasin 91,(9;)2 —mRyasin 0,,9?)),

where u := 7 — mgasinf,, and correspondingly, wn =

Timin — MYasin Op, Umaz ‘= Tmaz — Mgasinb,, Upin 1=
Tmin — Mgaby cos Oy and Umaz = Tmax — Mgaby cos by,
When g =1 (|6, > ¢), Wi = — -, Wo = 0, W3 = 0 and

L. when q =2 (0 <0, <), W, =0, Wo = L

bq = as’

W3 = —-2L and b, = ?12; and when ¢ = 3 (—¢ < 0, <0),

2

W1:O,W2=£,W3:iandbq:i,withalz

I+ma? +mR?, and ag = I—|—72na2 —|—me¢ —2mRyacos ¢.

Note that the 2 term in ¢ = 1 is treated as a

2meaémaI
ay

2mRya cos 6,0
ai

disturbance, |d| < dpaq == , where 0,4, is the
maximum expected |6,| for the entire trajectory. The desired
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Fig. 2. 0, 9, inputs, input rates and modes.
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Fig. 3. Time history of errors in 6 and 6.
reference signal is given by 74 = r/]*** sin(wt) and w = 2%,
where T is the desired period. Figure 2] shows the simulation
of this adaptive system with: a = 0.1 m, Ry = 0.5 m, m =
3 kg, I =0.1 kgm?, ¢ =0.2rad, g = 9.81 ms™2, |7] <
4 Nm, |7| < 3756Nms™1, §, = 0.25T 1m0z, 6, = 0.27maz,
T =16s, 1o =05 L <b(t) < L, A =-10,Q =

az = N
diag(240,20), v, = 50, Ty, = diag(100, 100, 100), fay =
w?rmaer = 0.0771 rads=2, 6,(0) = —0.1, 6,(0) = 0.1,

O (0) = —0.5, 6,,(0) = 0.1, 7(0) = r4(0) = 0, b(0) = L,
W1(0) =0, W1(0) = L, W3(0) = L and ug(0) = u}(0).

We see from Figure [2] that the system states track the
desired trajectories satisfactorily even when subjected to the
input amplitude and rate constraints. Besides, when p and
p are chosen to be sufficiently large, the commanded input
amplitude and rate are observed to be within their bounds.
This larger choice of parameters only results in a marginally
different state trajectory and also slightly higher tracking
errors (differences are almost imperceptible in Figure [3). In
both cases, the tracking errors remain bounded, as desired.

V. CONCLUSION

This paper proposed an adaptive control approach to track
a modified reference model (iCHARM) in an uniformly
ultimately bounded manner when an uncertain hidden mode
hybrid system in Brunovsky form is subject to input ampli-
tude and rate constraints as well as bounded disturbances.
For input-to-state stable systems with constrained input am-
plitude and rate, we showed that tracking can be achieved

in a stable manner globally even in the presence of bounded
disturbances, whereas for input-to-state unstable systems, we
characterized their local regions of attraction. Moreover, we
provided an approach to prevent input amplitude and rate
saturation via (p, u)-modification. By means of a numerical
example, we illustrated the effectiveness of our approach for
input-constrained hidden mode tracking.
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