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Abstract—This paper investigates the tracking control problem for uncertain switched two-time-scale
systems (TTSSs) subject to full state constraints (FSCs). In our design, instead of employing the com-
monly used barrier Lyapunov function (BLF), a unified framework is established by integrating a nonlin-
ear transformed function (NTF) with a change of coordinates to address the FSCs, which can eliminate
the feasibility conditions on the virtual controls. Moreover, this method can also handle the case of time-
varying state constraints (SCs) and constraint-free cases without changing the structure of the controller.
Based on a mode-dependent and e-dependent Lyapunov function, a single-parameter-estimation-based
control strategy is developed for the uncertain switched TTSSs, significantly reducing the design com-
plexity. Finally, employing the improved admissible edge-dependent average dwell-time (AED-ADT)
scheme in conjunction with Lyapunov techniques, it is ultimately verified that all signals in the closed-
loop system are bounded, the tracking error converges to a bounded compact set, and the system states
do not violate the given constraints.

Keywords—Switched two-time-scale systems, full state constraints, admissible edge-dependent average

dwell-time, one parameter estimation.

1 Introduction

Switched systems are a specific class of hybrid systems, which are widely used in the modeling of
many real systems [1-3]. For the stability analysis of switched systems, one can find popular meth-
ods based on state dependent switching but also methods based on time dependent switching, which
generally require either a dwell-time (DT) or an average dwell-time (ADT), or a mode-dependent
average dwell-time (MDADT). [4] investigates the recurrent stabilizability of discrete-time switched
linear systems under switching constraints defined by a nondeterministic finite automaton, provid-
ing necessary and sufficient conditions and exploring its relation to control Lyapunov functions
and initial states. Two stabilization strategies are proposed in [5] for continuous-time switched lin-
ear systems: an open-loop approach based on minimum DT using multiple Lyapunov functions,
and a closed-loop method via Lyapunov—Metzler inequalities accounting for chattering. [6] shows
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that ADT switching among stable systems ensures uniform exponential stability, and the results
extend to certain nonlinear systems and hysteresis-based adaptive control. [7] demonstrates that a
switched nonlinear system exhibits multiple practical input-to-state stable (ISS)-like characteristics
under ADT switching signals, provided that every individual dynamical system within it is ISS.
Furthermore, the concept of MDADT is built in [8] by extending the ADT method, which prevents
the occurrence of sliding mode and has been extensively applied in the control design of switched
systems [9—11]. In addition, adaptive tracking control under communication constraints and cyber
attacks has attracted increasing attention. For instance, an adaptive event-triggered tracking strategy
is developed in [12] for nonlinear networked systems subject to dynamic quantization and deception
attacks. Meanwhile, to further relax the constraints on switching signals and enhance the stability
conditions of slowly switched systems, the concept of admissible edge-dependent average dwell-
time (AED-ADT) is presented in [13].

Many practical engineering systems involve dynamic processes evolving at significantly differ-
ent time scales. For instance, in motor systems [14], electromagnetic transients are typically much
faster than mechanical responses. Similar slow-fast characteristics can also arise in systems con-
taining fast electrical dynamics and relatively slow mechanical dynamics. Meanwhile, changes in
operating conditions, component configurations, or working modes may introduce switching behav-
ior. Therefore, switched systems with slow-fast dynamics provide a useful framework for describing
such engineering processes. Two-time-scale systems (TTSSs), also known as singularly perturbed
systems, characterize the separation between fast and slow dynamics through a small singular per-
turbation parameter (SPP). This framework also provides useful tools for alleviating difficulties
such as high dimensionality and ill conditioning that may arise when conventional single-time-scale
methods are directly applied; see, e.g., [15-18]. When switching behavior is further involved, these
systems are referred to as switched TTSSs [19-23]. Specifically, [19,20] investigate the stabilization
problems for switched TTSSs subject to deception attacks by utilizing the ADT approach. The fuzzy
control for discrete nonlinear switched TTSSs in finite time is studied in [21] by using the MDADT
method. [22,23] address the problems for controller design and stability analysis of switched TTSSs
with actuator saturation. However, these results ignore the constraints on the system states.

When deploying a control system in real applications, state constraints (SCs), static or dynamic,
may be encountered. Violating these constraints can degrade system performance and may even lead
to instability of the closed-loop system. Many current methods are well-established to handle state
constraints, such as barrier Lyapunov function (BLF) methods [24-26], predictive control meth-
ods [27-29], and projected control methods [30,31]. As discussed in [24-26], classical BLF-based
constrained control schemes require explicit upper and lower bounds on virtual control laws to guar-
antee feasibility conditions. However, such bounds are generally difficult or impossible to compute
analytically for uncertain switched TTSSs, especially when fast and slow dynamics are coupled.
To completely remove these restrictive conditions, the studies in [32—-34] propose novel methods
based on nonlinear state-dependent functions to directly address the asymmetric full state constraints
(FSCs). The methods are implemented for the traditional continuous time dynamics evolving on a
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single time scale. Addressing the problem in the singularly perturbed setup is even more challeng-
ing. To this end, [35] further addresses the tracking control problem for nonlinear uncertain TTSSs
with FSCs by using the approach in [32]. It is important to note that the results in [32—-35] have to
be carefully tackled in order to extend them to the case of switched systems. While switched TTSSs
have been studied under ADT/MDADT/AED-ADT switching (e.g., [19-23]), these works neglect
FSCs, and directly extending existing constrained control methods to switched TTSSs is nontrivial
due to the interaction between switching, singular perturbations, and constraint enforcement. More-
over, existing constrained approaches [32,33,35] are specifically designed for constrained systems
and fail to reduce to standard state feedback when constraints are removed. This limitation prevents
seamless applicability across constrained, time-varying constrained, and constraint-free scenarios.
Meanwhile, parameter uncertainties and communication-induced effects such as quantization are
also frequently encountered in practical control systems. For example, [36] investigates quantized
fuzzy guaranteed cost control for electric-vehicle lateral dynamics with norm-bounded uncertain pa-
rameters. From a practical viewpoint, slow-fast dynamics, switching behavior, and state constraints
may coexist in the same system. For example, physical variables such as speed, current, or other
internal states are often required to remain within prescribed operating ranges for safety and reliable
operation. Moreover, these allowable ranges may change with operating conditions or may not be
imposed in some applications. It is therefore desirable to develop a control framework that can ac-
commodate switching and different time scales while handling different forms of state constraints
without redesigning the controller. This consideration provides the practical motivation for studying
uncertain switched TTSSs under FSCs. Building on the preceding discussion, this paper investi-
gates the tracking control problem for uncertain switched TTSSs with FSCs. The main challenges
of the considered problem are twofold. First, the interaction among switching, slow-fast dynamics,
and state constraints makes it difficult to directly extend existing constrained control methods to
switched TTSSs. In particular, the feasibility conditions required by conventional BLF-based meth-
ods become difficult to verify when system uncertainties and slow-fast coupling are involved. Sec-
ond, the presence of mode-dependent uncertainties increases the complexity of adaptive controller
design, since multiple parameter updates may be required when conventional adaptive schemes are
employed. These difficulties motivate the development of a simpler adaptive control strategy and a
constraint-handling method without feasibility conditions for uncertain switched TTSSs. The pri-

mary innovations of this study are outlined below.

1. To reduce the complexity caused by parameter estimation in the adaptive design, a single-
parameter-estimation-based control strategy is developed for uncertain switched TTSSs, where
the adaptive law is independent of the switching mode. Compared with the existing result for
uncertain TTSSs in [35], only one parameter update is required throughout the control design,

which simplifies the design procedure and reduces the online computational burden.

2. To address the difficulty associated with the feasibility conditions in conventional BLF-based

methods [24-26], a unified constraint-handling framework is established by combining the
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nonlinear transformed function (NTF) with a modified change of coordinates. This framework
eliminates the feasibility conditions on the virtual controls and can simultaneously handle
symmetric/asymmetric, constant/time-varying, and constraint-free cases without changing the

basic controller structure.

The structure of the paper is organized as follows: Section 2 introduces the problem formulation
and necessary preliminaries. Section 3 presents the main theoretical results. Numerical simulations

are provided in Section 4, followed by conclusion in Section 5.

2 Problem Formulation and Preliminaries

2.1 System Description

Consider the following uncertain switched TTSSs [35]:

iy = FD (1, 00) + G79 (21) s

E(e)is = Fy (@1, 22,00) + G5O (w1, m2)u (1)
y==a
where r = [LUH, T12y .- - ,Ilm]T € R™ and To — [Igl, e Tomy s L2mg+1s - - - ,$2m]T € R™ are

the system states. The switching signal o(t) : [0,00) — 2 = {1,2,..., M} is a piecewise right-
continuous constant function with M € N being the number of modes. u = [u1, . .., u,,]" € R™ and
y € R are the control input vector and output vector of the system, respectively. Ff(t)(-) e R™,
1 = 1,2, denotes the uncertain nonlinear function vector including external disturbances or system
modeling uncertainties, and 6; € R" is the unknown constant parameter vector inseparable from
Ff(t) (+). G?(t) (1) € R™™ i = 1,2, is the unknown time-varying control coefficient matrix. ¢ is the

SPP satisfying 0 < ¢ < 1, and

e R™™  my +my =m.

0 €Ly xms

In the following, the argument for a variable or function can be omitted if it is unlikely to cause
confusion.

In system (1), z; and Zo,, = [To1, ... ,Igml]T € R™ are the slow state vectors, and Tg,,, =
[Tomy 41, - - - Tam] T € R™2 is the fast state vector, which are required to satisfy the following asym-
metric constraints:

Ti € Dy = {xpw € R| = Dy, < g, < Eik} ()

provided —D,;, < 74(0) < Dy, i = 1,2,k = 1,...,m, where D, and D, are known positive
constants, and —D;, and Dy, specify the lower and upper constraint bounds of z;;, respectively.

The control objectives of this work are:



Py: A robust adaptive controller is constructed based on one parameter update for uncertain
switched TTSSs with FSCs or constraint-free.

Pz All signals in the closed-loop system are bounded and the tracking error e = 1 — yy; =
le1, ... em]t € R™, with yg = [Ya1, - - -, Yam)® being the known desired signal, converges to a small
neighborhood of the origin.

Ps: The asymmetric FSCs (2) are maintained without imposing feasibility conditions on the
virtual controls.

The analysis requires the following assumptions and a definition.

Assumption 1 [24] The desired signal vectors vy, 14, Yq are available and continuous in known
compact set Dg = {[y1, U3, J4)" g Ya + U4 Va + Uz Ja < Do} with Dy being a positive constant.
Moreover; there exist positive constants Dgy, Dy, k = 1,...,m, satisfying ygx € Day, := {—Dy; <
—Dyp, < yar < Dai, < Dii}.

Assumption 2 [24] There exist unknown positive constants b i = 1,2, p € (2, and known non-
negative smooth functions o (z;) : R"™ — R, such that, for x;, € Dy, the uncertainties F¥(-)

satisfy [|[FF ()| < B (), where Ty = xy, Ty = [x], 23]". If T; are bounded, so are FF and ¢*.

Assumption 3 [37] The control coefficient matrices GY(-),i = 1,2,p € (2, are bounded and
positive definite, namely, there exist positive constants g, and ¢!\, such that t*G{z > g7, x"x >
0 for any x € R™ \ {0}, and [|G7|| < g} »-

Remark 1 Assumption 1 regarding the desired signal y4 has been commonly used in the existing
literature [24-26]. For Assumption 2, such a relationship may always be established by providing
only basic information on F}(Z;), i = 1,2,p € Q. Assumption 3 specifies the boundedness of the
control gain matrices and reasonably requires that Gt (z;), i = 1,2,p € S, remains nonzero to

ensure system controllability.

Definition 1 [13] For all pairs (p,q) € §2x 82, let NJ (t, T) denote the number of transitions from
the qth subsystem to the pth subsystem within the interval [t,T), and let T}, ,(t,T) represent the total
activation time of subsystem p over [t,T'), conditioned on such transitions occurring. The switching

signal o (t) is said to satisfy an AED-ADT 7, if there exist positive constants Nz?, g and 7 such that

Tpvq(t7 T)

a
prq

N T) SN+ , VT >t>0,

where /\fpo, o IS referred to as the admissible edge-dependent chatter bound.

The primary motivation for introducing the AED-ADT technique stems from the intrinsic charac-
teristics of switched TTSSs. In such systems, the interaction between slow and fast dynamics leads
to mode-dependent transient behaviors, and different switching transitions may induce significantly
different Lyapunov jumps. Consequently, imposing a uniform dwell-time constraint on all switch-
ing signals, as in classical ADT or MDADT schemes [6—11], can be overly conservative and may
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unnecessarily restrict the admissible switching sequences. To address this issue, the AED-ADT
framework assigns dwell-time constraints in an edge-dependent manner, that is, for each ordered
switching pair (¢ — p). This allows the switching logic to account for the direction of mode tran-
sitions and the corresponding Lyapunov mismatch between subsystems. As a result, the stability

conditions can be relaxed while still guaranteeing overall system stability.

2.2 System Transformation

To directly impose the asymmetric FSCs on state variables for system (1), a NTF ;. purely based
upon system state is designed as follows:

Dir D,

bu = =
(Dix — i) (Dyye + Tire)

3)

with the initial condition z;(0) satisfying x;x € Dy, i = 1,2, and k = 1,...,m. From (3), £ is a
scalar function of x;;, which is continuously differentiable on the interval D;;. Moreover, &;;, — 00
as x;; approaches the boundary of D;; for any initial condition x;; € D;;. Thus, if £ € Lo,
it € Dy can be ensured, i.e., FSCs (2) are not violated as long as &;;, are bounded. Therefore,

satisfying the FSCs (2) means ensuring the boundedness of ;.

Remark 2 The advantages of the NTF (3) lies in the following aspects:
(i) Compared to BLF-based approaches, it imposes less stringent restrictions on initial system
states by introducing a direct technique to handle FSCs rather than using the conservative method

of converting original constraints into tracking error bounds [24-26].

(ii) A specific NTF in [32] is expressed as: &; = (E—x;)vm’ t=1,---,m. It can be observed
that for the constraint-free cases (i.e., D; = D; — 00), the function simplifies to limp _ D, 00 & =
mﬁm = 0. This result implies that the NTF proposed in [32] fails to handle both constrained
and unconstrained scenarios in a unified manner. However, in our paper, for the constraint-free
cases, we have limp, _p, & = limp, _p o @Z_szég :“ﬂik) = x;. This indicates that the
NTF &, reduces to the system state x;i, enabling the function (3) to handle SCs or constraint-free

cases of the system (1) in a unified manner without changing the controller structure. In fact, time-

varying asymmetric SCs can also be solved by the proposed NTF, which will be discussed in Section
3.

To facilitate the controller design, we define p;;, = @’“_%’fz(DQik”““) and p; = diag{pi1, ..., pim}
1kZik

for: =1,2,and £ = 1,..., m. With this notation, one gets

x; = pi 4)
with & = [&1, - .+, &m| T Then the derivative of &, in (3) is obtained as:

Eik = Niiin, (5)
6



DDy, (D Dy +22,)
(Eik*xik)Q(Q'ikJrIik)Q ’
(1) and (4), we can rewrite (5) as

where \;;, = t=1,2,and k = 1,...,m, is well defined in set D;;. Combining

& = Al(Ff(t) + Gi(t)m&)

. (6)
E(e)é = M(FYY + a3 0u)

with \; = diag{\;1, ..., Ay } being a positive definite diagonal matrix when x;, € Dy, i = 1,2,

andk=1,...,m.

3 Main Results

3.1 Single-Parameter-Estimation-Based Controller Design

In this section, the dynamic surface control (DSC) method is utilized to construct a robust adap-
tive controller based on one parameter estimation for system (1) with FSCs, in which the feasibility
conditions in [24-26] can be entirely eliminated. As an essential step in the control design, the
conventional change of coordinates z; = x1 — ¥y, in [25] is no longer directly applicable due to the
introduction of the NTF (3). Instead, a modified change of coordinates tailored to the structure of
the NTF (3) is developed to facilitate the subsequent design of the virtual control law «;. To this
end, we introduce the following change of coordinates:

2 =& — gy %

2’2:52—042f

where z;, 1 = 1,2, is the virtual error, &; is introduced to handle FSCs without imposing the fea-

Ty ‘e : _ T _ DD vk
sibility conditions on virtual control laws, a;f = [a1f1,...,Q1fm] > Q1fk = SR
k =1,...,m, and ayy is obtained from the following first-order filter:

Kolap + qiop = py lay, ()

where k2 > 0 is a design parameter, o is a virtual controller designed later in (19), and p, is defined
in (4). Then it can be seen from Assumption 1 that o ; is calculable and bounded in the compact set
D,. In order to facilitate the subsequent controller design and stability analysis, define the following
filter error:

Y2 = azp — py o ©)

Thus, according to (7) and (9),
£y =29+ oy = 2+ Yo + p3 1. (10)

Remark 3 In conventional BLF methods (e.g., [24-26]), feasibility conditions require the virtual
control signals to remain strictly within predefined bounds to prevent singularity of the BLF. This
7



inevitably introduces parameter-dependent inequalities that must be verified a priori, which is ex-
tremely difficult for uncertain switched TTSSs due to the coupling between slow-fast dynamics and
switching.

In contrast, our method removes this requirement through two key mechanisms:

(i) As defined in (3), the NTF maps each constrained state x;, € Dj, to an unconstrained variable
&k €R i =1,2, k=1,...,m. Importantly, constraint satisfaction is equivalently guaranteed by
the boundedness of &;;, rather than by bounding the virtual controls.

(i) Instead of the traditional virtual errors z; = x;—«c;_1 in [25], the modified forms z; = §— o
in (7) ensure that the virtual errors are defined entirely in the transformed space. As a result, the
stability analysis only requires the boundedness of z; and &;, without imposing any explicit upper or

lower bounds on the virtual control «.

The detailed process of the adaptive backstepping control based on one parameter update is given
as follows.
Step 1: For p € (2, taking the derivative of z; = § — oy along (6), we can obtain from (10)

2 =& — dup = M(FP + GEpa&y) — cuy = M(FP + Ghpa(z + 1) + GRavy) — cuy (11)

@lek(ﬁlekﬂ/ﬁk) — 1
(D1 —Yyar)?(Dyp+yar)?’ ’
definition of Ay, A4 is positive definite and calculable in the compact sets D y.

with (jélf = )\dyd, A = diag{)\dl, ey )\dm}9 Nap = ...,m. From the

Choose a Lyapunov function candidate

1 1 ~ 1
‘/1p = ﬁleZl + %@2 + Eyng, (12)
1

,m

where gim is defined in Assumption 3, v > 0 is a design parameter, © =06 — Ois the parameter
estimate error with © being the parameter estimate of © = max{(b!)%,1},7 = 1,2,p € Q. Then
the derivative of V' along (12) yields

. 1 . 1~~~ )
Vip - p_le ()\1F1p + )\1G€p222 + )\1G’1’p2y2 + )\1G11)041 — Cklf) — 5@@ + yQTyg. (13)
1m

By using Assumptions 1-3 and Young’s inequality, we have

lalPlM*Op o

ﬁZ?AlFf) < 902 2(g1mim)2 (14
o < ”21”22”35%”2 + 2<gfim>ga (15)
TGl < S P+ Sl 16)
NG € o P PPl + Sl



where a > 0 is a design parameter, g1 min = MiNpc{ G m}> Jimax = MAXpc{ 9] 41 }> J2max =
OLNI* < 1, p € Q. Substituting (14)-(17) into (13), we obtain

. 1 a? 1
VE <O ||z1]? + =2 MGhon + < llpalPllwall + sz P11 P o2l [ 2217
91,m 2 2a 92.m
1~x .
1864y e s

where U = 55 <||)\1||2g01 + [ Naall* + f}ll '“"”‘) | A1 ) is a known and calculable scalar function,

2 a
A]_ _ a (91 max) 92, max

- (gl,min)2 2(91 mln)
Let the virtual control «; be

is a pOSlthC constant.

o = —(01 + é‘l’l)()\’{)_2)\121 (19)

16D1kD1k .
— _ (D1k+Dqy, k L,
_ DDy (D1 Dy +ad P 2
Atk = (Dllk ;klk)2l(Dll:+zll:) )\Tk in Dyy, then 2] )‘1G Az > gl ,m Ek 1( ) Zlkz > g1 m(A*) ||Z “
Then inserting the virtual control law o4 (19) into gpl Zi 2\ GP 101, we have
1,m

with ¢; > 0 being a design parameter, \j = min{\}, }, \}, = ,m. Due to

1 c —i—@)\lf o ~
gp - <1 )\1Gp041 (191,—1)()\1) ZZ?AlGllj)\lzl S —<Cl + @\Ifl)H21H2. (20)
1 1,m

Since (18) contains a nonlinear term ﬁz?AlGﬁ’al and )\ is related to the NTF (3), it is necessary
to use (A7) 72\? < —T to eliminate \; of this nonlinear term in the process of designing «;, thereby
obtaining the result (20). Similar challenges will also arise in the design process of the controller
(33). Consequently, combining (18) with (20), it follows that

. ~ 1~A .
VP < —allall’ + 0z - ;@@ + Yy G2+ A

I*

2
a
+ S lloalFly: [ oY 1Y Y 21

2a%g5 ,,

Furthermore, according to the first-order filter in (8) and the filter error g, in (9), we have 1, =

Qop — i (pz_loq) = _y_2—|—T(-), where T (zl, 29, Y2, ®’yd»yd,yd> — _% (,02_1@1) = —(p3 Yy —

Iy (a‘” O+ ‘9"1 \If1 + go‘l 1 >\1 + 80‘1 ) is a continuous function in regions D;; and O will
be given latter, 1=1,2,and k: = 1, ce,m. Therefore,
T
. Yo Y2 1
vode =~y X < (1 - —) lyell® + 1% (22)

Then, (21) can be rewritten as

1
2a2¢?

2.m

. ~ 1A
W< —alal*+0 (\Ifl||z1||2 - ;@) + [zl AP o2l |22l + 1T

1 a? 9 1 9
# (54 Floell = ) el + s 23)

9



Choose a suitable constant 5o > 0 such that = > I + ﬁHngQ + Ko. Hence, (23) can be further
Ko 4 2

expressed as
. ~ 1A
77 <= el + 8 (willal? - 16) —malul?

+ [l o2l 221 + T + As, 24)

2 4P
2a gQ,m

where © will be given in the next step.

Remark 4 As shown in (19), the virtual control o is a nonlinear function that relies on design
parameters ¢y, O, and functions zy, A}, A1, and V. When employing the conventional BLF ap-
proaches [24-26] for control design, it is essential to explicitly determine both the upper and lower
bounds of the virtual control o to validate the feasibility conditions at this step. However, due to
the absence of an explicit analytical solution for deriving these bounds, the verification of param-
eter existence requires the utilization of offline optimization techniques, which would substantially
escalate the computational load. Furthermore, within a specified constrained domain, the identifi-
cation of optimal parameters that satisfy the feasibility conditions may prove unattainable, thereby
rendering BLF-based control algorithm ineffective in practical implementation. In this paper, a
notable advantage lies in its elimination of the requirement to determine explicit bounds for the
virtual controller o since no feasibility conditions are required. This significant simplification is
achieved through the NTF (3) and the change of coordinates (7), which enable stability analysis to
be conducted solely based on the boundedness property of a;.

Step 2: Taking the derivative of 2o = & — apy along (6), for p € {2, we have
E(g)z = \(FY + Ghu) — E(e)dy, (25)

where s is well defined in (8).
Define a Lyapunov function candidate V3 as

1
‘/QP = 2TZ;FE(€)P22, (26)
2,m

P,

where g5, is defined in Assumption 3, P = H with P;; = P} > 0, Py, = Pj, > 0, then
22
P = P" > 0and F(e)P = PTF(¢) > 0. Employing (25) and (26), the derivative of V can be

formulated as

: 1
VP = ——2y P (A FY 4+ XGhu — E(g)day) . (27)

2,m

Similar to (14)-(17), utilizing Assumptions 1-3 and Young’s inequality gives

I 22”1 P12 A2]*©a a’?
——2z5 PA\oFY < , 28
gg,m E e = 2@295,771 - 2g2,min ( )
1 2 P 2 E . 2 2
~ L TPE()dy, S||22|| | P||?[| E(e)dy]| L 29)

2P )
92.m 20295, 2G2 min

10



where [|05]]2 < 9, p € Q. Then substituting (28), (29) into (27), we have

22| Pl | Ao ][O

Vg <
20 gy

20 PIRIE() v |12 1
 LPIPPIE@6sfl | L vpy ooy 3

2a2g]20,m 92.m

)

. 2 . o,
with Ay = g;—_ being a positive constant.

Selecting the Lyapunov function candidate

1 1 1 ~ 1
VP = le + Vgp = ?2?21 —+ ?ZEEQE)PZQ + ﬂ@2 + §y2Tyg, (31)
1,m 2,m

and combining (24), (30) with (31), for the pth subsystem, we can infer that

. ~ 1A
7P < — erllaa |2 = Rallyall? + O (\mnzlnﬂ - ;@) TP+ A

) 1
+ p—\lj2”22||2 + p—Z;FP)\QGgu, (32)
2.m 2,m
where A = Ay + Ay and Wy = o555 ([[PI*[|Aal* 02 + [| PP E(e) g + [z [P Al [l o2])-
Let the actual control law v and the adaptive law © be designed as
6 =2y —1
U=—1cy+ p—\Ijg ()\2> >‘P )\QPZQ, (33)
2m
6 =1+ <\1/1||,z1||2 + \If2||z2||2) — 186, (34)
2,min

-2
" . 16D5,, D3 3
where ¢, and [ are positive parameters, A5 = min{\}, }, A}, = ( =2k = 1,---,m, \p =

Daog+Dyy )t
Amin(P2). ©(0) > 0is an arbitrarily chosen initial estimate of ©. Noting that as (\111 |21]1% + =2

92, min

W, | 22]|2) > 0, it holds that ©(¢) > 0 for any ©(0) > 0, ¢ > 0. Due to Ay, = Dai Dy (Do Doy +ay)

(Day _$2k)2£22k +xo1)? —

/\;k in ng, Z;P)\QG:S/\QPZQ Z ggm(/\z)z/_\p||22||2 and ﬁZgPAQGgU S —(CQ + f@g)”Zg”z.

,m

Thus, substituting the actual control law « (33) and the adaptive law @) (34) into (32), and utilizing
the fact that %é(:) < —2%(:32 + %@2, we have

. |~
VP < — izl — eallz2)l* — Rollyel® — %@2 + 7] + K (35)
with K1 = A + 5-0%.

Remark 5 In the majority of existing adaptive control algorithms for state-constrained nonlinear
systems [32,35], an adaptive law is required to estimate an unknown constant parameter or an un-
known parameter vector at every step of the backstepping procedure. As the system order increases,
this process becomes computationally demanding due to the need for multiple parameter estima-
tions and the increasing complexity of the control design. To address this issue, utilizing the norm
estimation approach [38], only a single parameter estimation is performed throughout the control
process, which significantly reduces the overall computational burden.
11



In order to facilitate subsequent stability analysis, define the following positive constants:

cmin{2egt —2CPm o (36)
Hp 191,m» )\maX{E(s)P}u 2,070,
q q
hp7q>max{gllj—’m,gi—’m,1}, (37)
1,m 2m
K =K, + K2, (38)

where p, ¢ € €1, and K, will be defined later.

3.2 Stability Analysis

Theorem 1 Consider the uncertain switched TTSSs (1) with asymmetric FSCs under the controller
(33) and the adaptive law (34). Let the Lyapunov function candidate be designed as (31). If x;;(0) €
Di, i = 1,2, and k = 1,...,m, the AED-ADT of the switching signal o(t) satisfies Tog > hl:%,
and there exists a positive constant By such that VP(0) < By, p € ), then under Assumptions
1-3, the control objectives Py-Ps can be achieved through the single-parameter-estimation-based

adaptive control.

Proof: Let the sets Dy := { [y}, 97, 41| " 1yiva + Ui va + Jg Ga < Do} C R¥™, Dy := {[z?, 25,0,

y?]ﬂfz?zl +ysy2 + fz}E(e)Pzg + %éQ < QBO} C R then Dy x Dy» is a compact set
and there exists a constant /5 > 0 such that | || < K, on Dy x Dy», where T is given in (22). For
the pth subsystem, it follows from (35) that

. | ~
VP S — 61H21H2 — CQHZQHQ — /_€2Hy2H2 — g@2 + K1 + K22 S —upr + K, (39)

and V(o (ty) =p,o(ty) =q) € A xQ,p#q,

VP < h, V1. (40)
For an arbitrary 7" > 0, let to = 0 and ¢, %o, . .., tg, tgy1,- - -, tao(0,7) denote the switching in-
stants on the interval [0, 7', in which N7 (0, T) = 21]7\4:1 NJ(0,T)and NJ(0,T) = Zé‘im?ﬁq N7, (0,T),

where N?(0, T) is the switching number of ¢ (t) and N7 (0, T) is the switching number when the
pth subsystem is activated during the interval [0, T, p € €.
Let 2(t) = ete0!VoO(Z(t)) with Z(t) = [T, 2T, 4T, O] being piecewise differentiable along

solutions of the system. On each interval [t, 1), using (39), it can be inferred that
E(t) Sug(t)eua(t>tva(t)(z(t)) + Ketowt — Ma(t)eua(t>tva(t)(z(t)) — Ke“ff(t)t? (41)

which implies

trt1 . tkt+1
/ Z(0)dt = S(tesy) — Bt < [ Kersotdr. 42)
tr tr

12



Employing (40)-(42), we have

(Ha(tk+1) —Ma(tl;rl))tkﬂ :(t_

E(tre1) < Iy 1)

tk+1)7o‘(t];+1)
tkt+1
<T1kE(k) + T Ketowo'tdt
tg
ty tet+1

< Fl,k—lz(tk—l) + I k-1 Ketote-0!qt + Tk Ketountdt

te—1 123

k
k ti+1

k
Ho —Ho t
H o (tin),0 tl)el ( (t141) (tl)) l+1E(t0) n Z Fl,l Ketotntdt, (43)
1=0 b

where I'y ;, = ha(tkﬂ),g(tk) exp {(Ma(tk+1) - :ua(tk))tk—i-l} Dig—1=nh o(tk+1), ot Mo (t).o(ti_1) X
exp {(Mo(tk+1) - Na(tk))tk—i-l + (No(tk) - Na(tk_l))tk}’ 'y = HS 1 Ro(tair),0(ts) €XD {Zs l(,ua(tsﬂ)
_Ma(ts))ts—l—l}-

Furthermore, it can be derived from (43) that

(T7) =et'=rHTyveT ) (Z(T))

[1]

T
<E(tne(om)) + / Ko tnr o) dt

taro0,1)
N0(07T)—1 tl+1 T .
<I'2=(0) + Z IEY Kelottde + / Kel'o ooty (44)
1=0 t ta (0,1)

0,7)—1 7(0,7)—1 N°(0,T)-1
where Iy = [TV 0" ™ ooy o) XD {Zz OO o) —Ma(tl))tm},Fz,z =150

N (0,T)—
R (te41),0(ts) €XD {Z ( (Mo(ts+1) - :ua(ts))tS—i-l}-
Hence, from (44),

Ve (z(T))

AR b ¢ —p r (T i ¢
<T5VO(Z(0) + Y Tay | Keow'diqe "taron) / femhnondr
1=0 b tNo(0,T)
B N (0,T)— ti T
<T3v7(z(0) + Z rgle Vminti+1 Kevmintdt + ¢ VminT / Kevmintdt
t txo0,1)
_ NU O T tl+1 T
SF?)VU(O) (Z(O)) + Z F3 lefl’mth»l Keymintdt + el’minT/ I{el/mintdt7 (45)
t taro0,1)
N°(0,T)—1 N°(0,T)—1
where I's = l:O( ) Ro(ti1).0t) exp{ ~ Ho(tyo, T))T + 20 = (/‘La(tl-H) - luff(tl))tl-*‘l +
N°(0,T)—

N°(0,T)-1
uaao)to}, Car = TES™" ™ hotes )00 ex0 { Ho(t o o,m) T+ s (Ma<ts+1>—/ﬁa<ts>)fs+1}’

(0,7) M M
Hp 1 Hq Lasp I pq Xp{ a Zp=1 Zqzl,qsﬂézu pp Do (tspn — 1) = /‘“(WU(o,T))(T -

5€B(p,q)
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= N°(0,T)—1 N7 (0,T)—1
taeor) go Do = T00 " ™ o)) €xp {”’ stier + 3o " oty — Bt s —

“U(tNU(o,TﬂT}’ Iy = exp { Z;\il thz‘il,qip [( poq M) Inhy,, — Npr,qmvT)} } I'sy =

Pq

M M NG o (ti41,T) M M
| | I ] P e l“ exp{ = D pm1 Dty ,upr’q(tlH,T)}, B(pq) stands for the set of

satisfying o(t;) = p, o(t;) = ¢, ts € {to,t1, .-ttt - taer)—1}, and v, € (0, —
In hp7q/7ﬁq) with Vi, = ming, geq{v, 4}
Utilizing 77, > 24, forany T > ¢ > 0,
’ P

o, )Too(t,T)
o t T < 0 (ILLp VIMI) p,g\"™»
/\/‘pzq( ) ) - '/\/;qu + ln hp7q ?

which implies

./\/'Gq(tprl,T)

Bl < hﬁ’/g,qe(up—up,q)Tp,q(tl+1,T). (46)

According to (45) and (46), it’s easy to verify that

M M T
Ve z(r)) <t Ve O zo) + T [T fngre =" / Kevmntdy
0

p=1g=1,q#p
S5 i
Inh, { nhp,q }T
p,q P4  max —a Hp
Se?il q=1,q#p ep,qGQ D.q VU(O) (Z(O) | | P '1’ (47)

M p=1 g=1,q#p

where I'y = exp { DORTD Dy (N In iy + (“"‘“’qq - up) T,,4(0, T))
Therefore, we can deduce from (47) that all signals in the closed-loop system are bounded. Since
& € L 1s ensured, the system state x;; always remains in the predefined constraint set D, ¢ = 1, 2,
and k = 1,...,m, under the initial condition z;;(0) € D;;. This implies that there exist positive
constants Ezk, D7y such that =D, < =D < 1y, < E;k < Djpi=12andk=1,....m
namely, the FSCs (2) are always maintained without imposing the feasibility condition on the virtual
DDy

control law ;. Moreover, according to the definition of 21, = {1 — 15k = (Drp—z10)Dyptarn)
- =1k

,m, the tracking error variable x1x — yqx = €r = Mr21x, Where 7, =

D1k Dy Yak =1,.
(D1k—yar) (D1 p+yar)’
(D1k—213) (Dy,+71%) (D1 —Yyar) (D1 +Yar)
D1 Dy, (D1 D1 +216Yar)

ﬁl,k, k =1,...,m, there exist positive constants 7, , such that n, < nx < 7y, which means that
e), are bounded for ¢ > 0. In fact, from (39), we have V? < —c1||z1||* + K, which indicates that

. Since ygx € Dar G Dixand =D, < =D, < w3 < Eik <

1
V? becomes negative when || z;|| > (K +5> with J being a small constant. Consequently, ||z || will

enter and stay within the compact set 2,, = {z1 e R™

1
2]l < (K—”> ’ } which implies that the

1
el <7 (%)}

where 77 = max{7,} for k = 1,---  m. This completes the proof. [
14
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Remark 6 When D, = Dy, holds fori = 1,2, and k = 1,...,m, the case of asymmetric SCs (2)
reduces to the case of symmetric SCs. Moreover, when D, and D;;, divergence to infinity (indicating
no SCs in control requirements), our analysis in Remark 2 demonstrates that the parameters reduce
10 &y = Tiky Nik = 1, pae = 1, and o5 = Yyar. In order to achieve the control goal in the
unconstrained scenario, the algorithm designed in this paper only needs to be simplified to substitute
&ik» Nik» Pik», and gy, into their corresponding values x;i, 1, 1, and yq, respectively, so as to keep

the original controller architecture and all design parameters unchanged.

3.3 The Case of Time-Varying Constraints

Time-varying constraints are important in practical applications where safety limits, operational
envelopes, or performance requirements evolve over time, such as actuator aging, environmental
changes, or task-dependent safety margins. To reflect these realistic scenarios, the constraint bounds

D, and D, are introduced as bounded C? functions (see Assumption 4).

Assumption 4 [32] The positive time-varying constraint functions Dy, (t) and D, (t), i = 1,2, and

k=1,...,m, are bounded and of class C? with the first and second derivatives bounded.

Assumption 5 [32] The desired signal vectors vy, 14, Yq are available and continuous in known
compact set Dy = {[y1, 01,05 [Yiva + U39a + 439a < Do} with Dy being a positive con-
stant. Moreover, there exist positive constants D, Dy, k= 1,...,m, satisfying yar. € Dar =
{=Dy;.(t) < =Dy < yar < Dax < Dii(t)} .

To deal with the more general case of time-varying asymmetric FSCs, introduce a NTF as fol-
lows:

Di(t) Dy ()i
(Dir(t) = wie) (D (£) + w)
where D, (t) and D, (t) are time-varying positive functions satisfying —D;, (0) < 24(0) < Dy (0),
i=1,2,and k = 1,...,m. In the following, D;(t) and D, (t) are simply denoted as D;;, and D,

respectively. Then, the derivative of &;;, can be expressed as :
Eir = Ntk Tik + Nig g, (49)

—_ J— 72 . —_ JE— . —_
3 DDy (D Dy +a%) 3  (DinDi—Dik D2 — (D D+ Dy Dy xin ) w2,
where Aiik = B, e Dotz 204 A2k = Dur—wi)? Dy tein)? are well defined

and calculable for —D,; <z, < D, t > 0,0 =1,2,andk =1,...,m.
Based on the time-varying NTF (48) and the change of coordinates (7), we propose the corre-

Sik = (48)

sponding control strategy
( o~ _
a1 = —(Cl + @WT)(/\T>_2>\1121
U= — <62 - %%) (A3)Ap' A21 P2y

; S S 3 2 s 50
R R T R 0

U5 = 5z { 1PIPIA21 %02 + [ PIPIE () (A2 — éiap) 1 + ||Z1||2||A11||2||pall2)
15
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with the adaptive law

6—+ (w;uzluz n w;uzﬂ?) 1, (s1)

2,min
where c¢1, ¢, 7, [, a are the positive design parameters and P is defined in (26). Fori = 1,2,p € €, z;
is defined in (7), |7 ||* < i, © = ©— O is the parameter estimate error with © being the parameter
estimate of © and © = max{(b})?,1}. Fori =1,2,andk = 1,...,m, Ay = diag{Ai11,-- ., Nitm )

3 3 3 3 . 3 3 Sy D1x D1 (D1e Dy +y%) Y

Aio = Moty Mol Ty Agr = diagd{\ oA with A = k=lk b " Zdk ' Ngy =
2 [ 2,15 ) zQ,m] » Ad1 - 'g{ i{l,la 77dljm}; dl,k Dir—yar)? Dy van)?’ d2

\ \ T . 3\ o (Du@QUC_le-Q%k_(leQm'f‘leQlk)ydk)ygk * s * : *
[Ad2.1y s Adam)” With Ago g = Doru Otvar)? , A7 = min{ A\, } with X\, =

16D, D? 16D2,D2, ~ 9
1k * : * . o — 2kL2k — . " 1
(E1k+21k)4’ )‘2 - mln{)\Qk} with )\Zk - (E2k+22k)4’ >\P - )\mln(P )a P2 = dlag{p?h e 7p2m} with
_ (Dag—mak) (Do +T2k) ot P _ P — i P
p2k — BQkD2ik s gl,min = mlnpeg{ng}, ngax — IIIaXpEQ{gLM}v 927min — IIllnp69{927m}.

Next, we declare the following conclusion on the time-varying asymmetric FSCs.

Theorem 2 Consider the uncertain switched TTSSs (1) with time-varying asymmetric FSCs —D,,.(t) <
T < Ez-k(t), 1=1,2,and k =1, ..., m, under the control strategy (50) and (51). Let the Lyapunov
function candidate be designed as (31). If —D,;,(0) < 2;x(0) < Dg(0), i = 1,2, and k = 1,...,m,
the AED-ADT of the switching signal o (t) satisfies 7/, > ln;%, and there exists a positive constant
By such that V?(0) < By, p € €, then under Assumptions 2-5, the control objectives P;-P3 can be

achieved through the single-parameter-estimation-based adaptive control.

Proof: The proof can be conducted similarly to the proof of Theorem 1. [

4 Simulation Results

In this section, the efficacy of the proposed control method is demonstrated through numerical
simulations.

Example 1: Consider the following uncertain switched TTSSs (1), where m = 2, o(t) : [0, 400) —
Q={1,2,3},and F,G?, i =1,2,p = 1,2, 3, are given as:

Fl— 011711 sin(211) P2 011211 F3—
1 — ) 1 = —0:ot | 7 1 —
0.11'111'12 COS(elgt) T12€ 12

911 COS(IH)]

012712

Fl o $2167921t F2 - 0.1z11291 sin(let) F3 - 0.1x9; sin(@zlt)
2 0 2 ’ 2 0 ) 2 0 2
| V22211299 2222 22L99
and
ot _ L2+ 0demen 0.5 ot [2+02sin(ad) 0.6
! 0.5 1+05co82(z2)| T 7 0.6 1.5 + 0.5¢72

Y

o 1+ 0.1sin(22,) 0.4sin(z,) o 1.2 0.4sin(zs)
! 0.4sin(z1y) 1.8+ 0.2e 12 > |04sin(zy) 14

[ 0.8+ 0.6e-™1 0.4 tanh(z11210)

Gh =
0.4 tanh(z11212) 1.4 +0.2 sin(z?,) ?

54 0.1e7*2t  (0.5arctan(zq;)
0.5arctan(zy;) 2+ sin®(wg) |’
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where 61 = [‘9117 ‘912]T = [015, O.2]T, 92 = [621, 622]T = [02, 0.1]T, and ¢ = 0.05.

: : : : : 1
- N
1N Ty = =Yg ===-= Dy —'—"—QHL 0.5
05 1 0
of 1.
051 ]

-1

0 5 10 15 20 25 30 - 0 5 10 15 20 25 30
Time (sec) Time (sec)

Figure 1: Trajectories of the system state x1 = [z11,212|" and the desired signal ¥4 = [ya1, Yao]*

under SCs (52), and the tracking error e = [ey, €5]T in Example 1.

Time (sec) Time (sec)

Figure 2: Trajectory of the system state zo = [x91, :vgg]T under SCs (52) in Example 1.

The control objectives are: (i) all signals in the closed-loop system are bounded and the output
y tracks the desired trajectory yq = [ya1, yao]" = [0.3sin(¢),0.3sin(¢)]" to a bounded compact set,
and (i1) the system states are constrained in the following sets:

Tig € Dy :={zy € R| — Dy, <z < Eik}a (52)

fori = 1,2,k = 1,2, where D;; = 1.5, D;; = 0.8, D15 = 0.8, D1, = 1, Dyy = 1, Dy, = 1,

Doy = 1.2, Dy, = 0.5. To ensure that the FSCs (52) are not violated, the initial states are given as

21(0) = [211(0), 212(0)]T = [1.2, —0.6]T, 22(0) = [291(0), 222(0)]* = [-0.6,1.1]" and the initial

estimate value is @(0) = (. The design parameters are selected according to the sufficient conditions
17
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Figure 3: Trajectories of the virtual control ; = [a1, ay0]T and the control input u = [uy, up]T in
Example 1.

1

T T T T

ais using BLF |

0.5
0
-0.5
-1 ' ; ' ' ' -0.5 ' ' ' ' '
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)

Figure 4: Trajectories of the virtual control oy = [, &12]T using BLF methods in [24-26].

obtained in the stability analysis. A practical selection procedure is summarized as follows:

Step 1: the positive definite matrix P is selected, and the feedback gains ¢; and ¢, are chosen
as positive constants. Larger values of ¢; and ¢, generally increase the decay rates of z; and z»,
respectively, as can be seen from (35).

Step 2: the filter parameter x- is selected to satisfy the condition given below (23), while a is
used to balance the terms introduced by Young’s inequality. The parameters v and [ determine the
adaptation behavior and are further adjusted according to the desired transient performance. After
these parameters are fixed, 1, and 7, , are calculated from (36) and (37), respectively.

Step 3: the admissible AED-ADT bounds are obtained according to the condition 77, > In '/, /1
in Theorem 1. Following this procedure, the parameters used in this example are selected as ¢; =
3.5,c0=3,7v=01,1=0.2, ko =0.2,a = 3, and P;; = P, = 1. Accordingly, from (36), (37),
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Table 1: Example 1 under AED-ADT switching, MDADT switching, and ADT switching.

Switchi'ng AED-ADT M.DADT .ADT
strategies in [8] in [39]
hy o =1.3751
hy 3 = 2.5001
ha1 = 1.6665
ho 3 = 4.1665 hy = 2.5001
hs1 = 1.3332 hy = 4.1665
hso = 1.8333 hs = 1.8333
Switching pp = 0.2 py = 0.2 h = 4.1665
signals o = 0.2 o = 0.2 w=_0.2
s = 0.2 w3 = 0.2 T¢ > 7.1354
Ty > 1.5926 T > 4.5817
'y > 4.5817 Ty > 7.1354
Ty > 2.5536 T3 > 3.0306

78y > 7.1354
7§, > 1.4379
7§y > 3.0306

and Theorem 1, we obtain 71"y > 1.5926, 71’3 > 4.5817, 73y > 2.5536, 793 > 7.1354, 75'; > 1.4379,
and T3y 2 3.0306.

The simulation results are depicted in Figs. 1-4. Fig. 1 illustrates the trajectories of the system
state 21 = [111, 712]T and the desired signal ¥4 = [y41, ya2]* under SCs (52), and the tracking error
e = [e1, es]T. The trajectory of the system state x5 = [T, T92] T under SCs (52) is exhibited in Fig.
2. This indicates that the system states remain in the predefined regions under the proposed control
method, and the tracking error converges to a bounded compact set. Moreover, the trajectories of
the virtual control o; = [ay, Oélg]T and the control input u are shown in Fig. 3. Note that if the
BLF methods in [24-26] are applied to Example 1, the feasibility conditions on the virtual controls
a11, o need to be satisfied, i.e., —1 < a;; < 1,—0.5 < a2 < 1.2 (see Fig. 4). However, as
shown in Fig. 3, our control scheme can work effectively even if the virtual controls a1, 12 do not
fall within the predefined constraints, which enhances the accessibility and ease in the design of the

proposed control scheme.

Remark 7 In order to facilitate comparison, we give the results of Example 1 in Table 1, based
on the AED-ADT switching, the MDADT switching in [8], and the ADT switching in [39] with the
same initial conditions and control targets. It can be inferred that the calculated ADT T* > 7.1354
and the calculated MDADT T > 4.5817, 19 > 7.1354, 758 > 3.0306, are significantly greater than
or equal to the calculated AED-ADT TﬁQ > 1.5926, Tﬁ3 > 4.5817, Ty, = 2.5536, 753 > 7.1354,
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731 = 1.4379, 759 > 3.0306, which shows that AED-ADT switching offers greater flexibility and
effectively encompasses both ADT and MDADT switching as special cases.

Example 2: Consider a DC motor system in [14] where the electromagnetic transient character-
istics are much faster than the torque response. The dynamics of the system is described by

jm(é_‘: = _bcr(t)w + kmz
LY = —fyw — Roi +u (53)

y=w

where w is the angle speed, i, R, and v are the armature current, resistance, and voltage, respec-
tively, J,, denotes the equivalent moment of inertia, £ is a small constant representing the induc-
tance, k,, and k; are the torque and back electromotive force, b, ;) is the equivalent viscous friction
coefficient and o (t) : [0, +00) — Q = {1,2,3}. Let Ry = 0.69, J,,, = 0.093kg - m?, £ = 0.06H,
ky, = 0.7274N - m, k, = 0.6v - s/rad, b; = 0.006, by = 0.008, b3 = 0.01.

5 Time (sec) o5 Time (sec)
, 20 |
15
-2 1 10
5
-4
0
-6 : : : : : -5 : : : : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (sec) Time (sec)

Figure 5: Trajectories of the angle speed w, the armature current ¢ and the desired signal y; under
SCs (54), the tracking error e, and the control input » in Example 2.

The control objectives are: (i) all signals in the closed-loop system are bounded and the output y
tracks the desired trajectory y4 = 0.5sin(0.8¢) as closely as possible, and (ii) the system states are
constrained in the following sets:

weD, ={weR|-D, <w<D,},
i€D;={ieR|—D, <i< D}, (54)
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where D, = 1, D, = 038, D, =1, D, = 1.5. In order to guarantee that the SCs (54) are not
violated, the initial states are taken as w(0) = 0.8, i(0) = —1. Following the same parameter
selection procedure described in Example 1, the design parameters are selected as ¢; = 5, co = 2,
ke = 0.2, a = 1, and P = 1. Then, according to (36), (37), and Theorem 1, the corresponding
AED-ADT bounds are obtained as 71’y > 2.7184, 713 > 3.2959, 75y > 6.0412, 75’3 > 1.9845,
T3, = 5.6723, and 75, > 3.3301. The trajectories of the angle speed w, the armature current ¢ and
the desired signal y, under SCs (54), the tracking error e, and the control input u are depicted in Fig.
5, demonstrating the efficacy of the proposed control method.

5 Conclusion

In this paper, the adaptive tracking problem is investigated for uncertain switched TTSSs under
the AED-ADT switching law with SCs. First, the SCs are solved by constructing the NTF and the
change of coordinates on the system states to eliminate the requirement of the feasibility conditions
on the virtual controls. Then, utilizing a mode-dependent and e-dependent Lyapunov function, a
single-parameter-estimation-based state feedback controller is proposed while the adaptive law is
mode-independent under a class of switching signals with the AED-ADT property. Finally, the
theoretical results are validated through two numerical examples. Several directions are worth fur-
ther investigation. First, the output feedback control problem for switched TTSSs with SCs will be
studied when some system states are not directly measurable. Second, less conservative switching
conditions and more general switching mechanisms will be explored to further improve the flexibil-
ity of the proposed method. In addition, experimental studies on practical systems will be considered

to further verify the effectiveness and applicability of the proposed control scheme.
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