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ABSTRACT A novel approximation-free differentiator-based output-feedback controller for uncertain
large-scale systems (LSSs) is proposed. The considered LSS has nonautonomous and nonaffine-in-the-
control subsystems which is yet to be tackled for decentralized output-feedback controller in the previous
researches. The controller adopts a higher-order switching differentiator that can track the time-derivatives
of a time-varying signal asymptotically. Through the differentiators, time-derivatives of output tracking
errors are estimated and unstructured uncertainties in the controlled subsystems are compensated. The
proposed decentralized output-feedback control formulae and the stability analysis are relatively simple in
comparison to the previously proposed decentralized controllers. In this case, approximators such as fuzzy
systems or neural networks are not required. The proposed controller guarantees that the tracking errors of
the subsystems are asymptotically convergent to zeros and all the signals involved in the closed-loop systems
are bounded.

INDEX TERMS Large-scale system, uncertain nonlinear system, decentralized controller, approximation-
free, differentiator-based controller.

I. INTRODUCTION
Large-scale systems (LSSs) or interconnected systems have
received much attention because many modern practical sys-
tems are described as this kind of systems [1]. For example,
a multi-agent system,multi-machine power system, andmod-
ern mechanical systems are all comprised of interconnected
subsystems. For the control of LSSs, decentralized control
scheme which uses only locally available states without com-
munication between remote subsystems is used, as opposed
to distributed controller that requires exchange of state infor-
mation for each subsystem. Thus, the decentralized controller
is generally more practical because the controller usually has
insufficient knowledge of the plant uncertainties and interac-
tions between subsystems.

Influenced by the intensive research results on the con-
troller for unknown nonlinear systems [2]–[10], typical
approaches for controlling nonlinear LSSs with unstruc-
tured uncertainties are adopting universal approximators
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[11]–[19]. The universal approximators such as fuzzy logic
systems(FLSs) and neural networks(NNs) capture and com-
pensate for unknown functions in the controlled system
dynamics. As a result, the unknown function problem is
replaced by an unknown parameter problem that can apply
the traditional adaptive control method. However, the control
schemes that adopt the universal approximators suffer from
its computational complexity and high dynamic order of the
controller due to many adaptively tuning parameters. In addi-
tion, in the case of the strict- or pure-feedback systems, com-
bining backstepping scheme with real-time tuning approx-
imators increases considerable complexity to the resultant
control law [3], [5], [12], [13], [17]. Recently, to overcome
these drawbacks, prescribed performance control (PPC) [20]
has been widely used to control uncertain nonlinear systems,
and it has been applied to the interconnected LSSs. [21]–[23]
In the case of PPC, the complexity of the controller structure
is reduced considerably since universal approximators are not
required. However, in the PPC schemes, backstepping design
steps are still required. Moreover, most of the researches
consider strict-feedback nonlinear systems. If the scope is
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narrowed down to the problem of decentralized output-
feedback controller for LSS with uncertain pure-feedback
nonlinear subsystems, the research results are very limited.
[14], [15], [18], [19] However, their control schemes adopt
FLS or NN as the approximators of the unknown functions for
adaptive observers or controllers. As described above, these
approximators in the closed-loop system increase dynamic
order of the control laws and make stability analysis very
complex. Moreover, all the previous research [14], [15], [18],
[19] deals with autonomous nonlinear subsystems.

More recently, differentiator-based controllers (DBCs) for
uncertain nonlinear systems have been proposed. [24]–[27]
The DBC has the following advantages over the conventional
controllers in regards to uncertain nonlinear systems. First,
it does not require FLSs or NNs as unknown function esti-
mators, which considerably simplifies the control law and
stability proof. It is not based on the backstepping design
scheme, which results in further reduction of the complexities
of the overall control scheme. Second, as shown in [27],
it is applicable to a general class of nonlinear systems and
easy to design output-feedback controllers. According to the
performance of the adopted differentiator (or time-derivative
estimator), finite-time exact output tracking or asymptotic
stability is guaranteed.

This paper considers interconnected LSSs whose sub-
systems are uncertain general nonlinear systems. Whereas
the previous researches have mostly dealt with autonomous
strict- or pure-feedback nonlinear subsystems, this paper
considers quite general uncertain nonautonomous nonlinear
subsystems including strict- or nonstrict- systems. To the
best of the authors’ knowledge, there is no literature that
considers decentralized output-feedback controller of this
general class of uncertain nonautonomous nonlinear LSSs.
The differentiator-based controller proposed in [25], [27] is
adopted and modified to the case of interconnected LSS
control. Especially, by adopting the higher-order switching
differentiator (HOSD) [28] that estimates the derivatives of
a time-varying signal, the proposed controller guarantees
asymptotical output tracking performance. It is not based on
backstepping and it requires no universal approximators to
cope with unstructured uncertainties intrinsic to the subsys-
tems. Another advantage of the proposed controller is that
there is no severe and consistent chattering or peaking in the
control input. The contributions of this paper are summarized
as follows.

1) Compared to the previous controllers in [14], [15], [17],
[18], the LSS considered in this paper has a broader
class of nonautonomous nonaffine-in-the-control non-
linear subsystems. To the best of authors’ knowledge,
there has been no research that has examined output-
feedback decentralized controller for this class of inter-
connected LSS.

2) The proposed scheme combines the HOSD [28] and
the differentiator-based controller [25] in order to deal
with unstructured uncertainties in the controlled sub-
systems. No approximators such as NN or FLS are

required, which considerably lowers the dynamic order
and complexity of the controller.

3) The proposed output-feedback decentralized control
algorithm has a relatively simplified structure. There is
no lengthy or complicated control law or adaptive for-
mula. There are only two design constants in the control
formula for each subsystem, which demonstrates the
compactness of the proposed controller.

The rest of this paper is organized as follows. In Section II,
the dynamics of the considered LSS and its normalized sys-
tem equations are described. The HOSD is also introduced in
Section II. Section III describes the structure of the proposed
output-feedback decentralized controller with the main theo-
rem. Also, the Lyapunov stability analysis are presented and
discussed in Section III. In Section IV, numerical simulations
using two examples of LSSs are then conducted to illus-
trate the proposed controller’s performance and compactness.
Finally, Section V presents the conclusion.

II. PROBLEM FORMULATION
A. CONSIDERED NONLINEAR SYSTEM
This paper considers an interconnected general nonlinear
system whose dynamics are uncertain, nonautonomous, and
nonaffine-in-the-control. The dynamics of N interconnected
subsystems of the large-scale nonlinear system are as follows.

ẋj = fj(xj, uj, t, x̃j)
yj = hj(xj, t)

}
, j = 1, 2, · · · ,N (1)

where fj and hj are unknown smooth functions, xj =
[xj,1, xj,2, · · · , xj,nj ]

T is a state vector of jth subsystem, nj is
the dynamic order of the jth subsystem, yj and uj denote the
output and input of jth subsystem, respectively. x̃j denotes the
total state vectors of remote subsystems defined as follows

x̃j = [xT1 , · · · , x
T
j−1, x

T
j+1, · · · , x

T
N ]

T . (2)

That is, it is a collection of state vectors except for the jth
one. Throughout this paper, the index j ∈ {1, 2, · · · ,N }
denotes a unique index of a subsystem. Note that the system
in consideration is of a relatively broader class of nonlinear
systems including strict- and pure-feedback systems. It is also
nonautonomous. That is, fj and hj are the functions of time
explicitly. This class of systems may contain time-varying
parameters, additive or multiplicative disturbances, etc. Only
the output yj of the subsystem is assumed to be measurable.
The control objective is driving yj to track the desired output
ydj (t) that is a smooth function of t while also maintaining all
the signals in the closed-loop system to be bounded.

In practical engineering systems, all the states tend to be
maintained in prescribed bounded operation regions, and the
control inputs are also bounded due to physical limitations.
Assumption 1: The following open set includes the whole

operation region of the jth subsystem (1)

�j =

{
xj, uj

∣∣|xj| < bxj , uj < buj
}

(3)

where bxj and b
u
j are positive bounding constants.
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The total set is defined as the union of all the �js as follows.

� = ∪Nj=1�j (4)

Assumption 2: The relative degree of the system (1) is nj
for all j = 1, · · · ,N . That is, all the subsystems have full
relative degrees, and the control inputs appear first in the y(nj)

equation.

B. NORMALIZING ORIGINAL SYSTEM
Let the tracking error of the jth subsystem be ej , yj − ydj .
Then, the original subsystem (1) can be normalized with
respect to the tracking error into the following Brunovsky
form.

ėj,i = gj,i(xj, t, x̃j)

, ej,i+1, i = 1, 2, · · · , nj − 1

ėj,nj = gj,nj (xj, uj, t, x̃j) (5)

with ej,1 = ej where

gj,1(xj, t, x̃j) =
∂hj
∂xj

fj +
∂hj
∂t
− ẏdj (t)

gj,i(xj, t, x̃j) =
∂gj,i−1
∂xj

fj +
∂gj,i−1
∂ x̃j

f̃j

+
∂gj,i−1
∂t

, i = 2, · · · , nj − 1

gj,nj (xj, uj, t, x̃j) =
∂gj,nj−1
∂xj

fj +
∂gj,nj−1
∂ x̃j

f̃j

+
∂gj,nj−1
∂t

(6)

with

f̃j , [fT1 , · · · , f
T
j−1, f

T
j+1, · · · , f

T
N ]

T . (7)

Note that, from Assumption 2, control input appears only in
gj,nn (·). Also note that gj,is are all smooth functions since fjs
and hjs are all assumed to be smooth.
For the controllability of the considered system, it is

required the following assumption.
Assumption 3: The following inequality holds for all j =

1, · · · ,N

∂gj,nj (xj, uj, t, x̃j)

∂uj
> 0 (8)

on the compact set �× [0,∞).
This assumption for the controllability of the system (1)

is widely adopted in the literature. (e.g., assumption 1 in [4],
assumption 4 in [3], assumption 1 in [5], etc.)

C. INTRODUCTION OF HOSD
In the proposed controller, the HOSD [28], [29] is adopted
in its design. The switching differentiator is first proposed in
[29] to estimate the time-derivative of a time-varying signal.
In [28], the differentiator is extended to observe higher order
time-derivatives. The HOSD has the property of asymptotic
convergence, which results in no peaking or chattering in the

estimated signals. In [27], a more compact form of HOSD,
which contains only one design constant while maintaining
tracking performance is proposed, and subsequently adopted
in this paper.

Before introducing HOSD dynamics, some definitions are
required. Let8 be a set of all strictly increasing infinite time
sequences such that

8 , {(ti)∞i=0|t0 = 0, ti < ti+1∀i ∈ N0} (9)

where N0 = {0, 1, 2, · · · }. For a sequence T = (ti) ∈ 8, �T
denotes a set of functions that are discontinuous at some or all
ti.
Definition 1: [28] For T = (ti) ∈ 8, define the set of

functions as follows:

�
L
T ,

f (t)
∣∣∣f (t) ∈ �T , sup

ti≤t<ti+1
∀i∈N0

|f (t)| ≤ L <∞

 (10)

where L > 0 is a constant. The functions in �
L
T are bounded

in the piecewise sense (BPWS) below L.
Lemma 1: [27] Suppose the time-derivatives of a time-

varying signal a(t) are BPWS such that a(i+1) ∈ �
L∗i
T for

i = 1, 2, · · · , n where L∗i s are positive constants and T ∈ 8.
a(n+2) is also assumed to be BPWS. Consider the following
HOSD dynamics

α̇i = βiLeαi + σi
σ̇i = L sgn(eαi )

}
, i = 1, 2, · · · , n (11)

where eαi = σi−1 − αi with σ0 = a. If the design constants
are selected such that βi > 0 and L > max

i=1,··· ,n
L∗i , then:

σi(t)→ a(i), i = 1, 2, · · · , n (12)

holds.
Detailed proof of Lemma 1 is shown in [28]. In [27], appropri-
ately selected constants βjs up to j = 6 have been presented
as

β1 = 10, β2 = 7, β3 = 5.5, β4 = 4.8, β5 = 4.4, β6 = 4.2.

(13)

As described in [27], the only design constant L must be
increased to improve the estimation performance of the
HOSD.

III. CONTROLLER DESIGN
As described earlier, the objectives of the controllers are that
the yjs track desired output ydj s and that all the time-varying
signals involved in the closed-loop system remain bounded.
The HOSD (11) is adopted in every subsystem, and they are
described as follows

α̇j,i = βiLjeαj,i + σj,i
σ̇j,i = Lj sgn(eαj,i )

}
, i = 1, 2, · · · , nj (14)

for j = 1, · · · ,N where eαj,i , σj,i−1 − αj,i with σj,0 = aj.
The constants βis in (13) are commonly used in all subsys-
tems. The feeding signal aj into the jth HOSD is generated as
described in the following subsection.
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A. CONTROL INPUT FILTERING
The following simple linear time-invariant(LTI) filter is
adopted to generate the signal aj(t) that is injected into the
HOSD (14).

ẇj,i = −cjwj,i + wj,i+1, i = 1, · · · , nj − 1

ẇj,nj = −cjwj,nj + uj (15)

where cj > 0 is a design constant. Note that, due to the
stabilizing terms of −cjwj,i for i = 1, · · · , nj in (15) with
positive cj, it is guaranteed that the states wj,i of the LTI filter
(15) are bounded since uj is bounded based on Assumption 1.

Lemma 2: With Assumption 1, the following inequalities
hold

|wj,i| <
buj

c
nj−i+1
j

(16)

for i = 1, · · · , nj.
Detailed proof of Lemma 2 is described as in [30].

The input signal to the HOSD is generated as

aj = ej − wj,1. (17)

From Lemma 1, the following holds

σj,1 = ȧj + dj,1(t)

= ėj − p1(wj)− wj,2 + dj,1(t) (18)

σj,2 = äj + dj,2(t)

= ëj − p2(wj)− wj,3 + dj,2(t) (19)
...

σj,nj−1 = a
(nj−1)
j + dj,nj−1(t)

= e
(nj−1)
j − pnj−1(wj)− wj,nj + dj,nj−1(t) (20)

σj,nj = a
(nj)
j + dj,nj (t)

= e
(nj)
j − pnj (wj)− uj + dj,nj (t) (21)

where wj = [wj,1,wj,2, · · · ,wj,nj ]
T , and dj,i(t)s denote esti-

mation errors that disappear asymptotically, i.e., dj,i(t)→ 0.
The terms of pi(wj)s are the polynomials of the elements of
wj that are easily calculated for i = 1, · · · , 6 as follows:

p1(wj) = −cjwj,1 (22)

p2(wj) = c2j wj,1 − 2cjwj,2 (23)

p3(wj) = −c3j wj,1 + 3c2j wj,2 − 3cjwj,3 (24)

p4(wj) = c4j wj,1 − 4c3j wj,2 + 6c2j wj,3
− 4cjwj,4 (25)

p5(wj) = −c5j wj,1 + 5c4j wj,2 − 10c3j wj,3

+ 10c2j wj,4 − 5cjwj,5 (26)

p6(wj) = c6j wj,1 − 6c5j wj,2 + 15c4j wj,3

− 20c3j wj,4 + 15c2j wj,5 − 6cjwj,6 (27)

As described in [27], the value of cj does not have a crucial
effect on the performance of the controller. Therefore, the cjs

are typically chosen as 1 in order to simplify the calculations
of pi(wj)s.

B. CONTROL LAW AND STABILITY ANALYSIS
The tracking error vector for the jth subsystem is defined as
ej = [ej, ėj, · · · , e

(nj−1)
j ]T ∈ Rnj for j = 1, · · · N and its

estimate is available using (18)-(20) as follows

êj =


ej

σj,1 + p1(wj)+ wj,2
...

σj,nj−1 + pnj−1(wj)+ wj,nj

 ∈ Rnj . (28)

which tracks ej asymptotically by Lemma 1. Therefore,
the following equality holds

ej = êj − dj(t) (29)

where dj(t) , [0, dj,1(t), · · · , dj,nj−1(t)]
T . Considering (21),

the decentralized control law of jth subsystem is determined
as

uj = −σj,nj − pnj (wj)− kTj êj (30)

where kj = [kj,1, kj,2, · · · , kj,nj ]
T is selected such that the

polynomial

snj + kj,njs
nj−1 + · · · + kj,2s+ kj,1 (31)

is Hurwitz. To reduce the number of design constants, the ele-
ments of the vector kj can be chosen such that the following
equality holds

(s+ κj)nj = snj + kj,njs
nj−1 + · · · + kj,2s+ kj,1 (32)

with κj > 0. Thus, if κj is once selected, the vector kj is
directly calculated. Therefore, the proposed controller has
only two design constants κj > 0 in (32) and Lj > 0 in (14)
since the design constant cj in (15) is chosen typically as 1.

C. MAIN THEOREM AND SOME REMARKS
The following theorem describes the main result of the pro-
posed controller.
Theorem 1: Consider the system (1) under Assumption

1 and Assumption 2. The control input (30) using the HOSD
(11) and input filter (15) makes the tracking error vector ej to
be asymptotically stable.

Proof: From (21) and (29), it is evident that the control
input (30) becomes

uj = −σj,nj − pnj (wj)− kTj êj
= −{e

(nj)
j − pnj (wj)− uj + dj,nj (t)}

− pnj (wj)− kTj ej − kTj dj(t)

= −e
(nj)
j + uj − kTj e− dj,nj (t)− kTj dj(t) (33)

from which the following equality is induced

e
(nj)
j = −k

T
j ej + δj(t) (34)

where δj(t) , −dj,nj (t)− kTj dj(t). In vector form

ėj = Ajej + bjδj(t) (35)
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FIGURE 1. Overall block diagram of the proposed decentralized controller.

where

Aj =


0 1 0 · · · 0
0 0 1 · · · 0
...

...

−kj,1 −kj,2 −kj,3 · · · −kj,nj

 , bj =


0
0
...

1

 (36)

There exist positive definite matrixes Pj and Qj such that
AT
j Pj + PjAj = −Qj holds. Defining Lyapunov function

Vj = eTj Pjej, its time derivative is derived as

V̇j = −eTj Qjej + 2eTj Pjbjδj(t)
≤ −λmin(Qj)|ej|2 + 2|ej|λmax(Pj)|δj(t)| (37)

From the last inequality, it is determined that if |ej| > λj|δ(t)|
where λj =

2λmax (Pj)
λmin(Qj)

, then V̇j < 0. This means that, since δj(t)
converges at zero asymptotically, the |ej| is also asymptoti-
cally stable. It is trivially concluded that the total Lyapunov
function that is defined as V =

∑N
j=1 Vj is also stable. �

Remark 1: Although the jth subsystem itself is affected
by the other subsystems, the jth controller (30) is a fully
decentralized one since no real-time signal of kth subsystem
(k 6= j) is required. Actually, the jth control law is derived by
using the jth output signal only, which is illustrated in Fig. 1
representing the overall block diagram of the closed-loop
system.
Remark 2: It is worth noting that the proposed controller

uses no universal approximators such as NNs or FLSs despite
the unstructured uncertainties in the subsystem.
Remark 3: The time-derivatives of the desired output ydj (t)

are not required to be available. In practical situations, this
is may be desirable since it may be hard to obtain time-
derivatives of the desired output signal. The only condition
for the ydj (t) is that it is differentiable up to the njth order.

Remark 4: The proposed decentralized controller assumes
that all the subsystems have a full relative degree. However,
from [27], it is expected that the controller is also applicable
to systems whose relative degree is less than the system
dynamic order as long as the internal zero dynamics are
stable.

IV. NUMERICAL SIMULATIONS
A. TWO-INVERTED PENDULUM EXAMPLE
In this section, the numerical simulation of two connected
inverted pendulums is performed to illustrate the design pro-
cedure and performance of the proposed controller. The state-
space equations of the system are as follows.

61 :



ẋ1,1 = x1,2

ẋ1,2 =
(
m1ζH
J1
−
ηH
2J1

)
sin(x1,1)

+
ηH
2J1

(l − v)

+
sat(u1)
J1

+
ηH2

4J1
sin(x2,1)+11(t)

y1 = x1,1

(38)

62 :



ẋ2,1 = x2,2

ẋ2,2 =
(
m2ζH
J2
−
ηH
2J2

)
sin(x2,1)

+
ηH
2J2

(l − v)

+
sat(u2)
J2

+
ηH2

4J2
sin(x1,1)+12(t)

y2 = x2,1

(39)

where the system outputs xj,1(j = 1, 2) are the vertical
angular displacements that are available for measurement.
The states of xj,2(j = 1, 2) are the angular velocities that
are assumed to be unavailable. The inputs ujs (j = 1, 2) are
torques that are generated by servomotors and 1js (j = 1, 2)
are external unknown disturbances that are assumed to be
11(t) = 0.1 sin(t) and 12(t) = 0.2 + 0.1 cos(2t). The
parameter ζ = 9.8 m/s2 is the gravitational acceleration,
η = 100 N/m is the spring constant, H = 0.5 m is the
pendulum height, l = 0.5m is the length of spring, J1 =
0.5 kg · m2 and J2 = 0.625 kg · m2 represent the moments
of inertia, and v = 0.4m < l is the distance between the
hinges of the pendulums. The masses of the pendulums are
m1 = 2 kg and m2 = 2.5 kg respectively. The control inputs
are assumed to be saturated as sat(uj) = sgn(uj) min(|uj|, buj )
with bu1 = bu2 = 25 where buj s are the maximum torques of
the servomotors.

The design procedure of the controllers is as follows.
It is worth noting that the actual dynamic equations and
contained disturbances are unknown to the controller. For
illustrative purposes, the output is regulated to the origins.
Thus, the desired outputs yd1 (t) and y

d
2 (t) are all zeros for all

t ≥ 0. For the controller for 61, the HOSD, input filer and
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control input formula is determined as follows.

D1 :


α̇1,1 = 10L1eα1,1 + σ1,1
σ̇1,1 = L1 sgn(eα1,1)
α̇1,2 = 7L1eα1,2 + σ1,2
σ̇1,2 = L1 sgn(eα1,2)

F1 :

{
ẇ1,1 = −c1w1,1 + w1,2

ẇ1,2 = −c1w1,2 + u1

u1 = −σ1,2 − p2(w1)− kT1 ê1 (40)

where

eα1,1 = a1(t)− α1,1
eα1,2 = σ1,1 − α1,2

w1 =

[
w1,1
w1,2

]
ê1 =

[
e1

σ1,1 + p1(w1)+ w1,2

]
(41)

and p1(w1), p2(w1) are defined as in (22), (23) respectively.
The design constants are chosen as L1 = 12, κ1 = 10 (that is,
k1 = [100, 20]T ), and c1 = 1. Note that, as depicted in Fig. 1,
the equations in (40) uses y1 only to generate control input of
the first system (38).

The followingHOSD, filter, and control law constitutes the
controller for 62.

D2 :


α̇2,1 = 10L2eα2,1 + σ2,1
σ̇2,1 = L2 sgn(eα2,1)
α̇2,2 = 7L2eα2,2 + σ2,2
σ̇2,2 = L2 sgn(eα2,2)

F2 :

{
ẇ2,1 = −c2w2,1 + w2,2

ẇ2,2 = −c2w2,2 + u2

u2 = −σ2,2 − p2(w2)− kT2 ê2 (42)

where

eα2,1 = a2(t)− α2,1
eα2,2 = σ2,1 − α2,2

w2 =

[
w2,1
w2,2

]
ê2 =

[
e2

σ2,1 + p1(w2)+ w2,2

]
(43)

and p1(w2), p2(w2) is defined as in (22), (23) respectively.
The design constants are selected as L2 = 12, κ2 = 10
(that is, k2 = [100, 20]T ), and c2 = 1. It is also noted that,
as depicted in Fig. 1, the equations in (42) uses y2 only to
generate control input of the second system (45). The initial
states of HOSDs and input filters are all zeros. The initial
conditions of the systems states are x1(0) = [−3, 0.5]T

and x2(0) = [3,−0.7]T . The simulations have been per-
formed using python libraries such as NumPy, SciPy and
matplotlib [31].

The simulation results are expressed as in Figs. 2-6.
As in Fig. 2 and Fig. 3, it is illustrated that the system outputs
xj,1 and xj,2 show that the outputs of the subsystems are

FIGURE 2. Trajectories of x1,1 and x1,2 of system 61.

FIGURE 3. Trajectories of x2,1 and x2,2 of system 62.

FIGURE 4. Trajectories of control inputs u1 of 61 and u2 of 62.

regulated to the origins after short transient periods. It is
also shown in Figs. 4 - 6 that the control inputs as well as
all the state variables of the HOSDs and input filters are
bounded.
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FIGURE 5. Trajectories of w1,1, w1,2 in filter F1 and σ1,1, σ1,2 in HOSD
D1 of 61.

FIGURE 6. Trajectories of w2,1, w2,2 in filter F2 and σ2,1, σ2,2 in HOSD
D2 of 62.

Remark 5: There are two design constants (i.e., κj > 0
and Lj > 0 for j = 1, 2) in each decentralized controller.
The performance of HOSD tends to be better as the design
constant Lj becomes larger. However, if Lj is too large, chat-
tering occurs in the differential estimates. Therefore, after
performing the simulation severally, the Lj value was properly
selected such that chattering did not occur and sufficient
estimation performance was achieved.

B. SECOND EXAMPLE
The second example is the following LSS with pure-feedback
nonlinear subsystems that have unmatched disturbances and
interconnections.

63 :



ẋ1,1 = x1,1 + (1+ 0.2x21,2)x1,2 + sin(
t
10

)

+ x2,1x2,2

ẋ1,2 = x1,1x1,2 + u1 +
u31
7
+ cos(

t
15

)+ x22,2
y1 = x1,1

(44)

FIGURE 7. Trajectories of y1(= x1,1) and x1,2 of system 63.

FIGURE 8. Trajectories of y2(= x2,1) and x2,2 of system 64.

FIGURE 9. Control inputs u1 of 63 and u2 of 64.

64 :



ẋ2,1 = x2,1 + (1+ 0.2x22,2)x2,2 + sin(
t
10

)

+ x1,1x1,2

ẋ2,2 = x2,1x2,2 + u2 +
u32
7
+ cos(

t
15

)+ x21,2
y2 = x2,1

(45)
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FIGURE 10. Trajectories of w1,1, w1,2 in filter F1 and σ1,1, σ1,2 in HOSD
D1.

FIGURE 11. Trajectories of w2,1, w2,2 in filter F2 and σ2,1, σ2,2 in HOSD
D2.

where xj,1,xj,2 are state variables and uj, yj are control input
and output of jth subsystem (j = 1, 2), respectively. In this
example, the desired outputs are yd1 (t) = yd2 (t) = sin(t).
The controllers have the same structures as the ones used
in the former subsection IV-A since the dynamic order of
the subsystems are identical. Control formulas (40) and (42)
are adopted again for 63 and 64 respectively with κ1 =
κ2 = 5 and L1 = L2 = 11. The initial state vectors
are x1(0) = [0.2, 0]T and x2(0) = [−0.1, 0]T . The sim-
ulation results are presented as in Figs. 7 - 11. It is illus-
trated that the subsystem outputs track the desired signal well
in Fig. 7 and Fig. 8. Apparently, the remaining time-varying
signals in the closed-loop systems are bounded as shown
in Figs. 9-11.

V. CONCLUSION
A novel differentiator-based decentralized controller for
interconnected LSS with uncertain nonautonomous and non-
affine nonlinear subsystems is proposed. The nonlinear sub-
systems in consideration are quite general and contain broad

classes of modern controlled systems. To the best of the
authors’ knowledge, there are no research results of decen-
tralized output-feedback controller design studies for such
classes of LSSs. The proposed controller adopts HOSD that
can estimate the time-derivatives of a time-varying signal
asymptotically for the purpose of compensating uncertainties
in the controlled subsystems. No universal approximators
such as FLS or NN are required, and the control scheme is
not based on backstepping. As a result, the proposed output-
feedback decentralized controller has a relatively simple for-
mulae, and the resulting stability analysis is straightforward.
The proposed controller guarantees that the tracking errors
of the subsystems are asymptotically convergent at zero, and
that all the signals involved are bounded. Herein, the numer-
ical simulations performed illustrate the performance and
compactness of the proposed control scheme.

REFERENCES
[1] L. Bakule, ‘‘Decentralized control: An overview,’’ Annu. Rev. Control,

vol. 32, no. 1, pp. 87–98, Apr. 2008.
[2] J.-H. Park, G.-T. Park, S.-H. Kim, and C.-J. Moon, ‘‘Output-feedback

control of uncertain nonlinear systems using a self-structuring adaptive
fuzzy observer,’’ Fuzzy Sets Syst., vol. 151, no. 1, pp. 21–42, Apr. 2005.

[3] T. Zhang, X. Shi, Q. Zhu, and Y. Yang, ‘‘Adaptive neural tracking control of
pure-feedback nonlinear systems with unknown gain signs and unmodeled
dynamics,’’ Neurocomputing, vol. 121, pp. 290–297, Dec. 2013.

[4] J.-H. Park, S.-H. Huh, S.-H. Kim, S.-J. Seo, and G.-T. Park, ‘‘Direct
adaptive controller for nonaffine nonlinear systems using self-structuring
neural networks,’’ IEEE Trans. Neural Netw., vol. 16, no. 2, pp. 414–422,
Mar. 2005.

[5] Z. Chen, S. S. Ge, Y. Zhang, and Y. Li, ‘‘Adaptive neural control of
MIMO nonlinear systems with a block-triangular pure-feedback con-
trol structure,’’ IEEE Trans. Neural Netw. Learn. Syst., vol. 25, no. 11,
pp. 2017–2029, Nov. 2014.

[6] J.-H. Park, G.-T. Park, S.-H. Kim, and C.-J. Moon, ‘‘Direct adaptive self-
structuring fuzzy controller for nonaffine nonlinear system,’’ Fuzzy Sets
Syst., vol. 153, no. 3, pp. 429–445, Aug. 2005.

[7] W. Deng, J. Yao, and D. Ma, ‘‘Time-varying input delay compensation
for nonlinear systems with additive disturbance: An output feedback
approach,’’ Int. J. Robust Nonlinear Control, vol. 28, no. 1, pp. 31–52,
Jan. 2018.

[8] X.-L. Wang and G.-H. Yang, ‘‘Event-triggered H∞ control for T-
S fuzzy systems via new asynchronous premise reconstruction
approach,’’ IEEE Trans. Cybern., early access, Dec. 23, 2020, doi:
10.1109/TCYB.2019.2956736.

[9] J.-H. Park, S.-H. Kim, and T.-S. Park, ‘‘Output-feedback adaptive neural
controller for uncertain pure-feedback nonlinear systems using a high-
order sliding mode observer,’’ IEEE Trans. Neural Netw. Learn. Syst.,
vol. 30, no. 5, pp. 1596–1601, May 2019.

[10] W. Deng and J. Yao, ‘‘Extended-state-observer-based adaptive con-
trol of electrohydraulic servomechanisms without velocity measure-
ment,’’ IEEE/ASME Trans. Mechatronics, vol. 25, no. 3, pp. 1151–1161,
Jun. 2020.

[11] S. Tong, C. Liu, and Y. Li, ‘‘Fuzzy-adaptive decentralized output-feedback
control for large-scale nonlinear systems with dynamical uncertainties,’’
IEEE Trans. Fuzzy Syst., vol. 18, no. 5, pp. 845–861, Oct. 2010.

[12] S. Cheng Tong, Y. Ming Li, and H.-G. Zhang, ‘‘Adaptive neural network
decentralized backstepping output-feedback control for nonlinear large-
scale systems with time delays,’’ IEEE Trans. Neural Netw., vol. 22, no. 7,
pp. 1073–1086, Jul. 2011.

[13] J. Li, W. Chen, and J.-M. Li, ‘‘Adaptive NN output-feedback decentralized
stabilization for a class of large-scale stochastic nonlinear strict-feedback
systems,’’ Int. J. Robust Nonlinear Control, vol. 21, no. 4, pp. 452–472,
Mar. 2011.

[14] S. Tong, Y. Li, and Y. Liu, ‘‘Adaptive fuzzy output feedback decentralized
control of pure-feedback nonlinear large-scale systems,’’ Int. J. Robust
Nonlinear Control, vol. 24, no. 5, pp. 930–954, Mar. 2014.

21234 VOLUME 9, 2021

http://dx.doi.org/10.1109/TCYB.2019.2956736


J.-H. Park et al.: Decentralized Output-Feedback Controller for Uncertain Large-Scale Nonlinear Systems Using HOSD

[15] Y. Yang, D. Yue, and Y. Xue, ‘‘Decentralized adaptive neural output
feedback control of a class of large-scale time-delay systems with input
saturation,’’ J. Franklin Inst., vol. 352, no. 5, pp. 2129–2151, May 2015.

[16] X. Jiang, X. Mu, and H. Zenghui, ‘‘Decentralized adaptive fuzzy tracking
control for a class of nonlinear uncertain interconnected systems with
multiple faults and DoS attack,’’ IEEE Trans. Fuzzy Syst., early access,
Aug. 3, 2020, doi: 10.1109/TFUZZ.2020.3013700.

[17] H. Wang, P. X. Liu, J. Bao, X.-J. Xie, and S. Li, ‘‘Adaptive neural output-
feedback decentralized control for large-scale nonlinear systems with
stochastic disturbances,’’ IEEE Trans. Neural Netw. Learn. Syst., vol. 31,
no. 3, pp. 972–983, Mar. 2020.

[18] Z. Ma and H. Ma, ‘‘Decentralized adaptive NN output-feedback fault
compensation control of nonlinear switched large-scale systems with actu-
ator dead-zones,’’ IEEE Trans. Syst., Man, Cybern. Syst., vol. 50, no. 9,
pp. 3435–3447, Sep. 2020.

[19] H. Wang, B. Chen, C. Lin, and Y. Sun, ‘‘Neural-network-based decen-
tralized output-feedback control for nonlinear large-scale delayed systems
with unknown dead-zones and virtual control coefficients,’’ Neurocomput-
ing, vol. 424, pp. 255–267, Feb. 2021.

[20] C. P. Bechlioulis and G. A. Rovithakis, ‘‘A low-complexity global
approximation-free control scheme with prescribed performance
for unknown pure feedback systems,’’ Automatica, vol. 50, no. 4,
pp. 1217–1226, Apr. 2014.

[21] C.Wei, J. Luo, Z. Yin, X.Wei, and J. Yuan, ‘‘Robust estimation-free decen-
tralized prescribed performance control of nonaffine nonlinear large-scale
systems,’’ Int. J. Robust Nonlinear Control, vol. 28, no. 1, pp. 174–196,
Jan. 2018.

[22] Y. Wang, J. Hu, and Y. Zheng, ‘‘Improved decentralized prescribed perfor-
mance control for non-affine large-scale systems with uncertain actuator
nonlinearity,’’ J. Franklin Inst., vol. 356, no. 13, pp. 7091–7111, Sep. 2019.

[23] Z.-J. Yang, ‘‘Distributed prescribed performance control for consensus
output tracking of nonlinear semi-strict feedback systems using finite-time
disturbance observers,’’ Int. J. Syst. Sci., vol. 50, no. 5, pp. 989–1005,
Apr. 2019.

[24] J.-H. Park, S.-H. Kim, and T.-S. Park, ‘‘Approximation-free output-
feedback control of uncertain nonlinear systems using higher-order slid-
ing mode observer,’’ J. Dyn. Syst., Meas., Control, vol. 140, no. 12,
pp. 124502-1–124502-5, Dec. 2018.

[25] J.-H. Park, T.-S. Park, and S.-H. Kim, ‘‘Approximation-free output-
feedback non-backstepping controller for uncertain SISO nonautonomous
nonlinear pure-feedback systems,’’ Mathematics, vol. 7, no. 5, p. 456,
May 2019.

[26] J.-H. Park, S.-H. Kim, and T.-S. Park, ‘‘Approximation-free state-feedback
backstepping controller for uncertain pure-feedback nonautonomous non-
linear systems based on time-derivative estimator,’’ IEEE Access, vol. 7,
pp. 126634–126641, 2019.

[27] J.-H. Park, S.-H. Kim, and T.-S. Park, ‘‘Differentiator-based output-
feedback controller for uncertain nonautonomous nonlinear systems with
unknown relative degree,’’ IEEE Access, vol. 8, pp. 172593–172600, 2020.

[28] J.-H. Park, T.-S. Park, and S.-H. Kim, ‘‘Asymptotically convergent
higher-order switching differentiator,’’ Mathematics, vol. 8, no. 2, p. 185,
Feb. 2020.

[29] J.-H. Park, S.-H. Kim, and T.-S. Park, ‘‘Asymptotically convergent switch-
ing differentiator,’’ Int. J. Adapt. Control Signal Process., vol. 33, no. 3,
pp. 557–566, Mar. 2019.

[30] J.-J. E. Slotine and W. Li, Applied Nonlinear Control. Upper Saddle River,
NJ, USA: Prentice-Hall, 1991.

[31] J. D. Hunter, ‘‘Matplotlib: A 2D graphics environment,’’Comput. Sci. Eng.,
vol. 9, no. 3, pp. 90–95, 2007.

JANG-HYUN PARK received the B.S., M.S., and
Ph.D. degrees in electrical engineering fromKorea
University, Seoul, South Korea, in 1995, 1997, and
2002, respectively. He is currently a Professor with
the Department of Electrical and Control System
Engineering, Mokpo National University, Chon-
nam, South Korea. His research interests include
neurocontrol, fuzzy control, adaptive nonlinear
control, robust control, and their implementations
to real plants.

SEONG-HWAN KIM received the B.S., M.S., and
Ph.D. degrees in electrical engineering fromKorea
University, Seoul, South Korea, in 1991, 1995, and
1998, respectively. He is currently a Professor with
the Department of Electrical and Control System
Engineering, Mokpo National University, Chon-
nam, South Korea. His main research interests
include the application of intelligent control to ac
motor drives and power electronics.

DONG-HO LEE received the B.S., M.S., and
Ph.D. degrees in electrical engineering fromKorea
University, Seoul, South Korea. He is currently an
Assistant Professor with the Department of Elec-
trical and Control Engineering, Mopko National
University, Chonnam, South Korea. His current
research interests include power systems, smart
energy systems, and wireless power transfer.

VOLUME 9, 2021 21235

http://dx.doi.org/10.1109/TFUZZ.2020.3013700

