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The power converters are widely used in several industrial applications where it is necessary to obtain from a fixed voltage another
one higher or lower than the original. In this paper, we focus on the DC-DC (direct current) boost converters, where to guarantee
the desired voltage, an internal current tracking loop is usually used. However, this tracking cannot be assured in the presence of
unknown load changes and external perturbations when traditional controller strategies are implemented. In this paper, an
advanced control strategy is proposed to ensure the current tracking using a saturated super-twisting controller on the power
converter. The finite-time current tracking of a DC-DC boost converter is assured in the presence of bounded Lipschitz per-
turbations composed by unknown load changes and exogenous signals. The proposed approach generates a continuous bounded
control signal applied to the converter by using a sigma-delta modulator (XAM). The controller gains are tuned to obtain finite-
time stabilization of the tracking error, while the control signal remains bounded. To illustrate the effectiveness of the proposed
results, the controller is applied to a physical boost converter using the hardware implemented (XAM) and an STM32 Discovery
development card. Besides, the controller is compared with a first-order sliding mode controller showing that for small sample
times, the energy of the error signal is reduced.

1. Introduction

The DC-DC power converters are used in contemporary
applications and have been widely investigated in the last
three decades. They are the ideal candidates in several ap-
plications such as electric and hybrid vehicles, fuel cells,
microgrids, and photovoltaic and renewable energy storage
systems [1-7]. The natural operation of power converters
requires that the control variable takes values from a discrete
set. Several efforts to control power converters involving
discrete components, integrated circuits, and/or pulse width

modulation (PWM) have been reported in the literature
[8-16], where schemes based on PI, passivity, adaptive
backstepping, fuzzy logic, deadbeat, H-infinity, or model
predictive control are used.

In general, the main control objective of power con-
verters is the voltage regulation. According to [17-20], this
control problem can be solved by using a cascaded control
structure with two loops: an inner current loop and an outer
voltage loop. Traditionally, a simple PI compensator is
applied to regulate the voltage and generate the current
reference signal. Moreover, several applications require that
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the current follows a specific current profile [21-24]. It is
worth to mention that the rate of the current is faster than
the one of the output voltage, making necessary the design of
fast strategies that guarantee the exact tracking of the current
profile. Moreover, in practice, the load may vary depending
on external factors affecting the tracking of the desired
current [17, 25-27].

The effects of the unknown load changes can be seen as
perturbations. The sliding mode controllers are well known
by its ability to compensate theoretically exactly the matched
uncertainties/perturbations [18, 28]. The accuracy and
structure of these controllers depend on the uncertainties/
disturbances considered and the relative degree of the sliding
variable.

In the sliding mode framework, the first-order sliding
mode (FOSM) control is widely used in the current control
loop implementation [17, 29]. This controller works in the
on-off mode and allows compensating in finite-time
bounded matched uncertainties/perturbations. However, if
the commuting frequency is not high enough, it generates
high-level chattering or ripple [20, 29]. An alternative to this
controller type is a super-twisting algorithm (STA) based
controller [30, 31]. This controller compensates Lipschitz
uncertainties/perturbations by using continuous control
signals, and the generated chattering is diminished in
comparison with a FOSM [32, 33]. However, it cannot
guarantee that the generated control signal remains boun-
ded, preventing its use in power converters. Recently, a
saturated STA (SSTA) has been proposed in [34, 35], and it
generates a bounded control signal, while it compensates in
finite-time bounded Lipschitz uncertainties/perturbations.

Among the power converters, the boost converter is a
nonminimum phase highly nonlinear system. This difficult
the control design for the regulation or tracking of a ref-
erence voltage. The voltage tracking problem can be
reformulated in terms of the current one, which makes the
design of the inner current control loop crucial. In the
literature, several strategies based on the FOSM have been
designed for the boost converter. For example, [36] uses an
adaptive controller guaranteeing asymptotic stability of the
closed-loop system, while [27] proposes an adaptive back-
stepping control strategy considering the presence of a
constant power load (CPL) and bounded external pertur-
bations and parameter uncertainties. The closed-loop sys-
tem’s sensitivity function amplitude is reduced in [37] by
using an optimized feedback control scheme. In [20], a
control design procedure is given for DC-DC power con-
verters with different control objectives, and the chattering is
attenuated by using a harmonic cancellation method
approach.

The aim of this paper is the design of the inner current
control loop for boost converters. A tracking control strategy
based on the SSTA is proposed to guarantee in finite-time a
desired inductor current profile in the presence of Lipschitz
and bounded uncertainties/perturbations conformed by
unknown changes in the load, model uncertainties, and
external perturbations. To illustrate the benefits of the
proposed approach, the SSTA controller is compared with a
FOSM controller using a chattering analysis via simulation.
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This comparison shows that the use of a continuous sliding
mode control strategy attenuates the energy of the error
signal. An efficiency analysis is also performed in simulation,
and the SSTA controller is compared in terms of power
efficiency with a conventional LQ controller and a FOSM
one. This analysis reveals that the use of a variable structure
controller improves considerably the efficiency of the boost
converter. In addition, the obtained results are implemented
in a boost converter prototype to illustrate the applicability
of the proposed methodology.

This paper is organized as follows. Some preliminaries
results, the test setup, and the problem formulation are
described in Section 2. The controller design that stabilize in
finite-time the tracking inductor current error is given in
Section 3. Section 4 gives the simulation results and the
performed analysis. The implementation is detailed in
Section 5. Finally, Section 6 concludes the paper.

2. Preliminaries and Problem Formulation

2.1. Ideal Boost Converter. The boost power converter [38]
was selected as the test setup. This converter is a voltage
elevator capable to increase the capacitor voltage v over the
input voltage E of the converter. In Figure 1, a schematic of
this converter is shown, assuming ideal elements.

Due to the transistor Q, the converter commutes be-
tween two states 1 (t) = 1 and u (¢) = 0, that denotes the on-
off state of the transistor. The two subsystems are depicted in
Figures 2 and 3.

Let i be the inductor current and v the capacitor voltage,
and the mathematical model of the converter [38] is given
below.

) Hu(@)=1

Li(t) = E,
(1)
Cv(t) = —%.
(i) Ifu(t) =0
Li(t) = —v(t) + E,
(2)

Cv(t) =i(t) —%.

Observe that this switched system can be expressed in
the bilinear form as

. v(t) E
1(t)=—(1—u(t))T+I,

i(t) wv(t) )
. i(t) v(t
V(t)=(1—u(t))?—a,

where the control input u(f) € {0,1}. To implement a
continuous control signal in this converter, a ZAM circuit
[17, 38] is used.
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FiGcure 1: Electronic circuit of a boost power converter.

L u()=1

FiGure 2: On mode.

Ficure 3: Off mode.

2.2. Boost Converter with Perturbations. When nonideal
elements and unknown changes in the nominal load R are
considered, the boost converter model (3) can be seen as a
perturbed system of the form

. t) E
i0=-0-u)" 2 Zig 0,

v W
. t t
ww:u—mm%;—%i+%ux

where ¢,: R — R and ¢,: R — R denote unknown
matched uncertainties/perturbations, composed by un-
known load changes, differences in the nominal input
voltage E, uncertainties in the system parameters, and ex-
ogenous signals.

2.3. ZA Modulator. To convert a continuous signal to a
digital one, a ZAM [17, 39, 40] may be utilized, allowing the
switched synthesis of any feedback controller designed
following an average viewpoint. This modulator can be used
to translate a continuous average design into a discontin-
uous one with the property that the equivalent output signal
of the modulator matches the input signal generated by the
continuous average feedback controller. In this paper, the
following ZAM is used (for more details about the modeling
of this modulator see [17]).

z(t) = {(1),
x()=u(t) = % (1 +sign (o (1)), (5)

o(t) = z(t) — x(t);

where { () is the analogue input signal, and u(¢) € {0,1} is
the output of the modulator. This modulator is only capable
to modulate the input if {(¢) € [0, 1]. The block diagram of
the XAM is shown in Figure 4.

2.4. Super-Twisting Algorithm. Consider a relative degree
one scalar system:

s(t) =u(®) +y(t), (6)

where v (t) is a Lipschitz uncertainty/perturbation. The STA
[28] is a second-order sliding mode control that drives the
sliding variable s and its derivatives to zero in finite-time. It
generates a continuous control and attenuate the chattering
effect by hiding the switching term under an integral. In
general, the STA controller is given as

u(t) = =k, Ls(HO1"? +w(t),

7
w(t) = ~kys (D)1, 7

where |17 =|-|Psign(:), and k; and k, are designed to
guarantee the finite-time convergence of s and s to the origin
in finite-time. This controller compensates in finite-time
Lipschitz uncertainties/perturbations. However, the gener-
ated continuous control signal is unbounded.

To produce a bounded continuous control signal with
the characteristics of the STA, in [35], a SSTA is proposed.
This controller assures finite-time convergence to the origin
of the sliding variable s and its time derivatives while
compensating bounded Lipschitz uncertainties/perturba-
tions. The design conditions of such a controller are given in
the following theorem.

Theorem 1. [35] Let the scalar system (6) with y(t), a
bounded Lipschitz perturbation, i.e., y(t)<vy,, and
v <y, <M. Consider the SSTA controller:

u(t) = saty(=k; Ls (01" + w (1)),

w(t) = —k,|s(£)1° (8)
w(0) =0,
where |17 = | - |Psign(-), and
JA it |yl<M,
s”“”:{MUP it lyl> M ©)

with SSTA gains, such that

ky >k, + ¥y, (10)

ky >,
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FIGURE 4: XAM block diagram.

Then, the control law (8) globally stabilizes the plant (6) in
finite-time with a control input u that is continuous with
respect to time and satisfies |u(t)| < M, for all t > 0.

Note that in comparison with the conventional FOSM,
the SSTA generates a bounded continuous control signal and
reduces the chattering effect in the system.

2.5. Problem Formulation. Consider the perturbed boost
system (4) and define the inductor current error:

e;(t)=i(t)—i" (1), (11)

where i*: R — R is the desired inductor current bounded
C? function. The current error dynamics takes the form

G0 =-0-u) g -0, a2

It can be seen that the current error dynamics are not
directly affected by ¢, (). Also, along this paper, the fol-
lowing assumptions are necessary.

Assumption 1. The uncertainties/perturbations ¢, (t) are
bounded and Lipschitz, i.e.,

bo< 1 (D<¢y,
NG
where ¢y, ¢, € R, and ¢, € R,.

(13)

Assumption 2. The uncertainties/perturbations ¢, (t) are
continuous and bounded, such that

|¢3 (t)| <¢; ¢y €R,. (14)

Under Assumptions 1 and 2, the task is to ensure that the
inductor current i tracks the desired inductor current i*
exactly by using a SSTA controller after a finite transient, i.e.,
the problem resides on to stabilize in finite-time the current
error (12),i(t) — i* (¢) for all t > t,, where ¢, is the reaching
time, by using a continuous control law u(¢).

Note that as it is mentioned in [17, 29], to track a desired
voltage, two control loops are needed. An inner current
control loop and an outer voltage control loop. The objective
of this paper is the design of a controller that guarantees the
finite-time tracking of a desired current in the presence of
bounded Lipschitz uncertainties/perturbations.

3. Control Design

Consider the perturbed boost converter (4) and define e; ()
as the sliding variable. To guarantee i(t) — i*(t) in
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finite-time, it is necessary to select a suitable controller
capable to achieve such a task. Observe that e; has relative
degree one, and it is assumed that ¢, is a bounded Lipschitz
perturbation. Hence, it is possible to use an SSTA controller
[34, 35]. The next theorem gives sufficient condition to the
design of the SSTA controller for the internal current control
loop of the boost converter.

Theorem 2. Consider the error dynamics of the inductor
current in the boost converter (12), with a bounded Lipschitz
perturbation ¢, (t), such that

v(t)

B bl ws60s" 0 Eir 0, 09

and |¢, ()] S@z. By using the controller,

u(t)=-+ satU( (Lt) (Upeq (B) + a(r))),

unecl (t) = % - f l (t) (16)
u(t) = —k le; ()1 + w (o),
W (t) = —k, e, (1%,
where |17 = | - |Psign(-), and
¥, if |yl S%,
saty (y) = (17)
Lo 1
Ely-] > 1 |y| > Ea

with the SSTA gain designed, such that

k, >k, + ¢, (18)

ky > ¢,.

Then, the tracking error converges to the origin after a
finite transient, i.e., e;(t) =¢;(t) =¢€;(t) =0 for all t>t,
where t, is the reaching time, and the control effort remains in
the inherent bounds, i.e., u(t) € [0,1] for all t >0.

Proof. To analyze the dynamics of the tracking error in the
sliding mode, let
1
u(t) =+ (t)( Upeg (B) + T (1)), (19)

By substituting this controller in the tracking error
dynamics (12), it can be seen that

€ (t) =u(t) + ¢, (1) (20)
Assume that for ¢ > t,, the sliding mode is achieved, i.e.,
e; (t) = ¢;(t) = €;(t) = 0; then,

() = —¢, (). (21)

Hence, if the sliding mode is achieved, the proposed
controller is capable to compensate exactly the matched
uncertainties/perturbations ¢,. Note that if ¢, satisfies the



Complexity

inequality (15), the control signal satisfies the inequality
O<u(t)<1 for all t>t,.

Now, observe that the tracking error dynamics (20)
resemble the system of Theorem 1, and the conditions of
such theorem are satisfied. Hence, the finite-time conver-
gence of the tracking error dynamics is guaranteed.

Note that the proposed controller has a symmetric
structure, but it contains an offset that keeps the control
signal in the interval [0, 1]. O

Remark 1. Once the sliding variable e; (t) has converged to
the origin, the controller 7 (t) = —¢, (t) for t > t,. Hence, the
control signal #(t) reconstructs the negative of the per-
turbation and compensates the perturbation in finite-time.
In comparison with a FOSM, the continuity of the SSTA
allows to know exactly the value of the perturbation without
filtering [28].

Observe also that u,,., in (9) is the nominal equivalent
control signal that eliminates the known dynamic of the
sliding variable. However, it is possible to consider u,, () =
0 and let the SSTA to reconstruct all the tracking error
dynamics. The next lemma states this result.

Lemma 1. Under the conditions of Theorem 1 and As-
sumption 2, by using the controller,

u(t) = %+ satU(Lu(t)>,

v(t)

() = Ky e, (01 + w (@), (22

w(t) = -k, Lei(t)]0>

where |17 = | - |Psign(-), and

»s it [yl szl,
saty (y) = (23)

10 i Iyl

5 yi, 1 y >5.

If SSTA gains are designed such that

ky >k, + (1), (24)
ky, >y (1),
with

v(t) o

b5 -
SICR (t) +¢,. (25)

+_
2L

OB

Then, the tracking error converges to the origin after a
finite transient, i.e., e;(t) =¢é;(t) =¢€;(t) =0 for all t>t,
where t, is the reaching time, and the control effort remains in
the inherent bounds, i.e., u(t) € [0,1] for all t >0.

Proof. The proof is obtained following a similar procedure
as in Theorem 2 and a straightforward computation of the
bound v (t).

If the controller is designed satisfying the above results,
the bound of the control signal is guaranteed, and it can be
fed to ZAM to generate a suitable control signal for the boost
converter assuring the tracking in finite-time of the desired
current in the presence of the uncertainties/perturbations.

4. Simulation Results

To validate the above results, some MATLAB simulations
are presented. Consider a boost converter with L = 10 mH,
C =2.2uF, and E = 12V. The desired current is

i* (t) = 0.8sin(t) + 1. (26)
The considered unknown perturbation is
¢, () = 3sin (16 cos(nt)) + 500, (27)

and ¢, (t) is constructed by changes in the nominal load
R = 5000, such that the real load R has the form

560 Q), if 0<t<10Vvt>30,
R(t) =4 200sin(107t) + 300, if 10< t <20,
150 Q, if 20<t < 30.

(28)

Note that the proposed load is a continuous function that
is bounded. In the simulation, it is considered ¢, = 15000 as
the bound of the perturbation ¢,, and the controller is
designed as given in Theorem 2.

The results obtained by applying the designed SSTA to
the boost converter in a time window T = 40 s with a sample
step of At = 1 x 10™ s are shown in Figure 5. It can be seen
that the current converges to the desired trajectory in finite-
time despite the presence of the perturbation.

It is worth to mention the effect of the perturbation in the
voltage of the load, and this state is not controlled, so this
behavior is expected. To guarantee that the voltage is not
affected by the perturbation, an external control loop that
modified the desired current needs to be designed. However,
observe that the tracking error (Figure 6) converge to the
origin in finite-time, showing that i (f) — i* (¢) in the same
manner. The designed control signal is retrieved in Figure 7.
Observe that the control signal is continuous and remains in
the interval [0, 1] in the time interval.

4.1. Chattering Analysis. According to Levant [32], in the
sliding mode control, the chattering is caused by the high,
theoretically infinite, frequency of control switching and
reveals itself as high-frequency dangerous vibrations of the
whole system. In power systems, this phenomenon is known
as ripple.

Definition 1. [32] Consider an absolutely continuous scalar
signal £(f) € R and ¢ € [0,T]. Also, let £(¢) € R be an ab-
solutely continuous nominal signal, such that () is con-
sidered as its disturbance. Let A& (t) = &(t) — &€ (t). Define the
L, chattering of the signal as
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T, (112)
chat,, =(J A (t)dt) . (29)
0

In power systems, to evaluate the performance of the
power converter, the ripple is normally measured by
computing the energy contained in the error signal [29].

For comparison purposes, a FOSM controller [20, 29] is
applied to the boost converter considering the load change in
the same manner as in the SSTA case. The considered
controller is

u(t) = % (1-sign(e; (1))). (30)

The inductor current behavior is shown in Figure 8 and
its respective error in Figure 6. Observe that the tracking task

Complexity
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FIGURE 8: Boost current and voltage with the FOSM controller.

is also achieved, i.e., i (t) — i* (¢) in finite-time despite the
perturbation. The controller is not continuous, but it can be
applied to the boost converter without needing >AM.

In the performed simulations, it can be seen that the
difference in the performance of the two controllers is ba-
sically in the size of the chattering, depicted in Figure 6.
However, by only seeing the picture, it is very hard to decide
if any of the two controllers gives any advantage.

To visualize in a better way the differences between the
two control strategies, an energy and chattering analysis has
been performed. First, the energy of the tracking error signal
[41] is obtained as

T
Energy = J eiz(t)dt. (31)
tV

Afterwards, a chattering analysis [32, 42] is performed by
computing the level of chattering in the L, space of the
tracking error signal:

- (112)
chat, = (J & (t)dt) . (32)
t’

The analyses are performed for different sample times
assuming that the error signal has passed the reaching phase,
i.e,, the analysis is performed for t € [t,,T], with ¢, = 0.2s.
The result is summarized in Tables 1 and 2.

By analyzing the energy signal of both controllers, it is
evident that the use of a SSTA diminishes the energy of the
error signal. However, the chattering measurement remains
more or less the same. It was proved in [32, 33] that the
chattering of a continuous sliding mode controller is in-
finitesimal while one of a FOSM controller is bounded. It
seems that the use of ZAM changes the chattering type of the
SSTA to a bounded one. Hence, the only advantage that can
be seen by the performed analysis is the decrement in the
energy of the error signal by the use of the SSTA.

4.2. Power Efficiency. In several applications as hybrid
electric vehicles or fuel cell vehicles, energy storage is
employed to reduce the cost and to improve the perfor-
mance of the system [1]. In these applications, the voltage
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TaBLE 1: Energy and chattering analysis for the SSTA controller.

Sample step Energy Chattering
1x1073 3678 43611.1
1x1074 3.01 21857.51
1x107° 0.02 19892.86
1x10°° 2.16x 1074 19710.9
1x1077 2.15x10°°¢ 19692.87

TasLE 2: Energy and chattering analysis for the FOSM controller.

Sample step Energy Chattering
1x1073 974.8 24175.92
1x107* 5.17 21275.37
1x107° 0.05 19743.29
1x10°° 4.72x107* 19687.46
1x1077 4711 x107° 19681.85

level is normally lower than the required, and power con-
verters are widely used. These systems require good efhi-
ciency in the energy consumption, since they are working
constantly over transient states. This makes it necessary to
analyze how the efficiency of the boost converter is affected
by the controller. The power efficiency is defined by the ratio
of the output power P, to the input power P;.

2
p="To_ M, (33)
P; Eipns

where vy and igyg denote the root mean square value of
the load voltage and the inductor current, respectively, over
the time interval [0, ¢ f]. Assume that the boost converter is
performing a current regulation task over the range
0.03A-3 A and that there are not any uncertainties/per-
turbations that affect the behavior of the system, i.e.,
¢, (t) = ¢,(t) =0. Three controllers are considered for
comparison purposes: (1) a saturated linear quadratic (LQ)
controller designed for the linearized system around the
equilibrium point defined by the desired current i*, (2) a
FOSM controller defined in the previous section, and (3) the
proposed SSTA. In Figure 9, the power efficiency of the boost
converter with the considered controllers, obtained by
simulation with a sample step At = 1x 107°, is depicted.
Note that the use of a sliding mode control technique im-
proves considerably the efficiency in comparison with the
LQ controller. Observe also that the performed analysis is
very simple, and more complex analysis can be performed
for the proposed controller as the one given in [43].

4.3. Discussion. The presented result is focused on the design
of the inner current control loop of the boost converter. As
mentioned previously, the objective of the power converters
is to deliver a desired voltage that can be constant or time
varying depending on the application. There are several
control methodologies that can be used to design the outer
loop. In [17], a frequency-based approach is used, in [29], the
desired current is designed by using a SMC approach, while
in [26], an MPC approach is used. The chosen approach will
depend on the conditions of the converter and the control
objective.

In this paper, the considered load does not have a specific
form, and it is seen as a perturbation. The form of the load
depends on the specific application, and the only restriction
is that it must be bounded and Lipschitz. In the microgrid
applications [25, 26], the load can be modeled as the con-
nection of several CPLs. This type of load has the charac-
teristic that its model is a first-order vectorial dynamic
equation and can be considered as a Lipschitz-bounded
perturbation.

To show the applicability of the proposed approach, a
voltage regulation scenario is presented with a CPL. For
simulation purposes, the parameters of the considered CPL
were taken from [26]. The desired voltage v* is assumed as
constant, and the error e, () = v(¢f) —v* is taken as the
sliding variable. The desired current that guarantees the
voltage regulation is constructed by an asymptotic sliding
mode (ASM) controller [28]. This controller provides as-
ymptotic regulation of the desired voltage by using a dif-
ferentiable desired current i*. Once more, three controllers
are compared: (1) the saturated LQ, (2) the FOSM, and (3)
the SSTA. The simulation was performed with a sample step
At=1x10"%s, v* =100V, and a nominal load resistor
R =500Q). The used perturbation ¢, (¢) is defined in (24),
and ¢, () is composed by a parallel arrangement of a resistor
load of 60 Q and the CPL. The obtained results are shown in
Figure 10. The LQ controller is uncapable to deal with the
perturbations as it is shown in Figure 10(c). In general, the
used controller in the outer loop shapes the convergence to
the desired voltage. In the considered case, the ASM
guarantees asymptotic convergence of e, (t) to the origin
once i(t) =i* (t) (Figures 10(a) and 10(b)). The proposed
inner current control loop guarantees the tracking in finite-
time. Note that the desired current i* () generated by the
ASM controller is time varying for both the FOSM and the
SSTA, and it guarantees the compensation of the pertur-
bations. The error tracking for the voltage and the current
are shown in Figures 11 and 12, respectively.

5. Implementation

The boost converter prototype is designed to work with a
12V input source and a maximum of 3 A. The PCB layout of
the converter is shown in Figure 13. Table 3 indicates the
technical specifications of the converter, obtained with a
duty cycle of 70% that gives the highest efficiency of the
converter (Figure 14).

The inductor current i is measured by an ACS723 sensor
and the capacitor voltage v by a potential divider. The data
acquisition is made through a STM32 Discovery develop-
ment card. The SSTA is embedded in the STM32 Discovery
development card. The control signal generated by the
controller is feed to ZAM. In Figure 15, the constructed
prototype is shown. The voltage is given by a commuted
source, and an oscilloscope was used to verify the signals in
the prototype. To eliminate external magnetic perturbations,
the current sensor is in a Faraday cage. The measurements
are processed by the STM32 Discovery development card
that is connected to a personal computer that displays the
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necessary graphs for the experiments. The scheme of the
proposed approach is illustrated in Figure 16.

Two experiments are developed in the prototype using
the proposed SSTA approach. First, a regulation test is
performed, assuming i* = 0.5A. An unknown change in
the load is considered. In the experiment, a 47 () resistor
is connected in parallel to the nominal one around t = 7s
(Figure 17). The results obtained with the oscilloscope are

shown in Figures 18 and 19. Observe that the current
converges to the desired value in finite-time, and as in the
simulation, the voltage is affected by the perturbation.
Note that the SSTA reconverge after the load change. This
is an expected behavior in the experiment, since the
Lipschitz condition is not fulfilled, and the controller
loses its convergence. However, after perturbation is
applied, the tracking error reconverges to the origin
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TABLE 3: Boost converter specifications.

Specification Value Units
Load resistance, R 560 Q
Inductor, L 10 mH
Capacitor, C 2200 uF
Output power, P, 1.8 w
Input power, P; 3.09 W
Frequency 5 kHz
Input supply voltage, E 12 v
Ripple 0.02 %
Output voltage, v, 31.65 \%
Duty cycle, D 70 %
Efficiency, 5 58.16 %
Load resistor current, i, 56.51 mA
Inductor current, i 252 mA

(Figure 17(b)). The applied control signal is continuous
and remains in the set [0,3.3] V that is equivalent to the
logic set [0,1].

Now, for comparison purposes, a FOSM controller is
also implemented. The controller is constructed in a PCB
following the scheme proposed in [17]. The scheme of the
FOSM strategy is shown in Figure 20. This strategy was
implemented completely in hardware, and the development
card was used only for data acquisition. The results obtained
for this controller are shown in Figures 21-23. Observe that
this controller is capable to guarantee in finite-time the
control objective, and it is not affected by the use of non-
Lipschitz perturbations. But it generates more chattering
than the SSTA.

Finally, a tracking experiment was performed. The de-
sired current has a sinusoidal profile, a SSTA controller is

implemented, and the same source of perturbation is ap-
plied. The results obtained with the oscilloscope are shown
in Figures 24 and 25. Observe that the current follows the
desired sinusoidal signal in finite-time, and the control
signal is bounded. But, as in the regulation experiment, the
SSTA loses convergence around ¢t = 7 s due to non-Lipschitz
perturbations (Figure 26).

Figure 27 shows the efficiency of the implemented
controllers. The experiments were carried out with an initial
condition of 0.3 A, and the desired current was modified in a
range from 0.3 to 0.9 A. The efficiency is computed con-
sidering the transient and steady state behavior of the boost
converter. However, it is well known that the efficiency is
affected by the frequency characteristic of the control input
and the elements used in the implementation of the
controller.
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6. Conclusion

An SSTA controller is designed for a boost converter. This
methodology can be applied to other power converters. The
controller is capable to track in finite-time a desired current
profile, while it compensates, in the same manner, bounded
Lipschitz uncertainties/perturbations by generating a bounded
continuous control signal. The continuous control signal is
applied to the boost converter by using ZAM. The application
of a continuous sliding mode controller in a power converter
diminishes the energy of the error signal in comparison with
the one presented with a FOSM controller. The proposed
controller is embedded in a development card and applied to a
real boost converter, showing the applicability of the proposed
approach.
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Human gait phase detection is a significance technology for robotics exoskeletons control and exercise rehabilitation therapy.
Inertial Measurement Units (IMUs) with accelerometer and gyroscope are convenient and inexpensive to collect gait data, which
are often used to analyze gait dynamics for personal daily applications. However, current deep-learning methods that extract
spatial and the isolated temporal features can easily ignore the correlation that may exist in the high-dimensional space, which
limits the recognition effect of a single model. In this study, an effective hybrid deep-learning framework based on Gaussian
probability fusion of multiple spatiotemporal networks (GFM-Net) is proposed to detect different gait phases from multisource
IMU signals. Furthermore, it first employs the gait information acquisition system to collect IMU data fixed on lower limb. With
the data preprocessing, the framework constructs a spatial feature extractor with AutoEncoder and CNN modules and a
multistream temporal feature extractor with three collateral modules combining RNN, LSTM, and GRU modules. Finally, the
novel Gaussian probability fusion module optimized by the Expectation-Maximum (EM) algorithm is developed to integrate the
different feature maps output by the three submodels and continues to realize gait recognition. The framework proposed in this
paper implements the inner loop that also contains the EM algorithm in the outer loop and optimizes the reverse gradient in the
entire network. Experiments show that this method has better performance in gait classification with accuracy reaching more
than 96.7%.

1. Introduction

Robotics exoskeletons has become a burgeoning technology
in continuous development in the field of medical, archi-
tectural, and military applications. Focusing on the medical
domain, lower limb exoskeletons are mainly designed to
enhance the patient’s mobility in the rehabilitation therapy
and strengthen physical performance after undergoing
treatment with great expectations of improving his/her
living quality as much as possible. This robot should own an
intelligent gait phase recognition method to provide cogent
means to deal with large amounts of momentary or se-
quential data and identify different walking styles, one of the

most important features displaying posture and phase of
each particular patient [1]. Therefore, accurate classification
of changing walking style of human lower limbs’ status is
urgently required to achieve consistency and coordination of
human-machine interaction [2]. An effective analysis of
walking style is performed well in athletic performance
improvement or disease diagnosis and rehabilitation re-
search, which have been applied in clinical treatment plan
with multiple sclerosis, Parkinson, brain trauma, and other
diseases [3, 4]. Note that traditional walking analysis is
represented by detecting the different gait phase based on
motion information (e.g., angles, speed, or acceleration) of
the knees, ankles, and hips when walking or running. For
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example, Buckley et al. [3] used gait phase detection to
diagnose stroke patients, and Achanta et al. [5] used a novel
hidden-Markov-based adaptive dynamic time warping to
analysis gait for identifying physically challenged persons
and providing them with appropriate alerts by monitoring
walking. In order to make exoskeleton robots have better
human-machine coordination, some researchers have begun
to try program human robots, generate gait trajectories of
wearers through gait phase recognition technology, and
control the movement of wearable auxiliary devices, such as
robotic prostheses and orthotics [6, 7]. Berger et al. [8]
reported that robot-assisted gait training has proven to be a
promising treatment for restoring and improving walking
ability. Similarly, Luo et al. [9] also mentioned that the high-
quality gait-subphase recognition plays an important role in
the synergetic control of lower limb powered exoskeletons.

In recent years, walking gait phase detection has been
one of the most important research problems. Many scholars
have studied the relevant sensor technologies and methods
to distinguish attributes for gait phase recognition. Jin et al.
[10] realized the recognition of the frontal gait phase by
using deep-learning models to obtain information from
multiple cameras. Although the optical gait analysis tech-
nology has obtained the accurate enough performance, the
full cost of multicamera system is very high for simple
walking gait identification. Moreover, the operation process
captures spatial trajectory of marking points related to body
positions in the indoor infrastructure, which make the
identification accuracy easily affected by the instable light
intensity and limit the generic application of gait phase
detection. To better adapt to environmental factors, the
measuring technology of biological signals such as elec-
tromyography (EMG) is introduced to evaluate the con-
tinuous movement status of the human body. With EMG
sensors fixed on the skin surface, the action potential
changes are observed after being amplified to reflect muscle
activity information when the central nervous system
controls lower limb motion. Since the muscle contraction
process has a time effect of electromechanical delay, those
EMG signals are generated about 40 ms to 100 ms faster than
lower limb motion, which is conducive for understanding
motion pattern and recognizing gait phases in advance, also
making it possible for the real-time control system of
exoskeletons. Fei et al. [11] took the multisource EMG
signals on the hip joint angle and the skin surface of thigh
muscles to realize prediction of the human lower limb
motion. To further improve the prediction effect of the
model on the gait phase, some studies have also added the
plantar pressure signal to the input of the neural network
model. Si et al. [12] propose a support vector machine model
optimized by fractal analysis algorithm to cope with syn-
chronized information of EMG and foot pressure sensors for
gait phase recognition. However, such an acquisition ap-
proach of EMG data asks participants wearing a special
cumbersome cloth with expensive cost, which is subject to
observers’ intra- and external variability including weight,
muscle content, or load, making it difficult to design pro-
gressive therapeutic strategies to improve automatic control
performance of lower limb exoskeletons.

Complexity

At present, many researchers have paid attention to
more flexible wearable sensors, typically as IMUs, to handle
with the relative issues of gait phase detection. These sensors
are relatively lightweight, cheap, easy to use, and unobtrusive
compared with aforementioned motion capture systems
consisting of RGB-D cameras, EMG, or force plates sensors.
With some simple constrained equipment fixed on waist,
thigh, calf, or foot, IMUs sensors can provide continuous
and high-resolution inertial data, which can well quantify
gait phase recognition performance, which is basically un-
affected by various human body factors. It is not surprising
that there exist the developing trends of human motion
analysis using IMUs, for instance, gait phase detection by
statistical analysis or machine learning and exoskeleton
decision-making control by postural stability metrics. For
instance, Kang et al. [13] used inertial information obtained
from the IMU on the calf to study whether cognitive im-
pairment increases the fall risk of patients. Gohar et al. [14]
used inertia information on the chest to realize ID identi-
fication of personnel. However, the local information pro-
vided by a single IMU sensor is limited to descript the
complexity exercise process of human body. More and more
scholars have begun to explore the combined use of inertial
and acceleration information from multiple body parts to
enhance the reliability and accuracy of gait event detection.
For example, Zhou et al. [15] used the inertial information
obtained by the IMU on the legs and feet to achieve gait
assistance. Yeo and Park [16] used the inertial information of
the shin and leg surface through the IMU to provide gait
measurements and enable accurate analysis. In another
example, Yan et al. [1] used the inertial information on the
feet, thighs, and calves to accurately identify the gait phase.
The above researches have exhibited that only using a small
number of IMU sensors located on the lower limb can
provide extremely cost-effective and efficient signals to
characterize the periodic cycle of the gait phase and to
discriminate different levels of walking ability. Importantly,
this sensor application is harmless, comfort, and convenient
to the personal activities and daily work, which will help
clinicians make more accurate judgments about the early
intervention of lower extremity diseases, the treatment plan,
and the assessment of the rehabilitation progress of patients.

Although researchers have always been interested in
IMU technology, there is still a lack of realistic research that
implements multiple wearable sensors validators to monitor
walking status and gait stability in actual clinical practice. In
the context of multi-IMU-based approaches, the intelligent
enough pattern recognition model of diversity gait phases
with multisensor data preprocessing analysis and infor-
mation fusion technology is the most critical issue that needs
to be solved for lower limb gait phase detection of various
wearable exercise systems or rehabilitation exoskeletons. To
achieve this, some statistical learning or machine learning
methods are carried to calculate spatial-temporal and bio-
mechanical parameters of the walking gait patterns,
achieving a complete assessment of lower limb motion, and
providing the potential for rehabilitation training of ab-
normal body activities. Many researchers have studied the
integrated strategy of traditional intelligent algorithms from
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different perspectives. The mainstream solution is con-
structing various shallow-structure models including arti-
ficial neural networks (ANN), hidden-Markov model
(HMM), AdaBoosting, and support vector machines
(SVMs), which carefully select the threshold parameters
based on physical and statistical analysis of raw or processed
data to divide the gait phases. These methods build feature
engineering to adaptively learn model parameters and ob-
tain hidden relationships between historical data and then
perform operations based on preset rules and algorithms to
identify the subsequent patterns of gait phases. However, the
gait phase detecting is still a challenging problem because the
high-sampling frequency data collected from sensors always
contain complex nonlinear relationships with multiple
components, which makes it impossible to apply the tra-
ditional models to analyze sensory data and distinguish
walking information in real time.

Different from the aforementioned algorithms, the deep-
learning neural networks (DNNs) had shown the out-
standing ability of handling with the complex temporal
relation of gait phase detection. Thanks to the breakthroughs
in the design and training of model architecture with
complex structures consisting of multiple processing layers
or nonlinear transformations, the improved network
structure has penetrated into many smart devices including
large scale visual classification, natural language processing,
and time series predicting. Such fast-pacing progresses in
research have also drawn attention of the related researchers
and corporations to build software and hardware to rec-
ognize walking gait phases snapshotted in real life. Partic-
ularly, the convolutional neural network (CNN) and the
recurrent neural network (RNN) have been used for
extracting the motion features of sequential temporal data
obtained by accelerometers and gyroscopes in IMU. For
example, Chao et al. [17] Yan use a multitask framework to
extract features and perform gait, perspective, and scene
recognition. They use the output of gait energy image de-
scriptors as input data for a CNN to detect gait phases in the
complete walking cycles. Similarly, Omid et al. [18] use time-
frequency expansion in order to capture joint two-dimen-
sional spectral and temporal patterns of gait cycles, which
are inserted to train an ensemble CNNs-based classifier, a
typical multilayer perceptron consisting of convolutional
and full-connection based on multisensor fusion. In addi-
tion, the authors in [19] propose a different voting-weighted
integrated neural network for training a model for gait
recognition, obtaining state-of-the-art results.

Due to the talent in handling two-dimensional signals
such as the images, the most CNNs have to translate the time
series inertial data as energy image or visual segmentation
data. This does help to exploit the characteristics of spatial
relationships in gait phase recognition, yet obviously ig-
noring temporal rule and periodic change when processing
sequential time series data captured by IMU sensors, which
is often hard to measure continuous motion trajectory and
extract quality features of lower limb in unconstrained
scenarios. Therefore, RNN and its improved models in-
cluding long short-term memory (LSTM) network and gated
recurrent unit (GRU) network pass time recording order

and parameters of previous hidden layer thought the current
output layer to capture the high nonlinearity and sequential
relationship of time-serial IMU data, which have attracted
extensive attention from researchers [20]. Neverova et al.
[21] build a temporal RNN network for active biometric
authentication and walking motion analysis with multi-
source data provided by accelerometers and gyroscope
sensors in smartphone. As an improved version of the RNN,
the LSTM is gradually replacing it as a new popular time
series data analysis technology for gait phase recognition.
For example, Hu et al. [22] trained a deep-learning network
with LSTM units to process IMU data segmented by sliding
windows and implement gait phase detection. Similar, Zhen
etal. [23] proposed an LSTM-based recognition algorithm to
perform real-time gait phase detection using absolute
heading and angular velocity of IMU sensor mounted on the
shank and foot. Although related researches have increased
significantly in recent years, it is still difficult to accurately
predict the current phase with LSTM alone through long-
term sensor data. To this end, there have only been a small
number of studies attempting to combine LSTM and CNN
to assist patients with severe gait abnormalities and related
ethical issues. Jin et al. [24] proposed a deep-learning al-
gorithm based on a LSTM and CNN fusion framework for
diagnosis and classification of abnormal gait patterns using
Euler angle information of IMU sensor on the patient’s legs.
In this way, CNN is usually used as a spatial feature extractor
and then LSTM is used to further mine the temporal features
for ultima gait phases detection. In addition, the GRU unit
inherits the advantages of LSTM and can automatically learn
features and is an effective model [25], and the AutoEncoder
unit also exhibits a significant increase in computational
speed and model size compared to the existing deep-learning
models [26]. Both of them are introduced as alternative
patterns parts of various hybrid models based on deep-
learning in many application scenarios, which have been
proven effective at improving prediction performance of gait
phase recognition for nonlinear time series IMU data.

In the previous studies mentioned above, it can be found
that, with the development of wearable IMU biotechnology,
the human motion status can be estimated by a compre-
hensive combination of signal processing approaches and
intelligent pattern recognition algorithms to extract quan-
titative features of walking gait and distinguish the categories
of different gait phases. For a realistic implementation of
exercise rehabilitation therapy in the clinical setting, various
machine learning algorithms have been developed to handle
with a mass of time series data offered by multisource IMU
sensors on the lower limb for quantifying gait phase and
balance. Particularly, because of the excellent ability in high-
dimensional feature representation of spatial and temporal
characteristics, many sorts of deep-learning neural network
are selected for their relevance to the sensor data types and
used together in a parallel or serial structure adaptive to data
structures, which have been proven effective at improving
the performance for walking gait phase detection. However,
the combination framework of these networks still needs to
be developed to obtain better prediction effect and recog-
nition for the nonlinear time series IMU data in order to



meet the requirement of effective rehabilitation therapy and
real-time exoskeleton control.

Researchers agree that one of the reasons for the decline
in recognition performance is that the data from different
IMU sensors always contain multiple component signals,
which is complex nonlinearity to a single deep-learning
model or simple combination of different networks [27]. On
the one hand, each single network is likely to focus on the
constant feature of specific domain, such as spatial feature
related to CNN and temporal feature associated with RNN,
which lacks the capability of distinguishing small variances
between similar gait phases in a global perspective. On the
other hand, the simple combination solution of multiple
networks lacks the guidance of effective fusion strategy and
fails in leverage information complementation and com-
prehensive decision-making, which will reduce the overall
classification accuracy especially when low-quality inter-
ference noise occurs. To augment algorithm performance
currently used in the IMU-based gait phase recognition, we
propose an effective hybrid deep-learning framework based
on Gaussian probability fusion of multiple spatiotemporal
networks (named as GFM-Net) for recognizing discrimi-
native parts of various walking gait phases. In detail, the
framework consisted of three components: a spatial feature
extractor with AutoEncoder and CNN modules and tem-
poral feature extractor with three collateral modules com-
bining RNN, LSTM, and GRU modules. In addition, a novel
classifier equipped with Gaussian probability fusion module
optimized by Expectation-Maximum (EM) algorithm is
developed to integrate different feature maps of components
model for the ultimate gait phase recognition [28]. Different
from the previous studies, the end-to-end network adap-
tively selects spatiotemporal feature vectors from different
IMU sensors and absorbs the vast quantities of hybrid
complementary knowledge available in the training corpora,
which show the better promotion effect in terms of gait
phase recognition accuracy in sequential walking cycle. Such
an approach would likely help exoskeletons make informed
control decisions about patients’ treatment efficacy and
recovery progress.

The remainder of this study is organized as follows.
Section 2 introduces the data source and preprocess tech-
nology and then describes each part of the hybrid frame-
work. Section 3 presents experimental results of the
proposed model evaluated with correlation comparison
methods. Section 4 discusses the advantages and disad-
vantages of our work, and finally Section 5 presents our
conclusion.

2. Materials and Methods

2.1. Data Collection. In terms of experimental data, 16
volunteers with body weight ranging from 46 kg to 70 kg and
height ranging from 158cm to 177 cm were selected to
collect IMU data. The height and weight distribution of the
subjects is shown in Figure 1. The subjects are all healthy
participants and have no physical or nerve injury to their legs
or feet, which may affect walking gait phase detection. In
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FIGURE 1: Weight and height information about volunteers
participating.

addition, it should be noted that the participants are between
20 and 26 years old.

With the advancement of sensor processing technology
and algorithms, this study used three IMU modules to
collect the corresponding inertial information. Input data in
this work only include lower leg calf acceleration signals. To
collect lower limb calf acceleration signals, the JY901 nine-
axis angle sensor (Uxin Electronics Co., Ltd., Gansu, China)
with Kalman filtering algorithm is used in this paper. We can
choose two modes of serial communication and I2C com-
munication. In order to cooperate with the microprocessor,
we chose the serial communication mode when the system
was built. Connect the TX, RX, VCC, and GND pins on the
JY901 sensor to the corresponding pins on the micro-
controller. The microcontroller selected is STM32C8Té6,
which is a 32-bit microcontroller based on the ARM Cortex-
M core STM32 series, the program memory capacity is
64KB, the required voltage is 2V~3.6V, the operating
temperature is —40°C~85°C, and the operating frequency is
72 MHz.

The inertial sensor module is placed outside the lower
leg. The arrangement of acceleration sensors for calf
monitoring lower limb movement is shown in Figure 2 that
shows the system flow of the entire experimental data
collection, processing, and application. The acceleration
resolution of the nine-axis inertial sensor module
(MPU9250) used in the experiment is 0.0005 g, the stability
of the attitude measurement is 0.05°, and the transmission
baud rate in the experiment is set to 115200 bps.

During the experiment, all participants were required to
walk normally on the same treadmill at a speed of 0.78 m/s,
1.0 m/s, and 1.25 m/s for at least 120s. All participants were
asked to walk normally 3 times at each speed. All partici-
pants have the same sports environment in the same state. In
order to prevent participants from affecting the later
movement gait due to continuous exercise, the experiment
requires all participants to rest for 2 minutes after com-
pleting the designated walking test each time to alleviate the
possible impact of exercise fatigue on walking gait. In ad-
dition, when collecting data, it should be noted that we only
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start saving data after the running speed of the treadmill
reaches the set speed. When the treadmill starts to slow
down, we stop collecting data and complete the data col-
lection process. The information acquisition process of
human gait is shown in Figure 3.

2.2. Data Preprocessing. Each data sample contains multiple
features from three sensors and each data includes accel-
eration and angular velocity data in X, Y, and Z directions.
Let two sequences of gait data be the input of the network,
which is expressed as

% =(a,0),0,,9,9,,9:); (1)

wherea, ,a,,and a, represent the acceleration signals in the
X, Y, and Z directions, respectively, and g,,g,, and g,
represent the angular velocity in the three-dimensional
space, respectively. Based on the above operation, we can get
the combined curve of the acceleration and angular velocity
in the X, Y, and Z directions obtained by three IMU sensors
as shown in Figure 2.

Then, the second preprocess step is to extract the pe-
riodic feature by splitting the data. The data collected by the
inertial sensors is a data stream distributed over time.
Features cannot be directly extracted and classified, so the
data needs to be segmented. At present, the data segmen-
tation method is a multidimensional sliding window seg-
mentation method. The acceleration signal is cut into
periodic signals by using a sliding window segmentation
method [29]. However, this signal extraction method

requires a lot of tentative experiments to try different sizes of
sliding windows on the extraction of gait signals, which is
difficult for us to guarantee the quality of the extracted
signals. In order to improve the adaptivity and efficiency of
sliding window, this paper uses Pearson’s correlation co-
efficient and significance level P [30] value to extract gait
periodic signals. Since the significance level is the P value,
the sliding window is associated with significance without
being affected by the high correlation coeflicients. However,
relevance may be caused by accident. So, how much is
significant; generally P value is less than 0.05 which is
significant; if it is less than 0.01, it is more significant. In
addition, according to Pearson’s correspondence, the rela-
tionship between the correlation coefficient value and the
degree of correlation is defined as follows: the correlation
coeflicient range of 0.0-0.2 means “very weakly correlated or
uncorrelated” in degree of relevance, the range of 0.2-0.4
means “weak correlation,” the range of 0.4-0.6 means
“moderately relevant,” the range of 0.6-0.8 means “strong
correlation,” and the range of 0.8-1.0 means “very strong
correlation.” In this work, Pearson’s correlation coefficient is
chosen as 0.87 and P value is set as 0.01 according to actual
condition and repeated tests. Based on the selected pa-
rameters, a partial signal extraction diagram is shown in
Figure 4.

Next, we need to perform phase division. The human
walking process is a rhythmic movement, and a complete
gait cycle definition is from one-sided heel landing to the
same-sided heel landing again. Two phase model recognition
systems are sufficient to control active knee orthosis [31].
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However, the most widespread method currently relies on  (FF), heel lift or heel disengagement (HO), and initial swing
four-phase identification technology [32], which is repre-  phase (SW). This four-phase gait partition model has been
sented as heel strike (HS), load response phase or flat foot =~ used to drive multiple robotic ankle-foot orthosis robots
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[33]. Referring to previous studies, this study also divides the
gait cycle into HS, FF, HO, and SW phases. During normal
walking, the acceleration signals and angle signals on the
feet, thighs, and lower legs are strongly periodic. Studies
have shown that the swing phase accounts for 40% of the
entire gait cycle, while the standing phase accounts for 60%
of the entire gait cycle [34]. According to the previous
analysis, the schematic diagram of the gait cycle division is
shown in Figure 5.

2.3. GEM-Net Gait Phase Detection. As the analysis of the
ability differences of individual models for different cate-
gories and the fusion advantage of multiple models, we find
that the reasonable integration way will fuse the different
feature extraction capabilities of various models for better
gait phase recognition. Therefore, we design a hybrid deep-
learning framework to converge the spatiotemporal feature
vectors of the multistream networks through the Gaussian
probability layer output, so that the submodels complement
each other and improve the whole accuracy. The architecture
of the hybrid framework is shown in Figure 6.

2.3.1. AutoEncoder-CNN Spatial Feature Extractor. The
spatial feature extractor is composed of an automatic en-
coder and CNN. In order to enhance the adaptive ability of
the model, we adjusted the parameters such as the stride of
the convolution layer or the size of the convolution kernel.
This adjustment usually hardly increases the complexity of
the network model, but the prediction accuracy of the
model is improved. First, we briefly introduce the
AutoEncoder architecture as a coarse feature extractor to
study model adjustment, which covers an encoding layer,
an intermediate layer, and a decoding layer with the Leaky-
ReLU activation function. The input channel of this article
is 60 and the output channel is 72. Then, the feature vector f
extracted by AutoEncoder is input to the “sub-CNN”
structure, which consists of four convolutional layers. In
this paper, we select the 3*3 kernels convolution layer with
the stride 1 and padding 0 to build the first convl pipeline.
Then, a 2 x 2 max pooling layer with a stride of 2 is followed
as the conv2 stage, where the input stem begins with a
downsampling block. And the conv3 and conv4 layers are,
respectively, selected as a 2 x 2 convolution kernel and 1 x 1
convolution kernel with the same stride 1. The activation
function of each convolution layer is set as the ReLU
function in this network. To reduce the risk of the gradient
disappearing, we introduce the batch-normalization
module right after conv3 and conv4 layers. The period
operation process is shown as follows:

f = Hauto(?)’ {Wl’ Bl’ (Sleaky—relu})>
F= chn (f’ 7’ {WZ’ BZ’ 8relu})’

where the function H,,,, can represent the encoding and
decoding layers of the AutoEncoder architecture with the
inputs % denoted to the raw IMU data. W, denotes the
weight matrix of the network convolution kernel. B, is the
bias of the network convolution kernel. And Gjyy—reiy

(2)

denotes the nonlinear activation functions. Then, the
feature map f and the related gait phase division result y
are combined as the input of H,, function, which indi-
cated the multiple convolutional layers with the weight
matrix W, and the bias vector B, under the inspiration of
the ReLU activation function §,,,,- We randomly initialize
the weights and start training all networks with a mo-
mentum of 0.9. With the learning rate 0.05, the spatial
teature vector F with 300 channels is obtained to extract the
further temporal features.

2.3.2.  Multisteams  Temporal — Feature  Extractor.
x; € F(f1, fy ... f,) is the input of the three subnetworks;
P, S, and Q, (t=1,2, ..., n) are the relevant outputs of sub-
GRU, sub-LSTM, and sub-RNN models, respectively. The
GRU uses an update gate to control the degree to which the
previous state affects the current state. The reset gate is
equivalent to the forget gate in LSTM for controlling the
degree of the previous moment. The forward propagation of
each submodel is as follows:

p= Rgm{
t

S= Rlstm{

P = ann{
t:

where x, is the input vector to each submodel. h;, z,, and r,
stand for the active state, update gate, and reset gate of the
current hidden node in GRU cells at time #; w; and b, are,
respectively, the weight matrices and bias vectors to be
learned during model training; and J,,,;, are the tanh ac-
tivation functions. Similarly, h; and g, represent the active
state and the forget gate in LSTM cells at time ¢ with the
weight matrices w, and the related bias vectors b,. In ad-
dition, a,, ws, and b, indicate the network parameters of the
RNN models. Finally, the model is trained by gradient
descent algorithm and the parameters such as weight and
bias are constantly updated.

M=

[ s 251y (w15 by, 6tanh)] }’

Il
—_

M=

[xt’ h;’gt’ (w2’b2>8tanh)] ]” (3)

-
I
—

M=

['xt’ ags (w3’ bs, (Stanh)] }>

I
—

2.3.3. Gaussian Probability Fusion Module. Next, we further
propose a probabilistic fusion module that uses the multi-
stream spatiotemporal feature maps generated by the sub-
modules for the final fusion decision of the model. In the
fusion module, the output is the fused classification prob-
ability, and the input is the various features of sub-RNN,
sub-GRU, and sub-LSTM models. In order to further im-
prove the disappearance of the gradient, this paper adds a
convolutional layer and a batch-normalization layer to
follow the results of three submodel outputs. This operation
is to unify the output vector of different models into the
same dimensional space layer, which facilitates subsequent
fusion operations. The entire operation process is described
as follows:
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3
= Z H1BN * 8relu(W}ull [P’ S, Q] + b;ull)' (4)

i=1

The function Hyy can represent i-th batch-normalization
layer, and the vectors P, S, Q denote the output feature maps
of three submodels. W ; denotes i-th square weight matrix
asymptotically approximating complicated combination of
the full-connection layer. b can perform i-th biases of the
convolution kernel parameters. And J,,, denotes the non-
linear activation functions, which was selected as Leak-ReLU.
With initializing a weight decay of 0.0001 and a momentum of
0.9, we obtain the prediction score vector F' representing the
probability that the input of i-th extractor belongs to the
corresponding category. After normal distribution analysis,
we choose the Gaussian distribution functions to fit multi-
modal distributions E;; of each submodel. The Gaussian
distribution of i-th component model is defined as follows:

~ _ 1 (F, - ﬂi)z
E; (716;) = N exp< 25” >> (5)

1

where 6; = (y;, 0?) is the estimated parameter, which consists
of the mean vector y; and covariance matrix o7, respectively.
F' = JF grw Flstm> an} is the output label vector corre-
sponding to each submodel, which reflects the essential
characteristics of the original IMU data. Then, the Gaussian
mixture method is used to construct a connection layer based
on probabilistic fusion. Its purpose is to cluster similar fea-
tures adaptively at different submodel clustering centers and
turther combine the probability sizes of the three submodels
to determine the final recognition estimate. S denotes the final
output probability, which is calculated as follows:

10 =Ys-TIEF8). ©

i=1 j=1 i=1

-

I
—_

where 0 = (0,,0,,0;) represents the Gaussian mixture pa-
rameters of the fuswn layer. y; represent 1mphc1t variables.
By integrating the joint probablhtles between F' and Vij» the
fusion score S in (6) is redefined to solve the log- hkehhood
expression as follows:

3 N
logS(F',y6) = ZZVJ'[l°g< >_l°g”f‘lz(F}—Hf)2‘
i=1 j=1 ZO'i
(7)

Then, we choose the EM algorithm to estimate the
hyperparameters of the fusion layer. Each iteration of the
EM algorithm is divided into two steps: the expected step (E-
step) and the maximum step (M-step). The E-step calculates
the expectation of implicit variables y;; defined as y;; =
E(yji17,0), which denotes the responsivity of i-th com-
ponent model to the label y;. Subsequently, step M updates
the corresponding parameters by maximizing the expected
value of the given log-likelihood function in (7). After
several iterations of the EM algorithm, the parameters
gradually converge. The detailed process is shown as the
following (Algorithm 1).

Note that the internal EM algorithm iteration loop is used
for corresponding parameter estimation and the EM algo-
rithm iteration loop is performed inside the external network
loop. Specifically, when the network is in training, each ex-
ternal loop will be accompanied by a lot of internal EM al-
gorithm iteration loops. Through the above network
structure, our proposed GFM-Net obtains a better prediction
effect from the perspective of decision fusion. Finally, we add
a softmax layer after the fusion layer to normalize the output
result into a probability classification result and output the
final classification result through the argmax function.

We use the cross entropy (CE) loss function to evaluate
the degree of inconsistency between the predicted proba-
bility obtained by softmax and the true label. Then, the
gradient descent method is used to update the model pa-
rameters so that the two probability distributions are similar
to each other. The loss expression is shown as

softmax (q); = )

- (8)

== ylog((q)),

i=1
o = max(q),

where y; denotes the indicative variable (0 or 1); if the
category is the same as the sample category, it is 1; otherwise
it is 0; g; denotes the predicted probability that the obser-
vation sample belongs to category i. For each input sample x,
the predicted output of the network is q = (g, 91> 92> g3)-
Then, the value of g; is between 0 and 1, and the larger the
value, the greater the probability that x belongs to the real
label. Based on the output g;, we can get the class label as
O. Then, we can construct the training loss with cross en-
tropy, as formulated by (8); the cross entropy is a positive
number. When the probability value of the true label g; in
the vector q is smaller, larger difference between g; and y;
will result in a larger cross entropy value. This property will
help the convergence of the network in the training. In order
to avoid overfitting, we chose 70% of the sample set for
training and 30% of the samples for testing. After using the
same training set to train different models 10,000 times, use
the same test set to test the trained model and record the
classification accuracy and macro-F value of each classifier
after testing the classification model with the test machine.
Then, evaluate the performance of all models based on these
three indicators.

3. Results and Discussion

3.1. Evaluation Methods. In this paper, we propose the
GFM-Net network. In order to prove its performance in
classification, we need to draw the corresponding conclusion
through corresponding indicators. As we all know, accuracy
is a good comprehensive indicator, which is widely used in
evaluation indicators. However, in the classification, it is
difficult to characterize the performance of a certain model
simply by relying on accuracy, and we have to choose other
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For T iterations do
Procedure M-step:
Calculate the expectations of (7):

Calculate partial derivatives of 6(y;, 0?):

Return ;, 6; =t
Procedure E-step:

Calculate i-th submodel responsivity:

Return y;
Update the estimation parameter:
0% (@, ),
6" = argmax,M (6,0),
End For till the parameter threshold:
0 > 0, or T>Ty,
End Procedure M-step and E-step
Return “*V and the fusion score S

Initialize y; = 1 and set estimation parameter ¢

M (6,0") = EllogS(F',y10) |y, 0] = Y1, Y, 7, [log (1/v27) — log 0, — 1/20% (y; - )’],

N N
@M (6,6 /0u) — ;= Y Viiyil Y. Vi
j=1 j=1

N N
(OM (6,6)/007) — 5] = ¥ 7 (y; — )1 ). Py

Vi =S(yji = 1,7;10)/ Z?:l S(y;i=1y;10) = E;;(y;16)/ 21'3:1 E;j(y;16),

=

ALGORITHM 1: Training process of the Gaussian fusion layer based on EM-Algorithm.

indicators to comprehensively characterize the classification
performance of a certain model. In classification problems,
commonly used classification performance indicators also
include precision (P), recall (R), and F1. Among them, P and
R are widely used to evaluate the quality of the model results.
P is used to measure the accuracy of the retrieval system. R is
used to measure the recall of the retrieval system. Of course,
we hope that P and R results are as high as possible.
Generally speaking, if both P and R are high, we can con-
clude that this model performs well in this classification task.
Hence, the F1 indicator is chosen since it can represent the
performance of the model by combining the results of both P
and R. When F1 performs well, it means that both P and R
will perform well. However, this paper studies a multi-
classification task and cannot directly use F1. The most direct
method is to calculate macro-F1 [35]. Accuracy reflects the
ratio of correctly classified samples to total samples. The
definition equation of the above evaluation factors can be
seen in [1]; we can easily calculate the accuracy, macro-P,
macro-R, and macro-F1 evaluation factors.

In multiclassification tasks, we also often use the area
AUC under the ROC curve to measure the classification
effect. The ROC curve was first publicly proposed to verify
machine learning in model evaluation [36]. In recent years, it
has been widely used in the fields of machine learning and
deep-learning. The larger the AUC, the more reliable the
model’s recognition of the target.

3.2. Results. The confusion matrix (Figures 7-9) provides
the performance of visual gait-subphase recognition. The

vertical axis of the matrix represents the actual classification
category of the test, and the horizontal axis represents the
corresponding predicted classification category. In addition,
in the confusion matrix diagram, “0.0” represents the “HS”
stage, “1.0” represents the “FF” stage, “2.0” represents the
“HO?” stage, and “3.0” represents the “SW” stage. These nine
matrices are the average recognition results of all subjects
under different walking steps. The value in the main diagonal
is the proportion of correctly classified samples. As shown in
Figure 7, except for the HS stage, all confusion matrices
perform well. The HS stage is mostly erroneously classified as
FF and SW stages. In order to verify the effectiveness of the
proposed recognition model, we compared two other in-
tegrated algorithms to identify gait phases, namely, Ada-
Boosting and Bagging. The corresponding confusion matrix
is shown in Figures 8 and 9. As can be seen from Figures 8
and 9, the Bagging model cannot identify the HS phase, and
most HS phases are erroneously directly classified as adja-
cent FF phases. The AdaBoosting algorithm can identify
most of the HS phase. The AdaBoosting and Bagging models
have achieved good recognition results in other stages.
From the confusion matrix, we can get Table 1. As shown
in Table 1, the F1 of the four groups (HS, FF, HO, and SW) of
the GFM-Net model differ greatly. When the walking speed
is 0.78 m/s, F1 is 65.9%, 96.4%, 97.6%, and 98.8%, respec-
tively; when the walking speed is 1.0 m/s, F1 is 70.8%, 97.0%,
98.1%, and 98.9%, respectively; when the walking speed is
1.25m/s, F1 is 53.6%, 96.8%, 97.4%, and 98.1%. As can be
seen from the above data, FF, HO, and SW have the best
effect and obtain better recognition effect (over 96%). The
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performance of HS phase recognition is the worst. As for the
recognition accuracy of each substage, the swing stage (SW)
performed best, with a maximum value of 1.0 m/s (98.9%).

The recognition effect of FF phase and HO phase is also very
good. Obviously, the performance of the HS phase recog-
nition effect is the worst, the F1 value has not reached 71%,
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TaBLE 1: Summary of classification performance of different models at unsynchronized speed.
Speed 0.78 m/s 1.0m/s 1.25m/s
Model
Phase HS FF HO SW HS FF HO SW HS FF HO SW
Precision (%) 0 84.7 85.9 98.1 0 86.5 87.5 97.2 0 84.3 80.4 97.3
Bagging Recall (%) 0 96.2 85.1 94.6 0 97.5 88.4 93.4 0 97.6 81.0 91.3
F1 (%) 0 90.1 85.5 96.3 0 91.7 88.0 95.3 0 90.5 80.7 94.2
Precision (%) 48.8 91.8 92.2 96.9 42.1 90.8 94.2 97.2 40.7 90.4 96.0 96.3
AdaBoosting Recall (%) 52.6 90.4 93.4 97.0 53.7 91.7 91.9 94.7 54.5 921 93.8 94.0
F1 (%) 50.7 91.1 92.8 97.0 50.7 91.3 93.0 95.9 46.6 91.3 94.9 95.1
Precision (%) 79.1 94.5 98.2 99.2 80.6 95.8 99.0 98.9 80.9 95.0 97.9 97.9
GFM-Net Recall (%) 56.4 98.3 97.0 98.4 63.1 98.4 97.1 98.9 40.1 98.6 96.8 98.4

F1 (%) 65.9 96.4 97.6 98.8

70.8 97.0 98.1 98.9 53.6 96.8 97.3 98.1

and the F1 with the lowest HS phase recognition is only
53.6%. For the Bagging and AdaBoosting models, at three
paces, the average value of F1 in the HS stage is 0 and 49.3%,
respectively, indicating that the recognition effect of the HS
stage is relatively poor; for SW phase recognition, the
minimum value of F1 is 94.2% and 95.1%, showing strong
recognition performance for SW phase.

In order to verify the effectiveness of the proposed
GFM-Net, this paper also compares the existing deep-
learning algorithm model and obtains Table 2. According
to Table 2, the recognition accuracy of the GFM-
Net algorithm is as high as 96% or higher, while the rec-
ognition accuracy of the other two integrated algorithm
models is lower. In particular, the accuracy of Bagging’s
phase recognition in three steps is lower than 92%. In
addition, we can also see that the GFM-Net algorithm is
also better than the existing CNN+LSTM model. The
CNN + GRU model and CNN + RNN model are superior in
recognition accuracy and macro-F1, although the gap
between them is not counted. In addition, we can easily
conclude that the GFM-Net model has the highest AUC at
asynchronous speed, which is higher than the other two
models. It can be clearly seen from Figures 10 and 11 that,
at any step, the accuracy and macro-F1 of the GFM-
Net algorithm are higher than those of the other five al-
gorithms. Finally, in order to show that the proposed
method not only has better performance, but also has
significant differences compared with other methods, we
tested the significance of the results of each model and the
GFM-Net results and got the results shown in Table 3. As
shown, P value of the GFM-Net result and any other model
result is less than 0.01, which is “very significant.”

4. Discussion

This study proves that the proposed system can effectively
detect the corresponding gait phase based on a single IMU
sensor. In order to support this hypothesis, this paper pro-
poses using the GFM-Net algorithm to detect the gait phase
and comparing it with other timing algorithms to verify the
effectiveness of the algorithm. The core technology of gait
phase recognition system is the design of recognition algo-
rithm model. The predecessors generally used machine
learning or deep-learning methods to detect HS, FF, HO, and

SW from IMU signals. This paper proposes the GFM-Net
model and uses it to identify HS, FF, HO, and SW phases by
the collected acceleration and angle data. The data obtained by
the JY901 sensor shows that when pedestrians walk normally
on flat ground, the acceleration signals and angle signals on
the thighs, calves, and feet have low variability and stability.
Moreover, this study can obtain a better recognition effect,
and this study also proposes a more complex neural network
model to achieve this effect, so the possible result is that it
takes longer training time. Some portable gait event detection
devices require accurate gait biofeedback information and
dynamic gait monitoring devices, but there are currently no
wearable sensors to meet these requirements.

The GFM-Net algorithm is an integrated algorithm, and
its result depends on the fusion of three subneural networks.
The three subneural networks in this paper are RNN, GRU,
and LSTM. However, whether the three subnetworks are the
best choice needs further research. The recognition per-
formance of the three subnetworks should not be too dif-
ferent to avoid the fact that the final classification result of
the model only depends on the classification result of one of
the subnetworks. In terms of fusion, this paper uses fully
connected layers to connect the obtained results with the
model input values and then performs Gaussian fusion. In
order to avoid the problem that the gradient of the model
becomes smaller because the network is too deep, this paper
uses the BN network. In terms of feature extraction,
AutoEncoder is first used to implement the GFM-
Net algorithm with denoising and functional improvements.
Then, we use CNN network to extract spatial scale features.
It can be seen from Table 1 that neither Bagging nor
AdaBoosting algorithms can identify the HS phase, but the
GFM-Net algorithm can identify most HS phases. The GFM-
Net algorithm has an HS phase recognition rate of 63.4% at
three paces. Although the GFM-Net algorithm has greatly
improved compared with the other two algorithms, the
algorithm still needs further optimization and improvement.
But the three models showed better recognition perfor-
mance for the other three phases. As can be seen from
Figures 12 to 14 the macro-AUC of the GFM-Net algorithm
is also the best performing of the three algorithms. The
GFM-Net algorithm based on the voting fusion mechanism
can effectively detect the HS, FF, HO, and SW phases,
has high recognition accuracy, and is also macro-F1 and
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TaBLE 2: Summary of classification performance for different training functions.
. . Classification result
Speed (m/s) Training function
Accuracy (%) Macro-F1 (%) Macro-AUC
Bagging 90.5 67.7 0.97
AdaBoosting 93.1 82.9 0.92
0.78 CNN +LSTM 95.2 87.8 0.98
CNN + GRU 94.7 87.3 0.97
CNN +RNN 93.6 86.6 0.95
GFM-Net 97.0 89.7 0.99
Bagging 91.4 68.7 0.95
AdaBoosting 92.4 82.7 0.91
10 CNN +LSTM 97.2 90.6 0.99
’ CNN + GRU 96.6 89.3 0.98
CNN +RNN 95.6 88.5 0.97
GFM-Net 97.5 91.2 0.99
Bagging 89.2 66.3 0.95
AdaBoosting 92.3 82.0 0.92
1.5 CNN + LSTM 95.7 85.2 0.99
CNN + GRU 95.3 84.6 0.99
CNN + RNN 94.2 83.2 0.98
GFM-Net 96.7 86.5 1.0

i 97.0%
1.0 295-2% 94.7% 93 6% 93.1%
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FIGURE 10: More tag set classifier accuracy distribution at three paces.

macro-AUC compared to the existing Bagging and Ada-
Boosting, being the best performer. We can get from Table 2
that the GFM-Net algorithm has the best recognition ac-
curacy, followed by AdaBoosting, and Bagging is the worst.
And we can clearly find that the GFM-Net algorithm im-
proves the recognition accuracy by almost 5 percentage
points compared with AdaBoosting. In order to propose an
acceleration data acquisition system suitable for the general
public, we tested the recognition effect of the FGFM-
Net algorithm proposed in this paper on unlearned accel-
eration signals and angular velocity data. This study found
that the proposed system can successfully predict the gait

events of unlearned data, and the phase recognition accuracy
of HS, FF, HO, and SW is as high as 97.1%, so the result is
relatively reliable but still needs to be optimized.

At the same time, in order to verify the effectiveness of
the model proposed in this paper, this paper still compares
our model with CNN+LSTM, CNN+GRU, and
CNN + RNN. According to Table 2, we can still see that the
GFM-Net model has the best performance in terms of ac-
curacy, macro-F1, and macro-AUC. Through Figure 14, we
can see the recognition accuracy of the FMS-Net algorithm.
Macro-F1 and AUC basically remain stable as the pace
increases. But we can also find that the macro-F1 has been
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TaBLE 3: The difference between GFM-Net results and other model results is significant P value.
Model P value
(GFM-Net, Bagging) 1.37e-6
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(GFM-Net, CNN + LSTM) 7.40e-15
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F1Gure 12: ROC curve performance in three models: Bagging (a), AdaBoosting (b), and GFM-Net. (c) The treadmill speed is set to 0.78 m/s.

usefulness in classifying acceleration and angular velocity
signals detected by gait events, other machine learning
methods are needed for further evaluation. Future work
should improve classification accuracy by improving feature

declining as the pace increases, which needs our attention. In
addition, we need to add more pace control experimental
groups for further exploration and draw more reliable
conclusions. Even though GFM-Net has shown its
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F1GURE 14: ROC curve performance in three models: Bagging (a), AdaBoosting (b), and GFM-Net (c). The treadmill speed is set to 1.25 m/s.

extraction and gait phase recognition algorithms. In this
study, the three inertial sensors are transmitted to the host
computer wirelessly, so we think that the three wearable
inertial sensor modules are acceptable wearable sensors and
will not have obvious impact on the subject’s walking gait
influences. However, in practice, the wearing of sensors may
have a potential impact on the gait of people who have not
yet been investigated. In the future, we will explore the use of
fewer inertial units to identify gait phases and minimize the
impact on the human body.

5. Conclusion

This paper studies the method of gait recognition using three
inertial sensors on the treadmill. A hybrid deep fusion
learning method is proposed, which seamlessly combines
GRU, LSTM, and RNN to achieve a robust representation of

spatiotemporal features of inertial gait. In order to accurately
identify walking gait, this paper proposes an eftective hybrid
deep-learning framework GFM-Net based on Gaussian
probability fusion of multiple spatiotemporal networks to
analyze multidimensional acceleration signals and detect
out-of-sync events including HS, FF, HO, and SW. It
consists of three main parts: data preprocessing, multistream
integrated neural network, and fusion model. Data pre-
processing uses automatic encoders to select key features,
while CNN extracts more spatial information. In addition,
we use three parallel modules RNN, LSTM, and GRU as
multistream time feature extractor. The network uses mixed
particle information to form high-dimensional time-scale
features. Finally, a Gaussian fusion module was developed to
tuse different submodels. It uses the EM algorithm to op-
timize Gaussian probability fusion of different submodels
and proves that it is a practical method to increase model
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capacity on a large scale. Experiments and discussions prove
that GFM-Net has higher accuracy up to 96.7% and the
effectiveness of macro-F1 is up to 86.5%, which is superior to
that of other integrated algorithm models.

There are a lot of variables and hyperparameters in the
network structure proposed in this paper, which will un-
doubtedly cause a lot of time for the model to be trained.
Therefore, this paper strongly recommends training the
model on the GPU, which will improve the model training
efficiency. Our future work is to try to design a lightweight
network to recognize human gait phases and achieve online
gait phase recognition with high efficiency, which is of great
significance for medical rehabilitation training robots and
gait disease diagnosis.
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In this paper, we present a new approach which is based on using numerical solutions and swarm algorithms (SAs) to solve the
interval quadratic programming problem (IQPP). We use numerical solutions for SA to improve its performance. Our approach
replaced all intervals in IQPP by additional variables. This new form is called the modified quadratic programming problem
(MQPP). The Karush-Kuhn-Tucker (KKT) conditions for MQPP are obtained and solved by the numerical method to get
solutions. These solutions are functions in the additional variables. Also, they provide the boundaries of the basic variables which
are used as a start point for SAs. Chaotic particle swarm optimization (CPSO) and chaotic firefly algorithm (CFA) are presented.
In addition, we use the solution of dual MQPP to improve the behavior and as a stopping criterion for SAs. Finally, the comparison

and relations between numerical solutions and SAs are shown in some well-known examples.

1. Introduction

Nonlinear programming has been appeared in solving many
real-world problems. Solving interval programming prob-
lems is a hot issue in the research area. Interval program-
ming problems are divided into interval linear programming
and interval nonlinear programming [1-12].

Interval nonlinear programming problems are used in
modeling and solving many real applications such as planning
of waste management activities [13]. The mathematical model
and the proofs of interval analysis can be found easily in [14].
Many researchers and authors solve the interval nonlinear
programming problems by different methods [15-18], but all
these methods try to get the optimal solution under some
specific conditions. For example, in [8, 9], Hladik divided the
problem into subclasses which can be reduced to easy prob-
lems. He put a condition for solving these problems that they
must be convex quadratic programming. Jiang et al. [11]
suggested a method to solve the nonlinear interval number
programming problem with uncertain coeflicients both in

nonlinear objective function and nonlinear constraints. Liu and
Wang [17] presented a numerical method to interval quadratic
programming. Li and Tian [18] generalized Liu and Wang’s
method [17] to solve interval quadratic programming. Their
proposed method requires less computing compared with Liu
and Wang’s method.

As mentioned above, there are many approaches for
solving IQPP, but the most common one is dividing the
interval problem into two problems. In the first problem, the
optimal solution of the lower objective function on the
largest feasible region is found, while in the second one, the
optimal solution of the upper objective function on the
lowest feasible region is obtained. So, the solution value of
the interval problem is between values of the lower objective
function and the upper objective function. As is known, this
process is very difficult in many applications which lead to
the difficultly in reaching the lowest value of the objective
function of the problem.

KKT conditions are first-order necessary conditions for
solving quadratic programming problems. KKT conditions
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are optimality conditions for the optimization problems
with interval-valued objective functions and real-valued
constraint functions investigated and discussed in [19-22].
Wolfe’s duality theorems, strong duality theorems, and
duality gap in interval-valued optimization problems are
discussed in a good mathematical view in [12]. Chalco-
Cano et al. [19] introduced a new concept of a stationary
point for an interval-valued function based on the gH
derivative.

SAs are an important concept in computer science
[23, 24]. SAs can be described as a population of agents or
individuals interacting with each other and with their en-
vironment and working under very few rules. The inspi-
ration often comes from nature, especially biological
systems. They are successfully applied in real-life applica-
tions. Examples of SAs are ant colony optimization [24, 25],
particle swarm optimization (PSO) [26, 27], firefly algorithm
(FA) [28], glowworm algorithm [29], krill herd algorithm
[30], monkey algorithm [31], and grasshopper optimization
algorithm [32].

On the other hand, most of the researchers proposed
hybrid algorithms to improve the solution quality, to benefit
from their advantages, and to overcome any deficiencies. For
example, a gaining sharing knowledge-based algorithm for
solving optimization problems over the continuous space
was proposed in [33]. Yulian Cao et al. presented a com-
prehensive learning particle swarm optimizer (CLPSO)
embedded with local search (LS) which has the strong global
search capability of CLPSO and fast convergence ability of
LS [34]. In [35], the authors presented an adaptive particle
swarm optimization with supervised learning and control
(APSO-SLC) for the parameter settings and diversity
maintenance of particle swarm optimization (PSO) to
adaptively choose parameters, while improving its explo-
ration competence. A new hybrid PSO algorithm that in-
troduces opposition-based learning (OBL) into PSO variants
for improving the latter’s performance is proposed in [36].
In [37], a surrogate-assisted PSO with Pareto active learning
was proposed to solve the multiobjective optimization
problem with high computational cost. Finally, the historical
memory-based PSO (HMPSO) is proposed in [38] which
used an estimation of distribution algorithm to estimate and
preserve the distribution information of particles’ historical
promising p bests.

In this paper, a new approach is suggested to solve the
interval quadratic programming problem (IQPP). IQPP is
converted into the modified quadratic programming
problem (MQPP) by replacing all intervals by additional
variables. KKT conditions of MQPP are derived and solved
by a numerical method. The numerical method provides the
boundaries of the basic variables which are used as starting
points in SAs. The solutions of KKT conditions are obtained
by using the Mathematica program. CPSO and CFA are used
to solve these problems to give the decision maker (DM) a
fast view about the position of the optimal solution in the
intervals. The dual of MQPP is discussed. The solutions of
this problem are used to improve the behavior of the
proposed approach and as a stopping criterion for this
approach.

Complexity

2. Interval Quadratic Programming
Problem (IQPP)

The interval quadratic programming problem (IQPP) is an
interval nonlinear programming problem [9-11]. The ob-
jective function is the quadratic function, and the constraints
are linear functions. IQPP can be defined as

k
min Zylff,- (x)
i=1
l (1)
subject to: nyjgij (x) gyf, ji=12...,m,
i=1

where Zﬁll ylf fi(x) is an interval-valued function,
ylf = [yifL, yifU]Vi, fi(x) is a quadratic function, g;; (x),i =
L..,Lj=1,...,m are the linear functions,
5 = i yif 1, and y% = [yFF, y3U]. The feasible region is
supposed to be nonempty and fixed.

The optimal solution of the interval programming problem
cannot be defined exactly because at each value belonging to
interval coefficients in the objective function and/or the con-
straints, there may be a new optimal solution. So, no one can
define the exact optimal solution. Many researchers descried
the optimal solution of IQPP by the objective function values.
In [4, 15], the authors defined the optimal solution for the
interval linear programming problem. For example, Garajovd
and Hladik [4] defined the optimal set of the interval linear
programming problem and examined sufficient conditions for
its closedness, boundedness, connectedness, and convexity. So,
we defined the optimal solution as the union of all optimal
solutions of IQPP. We explored the whole feasible region to
get all possible optimal solutions of IQPP. In our approach, by
numerical methods, we tried to get all optimal solutions in the
feasible region, while by SAs, we found the best objective value
in the whole interval.

3. The Solution of IQPP

The idea of our new vision to solve IQPP starts by replacing all
intervals by additional variables and converting IQPP to the
modified interval nonlinear problem (MQPP). KKT conditions
of MQPP are obtained and solved by a numerical method. The
solutions of the numerical method are functions in the ad-
ditional variables. These solutions are providing the boundaries
of the basic variables which are used as start points for SA. The
dual of MQPP is presented and solved. CPSO and CFA are
used to solve MQPP and its dual form. Furthermore, the
solution of dual MQPP is used as a stopping criterion for our
approach and to improve its performance. The proposed ap-
proach leads to explore the whole feasible region to get the
optimal solution anywhere in the intervals.

3.1. Numerical Methodology. KKT conditions are a system of
equations solved by two methods, with additional variables and
with interval coefficients. Mathematica is used to solve this
system program. In the first method, the equations are solved as
algebraic equations where the solutions can be expressed as a
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function of the additional variables. These solutions are very
helpful for DM if the optimal solution at certain values of
interval coefficients is required. We use the Newton method in
the second method if we want to know the boundary of the
variables. The solution of this method is used as an initial stage
of CPSO, and CFA improved their ability to find the solution in
short time than using the whole space of the variables.

The following theorems are used for solving the system of
nonlinear equations with interval coefficients. Let MQPP have
a continuous function G: A, CIR" — IR" which has a zero
y* in a given subset A of A, i.e., a vector y* € AC A exists
such that G(y*) = 0, where IR" is the set of real intervals’ n
vectors. Let R” be the set of real n vectors, R™” be the set of
1 X n matrices, y be an element of an interval vector y, Bf be a
hull inverse of the n x » interval matrix B, int (A) be an interior
of the m x n interval matrix A, A be the set {y € IR"| y C A},
int(y) = ]y, y[ be the interior of an interval y, and vol (y) be a
volume-reducing property of the Newton iteration.

Theorem 1 (see [38]). Let G: Ay CR" — R" be Lipschitz
continuous on AC A, and let B be a regular Lipschitz set on A,
then

(i) For every a* € R", the equation G(y*) = a* has at

most one solution y* € A

(ii) The inverse function G™': G* (A) — R" defined on
the range G*(A) ={G() | ycA} by
G (@) = y: = G(y) = a is Lipschitz continuous,
and B™! is a Lipschitz matrix for G™! on G* (A)

(iii) If a* € G*(A), then for
G '(a*) ey’ +BH (a* - G(3")

(iv) If A is compact and there is a point 7° € int(A) such
that G(7)#AG(3°) + (1-A)a* for all y € 0A
A e (0,1], then a* € G*(A), ie., the equation
G(y*) = a* has a unique solution y* € A

every J° € A,

Theorem 2 (see [38]). Under the assumption of Theorem 1
above, if yeyelA, then every y €IR" satisfying
N(y,7) =75-BIG(3) <y’ has the following three
properties:
(i) Every zero y* € y of G satisfies y* € y'
(i) If y' Ny = 0, then G contains no zero in y
(iii) If y* € int(y) and y' C y, then G contains a unique
zero in y (and hence in y')

Since 3, y* € y implies y* € N(y,¥), it is natural to

consider the general Newton iteration [38]:

Y=y = NG )0y, forl=012,0 (2)

With the general Newton operator:
N (5.3) =7 - (CB) (CG(7)). (3)

Theorem 3 (see [38]). Let B be a strongly regular Lipschitz
matrix on y € IA, for G: AjCR" — R". Let C € R™" be

such that CB is regular and let (CB)' be an inverse of CB. If
(CB)! is regular, then the Newton iteration (6) is strongly
convergent for every choice of 3 € y'. Moreover, for all 1>0,
we have either

)7[ ¢ yl“oryprl = j"/l and G(yl) =0. (4)

Corollary 1 (see [38]). If, for some C e R™", CB is an
M-matrix or I — CB< (1/2), then the optimal Newton iter-
ation (6) is strongly convergent for every choice of 3 € y' and
the relations (8) and vol(yl”) < (1/2)vol(yl) hold.

vol(y) is defined as

vol(3) = (371 =2, )72~ 2,) - (Fa=»,): »eIR"
(5)

3.2. Swarm Algorithm (SA). Chaos theory (CT) is used to
improve the performance of many SAs [39], where the
high randomness of the chaotic sequence improves the
convergence and diversity of the solutions. CT is con-
sidered as irregular behavior in nonlinear systems due to
using the chaotic maps. These maps are worked as
particles which move in a small range of nonlinear dy-
namic systems without knowing the traveling path of
these particles. Many researchers proposed combinations
between CT and meta-heuristic algorithms to improve
the solution quality such as hybrid chaos-PSO [40],
chaotic genetic algorithm [41], combined evolutionary
algorithm with chaos [42], chaotic whale optimization
algorithm [43], and chaotic artificial neural networks
[44].

3.2.1. Chaotic Firefly Algorithm (CFA). FA is an evolu-
tionary computation technique [28]. The main advantages of
FA are exploitation and exploration. The improved FA with
CT which is called the chaotic firefly algorithm (CFA) is
applied to solve IQPP. The details of the main steps of CFA
are described as follows:

Step 1. Initialization. A population of random N fireflies
(solutions) is initialized t = 0, where T is the total
number of iterations. The position of the i-th firefly in
an n—dimensional space is denoted as x; and repre-
sented as x! = (x;1, Xjp5 - - > Xip)-

Step 2. Evaluation. Evaluating the fitness value (the light
intensity I(XIK) Vi=1,2,...,N of each firefly in the
population or simply I(x!) = f(x})Vi=1,2,...,N.
Step 3. Determination of Best Solution. For minimiza-
tion problems, the firefly that has minimum light in-
tensity is the best solution x;.

Step 4. Updating Positions of Fireflies. For every firefly
i=1,2,...,N and for every firefly j=1,2,...,N do
the following: if I (x?) <I(xt), the i-th firefly is attracted
to the firefly j, and its position XX is updated according
to the following equation:
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x; o =x; +Poe U(xj - xi) + e (6)
d 2
t t t t
Tij:|xi - xj|  PACTEEME (7)
d=1

where f3, the attractiveness at r;; is 0, y is the light
absorption coeflicient, r;; is the Cartesian distance
between the two fireflies i and j, « is a step size factor
controlling the step size, and ¢ is a vector drawn from a
Gaussian or other distribution. If I (x?“) <I(x!), then

Xl = xt*1 otherwise x!*! = x!.

Step 4-1. Chaotic repairing of the new position x*!.

Step 4-2. Updating the best solution x,: if the new
position of the i-th firefly x/*! is better than the best

solution x,, i.e., I(x?“) <I(xy), then x;, = xK*1.

Step 5. Stopping Condition. If a prespecified stopping
criterion is satisfied, stop the run; otherwise, go to
Step 4.

3.2.2. Chaotic Particle Swarm Optimization Algorithm
(CPSO). PSO can solve many difficult optimization prob-
lems. It has a faster convergence on some problems in
comparison [45]. The idea of PSO is that several random
particles are placed in the search domain of the optimization
problem. At its current location, each particle evaluates the
objective function. After that, each particle determines the
direction of movement in the search domain by combining
some aspects of the history of its own current and best
locations with particles located nearby in the swarm, but
with some random disturbance. The next iteration takes
place after all particles have been moved. Eventually the
swarm, like a flock of birds collectively foraging for food, is
likely to move close to an optimum of the fitness function.
The i-th particle is described by an n-dimensional vector as
x; = (X1, Xp> - - -» Xy), While its velocity is represented as
v; = (V1> Vi3> - - -» Vi )- The best position of the particle in its
memory  that it  visited  is denoted  as
PPt = (Pi1 Pias - - - » Pin)- The best position in the swarm is
denoted as g***' = (g,,g,,---,g,). The steps of the CPSO
algorithm are described as follows:

Step 1. Initialization.

(a) Initializing randomly the positions of all particles

(b) Initializing randomly the velocities of all particles

(c) Setting t =1, where t is the increment of time and T
is the total number of iterations

Step 2. Optimization.

(a) Evaluating the objective function value f}
(b) If ft< £, then fPt = f! and pbes = x!

(c) If ff < fbest, then fbest = 't and ghest =
(d) If the stopping criterion is satisfied go to Step 3
(e) All velocities (viVithe particle) are updated

according to the following equation:
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best

t+1
i i

Vi

ot t
—wvi+c1><r1><(p xi)+c2
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(=), Y

where w is an inertia term, ¢, and ¢, are the positive
constants, and r; andr, are the random numbers
belonging to (0, 1).

(f) Al positions  (x!Vitheparticle) are updated
according to the following equation:
xf-” = xf + vf“. 9)

(g) Chaotic repairing of the new position x*!
(h) t=t+1
(i) Go to Step 2(a)

Step 3. Termination. If a prespecified stopping criterion
is satisfied, stop the run; otherwise, go to Step 2.

3.2.3. Chaotic Repairing of Infeasible Solution. If the new
position x/*! is infeasible, it is repaired according to the

following equation:
X = ¢ x x4 (1 - ¢) X ES. (10)

If x!*! is still infeasible, x!*! is repaired according to the
following equation:

= g x BS+ (1 - ¢) x 2™, (11)

where FS is any feasible solution in the search space and ¢ is
a chaotic number generated by the following logistic map:

¢m+1 = C(/Sm (1 - (pm)’ (12)

where m is the age of the infeasible solution, c=4,
¢, € (0,1), and ¢, ¢ {0,0.25,0.5,0.75, 1}.

3.3. The Proposed Approach. In this section, we discuss the
proposed approach. The following steps describe the pro-
posed approach clearly:

Step 1. Replacing all intervals in IQPP by additional
variables which is called MQPP and obtaining the dual
form of MQPP.

Step 2. Constructing KKT for MQPP, and solving KKT
equations by the numerical algorithm.

Step 3. Using the solutions of the numerical algorithm
as a start point of CPSO and CFA.

Step 4. Solving MQPP and its dual form by CPSO and
CFA.

Step 5. The values of the objective function which are
obtained from solving the problem by SA and its dual form
are compared. If their values are the same, the global
optimal solution of our problem is found. If there is a
difference between the outputs from the problem and its
dual, we solve the problem and its dual form again until the
difference between them is €, where ¢ can be computed as
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0

~ the optimal value of the problem’ (13)

where § is the difference between the optimal value of
the problem and the optimal value of its dual problem.
This solution is a local optimal solution. This com-
parison is used as a new stopping criterion.

The suggested method is suitable for convex and
nonconvex problems. The steps of the proposed ap-
proach are illustrated in Figure 1.

4. Results and Discussion

The proposed algorithm is tested by solving three problems
taken from the literature. Each problem was independently run
30 times. The proposed algorithm was programmed in
MATLAB (R2016b) and implemented on the PC with P4 CPU
3.00 GHz, 1 GB RAM with an i5 processor, Windows 7 oper-
ating system. The proposed algorithm, as any nontraditional
optimization algorithms, involves a number of parameters that
affect the performance of the algorithm. The parameters adopted
in the implementation of CFA and CPSO are listed in Table 1.

4.1. Problem 1. This problem is formulated as follows [10]:

min x} + x5 +[1,2] (14)

subjectto: [1,6]x; +[1,2]x,>[1,12], xy,x,>0.

By replacing all intervals by additional parameters, the
problem becomes

min x?+x§+a (15)

subjectto: by x; + byx, >b;, x;,x,>0,

where a = [1,2],b, = [1,6],b, = [1,2], and b; = [1,12].
The dual form of problem (15) is

max x; + x5 +a — uy (byx, +byx, — b;) = Uyx; — Uz Xy,
u; 20,u, >0,u320.
(16)
KKT conditions of problem (15) are

2x, —uby —u, =0,

2x, —u b, —uy =0,

uy (byx, + byx, —bs) =0,
u,x; =0,

usz;x, =0,

byx, +byx, >b,

X1, %, 20,

u; 20,

u, >0,

uy > 0.

(17)

In [8, 9], problem (14) can be divided into two problems.
The first problem is

min x% + x% +1
(18)

subjectto: 6x; +2x,>1, x,,x,>0.

Its solution is (xy,x,) = (0.15,0.05) and f (x) = 1.025.
The second problem is
min xf + x% +2
(19)

subjectto: x; + x,>12, x;,x,>0.

Its solution is (x,x,) = (6,6) and f (x) = 74. The so-
lutions of KKT conditions in (18) can be expressed as

solutions set = {(& ﬁ)} (20)

2 2072 12

by +b; by + b,
In addition, the numerical solution provides the
boundaries of the basic variables as x; = [0.025,36] and

x, = [0.025,12]. The comparison between different types of
SAs in solving problem (1) is shown in Table 2.

4.2. Problem 2. This problem is formulated as follows [1]:
min [2, 3]xf + 2x§ —2x,%, +[-5,-3]x; +[1,2]x,,
subjectto: [1,2]x; + x, < [2,4], [2,3]x, +[-1,-0.5]x,

<[3,4], x,,%x,>0.

(21)

By replacing all intervals by additional parameters, the
problem becomes

. 2 2
min a;x] +2x; — 2x,X, + a,X; + dzx,

subjectto: byx; + x, <b,byx; +byx, <bs,  x,x,20,
(22)
where a, = [2,3],a, = [-5,-3],a; = [1,2],b, = [1,2], b, =

[2,4],b; = [2,3], b, = [-1,-0.5], and by = [3,4].
The dual form of problem (22) is

2 2
max a,xy + 2x5 — 2X,X, + a,X, + azx, + 1 (byx; + x, — b,)
+ 1y (byxy +byx, — bs) — uzx; — X,

subject to: u; > 0,1, > 0,15 >0,1,>0.

(23)

The KKT conditions of problem (22) are
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Figure 1: The flowchart of the proposed approach.

TaBLE 1: The proposed algorithm parameters.

CFA parameters CPSO parameters

The swarm size (m) 20 The swarm size 20
Number of iteration (T) 200 Number of iteration (T) 200
Initial attractiveness (f3;) 1 Acceleration coefficients c; 2.8
The light absorption coefficient (y) 1 2 1.3
The step size factor («) 0.95 The inertia weight (w) 0.6
Chaos search repairing iteration () 1E02

€ 1E-6

TaBLE 2: The results of problem (1) by using SAs.

PSO FA CPSO CFA

(x1,%,) (0.37931, 0.21558) (0.20087, 0.12304) (0.1504, 0.0489) (0.149462, 0.0516)
f(x) 1.6209 1.5252 1.0250 1.0250
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2a,x, — 2%, + a, + u;b; + u,by —uy =0,
4x, - 2x, +as +u, +u,by —u, =0,
uy (byxy +x, = b,) =0,
u, (byx; + byx, —bs) =0,
usx; =0,
uyx, =0,
byx; +x,<b, (24)
byx, + b,x, <bsx,
X, 20,
u; 20,
u, >0,
Uz 20,

uy >0.

In [8, 9], problem (21) is divided into two problems. The

first problem is

min 2x§ + 2x§ = 2X1%5 = 5x; + Xy, (25)
subjectto: x; +x, <4,2x; —x, <4, x,x,2>0.

Its solution is (x,,x,) = (1.5,0.5) and f (x) = —3.5. The

second problem is

min 3xf + 2x§ —2x,%, — 3%, +2x,
subject to: 2x, + x, <2,3x, = 0.5x, <3, x;,x,>0.
(26)

Its solution is (x;,x,) = (0.5,0) and f (x) = —0.75. The

solutions of KKT conditions in (24) can be expressed as

2a, +as a, +a,a, a, -b,b, +bs byby —bbs\ [ bs b,
> > > 0 > > s\ 7 0 L 0 >
2—4a,’ 2- 4a, 2a, b, —bb,” b,—bb, )\by ) \b,

(27)

cmah+n—%+%@%h—%ﬁ+%xﬁ+h)

2a, +4b, (b, +1)

In addition, the numerical solution provides the
boundaries of the basic variables as
x; = [0.4,4.08333] and x, = [-1.6,3.6]. The results of
problem (2) by using SAs are shown in Table 3.

4.3. Problem 3. This problem is formulated as follows [46]:

min [2, 3]xf + 2x§ —2x,%, +[-5,-3]x; +[1,2]x,
subjectto: [1,2]x; + x, < [2,4], [2,3]x; +[-1,-0.5]x,
<[3,4], [4, 5]x, +[-8,-7]x, =[1,1.5], x;,x,>0.

(28)

By replacing all intervals by additional parameters, the
problem becomes

min ale + 2x§ —2Xx1X, + ayx; +azx,
subjectto: b x; + x, <b,,byx; + b,x, (29)

<bs,bex, +byx, =bg,  x,x,20,

where a, = [2,3],a, = [-5,-3],a; = [1,2],b, = [1,2], b, =
[2,4],b5 = [2,3],b, = [-1,-0.5], bs = [3,4],bs = [4,5],
b, = [-8,-7],and bg = [1, 1.5].

The dual form of problem (29) is

2a, +4b, (b; +1) >

max @,x: +2x5 — 2x,%, + ayx, + asx, + u; (byx; + x, - by)
+uy (byx; +byx, — bs) + A(bgx, + byx, — bg)
— UsX| — UyX,,
u; 20, uy 20,1320,1,>0.
(30)
The KKT conditions of problem (28) are

2a,x) — 2x, + a, + u; + u by + uybsy + Abg —uy =0,
4x, - 2x, +as +u; +uby + Ab; —u, =0,
uy (byx; +x, - b,) =0,
u, (byxy + byx, —bs) =0,
A(bgx; +byx, —bg) =0,
usx; =0,
uyx, =0,
bix, +x,<b,,
byx; +byx, <bs,
bexy + byx, = by,
X1,%, 20,
u; 20,
u, 20,
u; >0,
u, 20.

(31)
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TaBLE 3: The results of problem (2) by using SAs.
PSO FA CPSO CFA
(x1,%5) (1.217548, 0.42732) (1.23733, 0.39811) (0.1504,0.0489) (1.4964, 0.4970)
f(x) ~3.2759 ~3.3355 ~3.3355 -3.5
TaBLE 4: The results of problem (2) by using SAs.
PSO FA CPSO CFA
(x1,%5) (1.07113, 0.41978) (1.07116, 0.41973) (0.7754,0.2002) (1.4998,0.5624)
f(x) -1.9297 —3.1872 -2.7046 —3.4922
TaBLE 5: The statistical results of SAs over the 30 runs.
Algorithm CPU time(s) Mean SD Worst Best
PSO 5.45 1.6783 0.0419 1.7024 1.6209
FA 4.56 1.5337 0.0065 1.5379 1.5252
Problem 1 Range of f (x) [1.025, 74] CPSO 3.76E-002 1.0250 0 1.0250 1.0250
CFA 2.95E-002 1.0250 0 1.0250 1.0250
PSO 12.05 —3.2244 0.0458 —3.1846 -3.2759
FA 7.96 -3.3230 0.0066 —-3.3257 -3.3355
Problem 2 Range of f () (=35, ~0.75] CPSO 2.54E-002 ~3.4999 0 ~3.4999  —3.4999
CFA 1.51E-002 -3.5 0 -3.5 -3.5
PSO 22.45 -1.8795 0.0304 —1.8750 -1.9297
FA 10.38 —3.1498 0.0487 -3.0907 -3.1872
Problem 3 Range of f(x)  [-3.4922, 0.5217] CPSO 9.41E-002 27037 00013  -2.7005  —2.7046
CFA 8.95E-002 —3.4922 0 —3.4922 —3.4922
In [8, 9], problem (28) is divided into two problems. The min 3x° + 2x2 — 2x,x, — 3x, + 2x,
first prOblem 18 subjectto: 2x; +x,<2,3x, —0.5x,<3,5x; + -7x, =1, x,,x,>0.
min Zx% + 2x§ —2x,%5 — 5%, + X, (33)

subjectto: x, + x, <4,2x, — x, <4,4x, — 8x, = 1.5, x,x,>0.

(32)

Its solution is (x;,x,) = (1.5,0.5625) and f(x)=
—3.4922. The second problem is

2a, +a; a, +a,a, b,by

a,

Its solution is (x;,x,) = (0.3268,0.0906) and f (x) =
—0.5217.

The solutions of KKT conditions in (31) can be expressed
as

+bsb, bsbg +bsbg\ (bs by + b,b, bybg + b, by

b b )0 b
(2—4611 2—4a1>< 2a, )(

bybs

bs — byb, bybs —bybs\ (b ) (2b,(2

by

J i)

b, +1) —a, +asb, ayb, —asb; +2b,(a, +b,)

= bsb; bybg — bsb; bs —b,b;" bs—byb; )

b
_2’0

solutions set = <

( J o)

a3bgb, — a,b’ + 2bg (2bgb;)

by =bb, by—bib, J'\by

2a, +4b, (b, +1)

Y

J i)

by

—asb; + a,bgb, + 2bg (b + a,b;)\ (b,

(

In addition, the numerical solution provides the
boundaries of the basic variables x; = [0.28289,9.8] and
x, = [-5.4,5.8]. In Table 4, the results of problem (2) by
using SAs are listed.

4b. + 4bgb, + 2a, b

20
b,

2a, +4b, (b, +1)
Jero)

In addition, the statistical results obtained, by original
PSO, original FA, CPSO, and CFA, over the 30 runs are
summarized in terms of CPU time, mean value, standard
deviation, and worst and best values in Table 5.

4b; + 4bgb, + 2a,b>
(34)
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FIGURE 2: The convergence curve of the best f (x) obtained so far
by original PSO, original FA, CPSO, and CFA for problem 1.
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FIGURE 4: The convergence curve of the best f (x) obtained so far
by original PSO, original FA, CPSO, and CFA for problem 3.

Furthermore, Figures 2—-4 show the convergence curve of
the best f (x) obtained so far by original PSO, original FA,
CPSO, and CFA for the 3 problems.

Results show that the proposed SAs (CFA and CPSO)
outperform the other original algorithms in terms of the
optimality. In addition, these results prove that the proposed
SAs can solve IQPP effectively with low computational cost
where the CPU time is less than the other original algorithms
as shown in Table 5. In other words, the solutions, of the test
problems, of CPSO and CFA are the same as the solutions of
previous methods, but they are very fast without any effort of
computation. On the other hand, the numerical approach
gives the solution as a general formula in the additional
variables, where we can obtain, by this formula, the solution
at any values inside the intervals. In addition, the numerical
solution provides the boundaries of the basic variables which
are used in the step of initialization in SAs. Finally, we can
say that our approach, as any SAs, is more generalized and
suitable for real applications than traditional methods.

5. Conclusion

This paper deals with a new approach to solve IQPP. We aim
to explore the feasible region to get the optimal solution
anywhere. All intervals were replaced by additional vari-
ables. The new form with additional variables is MQPP. KKT
conditions for MQPP were solved numerically to get the
solutions as a function in the additional variables and
provide the boundaries of the basic variables. The solutions
are used as start points for SAs. CPSO and CFA are used to
solve MQPP and its dual form. The advantages of our
procedure are (1) the solution of the numerical method is
more general than previous methods, (2) giving the decision
maker a very fast view of the optimal solution inside the
intervals, (3) using the optimal solution of the dual problem
as a stopping criterion for SAs is more suitable than other
criteria, and (4) its effectiveness is verified as compared with
other studies. Also, we compare PSO, FA, CPSO, and CFA
with each other. Real applications of interval nonlinear
programming problems should be conducted in the future.
In addition, we are planning to use this vision to solve
multiobjective linear programming with interval coeffi-
cients. Also, we aim to discuss the GSK algorithm to solve
IQPP.
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Based on the local decision perspective and the global decision perspective, considering the limitation of supply capacity and
prohibiting returns, the system dynamics method is used to establish a nonlinear supply chain system model. We use the Z-
transform theory to transform the dynamic transfer equation into a block diagram, build a supply chain system simulation model,
and use it to conduct simulation experiments. The Wolf reconstruction method is used to calculate the largest Lyapunov exponent
(LLE) value of each node or combined system to judge the stability of the system. Based on different decision-making perspectives,
under different combinations of safety stock factors and demand scenarios, the adjustment coefficients’ decision-making schemes
that keep each node in a stable state are obtained. Then, we comparatively analyze the inventory changes of each node and

combined system in a stable state under different decision-making schemes.

1. Introduction

Supply chain management has always been a concern of
enterprises. To help enterprises better implement effective
supply chains, Pittiglio, Rabin, Todd & McGrath (PRTM)
and AMR Research (AMR) led the establishment of the
Supply Chain Council (SCC) in 1996 and released supply
chain operations reference (SCOR) model, realized the
transformation from function-based management to pro-
cess-based management, and improved the performance of
the supply chain. With the emergence of cloud computing,
Internet of things (IoT), artificial intelligence (AI), and other
new information technologies (IT), supply chain manage-
ment has a new background and requirements. New tech-
nologies can change the way of communication among the
supply chain members. Before the 1960s and 1970s, due to
technical limitations, the rapid flow and sharing of

information cannot be achieved. In the early traditional SC
model, each node enterprise is responsible for its inventory
control, production, or distribution ordering activities, and
each echelon only has its immediate customer information
[1]. The application of new information technology makes it
possible to easily share the main information on the supply
chain (SC) nodes.

Gradually, some new supply chain models are formed
and applied in practice. Among them, the more commonly
used are the vendor-managed inventory (VMI) model and
the third-party logistics management inventory (TMI)
model [2] so that the problems faced by the traditional SC
have undergone some changes. For example, the bullwhip
effect can be improved. The bullwhip effect is a description of
the image of demand information distorted in the SC [3].

The development of science and technology has pro-
moted the vertical integration of the supply chain, and the
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management concept has also changed. More and more
decision makers have magnified the decision perspective,
and supply chain management presents the trend of vertical
integration. More and more decisions are made based on
local alliances and the whole supply chain. Also, there are
many different types of uncertainties in the SC, such as
changes in market demand, limited production capacity, the
delay of transportation time, and so on [4]. Even, the level of
decision makers also has a huge impact on the SC. All of the
above factors will lead to the supply chain system (SCS) in an
unstable state, which will increase the difficulty and cost of
management. So, it makes great sense to study the complex
dynamic behavior of the SC closely related to these factors
from different perspectives.

2. Literature Review

The research on the dynamic behavior of supply chain
systems started in the early 1960s. It first appeared in the
classic work “Industrial Dynamics” by Forrester, which is the
simplest manifestation of the dynamic complexity of supply
chain systems [5] and was later named “bullwhip effect.”
Since then, the research literature on the dynamic behavior
of the supply chain keeps emerging. These studies can be
divided into two parts, including the dynamic behavior
analysis of the linear system model and dynamic behavior
analysis of the nonlinear system model.

In the early days of the concept of dynamic behavior
emergence, many research studies were based on the in-
ventory and order based production control system
(IOBPCS) and analyzed as a linear system. Towill [6] ana-
lyzed a reasonable industrial dynamics model of an in-
ventory control system, which is IOBPCS, by using transfer
function techniques. A general rule for parameter settings
which can then be used for “local” tuning in a large-scale
industrial dynamics simulation is proposed. Disney et al. [7]
outlined a method of developing a fitness measure for use in
a genetic algorithm for assessing the performance of a ge-
neric production control system. Disney et al. [8] described a
genetic algorithm for optimizing system performance, via
five vectors including inventory recovery to “shock” de-
mands, inbuilt filtering capability, robustness to production
lead time variations, robustness to pipeline level information
fidelity, and systems selectivity. In a vendor-managed in-
ventory (VMI) supply chain, Disney and Towill [9] con-
sidered a well-established production and distribution
scheduling algorithm termed automatic pipeline, inventory,
and order based production control system (APIOBPCS).
Simulation and analysis demonstrate that poor design can
cause instability and the recommended parameter can avoid
it. Dejonckheere et al. [10] introduced a general decision rule
that avoids variance amplification and succeeds in gener-
ating smooth ordering patterns, even when the demand has
to be forecasted. Lin and Wang [11] analyzed the stability of
the system using the characteristic equation. It is proved that
the intuitive operation of a supply system with demand
forecasting will cause bullwhip and lead time alone would
not cause bullwhip. Nagatani and Helbing [12] studied
several feasible production strategies for stabilizing the
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supply chain in the linear supply chain. Disney [13] analyzed
the quasiperiodicity, bullwhip effect, and stability of the
supply chain inventory system. In these studies of a linear
systems model, most assume that orders at all levels of the
supply chain are satisfied, regardless of inventory con-
straints, mainly used to study and analyze the dynamic
behavior of the supply chain, the bullwhip effect.

With the deepening of research, it is found that based on
various assumptions, for example, orders at all levels of the
supply chain are satisfied, regardless of inventory con-
straints, and the supply chain system is regarded as a simple
linear system model. It leads to the inconsistency between
the research results and the actual situation and fails to
reveal the nonlinear phenomena except the bullwhip effect.
Therefore, more and more research studies have been
conducted to construct nonlinear system models to study
the supply chain. Mosekilde and Laugesen [14] established a
nonlinear inventory model under the nonnegative con-
straint of order quantity and found chaos in the system.
Wang et al. [15] studied the stability of a constrained
production and inventory system with a forbidden returns
constraint. The results show that accurate lead time infor-
mation is the key to eliminating inventory drift and insta-
bility, and ordering strategies must be reasonably designed
according to actual lead times to avoid these fluctuations and
differences. Garcia et al. [16] designed a supply chain
switching control system to improve the stability of the
supply chain through internal mode control technology.
Wang et al. [17] assumed that the system input was a certain
step demand model and return was forbidden, obtaining the
stability, period, quasiperiod, and chaotic boundary of the
system by solving the system characteristic values. Ma and Si
[18] investigated the influence of delay and weight on the
complex dynamic characteristics of the system. Si and Ma
[19] established a triopoly output game model with multiple
delays in the competition of green products. By analyzing the
existence of equilibrium points and local asymptotic sta-
bility, the influence of parameters on system stability and
complexity is studied. Zhan et al. [20] established the model
of VMI-APIOBPCS in apparel supply chain and used the
Routh-Hurwitz stability criterion to analyze the stability. Jin
and Song [21] established a nonlinear system model to study
the effects of two strategies of the nonlinear supply chain
with and without a shortage on the dynamic behavior of the
remanufacturing supply chain system. Lin and Naim [22]
developed a hybrid ATO system dynamics model based on
the well-established inventory and order based production
control systems and analytically studied the impact of
nonlinearities on its dynamic performance. Xu and Lee [23]
presented A multiechelon supply chain system having
parametric perturbations and disturbances to demonstrate
chaotic nonlinear dynamical behaviors.

In the existing research on the complex dynamic be-
havior of the supply chain, many scholars used hypotheses to
simplify the research objects and used the linear model to
analyze the bullwhip effect in the supply chain. At the same
time, many scholars consider practical factors such as
prohibiting returns and limited supply capacity, con-
structing nonlinear dynamic models, and studying the
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impact of different demand scenarios, production models,
and decision parameters on the stability of the supply chain,
which has achieved rich results.

The analysis found that most studies can be divided into
the category of local decision-making perspectives. How-
ever, in the existing research, no research mentions the
decision-making perspective, nor does it study and analyze
the complex behavior of the supply chain under different
decision-making perspectives. In this paper, the idea of a
decision perspective is introduced. Based on the local de-
cision perspective and the global decision perspective, the
difference equations and simulation models of the system
are established, respectively, and the simulation experiments
are carried out to compare and analyze the complex dynamic
behavior of the supply chain inventory system from different
perspectives. At the same time, the effect of safety stock
parameters on the complex dynamic behavior of the supply
chain is analyzed.

3. Supply Chain System Dynamic Model

3.1. System Description. The supply chain is based on a third-
party logistics management inventory model (TMI) and
includes a supplier, a retailer, and a third-party logistics
service provider (3PLP). The operation process of the supply
chain is shown in Figure 1. The inventory system of the
supply chain includes three nodes: the production ware-
house, the distribution center, and the retailer. The supplier
purchases or produces its own raw materials and produces
the raw materials as finished products. The retailer buys
finished products from the supplier and sells them to end
consumers. The supplier performs production according to
the replenishment order issued by the warehouse to the
production system. The warehouse is adjacent to the pro-
duction workshop, and the finished products can be quickly
delivered to the warehouse. Suppose the transportation cycle
is 0. In order to immediately respond to the retailer’s or-
dering needs, build a distribution center near the retailer,
assuming that the transportation cycle from the distribution
center to the retailer is 0. The inventory information of each
node is transmitted to the decision system in real-time. The
decision-making system will provide decision-making ser-
vices for each node. When the inventory is lower than the
safety stock, it will send a replenishment notification to the
node, and then each node will send an order notification to
the superior node. For the decision-making system, it can
make decisions based on two decision-making perspectives.
One is based on the perspective of local decision making,
taking the production system and the warehouse-distribu-
tion system as a whole. The other is based on the perspective
of global decision making, taking the entire supply chain as a
whole. The local decision-making perspective does not in-
clude the retailer, regardless of the difference in the status of
the node inventory goods and the goods in transit.

3.2. Model Parameters and Variables. To facilitate model
description, the following relevant notations of model
variables and parameters are introduced (Table 1).

3.3. Systematic Difference Equations

3.3.1. Demand Forecast. For the superior node of the supply
chain, the demand forecast is based on the actual demand of
terminal consumers. This forecasting method can reduce the
amplification effect of orders in the supply chain, which is
more reasonable than the demand forecasting based on the
orders of subordinate nodes. The simple exponential
smoothing method is often used in demand forecasting and
has achieved good results. Therefore, this paper uses this
method to forecast the demand. The prediction expression is
shown in equation (1). In this study, two kinds of customer
demand are considered, including random demand obeying
normal distribution and random demand obeying uniform
distribution. Assume that the mean of two kinds of customer
demand is p.

F(t)=0F(t-1)+(1-0)D(t), (1)

where 6 is the exponential smoothing constant. Existing
studies have shown that 0 <0 <2 is required for stability of
the forecasting system. In the paper, let 8 = 0.5.

3.3.2. Production Strategy. The study uses automated
pipeline, inventory, and order based production control
system (APIOBPCS), a commonly used method of pro-
duction control. The specific meaning of APIOBPCS is
that the order quantity (or production plan) is equal to the
sum of the predicted demand quantity, the adjustment
quantity to the actual inventory level, and the adjustment
quantity to the inventory in transit (or work-in-process
(WIP) inventory). Most of the existing literature on the
complex behavior of the supply chain has adopted this
strategy [9, 24].

Based on the local decision perspective of the supply
chain, the actual inventory of the warehouse-distribution
system is considered as the supplier’s finished product in-
ventory. The production strategy is expressed as follows:

0, (1) = max(0, F(t) + ag(I} — I, (1)) + a (YO = Y (1))
(2)

Based on the global decision perspective of the supply
chain, the actual inventory of the entire supply chain is
considered as the supplier’s finished product inventory. The
production strategy is expressed as follows:

0, (t) = max(0, F (t) + ag(I3 — I, (1)) + a (YO = Y (1))
(3)

3.3.3. Inventory Strategy. The supplier, the retailer, and the
distribution center adopt periodic inventory strategy. The
strategy is to replenish at regular intervals, each time to the
target inventory level.

From the local decision perspective, the initial inventory
B, (t) and the end-of-cycle inventory I, (t) of the warehouse-
distribution system are expressed as follows:
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TaBLE 1: Model variables and parameters.
Notation Description
D(t) The actual demand of consumers in period ¢
F(t) The forecast demand in period ¢
I.(t) Retailer’s initial inventory in period ¢
B, (1) Retailer’s end-of-cycle inventory in period t
R, (t) Retailer’s arrivals in period #
S, (1) Retailer’s sales in period ¢
O, (1) Retailer’s order quantity in period ¢
Sq(t) Distribution center’s shipments in period ¢
I,(t) Distribution center’s initial inventory in period ¢
B, (1) Distribution center’s end-of-cycle inventory in period t
R; (1) Distribution center arrivals in period ¢
Variables W (t) The in-transit inventory of the distribution center in period ¢
O,(t) The replenishment volume of the distribution center in period ¢
Sw (1) Warehouse shipments in period ¢
I,(t) Warehouse’s initial inventory in period ¢
B, (1) Warehouse’s end-of-cycle inventory in period ¢
R, (1) Warehouse arrivals in period ¢
L.(0) The initial inventory of system from the perspective of decision making in period t. When i = 1, it is local decision
! perspective. When i = 2, it is global decision perspective.
B(t) The end-of-cycle inventory of system in period ¢
0. (1) The replenishment of the system of system from the perspective of decision making in period . When i = 1, it is local
! decision perspective. When i = 2, it is global decision perspective.
Y (1) Supplier’s WIP inventory in period ¢
Y The expected WIP inventory level of the supplier
o The adjustment coefficient of inventory
agp The adjustment coefficient of WIP inventory
Tp Transport lead time
Te Production lead time
G, Safety inventory coefficient of the retailer
Parameters Gy Safety inventory coeflicient of the distribution center
G Safety inventory coeflicient of the system from the perspective of decision making. When i = 1, it is local decision
! perspective. When i = 2, it is global decision perspective.
10 Retailer’s expected inventory level
I Distribution center’s expected inventory level
70 The expected inventory level of system from the perspective of decision making. When i = 1, it is local decision

perspective. When i = 2, it is global decision perspective.
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B (t) =B, (t-1) = S;(t=1) + R, (1),
L(8) =1, (¢ = 1) + Ry (1) = Sy (0),
I (8) = B, (8) = S4(b),

1(1) = uG,.

(4)

From the global decision perspective, the inventory of
the entire supply chain system is expressed as follows:

B,(t)=B,(t-1)= S, (t = 1)+ R, (1),
I (#) = I,(t = 1) + R, () = S, (1),
I, (8) = B, (t) = S, (b),

Ig = uG,.

(5)

Due to the production delay, the following formula can
be obtained:

R,(H)=0(t-T¢-1). (6)
The expression of the supplier’s WIP inventory is given

by
Y#)=Y(@-1)+0(t—-1)— R, (#). (7)

The expression of the replenishment quantity of the
distribution center is shown in the following equation:

O, (t) = max(0, F (t) + as(Ig = I; (1)) + ag (W = W, (1)),

(8)

The expression of the distribution center’s inventory is
given by equations (9)-(11). Moreover, the distribution
center’s expected inventory level is obtained by equation
(12).

By(t) = By(t—1) = S;(t = 1) + Ry (), (9)
I(t) = I (t = 1)+ Ry(t) — Sy (t), (10)
1;(t) = B4 (t) = S4(2), (11)

15 = uG,. (12)

Among them, the distribution center’s shipments in
period t are given by

I;(t=1)+ Ry (1),
O, (t-1),

I,(t-1)+R;(£)< O, (t - 1),
I,(t=1) + R, (£)> O, (t - 1).
(13)

Sd (t) =‘[

Due to transportation delay, the following formula can
be obtained:

Rd(t) =Od(t_TP_1) (14)

The retailer is prohibited from returning goods, so the
retailer’s order quantity is expressed as follows:

O, (t) = max(0, I} - I, (t)). (15)

The expression of the retailer’s inventory is given by

B,(t) =B, (t-1)- S,(t = 1)+ R (¢),
1) =T,(t- 1)+ R, (6) - S, (8),
1,(H) = B, (t) - S, (1),

I (t) = uG,.

(16)

The replenishment of the retailer can be quickly obtained
from the distribution center. That is, the replenishment
notice is issued at the end of the period, and the replen-
ishment can be received at the beginning of the next period.
So, the following expression can be obtained:

R, (t) =min (O, (t — 1),I;(t — 1) + R, (1)). (17)

At the same time, the retailer’s sales and consumer
demand satisfied the following formula:

S (0 - I.(t=1)+R(t), I, (t—1)+R, (t)<D(1),
' _{D(t), I;(t—1)+ R,y (t)> D(t).
(18)

4. The Block Diagram from
Different Perspectives

Using the discrete system Z-transform theory, according to
the difference equation in the previous chapter, the block
diagram of each supply chain node can be drawn.

4.1. The Block Diagram of the Supply Chain

4.1.1. The Block Diagram of Supply Chain Nodes from the
Local Decision Perspective. For retailers, the information
input of the inventory system is customer demand, and the
information output is order quantity. For the distribution
center, the information input of the inventory system is
customer demand, retailer’s order quantity, and inventory in
transit, and the output information is the replenishment
quantity. The block diagrams of the retailer and the dis-
tribution center are shown in Figures 2 and 3, respectively.

Based on the perspective of local decision making, for the
production-warehouse system, the production-warehouse
system and the distribution center are regarded as a com-
bined system, and retailer inventory is not taken into ac-
count. The block diagram of the production-warehouse
system is shown in Figure 4.

4.1.2. The Block Diagram of Supply Chain Nodes from the
Global Decision Perspective. Based on the perspective of
global decision-making, for retailers and distribution centers,
the operation process, information input, and output of the
inventory system are unchanged, so the block diagram is the
same as that based on the local decision-making perspective.
For the production-inventory system, the inventory of the
entire supply chain including the retailer’s inventory is used as
the basis for decision making, and the input information is
customer demand, distribution center replenishment volume,
distribution center inventory, and retailer inventory. The block
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diagram of production and warehouse systems from the global
decision perspective is shown in Figure 5.

4.2. The Block Diagram of the Whole Supply Chain.
According to the models established above based on the local
perspective and the global perspective, combined with the
unitary transformation theory, the block diagrams of the
system under the two models are shown in Figures 6 and 7.

5. System Simulation and Data Analysis

The largest Lyapunov exponent (LLE) is a standard to
measure the stability of the system. Many studies use it to
judge the stability of the system. When LLE is less than or

equal to 0, it indicates that the system is in a stable, periodic,
or quasiperiodic state. It is an ideal state for ordering de-
cisions. When LLE is greater than 0, the system is in a chaotic
or quasichaotic state. In the paper, the Wolf reconstruction
method is used to calculate the largest Lyapunov exponent
(LLE) value of each node or combined system to judge the
stability of the system. The calculation principle of this
method is as follows.

Suppose the time series is X, X,, ..., X,,. Reconstruct
the phase space and get
Y(ti) = (X(ti)’X(tiJrT)) cee ’X(ti+(m—1)T)) (i=12,...,N),
where m is the embedding dimension and T is the time delay.
Take the initial point Y (¢,), and let its distance from the nearest
neighboring point Y, (¢,) be L,. The time evolution of the two
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points is traced until t;, two points Y (t;) and Y (t;) are  distance L, between the two points should be less than ¢, and
obtained, and the distance L} between them exceeds a specified ~ the angle formed should be as small as possible. The evolution
value €. Keep Y (t;) and find a point Y, (t;) near it. The  process is continued until Y (¢) reaches the end N of the time
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FiGUure 7: The block diagrams of the system under the local decision perspective.

series. The total number of iterations is M. The formula for

calculating the LLE is as follows:

1 Mor!

A= -+, (19)
tv—to g L

5.1. Decision Parameters. Based on the constructed model
and block diagrams, we plan to further study the impact of
different ordering strategies and inventory management
strategies on the nonlinear supply chain system with re-
strictions on the prohibition of returns and limited inven-
tory from different perspectives. Previous studies have
shown that relevant order decision parameters such as in-
ventory adjustment parameters have an important impact
on the dynamic characteristics of the system.

We designed a simulation experiment under various order
parameter combinations in the decision space [ag, ag; ], and
[G4, G;]. Then, using the simulation data, the LLE is calculated
to analyze the impact of the different demand types, inventory
adjustment coeflicients, and safety inventory coeflicients on
system stability from different perspectives.

In general, the decision makers pay more attention to
inventory adjustment, and the adjustment parameters are

less than 1; this article assumes the value range of these two
inventory adjustment coefficients is 0<ag <ag to
0.02<ag<1. Both ag and ag have changed by 0.02 steps
[2, 25]. And three combinations of safety stock factors
[G4, G;] are selected, including [1, 4], [2, 5], and [3, 6].

5.2. Simulation Analysis. According to the selection of the
aforementioned decision parameter range, use Matlab to
carry on the simulation experiment. Suppose that in this
research supply chain, the production delay is 1, the
transportation delay is 2, and the safety inventory coefficient
of the retailer is 2. Thatis, Tp = 2, T = 1,and G, = 2. At the
same time, in order to ensure the effectiveness of the sim-
ulation experiment, the setting of the simulation period
should not be too short. In this paper, the simulation period
is set to 1000. If the period is calculated in days, then it is the
amount of data for nearly 3 years. In the actual problem, to
analyze the company’s inventory system, the three-year
operation data are completely sufficient.

This article combines practical issues and considers two
demand scenarios including the random demand that meets
the normal distribution and the random demand that meets
the uniform distribution. Both of these demand scenarios
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are more commonly used in real-world problems. The latter
are more stringent and have higher requirements for supply
chain response.

Firstly, based on a global perspective, under the scenario
of random demand obeying normal distribution, we use the
model shown in Figure 6 for simulation, calculate the index
of each node of the supply chain according to the obtained
data, and obtain the contour map under different combi-
nations of safety stock factors, as shown in Figures 8-10.

By comparing and analyzing Figures 8-10, we can find
that, based on the global decision perspective, with the
increase of the safety stock factor, the decision area in the
stable state for each node of the supply chain and the system
under the perspective gradually increases. As can be seen
from Figure 8, based on the global perspective for decision
making, when G; =1 and G, =4, under the scenario of
random demand obeying normal distribution, the stability
of the supply chain nodes under different inventory ad-
justment parameters is very different. Figure 8(a) shows that
the LLE value of the retailer’s inventory system is less than 0
in the entire decision area of adjustment coeflicients.
However, Figure 8(b) shows that the value of the LLE is
greater than zero in most decision areas. Figure 8(c) shows
that in most areas, the LLE value of the whole supply chain
inventory is less than zero. That is to say, based on the
perspective of global decision making, when G; =1 and
G, =4, under the scenario of random demand obeying
normal distribution, the retailer inventory system can be in a
stable state regardless of any value of adjustment parameters.
Under the same conditions, the distribution center inven-
tory system is in an unstable state in most decision-making
areas. For the entire supply chain from the perspective of
decision making, if the state of the item is not considered,
only the quantity is considered, and the system is stable in
most decision-making areas. The research on the system
from the perspective of decision making is based on the total
quantity of goods in the system, and the nodes where the
goods are located in the system may be different, and the
state may be different. So, there will be a phenomenon where
the system is in a stable state and the nodes in it are in an
unstable state. As can be seen from Figures 9 and 10, re-
gardless of whether G; =2and G, =50rG,; =3 and G, =6,
for retailers, the values of LLE are all less than zero in the
entire decision area.

In addition, based on the global decision perspective,
under the setting of different demand scenarios and the
combination of safety stock parameters, the LLE of each
node and combination system under 1275 adjustment pa-
rameter combinations was calculated separately. It is found
that, based on the perspective of global decision making,
there are 374 adjustment parameter combinations that can
keep each node and combination system of the supply chain
in a stable state in the case of positive distribution demand
and G; = 1 and G, = 4. For the other two settings of safety
stock parameters, there are 746 and 1109 different adjust-
ment parameter decision schemes that can make the supply
chain local and overall stable. At the same time, based on the
calculation of the LLE for the entire decision area, we can
find the adjustment coefficients that can keep the inventory

system of each node of the supply chain and the entire
supply chain inventory system in a stable state and the
average value is the smallest. When G; = 1 and G, =4, a5 =
0.38 and ag; = 0.3. When G; =2 and G, =5, ag = 0.24 and
ag, =0.14. When G,;=3 and G, =6, ag=0.16 and
ag, = 0.14. Under different combinations of safety stock
parameters, the number and optimal combination of ad-
justment parameter combinations that can keep the supply
chain nodes and the combined system in a stable state are
shown in Table 2.

Then, we change the demand scenario and perform
simulation under the scenario of random demand obeying
uniform distribution to obtain the contour map of each node
under different combinations of safety stock coefficients, as
shown in Figures 11-13.

As can be seen from Figures 11-13, under the scenario of
random demand obeying uniform distribution, as the safety
stock factor increases, the area where the LLE value of the
entire supply chain inventory system and the inventory
system of each node of the supply chain is less than zero
gradually increases. The order of the area with the LLE value
less than zero is the retailer, the whole supply chain, and the
distribution center under certain safety stock factors. And it
can be seen that for the distribution center and the entire
supply chain, the area where the LLE value is less than zero
exhibits a band distribution, which is immediately below
a5 = a. For retailer, in almost all regions, the LLE value is
less than zero. However, the part with the smallest LLE value
exhibits a dot-like and linear distribution, as shown in the
dark parts of Figures 11(a), 12(a), and 13(a).

In addition, among the 1,275 kinds of adjustment parameter
combinations, for different safety stock parameters, the number
of parameter combinations that can keep each node of the
supply chain and the combined system in a stable state is 146,
334, and 532 in order. Among these parameters, when G; = 1
and G, =4, if a5 = 0.18 and ag_ = 0.06, the LLE value of the
inventory system of each node of the supply chain and the entire
supply chain inventory system are less than zero and the average
value is the smallest. Similarly, when G; =2 and G, =5, ag =
0.32 and ag; = 0.26. When G; = 3 and G, = 6, ag = 0.24 and
ag. = 0.22. Under different combinations of safety stock pa-
rameters, the number and optimal combination of adjustment
parameter combinations that can keep the supply chain nodes
and the combined system in a stable state are shown in Table 3.

Based on the local perspective, under the scenario of
random demand obeying normal distribution, using the model
shown in Figure 7 for simulation, we can get the contour map
of each supply chain node under different combinations of
safety stock factors, as shown in Figures 14-16.

It can be seen from Figures 14-16 that based on a local
perspective, under the scenario of random demand obeying
normal distribution, as the safety stock factors increases, the
area where the LLE value of the inventory system of the
production-warehouse-distribution system and some node
of the supply chain is less than zero gradually increases.
Under certain safety stock factors, the regional distribution
of the LLE value does not show obvious characteristics.
Especially when G; =2 and G, =5and G; =3 and G, = 6,
the distribution of the LLE value in the decision area shows
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FIGURE 8: LLE diagram of supply chain nodes under the scenario of random demand obeying normal distribution from the global decision
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perspective when G; = 3 and G, = 6. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the

combined system from the decision perspective.

TaBLE 2: The number and optimal combination of reasonable adjustment parameter combinations under the scenario of random demand

obeying normal distribution from the global decision perspective.

Combination of safety
stock parameters [Gy, G;]

Number of reasonable adjustment
parameter combinations

Optimal combination [ag, ag ]

1, 4] 374
[2, 5] 746
(3, 6] 1109

[0.38, 0.3]
[0.24, 0.14]
[0.16, 0.14]




Complexity

g O

(a) (b)

11

0.035 0.02
0.03 0.15
0.025

0.01
0.02
0.15 0005
0.01 0
0.005 -0.005
0

-0.01
-0.005

-0.015
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Figure 13: LLE diagram of supply chain nodes under the scenario of random demand obeying uniform distribution from the global
perspective when G; = 3 and G, = 6. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the

combined system from the decision perspective.

an irregular state. From Figure 14, it can be seen that from
the local perspective, when G; = 1 and G, = 4, for the re-
tailer and the production-warehouse systems, the distri-
bution of the larger part of the LLE value is relatively similar.
The LLE value of distribution center is greater than zero in
most decision-making areas. However, as can be seen from
Figure 15, when G; =2 and G, =5, there are decision
parameters that can keep the retailer’s inventory system in
an unstable state.

In addition, based on the local decision perspective,
under the scenario of random demand obeying normal
distribution, for different safety stock parameters, there are
different numbers of reasonable decision-making schemes in
the entire decision-making area. When G; = 1 and G, =4,
there are 380 reasonable adjustment parameter combina-
tions. When G, =2 and G, =5, there are 775 reasonable
adjustment parameter combinations. When G,; =3 and
G, =6, there are 1156 reasonable adjustment parameter
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TaBLE 3: The number and optimal combination of reasonable adjustment parameter combinations under the scenario of random demand
obeying uniform distribution from the global perspective.

Combination of safety
stock parameters [Gy, G;]

Number of reasonable adjustment

parameter combinations Optimal combination [as, a; ]

1, 4] 146 [0.18, 0.06]
(2, 5] 334 [0.32, 0.26]
(3, 6] 532 [0.24, 0.22]
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F1GURE 14: LLE diagram of supply chain nodes under the scenario of random demand obeying normal distribution from local perspective
when G; = 1and G, = 4. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.
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FIGURE 15: LLE diagram of supply chain nodes under the scenario of random demand obeying normal distribution from local perspective
when G; = 2and G, = 5. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.
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FiGure 16: LLE diagram of supply chain nodes under the scenario of random demand obeying normal distribution from local perspective
when G; = 3and G, = 6. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.
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combinations. Among these parameter combinations that
can stabilize the system, when G; =1 and G, =4, if a5 =
0.38 and «g; = 0.3, the LLE value of the inventory system of
the production-warehouse-distribution system and each
node of the supply chain are less than zero and the average
value is the smallest. Similarly, when G; = 2 and G, =5, ag =
0.18 and ag; = 0.06. When G; =3 and G, = 6, ag = 0.16 and
ag, = 0.14. Under different combinations of safety stock
parameters, the number and optimal combination of ad-
justment parameter combinations that can keep the supply
chain nodes and the combined system in a stable state are
shown in Table 4.

Then, based on the local perspective, we change the
demand scenario and perform simulation under the scenario
of random demand obeying uniform distribution to obtain
the contour map of each node under different combinations
of safety stock coefficients, as shown in Figures 17-19.

As can be seen from Figures 17-19, under the scenario of
random demand obeying uniform distribution, as the safety
stock factor increases, the area where the LLE value of the
inventory system of the production-warehouse-distribution
system and each node of the supply chain is less than zero
gradually increases. From Figure 17, it can be seen that for
retailers, when G; = 1 and G, = 4, the smallest part of the LLE
value presents a point-line distribution. In the same decision
area, no other nodes present this feature. It can be seen from
Figures 18 and 19 that as the safety stock parameter increases,
for retailers, the area distribution of the smaller part of the LLE
value shifts to the lower left in the entire decision area.

In addition, for the three combinations of safety stock
parameters considered, there are 174, 361, and 542 rea-
sonable adjustment parameter combinations that can keep
the supply chain nodes and combination system in a stable
state. In these reasonable decisions, when G; = 1 and G, = 4,
if ag = 0.2 and ag; = 0.12, the LLE value of the inventory
system of the production-warehouse-distribution system
and each node of the supply chain are less than zero and the
average value is the smallest. Similarly, when G; =2 and
G, =5, a5 =0.16 and ag = 0.14. When G; = 3 and G, =6,
ag = 0.24 and ag; = 0.22. Under different combinations of
safety stock parameters, the number and optimal combi-
nation of adjustment parameter combinations that can keep
the supply chain nodes and the combined system in a stable
state are shown in Table 5.

According to the above analysis, it can be found that, on
the whole, regardless of the local decision perspective or the
global decision perspective, as the safety stock factors in-
crease, the stability of each node of the supply chain
gradually increases, and the requirements for adjustment
parameters gradually decrease, that is, more adjusting pa-
rameters can keep the supply chain inventory system in a
stable state. Regardless of the safety stock factors and the
decision perspective, in the entire supply chain, the distri-
bution center has the highest requirements for adjustment
parameters, that is, the decision area of adjustment pa-
rameter where the distribution center is unstable is the
largest. At the same time, based on the perspective of global
decision making, a lower overall inventory of the supply
chain can also keep the nodes in the supply chain and the

13

TaBLE 4: The number and optimal combination of reasonable
adjustment parameter combinations under the scenario of random
demand obeying normal distribution from local perspective.

Combination of Number of reasonable Optimal
safety stock adjustment parameter combination
parameters [G, G;] combinations [eg, gy ]
1, 4] 380 [0.38, 0.3]
[2, 5] 775 [0.18, 0.06]
3, 6] 1156 [0.16, 0.14]

system under the perspective of a stable state. At the same
time, an interesting phenomenon can be found. When only
considering the quantity of goods, when the system com-
posed of multiple nodes is in a stable state, the nodes in it
may be in an unstable state. This is also a manifestation of the
complexity of the system’s dynamic behavior.

In order to more intuitively analyze the changes in in-
ventory and the impact of demand types, adjustment pa-
rameters, and safety stock factors on the ability of each node
of the supply chain and the system from different decision
perspectives, a reasonable combination of adjustment pa-
rameters is selected for simulation experiments under dif-
ferent demand types and safety stock factors. This
adjustment parameter combination can make the supply
chain node and system in a stable state, and its average value
is minimum.

In order to analyze the influence of different decision-
making perspectives on the complex behavior of the supply
chain, the inventory change chart of the nodes in the supply
chain and the system under the perspective from the local
perspective and the global perspective is drawn, as shown in
Figures 20-25.

It can be seen from Figure 20 that under the scenario of
random demand obeying normal distribution, when the
retailer’s inventory changes in a stable state, the perfor-
mance of the retailer’ inventory is basically the same under
different decision-making perspectives. Inventory quickly
increased from zero to safety stock level and then remained
stable at 160. This is a very good change feature, which
verifies the effectiveness of the simulation model. At the
same time, for different safety stock parameters, the re-
tailer’s stock changes are basically the same when they are
in a stable state. As shown in Figure 21, under the scenario
of random demand obeying uniform distribution, when it
is stable, the retailer’s inventory changes are basically the
same as in the scenario of random demand obeying normal
distribution. It shows that reasonable parameter settings
can keep the supply chain in a stable state when the demand
fluctuates greatly.

It can be seen from Figures 22 and 23 that under the
scenario of random demand obeying normal distribution,
when it is in a stable state, for the same safety stock factor,
whether it is based on a local decision perspective or a global
decision perspective, the distribution center inventory
changes are basically the same. When G, =1 and G, =4,
the distribution center inventory increases from zero to
about 160 and then fluctuates around 160. When G; = 2 and
G, =5, the inventory of the distribution center increases
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FiGure 17: LLE diagram of supply chain nodes under the scenario of random demand obeying uniform distribution from local perspective
when G; = 1 and G, = 4. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.
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FIGURE 18: LLE diagram of supply chain nodes under the scenario of random demand obeying uniform distribution from local perspective
when G; = 2and G, = 5. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.
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FIGURE 19: LLE diagram of supply chain nodes under the scenario of random demand obeying uniform distribution from local perspective
when G; = 3 and G, = 6. (a) The retailer’s LLE chart. (b) The LLE chart of the distribution center. (c) The LLE chart of the combined system
from the decision perspective.

from zero to about 240 and then fluctuates around 240. TaBLE 5: The number and optimal combination of reasonable
When G, = 3 and G, = 6, the distribution center inventory adjustment parameter combinations under the scenario of random
increases from zero to about 320 and then fluctuates around demand obeying uniform distribution from local perspective.

320. The fluctuation ranges under the three safety stock Combination of Number of reasonable Optimal
factor combinations are basically the same. As shown in safety stock adjustment parameter ~ combination
Figure 23, under the scenario of random demand obeying parameters [G,, G;] combinations [ag, agr ]
uniform distribution, when in a stable state, the fluctuation (1, 4] 174 (0.2, 0.12]
range of the distribution center inventory change becomes 2, 5] 361 [0.16, 0.14]

significantly larger. It is verified that demand changes can 3, 6] 542 [0.24, 0.22]




Complexity

Gy=1G, =4
200 T T T T
150 =
o 100 | .
50 | i
0 1 1 1 1
0 200 400 600 800 1000
Time
—— The global perspective
—— The local perspective
@
Gd= 1 GZ =4
200 T T T T
o 100 | i
0 1 1 1 1
0 200 400 600 800 1000
Time
—— The global perspective
—— The local perspective
(d)

Gy=2G =5
200 T T T T
150 F B
o 100 | .
50 | 4
0 1 1 1 1
0 200 400 600 800 1000
Time
—— The global perspective
—— The local perspective
(®)
Gd =2 G2 =5
200 T T T T
100 f i
0 1 1 1 1
0 200 400 600 800 1000
Time
—— 'The global perspective

—— The local perspective

(e)

Gd =3 Gl =6
200 T T T T
150 F B
100 F i
50 | R
0 1 1 1 1
0 200 400 600 800 1000
Time
—— The global perspective
—— The local perspective
()
Gd =3 GZ =6
200 T T T T
100 | i
0 1 1 1 1
0 200 400 600 800 1000
Time
—— The global perspective

—— The local perspective

®

15

F1GURrE 20: The initial inventory changes of the retailer in a stable state under the scenario of random demand obeying normal distribution
from different perspectives.
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FiGUure 26: The production fluctuation under the scenario of random demand obeying normal distribution from different perspectives.
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FIGURE 27: The production fluctuation under the scenario of random demand obeying uniform distribution from different perspectives.
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have an impact on the dynamic behavior of supply chain
systems. However, the inventory levels are basically equal in
the two demand scenarios.

For the combined system under the decision perspective,
regardless of the state of the goods, as can be seen from
Figures 24 and 25, under specific demand scenarios and
safety stock parameters, the combined system under dif-
ferent decision perspectives has a very similar inventory
change at steady state. At the same time, it was found that for
the distribution center and the combined system, when it is
in a stable state, the inventory level in the scenario of random
demand obeying normal distribution is lower than the in-
ventory level in the scenario of random demand obeying
uniform distribution. As can be seen from Figure 24, under
the scenario of random demand obeying normal distribu-
tion, when the safety stock parameter combination is [1, 4],
based on the global decision perspective, when the supply
chain system is in a stable state, the overall stock level is
about 460. Under the same demand scenario and safety stock
parameter combination, based on the perspective of local
decision making, the combined system inventory level under
the perspective is 460. In other words, the entire supply
chain system does not include the retailer, and the inventory
of other parts has reached 460. Similarly, when the safety
stock parameter combination is [2, 5], the overall stock level
is about 520 based on the global decision perspective. Based
on the local decision perspective, the combined system
inventory level under the perspective is about 505. When the
safety stock parameter combination is [3, 6], the overall
stock level is about 627 based on the global decision per-
spective. Based on the local decision perspective, the com-
bined system inventory level under the perspective is about
567.

Under the scenario of random demand obeying uniform
distribution, when the supply chain system is in a stable
state, Figure 25 shows the inventory level and fluctuation
status under different safety stock parameter combinations
and decision perspectives. When the safety stock parameter
combination is [1, 4], the overall stock level is about 425
based on the global decision perspective. Based on the local
decision-making perspective, the combined system inven-
tory level under the perspective is 446. When the safety stock
parameter combination is [2, 5], the overall stock level is
about 547 based on the global decision perspective. Based on
the local decision perspective, the combined system in-
ventory level under the perspective is about 505. When the
safety stock parameter combination is [3, 6], based on the
global decision perspective, the overall stock level is about
632. Based on the local decision perspective, the inventory
level of the combined system under the perspective is about
631. Therefore, for any combination of safety inventory
parameters and any demand scenarios, based on a global
decision perspective, choosing a reasonable adjustment
parameter scheme can reduce the overall inventory level of
the supply chain. The overall inventory volatility has in-
creased slightly, but it does not affect the stability of the
overall inventory.

In the supply chain, the stability of production has a
great influence on the cost, and the production system
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produces according to the order quantity of the warehouse.
In order to analyze the fluctuation of production in a stable
state more intuitively, we draw the production fluctuation
chart, as shown in Figures 26 and 27.

As can be seen from Figures 26 and 27, under steady
conditions, the volatility of production appears to be stable
at the desired level of demand, with slight fluctuations.
Compared with demand, it is found that the volatility of
production is basically the same as the fluctuation of de-
mand, and the fluctuation of production is smaller than that
of demand. It shows that the system can smoothen the
change of demand very well.

6. Conclusion

Based on the needs of practical problems, this paper in-
troduces the global decision-making thoughts in order to
adapt to the trend of supply chain integration and puts
forward different decision-making perspectives of supply
chain inventory system management. Based on the proposed
local decision perspective and global decision perspective,
the complex dynamic behavior of the supply chain inventory
system is studied. At the same time, the influence of the
safety inventory setting on the dynamic behavior of the
supply chain inventory system is studied.

The study found that, based on the perspective of global
decision making, choosing a reasonable adjustment pa-
rameter scheme can reduce the overall inventory level of the
supply chain. The overall inventory volatility has increased
slightly, but it does not affect the stability of the overall
inventory. When the safety stock parameter combination is
[1, 4], based on the global decision perspective, the overall
stock level is about 425. Based on the local decision-making
perspective, the combined system inventory level under the
perspective is 446. Based on a global decision perspective, the
overall inventory can be reduced by about 180. When the
safety stock parameter combination is [2, 5], the overall
stock can be reduced by about 118. When the safety stock
parameter combination is [3, 6], the overall stock can be
reduced by about 159. At the same time, based on different
decision-making perspectives, the status distribution maps
of each node or combination system under different demand
scenarios and the most reasonable parameter settings are
obtained.

On the whole, regardless of the local decision perspective
or the global decision perspective, as the safety stock pa-
rameters increase, the stability of each node of the supply
chain gradually increases, and the requirements for ad-
justment parameters gradually decrease. The analysis also
found that each node has a different sensitivity to the ad-
justment parameters. Changes in adjustment parameters
have little effect on the retailer. Under different scenarios
and decision parameters, the retailer is in a stable state in
almost the entire decision area. However, changes in ad-
justment parameters have a significant impact on the dis-
tribution center. In addition, the study also found that,
whether based on a local decision perspective or a global
decision perspective, the overall inventory level is in a stable
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state and maybe in an unstable state for internal nodes. This
has important guiding significance for actual operation.

Although this paper selects three safety stock parameter
combinations for research and obtains some effective con-
clusions, it does not study the entire safety stock parameter
decision area. In the follow-up, we hope that interested
scholars will conduct further research on the impact
mechanism of safety stock parameters on the complex dy-
namic behavior of the supply chain.
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Although the control of multistability has already been reported, the one with preselection of the desired attractor is still
uncovered in systems with more than two coexisting attractors. This work reports the control of coexisting attractors with
preselection of the survived attractors in paradigmatic Chua’s system with smooth cubic nonlinearity. Techniques of linear
augmentation combined to system invariant parameters like equilibrium points are used to choose the desired surviving attractors
among the coexisting ones. Nonlinear dynamical tools including bifurcation diagrams, standard Lyapunov exponents, phase
portraits, and cross section of initial conditions are exploited to reveal the selection scenarios of the survived attractor in the
multistability control process of Chua’s system. The main crisis towards annihilation of multistability in Chua’s system when
varying the coupling strength is interior crisis and border collision. Theoretical and numerical results obtained are further

validated with PSpice analysis.

1. Introduction

In the study of nonlinear dynamic systems, the simultaneous
existence of attractors (finite or infinite), also known as
multistability [1-13], extreme multistability [14-16], or
megastability [17], is now in the forefront. Recall that the
tamous Chua’s circuit is among the widely studied electronic
circuits capable to display chaos [18]. When Professor Leon
Chua introduced that circuit, it was intentionally built in
such a way that three equilibria of the model were unstable.
Based on the local stability of each point, the circuit was able
to exhibit a double-scroll chaotic attractor [18]. During the

investigation of this oscillator, the main challenge was to
design the nonlinear part called Chua’s diode. Using op-
amps [19], diodes [20], transistors [21], current feedback op-
amps [22], and inductor free CNN (cellular neural network)
cells [23], many experimental results were reported on the
realization of Chua’s diode. Finally, by exploiting two-stage
op-amp-based negative impedance converters (NICs) in
parallel, a usual implementation of Chua’s diode was pro-
posed and accepted as a standard [19]. Also in [24], Bao and
collaborators, during their investigation, found that, with an
unstable zero saddle point and two symmetric stable non-
zero node-foci, improved Chua’s circuit can also generate a
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self-excited chaotic attractor. Very recently, exponential
sampled-data control for T-S fuzzy systems with application
to Chua’s circuit has been explored [25]. Of particular in-
terest, Chua had also presented the ability to display the
coexistence of multiple attractors for the same set of system
parameters but using different initial conditions [24]. This
coexistence of attractors is sometimes undesirable and needs
to be avoided; hence, the investigation was carried out in this
work.

Remark that these coexisting solutions in a given non-
linear dynamics system can be self-excited or hidden. Recall
that an attractor is called a self-excited attractor if its basin of
attraction intersects with any open neighborhood of an
unstable fixed point. Otherwise, it is called a hidden attractor
[26]. On the contrary, hidden solutions have attraction basin
which does not overlap with the neighborhood of an
equilibrium point, and thus may be difficult to find nu-
merically [11, 27-34]. However, the localization of the latter
was made possible using an algorithm proposed by Leonov
et al. [35]. Such system types (with hidden attractors) can be
potentially dangerous and very unpredictable (unrelated to
butterfly effect). The multistability of the nonlinear system
means that the system is able to exhibit different types of
coexisting stable states and different forms of attraction
basin for an identical set of system parameters but using
different initial conditions [2-4, 8, 14, 36, 37]. Since the
coexistence of attractors has been commonly used in image
processing [16, 38], it becomes very urgent to control this
phenomenon when, sometimes, periodic and chaotic orbits
exist simultaneously. Up to date, the prominent methods
reported in the relevant literature which enable to turn a
multistable system to a monostable system are the noise
selection [39], pseudo-forcing [12], short pulses [40], har-
monic perturbation [41], intermittent feedback [42], tem-
poral feedback [43], and linear augmentation [2, 3, 44-50].
Except for the temporal feedback and linear augmentation
methods, in almost all other existing methods, the control is
applied to one parameter of the system to remove on the
attractors for all initial points. Thus, external control such as
the temporal feedback or linear augmentation method
would be preferred. Recall that, in many bistable dynamical
systems, only one of the stable states is desired to track
certain system performance. In this regard, Sharma et al.
[47] presented control of some bistable systems with an-
nihilation and selection of attractors using the linear aug-
mentation scheme. This work has been carried out using two
well-known paradigmatic systems that are the autonomous
Chua oscillator and a neuronal system. Furthermore, the
linear augmentation method has been successfully used in
[46] to control the bistability property exhibited by the
Lorenz-Réssler system. In 2015, the same research team [45]
exploited the linear control scheme to stabilize a system to a
fixed-point state even when the original system did not have
any fixed point. Recently, in [43], the authors proposed the
method of temporal feedback in autonomous as well as
nonautonomous systems to target the coexisting attractor.
The experimental realization of the introduced method was
also addressed. However, all these results were based only on
bistable systems.
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Very recently, Fonzin Fozin et al. [2] investigated the
annihilation of the coexistence of multiple stable states in a
self-excited memristive hyperchaotic oscillator based on the
linear augmentation method. Exploiting nonlinear analysis
tools such as bifurcation diagrams, Lyapunov exponent
spectrum, phase portraits, basins of attraction, and relative
basin sizes, the authors show that when increasing the
control parameter, the bifurcation routes followed by each of
the three coexisting attractors were progressively merged in
order to give a unique diagram. The results of the authors
show that, for higher values of the control parameter, the
multistable system with up to three coexisting attractors
becomes a monostable one with only one surviving attractor.
The same result was found when the same research team was
addressing the control of multistability (involving three
disconnected attractors) in simplified canonical Chua’s
oscillator with smooth hyperbolic sine nonlinearity using the
linear augmentation scheme [3, 44]. Much recently, Tabe-
koueng Njitacke et al. [50] investigated the coexistence of
firing patterns and their control in two neurons coupled
through an asymmetric electrical synapse. Their numerical
results show the effectiveness of the control strategy through
annihilation of the periodic coexisting firing pattern. They
found that, for higher values of the coupling strength, only a
chaotic firing pattern survives. From these results, it can be
seen that intensive works have been done on the multi-
stability control of the nonlinear oscillators based on the
linear augmentation method. Remark that all these suc-
cessful results on the control of multistability were per-
formed so far only on systems with unique equilibrium point
[2, 3, 44, 50]. This unique equilibrium point excludes the
possibility to target/select a desired attractor during the
multistability control process. Henceforth, we propose in
this work the following:

(a) To exploit the linear augmentation method to track
and select one attractor among the four coexisting
attractors using each of the three equilibrium points
of the model

(b) To design an analog electronic circuit of controlled
Chua’s oscillator to further support the numerical
investigation

The layout of the paper is as follows: in Section 2, we
recall some basic properties of Chua’s oscillator with a
smooth nonlinearity. In Section 3, numerical tracking of the
coexisting attractors using usual nonlinear dynamics tools is
addressed. In Section 4, the linear augmentation scheme is
exploited to track each of the three coexisting attractors
which survive around each of the three equilibriums points.
The circuit realization of the investigated model is provided
in Section 5. In Section 6, some conclusions are summarized.

2. Description of Chua’s Oscillator with
Smooth Nonlinearity

Chua’s oscillator with smooth cubic nonlinearity in which
multistability is controlled in this work is given by di-
mensionless equation (1) as follows [5, 51]:



Complexity

[ dx
E=k¢x(y—x—f(X)),

< d)/_ —
E—k(x y+z), (1)
dz

Aazk(—ﬁy—yz),

where the nonlinear function f(-) is defined as
f(x)= ax® + bx. (2)

The parameter values used in this work are the ones of
the model studied in [5] and are set as y = —0.75087096,
a =-0.0375582129, b = —0.8415410391, and k = —1 with f3
and « being tunable. As it can be seen in equation (1), the
model remains identical under the substitution
(x, y,z2)© (—x,—y,—z). The stable state generated by the
model will appear in symmetric pairs in (x, y,z) to re-es-
tablish the real symmetry of the model. If not, the stable
states produced will remain symmetric if the real symmetry
of the attractors has already been re-established. This ap-
proach has been widely exploited recently to find coexisting
attractors in symmetrical systems such as jerk [6, 8, 52-56],
hyperchaotic and chaotic Chua’s oscillators [3, 44, 57-59],
Hopfield neural networks [10, 36, 60, 61], and Dufling os-
cillator [9], just to name a few. In addition, it is easy to show
that the model processes three equilibrium points given by
the following expression: S;=(0 0 0), and S, =
(£ x,, (£xy/y+p), (Fxp)/ (y + p))), in which X is given
by x = +/(1/a) ((y/B +y) -1 -D).

3. Selection of Coexisting Attractors:
A Numerical Approach

3.1. Computational Method. In this section, we will use
traditional nonlinear analysis tools such as bifurcation di-
agrams, graph of maximum Lyapunov exponent, phase
portraits, two-parameter diagrams, standard Lyapunov
stability diagrams, and attraction basins to hunt down
windows in which controlled Chua’s oscillator with a
smooth nonlinearity exhibits either hysteretic dynamics of
parallel bifurcation branches. These various tools are
computed using the Runge-Kutta formula in Turbo Pascal
software with variables and constants chosen in the extended
precision mode. In this contribution, we use a constant time
grid of At = 0.002, and investigations are carried out for a
very long time. In this way, the transient behavior is sup-
pressed. Some bifurcation diagrams in this work are com-
puted either by increasing the control parameter stating
from different initial conditions or using an upward and
backward continuation technique. These methods are the
best for finding windows in which the model displays the
coexistence of bifurcations. Graph of Lyapunov exponent is
calculated using the algorithm proposed by Wolf et al. [62].
Two-parameter diagrams and standard Lyapunov stability
diagrams are computed by varying simultaneously two
system parameters with making up of suitable colorful

diagrams. These previous diagrams, as well as the basins of
attraction, are obtained by numerically computing the
maximum Lyapunov exponent on a grid of 350 x 350 values
of the chosen space parameters.

3.2. Parallel Bifurcation Branches and Coexistence of Multiple
Attractors. In the study of nonlinear dynamical systems, the
coexistence of attractors for the same set of system pa-
rameters but using different initial conditions is known as
multistability. Two curious and striking manifestations of
such behavior are extreme or hidden extreme multistability
[63, 64] and megastability phenomenon [17]. This phe-
nomenon of multistability has already been found in several
nonlinear systems including the memristor-based oscillator
[8, 16, 57], jerk/hyperjerk systems [55, 56, 65], and hyper-
chaotic Chua’s oscillator [3, 4], just to name a few.

Figure 1 represents a bifurcation obtained when varying
the control parameter in the range 51 < 5 < 54.5. Two sets of
data with their corresponding graph of maximum Lyapunov
exponent are superimposed. A large window of coexisting
bifurcations which are related with parallel bifurcation
branches is presented. As a result, this superposition of the
bifurcations is the coexistence of multiple attractors for the
same sets of system parameters. For example, when ﬁ = 53.6,
Chua’s circuit displays the coexistence of a symmetric pair of
period-4 limit cycles (black and blue) and a symmetric pair
of chaotic attractors (green and red), using different initial
conditions, as depicted on the three-dimensional (3D)
projection of the attractors in Figure 2(a). The set of initial
conditions which enable to obtain each of the previous
attractors is provided in Figure 2(b).

For this same value of the control parameter, the
equilibrium points of the oscillator and their stability are
checked as follows: S; = (0 0 0) with eigenvalues given by
A, =31.0920 and A, =-0.1366+7.2349%  and
S15 = (+2.1441,%0.0305, ¥2.1746) with eigenvalues given
by A, =22.6638 and A, 3 = —0.2219 + 7.1926i. Since the ei-
genvalues of the investigated model around the fixed points
are unstable for the set of the parameter used for the study
and its basin of attraction intersects with any open neigh-
borhood of an unstable fixed point, we conclude that the
coexisting attractors found are self-excited [26]. When
B =53.8, Chua’s circuit displays the coexistence of a sym-
metric pair of period-2 limit cycles (black and blue) and a
symmetric pair of chaotic attractors (green and red), using
different initial conditions, as depicted on the three-di-
mensional (3D) projection of the attractors in Figure 3(a).
The basin of attraction associated to each coexisting attractor
is provided in Figure 3(b). The equilibrium points of the
model as well as the eigenvalues for that discrete value of the
control parameter are given as S, = (0 0 0) with eigen-
values given by A, = 31.0919 and A,; = —0.1366 + 7.2485i
and S, = (£2.1438,70.0303, F2.1741) with eigenvalues
given by A, = 22.6662 and A, = -0.2218 + 7.2061i, which
further supported the unstable nature of the equilibria. From
this attraction basin of Figures 2(b) and 3(b), it can be
observed that each attractor has its set of initial conditions
which intercepts with the one of its direct neighbor. For each
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FiGure 1: Bifurcation diagram (a) showing local maxima of coordinate x versus 3 and the corresponding graph (b) of the largest Lyapunov

exponent (A

max) Plotted in the range 51 <3< 54.5. Two sets of data are superimposed. The diagram in black is obtained when the control

parameter is decreased from 54.5 to 51 starting with initial conditions (1.2;0;0), while the one in magenta is obtained when decreasing the
control parameter starting from the initial conditions (1.52;0;0) with a = 16.6.
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F1GURE 2: Three-dimensional projections of the coexisting attractors in the (x(0), x, y) plane. (a) Coexistence of four different attractors (a
pair of chaotic attractors and a pair of period-4 limit cycles) for 8 = 53.6. (b) Cross sections of the basin of attraction for z(0) =0,
corresponding to the asymmetric pair of period-4 cycles (black and blue) and the pair of chaotic attractors (red and green). Yellow regions

correspond to unbounded motion.

basin of attraction, zones of unbounded motion are marked
with yellow color, whereas the pair of coexisting attractors is
painted in red and green, while the pair of periodic attractors
is painted in blue and black.

4. Control of Coexisting Attractors Using the
Linear Augmentation Method

4.1. Description of the Control Method. From the already
published works [45-49], the theory of the linear aug-
mentation control method consists of coupling the

nonlinear system displaying multistable behavior with a
linear system (V) as depicted by equation (3). Remark that
the choice of scalar control was guided by recent results of
control and synchronization on chaotic systems [66, 67].
Indeed, it has been demonstrated that control and syn-
chronization of the chaotic system using scalars offer great
flexibility than vectors. In fact, the drawback of using vector
than scalar for control or synchronization is that the full
states of the systems are involved in the process. When these
full states of the systems are used, the energy and resource
consumption are high.
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FiGuRre 3: Three-dimensional projections of the coexisting attractors in the (x (0), x, ¥) plane. (a) Coexistence of four different attractors (a
pair of chaotic attractors and a pair of period-2 limit cycles) for = 53.8. (b) Cross sections of the basin of attraction for z(0) = 0,
corresponding to the asymmetric pair of period-2 cycles (black and blue) and the pair of chaotic attractors (red and green). Yellow regions

correspond to unbounded motion.

X =F(X)+4V,
Jl (3)

V =—4V -8(X -E).

In this equation, X = F(X) represents a standard form
of a nonlinear dynamical system, X is an m-dimensional
vector of the system variable, and F(X) is the vector field
on which it is associated. Parameter § represents the
connection weight which enables to link the nonlinear
system and the linear one. Vector V stands for the dy-
namics of the linear system V = —4V, where # represents
its decay parameter. When the controller is off, i.e., § = 0,
the linear system tends to zero with an exponential fol-
lowing a decay rate 6.

E represents another key parameter of controlled
Chua’s oscillator which will be used to track the wished
stable state. It is generally selected at the neighborhood of
the equilibria of the uncontrolled system [47]. These stable
states, which can originate from unstable equilibria, are
checked by certain sets of invariants, i.e., coexisting
attractors and existing fixed points. The fixed points are
found either in the center of the coexisting attractors or
lying on the boundary separating the basins of attraction
of the stable state. Then, by considering vector E identical
with one of the unstable fixed points, one can obtain the
death of some of the coexisting stable states through
merging crises when increasing coupling/connection
weight between the coupled oscillators. For superior
values of the connection weight, only one surviving
attractor is obtained which enables the system for chosen
parameter sets to turn from multistable to a monostable
one. The controlled scheme presented above is now used
for Chua’s oscillator. Coupling is applied along the x
variable with the coupling strength § as depicted in the
following equation:

’dx 3
E=koc(y—x—ax —bx)+6v,
Ccll—)t/zk(x—y+z),

1 (4)
dz
pri k(=By - y2),

A%=—;1v—6(x—£).

The equilibrium points of controlled Chua’s oscillator
are obtained by solving the following equation:

koc(y—x—ax3—bx)+8v=0,

k(x-y+2)=0, 5)
k(-By -yz) =0,
-nv—948(x—¢)=0.

After some algebraic manipulations, we obtain the ex-
pression of the equilibrium points as follows:

_ Xy -xXp 0 _
E = > > > T - > 6
123 (x}/+ﬁy+ﬁ ’7(x S)) (6)

where X is obtained by solving the following equation:

E3+z 1+b+8—2—L - O =0 (7)
a kan y+p) akan

Considering  p = (1/a)(1 + b+ (8*/kan) — (y/y + p))
and g = — (8%¢/akan), equation (7) becomes

%3+Ep+q=0. (8)



The roots of (8) can be derived using the Carda-
no-Tartaglia method. According to the Cardano discrimi-
nant [68, 69], if A >0, there is a real root and two complex
roots. Since the fixed point cannot be a complex number,
one equilibrium point exists.

-1+iV3_, ~ -1-iV3_ | —~
E‘):%\/—X _g+ A+T“/—X ‘%_ A
(9)

lei/—%+ \/Z+\3/—g—\/z, (10)
5, = V3 —21‘\/§X {/—g+ \/Z+_1+Th/§x \3/—%— VA,
(11)

where A = (g/2)* + (p/3)°.

If A = 0, equation (8) would have two real roots. Finally,
if A<O0, there are three real roots in equation (8), which
manifests that controlled Chua’s oscillator has three
equilibrium points and can be obtained from equations
(9)-(11). The rest of the circuit parameters are the same as
those used in Figure 3. The stability of controlled Chua’s
oscillator is provided in Table 1. As it can be seen from
Table 1, for some discrete values of the controller coeffi-
cient, controlled Chua’s oscillator, under the consideration,
conserves its stability, hence its ability to generate self-
excited attractors because of the unstable nature of its
equilibria. It is found that when the coupling strength is
null, there are three values of X, among which the origin S,
and a symmetric pair S, ,. When the coupling strength is
increased, S; remains uniform, while S, and S, are attracted
by decreasing (resp. increasing) the value of the equilib-
rium points S, and S,.

4.2. Control of Multistability in Chua’s Oscillator. An illus-
trative example of the linear control method is shown in
Figure 4 using the two-parameter diagram and corre-
sponding standard Lyapunov stability diagram in the pa-
rameter space (J, 8). The integration method adopted here is
identical with the one used in the previous section. Cyan
color is tied to periodic oscillations, while magenta color is
tied with chaotic motions. Good accordance is observed
between two-parameter diagrams (left) and corresponding
standard Lyapunov stability diagrams (right). The diagrams
are obtained by sweeping upward (Figure 4(a)) and
downward (Figure 4(b)) both control parameters. From a
general point of view, it can be seen that, on both diagrams,
four regions, namely, (RI), (R2), (R3), and (R4), can be
observed. Regions (RI), (R2), and (R3) correspond to the
set of parameters for which the model displays hysteretic
dynamics which gives birth to the phenomenon of coex-
istence of multiple stable states, whereas (R4) represents
the set of parameters in which the model displays
monostable dynamics, in other words, absence of multi-
stability. These diagrams are very important since they
enable the engineer to have a general overview on the
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dynamics of the multistable oscillator when the bifurcation
parameter and the controller coupling strength are both
varying.

Since coupling is introduced along the “x” variable, we
fix €=2.1438 which is one among the two nontrivial
equilibrium points. When increasing the control param-
eter § in the range [0 — 0.5] as it can be seen in
Figure 5(a), four sets of data are superimposed in the
bifurcation diagram. Each set of data (marked by red,
black, blue, and green colors) corresponds to the route
followed by each attractor during the control mechanism.
As depicted in Figure 5(a), three crises enable all the
plotted routes to merge along the one in black for higher
values of the coupling strength. In region (DI) of Figure 6
and for very small values of § (i.e., § = 0.05), four attractors
coexist including two chaotic attractors (red color and
green color) with two periodic attractors (black color and
blue color).

At the upper boundary of (DI), the diagram in red
(chaotic one) undergoes a merging crisis (first crisis) and
blends with the diagram in blue. In region (D2), because of
the previous merging crisis, there are only three distinct
diagrams that follow their bifurcation sequences (see region
(D2)). For a discrete value 6 = 0.15, we have the coexistence
of three disconnected attractors, involving a period-2, pe-
riod-3, and period-4 limit cycle as presented in Figure 6(a).
The demarcation region of each coexisting attractor in re-
gion (D2) is provided in Figure 6(b). As it can be observed
from Figure 6(b), the basin in blue has already absorbed the
one in red, while the basin in black has started to absorb the
one in green. At the upper boundary of (D2), a crisis (second
crisis) enables the diagram in green displaying period-3 limit
cycle to merge with the diagram in black. In region (D3), we
observe the superposition of two diagrams including a pe-
riodic and chaotic one.

In this region for a discrete value § = 0.3, Chua’s os-
cillator displays coexistence of a period-2 limit cycle with an
asymmetric chaotic attractor (see Figure 7(a)). The basin of
attraction associated with each coexisting attractor is
computed and plotted in Figure 7(b). From this basin of
attraction, it can be observed that the basin in black has
already absorbed the one in green. At the upper boundary of
(D3), a crisis (third crisis) enables the diagram in blue
displaying chaotic behavior to merge with the diagram in
black. In region (D4), when the critical value § = 0.34, all the
diagrams have already merged with the black one, and the
control goal is achieved as depicted in region (D4) when “¢”
is fixed as € = 2.1438. We can say that the route followed by
the black diagram (see Figure 7(b)) is a magnetized route
that attracts towards it all the other routes as the control
parameter is increased.

As it can be observed in Figure 5(b), only two crises
enable the control of the multistability around the origin
(¢ =0). At the upper boundary of (DI), the first crisis
enables the diagram in green to merge with the diagram in
black. At the same time, the diagram in red merges with the
one in blue. As presented in (D2), only a symmetrical pair of
attractors coexists. At the upper boundary of (D2), the two
coexisting diagrams undergo a symmetric restoring crisis
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TasLE 1: Equilibrium points of controlled Chua’s oscillator, the corresponding eigenvalues, and their stability for some discrete values of the

control parameter.

Control parameter Equilibria Eigenvalues and stability
So = (0,0,0,0) 31.0919, —0.1366 + 7.2485i, and —1.0 (unstable saddle focus (USF))
6=0 S, = (2.1438,-0.0303,-2.1741,0) 22.6662, —0.2218 + 7.2061i, and —1.0 (unstable saddle focus (USF))
S, = (—2.1438,+0.0303, +2.1741, 0) 22.6662, —0.2218 + 7.2061i, and —1.0 (unstable saddle focus (USF))
S, = (2.1438,-0.0303, -2.1741, 0) 22.6645, —0.2218 + 7.2062i, and —0.9983 (unstable saddle focus (USF))
6=0.2 So = (—0.0304, 4.3e — 04, 0.0308, 0.4348)  31.089, —0.1366 + 7.2485i, and —0.9987 (unstable saddle focus (USF))
S, = (-2.1134,0.0299, 2.1433,0.8514) ~ 22.9005, —0.2188 + 7.2081i, and —0.9983 (unstable saddle focus (USF))
S, = (2.1438,-0.0303,-2.1741,0)  22.6596, —0.2220 + 7.2064i, and —0.9930 (unstable saddle focus (USF))
§=04 Sp = (-0.1273,0.0018,0.1291,0.9084)  31.0571, —0.1369 + 7.2485i, and —0.9949 (unstable saddle focus (USF))
S, = (-2.0165,0.0285, 2.0450, 1.6641) 23.6260, —0.2098 + 7.2136i, and —0.9933(unstable saddle focus (USF))
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FIGURE 4: Two-parameter diagram (left) and the corresponding standard Lyapunov stability diagram (right) in the (6, ) plane when
increasing (a) and decreasing (b) both control parameters. Both diagrams show the effectiveness of the controller in the coexisting region for
& = 2.1438. Other parameters are those of Figure 1.
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FIGURE 5: Bifurcation diagrams showing local maxima of the state variable x versus the control strength ¢ in the range [0 0.5] of the
controlled system (see equation (4)) showing multistability control with selection of attractors for different values of . Four separated
diagrams are superimposed when increasing the coupling strength & for four different initial conditions. Red is obtained with
(-0.56;0;0;0), the one in black is obtained for (1.6;0;0;0), blue is obtained with (-1.6;0;0;0), and the one in green is obtained for

(0.56;0;0;0). (a) For e = 2.1438, (b) for ¢ = 0, and (¢) for ¢ = —2.1438. For these diagrams, # = 1 and 8 = 53.8. Other parameters are those of
Figure 1.
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FIGURE 6: (a) Coexistence of three asymmetric periodic attractors showing multistability phenomenon with the basin of attraction (b) in the
plane (x(0), y(0)) when § = 0.15.
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F1GURE 7: (a) Coexistence of an asymmetric chaotic attractor with a asymmetric periodic-2 limit cycle showing multistability phenomenon
with the basin of attraction (b) in the plane (x(0), y(0)) when § = 0.3.
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F1GuRre 8: Basin of attractions in the plane (x (0), y (0)) for § = 0.15 (resp. § = 0.3) showing magnetization toward a unique stable state when

the coupling strength is increased according to Figure 5(c).

and give birth to a unique diagram as depicted in region
(D3).

Now, when tacking the other nontrivial equilibrium
point (e = —2.1438), the surviving attractor, when moni-
toring the control parameter, is obtained after three crises.
These crises enable all the diagrams to finally merge with the
diagram in blue. The details of this control process through
merging of the diagrams are not provided for the sake of
brevity. However, in Figure 8, we have provided some basins
of attraction to illustrate merging of the basins of attraction.
In Figure 8(a), the black diagram of Figure 5(c) has already
merged with the green one. For that same value, the diagram
in blue starts to absorb the one in red. In Figure 8(b), the

diagram in blue has already completely merged with the red
one, and only two coexisting attractors remain.

For § = 0.5, we have provided the unique attractors
which have survived through the control scheme exhibited
by Figures 5(a)-5(c) in Figure 9(a) and their corresponding
basin of attraction in Figure 9(b). It is found that when the
control, the techniques described in Figure 5(a), is exploited,
the attractor in black is selected. When the control, the
techniques described in Figure 5(c), is used, the attractor in
blue is selected, and the control method displays by Figure
5(b) is used, the attractor in magenta is selected. These
results clearly demonstrate that it is possible to target
attractors based on steady points of the uncoupled system.
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FIGURE 9: (a) Three-dimensional projections of the surviving stable states in the plane (¢, x, y) for the typical value of the coupling § = 0.5 for three
distinct values of the equilibrium points, namely, Sy and S, ,. (b) Cross sections of the basin of attraction for z (0) = 0, corresponding to the domain
of initial conditions which enable to obtain each attractor of Figure 9(a) in magenta color. Yellow regions correspond to unbounded motion.

Also, it is worth to emphasize here that the result of the
multistability control of up to four coexisting attractors in
Chua’s system addressed in this work has never been pre-
sented before and thus merit to be shared.

5. The Circuit Implementation

In this part of our work, the aim is to be able to set up an
analog circuit that will allow us to make a comparison
between the theoretical/numerical results obtained previ-
ously and the experimental results [8, 10, 27, 61, 70, 71]. The
circuit diagram that allows us to perform various simula-
tions in PSpice software is presented in Figure 10. The circuit
of controlled Chua’s oscillator is designed using four ca-
pacitors C,,C,,C5, and C,, several resistors, eight op-amp
TL082CD, a constant DC source, and two multipliers, which
can be implemented practically using AD633]N versions of
the AD633 four-quadrant voltage multiplier chips used to
implement the nonlinear terms of our model. The signal (W)
at the output is related to those at inputs X, (+), X, (-),
Y, (), Y,(0), and Z(W = (X, - X,) (Y, = Y,)/10) + 2).
The circuit equation using KirchhofF’s electrical circuit laws
can be obtained as

[ dx 1 1 1 1
Ce—=—(-v+—X+—X|+—V,
dt R, Ry Ryy Ry

dy 1
—=—(-X+Y-2),
2 dt R( i )
; (12)
dz (1 1
C3—=(—Y+—Z),
dt \R;" R,
av 1 1
Cpr=——V-——(X-V,).
4dt Rn Ré‘( S)

SettingC, =C, = C; =C, =C =5nF, R = R; = 100KQ
except Ry, Ry, Ry, Rg, R;, and R; and adopting the rescale
of time t = 7RC and variables, X =1V xx, Y =1V x y,
Z =1V xz,and V = 1V x v, system (12) is the same with the
one given in equation (4) with the following expression of
parameters:

R
R, = — = 6.024KQ,
(04
R
Ry =—=133.178 KQ,
Y
R
Rg = E = 1.85KQ,
R
R, = —=2662.533 KQ,
a (13)
R
Rb+1 = ﬁ = 631078 KQ,
R
R, =—=100 KQ,
n
V,=1V x¢,
R
R5 = g

When the controller is OFF (Ry — o0 or § = 0), the
circuit implementation of controlled Chua’s oscillator dis-
plays the phenomenon of the coexistence of up to four
disconnected attractors as depicted in Figure 11. Thus, this
result enables to support the fact that the previous obtained
results on the coexistence of attractors in Chua’s oscillator
were not artifacts. When the controller is ON for
R = 180 K(, selection of the attractor in controlled Chua’s
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Figure 10: Schematic of Chua’s oscillator coupled with the linear dynamical system.
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Figure 11: Continued.
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FIGURE 11: Phase portraits showing the coexistence of four different attractors using PSpice simulation (a pair of periodic and a pair of

chaotic) for Ry = 133.178 KQ; initial conditions are (+4.3V, £0.11V,0V) for the chaotic pair and (+4.3V, +0V, +0V) for periodic
attractors.
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FIGURE 12: Phase portraits showing the unique surviving asymmetric and symmetric attractors for different values of the equilibrium points
of the uncontrolled oscillator using PSpice simulation: (a) for V, = 2.1438 V, (b) for V, = —2.1438V, and (c) for V, = 0 V. Parameter

Ry = 180 KQ, with initial conditions (4.3VOV,0V,0V).

oscillator occurs. For example, when R;=180KQ and
V, = 2.1438V, the attractor in Figure 12(a) is selected. When
Rs; =180KQ and V,=-2.1438V, the attractor in
Figure 12(b) is selected. Finally, when Ry = 180 KQ and
V,=0V, the pair of the symmetric attractors of
Figures 12(a) and 12(b) merges and gives the double-band
chaotic attractor of Figure 12(c). Besides each selected
attractor, its corresponding frequency spectrum is provided
to further support the nature of the attractor.

6. Conclusion

This paper focused on selection of the coexisting attractor in
multistable Chua’s oscillator with a smooth nonlinearity.
The choice of paradigmatic Chua’s oscillator system within

this work is based on the fact that it possesses three equi-
librium points and thus opens the possibility to target or
select a specific coexisting attractor located around unstable
equilibria. Remark that the previous studies which focused
on the multistability control were done on the system having
three, four, and five coexisting attractors and only one
equilibrium point [2, 3, 44, 50]. Based on linear augmen-
tation, the unique equilibrium point excludes the possibility
to target a coexisting attractor. This is why based on usual
nonlinear techniques exploiting bifurcation diagrams,
standard Lyapunov exponents, phase portraits, and cross-
section basin of initial conditions, we show the possibility to
control multistable Chua’s oscillator (with three equilibria)
towards three monostable states depending on the choice of
the equilibrium point used during the linear augmentation.



14

These results clearly demonstrate that it is possible to select a
coexisting attractor based on steady points of the uncoupled
system such as predicted by Sharma et al. [47], where only
bistable systems were investigated.
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This paper presents a brief review on the current applications and perspectives on the stability of complex dynamical systems, with
an emphasis on three main classes of systems such as delay-free systems, time-delay systems, and systems with uncertainties in its
parameters, which lead to some criteria with necessary and/or sufficient conditions to determine stability and/or stabilization in
the domains of frequency and time. Besides, criteria on robust stability and stability of nonlinear time-delay systems are presented,

including some numerical approaches.

1. Introduction

The importance of complex dynamical systems has been
increasing dramatically since many real world applications
have adopted this behavior. Some of them have become
special areas of study such as smart grids [1-5], autonomous
vehicles [6-10], biological systems [11-17], distribution
networks [18-23], social interaction [24-27], communica-
tion systems [28-30], and animal monitoring [31-34],
among others.

Among the structural properties in complex systems,
controllability and observability are still discussion topics for
a wide variety of dynamical systems, from classic linear time-
invariant systems to other more complex families such as
infinite-dimensional systems, stochastic systems, and hybrid
systems, among others. This problem increases when they
are subject to a large amount of connections, in which a
classic handling is very difficult such as in complex networks
[35], where the connection properties, such as symmetry
[36, 37], and some computational tools have been developed
to determine these properties [38].

In the case of stability of complex systems, two important
aspects to consider are the time-delay between nodes (or the
possible presence of time delay in the internal dynamics) and
the robustness of the system (connection and internal) due
to parametric variations. On the one hand, the time-delay
induces infinite-dimensional dynamics whose equilibrium
stability is still an active topic of research for, both, stability
analysis itself and the use of the delay as a stabilizing element
[39]. On the other hand, the parameter variations in a system
demands a special stability treatment which has motivated
some significant results such as Kharitonov’s theorem [40]
or H_, loop shaping in control design [41].

In this article, a stability review for a class of systems
subject to parameter variations and time delays is addressed.
The review includes a definition of the dynamics of a family
of nonlinear time-delay systems, a brief historical outlook of
the stability study development, and then it gives some
approaches in time and frequency domain, as well as a
numerical analysis to provide the stability operating regions.
Then, the robustness aspect of stabilizing controls is dis-
cussed on the realm of Hurwitz polynomials families.
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Finally, some perspectives of applications demanding these
approaches are briefly provided.

2. Stability and Stabilization of Linear Systems

Characteristic root locations of linear systems or linear delay-
free systems are completely related to system stability. The
same criterion holds for linear time-delay system. Further-
more, many of the concepts and criteria for determining
stability on time-delay system (TDS) are extensions or ad-
aptations of the results initially proposed for linear delay-free
systems. Accordingly, it is considered relevant to briefly
address some classic stability criteria for this type of system.

In this section, some concepts and criteria regarding the
stability of linear systems are analyzed. The section is divided
as follows. In Section 2.1, the concept of stability in linear
systems is addressed, Section 2.2 presents what can be the
objectives in the stabilization of linear systems, and, finally,
in Section 2.3, Kharitonov’s theorem is analyzed and some
families of polynomials to illustrate the importance of
studying the stability in systems with uncertainties in the
parameters are given.

2.1. Stability of Linear Systems. Lyapunov’s doctoral thesis
was perhaps the first systematic work on the subject of
stability [42], although the study of stability theories was
started by Maxwell, around 1868, in his work “on governors”
[43]. Lyapunov presented a general definition of stability
which referred to the stability of a solution of a differential
equation, not necessarily at the equilibrium point.

Before Lyapunov, there were works that tried to explain
the stability phenomenon in applications; it is worth
mentioning the works of Lagrange and Dirichlet [44-48].
After Lyapunov’s work, new concepts appeared such as
uniform, global, exponential, and quasi asymptotic stability,
among other types of them. In the following, some of the
best known criteria for determining the stability of linear
systems will be briefly mentioned.

A way to determine the asymptotic stability of contin-
uous time-invariant systems is characterized by its eigen-
values. If all eigenvalues lie into open left half plane C~, then
the system is stable. A polynomial p (s) that satisfies that all
its roots are in C~ is called a Hurwitz polynomial or stable
polynomial. Routh and Hurwitz showed, in independent
works, that the stability of a matrix system could be de-
termined by means of the coefficients of its characteristic
polynomial. Their results are currently presented under the
so-called Routh-Hurwitz criterion (see [49, 50]) and can be
considered as a numerical criterion. In view of that, it is
reduced to the calculation of determinants. Another useful
approach used to test the stability is the Hermite-Biehler
criterion [51, 52], which can be considered as an algebraic
criterion, which expresses the stability in terms of even and
odds parts of the characteristic polynomial. A pair of
polynomials u and v are said to be a couple positive if the
principal coeflicients of u and v have the same sign and the
roots y; of u and v; of v alternate orderly on the real axis, i.e.,
are real, distinct, and negative and satisfy the interlacing
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property. So, the Hermite-Biehler theorem states that a
polynomial p(x) that can be written in the form p(x) =
f(x%) + xg(x?) is stable if and only if f and g are a couple
positive (see [49, 50], for details). There are others non-
common stability criteria; it is worth mentioning some of
them. The Lienard-Chipart conditions [53] reduce the
positivity evaluation of the main minors of the
Routh-Hurwitz criterion to half.

The Leohnard-Mihailov criterion [54], which expresses
the stability in geometric terms, analyzes the argument of the
complex polynomial p (iw) associated with the characteristic
polynomial p of the system. Routh’s scheme gives rise to a
recursive algorithm for testing the stability called Hurwitz
stability test. Other approaches consider the Bezoutiant or
the Cauchy indexes to verify stability of polynomials; for
details, see [49, 50, 55].

Not less important are those systems, where uncertainty
is considered and incorporated through parameters. The
robust stability of parameter uncertainty systems and the
families of polynomials are associated with them, and it is
addressed in the subsequent sections.

2.2. Stabilizing Controls. In this section, the relation between
stabilizing feedback and some families of Hurwitz polyno-
mials is explained. Consider the controllable system:

%(t) = Ax(t) + bu(t), (1)

x,be R" and the controllable pair (A,b) is given in the
canonical form:

0 1 0 0
0 0 1 0
A= ,
0 0 0 - 1
I S B B
0 (2)
0
b=
0
1

Note that the open-loop polynomial is given by
po(s)=s"+a;s" +.--+a,
Now, let us define the feedback control u as follows:

u(t) = ke x(t), (3)

where ¢ € R" and k> 0. Then, the closed-loop polynomial is
given by

p(s)=s"+as" " +a," P+ ta,+k
n—1 n—2 (4)
~(cls + ¢, +-~+c,,).
Let us denote pf(s)=c;s" '+ +cys" 240+,
Then, p. (s) = py(s) + kpZ (s). Now, let us suppose that the
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p: (s) is a Hurwitz polynomial. When k — o0 a closed-
loop eigenvalue, say A, satisfies (A,/k) — - ¢;, the other
eigenvalues converge to the zeroes of p* (s), that is, when
k> 1, feedback (3) is a stabilizing control (see [56, 57]).

Also note that when k> 1, then high control gains kc”
are induced in the feedback (3); hence, feedback (3) is a high-
gain feedback. There are several studies to analyze the
properties of high-gain controls (see [56-64]).

Returning to the analysis of the closed-loop polynomial
P (s) = po(s) +kp; (s), it can be seen that p,(s) is not
necessarily Hurwitz for all k > 0, even when p,, (s) is Hurwitz
and ¢ € R"is chosen such that p} (s) is a Hurwitz polynomial
(see [65-67]).

The last observation is illustrated with the following
example, which was presented in [67].

Consider the system:

0o 1 0 0
x()=1 0 0 1 |x(®)+]| 0 |+(-65k,—3k,—k)x(t).
-5 -11 -7 1

(5)

Here, p,(s)=s+7s*+1ls+5= (s+1)*(s+5) and
pr(s) =s*+3s+65, py(s) and p’ (s) are Hurwitz poly-
nomials. However, p,(s) + kp (s) is not a Hurwitz poly-
nomial for k € [3, 8]; hence, the importance of have methods
for choosing vectors ¢ such that u(t) = —kc'x(t) is a sta-
bilizing control. Consequently, it is necessary to study the
Hurwitz stability of the ray of polynomials p,(s) + kp (s)
with k> 0.

In the next section, a technique in terms of rays and
segments of polynomials is presented.

2.2.1. Relation between Stabilizing Controls and Rays and
Segments of Hurwitz Polynomials. As can be observed
above, the control u(t) = —kcTx (t) is a stabilizing feedback
if and only if the ray of polynomials p, (s) + kp (s) is a ray
of Hurwitz polynomials. On the contrary, there is an obvious
relation between Hurwitz rays and Hurwitz segments of
polynomials: if p,(s) + kp (s) is a Hurwitz polynomial,
then (1/1+k)p,(s)+ (k/1+k)p; (s) is a Hurwitz poly-
nomial, which implies that the Hurwitz stability of the ray
Po(s) +kp? (s) is equivalent to the Hurwitz stability of the
segment of polynomials [p,(s), p (s)].

The problem to establish conditions on the Hurwitz
polynomials f,(s) and f,(s) such that the segment of
polynomials determined by f (s,A) = Af(s) + (1 - A) f, (s)
is Hurwitz stable for all A € [0,1] has been studied with
different approaches (see [65-73]). The first reported work
about this subject is Bialas’s paper [68]. Bialas’s theorem says
that if f,(s) is a Hurwitz polynomial and
deg(f,)>deg(f,), then f(s,A) is Hurwitz for all A € [0, 1]
if and only if the matrix H™! (f,)H (f,) has no eigenvalues
in (-00,0), where H(p) is the Hurwitz matrix of the
polynomial p (see [68, 74, 75]).

Other method which is known as the segment Lemma
was obtained by Chapellat and Bhattacharyya (see [76, 77]).
The segment lemma is an approach that presents conditions

in the frequency domain. Based on the segment lemma, a
computational algorithm was developed in [71] for testing
the Hurwitz stability of segments of polynomials. On the
contrary, Bose developed a technique to check the stability of
segments of complex polynomials [78].

Based on Bose’s test, in [69], a test for checking the
stability of segment of complex polynomials was obtained.
Another computational method is presented in [79]. Suf-
ficient conditions to guarantee the Hurwitz stability of
segments were obtained by Rantzer (see [72, 80]). On the
contrary, an approach, where sufficient conditions in terms
of matrix inequalities for checking the Hurwitz stability of
segments of polynomials, has been presented in [65-67, 73].
The explanation of the aforementioned approach is the
following: let f,(s) =s"+a;s" ! +---+a, be a Hurwitz
polynomial.

Consider the matrix E € M, defined by

nn—1)

a -1 0 0 0 0
-a; a, -a; 1 0 0
as —a, az; —a, --- 0 0
Eunn = : : : oL : » (©
0o 0 0 O a, | —Q,
0 0 0 O 0 a

1 0 0 O 0 0
-a, a -1 0 0 0
a, —as a, —a; --- 0 0
Doy = L : - O
0 0 0 O a, 5, —0, 3
0 0 0 O -a, a,

Now, let f,(s) =c;s" ' +¢,s" 2 +---+c, be an arbi-

trary polynomial of degree n — 1 with positive coefficients. If
the vector (c,,¢,,...,c,)" satisfies the system of linear in-
equalities E,, ;,cz0 or D, ;)c20, then Af,(s)+ (1 -
M) f1 (s) is Hurwitz for every A € [0, 1] (here the symbol >0
(< 0) means that the components of a vector are nonnegative
(nonpositive) and the symbol Z means that all of the
components of a vector are nonnegative, but there is at least
one positive component).

Other interesting references about segments of Hurwitz
polynomials are the works [74, 76, 81-86]. Besides, in re-
lation with Hurwitz polynomials, it is worth to consulting
paper [87].

2.3. Robust Stability. The presence of several uncertain
parameters in description of a LTI system manifests itself as
variations in the coefficients of the characteristic polynomial.
The determination of stability and stability margins under
parametric uncertainty, structure uncertainty itself included,
is the main purpose of the robust stability.



Perhaps, the most famous result about the Hurwitz
polynomial families is the Kharitonov theorem, which is
related to the interval-type polynomials. This section pres-
ents this theorem and addresses some related results.

2.3.1. The Kharitonov Theorem. The problem of stability
under large parameter uncertainty was strongly promoted
with the advent of a remarkable theorem due to the Russian
control theorist V. L. Kharitonov.

Consider the interval family of polynomial defined by

P(s) = a tas+ s+ +as (8)
where
oy € [ag. byl a; € [a,by],...,a, € [a,Db,]. 9)

Consider the following four elements of the family,
named the Kharitonov polynomials:

k' (s) :(ao +as+b,s" +b, +ast+ags ..

>

>

K (s) = (ao +bys+bys’ +a;8° +ayst +bis + . (10)

~—" — ~—

K (s) = (bo +a;s+ays +bys +byst +ags £

K (s) :(bo +bs+a,s’ +ays +byst +bss + .. )

Kharitonov’s theorem establishes that every polynomial
in families (8) and (9) is Hurwitz if and only if the four
Kharitonov polynomials 10(10) are Hurwitz. This result has
been the motivation of different extensions, alternate proofs,
and applications to some classes of families of polynomials,
for instance,

(i) The problem to find conditions for family (8) to be
Hurwitz was planted by Faedo [88]

(ii) The original proof was given by Kharitonov in [89],
but different authors have presented other proofs
(see [70, 77, 90-93])

(iii) Kharitonov extended his result to the complex case
in 1979 [94]

(iv) Generalizations of Kharitonov’s theorem are pre-
sented in [56, 95, 96]

(v) Applications of Kharitonov’s theorem can be con-
sulted in [97]

(vi) Recent information about Interval Families and
Kharitonov’s theorem was published in papers
[65, 98, 99]

The appearance of Kharitonov’s theorem led to a re-
surgence of interest in the study of robust stability under real
parametric uncertainty. In Section 2.2, some results related
to stability of certain families of polynomials such as the
segments and the rays of polynomials were mentioned. Some
other families worth mentioning are the ball of stable
polynomials and polytope of polynomials. The ball of stable
polynomials is a way of characterizing the largest region
where the stability of a family of polynomials is preserved.
Soh et al. [100] in 1985 adopted a point of view opposite to
Kharitonov. Starting with an already stable polynomial p (s),
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they gave a way to compute the radius of the largest stability
ball in the space of polynomial coefficients around p. The
estimation for the l,-norm stability ball in the space of
coefficients was calculated by Soh et al. For I -norm, the
calculation was realized by Tsypkin and Polyak [101].

Otherwise, the main robust stability result related with
polytope of polynomials is the celebrated Edge theorem of
Bartlett et al. [102], which considers more general stability
regions, and it is not restricted to Hurwitz stability. They
considered a family of polynomials whose coefficients vary
in an arbitrary polytope: p(s) = a;Q, (s) +a,Q,(s) +-+- +
a,,Q,, (s) on R™!, with its edges not necessarily parallel to
the coordinate axes as in Kharitonov’s problem. They proved
that the root space of the entire family is bounded by the root
loci of the exposed edges. In particular, the entire family is
stable in and only if all the edges are proved to be stable. The
key idea behind this result is that we can reduce a multi-
dimensional uncertainty problem into a finite number of
one-parameter problems whose solution requires less effort.

One of the most used tools in the analysis of robust
stability in families of polynomials, where the coefficients
depend continuously on a set of parameters, is the Boundary
Crossing theorem and its computational version the Zero
Exclusion principle. Consider a family of polynomials F (s, p)
of degree n, where the real parameter p ranges over a
connected set Q. If it is known that one member of the family
is stable, a useful technique of verifying robust stability of the
family is to ascertain that F (jw, p)#0 for all p € Q,w € R.
This can also be written as the zero exclusion condition
0 ¢ F(jw,Q),forallw € R. This zero exclusion condition has
been exploited to derive various types of robust stability and
performance margins.

3. Stability and Stabilization of
Time-Delay Systems

This section begins with a brief classification of nonlinear
TDS, followed by a recurring classification in which the
nonlinear TDS has a nominal part (linear part). The above
allows to show basic and pillar results existing in the lit-
erature for the stability and stabilization analysis of linear
TDS in two domains, frequency and temporal. Although it is
typically believed that an analysis in the frequency domain is
only limited to linear systems, recent results have shown that
a study on polytope of quasi-polynomials (generalized
characteristic quasi-polynomial) can determine stability
conditions for a class of nonlinear TDS. Furthermore, in the
time domain, the use of complete type Lyapunov-Krasovskii
functionals can provide necessary and sufficient stability
conditions for a class of linear TDS, while reduced type
functionals only give sufficient conditions.

The understanding, analysis, and prediction of the dy-
namics of a system are topics that generate considerable
interest in the scientific community. When this system
presents nonlinearities and delays in its structure, the useful
information is even richer, since it is more consistent to the
dynamics observed in the systems/processes/prototypes of
the physical world. These types of systems are known as
nonlinear time-delay systems or nonlinear systems with
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delays. Sometimes, nonlinear dynamics are phenomena that
often introduce unpredictable chaotic behaviors into a
system, whereas the delays are due to the fact that the rate of
varjation in the system dynamics depends on past states,
which implies an analysis in an infinite-dimensional space,
and this is in mathematical terms. Thus, the dynamics
observed in communication networks [103-105], tele-
operation [106, 107], chemical processes [108], population
dynamics [109], biological phenomena [110], game theory
and economic applications [111, 112], unmanned aerial
vehicles [113], haptic interfaces [114], and robotic systems
[115, 116], among others, can be mathematically modeled
using nonlinear time-delay systems.

The nonlinear TDS are usually represented by functional
differential equations (FDEs) also known as delay differ-
ential equations. Among functional differential equations,
one may distinguish some particular classes as retarded
functional differential equations (RFDEs) (or functional
differential equations of retarded type), neutral functional
differential equations (NFDEs) (or functional differential
equations of neutral type), distributed functional differential
equations (DFDEs) (or functional differential equations of
distributed type), and differential-difference equations
(DDEs). For illustrative purposes and to characterize the
research space of the FDEs, the form of RFDE with one delay
is presented below:

x(t) = f(t’ xt)’
x(0) = ¢(0),

where f: R* x € — R" is continuous and satisfies a local
Lipschitz condition regarding the second element of the
argument. For >0, denote by x (t,¢) € R" the system so-
lution with initial function (condition) ¢ € €, and by
€= C([-7,0],R") the Banach space with norm
I$ll, == maxge_, ¢ (O)ll. Here, || - || denotes the Euclidean
norm. As a natural extension of the initial function, a so-
lution segment of x(t,¢) in a time interval [t —7,¢] is
denoted by

(11)
0 € [-71,0],

x,=x({t+0)e€C, 0O¢[-1,0] (12)

and called state of system (11). In turn, the above RFDE can

be classified as follows:

(i) Time-invariant RFDE if the first term of the argu-
ment is omitted:

X(t) = f (%),

(13)
or x(t) = f(x(t), x(t - 1)).

(ii) RFDE with multiple delay if 0 = 7)< 7, < - -+ < T, =,
that is,

x(t) = f(tx(@),x(t—1),x(t - 13),..., x(t = 1,,)).
(14)

(iii) State-dependent delay RFDE if 7 depends on state, x:

xX(t) = f(t,x(), x(t —1(x(1)))). (15)
(iv) Time-varying delay RFDE if the delay 7 depends on ¢:
X(t) = f(tx(t), x(t — (1)) (16)

(v) RFDE with distributive delay, also known as DFDE,
if the delay is represented as a continuously distri-
bution and it is not instantaneous:

1) = (2 J:O x(t-9)d9).  (7)

(vi) RFDE with neutral delay or NFDE if the system also
depends on the time derivative of the state:

x(t) = f(txp %)
(18)

or<%) [e(0) - g(6.x,)] = f (6:x,).

(vii) REDE with discrete delay or DDE if 7 is the interval
between the successive sample instants ¢,_; and #,
T=tk+1 _tk = At,k: 1,2,...,Nandt: (N— 1)
Here, 7 is called the sample period, and x;, = x (t —
(N -=k)t) = x(t — (N - k)At) is an N-dimensional
discrete mapping, and using any integral scheme we
obtain

x(t+At) = x(t) + f (x,x,)At,
xq (k+1) = xy (k) + f (xy (k), x; (k))At,

X (k+1)=x,(k+1)+ f(x; (k+1),x,(k))At,

x, =x(t-1)or,

xy(k+1) =xy_; (k+ 1)+ f(xny_; (k+ 1), xy (k)AL
(19)

The above, as well as the possible combinations between
these, are just some types of TDS. Currently, there is a
broader classification of systems that are outside this basic
classification. In addition, each type of TDS needs more
appropriate concepts and descriptions for the research space
and existence and uniqueness of the solution, among others.
For further information, the reader is referred to the fol-
lowing authoritative references [52, 117-127]. Although
these themes are very interesting, the focus of this review is
on stability and stabilization. Therefore, it will be the next
topic to discuss.

3.1. Stability of Time-Delay Systems. Undoubtedly, one of the
most important research topics for the TDS research
community is the analysis of stability. In this context,
obtaining sufficient and/or necessary conditions to deter-
mine when the studied system remains stable or when it
gains and/or loses stability is an important topic for the
community. Furthermore, the knowledge of these condi-
tions allows to solve other problems associated with this



topic such as analysis of robustness/adaptability/uncer-
tainty/perturbation, design of observers, synthesis and
tuning of controllers, determination of attraction regions
estimates, and study of chaotic/hyperchaotic behaviors, to
name just a few, [128-137].

Typically, the stability of the TDS is studied on two main
frameworks: frequency domain and time domain. The
fundamental results were proposed by Pontryagin
[138, 139], Wright [140, 141], Bellman [142, 143], and Cooke
[144] in the 1940s and 1950s. These results are in the fre-
quency domain, which is based on a study of its corre-
sponding characteristic equation (exponential polynomial,
quasi-polynomial, and analytic function with transcendental
terms) to determine the location of its roots in the complex
plane or from the nontrivial solutions of a delayed Lyapunov
matrix function. Later, Razumikhin [145] and Krasovskii
[146] proposed to extend Lyapunov’s results to analyze
stability of TDS in the time domain.

The stability of nonlinear TDS has been studied for
almost 80 years and most of the results proposed by the
research community are about nonlinear systems with a
specific structure. Among which, it is possible to apply
techniques that benefit/facilitate the analysis of the stability
of complex systems around an operating (equilibrium) point
or even in a sector of it. Since, these allow to rewrite exactly
or approximately a complex system in a more accessible
system to study. Techniques such as sector nonlinearity
[147], tangent linearization [148], feedback linearization
approach (Lie derivative) [149, 150], passification [151-154],
backstepping [155-158], immersion and invariance
[159-162], and differential flatness [163-165], among others.
On the contrary, in some cases, a linearization is proposed
around an operating point. While in other cases, the non-
linear systems is represented with a dominant part (domi-
nant linear part) plus nonlinear part is proposed. In this way,
in the nonlinear part, disturbances, nonmodel dynamics,
and parametric variations, among others, are usually in-
troduced. Below, it is a classification of the aforementioned
systems.

Let a nonlinear TDS be given in (11); in some cases, this
system can be represented as

x(t) =L(t,x,)+g(t x,), (20)

where L: R* x € — R" is a linear operator and g: R* x
¢ — R" is a nonlinear operator, both properly defined.
Typically, if g satisfies certain conditions (bounded, Lip-
schitz, and quasi-Lipschitz, among others), then g is con-
sidered as an uncertainty or/and perturbation of the
nonlinear TDS, so the stability analysis of (20) focuses on the
nominal system x(f) = L(f,x,). A classification of the
nominal part L(t,x,) proposed here is as follows:

(1) L(t,x,) =A,(t)x(t) + A, (t)x(t —7) is a linear
time-variant (LTV) delay system of retarded type

(ii) L(t, x,) = Ay (O(®)x (1) + A, (O(t))x(t—1) is a
linear parameter varying (LPV) system with time
delay, where 6 are uncertain time-variant real pa-
rameters which satisfy 8 <6(t)<0
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(iii) L(t,x,) = Apx(t) + A;x (¢t — 7(t)) is a linear system
with time-varying delay, where 0<7(f)<7T and
T(t)<u<, forall t>0

(iv) L(t,x,) = Apx(t) + A;x (¢t — 1) is a linear time-in-
variant (LTI) TDS of retarded type

(V) L(t,x,)=Apx (1) + A x (t —7) + DX (t) + D % (t —7)
is a linear NFDE (linear neutral time-delay systems
or linear time-delay system of type neutral), where
|D;| <1, for any matrix norm |- |

(vi) L(t,x,) = Agx (t) + Ajx(t — 1) + IS DO)x(t +9d
is a linear DFDE or linear distributed time-delay
system; here, D (t) is a continuous matrix on [-7, 0]
of appropriate dimensions

(vii) L(t,x,) = Yy Axx(t—1;) is a LTI-TDS with
multiple delays of retarded type,
0=71y<1;< - <7, =7

To learn more about the systems described above, the
reader can consult the following references [52, 166-169].
Although the nonlinear part g (¢, x,) is also important and
its structure depends on the type of studied nonlinear
system, it is more important to know the studies regarding
the stability of the nominal part. Since the stability of the
nominal part can contribute the obtaining of robust stability
conditions in the presence of the nonlinear part. Therefore,
some research studies on stability analysis of linear TDS in
the frequency domain and time domain are presented below.

3.2. Stability in the Frequency Domain. It is well known that
the analysis of stability and stabilization of a TDS in the
frequency domain is based on a study of its corresponding
characteristic equation to determine the location of its roots
in the complex plane. This concept is inherited from the
stability analysis of delay-free systems, mainly from Hur-
witz’s concept [170, 171]. However, when the delays are
considered in a system, it involves the inclusion of tran-
scendental terms in the characteristic equation, changing the
analysis of a polynomial (free-delay systems) to a quasi-
polynomial (TDS). This complicates the analysis of a finite
number to an infinite number of roots [172], also this
analysis is usually limited to LTI-TDS. However, in contrast
with the time domain, this analysis allows obtaining nec-
essary and sufficient stability conditions; recent results have
shown that an analysis in the frequency domain can be
applied to a class of nonlinear TDS, see [173, 174].

Given a LTI-TDS with multiple delays of retarded type,

X(t) =) Ax(t-1), (21)
i=0
then its quasi-polynomial is of the form

Q(s) = det{sln - i Age " }

k=0 (22)

= Z pk (S)eisrk = Oa
k=0
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where I, is the identity matrix of n-dimension, 0 = 7, <
7)< <T, =T, ppl(s)= Z;ﬁoakjsf, k=0,1,...,m, are
polynomials with real coefficients and deg(p,) < deg(py), i.e.,
ro<tr k=1,...,m. Although Q(s) given in 3.2 has an
infinite number of roots, it is enough to know the location of
the dominant roots as shown below.

Definition 1 (see [166]). The LTI-TDS with multiple delays
of retarded type (21) is said to be o-stable (exponentially
stable) if the system response x (¢, ¢) satisfies the following
inequality:

Ix(t ¢l <Le”"ligll,, =0, (23)

where L >0, 6>0, and ¢: [-7,0] — C([-7,0],R") is the
initial condition.

Under consideration, for LTI-TDS of retarded type, the
exponential stability and asymptotic stability are equivalent.

Definition 2 (see [166]). Consider the quasi-polynomial 3.2,
0 € R a positive constant and

So = jf{}ﬁfgo{Re{sj} |Q(s;) = 0.5; € C}’ (24)
where Re{s j} denotes the real part of s;. Then, the LTI-TDS
with multiple delays of retarded type (22) is o-stable if s, < — o
(relative stability, [175]).

As can be seen in the above definitions, the stability of an
LTI-TDS with multiple delays depends on the dominant roots
of 3.2, which determine the abscissa —o (spectral abscissa) or
vertical line on —¢ in the complex plane. Furthermore, the
roots have continuous variations with respect to parametric
variations of the system. This is known as continuity property.

Theorem 1 (see [176]). If the matrices Ay or the delays 14,
k=1,2,...,m, are varied, then a loss or acquisition of ex-
ponential stability of the solution x(t,¢) of LTI-TDS with
multiple delays (21) is associated with the dominant roots of
the quasi-polynomial (22).

This allows to obtain conditions of robustness when
there are parametric variations and also the design and
tuning of control laws for s-stabilize TDS are as shown in
Section 3.4.

However, in the framework of TDS stability in the
frequency domain, there are many results/criteria; among
the first and most important are the following:

(i) The Pontryagin criterion [177] is considered as one
of the most general analytical criteria, and it gives
necessary and sufficient conditions for the stability of
(22). However, it has strong limitations and may
become very complicated for systems with more
than one delay.

(ii) The Yesipovich-Svirskii criterion [178] is for systems
with one discrete delay. The necessary and sufficient
condition of the stability of (22) is given by means of
the expression:

7
1 dIm{F (u;)}
%Sgn((Re{ﬂuk)})( d (i) )) 2
where
1
Fz)= tan (1/2z) +¢(2) (26)

is a further transformation s = iz, i* = -1,z € C, of
Q(s) =0, ¢(z) is a function that does not contain
transcendental terms, and u; are the real roots of
Im¢ (z) = 0.

(iii) The 7-decomposition method [179] requires the
transformation of the quasi-polynomial into the form

e” =D, (1), (27)

where D, (s) is a ration of two polynomials. This
method is for systems with one discrete delay, and it
is based on the analysis of the contour D (iu),
u € R* around the unit circle in the complex plane.

(iv) The principle of argument [121] is used to determine
the number N of roots of Q(s) inside of an closed
curve C C C, where

N =(5-)Acu QO (29)

Here, Aparg{Q(s)} denotes the changes of the
argument of Q along C.

(v) The Chebotarev criterion is the direct generaliza-
tion of the Routh-Hurwitz. The analytical criterion
needs to calculate an infinite number of Hurwitz
determinants and the stability of the system with
long delay is determined by determinants of high
dimension, whereby it is not effective practically.

(vi) The D-partition (D-subdivision) method [180] is a
geometric method to construct stability charts
(regions) in the parameter space of the quasi-
polynomial. It is very effective to determine sta-
bility based on system parameters. However, the
number of parameters used is reduced.

(vii) The Nyquist [181] method is also a geometric method
and the stability of the systems is determined by the
relative position of the point —1 + 0i and the contour
D(iu) ¢ C, i = -1, u € R*, where -1 = D(s) is a
transformation of the quasi-polynomial.

(viii) The Bode and Nichols criteria and some others are
transformations of the Nyquist criterion as Satche
mentions in [182].

(ix) The Mikhailov criterion [183] is a consequence of the
Cauchy Residue theorem in complex analysis. It can
be applied to RFDE if there exists a scalar v > 0 such
that the quasi-polynomial is bounded and analytical
in any closed domain in {s: Re{s} > v}; this is also
known as Satche’s diagram [184].



(x) The Hermite-Biehler criterion [51, 52] mentioned
in the previous section can be applied for TDS using
the imaginary and real parts of the quasi-polyno-
mial, Q(s=iw)=Re{Q(iw)} +Im{Q(iw)}, i=
Q, (w) + Q; (w)i; the stability of the system is de-
termined by a continuous alternation between
transformations of the real functions Q, (w) and
Q; (w), when increasing phase condition w > w*, for
any w* € (—00, 00). See its extensions in [185, 186].

(xi) The Edge theorem [187], zero exclusion principle,
and concept of convex direction [188] are graphical
methods to determine stability of a set of quasi-
polynomial family or convex polytope family.

The above criteria are the most recurrent on stability
analysis of quasi-polynomials, see [176, 189-194], but there
are quasi-polynomial classes of larger complexity that re-
quire special attention. Among this class, the quasi-poly-
nomial of NFDE [195], polynomial family which is described
by convex polytope in the coeflicient space [196], and sta-
bility analysis of LPV-TDS through a generalized charac-
teristic quasi-polynomial [173] can be found.

Consider a LTI-NFDE with multiple delays of the form:

Z Dx(t—1) = Z Apx(t - 1), (29)
k=0 k=0

where Ay, D, € R*", k=0,1,...,m and 0 =7,<7,<---
<1,, = 7. The corresponding quasi-polynomial is given by

Q(s)=det\{{51n—ka}—iAk}=O. (30)
k=0 k=0

A TDS has an infinite number of characteristic roots, but
Q(s) is an entire function, which implies that there can only
be a finite number of characteristic roots within any bounded
domain. These characteristic roots form root chains that are
rather easy to describe. The quasi-polynomial has two types of
root chains. The first type is retarded chains; here, the roots
fall in the region |Re{s + ulogs}| < c, for some y >0 and ¢ > 0.
In other words, there may only be a finite number of roots on
the right of the abscissa « = Re{s} in the complex plane for
any given « [195]. The second type is neutral chains; here, the
roots are bounded by two abscissas ¢; <Re{s} <c,. The po-
sitions of such abscissas are determined by

det{(ln—ka>]> =0. (31)
k=0

Additionally, if s* is a solution of (31); then, there is a
series of roots s;,/ =1,2... of quasi-polynomial (30) such
that |s;] — co and Re{s;} — Re{s*}. Due to all the above,
the stability of (30) is associated with the stability of fd38(31).
Furthermore, (31) can be sensitive to infinitesimal delay
perturbations, which strongly affect the continuity property
of the roots of (30). Moreover, in contrast with the retarded
case, this property cannot be ensured with respect to
parametric variations of the system. For more details on this
type of systems, see [176, 195].
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Another interesting study in the TDS research community
is the stability analysis of convex sum of quasi-polynomials,
known as polynomial family or convex polytope or polytope of
quasi-polynomials. These are quasi-polynomials that are entire
functions which include both degree of the independent
variable and exponential functions and they appear when
several subsystems with delays are interconnected. Consider a
convex hull of quasi-polynomials of the form:

M M

Q= {Q(S) = ZH,Qr(S): Zy, =1,u4,20,r= 1,2,...,M},
r=1 r=1

(32)

where the vertex quasi-polynomial Q, (s) is of form (22). The
stability of this class of the quasi-polynomials of family Q is
studied using the zero exclusion principle, the concepts of
convex direction, and the Edge theorem [196-199]. Here, a
coefficient vector a = (agp, - - >0 3105 - - - Gy 00
.. ,arkm) is associated with every element Q(s) € Q; then,
family (32) can be described by the convex polytope:

M M
MQ:{a:Zyra,: Zyr: Ly 20,r= 1,2,...,M]>,

r=1 r=1

s - - -

(33)

where the vector a, corresponds to the vertex quasi-poly-
nomial Q, (s). Thus, E(Mg) is the set of edges and V' (Mq) is
the set of vertexes of the polytope M. Every edge corre-
sponds to the one-parameter family of quasi-polynomial of
the form HQ, (s)+ (1- y)Qq (s), u € [0,1], i.e., the stability
analysis for the families Q is reduced to a finite number of
simpler problem stability to convex couples.

Theorem 2 (see [197]). The family Q is stable if and only if
all members of one-parameter family corresponding to the
edges E(Mg) are stable.

On stability analysis of LPV-TDS, it seems that this topic
is one of the most relevant topics and the best opportunity
field to direct the current research. An aircraft is one classic
physical system where the mathematical model can be
represented by a LPV system [200], while a system of dis-
tributed type can be seen in [201] and a LPV-TDS in [173].

Consider a LPV-TDS of the form:

o-( ° '\ 00y .
*( )_(e(t)—z o.1)x( )+(—9(t)+1 o)x( -
(34)

where 0(t) € [-1,1]. Now, consider the LTV-TDS of the
form:

0 1
x(t) =< , )x(t)
sin(t) -2 0.1

0 0
+< )x(t - 1),
—cos(t)+1 0

and the nonlinear TDS as follows:

(35)
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o 0 1 0 0
X(t)_<sin(x1)—2 0.1>x(t)+<—cos(x2)+1 O>x(t_T).
(36)

In terms of stability, the previous three systems (34)-(36)
can have the same properties. In other words, the convex
representation of the uncertainty of 6(t) and the nonlinear
functions  (sin(t), cos(t)) and (sin(x,), cos(x,)) are
equivalent in a stability analysis if only the manipulation
range of the previous variables is considered. This un-
doubtedly provides the opportunity to obtain stable condi-
tions for a wide variety of types of systems. Furthermore, these
conditions can be obtained using LMIs and by studying a
generalized characteristic quasi-polynomial of the form

n m

Q(s) = e det{sI, - A, (6) = A, (B)e "} = ) ) ay (B)s‘e™,

k=0 1=0

(37)

where 0< 7, < 7, < --- <1, and ay; (6) are the coefficients of
a polynomial with a finite set of bounded uncertainties,
which depend on the uncertainties 6. The quasi-polynomial
(37) is exactly rewritten as a polytope whose interpolating
functions exhibit mutual dependency. Therefore, the sta-
bility analysis of this type of polytopes implies the stability
analysis of a class of nonlinear TDS, see [173, 174].

On the contrary and to finish this section, it is worth
mentioning that some members of the scientific community
have preferred to employ transformations, approximation
methods or pseudo-delays to avoid the transcendental terms in
the stability analysis of a TDS instead of using the direct
methods presented above. Although, in many occasions, a direct
approach to analyze the stability of a TDS is more efficient [202].
Among these, they can be found the Smith predictors [203],
Rekasius transformation [204], and Padé approximation [205].
The Smith predictors allow to use a controller structure which
takes the delay out of the control loop, which reduce the stability
analysis to the one of a free-delay system. The employment of
the Rekasius transformation implies an infinity-to-one holo-
graphic mapping (the mapping is asymmetric), and it is also
impossible to track all of the infinitely many roots, especially,
since the dominant root cannot be declared, as mentioned in
[206]. The Padé approximation has been used to approximate
the exponential function e™*", s € C, through rational ap-
proximation of the form (P,,,(s7)/P,,, (sT)), where

B < (m+n-j)m! N
P, (s1) = ;}7]_!(7” .y (-st)’,
(38)
- (m+n-—j)n! :
P, (s7) =) ————2—(s1),

& =)

see [207].

3.3. Stability in the Time Domain. In this section, a brief
description of the most well-known criteria for the stability
analysis of TDS in the time domain will be given. Emphasize
the results using two types of Lyapunov-Krasovskii

functionals: reduced type and complete type. While the first
type of functional is usually the favorite of the scientific
community, perhaps due to the relative flexibility to propose
the functional candidate and to accomplish the requirements
of the system studied, it seems that this type of functional
only can provide sufficient conditions of stability and sta-
bilization. The second type of functional is used by a nar-
rowed community, perhaps due to the relative complexity
compared to the first, but this has been shown to be closer to
obtaining the necessary and sufficient conditions of stability
and stabilization, see [208].

This approach is based primarily on two methods: the use
of Lyapunov-Krasovskii (L-K) functional [146] or Lyapu-
nov-Razumikhin (L-R) functions [145]. Both methods are an
extension of the Lyapunov direct method [42] for free-delay
systems. These stability criteria usually provide sufficient
stability conditions in terms of linear matrix inequalities
(LMIs), [209], which can be effectively solved by means of
convex optimization techniques [210]. Although these two
methods have received a great deal of attention, the results
only offer conservative and sufficient stability conditions. The
Razumikhin results allow one to obtain stability results based
on adapted Lyapunov functions to analyze the stability of the
TDS, while the Krasovskii results employ Lyapunov func-
tionals as a natural extension to TDS. Despite the two
methods provide interesting results for stability studies, the
last method is the predominant one in research.

The main idea of Krasovskii consists in proposing an
appropriate functional which can satisfy extensions of
concepts and criteria of Lyapunov for TDS. One of these
stability concepts is the definition, while the most used
criterion is given below.

Theorem 3 (see [122]). Consider the TDS given in (11) and
that there are u,v,w: R* — R* continuous nondecreasing

functions, where u(a) and v(«) are positive for a« >0 and
u(0) =v(0)=0.

(i) If there exists a continuous differentiable functional
V: R* x € — R" such that

u(lp(Oh <V (t,¢)<v(I¢l,),

. (39)
Vit ¢)< —w(|p (0D,

then the trivial solution of (11) is uniformly stable.

(ii) If the trivial solution of (11) is uniformly stable, and
w(a) >0 for a > 0, then the trivial solution of (11) is
uniformly asymptotically stable.

(iii) If the trivial solution of (11) is uniformly asymp-
totically stable and if lim, , u(«) =, then the
trivial solution of (11) is globally uniformly as-
ymptotically stable.

Consider the LTI-TDS of the form:
x(t) = Agx () + Ayx(t — 1), (40)

where Ajand A, are matrices of appropriate dimensions.
The functional ones proposed to satisfy the above conditions
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are known as L-K functional candidates and their basic form
is as follows:

V(x,) = x" (t)Px(t) + r x" (@)Qx (@)da, (41)

where P = P >0 and Q = Q" > 0 are positive definite ma-
trices (symmetric matrices where every eigenvalue is posi-
tive). This functional satisfies the conditions of Theorem 3 if
there are P>0 and Q>0  which satisfy
ATP+PA;+PAQ 'ATP+Q<0or

ATP+PA,+Q PA
0 0+ Q PA, <0.
. -Q

(42)

If this is true, then the functional is called L-K functional.
However, this type of L-K functional only provides delay-
independent sufficient stability conditions for LTI-TDS with
one delay, namely, sufficient conditions that can only be
applied to LTI-TDS that are stable for all 7>0. When the
primary objective is to propose L-K functional candidates
that provide delay-dependent stability conditions and that
these conditions may be necessary and sufficient conditions
to determine stability in a TDS, as well as for linear free-
delay systems. Unfortunately, the above is still an open
problem of the TDS. Therefore, most of the research studies
carried out focus not only on the type of L-K functional, but
also on mathematical properties that reduce the conserva-
tism of the stability conditions (LMI-based stability con-
ditions) and/or these can relax the conditions. Some of these
properties follow immediately.

Lemma 1 (Schur complement). Consider a given symmetric

22
conditions are equivalent:

matrix S = < S: 312 ) where Sy, € R™"; then, the following

S<O0,
Sy, <0,

S11 = 125,512 <0, (43)
S, <0,

T —
S = S12811812 <0.

Lemma 2. Let Q = Q', H and E given matrices with ap-
propriate dimensions. Then, Q + HF (t)E + ETF' (t)HT <0
holds for all F (t) such that FT (t)F (t) <I if and only if there
exists € >0 such that Q+e 'HH' + ¢ETE <0.

Lemma 3 (Jensen inequality, see [166]). For any constant
matrix M € R™™, M = MT >0, scalar y > 0, vector function

w: [0,9] — R™ such that the integrations concerned are
well defined, then

y I: o (B)Maw (B)dp > (JZ w(ﬁ)dﬁ)TMq: w(ﬁ)d/s).

(44)

Complexity

Lemma 4 (see [122]). Let A, D, E, F, and P be real matrices
with appropriate dimensions, and let F'F <1 and P > 0. Then,
the following propositions are true:

(i) For any x,y € R, 2xTy<xTP~1x + yT Py

(ii) For  any  x,y€R" and  any  €>0,
2x'DFEy<e - 1x'DD"x + eyTE'Ey
(iii) For ~ any €>0  satisfying P —-eDD! >0,

(A+ DFE)'P~'(A+ DFE)<¢ 'ETE +
AT(P-eDD") 1A

For decades the TDS research community has proposed
different types of L-K functional candidates and/or also
different mathematical properties in order to satisfy the
postulated in (iii) of Theorem 3.3. One of the most observed
trends is to add quadratic or cross terms to the functional
candidate as follows.

Consider the following L-K functional candidate:

V(x,) = x" (t)Px(t) + Y Vi(x,), (45)
j:l

where each term V; (x,), j = 1,2,...,r can be of the form:

0

cross terms x! (t) J_T Qx (t + a)da, quadratic terms ji j;m

xT (a)Rx (a)dadt, quadratic terms for exponential terms
0 0

I_T xT (¢ + 0)e**Qx (t + a)da, cross terms x! (£) j_r Q(a)x

(t + a)da, and quadratic terms J'(iT .[?T xT(t + a)R (o, B)x
(a + B)dadp.

Typically, these terms (quadratic or crossed) are introduce
depending on the type of system analyzed (RFDE, DFDE, and
NEDE, among others) or the type of conditions required to
obtain (robustness and exponential estimates, among others)
as an effort to obtain the functional one that grants less re-
strictive conditions and more types of systems can be analyzed.
Also, comparisons between various criteria of delay-depen-
dent stability can be observed in the literature, to demonstrate
the efficiency and loss of conservatism with the proposed
conditions, see [211]. In this context, there are miles of
contributions giving necessary conditions of stability, among
which the following can be mentioned [39, 212-238]. In most
of these contributions a type of functional known as reduced
type functional is used. However, until now it is unknown
what type of reduced-type functional is suitable for the type of
TDS analyzed, [214, 239-241]. Therefore, some criteria for the
construction of full size (complete) type L-K functionals have
been developed with the intention of solving these problems.

The construction of the complete-type functional re-
quires a prior proposal of the quadratic derivative of the
functional and the construction of the so-called delay
Lyapunov matrix. The first results were proposed in [242],
followed by some interesting results such as those given in
[243, 244] for RFDE with one delay, while in [245] some of
the results have been extended to a general case of LTI-TDS.
In the latter, it is also shown that the constructed functional
requires additional information to admit a lower quadratic
bound. In [213], an interesting numerical scheme for the
construction of complete type L-K functionals has been
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proposed using the LMI approach. In [246, 247], properties
are clarified and completed for the construction of a
functional with upper and lower quadratic bounds. This
technique can be summarized in the following result.

Theorem 4 (see [123]). Consider a prescribed quadratic
functional of the form:
w(x,) = wy (x (1), W}) + w, (x, W,) + w3 (x(t = 7), W3),
(46)
where w, (x(t),W,) = xT ()W, x (1),

w, (x, W,) = Ji x! (t + )W, x (t + a)day, )

w, (x(t = 1), W3) = x" (t = OW;x(t - 1),

v(x,) = x" (U (0)x () + 2x" (1) JO U(-1-a)A,x(t + a)da + JO j

; jo (4 @)W, + (1 + W, ]x (¢ + a)da,

where
U(c)=rOKT(t)WK(t+c)dt, ceR  (50)
0

is a counterpart of the classical Lyapunov matrix equation in
the context of Lyapunov quadratic forms for the linear delay-
free systems; therefore, it is called Lyapunov matrix for TDS
(delay Lyapunov matrix). Here, 0<W =W + W+
TW, € R*" and K (t): R — R™" is the fundamental ma-
trix of LTI-TDS (40) and the solution of the matrix equation:

K(t) = A)K(t)+ A K(t-1), t=0, (51)

with initial condition K(¢) =0 for t<0 y K(0) =1I,. In
addition, the delay Lyapunov matrix satisfies the following
conditions:
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and W, W,,and W are positive definite matrices of ap-
propriate dimensions. If the LTI-TDS (40) is stable, then there
is only one functional v(x,) such that

v(x,) = —w(x,). (48)

This functional is known as complete type L-K func-
tional and it is given by

0
[xT (t +a)ATU (a; — ay) A x (t + ocz)]docld(xz

-T

(49)
U'(c) =U(QAy+U(c—1)4,, ¢=0, (52)
U(g)=U"(=¢), ¢=0, (53)

W =U(0)A, + ALU(0) +U" (1)A, + AlU (7). (54)

Equations (52)-(54) are known as dynamic property,
symmetry property, and algebraic property, respectively.

One of the key points to use this type of functional are
the existence, uniqueness, and numerical calculation of the
delay Lyapunov matrix (50), for which several manuscripts
have been dedicated to this sense, see [248-254]. Some of the
functionals prescribed w (x,) to construct complete type L-K
functionals v(x,) are as follows.

(i) For LTI-RFDE [255],

0

w(x,) = x" (OW,x(t) +2x" () ZA_1x(t — 1) + X" (t — )W, (t — 7) + J xT (t + a)Wsx (¢ + a)dav. (55)

(i) For LTI-DFDE [256],

0

w(x) =x" OW,x(t) +x (t-1T)W,x(t—1) + J xT(t + )W,x (t + a)da + 2x" (W, x (- 1)

(56)

0 0
v 257 (1) j W (¢ + a)dac + 247 (£ = 7) J W (¢ + a)das



12

(iii) For RFDE with time-varying delay [257],
w(x,) = x" (OW x(t) + X" (HW,%(2). (57)

w(x,) = xT(t)Wlx(t) - Z[xT(t)UT (0) + JO

t-h, t=h,
. J- x(a)da— A, I

t=hy-n, t=hy-m,

1

Qé(oc)d(x:|.

This type of functional and the delay Lyapunov matrix are
giving good results for the design of control laws such as linear
quadratic suboptimal controllers [259]; recently, these have
also been used to designing dynamic stabilizing controllers
(predictor-based controls) for preserving the exponential
stability of the closed-loop system after the replacement of the
integrals by finite sums [260-263], robotic systems with
constant input time delay through the active disturbance
rejection paradigm and generalized proportional integral
observers [264], design of delayed output-feedback control-
lers that optimize a quadratic cost function [265], necessary
and sufficient exponential stability condition for systems with
multiple delays [266], and partial differential equations [267].
Furthermore, these types of functionals can provide necessary
and sufficient stability conditions for linear systems with
pointwise and distributed delays [208]. Here, a stability cri-
terion is presented for the exponential stability of systems
with multiple point and distributed delays. These conditions
are in terms of the delay Lyapunov matrix (50) using the
evaluation of a complete type L-K functionals at a pertinent
initial function that depends on the system fundamental
matrix. Undoubtedly, this topic is solving important open
problems in the area of TDS, whereby it is highly recom-
mended to direct current and future research.

3.4. Numerical Methods (Applications). One of the most
important aspects in the stability analysis of time-delay
linear systems is the calculation of characteristic roots of the
linear/linearized dynamics, being the root with the maxi-
mum real part a very important one [268]. The characteristic
equation is a quasi-polynomial equation whose roots are
computed through a numerical method for nonlinear
equations.

In the contribution of Engelborghs [269], it is proposed a
Matlab package for numerical bifurcation analysis of TDS,
and the computation of the rightmost characteristic roots is
carried out by using a linear multistep method (LMS
method) [270].

The monograph of Breda et al. [271] presents a com-
prehensive set of pseudospectral techniques (Pseudospectral
Differentiation Method and Piecewise Pseudospectral Dif-
ferentiation Method) to analyze the stability of the solution
of linear TDS with numerical implementations in Matlab.

Complexity

(iv) For RFDE  with  uncertain  coefficients
HAAyand HAA, and an uncertain time-varying
delay 7(t)=h,; +#,(t), with h; €eR" and
ln ()l <p, € R [258],

x"(t+@)AU (h + (x)d(x] X [HAAOx(t) + HAA, x(t - h)) — HAA,

(58)

In [272], Louisell establishes a method for determining
the stability exponent and eigenvalue abscissas of a linear
delay system based on examining the endpoint values of the
solution to a functional equation occurring in the Lyapunov
theory of delay equations. Other interesting related works
are [273, 274]. In [275, 276], it is presented a methodology
for calculating the Lyapunov matrix with a distributed delay,
whose algorithm consist in solving a two points boundary
value problem for a delay-free system.

Olgac and Sipahi provide an alternative procedure based
on the cluster treatment of characteristic roots to analyze the
stability of multiple time-delayed LTI dynamics. This
methodology detects all the stable regions precisely, in the
space of the time delays, by means of a set of curves (kernel
and offspring) which count the possible imaginary root
crossings for the system (see [206, 277-282] and references
therein for a comprehensive treatment).

Concerning the eigenvalue problem, Michiels has come
up with different procedures. In [283], it is provided a
characterization of the solutions to an arbitrary nonlinear
eigenvalue problem as the reciprocal eigenvalues of an
infinite-dimensional operator, and the resulting algorithm is
completely equivalent to the standard Arnoldi method,
including many of its properties. An extension of last
contribution [284] is used to compute the partial Schur
factorization of a nonlinear eigenvalue problem. In [285], it
is presented a procedure to compute solutions to a type of
nonlinear eigenvalue problem with low-rank structure. The
algorithm turns out to be equivalent to the Arnoldi method
(even in the numerical behavior). In [286], first, the formula
for the sensitivity of a simple eigenvalue with respect to a
variation of a parameter is extended to the case of multiple
non-semisimple eigenvalues. Also, it is provided a dual
treatment of the delay eigenvalue problem, in one hand, at
the level of the finite-dimensional nonlinear eigenvalue
problem and, on the other hand, at the level of a standard
operator eigenvalue problem. A numerical procedure to
compute the pseudospectral abscissa is given in [287], whose
main feature is that the approach is a pioneering applicable
procedure for nonlinear problems.

The most complex systems have nonlinearities and de-
lays, which can be easy to notice or sometimes not so much.
A delay in a system is a phenomenon that can be seen as the
dead time between transmitting and executing an action. In
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this context, delays are due to the fact that system dynamics
are associated with past events. In general, delays are un-
desirable phenomena in a system because they can insta-
bilize or produce a poor performance in their response.
However, in recent years, it has been shown that delays can
also favor stabilizing and improving the performance of the
system [288, 289].

The deliberate application of delays to stabilize systems is
a latent topic in the literature, one of the most important
contributions in this aspect is found in [290] that drove a
whole stream of research in what is known as time-delayed
feedback control (TDFC). The technique is to deliberately
introduce delays into the control scheme to o-stabilize a
system with or without inherent delays [291-308]. This is
due to the advantages that they have in applications on
experimental platforms, such as noise attenuation, non-
implementation of estimators, observers and speed sensors,
avoiding filters, as well as its easy implementation. In ad-
dition, the o-stability analysis or o-stability regions allows a
fragility analysis of the controllers gains, which can give a
measure of the robustness of the closed-loop system under
variations of the controller gains, see [303, 309-311].

4. Advances in Stability and Stabilization of
Nonlinear Time-Delay Systems

In recent years, different concepts have emerged that are less
restrictive to classical concepts to determine stability in
nonlinear time-delay systems. Next, some of them are
mentioned.

4.1. Complex Delay Complex Networks. One topic which has
attracted attention from the scientific community is the
analysis and control of complex networks [312, 313], which
describe a wide variety of physical and social systems [314],
from population interactions, brain activity, and language
patterns to Internet traffic behavior among other interesting
phenomena. One control problem derived from the complex
systems control is the synchronization of delay coupled
networks [315, 316]. In this sense, a formal stability analysis
for the synchronization of complex networks, in particular
for a set of oscillators, is usually given for linearized systems
in a vicinity of the equilibrium point [317] by computing the
stability regions in the delay parameters or using the circle
criterion [318]. Some reported contributions can be found in
[169, 238, 319-328].

4.2. Robotic Teleoperation and Predictor-Based Control.
Robotic teleoperation and haptic teleoperation has been a
highly active topic in last years, specially now with the active
development of virtual reality and haptic interfaces
[329-334]. The time delay in these applications arises mainly
to the latency aspects of the virtual reality system [335-338],
and the network traffic in a teleoperation system [339-342].

The stability analysis for teleoperation has the following
general approaches:
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(i) The use of predictors working on the stability of the
system in the feedforward dynamics with nominal
or robust criteria, see [203, 343-360]

(ii) Passivity-based approaches whose stability tests can
be given in the Lyapunov-Krasovskii sense (see
[106, 342, 361-374])

(iii) Robust and predictor-based schemes whose stability
is given for time-delay dynamics tested by means of
time- or frequency-based approaches
(264, 375-378]

(iv) Other schemes which assume the delay as a dis-
turbance to be compensated by robust or adaptive
techniques [379-384]

4.3. Nonlinear and Fractional Order Systems. Lyapunov
methods have shown very useful for the study of stability and
the design of nonlinear control laws [130, 385, 386]. Here,
discontinuous [387] and fractional order systems [388]
represent an important challenge. Particularly, sliding mode
control techniques is an active field of research where
Lyapunov methods have been a key factor [389-393]. The
main advantages of sliding mode control, including ro-
bustness and finite time convergence, are supported by no
conventional Lyapunov methods.

On the contrary, fundamental research has shown that a
large variety of physical signals can be described by means of
functions with more varied topological properties
[394-397], which can be continuous but not necessarily
differentiable in any integer-order sense [398]. This has
motivated the design of fractional order sliding mode-based
controllers which have been proved to be robust against
Holder disturbances [399].

Fractional calculus has become an emerging approach
for modeling complex systems, which has attracted the
attention of several areas of study, including control systems.
The use of fractional versions of PID controllers [400-406]
has increased the interest and development of fractional
control designs. As a natural consequence, this approach has
been extended to a wider class of systems, especially time
delay ones which has come up with stability studies and
analyses.

Since classic methods for stability testing integer systems
such as Routh-Hurwitz are not universally valid, the stability
analysis for even linear fractional systems is more chal-
lenging. In particular, among the approaches of stability
study for fractional time-delay systems, some pioneering
contributions are given by Hwang and Cheng. In one hand,
the Lambert W function is proposed for the stability analysis
[407] and, on the other hand, in [408], the characteristic
equation of the system is numerically analyzed for a BIBO
stability test by means of Cauchy’s integral theorem. In
[409], a numerical procedure to obtain the delay values
where there is a root crossing (from the left half plane to the
right half and vice versa), for a further procedure of finding
the stability zones in terms of the delay value. Other fun-
damental contributions are given in [410-415]. In [416], a
Matlab toolbox for the H_ -stability analysis of fractional
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systems with commensurate delays is provided. L-K stability
approaches for fractional systems are given in [417-419]. In
[325, 420-424], some L-K stability approaches are given in
the realm of neural network framework.

Concerning using Smith predictor-based stabilizing
controllers, several applications are reported, see [425-432].

5. Conclusions

This paper has presented a set of criteria concerning robust
stability of dynamical systems with or without delay, which
is important for the analysis of complex systems which may
not provide complete information, involving parameter
uncertainties. On the one hand, the ideas of robust stability
through families of polynomials were addressed and the
main criteria discussed. On the other hand, an emerging
topic in the area of complex systems such as time-delay
systems stability was analyzed, including the motivation,
basic results for its understanding, the difficulties involved
with respect to systems without delay, the time and fre-
quency approaches, applications involving complex oscil-
lators, current trends in this field of research, and some
interesting open problems. This review explored the stability
as a fundamental structural property which is crucial in the
analysis and development of studies and applications of
complex dynamical systems, in which the couplings and
dynamical behavior may come up with new developments in
a wide variety of research areas.
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Assignment problem (AP) is an entrenched tool for solving engineering and management problems. The Hungarian method is
always used to fathom the AP in crisp cases. This paper presents an algorithm of finding the optimum solution of the fuzzy AP by
using the modified Hungarian method. This method is utilized to get a minimum assignment cost in the fuzzy environment for a
fuzzy AP. Firstly, we use the fuzzy numbers without any transformation. Secondly, the fuzzy AP is transformed into an interval AP
based on the a-cut methodology. Then, the interval arithmetic operations and the order relations are applied to get the optimal
solution by utilizing the modified Hungarian method. The proposed algorithm requires less efforts and time to reach optimality,
compared to the existing methods. Numerical examples are given to ensure the efficiency and the validity of the proposed
algorithm. A study on the reuse of many valuable buildings is presented after using different government and service buildings in a
manner that does not fit with its original function and heritage value. We offer a solution based on the scientific and realistic basis
for requalification according to the variables and requirements of the social, cultural, and economic environments in the en-

vironment surrounding the valuable buildings.

1. Introduction

The assignment problem (AP) is a very much evolved ad-
vancement issue in engineering and management sciences
and has been broadly applied in both assembling and ad-
ministration frameworks [1, 2]. In an AP, n jobs are to be
performed by n people contingent upon their proficiency to
carry out the job. The AP is used to determine the issue of
appointing several origins to the equal number of destina-
tions at the very least expense or most extreme benefit in the
most ideal manner. It can appoint people to employments,
classes to rooms, administrators to machines, drivers to
trucks, trucks to conveyance courses, or issues to investigate
groups, and so forth.

To deal with the AP, the decision parameters of the
model must be fixed at deterministic values. In any case, to
show real issues and to perform estimations, we ought to
manage vulnerability and vagary. These vulnerability and

vagary are a result of estimation botch, unraveling of
physical models, assortments of the boundaries of the sys-
tem, computational bungles, etc. Along these lines, we
cannot viably use traditional old-style task issues, and from
this time forward, the usage of fuzzy undertaking issues is
progressively legitimate [3-8].

Several algorithms have been exhibited to solve APs,
such as linear programming [1, 9, 10], Hungarian algorithm
[11, 12], and particle swarm optimization [9]. Kar et al.
resolved an AP with fuzzy cost by Yager’s ranking index
which transforms the fuzzy AP into a crisp one [7]. Different
membership functions and the Yager ranking index for
solving fuzzy APs and fuzzy travelling salesman problems
were introduced by Kumar and Gupta [13]. Tapkan et al.
considered a multiobjective generalized AP directly via bee’s
algorithm and fuzzy ranking [10]. Emrouznejad set up an
algorithm using the data envelopment analysis method to
solve the APs with fuzzy costs or fuzzy profits [3]. A new
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method for solving fuzzy assignment problems was given by
Pandian and Kavitha [14]. Thorani and Shankar explained in
detail the application in the fuzzy AP [15]. Mary and Selvi
proposed a model to solve the fuzzy AP using the centroid
ranking method [16]. In [17], Traneva and Tranev presented
the interval-valued intuitionistic fuzzy AP, in which the costs
of assigning jobs to candidates are interval-valued intui-
tionistic fuzzy, depending on the experience, the education,
and the professionalism of the applicants.

A basis in modeling uncertain systems is that an
entangled model is not generally important to manage in-
complete information and inaccurate data [18]. Interval
numbers are a structure which helps to stay away from such
an unnecessary complexity. Moore originally introduced
interval numbers [19]. An interval number is a number
whose exact value is unknown, but a range within which the
value lies is known [20]. An interval number permits an
expert to make his/her approximations about boundaries on
a span as opposed to a crisp number. This adaptability
caused interval numbers to have extraordinary applications
in optimization issues. The literature studies on the appli-
cations of interval number in decision-making problems are
so wide [21-23].

In most of the real-world problems, the parameters such
as cost, time, and profit may not be precisely known in
advance due to several uncontrollable factors such as human
judgements and market fluctuations. In such situations,
considering the values of uncertain parameters as fuzzy
numbers or interval numbers is better than to approximate
them as crisp values [21-25]. This led us to introduce the
fuzzy AP that we transform into an interval AP.

The urban design and the architectural character
represent an expressive characteristic of the prevailing
culture in the society for the civilized value; the civilized
value in architecture and urbanism reaches its highest
levels when it is related to cultural connotations and
concepts, so the negligence or neglect of civilizational
heritage that enriches architecture and urbanism is only a
lack of national awareness of civilized values wasting
national wealth and retreating to the cultural dimension
of the society [26-31]. As a result of accelerated urban
development which is not indifferent to civilizational and
heritage values during the second half of the twentieth
century in Egypt, many distinguished buildings began to
disappear to be replaced by other buildings that do not rise
to the same architectural value, for example, the use of
many valuable buildings as various government and
service buildings in a manner that is not commensurate
with their original function and heritage value, which led
to deformation and visual pollution that has become a
phenomenon in many Egyptian cities. We use some
valuable buildings in the Arab Republic of Egypt as a
comparative study. Their value is defined as being one of
the philosophical concepts that can be described as “the
criterion governing the degree to which a person accepts
what is around him according to his desires and needs.”
This is because the value is a relative influence that de-
pends on the nature of the recipient and the constituent
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conditions of his personality and on the temporal and
spatial conditions. Also, most forms of the value are not
acquired by the building during its design but rather over
time [26-31]. The goal of reuse is to preserve historical
buildings that are considered national wealth and part of
the national economy, creating positive change in the
population through contact with visitors, learning about
new habits and lifestyles, and cultural exchange; however,
the presence of some tourist establishments in areas of a
somewhat conservative social nature does not contradict
customs and traditions. It is preferable to reuse valuable
buildings with an activity similar to the original activity
for which the building was established as possible or by
studying the needs of the surrounding environment and
adapting the new activity according to the requirements of
the surrounding environment.

In this article, the modified Hungarian method is in-
troduced to solve the fuzzy AP. In our proposed model, due
to several uncontrollable factors such as human judgements
and market fluctuations, the cost is considered as a fuzzy
number. The primary objective of this study is to propose a
new method for solving the AP under an uncertain situation.
Firstly, the fuzzy numbers are used without any transfor-
mation. Secondly, the fuzzy AP is transformed into an in-
terval AP based on the a-cut methodology. Then, the interval
arithmetic operations are applied to obtain the optimal
solution by utilizing the modified Hungarian method. Also,
the reuse and employment of the valuable buildings in Egypt
are studied. It is used to clarify the impact on neighboring
urban entities, which may help to find an economic basis on
which to maintain those buildings to enter within the or-
ganic entity of the old city.

The composition of the article is organized as follows:
preliminaries and notions of the fuzzy and interval numbers
are reviewed in Section 2. Section 3 presents the mathe-
matical formulation of the fuzzy AP. Section 4 provides the
procedures for the modified Hungarian method. Also, nu-
merical examples are presented in Section 4. In Section 5, we
study the reuse and employment of the valuable buildings in
Egypt. Finally, the conclusion is given in Section 6.

2. Preliminaries and Notions

In this section, some essential ideas and preparatory out-
comes utilized as a part of this paper are quickly presented.

Definition 1 (fuzzy numbers). Let R' be the set of all real
numbers. Then, a real fuzzy number @ is defined by its
membership function y(x) that satisfies [4, 32, 33]

(1) A continuous mapping from R' to the closed internal
[0, 1]

(2) 4z (x) =0 for all x € (-00,a]

(3) Strictly increasing and continuous on [a, b]

(4) uz;(x) =1 for all x € [b,c]

(5) Strictly decreasing and continuous on [c, d]

(6) pz(x) = 0 for all x € [d, +o0) [8]
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Definition 2 (triangular fuzzy number). @ = (a,,b,c) is a
triangular fuzzy number, where g, is the smallest value, b is
the main value, and c is the highest value. The membership
function p=(a;9),9 € [0, 1](0 < yz (a; 9) < 5), where 9 is the
maximum value and a = b. Then [4, 32, 33],

0, ifa<ay, ora>c,
(a-ap)d
;@9 =1 b-a, ’ ifay<a<b, (1)
(c—a)S) if b<a<ec.
c-b

Definition 3 (the level set). The a-level set of the fuzzy
number & is defined as an ordinary set L, (@) for which the
degree of its membership function exceeds the level set
a € [0,1], where [6, 32, 33]

L,(a) ={a ¢ R" |;4;(x)2 oc} ={a € [55, ag] |[4~{;(x) 204,]»,
(2)

where Ziﬁ = (1-a)a, + ab, ﬁg = (1-a)c+ab, and ﬁi and

al represent the lower and upper cuts, respectively, as

shown in Figure 1.

Definition 4 (interval numbers). An interval number is a
number whose exact value is unknown, but a range within
which the value lies is known [20]. Interval number is a
number with both lower and upper bounds, A = [a;,ag],
where a; <ay. The interval is also denoted by its center and

width as
A=ac,ay ={a: ac —ay <a<ac+ay, acR}, (3)

where a- = (a; +ag)/2 and ay, = (ag —a;)/2 are, respec-
tively, the center and half width of A [20, 21, 23].

The main arithmetic operations can be defined on in-
terval numbers. Let A = [a;,ay] = {a: a;<a<ay, a € R}
and B = [b;,bg] = {b: by <b<by, be R}

A + B = [aL, aR] + [bL’ bR] = [aL + bL’ aR + bR]’
A-B=lay,ag] - [by,bg] =[a, - bg.ag —b.],
AXB-= [min (aLbL, aLbR, aRbL, aRbR),

max ((aLbL’ aibg, agby, aRbR))]’

(4)
A+B=| ]x[ ! 1]
+B=[a;,a ——1,
L>Y“R bR bL
[kap,kag] ifk>0,
kA: k[aL,aR] =
[kag,ka;] if k<O.

Definition 5. The order relation <;p between A = [a;,ag]
and B = [b;, by] is defined as [21, 23]

3
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FiGURre 1: a-Cut of the triangular fuzzy number.

A<gB iffa; <b;andag <by, 5)
A<pB iff A<;pBand A#B.

This order relation <;, represents the decision maker’s
preference for the alternative with lower minimum cost and
maximum cost, that is, if A<;;B, then A is preferred to B.

Definition 6. The order relation <, between A =ag,ay,
and B = b, by, is defined as [20, 21]

A<y B
A<cyw B

iff a- <b-and ay, < by,

, (6)
iff A<q, Band A#B.

This order relation <, represents the decision maker’s
preference for the alternative with lower minimum cost and
maximum cost, that is, if A <.y, B, then A is preferred to B.

We use the sum of all elements of the interval/fuzzy
number as a scale to compare between intervals/fuzzy
numbers. Zero interval/zero fuzzy number is the sum of all
elements of the interval/fuzzy number which is equal to zero.

3. Fuzzy Assignment Problem

«, » «, »

In a general AP, “n” works are to be performed by “n” people
depending on their efficiency to do the job in one-one basis
such that the assignment cost is minimum or maximum
[24, 34]. If the objective of an AP is to minimize fuzzy cost
C;j» then we provide the AP of n X n matrix each cell having a
fuzzy number in Table 1.

Firstly, we transform the fuzzy cost C;; into the interval
cost (€;;), = [ (€))%, (5;)7] by utilizing the a-cut method-
ology. Thus, the fuzzy AP can be transformed into an in-
terval AP with interval cost as shown in Table 2.

The above formulation of the problem is used in finding
the optimal assignment when the values of parameters such
as cost, time, and profit are precisely known in advance.
However, in most of the realistic situations, the parameters
such as cost, time, and profit may not be precisely known in
advance due to several uncontrollable factors such as human
judgements and market fluctuations. In such situations,
considering the values of uncertain parameters as fuzzy
numbers or interval numbers is better than to approximate
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TaBLE 1: Fuzzy assignment problem.
Works
1 i Cin
People i Cij
n Enl Enn
TaBLE 2: Interval assignment problem.
Works
1 (@5 @)yl [@)s @)y]
People i [(Eij)i’ (Eij)g]
n [E)es @il [(Caes Can)e ]

them as crisp values. Mathematically, the fuzzy AP can be
stated as [5, 7, 35]

n o n
min Z= chijxij

n
Yxji=1, j=12,...,n
i=1
subject to ln
lejzl’ 1—1)2) )
=1
x;;=0orl,
1, ifi® person is assigned to jth work,
forall x;; =
0, otherwise,
(7)
where Z denotes the fuzzy cost function, Y7, x;j =1 (one
work is done by the ith person, i=1,2...,n), and

27:1 x;; = 1 (only one person must be assigned to i work,
j=1,2..., n), where x;; denotes that j" work is to be
assigned to the i person. After applying the a-cut meth-
odology to the fuzzy AP, the following interval AP is
obtained:

n n
. _\L /_\U
min z=) [(Cij)a’ (G). ]x,-j
i=1 j=1
n
Yx;=1, j=1L2...,n
i=1
subject to ln
inj =1, i=12,...,n
=
.xlj =0or 1,
1, if i person is assigned to i work,
forallx;; = P & J
0, otherwise,

(8)

where (Eij)i and (Eij)g are the lower and upper cuts of the
fuzzy cost. In this study, we solve both fuzzy APs by con-
verting them into the interval AP by using the modified
Hungarian method. Making best use of the interval arith-
metic operations and order relations, the modified Hun-
garian method solves the interval AP.

4. The Proposed Algorithm

The Hungarian method solves the minimization APs with »
workers and # jobs. It has been presented in [11, 12, 25]. So,
in this section, we explain how the modified Hungarian
method deals with the fuzzy AP by using the fuzzy number
without transforming or converting it into interval APs. We
apply the a-cut method to obtain the interval AP and use the
interval arithmetic operations and the order relations to
solve it. The modified Hungarian algorithm consists of the
following four steps. The first two steps are executed once,
while Steps 3 and 4 are repeated until an optimal assignment
is found. The input of the algorithm is an n x n square matrix
with only nonnegative elements. If the number of lines
equals the number of rows (and columns), the test for the
optimality is satisfied [17].

Step 1. Subtract row minima:

For each row, find the lowest interval and subtract it
from each interval in that row based on interval arithmetic
operations.

Step 2. Subtract column minima:

Similarly, for each column, find the lowest interval and
subtract it from each interval in that column using interval
arithmetic operations.

Step 3. Cover all zeros with a minimum number of lines:

Cover all zero or negative intervals in the resulting
matrix using the minimum number of horizontal and
vertical lines. If # lines are required, an optimal assignment
exists among the zeros or negative interval. The algorithm
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stops (an assignment can be made). If less than # lines are
required, continue with Step 4.

Step 4. Create additional zeros:
Determine the minimum uncovered interval (call it H):

Subtract H from uncovered intervals.
(a) Add H to intervals covered by two lines
(b) Intervals covered by one line remain the same
(c) Then, go to Step 3

5. Numerical Examples

Example 1. Let us consider an AP with rows representing 4
people, A, B, C, and D, and columns representing 4 jobs,
job L, job IL, job III, and job IV. The cost matrix [c;;] is given
whose elements are interval numbers. The problem is to find
the optimal assignment so that the total cost of the job
assignment becomes minimum, see Table 3.

The minimum interval is [1, 5] in column 1, [3, 7] in
column 2, [1, 5] in column 3, and [0, 4] in column 4. By using
interval arithmetic operations, we get Table 4.

The minimum interval is [—4, 4] in row 1, [-4, 4] in row
2, [-4, 4] in row 3, and [-2, 6] in row 4. By using interval
arithmetic operations, we get Table 5.

The optimal assignment is A -—II, B— 1V,
C —1III, andD — L. Cost= [3, 7] + [3,7] + [1,5]+
[0,5] = [7,24].

Example 2 (see [25]). Let us consider a fuzzy AP with rows
representing 4 people, A, B, C, and D, and columns rep-
resenting 4 jobs, job I, job II, job III, and job IV. The fuzzy
cost matrix [C;;] is given whose elements are triangular fuzzy
numbers. The problem is to find the optimal assignment so
that the total cost of the job assignment becomes minimum,
shown in Table 6. This example is solved by the method
found in [25], in which the fuzzy assignment problem has
been transformed into a crisp assignment problem using
Robust’s ranking indices [5].

Firstly, we apply the modified Hungarian method to the
fuzzy cost matrix utilizing the arithmetic operations of fuzzy
numbers to get the optimal assignment, see Table 7.

The optimal assignment is A— 1, B—1III,
C — IV, and D — II. The fuzzy optimal total cost= (5,
10, 15) + (5, 10, 15) + (5, 10, 15) + (5, 10, 15) = (20, 40, 60).

Secondly, we apply the a-cut methodology to obtain the
interval cost matrix. Then, the modified Hungarian method
is utilized with the help of the arithmetic operations of
interval numbers to get the optimal assignment. We can
transform the above problem elements into intervals at
a = 0.5, shown in Table 8.

We apply the proposed method on Table 8 to get Table 9
by using the arithmetic operations of the interval to get the
optimal assignment.

The optimal assignment is A — I, B—III,
C — IV, and D — II. We see the solution of the AP by
our two methods is the same as the solution found in [25].

5
TaBLE 3: Example 1.
I 1I 1II v
A 8, 12] 3, 7] (11, 15] (13, 17]
B [1, 5] [7, 11] [16, 20] [0, 5]
C [8, 12] (5, 9] [1, 5] [0, 4]
D [3, 7] [9, 13] [7, 11] [5, 9]

TABLE 4: Subtraction of the minimum interval in each column.

I I 111 v
A (3, 11] (-4, 4] (6, 14] [9, 17]
B [-4, 4] [0, 8] [11, 19] [-4, 4]
C 3, 11] [-2, 6] [-4, 4] (-4, 4]
D (-2, 6] (2, 10] (2, 10] 1, 5]

I 11 11T IV
A [-1, 15] (-8, 8] [2, 18] (5, 21]
B (-8, 8] [—4, 12] [7, 23] (-8, 8]
C [-1, 15] [-6, 10] [-8, 8] [-8, 8]
D (-8, 8] [—4, 12] [-4, 12] [-5, 7]
TABLE 6: Example 2.
I II 111 v
A (5, 10, 15) (5, 10, 20) (5, 15, 20) (5, 10, 15)
B (510,200 (5, 1520) (510,15 (10, 15, 20)
C (5, 10, 20) 10, 15, 20) 10, 15, 20) (5, 10, 15)
D (10, 15, 25) (5, 10, 15) (10, 20, 30) (10, 15, 25)

TABLE 7: Subtraction of the minimum interval in each column.

I 11 III v
A (-10,0,10) (-10,0,15)  (-10,55) (=10, 0, 10)
B (-10, 0, 15) (-10, 5, 15) (-10, 0, 10) (-5, 5, 15)
C  (-10,0,15  (-5,515 (=5 515  (-10, 0, 10)
D (-5, 5, 20) (-10, 0, 10) (-5, 10, 25) (-5, 5, 20)

TaBLE 8: Transformation of Table 6 at a = 0.5.

I 11 III v
A [75,125] [7.5, 15] [10, 17.5] (7.5, 12.5]
B [7.5, 15] [10, 17.5] [7.5, 12.5] [12.5, 17.5]
C [7.5, 15] [12.5,17.5]  [12.5, 17.5] [7.5, 12.5]
D [125, 20] [7.5, 12.5] (15, 20] [12.5, 20]

TABLE 9: Subtraction of the minimum interval in each column.

I I 11 v
A [-5, 5] [-5, 7.5] [-2.5, 10] [-5, 5]
B [-5, 7.5] [-2.5, 10] [-5, 5] [0, 10]
C [-5, 7.5] [0, 10] [0, 10] [-5, 5]
D [0, 12.5] [-5, 5] [2.5, 17.5] [0, 12.5]

Example 3 (see [4]). Let us consider a fuzzy AP with rows
representing 4 people, A, B, C, and D, and columns rep-
resenting 4 jobs, job I, job IL, job III, and job IV. The fuzzy
cost matrix [¢;;] is given whose elements are trapezoidal
fuzzy numbers. The problem is to find the optimal assign-
ment so that the total fuzzy cost of the job assignment
becomes minimum, shown in Table 10. This example is
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TaBLE 10: Example 3. TaBLE 11: Subtraction of the minimum interval in each column.
I 1I 11 v I II III 1\
A (3,567 (58 11,12) (9,10, 11,15 (5,8, 10, 11) A (~4,-1,1,4) (-2,2,6,9) (2,46 12) (=2,2,5,8)
B (7,8,10,11) (3,5,6,7) (6, 8,10, 12) (5, 8,9, 10) B (0, 2,5, 8) (-4,-1,1,4) (-1,2,59) (-2,2,4,7)
C (2,456) (57,10,11) (8 11,13,15) (4,6, 7, 10) C (-4 -1,1,4 (-1,2,69 (26913 (-2,1,3,8)
D (6,8,10,12) (2,5,6,7) (5, 7, 10, 11) (2,4,5,7) D (-1,36,10) (-50,2,5) (-2,2,6,9) (-5 -1,1,5)

solved by the method found in [4]. In [4], the fuzzy AP was
transformed into a crisp AP in the LPP form.

Firstly, we apply the modified Hungarian method to the
fuzzy cost matrix utilizing the arithmetic operations of fuzzy
numbers to get the optimal assignment, see Tables 11-13.

The optimal assignment is A —III, B—1I,
C —1,andD — IV. The fuzzy optimal total cost is
calculated as  (2,4,5,7) + (9,10,11,15) + (2, 4, 5,6 )+
(2,4,5,7) = (16, 23, 27, 35).

Secondly, we apply the a-cut methodology to obtain the
interval cost matrix. Then, the modified Hungarian method
is utilized with the help of the arithmetic operations of
interval numbers to get the optimal assignment. If the fuzzy
number in the above problem transformed into interval at
a = 0.5, shown in Table 14.

We apply the proposed method on Table 14 to get Ta-
ble 15 by using the arithmetic operations of the interval.
Also, we get Tables 16 and 17.

The optimal assignment is
A— I, B—I,C— 1, andD — IV. We see the
solution of the AP by our two methods is the same as the
solution found in [25].

In the above examples, the fuzzy optimal total cost
obtained by our two methods remains the same as that
obtained by other methods.

6. Practical Application

In this section, we get acquainted with some basic definitions
for the application study. First, a building of value (with a
distinct architectural style) is defined as a building or facility
that is distinguished by the historical, symbolic, architec-
tural, artistic, urban, or social value. Also, it has been agreed
that buildings and heritage installations of distinct archi-
tectural style should be characterized by accepting and
positively interacting with the community, being expressive
of material, moral, or intellectual phenomena in a specific
period (social or cultural phenomenon). Its condition allows
to be present and able to deal with it, and this is known as
persistence and continuity. Heritage buildings are classified
according to their condition into several levels, some of
which are good, partially degraded, and totally degraded.
The aim of this classification is to set priorities for dealing
with heritage buildings as most important buildings are
placed on top of the priorities of conservation plans [26-31].
A strategy for re-employment of valuable buildings is the
creation of a job for the building other than the one for
which it was established, and this employment may be ac-
companied by making some fundamental changes to the
building to fit with the newly created job and an optional re-
employment of buildings in the case of valuable buildings

TABLE 12: Subtraction of the minimum interval in each row.
I II 111 v

A (-8,-2,2,8) (-6,1,7,13) (-7,-2,4,14) (-7, 1,6, 13)
B (-4,1,6,12) (-8,-2,2,8) (-10,-4,3,11) (-7, 1,5, 12)
C (-8,-2,2,8) (-5,1,7,13) (=7,0,7,15) (7,0, 4, 13)
D (=5,2,7,14) (=9,-1,3,9) (-11, -4, 4,11) (-10, -2, 2, 10)

TaBLE 13: Subtract (-7, =2, 4, 14) from uncovered intervals.
I 11 111 v

A (-8,-2,2,8) (-20,-3,9,20) (-21,-6,6,21) (-21,-3,8,20)
B (-4,1,6,12) (=8, -2,2,8) (-10,-4,3,11) (=7, 1, 5, 12)
C (-8,-2,2,8) (-19,-3,9,20) (-21,-4,9,22) (=21, -4, 6,20)
D (-5,2,7,14) (-9, -1,3,9) (-11,-4,4,11) (-10,-2,2,10)
TaBLE 14: Transformation of Table 10 at « = 0.5.
I II 11T v
A [4, 6.5] [6.5, 11.5] [9.5, 13] [6.5, 10.5]
B [7.5, 10.5] (4, 6.5] (7, 11] (6.5, 9.5]
C (3, 5.5] (6, 10.5] [9.5, 14] [5, 8.5]
D [7, 11] [3.5, 6.5] [6, 10.5] (3, 6]

TABLE 15: Subtraction of the minimum interval in each column.

I Il 11 v

A [-2.5, 2.5] [0, 7.5] [3, 9] [0, 6.5]
B 1, 6.5] [-2.5, 2.5] [0.5, 7] [0, 5.5]
C [-2.5, 2.5] [0.5, 7.5] (4, 11] (0.5, 5.5]
D 1, 8] [-2.5, 3.5] [0, 7.5] [-3, 3]

TABLE 16: Subtraction of the minimum interval in each row.

I 1I 111 v
A [-5, 5] [-2.5, 10] [~4.5, 9] [-3, 9.5]
B [-1.5, 9] [-5, 5] (-7, 7] [-3, 8.5]
C [-5, 5] [-2, 10] [-3.5, 11] [-3.5, 8.5]
D [-1.5, 10.5] [-5, 6] [-7.5, 7.5] [-6, 6]
TABLE 17: Subtract [-3.5, 8.5] from uncovered intervals.
I I 111 v
A [-5, 5] [-11, 13.5] [-13, 12.5]  [-11.5, 13]
B [-5,17.5] [-5, 5] (-7, 7] [-3, 8.5]
C [-5, 5] [-10.5, 13.5]  [-12, 14.5] [-12, 12]
D [-5, 19] (-5, 6] [~7.5, 7.5] [-6, 6]

whose original function still exists until now. It is mandatory
for buildings with the value of original extinct function such
as ancient Egyptian temples and cemeteries. The methods of
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rehabilitating the building are multiple such as modification
in the formation of internal voids by deleting part of the
building or by creating architectural elements and shapes to
which each of these methods is added. The aim is to reach to
provide the maximum possible space required for the new
activity while giving freedom and flexibility to exploit
existing surfaces, resizing the interior space of the building,
taking into account the proportions between the elements,
height, and scale, ensuring that the essence of the artistic
content is not compromised.

The desired objectives of reuse and employment of
valuable buildings are numerous, whether they relate to
the archaeological building itself by preserving its heritage
and architectural values or related to its surroundings and
its urban environment or related to the social aspect. We
will address in the research study the means of optimal
reuse of the building in terms of social and the built
environment. Therefore, there are several social and urban
goals for reuse that are clear as follows.

Opening the building of value to the public makes it
relevant to the surrounding environment and enables us to link
the past to the present. The social goals are given as follows:

Developing the national awareness to preserve the
monumental buildings as a cultural heritage that must
be preserved

Achieving the national social affiliation through fo-
cusing on the symbolic value

Upgrading the general taste of individuals, especially
children

Preserving the historical character of the city and
reinforcing the sense of pride of the citizens

Finding interconnectedness and communication be-
tween the building and its users through the job the
building performs for the surrounding community

Preserving historic buildings aims to protect them as
artistic works and historical evidence. Therefore, it must be
developed and transformed to perform new jobs that meet
the renewable needs of the society and achieve urban and
environmental goals through

Development of the community surrounding the ar-
chaeological building, which helps to preserve the
distinctive urban character of the historic district

Reuse of historical buildings and areas within the
framework of the reality of land use determined by the
city’s planning studies

Forming a merger and cohesion between the old and
new urban fabric of the historical areas of the existing
cities

Achieving the sustainability goals by providing the raw
materials as one of the environmental goals for reuse, as
the reuse of an existing building achieves

There is a problem in achieving a balance between
preserving valuable buildings and society benefiting from
them, especially according to previous experiences. So, we
suggest that “in case the cultural job is preserved, it should be

reformulated as part of a development plan that benefits the
residents of the region.” One of the global models for re-
employing valuable buildings, including distinguished
models such as converting the historic Presidio Hospital in
San Francisco, USA, into a residential building that includes
154 apartments, is now a distinctive sign in the region;
dining tables have been placed between pumps, and some
equipment have been added without affecting the original
design of the building.

6.1. Case Study. We present the practical application study
of several valuable buildings of Egypt. We study many places
from the community and the surrounding environment’s
viewpoint, and an economic view, such as the Khedive
Abbas I Palace in the city of Benha, Arab Republic of Egypt.
It was established in the nineteenth century AD and reused
as a school; then, the activity was changed from an edu-
cational to an administrator and reused as an administrative
building for Benha University, see Figure 2.

The Saffron Palace in Cairo was reused as an adminis-
trative building for Ain Shams University, see Figure 3.

Al-Jazzar Palace, Shibin El-Kom, was reused as an ad-
ministrative building for Menoufia University, see Figure 4.

Al-Jazeera Palace was established by Khedive Ismail to
receive guests at the opening of the Suez Canal in 1869 AD,
and in 1879, the palace was sold to Egyptian Hotels Com-
pany to pay part of the debt of Khedive Ismail and was
transferred to Al-Jazeera Palace Hotel. After the collapse of
the tourist movement in Egypt during the First World War,
the palace was sold in 1919 to one of the Lebanese princes,
Prince Habib Lotfallah, who turned it into a private resi-
dence. In 1962, the palace was nationalized and converted
again to a hotel in the name of Omar Khayyam Hotel. Then,
in the early seventies, Marriott International took over the
management of the hotel (Figure 5).

The questionnaire was distributed to the users of each
building and the surrounding environment and a group of
specialists to determine the extent of the reality of the new
use of the building and its suitability for the surrounding
community environment and its suitability for its artistic,
symbolic, and architectural value. The questionnaire was
carried out in two phases: the first stage at the level of
specialists and the suitability of the building for the new
activity in design, urban, and planning and the second phase
of the questionnaire at the level of the surrounding envi-
ronment and the users of the building after changing the
activity. The questionnaire was divided into four phases of
evaluation for each building activity (inappropriate, ac-
ceptable, appropriate, and very appropriate) which are
shown in Table 18. The activity that received less than 50% of
the votes is considered inappropriate, the activity that ob-
tained between 50 and 60% of the votes is considered ac-
ceptable, the activity with a percentage ranging from 60 to
80% of the votes is considered appropriate, and the activity
with more than 80% of the votes is a very appropriate ac-
tivity, see Table 19. The graph indicates the extent of ap-
proval of the new activity of the building according to the
view of the surrounding environment and users which is
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Figure 3: Saffron Palace.

FIGURE 5: Al-Jazeera Palace.

shown in Figure 6. The flowchart indicates the extent of The proposed method was used to solve the application
approval of the new activity of the building according to the =~ with the same steps explained before and applied in the il-
viewpoint of the specialists which is shown in Figure 7. lustrative examples. The results were continuously advising the
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TaBLE 18: Evaluation for each building activity.

Administrative

building A hotel A cultural building In another activity
I 1I I 1I I 1I I II
Khedive Abbas I Palace Unsuitable Acceptable Suitable Suitable Acceptable Unsuitable Unsuitable — Suitable
Saffron Palace Unsuitable Unsuitable Unsuitable Unsuitable Acceptable  Suitable  Acceptable  Suitable
Al-Jazzar Palace Unsuitable Unsuitable ~ Unsuitable Acceptable Suitable  Suitable Acceptable Acceptable

Al-Jazeera Palace Unsuitable  Suitable  Very convenient Very convenient Unsuitable Suitable Acceptable Suitable
TaBLE 19: Comparison of the four palaces.
Administrative A hotel A cultural Another activity
Khedive Abbas I Palace [3, 5.2] 6.5 [4, 5.5] [2, 6.2]
Saffron Palace [1, 2] (1, 4] [5.8, 6.2] [5.4, 6.8]
Al-Jazzar Palace [1, 2.5] [1.8, 5.5] 6.3 5.3
Al-Jazeera Palace [4, 6] 8.2 [4.3, 6.2] (5, 6]
9 —_

[SS IS N e N e T -]

Khedive Abbas
1 Palace

Al-Jazeera
Palace

Saffron Palace Al-Jazzar Palace

B Administrative building A cultural building

B A hotel B In another activity

FIGURE 6: Graph indicating the extent of approval of the new
activity of the building according to the view of the surrounding
environment and users.

use of the Khedive Abbas I Palace as an administrative building
for Benha University and searching for a new use of the Saffron
Palace and the use of Al-Jazzar Palace as a cultural building for
Menoufia Governorate and the continuation of the Al-Jazeera
Palace to be used as a hotel building. This is according to the
view of the surrounding environment, dealers, and specialists.

The research study resulted in the success of some cases of
reuse of valuable buildings through thinking out of the ordinary
and finding unconventional solutions and the failure of some
attempts through the deterioration of the construction status of
the building and the general condition of the building. The
principle of community participation must be adopted in de-
veloping plans for reuse operations so that local communities are
involved in all stages of these operations and even make local
communities’ part of them. Also, valuable buildings should be
reused with an activity similar to the original activity for which
the building was established or by studying the needs of the
surrounding environment and adapting the new activity
according to the requirements of the surrounding environment.

Khedive Abbas
I Palace

Al-Jazeera
Palace

Al-Jazzar
Palace

Saffron Palace

B Administrative building
B A hotel

® A cultural building

B In another activity

FIGURE 7: Flowchart indicating the extent of approval of the new
activity of the building according to the viewpoint of the specialists.

7. Conclusions

In this paper, we introduce the modified Hungarian method
for solving the interval and fuzzy AP. It is a novel and simple
algorithm for solving the fuzzy and interval AP. We dis-
cussed finding a solution of an assignment problem in which
cost coeflicients are fuzzy numbers or intervals. The total
optimal cost obtained by our method remains the same as
that obtained by other researchers that convert the fuzzy cost
into a crisp one by applying the ranking method. Also, we
apply the modified Hungarian method in reuse of the
valuable buildings in Egypt by making comparison between
four valuable buildings that are reused in several activities
for reaching the best benefit of building reuse, which should
be matching with the basic purpose of the building and
preserve on the value of the building. This method may be
used in solving other types of optimization problems such as
project schedules, transportation problems, and network
flow problems.
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This paper presents an attitude control scheme combined with adaptive dynamic programming (ADP) for reentry vehicles with
high nonlinearity and disturbances. Firstly, the nonlinear attitude dynamics is divided into inner and outer loops according to the
time scale separation and the cascade control principle, and a general sliding mode control method is employed to construct the
main controllers for the double loops. Considering the shortage of main controllers in handling nonlinearity and sudden
disturbances, an ADP structure is introduced into the outer attitude loop as an auxiliary. And the ADP structure utilizes neural
network estimators to minimize the cost function and generate optimal signals through online learning, so as to compensate defect
of the main controllers’ adaptability speed and accuracy. Then, the stability is analyzed by the Lyapunov method, and the
parameter selection strategy of the ADP structure is derived to guide implementation. In addition, this paper puts forward skills to
speed up ADP training. Finally, simulation results show that the control strategy with ADP possesses stronger adaptability and

faster response than that without ADP for the nonlinear vehicle system.

1. Introduction

Attitude control for reentry vehicles has been a hotspot in
the field of aerospace. The complex operating conditions and
the high nonlinearity of vehicles themselves bring great
challenges to attitude control. Fortunately, around these
focuses, researchers continue to explore and ameliorate
control schemes, developing a series of available control
technologies.

For the control of space vehicles, some schemes have
been investigated one after another. Some linear control
methods, such as linear parameter varying (LPV) [1] and
linear quadratic regulator (LQR), focus on linearizing the
aircraft model. However, due to the highly nonlinear and
coupling dynamic characteristics, to be honest, the capa-
bilities of these linear control methods on actual nonlinear
coupling vehicles are limited. Besides, some nonlinear
control methods are widely employed, such as nonlinear
dynamic inversion [2], sliding mode control, and back-
stepping method [3, 4]. Although these nonlinear control

techniques can also effectively deal with the nonlinear nature
of vehicles, they will still be slightly embarrassed and lack
adaptability in the face of complex and changeable distur-
bances if without other auxiliary means. Therefore, in the
recent development of vehicle control, more and more
adaptive technologies have been favoured by researchers [5].

For the purpose of ameliorating the robustness of the
controller by designing adaptive mechanism, observer-based
adaptive control technology and other intelligent methods
(as adaptive fuzzy control and iterative learning) have
emerged one after another [6-8]. Especially, in recent years,
thanks to the vigorous development of new artificial intel-
ligence, reinforcement learning (RL) has attracted more and
more attention, which has shown strong performance in
solving adaptive and optimal control problems [9-11]. In the
control domain, reinforcement learning is transformed into
approximate or adaptive dynamic programming (ADP),
which learns by interacting with the environment to de-
termine what optimal actions to take to minimize a cost
function over a period of time [12]. One of the core
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approaches is the critic-action (CA) design, which ap-
proximates the cost function and obtains the optimal actions
by solving the Hamilton-Jacobi-Bellman equation with
function estimators [13]. ADP contains a variety of struc-
tural classifications, including heuristic [14], dual heuristic
[15], and action-dependent dynamic programming
(ADHDP), etc., which have been made preliminary explo-
rations and achievements in the field of vehicle control [16].
Specifically, Luo et al. developed a direct heuristic dynamic
programming (dHDP) for longitudinal control of hyper-
sonic vehicles and introduced fuzzy neural networks to
enhance the learning ability and robustness of dHDP [17].
There is also an application of ADDHP to study the optimal
control of attitude maneuver for three-axis spacecraft [18].
Some creative researchers improve ADP by redefining the
two optimization objectives and apply ADP to the in-orbit
reconfiguration of the vehicle attitude system under mul-
titask constraints through dual optimization indexes [19].
Moreover, ADP can be associated with traditional methods,
such as nonlinear filter [20] and sliding mode control [21], to
implement a data-driven ADHDP auxiliary control scheme
for the speed and altitude system of an air-breathing hy-
personic vehicle [21]. In [22], a switching adaptive active
anti-interference control technique based on reduced-order
observer technique and ADP is proposed, considering the
parameter uncertainty and external disturbance of variable
structure near-space vehicles. Furthermore, aiming at the
guidance and control problem of the vertical take-off and
landing (VTOL) system with multivariable disturbances, an
online kernel DHP robust control strategy based on the
sparse kernel theory is designed for VTOL vehicles [23].
Most of the above control strategies with ADP utilize neural
network estimators to approximate the cost function and
optimal control law online, while Zhou et al. creatively put
forward an incremental ADP (IADP) combining the ad-
vantages of the incremental control method and ADP [24].
This iADP is based on Markov decision-making process and
Bellman optimal principle to directly derive the explicit
expression of optimal control law, greatly simplifying the
design process of ADP, and successfully exploited to satellite
[25] and aircraft [26]. Similarly, Sun and van Kampen also
come up with an incremental model-based DHP technology

&=-pcosatanf+q—rsinatanf
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for vehicle control, replacing the model network in tradi-
tional DHP with an incremental model [27, 28].

In a word, the development of ADP in the field of vehicle
control is rapidly deepening and expanding [16], but as far as
the current literature is concerned, ADP is still rarely applied
to the control of all three channels’ attitude angles of the
vehicle. Moreover, most of the literature rarely mentions the
internal weight convergence, parameter selection, training
speed, and other issues of ADP based on critic-action
networks, but these are problems to be concerned about.
Therefore, this paper contributes to employ the ADP
framework to the control of all three-channel attitude angles
of a reentry vehicle. Inspired by the ADP as an auxiliary
controller [21], this paper presents a framework combining
conventional controller and ADP, and ADP is as the aux-
iliary means to enhance the rapidity and adaptivity of the
whole attitude system. In addition, the internal convergence
of the ADP structure and its parameter selection rules are
discussed in depth. Aiming at the implementation problem,
this paper considers the improvement measures to speed up
ADP training, which will be provided to interested re-
searchers for future discussion.

The rest of this paper is organized as follows. Firstly, the
nonlinear dynamics of the three-channel attitude control
system of the reentry vehicle is established in Section 2.
Then, in Section 3, the control strategy based on the dual-
loop main controller plus ADP is elaborated in detail. In
Section 4, some issues about implementation are taken into
consideration. Finally, the simulations and conclusions are
presented in Sections 5 and 6, respectively.

2. Nonlinear Model

To describe the attitude change of the reentry phase, we give
the rotation equations of the vehicle around the center of
mass, including rotation dynamics and attitude kinematics.
They determine the attitude angles of the vehicle around the
center of mass and the angular rate of the three channels
during the flight. Considering the influence of Earth rotation
on attitude control, a three degree of freedom nonlinear
attitude model in the body coordinate system can be ob-
tained [29]:
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where a, 8, and y represent the angle of attack, sideslip,
and bank angle, respectively; p, g, andr are the roll, pitch,
and yaw rate, respectively. And M,, M, and M, denote
the roll, pitch, and yaw control torques, respectively;
1;;(i = x, y,2; j = x, y, z) is rotational inertia. ¢, 6, y, and 9
are longitude, latitude, heading angle, and flight path
angle, respectively; Qp is the Earth rotation angular
velocity.

In actual control, vehicles can be regarded as an ideal
rigid body. Considering that the rotation rate of the Earth is
far less than that of vehicles, the rotation of the Earth is
ignored. Besides, orbital motion is much slower than atti-
tude motion, so the orbital motion terms of vehicles are
described as ¢ = 6 = 9 = § = 0. Finally, simplified dynamics
can be obtained:

= —pcosatanff +q—rsinatanf,
B=psina—rcosa (2)
p=—pcosacosf—qgsinf —rsinacosp.
Above attitude kinematics equation (2) is abbreviated as
7 =TI(Ow, 3)

where y = [a, B, u]" € R* and w = [p,q,7]" € R*. T € R*?
are defined as

—cosatanff 1 —sinatanf

T= sin o 0 —cosa . (4)
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Similarly, rotational dynamics can be simplified as

=-I""Qlw+ 1" 'M,, (5)

where I € R* denotes inertial matrix; M, = [M,, M,
M,]" € R® is a vector of control torques. Qe R and
I € R*3 are defined as
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If there exist external disturbances, d, and d, are in-
troduced into the vehicle system as follows:

{y =TI'(w+d,,

_ _ (7)
w=-I"Qlw+I"'M,+d,,

where d, € R® and d, € R® represent external disturbances.
Obviously, the attitude tracking control problem of the
reentry vehicles can be described as

Jim - ag] = 0

Jim 18- B, =0, (8)
tlgnoollﬂ Hall =
3. Controller Design

In the previous section, the nominal attitude model of the
reentry vehicle has been established by equations (3) and (5),
which can be reorganized as equations (9a) and (9b). This
section will devise a controller with an auxiliary according to
this vehicle model:

y =T, (9a)
w=-1"Qlo+I"'M,. (9b)
It is well known that the attitude angles change more

slowly than the angular rate. Therefore, according to the
principle of time scale separation and cascade control,



equations (9a) and (9b) can be divided into attitude angle
slow loop equation (9a) and angle rate fast loop equation
(9b), also known as outer loop and inner loop, respec-
tively. In this section, the ADP-based controller will be
presented, and the overall control strategy is shown in
Figure 1.

As shown in Figure 1, there are two control loops. The
outer loop is an attitude control loop with two controllers.
The controller 1 generates the main angular rate instruction
w, according to the guidance instruction y,, and the ADP
controller outputs the control instruction u,pp according to
the attitude angle error; both of which together yield the
angular rate w.. Then, w, is a reference instruction for the
inner angular rate loop so that the controller 2 of the inner
loop generates the control torque M, which acts on the
vehicle to output the actual attitude angles and complete the
control task.

In this paper, the inner controller 1 and outer loop
controller 2 are implemented based on conventional sliding
mode control and serve as the main controllers. To increase
the performance of the main controller of the outer loop, the
ADP controller acts as an auxiliary and adopts an action-
dependent structure such as ADHDP. Note that ADHDP
belongs to the category of ADP, so it is called ADP in this
paper. The output of the ADP serves as a supplementary
reference signal for the inner loop. The focus of this paper is
to discuss the auxiliary role of ADP structure. Of course, the
main controllers can also choose other methods to design,
but how to select the main controllers is not the focus of this
paper. It should be pointed out that only the ADP auxiliary
controller is introduced into the outer loop, mainly because
the outer loop variable is the attitude angle and the inner
loop variable is the angular rate, and the attitude angle
changes slowly than the angular rate. Therefore, in each
iteration, the iterative speed of the ADP is more easily
matched with the update speed of the main controller 1.
Perhaps we can similarly introduce the ADP auxiliary
controller with the same structure into the inner loop, and its
rationality and effectiveness will be researched and verified
in future work.

In the following subsections: according to cascade control
strategy, the outer loop controllers are first designed, including
the main controller 1 and the ADP-based auxiliary controller.
After the reference command signal w, is obtained by the outer
loop controllers, the inner loop controller 2 is presented.

3.1. Outer Loop Controllers

3.1.1. Main Controller 1. The control objective of the outer
loop is to operate the actual attitude angle y to track y,
within the desired accuracy. First, take the tracking error
e, =y, —y € R’. The sliding switching surface S, € R’ of the
outer loop can be selected as

Complexity

t

T
S =[SpS8p] =6, p, [ edn (10

where p, = diag{pyl,pyz,py3} € R” and p,>0,i=1,23
are the parameters to be designed [30]. Obviously, on the
sliding surface S, =0, the tracking error e, can be guar-

y
anteed to converge uniformly, that is,

t

S, =e, +p, joeydT:O (11)

In order to ensure the asymptotic convergence of the
outer loop tracking error to the sliding surface, the virtual
control law must be designed. First, take the derivative of
S, as

SY =¢é,+pe,
=Va—V+Pe (12)
=va—Tw+pe,
Take the following Lyapunov function:
L =(5)sts, >0 (13)
and the derivative of L, is as
L, =58, (14)

By Lyapunov stability, L, <0 has to be guaranteed.
Therefore, the sliding mode approach law can be chosen as

SY = —Tysign(Sy), (15)

where designed parameter 7,>0 and sign(S,) =
[sign(Syl), sign (Syz), sign (81,3)]T denotes a sign function.
According to equations (12) and (15), there exists

va—To+pe, = —Tysign(Sy). (16)

So, the virtual control law of the outer loop can be
obtained as follows:

w, = Ffl()'/d +pe,+ Tysign(Sy)). (17)

In order to avoid or reduce the sliding mode chattering
caused by the sign function in equation (17), a smooth
continuous function can be adopted instead of the sign
function. Because the saturation function is one of the most
simple and effective ways, the virtual control law is rede-
signed as follows:

. S,
w, =T (Yd +pye, + Tysat<£—)>, (18)
Y

where sat(Sy/E],) = [sat(Syl/fy), sat(Syz/ﬁy),sat(S},3/E},)]T
denotes a saturation function with width fy>0 as
follows:



Complexity

Outer loop

Yd
Slow loop

controller 1

y

Inner loop
Fast loop -
controller 2

ADP
% controller | 4 e

FiGgure 1: Dual-loop control structure based on ADP.
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S,s S,;
sat(g—i) = (51) (|Syi|s£y), (19)

(i=1,2,3)
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Therefore, according to control law equation (18), the
attitude angles can track the commands, and the error e
uniformly converges. Next, w, will be provided as the main
reference signal to the inner loop.

3.1.2. ADP Auxiliary Controller. The idea of ADP is to take
advantage of the function estimators to approximate the per-
formance index functions and control strategies that meet the
principle of optimality. By designing a critic-action structure, the
critic network approximates the performance index J (the cost
function) and J is defined as the forward accumulation of the
utility function U with the discount factor A [20, 21]:

(o)

J (k) =Y AU (i), (20)

i=k

where U is usually defined as a quadratic. It can be seen that
the cost function is also a quadratic convex function, with
only a local minimum and at the same time a global min-
imum. The action network obtains the optimal control law
u* by minimizing J:

u” (k) = arg T(ikr)l{U(k) +AJ(k+ 1)} (1)

In this paper, only the auxiliary ADP controller is added
to the outer loop to compensate for the attitude angle error
generated by the main controller 1. ADP outputs u,pp (1pp
has the same dimension as w,), and the sum of u,p and w,
inputs as a reference instruction to the inner loop. Obvi-
ously, the ADP controller is sensitive to the attitude angle
error. It can be imagined that ADP will start to work when a
certain error occurs; when the error meets the threshold
requirements, the ADP does not need to work, which will
balance the loss in accuracy and calculation speed. However,
this does not seem to be the focus of this paper. It may be
discussed in future research, such as the selection and op-
timization of the threshold.

In Figure 2, ADP adopts a network structure based on
ADHDP, which includes an action network, a critic network,
and attitude model (9a). The input of ADP is the attitude
error, and the action network generates the control signal
u,pp- At the same time, the critic network approximates J.
The specific design of each network is given below.

(1) Critic Network. In Figure 3, the critic network uses a
single hidden-layer BP neural network with six input nodes,
M hidden nodes, and one output node. The input contains
the attitude angle error Ay and u,p generated by the action
network. The output is the estimated 7 of the cost function J.
Wel € RM¥ js the weight matrix of the input layer to the
hidden layer and Wel;(i=1,...,6;j=1,...,M) repre-
sents the weight of the i-th input node to the j-th hidden
node. Wc2 € RM is the weight matrix from the hidden-to-
output layer, and Wc2;, j=1,..., M represents the con-
nection weight of the j-th hidden node to the output.
Chl € RM*! and Ch2 € RM*! are the input and output
vectors of hidden nodes, respectively. The active functions of
the hidden layer and the output layer are a bipolar sigmoid
function and linear function, respectively. The attitude error
is as follows:

Ay =[Aa, AR Al = [y — o, By = Boptg —p] . (22)
The input of the critic network is INc € R®! as
INc = [Ay; Auypp]

(23)
= [A“> AB, Ap, uapp (1), ppp (2), Uspp (3)]T-

The training of the critic network consists of two parts,
one is the forward calculation, and the other is the error
backpropagation of updating network weights. The forward
process of step k is

6

Chlj (k) = Z INg; (k) - WClji(k), j=12,...,M,
i=1
| — g~ Ch1, R

Ch2, (k) = PRI

ji=1,2,...,M,

M
(k)= Ch2;(k)- We2;(k), j=12,...,M.
j=1
(24)
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FiGure 3: Structure of the critic network.

Equation (24) can be rewritten in matrix form as
Ch1 (k) = Wcl - INg,

(1- e)—Chl(k)

Ch2 (k) = (25)

7 (k) = We2 (k) - Ch2 (k).

Based on the Bellman optimality principle, the critic
network approximates the cost function of the system. The
actual J (k) is defined as the cumulative return from the
current state to the future:

o) .
J(k) =Y Xk (i), (26)
i=k
where A € (0,1) is a discount factor or forgetting factor,
indicating the influence of the future state on the current

strategy. U is the utility function at each step, which is
defined as a quadratic:

{ U (k) = Ay" (k)AAy (k),

0>0.
The following error E. can be defined, and the critic
network can approximate J by minimizing E_:

G)

e, =J(k)=U(k+1)—=AJ (k +1).

(27)
A = diagfo, 0, 0},

2
>

E

c

(28)

Therefore, network weights can be updated through
backpropagation of E..

(2) Updating the Weights Wc2. Using the gradient descent
method, let AWc2 be the gradient, so
We2(k+1) = We2 (k) + AWe2 (k), (29)

where each component of AWc2 is represented as

| EREnY

OE. (k) 0] (k)
0J (k) oWce2; (k)

OE, (k)

AWe2; (k) = . (k) - (_m
J

=1,..

= _(c (k)

LM

M,
(30)

(. (k)-e.(k)-Ch2;(k), j=1,...

where (. (k) € (0,1) is the learning rate. Equation (30) is
combined and rewritten into a matrix form as

AWe2 (k) = —(, (k) - e, (k) - Ch2" (k). (31)

(3) Updating the Weights Wcl. Similarly, let AWcl be the
gradient, so
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Wel (k+ 1) = Wel (k) + AWcl (k),

3E, (k) #=1...,6
AWcl ;i (k) = (k) - | ———= ),
C]z() (c() ( aWClﬂ(k)) j:].,“.,M
- (32)
LW OE (k) 0] (k) 0Ch2;(k) oChl; (k)
~ 797 (k) 9Ch2; (k) aCh1; (k) OWcl (k)
1 2
= oK) e (R) - We2, () (5 ) [1 - Ch} ()] - INe, (K
Combine the above formula into a simplified matrix E (k) =<l>e2 ),
form as follows: ¢ 2/ (35)

AWl (k) = -(%) LK) - e, (K)

. {WCZT (k) x [1 - Ch2 (k) x Ch2 (k)]} - INC' (k),
(33)

« ,»

where the symbol “x” represents the Hadamard product of
two matrices, that is, bitwise multiplication; “-” represents
the ordinary multiplication of matrices. These symbols
appearing in the later parts of this paper possess the same
meaning.

(4) Action Network. As shown in Figure 4, the action net-
work adopts a single hidden-layer BP neural network with
three input nodes, N hidden nodes, and three output nodes.
The network’s input is INa = Ay € R®!, and output is
uspp € R¥1. Other parameters are defined similarly to the
critic network. The active functions of the hidden and output
layer are a bipolar sigmoid function and linear function,
respectively.

The training of the action network also includes forward
calculation and error backpropagation. Firstly, the forward
process is briefly presented as

Ahl (k) = Wal - INa,

(1-e) AM®

Ah2 (k) = (34)

1+ e)—Ahl(k)’

uppp (k) = Wa2 (k) - Ah2 (k).

The action network generates an optimal control strategy
by minimizing the system cost function J. This goal can be
achieved by minimizing the defined error E:

e, (k) =J (k).

(5) Updating the Weights Wa2. With the gradient descent
method, the update process of Wa2 is

Wa2(k + 1) = Wa2 (k) + AWa2(k),

_0E, (k) (36)
oWa2(k) )’

AWa2 (k) = {, () - (

where (, (k) represents the learning rate. The connection
weight from the j-th hidden node to the ith output node is
denoted as Wa2;;(i = 1,2,3;j=1,...,N), so

i=1,2,3
Wazy (K +1) = Wa2y; (k) + AWazy (), s
(37)
) (9B, (k) de, (k) 3] (k)
AWa2; (k) = L, (k) ( de, (K) 37 (k) aWa2ij(’<>>
B B o] (k) Oupp; ()
=) ( O Bty () W2, <k)>
= (a(k)'eu(k)‘auADPi(k) Ahz](k)
(38)

The middle term (af(k)/auADPi(k)) in equation (38)
indicates that the path of the backpropagated signal passes
through the critic network when training the action network
[31]. Furthermore, by the output and input of the critic
network, (af(k)/auADP,» (k)) can be obtained:

o] (k) 0] (k) 9Ch2(k) oChl (k)

aMADP (k) - 0Ch2 (k) oChl (k) auADP (k) (39)
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FIiGURE 4: Structure of the action network.

So,
o] (k) =§< 9] (k) 0Ch2; (k) aChlj(k)> C1as
Ourpm (k) &\ 3Ch2; (K) 9Ch1 (k) duppyy (0 '~ 7
M
- j_1<Wc2j (- (3) (1~ Ch22 () - Wel 05, () (40)

- G) SWel () () - (We2T () x (1 - Ch2 (k) x Ch2 (K)))),

where Wcl . ;.5 represents the (i+3)-th column of Wcl. where Wcl = Wcl(: ,4: 6) represents columns 4 to 6 of
(:,i+3) Uppp

Equation (40) can be rewritten in matrix form: Wel, that is, the connection weights of the three input nodes

37 (k) ] corresponding to u,pp and all hidden nodes in the critic

]7 - <_> “Wel T (k) network. From equations (37)-(41), AWa2 can be deduced
Ouppp (k) \2 Happ as

- (We2' (k) x (1 - Ch2 (k) x Ch2(k))),
(41)

AWaZ(k):(ﬂ(k).( OF, (k) de, (k) 0] (k) )

de, (k) 07 (k) aWa2 (k)

o] (k)

AT (42)
St () Ah2" (k)

= _(a (k) ‘ ea (k)

= (5) G-y () - {Wet, " (R) - (Wea" (K) x (1~ Ch2 (k) x Ch2 (k) } - Ab2" (k)

(6) Updating the Weights Wal. Similar to the Wa2, the
update of Wal is
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Wal (k + 1) = Wal (k) + AWal (k), (43)
) 3E, (k)
AWal (k) = (:a (k) - (_a\/\/al(k)>
AR 3T (k) duypp (k) 0AR2 (k) DAL (k) "
=% "6, (0) 37 (k) dunpy (k) 9Ah2(K) JARL (k) dWal (k)
_ T o] (k) 1 T
=, (k) -e,(K)- {(WaZ (k) - m) X(E- (1- Ah2 (k) x Ah2(k))>]» - INa” (k).
Substituting equation (41) into equation (44), AWal can W, + I ' Qlo-T""M_ +p,e, = —1,sign(S,). (50)

be easily obtained.

So far, the training process is completed. And the op-
timal control signal u,pp output by the action network will
be combined with w, output by outer loop main controller 1,
that is

W, = Wg + Uppp> (45)

where the angular rate signal w. € R*! will be input as the
reference command of the inner loop controller 2, and the
control torque M, output by controller 2 will operate the
vehicle to complete the attitude control task.

3.2. Inner Loop Controller. To ensure that the actual angular
rate w can stably track the expected reference angular rate w,,
similar to controller 1, the sliding variable is selected for
inner loop controller 2 as follows:
t

sw = [swl’ Sw2’sw3]T =€yt Py JO ewdT’ (46)
where e, =w.—weR™ and
Po = diagl{pu1> Purs Pust € R with p,;>0,i=1,2,3. In
order to ensure the inner loop tracking error e, asymp-
totically converges to the sliding surface S, = 0, the actual
control law M has to be designed.

The derivative of S, is

Sw:ew+pwew

. . (47)
=w.+1 Qlwo-1 "M, +p.e,.
Take the following Lyapunov function L,:
I\t
L= <—>Swa >0,
2
(48)
L,=SS,.

By Lyapunov stability, L,<0 has to be guaranteed.
Therefore, the dynamics S, can be chosen as
Sy = ~T,sign (S,), (49)
where designed parameter 7,>0 and
sign (S,,) = [sign (S,,,), sign (S,,), sign (S,;)]" denotes a sign
function.
According to equations (47) and (49), there exists

So, the actual control law of the inner loop can be ob-
tained as follows:

M, =1o.+Qlw+Ipe, + 7,1 -sign(S,). (51)

Similarly, a continuous saturation function is chosen to

replace the sign function to reduce the chattering. Therefore,
the actual control law is rewritten as follows:
. Sw

M, =Iw.+Qlw+Ip,e, + 7,]-sat z ) (52)

w

where sat(S,/¢,) = [sat(Swl/fa,),sat(Swz/iw),sat(Sw3/Ew)]T
denotes a saturation function with width &, > 0.
Therefore, for actual control law as equation (52), L, < 0
holds. That is, the actual attitude angular rate w converges
asymptotically to the expected angular rate w,.

4. Implementation Issues

In Section 3, the design of ADP auxiliary controller is
completed, but the parameter selection and training speed of
ADP cannot be ignored in practical application. So, in this
section, some issues are discussed about implementation of
ADP structure, including parameter selection for networks
and skills related to speed up training.

4.1. Network Parameters and Their Convergence. It is clear
that the critic network with a single hidden layer and
randomly initialized weights can approximate J with arbi-
trarily small errors, that is, limk_,oollf(k) - J(k)|| = 0.
Similarly, the action network with randomly initialized
weights can minimize the cost function 7 and its output can
approximate to the optimal control law u;},p, that is,

Uypp = arg min I71.
ADP

(53)

In other words, both the critic network and action
network evolve towards the optimal direction to achieve
their goals. Furthermore, considering equations (25) and
(34), it is because of the adjustment of network weights Wcl,
Wc2, Wal, and Wa2 that the output of the networks reaches
the desired optimal value. That is, when the optimal control
strategy u ypp is obtained, the network weights will also reach
the optimal weights as follows [32]:
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Wc* = argmin [J (k) - U (k + 1) = A (k + 1),
Wce
- (54)
Wa" = argmin |] (Kl

where Wc* and Wa* represent the optimal weights of the
critic and action network, respectively.

Lemma 1. In critic and action network, the weights Wc and
Wa are finally uniformly stable and approach the optimal
weights Wc* and Wa™.

Proof. It is well known that the weights of the input to
hidden layer are similar to the weights of the hidden to
output layer. In order to facilitate the elaboration, this paper
only presents the uniform stability proof about Wc2 and
Wa2, which are the weights of the hidden to output layer. Let

Complexity

the optimal weights corresponding to Wc2 and Wa2 be

Wc2* and Wa2*, respectively, and they are bounded.

[We2*|| <«,, [Wa2*| <x,, and «_, k, are positive constants.
Equation (28) can be rewritten as

B0 =(5)e (0,

e (k) =AJ (k) - (J(k-1)-U (k))
=1-We2(k) - Ch2 (k) - (A- We2 (k- 1)

(55)

-Ch2(k-1) - U (k)).

From equations (29) to (31), the update of Wc2 can be
rewritten as follows:

We2(k+1) =We2(k) + AWc2 (k)

= Wc2(k) +<—(C (k) -

OE, (k) de. (k) 9] (k) )
de (k) 9] (k) We2 (k)

(56)

=We2(k) =X (k)- (A - We2 (k)

-Ch2(k) = ((A-Wc2(k-1))-Ch2(k-1)

~U(k))) - Ch2" (k).

Similarly, the update of Wa2 is

Wa2(k + 1) = Wa2 (k) + AWa2(k),

=Wa2<k>+<a<k)-( OF, (K )

T OWa2 (k)

= Wa2 (k) ~(5) - L () e, (0 {Wet,,, T () (Wea (0 x (1 - Cha () x Cha ()} - Ah2"(R) (57)
= Wa2 (k) ~(3) 4, (0 TR - (©.(k) - We2" () ab2" (k)

= Wa2 (k) ~(5) - L4 (0 (We2(k)- Ch2 (k) - (0 (k) - We2" () - Ab2" (R)),

where  © (k) = Wel, T (k) x [1-Ch2(k) x Ch2(k) 1~
Ch2 (k) x Ch2 (k) - Ch2 (k) x Ch2 (k)]".

First, the Lyapunov method is adopted to analyse the
convergence of Wc2:

V. (k) =~ tr(We2 (kyWe2' (k)), (58)

1
(. (k)

where Wc2 (k) = We2 (k) — We2* (k) is the error between
actual and optimal weights. Then, the first-order difference
of V. is expressed as

3 1 5 tr(We2 (k + DWe2' (k +1) )

- We2(kWe2' (k)).

AV (k) =
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According to equation (56), (60) can be obtained:
We2(k+1)=We2(k+1) - We2"
=We2(k)-A-{ (k) [A-Wc2(k)-Ch2(k) - (M- We2(k-1)-Ch2(k-1)-U(k))] - Ch2" (k) - We2"
=Wc2(k) = A-{ (k)- [A- (We2(k) + We2") - Ch2(k) = (A - We2 (k- 1) - Ch2 (k- 1) - U (k))] -Ch2" (k)
=We2(k)- (I-1%- . (k) - Ch2(k)Ch2" (k)) = A+ { (k) - [A- We2" - Ch2 (k) - (A - We2 (k — 1)
. Ch2(k - 1) - U (k))] - Ch2" (k).
(60)
In addition, denote the approximation error between Substituting equations (60) and (61) into equation (59),
actual and optimal output as AV (k) can be deduced:
8. (k) = (We2 (k) - Wc2") - Ch2 (k) = We2 (k) - Ch2 (k).
(61)

AV, (k) = -8, ()" - 2*(1 =27 - L. (WICh2 (k)|

1 1 2
8. (k) + Wea* - Ch (k) +<X)U(k) —(X>Wc2(k ~1)-Ch2(k-1) (62)
+A- We2" - Ch2 (k) + U (k) - We2 (k- 1) - Ch2 (k - D)||".
Furthermore, applying the Cauchy-Schwarz inequality
[33], it can be deduced as
AV, (k)< = V]|, ()|
1 1 2
= V(1= 2% G (RNICh2 (R)I7) 10 (k) + We2” - Ch2 () + U (k) = 3 We2 (k= 1) - Ch2 (k = 1) (63)
. 1 1 . 21 2
+2‘)L-Wc2 +Ch2 (k) + U (k) -5 We2 (k= 1) - Ch2 (k= 1) - S We2" - Ch2 (k- 1) +5||8C(k -1
Similarly, set V,, (k) = (1/y{, (k))tr(Wa2 (k)Wa2" (k)), 8, (k) = (Wa2 (k) — Wa2*) - Ah2 (k) = Wa2 (k) - Ah2 (k).
(v >0). Referring to AV, AV, satisfies
Denote the approximation error of the action network
between the actual and optimal output as
1
AV, (k)< (@)H”mk) W2 (O] - ¢, (k) - [© (k) - We2" (O IAR2 (17 - IWe2 (k) - Ch2 ()1
(64)

+IWe2 (k) - Ch2(IPo, (0 + 4 wez" - chz (o + afs. (0 }.

1
Furthermore, set V5 (k) = (1/2)||8. (k — 1)||*, and then AVs (k) = <E>(”56 (k)”2 - “‘Sc (k- 1)"2)' (65)



12 Complexity

From the above derivation, we can finally take the total
Lyapunov function V (k) as

V(k) =V (k) +V, (k) + Vg (k)

< (23 acor

“R(1-2- L (RICh2 (R)P) -

2

8. (k) + We2™ - Ch2 (k) +%U(k) —%WcZ(k— 1)-Ch2(k-1)

(66)
1
Yy (I|®<k> W () - ¢, () - |© (k) - we2” <k>||2||Ah2(k>||2) - [We2 (k) - Ch2 (k)|
2
+2[A- We2" (k) - Ch2 (k) + U (k) —%Wcz(k— 1)-Ch2(k-1) —%WCZ* -Ch2(k-1)
+ ianz (k) - Ch2 (R)IP|8, (B + %anz* (k) - Ch2 (K)[”.
Selecting some parameters as equation (67), then
equation (68) holds:
% <A<,
7 Xlch2 (k) )
7
G < ——— v
‘ |Ah2 (k)”
> L
Yy
1 4
AV (k) < —(AZ 5" E)II&(MHZ - (1-2%- L (ICh2 (R)])
2
8. (k) + We2" - Ch2 (k) +%U(k) —%Wcz(k— 1)-Ch2(k - 1) (68)
- i (||® (k) - We2" (0" = ¢, (k) - [© (k) - We2" (i) Il Ah2 (k)||2> S IWe2 (k) - Ch2 ()| + D?,
where D? represents
2
D* = 2”/\-Wc2* (k) - Ch2 (k) + U (k) —%wCz(k— 1)-Ch2 (k- 1) —%wCz* -Ch2(k-1)
(69)

+ iuwCz(k) -Ch2(R) I8, (R)[* + %uwCz* (k) - Ch2 (B
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Furthermore, applying the Cauchy-Schwarz inequality,
we get
1 1
D’< 8<)L2||Wc2* (k) - Ch2 (R)|* + U? (k) + JIWe2(k—1)- Ch2 (k= I + [We2" - Ch2 (k - 1)||),
+ %n(a (k) - we2T (0| - <||Wa2 (k) - Ah2 (K)|* +|Wa2" - Ah2 (k)||2) + %nw(;z* (k) - Ch2 (0|, (70)

max

4
< (8/12 +4+ E) W22, - Ch2?

where the subscript “max” represents the upper bound of the
corresponding parameters’ 2-norm, such as [We2[| < We2, ..
Therefore, for any

Dmax
"(c(k)">< A —(172) - (4/y) >) .

AV (k) <0 holds. This indicates that the actual weights will
converge to the optimal weights. In other words, the weight
error . and §, are uniformly bounded. This also results in a
stable ADP system and an optimal output.

Furthermore, note that the components of Ch2 and Ah2
are limited to [-1, 1] due to the activation functions of the
hidden nodes, that are

-1<Ch2;<1, i=1,...,
(72)
-1<Ah2;<1, j=1,...,N.
So, there exist
M
ICh2(k)|* = ) [Ch2, (k)]* <M,
e i (73)
lAh2 (k)I* = ) [Ah2; (k)] < N.
j=1

According to equation (67), some networks’ parameters
should satisty

%<A<1,
1

k) < ,
. (k) TRy,

() < (74)
a < ﬁ’

4

v> AF=(1/2)

Equation (74) provides a simple and intuitive guidance
to select networks’ structure and learning rate, while
maintaining the stability of weights and ADP structure.

4.2. Improvement in Implementation. In the previous liter-
ature, when it comes to the training of feedforward net-
works, all weights usually need to be adjusted, so there are

4
o Wl @0 WaZh - AN + 8 = D

2

max max max’

serious dependencies between different layers. Moreover,
the algorithm based on gradient descent is widely applied to
the learning of various feedforward neural networks.
However, it is obvious that the learning method based on
gradient descent is usually very slow and time-consuming
because of improper learning steps, or it is easy to be
overtrained and falls into local minima.

In order to make the training process as time-saving as
possible and better meet the time matching between online
training and practical applications, we can consider two ideas:
one is based on Igelnik and Pao’s theory [34], that is, for a
single hidden-layer forward neural network, if the weights of
input to hidden layer are randomly initialized and kept
constant, as long as the number of hidden nodes is sufficient,
the approximation error of the network can be arbitrarily
small. The second is based on the extreme learning machine
(ELM) proposed by Huang et al. [35, 36]. For a single hidden
layer forward neural network, the weights of the input to
hidden layer are initialized randomly and kept constant, and
then the hidden nodes are arbitrarily selected. The weights of
hidden to output layer are directly determined analytically by
the Moore-Penrose inverse, without necessary to derive and
calculate partial derivatives layer by layer such as the gradient
descent method. The speed of extreme learning methods has
been proven to be tens or even thousands of times that of
ordinary gradient descent methods, and it can effectively
reduce complexity and avoid local minima [37].

To facilitate implementation, this paper will adopt the
first idea to improve the performance; that is, the weights
Wecl and Wal are randomly initialized in a finite interval
and kept constant, and only the weights Wc2 and Wa2 are
adjusted by the gradient descent algorithm, resulting in
effectively avoiding excessive time consumption. As for the
thinking based on extreme learning machine, it is only given
here without in-depth discussion due to the limited space of
this paper and the lack of theoretical guidance in the ap-
plication of vehicles. We may make further analysis and give
more rigorous theories to support the application in prac-
tical vehicle control in future research.

5. Simulations

In this section, the control strategy with ADP derived above
is implemented to vehicle attitude control, and the
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FIGURe 5: Tracking result of the three attitude angles. (a) The angle of attack «. (b) The sideslip angle . (c) The bank angle u.

effectiveness of the designed strategy is verified by com-
paring with the conventional controller without ADP.

According to a vehicle model in laboratory, the inertia
matrix [ is taken as

135 =20 -1
I=|-20 1060 -1 |. (75)
-1 -1 975
The common parameters are taken as follows:
py = diag{1,1,1},  p, = diag{0.5,0.5,0.5);  the  width

§, =&, =2 in the saturation function; 7, = 7, = 0.2. The
number of hidden nodes is M = N =8. According to
equation (74), the discount factor takes A = 0.9 with learning
rate (. (k) <0.155, {, (k) <0.125. Take A = diag{1, 1,1}, and
all weights are randomly initialized in [-0.2, 0.2].

Set the initial flight state of the wvehicle as
Yo = [35, 0.5,5]" deg and w, = [0,0, 0]" (rad/s). The desired
attitude instruction is y; = [37,0,10]" deg, and the simulation
step size is 0.02s. To verify the performance of the controller,
pulsed disturbances d, = d, = [10, 20, 10] will be added at 10s.

Figure 5 presents the tracking results of the three attitude
angles. As can be seen from these figures, the controller with
ADP is more responsive than the controller without ADP. For
example, the controller with ADP can accurately track in-
structions within 100 steps and cause less overshoot, while the
controller without ADP requires about 200 steps. When external
disturbances are added at 10s, the controller with ADP also
responds more quickly and with less overshoot. Through these,
it can be seen that ADP improves the performance of the system.

The controller with ADP shows faster performance and
less overshoot, which benefits from the ADP structure’s
auxiliary behaviour to the outer loop. Through the training
process that meets the expected threshold, the ADP struc-
ture generates the auxiliary optimal control signal to
compensate for the deficiency of the outer loop main
controller 1 in eliminating attitude error. Figures 6-11 show
the training process of the ADP network. Specifically,

1.5 T T T
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Figure 6: Wcl.
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FIGURE 7: Wc2.

Figures 6-9 show the dynamic adjustment of network
weights. Figures 10 and 11 are the estimated value of the cost
function output by the critic network and the optimal
control signal output by the action network. Compared to
the previous Figures 5, 6-9 show the rapid adjustment of the
network weights at the beginning stage to achieve the
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Ficure 10: Estimated cost function J.

purpose of tracking instructions. As the system output
gradually keeps up with the instructions, the weights also
converge to the optimal weights (W* as demonstrated in
Section 4) and remain stable. When the external distur-
bances are added at 10s, the network weights are adjusted
again and tend to other optimal weights. It shows that ADP
produces auxiliary output to play a certain role at the be-
ginning and when disturbance appears.

According to the thinking and analysis in Section 4.2, when
implementing this control strategy, it can be considered that
randomly initializing the weights of the input to hidden layer
(Wcl and Wal) and keeping them constant. During the
training, only adjusting the weights Wc2 and Wa2 can not only
achieve the same optimal control goal but also greatly reduce
the time consumption. Figures 12 and 13 show the corre-
sponding weight changes. Simultaneously, Figure 14 shows the
comparison of time consumption in 12 group simulations. It
can be further concluded that the average time consumption of
maintaining the weights of the input-to-hidden layer (Wcl and
Wal) and only adjusting the weights of the hidden-to-output
layer (Wc2 and Wa2) is 31.9% lower than that of adjusting all
weights. Although the sample in Figure 14 is limited, combined
with the analysis in Section 4.2 and neural network theory, the
effectiveness of this idea in reducing time consumption and
improving efficiency is significant.

Furthermore, Figures 15-19 show the tracking control
results of time-varying attitude commands, using the controller
with ADP. The pulsed disturbances d = [5,1, 117 and
d = [10,2, Z]T are introduced at 10s and 20 s, respectively, as
shown by the yellow arrow in the figures. From Figures 15-17,
it can be seen that the controller with ADP auxiliary structure
can make the actual attitude angles accurately track the
commands. Figures 18-19 show the weights of action network
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and critic network in ADP. The weights of the action network
are dynamically adjusted to output the optimal auxiliary
control signal u,pp in real time, as shown in Figure 20. Fig-
ure 21 shows the control torque acting on the vehicle. From
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these, it can be seen that the controller with ADP auxiliary
structure has good dynamic stability performance.

6. Conclusions

Combining the hottest reinforcement learning at present,
this paper presents an ADP-based attitude control meth-
odology for reentry vehicles, applying the ADP to the three-
channel attitude control. First, a nonlinear model of the
three-channel attitude system is established, and it is divided
into inner and outer loops according to the principle of time
scale separation. Both the inner and outer loops utilize a
conventional sliding mode controller as the main controller,
and an auxiliary ADP framework is introduced to the outer
loop. When facing the vehicle’s nonlinearity and sudden
disturbances in particular, the main controller is easy to be
weak due to its lack of sufficient adaptability. At this time,
the auxiliary role of ADP will be fully exerted. Because ADP
uses the critic network and action network, ADP structure
has good learning ability. It generates the optimal auxiliary
signal immediately after learning the tracking error to
compensate for the deficiency of the main controller and
improves the adaptability and response speed of the entire
control system. For implementation, this paper discusses
selection strategies of the ADP parameter and some tips for
speeding up training. And the stability is proved by the
Lyapunov method. Finally, simulation results of step and
time-varying commands demonstrate the effectiveness of
the designed scheme for the nonlinear attitude system.

In the future work, we will focus on some switching or
event-triggered strategies for this structure with dual controllers.
Imagining that if the ADP auxiliary structure is event-triggered
rather than time-triggered, it will greatly reduce consumption of
ADP’s time and system resources, to improve efficiency.
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In this study, a control scheme that allows performing height position regulation and stabilization for an unmanned planar vertical
take-off and landing aerial vehicle, in the presence of disturbance due to wind, is presented. To this end, the backstepping
procedure together with nested saturation function method is used. Firstly, a convenient change of coordinates in the aerial
vehicle model is carried out to dissociate the rotational dynamics from the translational one. Secondly, the backstepping procedure
is applied to obtain the height position controller, allowing the reduction of the system and expressing it as an integrator chain
with nonlinear disturbance. Therefore, the nested saturation function method is used to obtain a stabilizing controller for the
horizontal position and roll angle. The corresponding stability analysis is conducted via the Lyapunov second method. In addition,
to estimate the disturbance due to wind, an extended state observer is used. The effectiveness of the proposed control scheme is

assessed through numerical simulations, from which convincing results have been obtained.

1. Introduction

The Planar Vertical Take-Off and Landing (PVTOL) un-
manned aerial vehicle is a representation of the Harrier Yab-
8b aircraft when considering a minimum of inputs and
outputs to obtain a vertical short take-off and landing be-
havior [1], which has been used as a test bed for automatic
control applications. In fact, the PVTOL aerial vehicle is a
simplified model that embodies the behavior of several
actual vertical take-off and landing aircraft, which ultimately
makes it a suitable benchmark to test new and existing
controllers. Therefore, there is a vast literature on the subject.
However, a current and open challenge is the design of

robust controllers for the PVTOL system under wind dis-
turbance in order to pursue outdoor applications. Thus, this
paper presents a robust control scheme for a PVTOL system
subjected to disturbance due to wind.

The works considered most relevant and closely re-
lated to the control problem treated in this study are
mentioned as follows. In [1], an input-output lineariza-
tion to achieve trajectory tracking control for the non-
minimum phase nonlinear system is presented. In [2], the
authors developed a nonlinear output-feedback controller
for the trajectory tracking of a reference model by using a
global exponential observer, coordinate transformations,
the Lyapunov’s method, and an extension of
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backstepping. In [3], a global stabilization control derived
from nonlinear combinations of linear saturation func-
tions was presented, whereas in [4], a nonlinear controller
for taking-off, hovering, tracking of a straight line, and
landing of the PVTOL system was introduced. The cor-
responding experimental implementation of the con-
troller was reported in [5], where a camera was used to
estimate the position and orientation of the PVTOL ve-
hicle. Also, in [6], a global configuration stabilization for
the VTOL aircraft with a strong input coupling using a
smooth static state feedback was reported. An alternative
teedback-based stabilization law to the one introduced in
[6] was presented in [7]. This law simplifies the term that
connects the state vector with the dynamics error. In [8],
the authors designed a stabilization control by trans-
forming the system into an integrator chain plus a
nonlinear disturbance, after which the saturation tech-
nique was used so that neither backstepping/forwarding
approaches nor small gain analysis is required. Further-
more, a nonlinear controller for a PVTOL vehicle, based
on prediction and partial feedback linearization, was
designed in [9]. A robust and linear state-feedback gain-
scheduled control to achieve hovering of a PVTOL system
with uncertainties in the mass, the momentum of inertia,
and the parasitic coupling parameter was introduced in
[10], while a nested set stabilization approach to locally
solve path following for the PVTOL system was intro-
duced in [11]. The system center of mass was constrained
to lie on the path, and the roll angle should be specified at
any given point on the path. In [12], the authors developed
a bounded backstepping method to achieve input-to-state
stability, with respect to the actuator errors, and to force
all trajectories of the system to track a reference trajectory
for all initial configurations. Also, Zavala-Rio et al. [13]
introduced a finite-time observer-based output-feedback
control for the global stabilization of both taking-off and
landing of the PVTOL system. In [14-16], a solution for
the regulation of a simplified version of the PVTOL
system was reported, which consisted of two control
actions that act simultaneously. Aguilar-Ibanez et al. [14]
used, as first action, a feedback linearization along with a
saturation function to asymptotically stabilize the vertical
position. For the second action, backstepping was
exploited to stabilize both the horizontal and the angle
positions. Similarly, Aguilar-Ibafez et al. [15] utilized as
first action a feedback linearization in combination with a
nonlinear controller to stabilize the vertical variable. The
other action stabilizes the horizontal and angular variables
to the desired rest position through an energy-control
method, whereas Aguilar-Ibaiiez [16] employed again a
feedback linearization with a saturation function to sta-
bilize the vertical variable, while a PD-controller and a
sliding-mode controller were used to stabilize both the
horizontal and angular variables. Moreover, Yu-Chan
etal. [17] dealt with the stabilization of the PVTOL system
with unknown model parameters by applying a sliding-
mode technique to design a state feedback control law.
Recently, in [18], a controller for the stabilization of the
PVTOL vehicle was designed on the basis of the
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immersion and invariance control technique. The con-
troller gives priority to the control of the aircraft’s altitude
before controlling the lateral displacement. More recently,
in [19], a cascade active disturbance rejection controller
was introduced to counteract the adverse effects caused by
an actuator failure in the PVTOL aircraft, while Escobar
etal. [20] were focused on finding conditions to determine
local asymptotic stability using a feedback linearization
control for the PVTOL platform, so that reaching any
singularity due to the transformation of the system is
prevented. Aguilar-Ibanez et al. [21] introduced an out-
put-feedback regulation control law for a PVTOL aircraft,
based on a version of the matching control energy
method. Such a control was improved to compensate
bounded, smooth, and matching perturbations with a
suitable finite time-varying identificator. Finally, Aguilar-
Ibanez et al. [22] proposed a robust controller to solve the
trajectory-tracking control problem of PVTOL aircraft
under crosswind by applying an input-output feedback
linearization to the PVTOL model under no crosswind
conditions. Thus, the resulting linearized system under
the crosswind effects is controlled using an active dis-
turbance rejection control approach to counteract the
effects of these perturbations.

Having reviewed the literature, it was found that almost all
the works mentioned above were developed to test the
PVTOL system indoor, mainly to avoid the undesirable effect
produced by the wind (instability and, even, the collapse of the
PVTOL system), which is not easy to counteract. Therefore,
few controllers are robust under unknown model parameters,
actuator failure, and crosswind. Thus, with the intention of
contributing to overcome wind undesirable effects, a robust
control scheme that combines a backstepping approach and a
nested saturation function-based controller is proposed
herein to perform taking-off maneuvers in the presence of
disturbance due to wind. The backstepping is used to carry
out the trajectory tracking task over the vertical position of the
PVTOL system and, consequently, to control the height
position. Then, from a set of convenient linear transforma-
tions, the system is represented as an integrator chain with a
nonlinear perturbation, for which a nested saturation func-
tion-based controller is developed to stabilize the horizontal
position and roll angle. This is carried out by satisfying
stability conditions obtained from application of the second
method of Lyapunov. Therefore, boundedness of each state
and asymptotic convergence to the origin are ensured. Lastly,
to estimate the disturbance due to the wind, an extended state
observer is used.

The remaining of the paper is organized as follows. In
Section 2, the PVTOL system and its dynamics are intro-
duced. In Section 3 the design of the backstepping controller
to perform trajectory tracking for the height position of the
system is presented. In Section 4, the controller based on
nested saturation functions for stabilization of the horizontal
position and the roll angle is designed. The extended state
observer is introduced in Section 5. In Section 6, the out-
come of numerical simulations that show the behavior of the
proposed control scheme is reported. Finally, Section 7 is
devoted to the concluding remarks.
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2. PVTOL System

Here, the PVTOL system and its dynamic model considering
a disturbance due to wind are presented.

The PVTOL system emulates the vertical take-off and
landing of an aerial vehicle, whereas it is automatically
stabilized. Hence, in practice, this system has a rigid
structure and two motors collocated at the ends of the
structure, as can be seen in Figure 1, where 0, is the roll
angle, x, is the horizontal position in the x axis, y, is the
vertical position in the y axis, f, and f, are the forces
produced by the motors, L is the distance between the center
of the rigid structure to the center of the motors, m is the
mass of the system, and g is the gravitational acceleration.

The representation in state variables of the PVTOL
dynamic model, when L, m, and g are normalized, has been
previously reported in [1] and used in [14, 23, 24], which is
given by

X =Xy,

X, = —u;sinf, + eu,cosb,

V1= Yo

¥, = u,cosb; + eu,sinf; — 1, (1)
61 = 62,

92 =u, + A,

where x,, x, = X, ¥;, ¥, = ¥1, 0, and 0, = 0, are the state
variables, u; = f, + f, and u, = f, — f, are the control
inputs, € is the coeflicient giving the coupling between the
rolling moment and the lateral acceleration, and A; is the
rolling moment due to the air, defined by Gomes and Ramos
[25] as

1
AL = (E)pClUZVa’ (2)

with p being the air density, C; being the nondimensional
coeflicient of the rolling moment in the standard convention
for airships, U being the air speed, and V, being the airship
model volume. That is, A; is considered as a disturbance due
to wind.

3. Height Position Control

To obtain the height position control, we apply the following
global coordinate change [26] to model (1):

X, = x, —esinf,,

X, = x, — €6, cosf,,

¥, =y, +€(cosh, — 1),

_ . (3)
¥, =y, — €0, sinf,

b, -0,

9,-0,

N1

v

(@) X X

F1GURE 1: Diagram of the PVTOL system.

Also, we introduce A, = A; — A, where A, is an esti-
mation of the disturbance due to wind carried out by an
extended state observer, which is described later in Section 5.
Thus, model (1) is transformed into the following system:

X| = Xy,

?2 = —Elsin@1 - eZLcosal,

V=02

?2 =1, cos0, — eA;sind, — 1, (4)
6,=86,

9 ,=uy + A

where 7, = u; — e@i is a new control input.

From this point, the backstepping procedure can be
applied to force the system to track a desired trajectory and,
consequently, to reach a desired height position. To this end,
an error is defined as follows:

ey =21, Vv (5)

with y, being the desired height position. Then, the method
of Lyapunov is used, considering the following candidate
function:

v(e)=(5)e ©

which is positive definite and whose time derivative results
in

V(ey) = ey(?ld - 72)' (7)

To ensure the stabilization of e , the auxiliary control, y,,
is proposed as

V2=, + e, (8)

with a; >0, so that (7) results in the following negative
semidefinite expression:

V(ey) = —oclei. 9)



Then, it is proceeded with the following change of
variables:

ey =7 —jld—ocley. (10)

So, the augmented Lyapunov function is given by

V(e,es,) = (%)(e; ved), (11)

whose time derivative is determined by

; 2
V(ey,ezy) =—e,e, —ae, tey,

. (El cos@, —1—eA; sin@l) (12)
— €y [j’_.g + “1(_62y - “ley)]'

To facilitate the proposal of 77; that ensures stabilization
of e,,, let us make (12) equal to zero for a moment and solve
for u,. Since y, = 0 is considered because it is the desired
acceleration of the height position, #, is found as follows:

2
— ey — . p—
w=——le, tay| = |+ 0‘1(—ezy - aley) +1+€A;sinf, |.

2y
(13)

Note that in order to avoid indeterminate (13),
—(n/2) < 0, < + (1/2) is required.

Taking into account the previous result and proposing
o, (ei/ezy) = —(&,e,,), it is clear that the stabilization of the
control system is accomplished if %, is selected as follows:

1

cos 6,

u, = [ey — 0y, + ocl(— €y~ ocley) +1+€A;sin 61],

(14)
because it achieves
V(ey,ezy) = —(oclei) —((xzeiy) <0, (15)

with &, >0, a,>0 and —(n/2)<6,< + (n/2). Hence,
Y1 — ¥, that is, the PVTOL system reaches the desired
height position.

4. Control of the Horizontal Position and
Roll Angle

In this section, a nested saturation function-based controller
for the stabilization of the horizontal position, X, and roll
angle, 0,, is developed [27]. This technique has been used for
the stabilization of nonlinear systems that can be approxi-
mately expressed as integrator chain [28-30]. To solve the
PVTOL system stability problem, first a linear transfor-
mation to propose the stabilizing controller is used. Then, it

is showed that the proposed controller guarantees the

Complexity

boundedness of all states and, after a finite time, the closed-
loop system is asymptotically stable.

Before developing the control strategy, the definition of a
saturation function is introduced.

Definition 1 (see [31]). A linear saturation function
0, (5): R — R is defined as
if |s|<b,

S,
= 16
%) { b-sign(s), if |s|>b, (16)

with b>0 being the upper bound of the function.

4.1. System as an Integrator Chain. After applying the
controller #,, the transformed system (4) can be reduced to
the subsystem (X, 0,), that is:

X = Xy,
X, = —tanf, — €A secl,,

(17)

6,=0,

0,=u,+A.

To express system (17) as an integrator chain, with a
nonlinear perturbation, and to propose a controller for the
stabilization of the subsystem (X;,0,), it is proceeded
similarly as in [32], so that the following global nonlinear
transformation is defined:

w; = —tan@l,
w, = —0,5ec’0,, (18)
275 o 275
v = —u,sec” 0, +20,tan0,sec”0,.

Hence, the transformed system as an integrator chain is
given by

X, = Xy,

X, = w, — €eAsect,

| (19)
Wy = Wy,
w, = v+ A;sec’d,
whose matrix representation can be expressed as
£= (Af+ By + w), (20)

where & = (X, %,, w;, w,) is the new state vector,
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0100

0010

0001

L0 00O

0

0

B= ol (21)

L1

i 0

—eA; sec,
0

| A sec’d,

4.2. Nested Saturation Function-Based Controller. In order to
obtain the stabilizing controller for system (20) and inspired
by [27], the linear transformation g = S¢ is used, in which S
must satisfy

o111
0011
0001
L0 001
M1

1

nt

1

SAS™! = ,

(22)

SB =

The matrix S that achieves the aforementioned equalities
is given by [31]

1331
0121
S= . (23)
0011
0001
Thus, g results in
q, 1331
9, 0121
q= = , (24)

q3 0011
4 0001
which transforms system (20) into
G =G+ qs+qy+v+ ZLS€C2§1 ~ 3eAsecl,,
4y =q3+q,+v+ ZLseczél - eZLsecél,
G; = q, +v+ Asec’0), 29

4, = v+ A;sec’d),

for which, the following nested saturation function-based
stabilizing controller is proposed:

V=44 = %(% + Uﬁ(‘b +o, (‘h)))’ (26)

where o, (), op (+), and o, (+) are linear saturation functions
as defined in (16) and «, f, and y are the upper bounds
of each nested saturation function.

Finally, departing from (18) and using (26), u, can be
constructed as follows:

u, = —( 12, >v+(2§§ tan§1>. (27)
sec”0,

4.3. Boundedness of All States. Now, it is proved that the
proposed closed-loop system, (25) with (26), ensures that
all the states are bounded and that the bound of each of
them directly depends on the design parameters of the
controller.

Step 1: to show that the state g, is bounded, the fol-
lowing positive definite function is defined:

1

v, = (5) (28)
2

whose time derivative is expressed as

Vi=—d;~ 4 [0u(ds + 05(2 + 0, (a1))) ~ Apsec’d, ]
(29)

It is clear that V,<0 is accomplished when
gl > o + (ALsec2 0). Therefore, there exists a finite time
T, >0, such that

RG] <a+Asec’d, Vt>T,. (30)

Step 2: now, the behavior of g5 is analyzed. For this, a
positive definite function is introduced as follows:

V, = (%)qﬁ. (31)

Differentiating it with respect to time and after
substituting (26) into g3, the following is obtained:

Vi=-gq, [%(% + Uﬁ(% +0, (‘11))) - ZLseczél]'
(32)

To ensure V3 <0 is achieved, the following conditions
must be satisfied:

a>2B+ ZLSCCZEP |q3| >B+ ZLseczél. (33)

Then, there exists a finite time T, > T, after which



|as (1) < B+ Asec’,, Vt>T,. (34)

Thus, when conditions in (33) are satisfied, g5 is
bounded and the stabilization controller (26) takes the
following structure:

V=—q,—q; - aﬁ(qz +0, (ql)), Vt>T,. (35)

Step 3: substituting (35) into the second differential
equation of (25), the following is obtained:

G, = —aﬁ(qz +0,(q,)) - €Arsech, + Ajsec’dy.  (36)

Then, the following definite positive function is defined:

e (i

whose first time derivative is obtained using (36), as
follows:
V,=-a,[05(q, + 0, (q))) + €A sech, — A sec’d, |.
(38)

With the purpose of performing V, <0, it is required
that 8 and y satisty the below conditions:

B>2y — €A, sech, + A;sec’d,
L 3 (39)
32| >y — €Apsect, + A sec’,.

Hence, there exists a finite time T'; > T,, after which

g, (0| <y - €A;secl, + A;sec’f,. (40)

Consequently, ¢, is bounded and the control v turns
out to be

V=-qy-qs-q-0,(q) Vt>T; (41)

Step 4: substituting (41) into the first equation of (25),
the following is obtained:
4 = -0, (q) - 3¢A, sech, + A sec’0,. (42)

To demonstrate that g, is bounded, a definite positive
function is defined as follows:

Complexity

V, = (%)qi. (43)

Differentiating V, along the trajectories of (42), the
following is obtained:

V,=-q, [oy (q,) + 3eA sech, — ZLseczél], (44)

where y must be selected so that y > — 3eZLsec§1 + A sec?0,
and |q,| > —3eA;sec;+ A;sec?0, to achieve V| <0. There-
fore, there exists a finite time T, > T}, such that

g, ()] < —3€A;sec, + Ajsec’d;, Vt>T,. (45)

Consequently, g, is also bounded. Finally, the values of
the parameters a, 3, and y can be determined as follows:

a>2B+ A;sec, (sec@1 ),
B>2y+ ZLsecE(sec@l - e), (46)
y>A; sec@1 (sec@1 - 36).

Since sec, >secf, — e >sech, — 3¢, r>|A;sec?d,;|>0
can be introduced, which is directly related to the magnitude
of the system disturbance, to select the upper bounds of the
saturation functions as

a=7r,

p=3r, y=r (47)

4.4. Convergence of All States to Zero. Here, we prove that the
closed-loop system, provided by (25) and (26) satistying
(47), is asymptotically stable.

Note that after t > T, controller (26) is no longer sat-
urated. That is,

V==~ ~q3~ 4y (48)

and the closed-loop system turns out to be

4 = —q, + Apsec’8, — 3eA;sech,,
GbH=—q -]+ ZLseczé1 —eA;sech), (49)
Gy =—qi— @~ qs + Apsec’d,
4y=—q1— @~ qs — 4 + Apsec’d;.

To demonstrate convergence to zero of all the states, the
following Lyapunov function is used:

1
V= (—)qTq, (50)
2
and differentiating it along the trajectories of (49), the
following is obtained:
V=od Mok (@t g gt a)Asec®
~ (31 +gs)eAsech;,

where
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1 1/2 1/2 172

172 1 1/2 12
M= , (52)
172 12 1 1/2

1/2 172 1/2 1

is positive definite with A, = (1/2). Therefore, (51) is
strictly negative, when A; — 0. Then, the vector of states g
exponentially converges to zero after some time ¢ >T,.

5. Extended State Observer

In this section, the extended state observer needed to esti-
mate the disturbance due to wind, A;, is introduced [33].
Consider only the disturbed coordinate:

0, =u, + A (53)
The following extended state observer is designed:

;6;2:”2"'5%_/\1(@2_62)’ (54)
AL = _/\2(92 - 92))

where 92 is the estimate of the roll velocity, A, is the estimate
of the disturbance due to wind, A, and A, are the gains of the
observer, which must satisfy the following condition:
A, < A,, and lastly u, is redefined and proposed as

t—t,\ t—t t—t,\
P,(t) = 1 rL+r, + 7, +7y

which smoothly interpolates between v, and v, in the in-
terval [t;, ¢ ], with t; being the initial time, ¢ ; being the final
one, and ry, 1y, 73, 1y, 15, and 1y selected as

r, =252,
r, = —1050,
r3 = 1800,
(58)
ry = —1575,
r5 = 700,
re = —126.

7
U, =1, — A, (55)
where #, = —(1/sec?6,)v + Zéitanél represents a fictitious

controller, acting on the coordinate 6,.

6. Simulation Results

In this section, the outcomes of some numerical tests are
presented in order to validate that the proposed control
scheme successfully achieves that
(%1, %3, ¥15 ¥2,0,,0,) — (0,0, ,0,0,0). That is, the
control scheme carries out height position regulation,
through performing trajectory tracking task, and stabiliza-
tion of the horizontal position and roll angle for the PVTOL
system in the presence of random disturbance due to wind.

The simulations were performed with the normalized
model (1) in MATLAB-Simulink, using Euler’s numerical
method with fixed step and a sample time of 1 ms. In that
direction, the coefficient giving the coupling between the
rolling moment and the lateral acceleration was chosen as in
(1], ie, €=0.001. Also, the desired trajectory, y,, was
proposed as the following Bézier polynomial:

Y, ="t (v =v)Py (1), (56)

where v; = 0m and v, = 2 m are the constant values, P, (t) is
defined by

if t<t,

1

t—t,\ t—t\' -\ .
— ) +rs| —— ) +714 , if f<t<ty,

if t>ty,
(57)

Regarding the disturbance due to wind given in (2), the
air density of the Mexico City was used for p and the
aerodynamic coefficient C; was characterized as the fol-
lowing linear approximation:

Cl = mlel, (59)

with m, being the slope and 0, being the roll angle of the
PVTOL system in degrees. It is important to mention that
this linear approximation was determined from the results of
C,, obtained with respect to the variation of the roll angle of
an aircraft similar to the PVTOL system, by using a wind



chamber [34]. Furthermore, the air speed U was generated as
follows:

U = Ay cos <%> +¢+a, (60)

where A, is a random amplitude, ¢ is time, P is a random
period, ¢ is a random phase, and a is a random offset.
Therefore, (2) is random and can be rewritten as

AL = (%)p (m,6,) [AU cos(%) +o+ a]zVa. (61)

The whole parameters to construct A; are shown in
Table 1.
On the other hand, the tuning parameters of 1, were set

at
o, =8,
(62)
a, =38
The parameter r = 1 was chosen for u, so that
a=7,
B =3, (63)
y=1

The gains implemented for the extended state observer
were selected as

A =5,
(64)
A, = 20.

The initial conditions of the PVTOL system were set as
indicated in Table 2.

The corresponding simulation results are shown in
Figure 2. With the intention of comparing the perfor-
mance of the proposed control scheme with a classical
controller, Figure 2 also presents simulation results when
using a PID structure for «; and u, to carry out regulation
of the system. For the simulation of the normalized
system in closed loop with the PID controllers, (61)
with parameters in Table 1 was preserved, the initial
conditions in Table 2 were set, the gains of the observer
were maintained, and the gains of the controllers were
tuned as

k, =15,
k;, = 1.5, (65)
kg =3,

Complexity

TaBLE 1: Parameters of A;.

Parameter Value
P 0.908906 kg/m?
m, -0.0013
Ay (4,12]
P [1.6,4.8]s
¢ [12°,21°]
a [_2a 2]
v, 0.1m?
TaBLE 2: Initial conditions.
State Value
b 0.1m
X, 0m/s
Y1 0m
Y2 0m/s
0, 0.15rad
6, Orad/s
for u; and
sz =0.1,
k, =0, (66)
de = 05,

for u,. To distinguish the results, the ones associated with the
PID controllers are denoted with the subscript PID.

In Figure 2, it can be observed that the proposed control
scheme allows achieving successfully the height position
regulation, through the trajectory tracking task, and sta-
bilization of the horizontal position and roll angle when the
system is subjected to random disturbance due to wind.
That is, (x1,%5, ¥ ¥2,60,,6,) — (0,0,y,,0,0,0) is ac-
complished. Note that the execution of the trajectory
tracking task in the vertical position provides maneuver-
ability when taking-off the PVTOL system. However, with
the PID controllers, the regulation of state x, cannot be
achieved, but only for the positions y, and 6,. That is,
stabilization of the whole system is not achieved. Although
PID structure can achieve the height position regulation
when the system is far from the desired height, it requires
excessive values for u; and u, and does not allow the
taking-oft of the system in a controlled way. Thus, ad-
vantages of the proposal presented herein are maneuver-
ability and whole stabilization, when the system is under
the undesired effect caused by wind.



Complexity

2
E
=1
0
-6
x; (m) t(s)
— (py) — %
— (xl’yl)pm — XImp
(a) (b)
0.15
0
Y
- l
- == 0.1 '|‘|'
i
Ty
'y
= 0.05
< [
= A
[
N
LN T JE S ——
Oy T
AN -
(3 T
=0.05 ar
0 10 20 30 0 10 20 30
t(s) t(s)
— Ju ——— 01
N - elpm
-== Y
() (d)
600 |- -
0= |
400 |- -
200 b /-1 -y
(
0
: -8
0 10 20 30 0 10 20 30
t(s) t(s)
— — U
—== U —== Uy
(e) ®

FiGgure 2: Continued.
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(g)

FiGUre 2: Simulation results.

7. Conclusions

In this study, a nested saturation function-based con-
troller, in combination with a backstepping controller, for
stabilizing the PVTOL system under a disturbance due to
wind was used. With this approach, the control design
complexity of a higher-order system is reduced to design a
control for a lower-order nonlinear subsystem of the
original system. Thus, the proposed control approach
allows designing a controller based on nested saturation
functions, which contemplates perturbations, guaran-
teeing the convergence of the roll angle to zero within a
finite time and, consequently, the convergence to zero of
the horizontal state. The stability analysis of the closed-
loop system was based on the second method of Lyapu-
nov, using a simple candidate function. It is important to
remark that the controller, based on backstepping and
nested saturation functions, allows performing take-off
maneuvers in the presence of exogenous disturbances,
which are found when aircraft carries out actual ma-
neuvers. Furthermore, an extended state observer is used
to estimate the disturbance due to wind. Numerical
simulations were carried out to test the effectiveness of the
proposed controller, having obtained convincing results.
Finally, the proposed scheme was compared with a
classical controller, finding that the controller based on
backstepping and nested saturation functions presented
herein has better performance.

It is worth mentioning that an experimental platform
that allows configuring the PVTOL system has been
designed, whose construction is in process. Thus, experi-
mental implementation of the control scheme proposed
herein is considered as a future work.
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In this paper, a delayed control strategy for a class of nonlinear underactuated fourth-order systems is developed. The proposal is
based on the implementation of the tangent linearization technique, differential flatness, and a study of the o-stabilization of the
characteristic equation of the closed-loop system. The tangent linearization technique allows obtaining a local controllability
property for the analyzed class of systems. Also, it can reduce the complexity of the global control design, through the use of a
cascade connection of two second-order controllers instead of designing a global controller of the fourth-order system. The
stabilizing behavior of the delayed controller design is supported by the o-stability criterion, which provides the controller
parameter selection to reach the maximum exponential decay rate on the system response. To illustrate the efficiency of the
theoretical results, the proposal is experimentally assessed in two cases of study: a flexible joint system and a pendubot.

1. Introduction

The control of underactuated systems has attracted some
attention from the academic community, as noticed in the
growing list of articles and new approaches to solve the
problems of estimation, regulation, and trajectory tracking
involving both linear and nonlinear underactuated systems.
In the literature, there are a variety of control strategies,
including controlled Lyapunov functions [1, 2], energy-
based control [3-5], passivity approaches [6, 7], active
disturbance rejection [8-10], planning algorithms, and
feedback stabilization schemes [11].

One of the most important problems of nonlinear
underactuated systems is the fact that the controllability
property may be subject to singularities (ill-conditioned
relative degree [12]), which conditions the controllable

(normal) forms of the models to a certain class of systems
[13]. An alternative to locally overcome the aforementioned
problem is the use of the tangent linearization technique,
since the tangent linearized models of an important class of
underactuated systems are differentially flat [9]. The last fact
means that the linearized systems are controllable and there
exists a set of variables, named flat outputs, which can
characterize them [14]. Besides the flatness of the linearized
system, another important advantage for this class of sys-
tems is the called cascade form [15], which allows finding a
relation between 2n — th-order time derivatives (fourth-
order, sixth-order, and so on) of the flat output and a
measurable variable of the system. This form can reduce the
complexity of the global control design in which, instead of
designing a global controller of a 2n — th-order system, the
task can be the cascade connection of second-order


mailto:villafuerte@uaeh.edu.mx
https://orcid.org/0000-0002-6572-6238
https://orcid.org/0000-0003-3904-5401
https://orcid.org/0000-0002-6553-1924
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/2160743

controllers, which is especially important for sensitive sys-
tems or noise amplification effects due to high-order ob-
server designs, among others. In particular, for the case of
fourth-order systems, this scheme allows, instead of stabi-
lizing a fourth-order integrator, implementing a cascade
control arrangement of two second-order systems, for in-
stance, classic controllers with derivative action. The
implementation of the derivative action has at least three
natural disadvantages. Firstly, the estimation algorithms
typically increase the controller design. Secondly, the ap-
plication of filters or compensators often increases the order
of the closed-loop system. Thirdly, the use of measurement
tools (encoders) is usually very noisy. An alternative is the
use of delayed controllers, which means to deliberately
include retarded actions (time delays) in the controller.
Delayed controllers have better performance in practical
applications compared to controllers with derivative actions
[16]. Since these controllers type noise attenuation, they do
not require estimators or filters to approximate the time
derivative, providing soft control signals which do not
damage actuators, and their numerical implementation is
computationally more efficient than other low-order con-
trollers. Moreover, a delayed controller has a simple
structure which is easy to implement, like classic controllers.

The deliberate use of retarded actions to stabilize a
system is a topic that has been investigated in recent decades,
among which are the pioneering contributions of [17-28].
Concerning derivative-free control based schemes, such as
the proportional retarded (PR) scheme [19, 25, 29-31],
which consists in using the relation between the time de-
rivative approximations in terms of a differential difference
equation, involving a time delay. This approximation is
taken as a baseline to avoid using a derivative compensation,
but a proportional retarded one.

The use of delayed controllers has been previously
studied for the stabilization of chains of integrators. It has
been proven [32-34] that a chain of # integrators cannot be
stabilized with less than n delay blocks, which increases
significantly the complexity of the closed-loop system. The
migration of a double imaginary characteristic root to the
left half-plane or the right half-plane under the variation of
two parameters of a quasi-polynomial is given in [35].
However, in none of the above proposals, there are criteria
or methodologies to explicitly tune the controller gains.

For the class of underactuated systems satisfying the
cascade property, the use of a cascade control structure of PR
controllers (delayed controller) can be a derivative-free al-
ternative of stabilizing control, including the complete dy-
namics (some reported schemes based on the linearization
deal with a part of the dynamics such as the switched control
[36]). However, the existing analyses are restricted to a class
of second-order LTI systems, and the system to analyze
becomes a cascade of two-order systems, whose analysis
cannot be considering the isolated dynamics but the cascade
structure.

The stability analysis of delayed controllers can be
commonly addressed on the study of the relative stability of
degree o of the characteristic function, also known as
o-stability. 'This approach in conjunction with the
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2-decomposition methodology (see [37-40]) can lead us to
obtain conditions, under which the system response can
reach the maximal exponential decay rate.

Thus, the contributions of this manuscript are listed as
follows:

(1) It analyzed a class of underactuated systems, espe-
cially those whose tangent linearization is control-
lable (flat). Moreover, it developed a controller
through the use of the cascade property in the flat
linearized system, which allows reducing the com-
plexity of the control loops.

(2) The control approach consists in using a cascade
structure of proportional retarded controllers in each
of the second-order structures derived from the cas-
cade system. In this proposal, the fourth-order system
is controlled by a tandem array of PR controllers in
which two delays are used for the main structure.

(3) The stability analysis considers the complete fourth-
order structure and provides the tuning conditions
for the controller design and, moreover, provides
competitive experimental results, which denote the
importance of using a more complex controller with
the aim of obtaining appropriate results for noisy
measurements, in which additional filtering schemes
are demanded. In addition, the tuning procedure is
reported and the involved numerical algorithms are
provided for practitioners.

(4) The combination of the aforementioned concepts
provides an alternative control approach for a class
of fourth-order underactuated systems subject to
noisy measurements, with a possible extension to the
highest-order systems.

(5) The analysis and synthesis of a cascade proportional
retarded controllers for a class of underactuated
systems in cascade structure are proposed (Figure 1).
Also, analytic conditions, on the parameters of the
controller, to reach the maximal exponential decay
rate of the system response are proposed.

(6) Experimental implementations of the proposal,
which validate its practical effectiveness, are also
proposed. Two classic challenging systems were used
for the assessment: a rotatory flexible link and a
pendubot.

The remaining of the contribution is organized as fol-
lows. In Section 2, the basic concepts related to time-delay
systems and differentially flatness are presented. In Section
3, a methodology based on the differential flatness to rep-
resent a class of fourth-order underactuated systems as a
cascade arrangement of two-order systems is presented. The
main contributions of the present manuscript are intro-
duced in Section 4, where the o-stability of the system is
analyzed and analytic conditions to reach the maximal
exponential decay rate of the system response are provided.
Section 5 is devoted to the implementation results in tra-
jectory tracking tasks. The article ends with some concluding
remarks.
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u(s)=s*x(s) s2x (s) x(s)
:

FIGURE 1: Schematic of the PR controller for a cascade structure.

Notation. Given a vector x(t) € R", x7(t) denotes its
transpose and [|x(¢)| stands for the Euclidean norm. Let
s € C; then, Re(s) and Im(s) denote its real and imaginary
parts, respectively. For a function x (t), xD(t), i € Z* de-
notes the i-th time derivative of the function.

2. Mathematical Preliminaries

In this section, we introduce some basic concepts, con-
cerning both time-delay systems and differentially flat sys-
tems, necessary for the development of this contribution.

2.1. Differentially Flat Systems. In this subsection, the flat-
ness concept for single-input single-output (SISO) systems
of nonlinear and linear types is taken. Further compre-
hensive information can be taken from [14, 41, 42] and
references therein.

Definition 1. Let us consider a nonlinear system of the
following form:

x(t) = f (x(t), u(?)), (1)

where x(t) eR", u(t)eR, and f()=[f,() f,()

-+, ()] is a smooth function of x (t),u(t), and the rank of
the Jacobian matrix, and (9f(-))/(du(t)) is equal to 1.
System (1) is said to be differentially flat if there exists a
differential function, denoted as y (t) € R, given by

y (&) = r(x (O, u (), i ()i (t),...,u'” (1), aeZ’,
(2)

which completely differentially parametrizes all the variables
of the system. This means that states, inputs, and original
output variables in the system can be written as differential
functions of the flat output y(¢), that is,

x(®) =¢(y(®,5),....y7®),

(3)
u®) =y(y®,y®,....y" @), yez"

Flatness is a structural property of the system that
trivializes the exact linearization procedure of a nonlinear
system even when it is not expressed in an affine form. It also
allows an easier manner of designing control laws in tra-
jectory tracking tasks, by taking advantage of the differential
parametrization. For the case of linear SISO systems, the
flatness property can be directly related to the controllability
of the system.

Definition 2. Consider the linear time-invariant SISO
system:

x(t) = Ax(t) + bu (1), (4)

with A € R, b € R", x(t) € R", and u(t) € R. Let the pair
(A, b) be controllable, that is, the controllability matrix:

K.=[b Ab A% --. A" 'b], (5)

which has full rank n. Then, it is said that system (4) is
controllable; hence, it is differentially flat with the flat output
given by

y(t)=[00 -+ 1]K.'x(¢). (6)

2.2. Time-Delay Systems. In the present section, some def-
initions and general results concerning linear time-delay
systems are introduced; for these purposes, it is considered a
basic system of the following form:

%) = Agx(t) + Ajx (- 1) + Ayx(t —h), t20.  (7)

Here, A), A; € R™", and 7, h € R" are time delays. Now,
some stability concepts related to system (7) are presented.

Definition 3 (see [43]). The solution x(t, @) of a system of
the form (7) is said to be exponentially stable, if there exist
L,o € R* such that the following inequality holds:

lx (¢, @) < Le”"llgly,  t>0. (8)

Here, H =max{r,h}, ¢: [-H,0] — € denotes the
initial function and € := C([-H, 0], R") is a Banach space of
continuous functions in [-H,0] with the norm
ol = maxge_pg01l (D).

Definition 4 (see [43]). A's, € Cissaid to be an eigenvalue of
system (7) if it is a root of the characteristic function; that is,

Q(s0 7, 1) = det(s)] — Ay — Aje " — Aye ™) =0. (9)

The set of all the distinct eigenvalues of the system is
called the spectrum of system (7) and this is denoted as
A(Q).

An equivalent definition of exponential stability is given
hereinafter.

Definition 5 (see [43]). System (7) is exponentially stable if
and only if the spectrum of the system lies in the open left
half-plane of the complex plane; that is, Re(s;) <0,
Vs; € A(Q).

Definition 6. A linear time-delay system of the form (7) is
said to be o-stable, if
s' = —a, (10)

for 0 € R* and s* = maxj=1,__'m{Re(sj): s; € A(Q)}.

From these definitions, note that o-stability ensures
exponential stability with the decay rate ¢ in the system
response (7).



In the following section, a class of fourth-order
underactuated systems is described.

3. Preliminary Results

Euler-Lagrange underactuated systems of the fourth order
can generally be described by

P(q()u(t) = M(q(£))q(t) + C(q(t),q(£))4(t) + g(q(t)),
(11)

where q(t) = [q,(t) q,(t)]|" represents the generalized
coordinates, M (q(t)) € R®* is the inertia matrix, and
C(q(t),q(t)) € R¥* describes the Coriolis matrix and
centrifugal forces. Let g(q(t)) € R? be the vector of gravi-
tational forces and P(q(t)) € R? is the vector mapping the
external forces. Finally, u(¢) € R denotes the control input.

Systems of the form (11) can be rewritten in a state-space
representation as follows:

xu (t) = xb (t),
X (1) = f(x,(t), txyn (1)) + {(x, (8))u(t),

where x,(t) stands for the vector of joint positions
[q:(t) g, ()], x;, (¢) denotes the articular velocities vector
[4:(®) 4, (®)]", and

£ (xa ()%, (1)) = =M (q(1) " [C(q (1), G ()G (#) + g (g (1)),
{(x, () = M(q(t)""P(q(2)).

(12)

(13)

After a slight rearrangement of the state vector as x (¢) =
[q:(®) ¢, () q,(t) ¢,(t)]" and by denoting X(t) as an
equilibrium point of the nonlinear representation (12), a
tangent linearization around the equilibrium point X (¢) is
given by

)&5 (t) = Ax5 (f) + BM(; (t) (14)

Here, x5(t) = x(¢t) —x(¢) and uz(t) = u(t) —u(t). The
controllability matrix of system (14) is given by

K. =[bA bA®> bA® b]. (15)
Under the assumption that det(K_) # 0, the system is con-

trollable and hence, according to [14, 42], differentially flat.
The flat output can be obtained as follows:

Vs (t) = Cyrxs (t), (16)
where C ;€ R" and defined as
Cre:=€[0 0 0 1]K_". (17)

Here, € € R/{0} is an arbitrary constant. In order to
determine the relative degree of system (14), we first need to
compute the high-order time derivatives. To this end, notice
that the following relations hold:

2 3

Complexity

and the time derivatives of the flat output are given by

¥ (1) = Cpxg (1),

5 () = CpAxs (D),

§p(t) = CrAlxs (1), (19)
yP (1) = C A%, (1),
Y0 (1) = C A xy (1) + C A bug (1)

Since C ;A3b # 0, then, the relative degree of the system is
four. It is worth noting that the even time derivatives of
Vs (t) can be expressed as a linear combination of the flat
output, which correspond to those variables that can be
measured and coincide with the vector of generalized po-
sitions q(#).

Now, let us define the output estimation error as

)=y -y V@), i=1,...,4 (20)

Here, y f* (t) denotes the desired output. Then, the error
dynamics is governed by

él (1) = €y (1),

€, (f) = e; (1),
| (21)
€5 (f) = ey (1),
&)=y t)-y; W),
by proposing the auxiliary control
~1 N
up (1) =(CpA%) [u() - Coa'x 0+ y; 0], 22)
and then (21) can be expressed as a fourth-order integration
chain; that is,
€ (8) = e, (0),
€, (1) = e;(t),
€5 (1) = ey (1),
€, (1) =u(t).

Now, a delayed controller u(¢) that fulfills the
cascade control structure proposed in Figure 1 is given as
follows:

u(t) =~k e, (1) +k, ey (£~ 1)~k e5 (1) + K, e5 (t — h),
(24)

(23)

where 7,h € R" are the delays and k,, ,k, €R" are the
control gains. Thus, the closed-loop representation of system
(23) is now

é(t) = Age(t) + Aje(t — 1) + Aye(t — h). (25)
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Here,

o o o
o = O O

1 0

0 1

0 0
|k, 0 —k,,
ro 0o
0 00
0 00

0
0
0
[k, 000
0
0
0
0

, (26)

00 0
000
00 0
[0 0 K,

A,

and e(t) = [e; (t) e, (t) e;(t) e,(t)]". Thus, the charac-
teristic function or characteristic quasi-polynomial of sys-
tem (25) is given by

_ 4 2 —sT 2 —sh
Q(s, kpl,z’kru’T’h) =s +k,s"+k, —k.e " —sk.e .

(27)

4. Main Results

In the present section, analytic conditions on the parameters
of the delayed controller (24) are presented. Here, a general
form of quasi-polynomial (27) is considered:

Q(s:kp, ok, s Th) = Pi(s,kp, ) + Py(s.k,, Je ™" + Py (s)k, e ™,

(28)

P12

12

where P; (), i = 1,2, 3, are polynomials with real coeflicients
which  satisfy the following degree condition:
deg (P, () >deg(P,;(-)). In order to analyze the o-stability
of the quasi-polynomial (28), the change of variable
s — (s — o) is considered; thus, (28) is now in the following
form:

Q(S -0 kPl,z’ k T h) = Q”(S’ kP1,2’ k"1,z’ T h)

= P‘71<S’ kPl‘z) + Paz(s’ k’l )67 T

12

+P,, (s)e”hkrze_ b,
(29)

Based on the &-decomposition methodology [44], the
o-stability regions of the modified characteristic function
(29) can be now obtained. This procedure will play a key role
in determining the analytic conditions to obtain the maximal
decay rate o*.

Proposition 1. Let us consider a quasi-polynomial of the
form (28), with given control parameters k, .k, .k, , and 7.
Let 0 € R" be fixed; then, by defining

I'(s,0) = Pal(s, kpm) + Pﬂz(s, krl)ef(sf o (30)

the o-stability regions on the (h,k,) parametric space are
bounded by the following conditions.

When s =0,

I'(0,0)

k, (h) = ———2
=

cR". (31)

When s = iw, w € R,

) - lmt_1< Re((T (iw, 0))/(P(,3(iw)))> L

>

Im((T (iw, 0))/(P,, (iw))) )~ @
n=0, £1, +2,...,
(32)
1 I'(iw, 0)
k. (h,w) = :
rz( ) eah Sil’l((Uh) Im(PJ3 (IOU)) (33)

Proof. It should be noted that the o crossing boundaries of
the quasi-polynomial (28), in the parametric space (h,k,),
are given by the critical crossings roots of quasi-polynomial
(29), which occur when s = 0and s = tiw. In this regard, on
the one hand, the solutions of quasi-polynomial (29) when
s =0 are given by

0 :QU(S’ kP1,2’ k"l,z’ i h)ls = PU](O’ kPl,z) + P"z(o’ krl)em

=0
+P, (0e”k,,
(34)
or equivalently

_ Pol(o’ kPl,z) + P“zgo’ krl)e ] (35)
P, (0)e’

On the other hand, the solutions of the quasi-polynomial
(29) when s = iw are given by

0= Q"(S’ kPl,z’ kﬁ,z’ T h)

=P, (iw,k,, ) + P, (iwk, )e ™77 (36)

s=iw

+P,, (s)e”hkrzef iwh.

Thereby,
1 F(iw,a) _ —iwh _ ..
K )z (P03 (iw)) =e = cos(wh) —isin(wh), (37)
from which
_ 1 I'(iw, 0)
cos (wh) = k,ze”h Re( P, (iw) >,
(38)
. 1 I'(iw, 0)
= I .
) = m(m (iw))



From the above equation, it follows that

cos (wh) [(iw,0)\ I'(iw, 0)
sin (wh) Im(P(,3 (iw)) - _Re(PU3 (iw) ) (39)

Then, the solutions of (39) (with respect to h) are of the
following form:

L1 R0, ) (Py () n
Im((T (i@, 0))/(P,, (iw)))

©" (40

n=0, +1, +2,..., andw € R".

Finally, solving k,2 from (38), equation (33) follows.

In the following corollary, the o-stability boundaries in
the (h,k, ) parametric space are written partlcularly for the
quasi- polynomlal (23), where P, (s, k ) =s*4 k s + k
P, (s, k, )—— r,andP (s) = —s%.

Corollary 1. Consider the quasipolynomial of the form (23).
Then, the o-stability boundaries (31)-(33) look as follows.
For s =0,

k,o" +k,o" +k, —k, e’
krz(h): Pza Pza P Tle : (41)

2 oh
o’e’

For s = iw, w € R,
0}
h(w) = —cot 1(——>+@,
v W
v (42)

M sin(wh)(o2 + wz)z'

k,, (h o) =

» and ¥ and @ are defined as
¥ = 200(k,, (" + "))

— k, e (20w cos (wr) - (0 - 0’ )sin (w7)),
® =(0’ - 0’)(o’w’ +k, —k, e cos(wr))

+ kp2(02 + w2)2 -

Here,n=0, £ 1, +2,..

2k, owe™ sin (wr) + (06 - wé).
(43)

The methodology to graphically determine the o-stability
boundaries (31)-(33) is as follows:

(1) Propose an initial value of o € R* close to zero,
denoted by g,

(2) For the critical frequencies s = 0: from (31), graph
the parametric boundaries for k, (h) on the para-
metric space (h, k, _) considering h € (0,h], h e R,
and o,

(3) For the critical frequencies s = iw:

(a) From (32), calculate h considering w € (0, w],
w € R, and 0,

(b) From (33), compute kr2 considering w € (0, w],
gy, and h (from (a))

Complexity

(c) Plot the values of h and k,z, obtained in the
previous steps, on the parametric space (h,k, )

(4) Detect the closed regions/curves in the parametric
plane (h,k,) and discard the unstable ones; the
remaining regions are considered as the o-stability
regions of (28)

(5) Select 0, >0

(6) Repeat steps 2-5, considering o, until the o-stability
regions collapse in a single point

Proposition 1 and Corollary 1 provide conditions to de-
termine the o-stability boundaries in the parametric plane
(h,k,) of quasi-polynomial (28). Next, the main result of the
contribution is presented, where analytic expressions relative to
the tuning of the controller gains h* and k,’ to reach the
maximal decay rate o* are obtained. The result is based on the
fact that when the maximal decay rate o™ is reached, there exist
three dominant roots of the quasi-polynomial (28) in s = —o;
this phenomenon occurs when the concentric o-stability re-
gions collapse in a single point, denoted by (h*,k), as o
increases. The value of o, when the collapse occurs, determmes
the maximal decay rate 0*; see [25, 30]. Then, the analytical
equations are determined to obtain the parameters h* and k”,
considering that there are three dominant roots on o*.

Proposition 2. Let us consider the closed-loop system (25).
Then, the quasi-polynomial (28) has a root of multiplicity at least
three on s = —0* if k' and h* satisfy the following equations:

o [@RIPL() (@139 (T(s,0M)
h _h(G )_[ P03(0) - I(0,0%) :|

» o (44)
s=0

—(0/0s)(T' (s, 0™))| .o
=P, (0)

(45)

03

and o* is the smallest positive real root of

f(O, kPl’ sz’ k”l’ T)

2
:Pga(O) [1“(0 a)a<F(s,a) El"(s,a) )]

(46)

s=0

d ’ i
+1(0,0)° [(gp% (s)> = Py (0)55P,, (s):|

s=0

Proof. Clearly, quasi-polynomial (28) presents three dom-
inant roots at the point s = —¢ if the quasi-polynomial (29)
has three dominant roots at s = 0. Thus, the conditions

QU(‘)L:O =0,

(47)

:0,
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must be satisfied; consequently,

0=T(0,0) + P, (0)k, ™, (48)
0= 21“(5, o) +k, e EP(T (e )|, (49)
Os o 2 \0s % 5=0
aZ oh az —sh
0= (a ST (s, 0)) L +k, e (ﬁp"z (s)e ) L (50)

The first two (44) and (45) can be easily verified. First,
expression (45) follows directly from (49). Now, to obtain
(44), from (48) and (49), it follows that

B 0 I'(0,0) 0
0-<ar(s,a))s_0 (o) 3t )], 0.0
(51)
and we get (44):
_[(0/0s)P, (s)  (0/0s)(T (s, 0))
‘[ P,(0)  T(00) ] 2

To address (46), from (48) and (50), it follows that

2

0 :<%F(s, 0))
aZ

=<852r(s’ 0))

I0,0) 0
P, (O)SP (s)

oh az —sh
+k, e ﬁpos (s)e

s=0 s=0

_T(0,0) &
P, (0) ds PELCAS)

(53)

s=0 s=0

+2h — W1 (0, 0).

s=0

Substituting (52) in the above equation yields

2 2
O:Pgs(O) |:I“(0 0)— g >I(s,0) - (aSI‘(s,o)) ]

s=0

>

5=0
(54)

2 2
+r(o,a)2[<§spgs(s)> - P,,(0) aa 2 03(5)]

which ends proof.

In the following corollary, conditions (44)-(46) are written
particularly for the quasi-polynomial (27), where
Plz(s, A st +k,s*+k,, P,(s,k,) =k, , and P;(s) =
—s. a

Tl’

Corollary 2. Consider the quasi-polynomial of the form (27);
then, the controller gains h*, k;* and the function f (o, ) given
by equations (44)-(46) look as

flok, ok, 1) = 0*(20(k,, —20%) — k, 7e’)
+0 K[(T (Zk +120° -k, 1‘2 ”)]202162
(55)

2

— _ oT 2 2
where x = kp1 k,]e +0”(0* + sz) and

7
20u; —k, 1e”" 2
h*(O',kp ’k"’T)z a Jrl 2
b k, -k, e +o°u, ©
(56)
20u, — k, te’"
Kk (o.k, Jk, ht)=e"
(0 P12’ ) € 0 (2 + ho)

with 4, =k, +20* and p, =y — 0

The conditions introduced in this section are only focused on
the appropriate selection of the control parameters 0*, k,” , and
h* that guarantee reaching the maximal exponential decay rate,
but there are no conditions involving the remaining control
parameters. In the following, a simple approach for the ap-
proximate selection of the control parameters is presented. On
the one hand, let us consider quasi-polynomial (27), where the
exponential terms are estimated by its first-order Taylor series
truncated expansion; that is,

Q(s.kp, Ky T h) =(s" + Ky 8 + K, ) =k, (1= 57)
— k, s> (1 - sh)
=s'+hk, s* +(k

+(kP1 - kr] )

2
by k,z)s + 7k, s

(57)

Now, let us propose a Hurwitz stable polynomial of the
following form:

p(s) = (52 +2¢.w,s + wz)z, (58)

where ¢, w, € R*. Thus, the dynamics of the previous
polynomial is matched with (57). Then, simple calculations
show that the controller gain parameters k,, ,k, .k, , and T
can be chosen according to the following conditions (for
o, >1 and a, >2):

kp, > o !,
(59)
kp2 > azwg(l + 2{5),
k., =k, -
4w (60)
=

r

Remark 1. Due to the simple nature of conditions (54) and
(60), they must be considered only as a starting point in the
process of tuning the delayed control law (24) and subsequently
adjusted according to the performance of the system.

5. Cases of Study

5.1. Rotatory Flexible Link. The rotatory flexible link plat-
form consists of a rotating base driven by a belt-pulley
mechanism actuated by a DC motor, a link is attached to the
rotating base by two springs of identical nature, which re-
sults in a flexible joint. The schematic of such a manipulator
is presented in Figure 2. The variables 8, (¢) and 0, (t) denote



FIGURE 2: Schematics of the rotatory flexible link.

the angular positions of the rotating base and the link, re-
spectively, I represents the length of the link, J, stands for the
inertia of the rotating base, and J; is the moment of inertia of
the link. Finally, k, denotes the stiffness of the spring and
u(t) is the torque input applied to the system.

The problem formulation is stated as follows. For the
rotatory flexible link, a smooth rest to rest angular position
reference trajectory for the rotating base is demanded while
the nonactuated link is desired to remain in a vicinity zero
position, avoiding oscillations during the tracking
maneuver.

5.1.1. The Dynamic Model. Following the methodology
presented in Section 3 the Euler-Lagrange formalism (11) is
used to represent the mathematical model of the rotatory
flexible link system, where the viscous friction is neglected
and the unmodeled nonlinear terms are ignored:

M(q()q(t) +C(q(t),q(t)q(t) + g(q(t)) = Pr(t),

(61)
with
-]b+]l ]1]
M(q) = ,
(@) L
Cland) = [0 0
9-9) = o 0])
(62)
ID=| 1 0 ) ]
qt)=[6,(t) 6,()]",
pP=[10],
or in an equivalent form:
b, (1) = Se (1) + T(t)
(63)
P Ty + 7 T(t)
7} = 0,
, (1) (fsz ) () - 7,

5.1.2. Cascade Structure Representation. Let us introduce the

state vector:
x(t) =[x, (t) x,(t) x5(t) x,(t)]"

. T (64)
=[6,() 0,(t) 6,(t) 0,(0)]"

Complexity

Then, the applied torque can be expressed as
7(t) = N1, where 7,, = (k,/R,,)V (t) is the torque in terms
of the input voltage, N represents the gear ratio, k_ is the
torque constant, and R,, denotes the motor armature re-
sistance. Since (63) is linear, it can be rewritten in space state
representation (24) as follows:

x(t) = Ax(t) + bV (1), (65)
ro 1 0 07
ki
00 =S 0
Ty
A: >
00 0 1
00 (J’”b) 0
L il )
-0 - (66)
Nk,
R,J
b b
0
_ Nk,
L R,,J, ]

Let us define the Kalman controllability matrix as in (5).
Direct calculations show that the pair (A, b) is controllable
and consequently, by Definition 2, it is flat. The flat output
can be computed according to (16), where by defining
¢ = (R, J,J))/ (k;kN), the flat output y,(f) is expressed as

Yy () = x () + x5 (£). (67)
The flat output time derivatives are

Vs (t) = x; (t) + x, (1),

J}f () = x5 (t) + x4 (1),

k
j"f (t) = _]_sxs (1),
! (68)
y{ () = ——1x4(t>
(4) (]l + ]b) Tks
= i x )+R ]b]lV(t)

Let us define the output error as in (20); then, its dy-
namics are

é1 (t) = €) (1),

€, (t) = e; (1),

é5(t) = e, (t), (69)
s _ k? (]l + ]b) T s 4)
e,(t) = 7, x5 (1) + R o, V(t) - (1),
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where the auxiliary control V' (t) is proposed as

2
V) =a|ut) - U 4y,
1o (70)
Ry o))
BTN

5.1.3. Delayed Control Law. If the following delayed con-
troller, u(t) = ,(t) is considered:

up (1) = —ky e, (1) + ke, (t— 1)~k e5 (1) +k,e5 (t — h).
(71)

The chain of integrators representation (25) is obtained.

Remark 2. It is worth noting that both the auxiliary control
V (t) and the delayed controller up, (t) depend completely on
the measurable variables that correspond to angular posi-
tions x, (t) = 0, (t) and x5 (t) = 6, (¢).

5.1.4. Feedback State Control Law. In order to compare the
proposed delayed controller with a classical scheme, a
feedback state control is designed as follows:

upg (1) = —kyeq (t) — K6, — Kze5 (1) — K4e, (1), (72)

where the set of gains [k, k,, k5, %,] is chosen as k; = @*,
K, = 4%, k3 = 4¢2@% + 2@%, and k, = 45Q.

Remark 3. Now, the auxiliary control V' (¢) and the feedback
state control law ugg (t) depend on the complete vector state
x (1), due to the fact that the velocity states x, (¢) = 0, (¢) and
x4 (t) = 0, (t) are not available; then, a low pass filter with
transfer function G (s) = (200s)/ (s + 200) is used to estimate
the velocity using the measurable variables x, (¢) = 6, () and
x5 () = 0,(t); this methodology allows us to reduce the
noise generated by the estimation of the so-called “dirty
derivative” [45].

5.1.5. Experimental Results. In Figure 3, the rotatory flexible
link experimental platform is presented. The prototype
consists of a DC motor NISCA model NC5475 attached to
the rotating base by means of a belt-pulley system with a 16:
1 ratio. The angular position of both the rotating base and
the link is measured by means of incremental encoders with
a resolution of 1000 counts per revolution. The data ac-
quisition is carried out with a data card Sensoray, model 626.
The data card acquires the signals from the optical incre-
mental encoders and supplies the control voltages to the
power amplifiers (Quanser amplifier model VoltPAQ-X2).
The control scheme is implemented in the Matlab-Simulink
platform with a sampling time of 0.001[s].
The rotatory flexible link parameters are

Inertias: ], = 0.0481 [Kg-m?] and J; =0.0036
[Kg - m?].

Length of the link: [ = 0.55 [m].

Rotating
base

FIGURE 3: Rotatory flexible link prototype.

Stiffness of the spring: k; = 4 [N —m/rad].
Armature resistance: k, = 0.0724 [Q].
Torque constant: 7, = 2.983 [Q].
Mechanical advantage: N = 16.

In this experiment, the tracking trajectory problem is
addressed. The initial conditions are x (0) = 0. The desired
trajectory yr (f) consists of a path initialized at
y; (0) = 0[rad]. After two seconds in this position, the
mechanism moves, in an interval of 0.7[s], to
y f* (2) = 7/2[rad] where it stands still for 7.3[s]. Finally, the
reference path returns to its initial condition in an interval of
0.7[s].

The parameters of the controller were selected as follows.
According to (38) and (39), the following values were
proposed w.=52 and § =12; thus, k, = 29246464,
kp2 = 33572.864, kr1 =21934848, and 7 =0.02. Now, the
conditions presented in Corollary 4 lead to ¢* = 66.65 and
consequently k = 18839.729 and h* = 0.00476.

The a—stabilzity boundaries were calculated following
Corollary 1, which is illustrated in Figure 4. The red mark
symbolizes the maximal achievable decay rate ¢* and, as it
can be seen, represents the point where all the o-stable
regions collapse.

Figure 5 depicts the rightmost root locus of the closed-
loop system, where it can be appreciated that a triple real
dominant root is located at the point ¢* = 66.65 as stated in
Proposition 3.

The set of gains for the feedback state controller were
chosen as @ =52 and ¢ = 1.2. The main challenge when
controlling the rotatory flexible link platform is to avoid the
oscillations that appear intrinsically due to the flexible na-
ture of the system. In Figure 6, the rotatory flexible link
tracking trajectory task under the control actions of the
proposed cascade PR scheme and feedback state is pre-
sented. The desired trajectory y 7 (t) is represented by a black
line, while the flat output y, (f) with the delayed controller
is depicted in blue and the ygg(f) with the feedback is
represented by a red line. It can be seen that the tracking task
is carried out satisfactorily by both controllers, avoiding
oscillations and reaching the reference without overshoot-
ing. The tracking errors are detailed in Figure 7, noticing that
both errors e, and epg are restricted to the interval
[-0.075, 0.075][rad] with similar performance. Figures 8 and
9 represent the evolution of the angular positions 6; and 6,
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FIGURE 6: Trajectory tracking results.

when the system follows the reference trajectory. Figure 10
shows the control voltages of both schemes. Notice that the
peak voltage V|, does not exceed £10[Volts] but Vg presents
a larger amplitude. As a consequence of avoiding the use of
the time derivatives in the proposed control scheme, the
voltage V|, signal appears relatively free of noise, as expected
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FiGure 7: Tracking error.
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FIGURE 8: 6, evolution.

but Vg presents high-frequency components; it can be
corroborated in Figure 11 where a Power Spectrum Density
of control signals V|, and Vg is presented. Here, it can be
observed that FSpgp, presents more frequency components in
comparison with Dpgp. Finally, the performance of the
system is evaluated by means of a quadratic index of the
applied voltage (see Figure 12) where it can be noticed that
Vg consumes more energy.
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5.2. Pendubot System. The pendubot consists of a planar
double inverted pendulum, whose schematic is presented in
Figure 13. The first link is driven by a DC motor while the
second link is an underactuated simple pendulum. The
variables 8, and 6, denote the angular positions of the links,
u represents the control torque input, and the parameters m,
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F1GURE 12: Performance index of the controller.

and m, denote the masses of the links. The lengths of the
links are represented as [, and [,, while /. and [ are the
distances to the center of the masses. Finally, I, and I,
denote the inertias of the links.

The problem formulation is given as follows: a smooth
rest to rest angular position reference trajectory for the first
link is demanded, while the nonactuated second link is
desired to remain around its unstable vertical position,
without falling during the entire tracking maneuver or
moving away from the equilibrium point.
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FIGURE 13: Schematics of the pendubot system.

5.2.1. The Nonlinear Dynamic Model. As carried out for the
flexible link system, the Euler-Lagrange formalism is used to
represent the dynamic model of the considered system:

M(q(t)q(t) +C(q(t),q(t)q(t) + g(q(t)) = Pr(t),
(73)

with q(t) = [6,(¢t) 6,(t)]" and P=[1 0]". Here,

[ By + B, + 25 cos (6, (1)) M, (0)
M(q) = ,
[ By + B cos (6, (1)) B,
[ _ﬁaél (t)sin (02 (t)) ﬂsCLz (6)
Clgd=| ,
[ B56, (t)sin (6, (1)) 0
@ [ Bag cos(0, (1)) + Bsgcos(0, (t) + 6, (t))jl
glq) = ,
L Bsg cos (0, (t) + 0, (1))
(74)
where
B = mlli1 + mzli +1,
B, = mzli +1,
Bs = mZlecz’
(75)

By =myl. +mly, By =m,l
M,,(60)=p,+ps cos (6, (1)),
C1a(0) =(8,(0)+ 0, (1) sin (6, )

CZ’

5.2.2. Cascade Structure Representation. In this section, the
procedure presented in Section 3 is applied. The state vector
is defined as

Complexity

x() =[x,(t) x,(t) x5(t) x,() ]
=[o,(0) 6,(t) 6,(t) 6,(1)]"-

The applied torque can be expressed as
7(t) = (k,/R,,)V (t) in terms of the input voltage, where k_ is
the torque constant and R,, represents the motor armature
resistance. For V' = 0, the considered equilibrium point x ()
is

(76)

x(t):[g 00 o]T. (77)

Then, the tangent linearization looks as

%5 () = Axy (£) + BV (8), (78)

where x5 (t) = [ x,(£) =712 x,(t) x5(t) x,(8)]",

[ 0 1 0 07
(B3Bs = B.Bs)g BsBsg
ﬁ§ - ﬁlﬁZ ﬁg - /31ﬁ2
A= >
0 0 0 1
((By +B3)Bs = (Bi + B3)Bs)g 0 (B1 + B5)Bsg 0
- ﬁg - ﬁlﬁZ ﬁg - /31ﬁ2 -
. Kby o k(BrB) 7
Rm(ﬁg - ﬁlﬁZ) Rm(ﬁ§ - ﬁlﬁz) .

(79)

By defining the Kalman controllability matrix as
K. = [b Ab A%b A3b], the pair (A, b) is controllable since
K. has full rank. Then, according to Definition 2, it implies
that system (42) is flat, and the corresponding flat output is
computed as
Y =¢[00 0 1K x5 (1) = %x& (1) + x5 (£).
2

(80)

Here, ¢ is selected as & = (R,,3, (5 — B18))! (k. B3Bs9)-
Now, by straightforward calculations, the flat output time

derivatives (10) are given by

yy(t) = bt ﬁst (£) + x55 (1),
B>

)}f (1) = Prt ﬁ3xaz () + x5 (1),
B,

) = gﬁ—/% (X1 (£) + x5 (1)), (81)
2

yi () = g—ﬁj (52 (£) + x5 (1))

yj(f) (1) = pyxsy (8) = py (x50 (£) + X55 ()) + p3V (2),

with
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_ (ﬂ3ﬁ4/55)92 X
' ﬁz (ﬁ§ - ﬁlﬁz)
ﬁl/}égz
=g (82)
P ﬁz (ﬁa - ﬁlﬁz)
b= k.fB3Psg

" RBABi-BiBs)

By defining the output error as in (20), then, the set of
error dynamics (21) are given as follows:

€, () = ey (1),
€, (t) = e5(t),
€;(t) = ey (t), (83)
€4(t) = pyxgy (1) = py (%51 (1) + x55 (1))
+pattsy (8) = y; D ().
Now, by proposing the auxiliary control

V() = P;l [te(2) = prxsy (8) + py (x50 (£) + x55 (1))]

84)
+p3 v ),
and by considering the delayed control law
u(t) =up(t) = —kple1 (t) + krle1 (t—-1) - kp2e3 (1) 85)

+k, e5(t— h),

the desired chain of integrators representation (25) is
obtained.

Remark 4. As in the previous experiment, the auxiliary
control V (t) and the delayed control law up, (¢#) depend
completely on the measurable variables that correspond to
the angular positions.

5.2.3. Feedback State Control Law. As in the previous test,
tfeedback state control is designed in order to compare its
performance with the proposed delayed controller:

ups () = =K e, (1) — K85 — Kze5 (1) — Kk4e4 (1), (86)

where the following set of gains [k, k,, k5, k] is chosen as
K, = @4 K, = 450°%, Ky = 4¢@% + 20%, and k, = 45Q.

Remark 5. The velocity states x, (t) and x, (f) are estimated
using a low pass filter with transfer function
G(s) = (200s/s + 200).

5.2.4. Experimental Results. Figure 14 shows the experi-
mental pendubot prototype. It consists of a DC motor
NISCA model NC5475, which drives the first link. The
angular position of both links is measured by means of
incremental encoders with a resolution of 10000 counts per
revolution. The same data acquisition model of the former
example was used. The power amplifier consists of a Quanser
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FIGURE 14: Pendubot prototype.

amplifier model VoltPAQ-X2. The control strategy was
implemented in the Matlab-Simulink platform, and the
sampling time was set to be 0.001[s]. The pendubot pa-
rameters are as follows.

The test on the pendubot was carried out as follows:

Links Inertias: I; = 0.00053 [Kg—m?] and I, = 0.00077
[Kg — m?].

Mass of the links: m; = 0.210 [Kg] and m, = 0.1 [Kg].
Length of the links: I, = 0.15 [m] and [, = 0.3 [m].

Distance to the center of mass: [, = 0.12 [m] and I, =
0.15 [m].

Armature resistance: k, = 0.0724 [Q].
Torque constant: 7, = 2.983 [Q].
The initial conditions are set as x, (0) = #/2[rad] and

x5 (0) = 0[rad]. The desired trajectory consists of a rest to
rest smooth trajectory, described as follows:

yi =P ﬁ* B 0+ x5, )
2

(87)
n

E) £ 67 ().

y}k (t) — ﬁZg;l%

Att = 0, the trajectory is set at y ¥ (0) = 0; it implies that
0, (t) = /2 and 6, (t) = 0; when the time reaches t = 4.5,
the desired trajectory moves to y7 (6) = ((B, + )/
B,) (7/6) — (m/6) with 0, (¢t) = (2/3)r and 60, (¢) = —(n/6)
on a lapse of 2.5seconds. Then, when time is ¢ = 9.5[s], it
moves to yf* (13.5) = = ((B, + B5)/B,) (m/6) + (7/6) with
0, (t) = (n/3) and 6, (t) = —(n/6) in 4 seconds, and finally,
when ¢ = 17.5[s], it returns to the initial position and re-
mains in this position until the test is finished. Figure 15
shows the desired rest to rest positions of the pendubot
system.

(6: -
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The parameters of the controller were chosen according
to (59 and 60), selecting w, = 14 and &, = 1.2 and then
kp1 = 460992, kp2 = 4562.88, k,1 = 422576, and 7 = 0.0311.
The remainder of the parameters are calculated following
Corollary 2, leading to ¢* =8.8477, k, =2832.39, and
h* =0.021. The o-stability boundaries are computed by
means of Corollary 1, see Figure 16, where the maximal
achievable decay rate ¢* is marked as a red spot. Here, the
zone outside the concentric regions corresponds to the
unstable region. The set of gains for the feedback state
controller were chosen as ® = 14 and ¢ = 1.2. Notice that the
gain value coincides with the gain value used to select the
proposed delayed control.

Figure 17 shows the flat output trajectory tracking
performance of both controllers, the reference trajectory
y; (t) is depicted in black line, the delayed controller re-
sponse yp, (t) is shown in the blue line, and the feedback
controller response is shown in the red line ygg (t), where it
can be seen that the pendubot tracks the desired trajectory
with adequate results, even when it is far from the equi-
librium point. Figure 18 shows that the tracking errors e, (¢)
and epg(¢) are bounded in an interval of approximately
[-0.025,0.025][rad]. Figures 19 and 20 show the variation of
the positions of the links during the tracking trajectory task.
Figure 21 exhibits the control input voltage V', calculated
without using any time derivatives, which shows less noise

(rad)

(rad)

0.12 0.14 0.16 0.18 0.2

--- ¥ (®)
— s ()

FiGure 17:

10 15 20 25
Time (s)

Flat output trajectory tracking.
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and less amplitude in contrast with Vg. The performance of
both controllers is similar to good results; the main dif-
ference is on the voltage control. The Power Spectrum
Density of V', and Vg is depicted in Figure 22. Notice that
FSpgp shows high-frequency components with a peak on 50

15
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FIGURE 20: 6, performance.
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FIGURE 21: Control input voltage.

[Hz]. Figure 23 shows an analysis using a quadratic index of
the voltage, where Vg consumes more energy. Thus, the
proposed delay controller represents an attractive alternative
to control a set of underactuated mechanical systems. A
sensitivity analysis with a quadratic error index of the
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trajectory tasks was performed in simulation using a set of
initial conditions for the angular positions 8, (0) and 6, (0).
Figure 24 shows the first link performance; notice that the
PR controller rank of initial conditions 8, , (0) remains on
[-8, 8] degrees, in comparison with the FS controller rank of
initial conditions 6, (0) that remains on the interval [-7, 7]
degrees. Similarly, Figure 25 shows the second link per-
formance, the rank of the initial conditions for 6, (0) is
[-12, 12] degrees, while 8,55 (0) is [-11, 11]. Notice that the
PR controller can control the pendubot system with further
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FIGURE 25: Assessment of the quadratic error index for the second
link.

initial conditions from the equilibrium point than the PD
controller.

6. Conclusion

In this paper, an alternative approach to control a class of
underactuated systems of the fourth order through pro-
portional retarded based controllers was proven and ex-
perimentally tested, leading to smooth tracking results
thanks to the derivative-free control philosophy. The tuning
procedure allows the practitioner to find appropriate control
gains (the proposal is constructive). The cascade form of the
tangent linearization of the underactuated system is an
important design tool for the model simplification and the
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local controllability property for the design of a wide variety
of controllers. Future research concerning the topic deals
with the extension of the procedure to larger order systems
as well as a more comprehensive development of the con-
ditions involving all the control parameters. The case of
study can be also extended for disturbed dynamics, in which
integral actions can be proposed and tested.
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This article concerns the problem of input-to-state stabilization for a group of uncertain nonlinear systems equipped with
nonabsolutely available states and exogenous disturbances. To appropriately cope with these partially measurable state variables as
well as dramatically minimize controller updating burden and communication costs, an event-triggered mechanism is skillfully
devised and an observer-based impulsive controller with the combination of sample control is correspondingly presented. By
resorting to the iterative method and Lyapunov technology, some sufficient criteria are established to guarantee the input-to-state
stability of the newly uncertain controlled system under the employed controller, in which an innovative approximation condition
as to the uncertain term is proposed and the linear matrix inequality technique is utilized for restraining sophisticated parameter
uncertainties. Furthermore, the Zeno behavior in the proposed event-triggered strategy is excluded. The control gains and event-
triggered mechanism parameters are conjointly designed by resolving some inequalities of linear matrix. Eventually, the

availability and feasibility of the achieved theoretical works are elucidated by two simulation examples.

1. Introduction

Since it is originally put forward by [1, 2], input-to-state
stabilization has caught widespread attention [3-5], attrib-
uting to its performance in characterizing dynamical sys-
tems reaction to exogenous disturbances with bounded
magnitude. The property of input-to-state stabilization,
crudely speaking, symbolizes that the system state will ul-
timately approach the origin neighborhood whose di-
mension is in direct proportion to the size of the system
input regardless of the magnitude of the initial state. With
this characteristic, a system is asymptotically stabilizable
under disturbance-free condition and has the evolution of
bounded state in the bounded perturbation circumstance.
Indeed, input-to-state stability behavior can characterize
robustness and stability on dynamic systems possessed
disturbances, in which the corresponding stabilization
problem has a great signality for the control issue of [5-7].
Input-to-state stability is incipiently introduced for con-
tinuous systems to evaluate dynamical behaviors, which is

especially a fundamental conception for investigating robust
dynamics on nonlinear systems influenced by noise, inputs,
or interferences [8]. Afterwards, it is diffusely capitalized for
stabilizing controller synthesis and stabilization analysis of
diverse discontinuous systems, to name a few, switched
systems [9, 10], stochastic systems [5, 11], and fuzzy systems
(12, 13].

Accompanied by the prompt development of some
technologies such as digital control for resource-limited
models and sensors incorporated embedded microproces-
sors, event-triggered impulsive control strategy, more re-
cently, has been highly valued. On the one hand, the
impulsive system, composed of discrete dynamics and
continuous dynamics, is an important hybrid system in
which the uncontinuous behavior is a momentary state jump
occurring at given moments, while the consecutive behavior
is usually expressed as differential equation. Correspond-
ingly, impulsive control is a control approach that the
control signals are transmitted to a system only at certain
moments. In comparison with continuous control [14, 15], it
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has the advantages of only discrete control which is required
for deriving the desired performance, discontinuity, and
stronger robustness. Consequently, the control approach is
extensively applied in practice, such as ecosystem man-
agement [16, 17], satellite orbit transfer [18], secure com-
munication [19], pharmacokinetics [20], and complex
switched network [21]. Furthermore, controlling the oper-
ation of systems all the while is unnecessary or even im-
possible in practice. In population model [16], for example, it
is merited to release predators at appropriate discrete cir-
cumstances, rather than the continuous instances for con-
trolling the amount of a category insect. Moreover, as [22]
amply demonstrated, impulsive control allows utilizing
small control impulses as much as possible to stabilize a type
of chaotic system. Not merely does it reduce redundant
information transmission, but it increases the robustness of
disturbances rejection. On the other hand, event-based
control, as the name implies, is the strategy that event is
triggered by some elaborate state-based or output-based
event conditions to update the control input, which com-
pared to the conventional time-triggered control is capable
of avoiding unnecessary communication since a system
adjusts the sampling rate adaptively according to the current
situation [23, 24]. Specifically, the issue of self-learning
optimal supervision on discrete systems via event-driven
formulation is investigated in [24]. And the critics learning
standard is improved for the design of nonlinear H  state-
feedback control based on events [25]. Distinct from the
extant achievements involving sectionally continuous or
consecutive control inputs, event-triggered impulsive con-
trol is able to dramatically minimize communication load
and communication cost as well as enhance robustness,
which, for these reasons, is deserving increasing attention.
Simultaneously, the integration of two control strategies also
creates tremendous challenges in designing appropriate
controller.

As yet, some (but few) significant accomplishments
about the event-triggered impulsive control such as [26-29]
have been reported. Taking [26] as an instance, the syn-
chronization issue on multiple neural networks with dis-
connected switching topology and delay under this control
strategy is studied. Nevertheless, systems are generally af-
fected by some uncertain factors such as human error,
random disturbance, information loss, inherent deviation,
or environmental noise. The uncertainty caused by these
factors is referred to as the parametric uncertainty that is
perhaps foremost provenance of model uncertainty [30].
Without taking model uncertainty into account, it seems to
be far-fetched and preposterous in reality for analyzing
performances of various systems like estimating the property
indexes on steady state. In this condition, none of the before-
mentioned results are valid. Besides, in the control engi-
neering application, when it comes to the fact that the system
states may not be fully available because of implementation
costs or physical restrictions, it becomes crucial and in-
evitable to formulate the event-triggered impulsive control
strategy according to practical observer measurements. At
this juncture, once the incomplete testability of states and
the uncertainty of parameters are incorporated into the
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characterization of nonlinear systems, then these un-
certainties may give rise to a totally new rule with more
uncertain antecedents and results. What is exhilarating is
that there is no work on the observer-based event-triggered
impulsive control strategy to achieve the input-to-state
property of uncertain nonlinear systems. After all, it is of
more difficulty to find a feasible analytical framework
compared with the nominal nonlinear systems. Moreover, in
comparison with the previous methods, the robust handling
for uncertain parameters during the course of system per-
formance implementation becomes increasingly tricky as the
number of uncertain parameters surges. Therefore, the
theoretical challenges and technical deficiencies urge us to
explore the actual performance evaluation for nonlinear
systems with parametric uncertainties under observer-based
control.

The abovementioned analysis motivates us to focus on
issues of both input-to-state stability and event-triggered
impulsive control scheme design on a type of uncertain
nonlinear systems with incomplete measurable state vari-
ables and exogenous disturbances in this paper. Firstly, we
establish a category of newly uncertain nonlinear systems,
where the uncertainty terms are legitimately estimated by
capitalizing on a creationary approximation condition of
uncertainties, matrix synthesis method, and some in-
equalities of linear matrix. Secondly, a novel observer is
constructed on the uncertain nonlinear system, in which the
information between plant and observer is transmitted as
impulses. In particular, the impulsive controllers are de-
pendent upon the partial measurement output of observer
and plant, which can eliminate the adverse effects of output
data loss attributed to the external environment. Thirdly, an
applicable observer-based event-triggered mechanism is
designed and an event-triggered impulsive control strategy
is correspondingly constructed, which could lessen burden
of sampling and information transmission. At last, several
sufficient criteria on excluding the Zeno behavior and an-
alyzing the input-to-state stability property are developed,
meanwhile, which suggest that a more extensible framework
in complex dynamics can be explored through taking full
advantage of a range of the employed ideas and methods.

The content of the remaining sections is summarized as
follows. Section 2 puts forward the model and preparatory
works for a kind of uncertain nonlinear systems. Section 3
furnishes primary research results. In addition, Section 4
corroborates the validity of the derived results by two nu-
merical simulations. Finally, conclusion is exhibited in
Section 5.

2. Preliminaries and Model Description

2.1. Notations. Throughout this article, RT?, R, and N* are
separately the set of all gxp real matrices and
g—dimensional Euclidean space and the set of positive in-
tegers. I stands for an identity matrix with matched di-
mensionality in matrices or matrix inequalities. 0 in matrices
is a zero matrix of appropriate dimensions. Let |2 and
2]l denote the 2-norm of matrix & and the supremum of
2] on the interval &, respectively. For a matrix 9, [0
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DT, X (D), and A, (D) represent severally its inverse,
transposition, maximum eigenvalue, and minimum eigen-
value. The symbol = is defined as the symmetric term in
a matrix. sVd and sAd represent the maximum and mini-
mum of s and d, respectively. 2 >0 and & < 0 mean that &
are symmetric positive definite and symmetric negative
definite separately. Let He(2)=2+2", H  ={¢¢
E(RR")|¢(0) =0, lim ¢(s) =00, and ¢(s) is strictly
increasing in s}, and # = {y € €(R* x R*,R") |y (s, j),
for each fixed j>0, belongs to the function of class # as
regards s, but y (s, j), for each fixed s>0, is strictly de-
creasing to 0 as j — co}.

2.2. Some Preliminaries and Problem Formulation. A class of
uncertain nonlinear systems incorporated exogenous dis-
turbances is of the following form:

x(t) = (B+ AB)x(t) + (B; + ABy) f (x(t))
+(A+AA)u(t) + (C + AC)»(t), (1)
y(t) = (D + AD)x(t),

in which ¢ >t,, x(¢t) € R", y(t) € R?, and v(t) € R" are the
system state, the measurement output, and measurable lo-
cally bounded exogenous disturbances, respectively; u(t) =
u, (t) + u, (t) means the control input in which u, (¢) is the
sample control input and u, (t) is the Dirac delta control
input; a nonlinear vector-valued function f: R"” — R"
satisfies some conditions that will be provided in the sequel,
and x (t) represents the right-hand derivative of x (t). B, B,
A, C, and D are constant matrices, and AB, AB;, AA, AC,
and AD are the norm-bounded uncertain parameters.
Given that the incompletely procurable system states can
generate the ineffectiveness of state-feedback controllers, an
observer-based controller is considered in this paper, and
the state observer for uncertain system (1) is constructed by

X(t) = BX(t) + By f (X(t)) + Aus (t) + Cv(t),

(2)
y(t) = Dx(t),

where t>ty; %(t) € R"; and y(t) € R? are separately the
estimated state and the estimated output. The control input
u, (t) of observer is described as
0
us () = Y (Ky () +Ky() -Ky(1)d(t—t,),  (3)

a=1

where t € [t,,t,,,); K and K are control gains; § is the Dirac
delta function, which is also called the impulsive control
function. And the impulsive time sequence {t,}.°, satisfies
t,<t,<---<t,<--- and lim, t,=+0c0. It is well-
known that the Dirac delta function has two properties: for
any constants cand A, > OAand function g (t), (1) §(t —¢) =0
only when t#¢; (2) jiAl g)d(t —c)dt = g(c). Then, by
virtue of (2) and (3) and the properties of function &, what
we can see is that u; (f) = 0 at t #¢, and a € N¥, and for any
constant A (> 0) that is small enough,

x(t, +A)-%x(t,— A)

- r‘m [BE(s) + By f (%(s)) + Cv(s)]ds

t,—A

a

+ Jw i A(Ryt(s)n + gKhy (s)x — 7RCF; ()8 (s - t,)ds

ta=h 21

= jtﬂm [Bx(s) + B, f (x(s)) + Cv(s)]ds

t,—A

a

+ A(Ky(t,) + Ky (t.) - Ky (1)),
(4)

where [0 ¥, ARy (s) + KF(s) - Ky ()8(s - t,)ds,
which can be regarded as the convolution in the interval
[t,— A, t, + A] based on the properties of function 6, rep-
resents the sum of the effects of all unit impulses on the
observer state over [t, — A, t, + A].

Let A— 0 and Ax(t) = x(t}) - x(t,); then we can
infer that

Ax(t) = A(Ky(t,) + Ky (t,) - Ky(t,)),

By means of the above calculation, the controller u; (t)
with function § can make the observer state change in-
stantaneously in the discrete time sequence {t,}°2, so as to
achieve the impulsive effect. Thus, observer (2) is converted
into an impulsive control system as follows:

t=t. (5

X(t) = BX(t) + By f (x
Ax(t) = A(Ky(t ) +Ky(t ) -Ky (1)),
y(t) = Dx(t),

t=t, (6)

a

where the left-continuous case of the estimate of x(t) is
always considered; that is, X (¢) = X (t7)2lim,__, X (t — A).

According to the aforementioned observer, the control
inputs u, (t) and u, (t) are devised as

Uy (t) = Lz(ta)’ te [ta>ta+l)’

& (7)
U (t) = ZKy(t)(S(t_ta)’ te [ta’tm—l)’
a=1

where L is the gain of u, (t). In a similar way, uncertain
system (1) can be transformed into

%(t) = (B+ AB)x (£) + (B, + ABy) f (x (1))

+(A+AA)LX(t,) + (C+ AC)»(2),

Ax(t) = (A+ AAKF (),
y(t) = (D + AD)x(t).

t#t,,
(8)
t=t,

Without loss of generality, we always assume that the
state of system (8) is left-continuous. For forward complete
impulsive systems, there is no fundamental difference be-
tween utilizing left-continuous model and employing right-
continuous model. Then by defining the tracking error
e(t) = x(t) —x(t), the error system can be expressed as



é(t) = Be(t) + By (f (x (1) — f(%(1) + (A + AA)Lx(t,)

+(C+AC)v(t) + ABx(t) + AB, f (x(t)), t#t,
Ae(t) = (-AAKD — AKD)e(t")
+(AAKD — AKAD)x(t™), t=t,
9)

Remark 1. Since uncertain system (1) is a category of im-
pulsive systems, coupled with the incomplete measurability
of the system state, we need to construct an appropriate
observer and subsequently establish an applicable error
system related to plant and observer. Based on the pre-
requisite of ensuring real-time monitoring, fault-tolerant
control, easy realization, and so on, as a result, it is necessary
and natural to construct observer (2) which is only influ-
enced by impulsive. One more point needs noting that the
controllers u, () and u5 (t) designed by us can exert positive
effects on the unstable systems and meanwhile control them
only at the impulsive instant. In this way, u, (t) and u; () can
stabilize systems (1) and (2), respectively, for ages, while
reducing unnecessary computing costs.
Let

o) =(x"(1),e" )",
(0 =" O 0) (10)
F @) =(fT ), fT x0) - T @),

and then the argument system can be deduced as

@(t) = Bp(t) + BuF (t) + ALp(t,) + C{(t), t#t,
pt)=Kp(t), t=t,
(11)
where
[ B+ AB 0]
B= ,
AB B
_ [B,+AB, 0
Bd: d d :|,
| AB; B,
_ [A+AA 0O ]
A= ,
L 0 A+ AA
) (12)
_ [L —L]
L= ,
| L -L
_ [ C+AC 0
C: >
| 0 C+AC
7 [T+(A+AAKD —(A+AAKD ]
| AAKD - ARAD - AAKD - ARD |’

Furthermore, Vt € [t,,t,,,],a € N, argument system
(11) is rewritten as
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() = A (D) + A,F (1) + Ay (t) + AL (),  t+#t,
p() =Kp@ ), t=t,
(13)
where o(t) = g (t,) — p(t);
[B+AB+(A+AAL —~(A+AA)L
! _[ AB+ (A +AA)L B—(A+AA)L]’
A2=§d=[3d+ABd 0 ]
AB; B, o
__ [ (A+AAL —(A+AAL (
A, = AL = [ ]
(A+AAL —(A+AAL

_ [ C+AC 0
A,=C= :

0 C+AC

An adaptive event-triggered mechanism, determining
the continuously updated controller works at the instants
{t,1a € N*} known as the triggered time sequence, is in-
troduced to decrease the burden of updating and commu-
nication in control. It is notable that the system states are
imperfectly accessible, so the event-triggered mechanism
included exogenous disturbances as well as the system and
observer output is designed. By defining

S0 =(" @ (&) - 37N,

D+ AD
- :[ + 0 ] (15)
AD D
(1) = Do),
the event-triggered mechanism is formulated as
ta+1 = t;ﬂ/\(ta + f),
X (16)
t,,, =inf{t>t,| % (t)>0},
where the event generator function

() = lROI* = IS AP = pUC O 5t € [tartan)s
parameters #>0, p>0, and £>0 in which ¢ is a forced
triggered constant. Denote by {t:}°7, the event-triggered
time sequence that it is determined by function 7 (t). For
t>t,(a € N), the next event t*, , will be triggered only
when the correlative measurement reaches or surpasses the
stated threshold, and then, the next triggered instant (im-
pulsive instant) will be generated by comparing the obtained
event-triggered time with the forced triggered time. In
addition, it is worth mentioning that the aforesaid two se-
quences may differ depending on the selected parameters ¢,
1, and p.

In what follows, two assumptions are proposed around
the uncertain terms and the nonlinear function.

Assumption 1
[AB AB; AA AC AD]=ME(t)[F, F, F; F, Fs],
(17)



Complexity

in which E(t) is the unknown time-varying matrix with
al <ET(t)E(t)<I, the adjustment coefficient of the un-
certain term « € (0,1], and F,, F,, F5, F,, and F; are
constant matrices with compatible dimensionality.

Remark 2. Different from existing achievements, such as
[21, 30, 31], this paper has more uncertain parameters. Note
that, in the practical application, each program will in-
evitably be subjected to the actual limitation of imprecise
modeling for controlled plant and affected by external
factors like environmental noise. Therefore, it is favorable
and urgent for increasing the number of uncertainties to
describe a larger range nonlinear system.

Remark 3. Only the norm-bounded uncertainties are
taken into account in this article to efficaciously avoid
needlessly intricate notations and restrain parameter
uncertainty. In accordance with Assumption 1 and several
linear matrix inequalities, the uncertainties AB, AB;, AA,
AC, and AD can be reasonably eliminated. Moreover,
compared with the conventional constraint conditions of
uncertain terms, the adjustment coefficient « is added in
this paper, which not merely does not change the norm
value range of the uncertain terms but also can in-
geniously resolve the input-to-state stability problem of
fairly sophisticated system. Even though the uncertainty
parameters are also present at other singular structures,
the subsequent results could be popularized to this cir-
cumstance in parallel.

Assumption 2. Suppose that there exists a scalar >0 such
that the nonlinearity f satisfies | f (y;) — f (y)|<Bly; — v,
vy, y, € R". Particularly, f(0)=0.

Hereafter, a definition and several lemmas are in-
troduced for latter use.

Definition 1. For every initial condition (¢, ,) and each
measurable locally bounded exogenous disturbance { (¢) (see
[1]), system (13) is said to be input-to-state stabilizable under
the given event-triggered mechanism (16) if there exist
functions % € <L and Z € H, such that the solution
p (t) satisfies

@< % (ol - t0) + Z(IK O ) 200 (18)

Lemma 1. Given constant matrices %, P, and V" with
suitable dimensionality and a matrix function M (t) (see
[23, 32]),

(1) Ve, >0 and M" (t)M (t) < I, then

1
POV + VM (P <= PP e, 7TV, (19)

&

(2) Ve, >0 such that 82%T7<I and M ()M (t) <1,
then

U+ POV U+ POV

. 1 (20)
SU1-67"7) U +—PP".

2

Particularly, when % = 0, we obtain

1
PV (PMDOT) <= PP (21)

&

Lemma 2. Vs, s, € R? (see [33]), the inequality

51T52 + sszl < slTRs1 + ngf 's), (22)

holds, where R € RT*1 is a positive definite matrix.

Lemma 3. Given constant matrices B, RB,, and B; (see
[34]), where 9B, = QS‘IT and B, >0, then

B, + BB, By <0, (23)
if and only if
B, B
@, -,
3 2 (24)
~By By
or T <0.
%3 ‘%1
3. Main Results

This section is devoted to the following tripartite through
theoretical analysis and demonstrates the following:

(T1) The presence of the lower bound of adjacent
impulse instants is testified, whereafter, the Zeno be-
havior can be excluded.

(T2) The resultant augmented system which is
equipped with parameter uncertainties and exogenous
disturbances is input-to-state stabilizable where the
uncertainties are tactfully subdued.

(T3) The control gains and event-triggered scheme
parameters are devised without strong constrained
condition under system (13) corresponding stability.

Before verifying the above statements, it is necessary to
introduce some symbols:



ARB

Ad

A€

AD

Complexity

(B 0 According to Assumption 1, we have
o B]) [AB AB; AA A€ AD | (26)
- AB 0:| =MEWF, Fy, F3s Fu Fs),
| AB 0 ’ where
-Bd 0 :| or Fl O]
S = >
o B, | F, 0
[F, 0
—ABd 0 gz = >
b ol FZ 0
LAB; 0 . - [F; O :| 27)
[A 0:| 3 0 F, ’
’ F, 0
[0 4 [P ]
TAA 0 | 0 F,
, [ Fs 0
L 0 AA Fs=
| F, 0
[C 0:|
L0 C Theorem 1. Under event-triggered scheme (16), then (T1)
TAC 0 holds, where the positive lower bound § of adjoining im-
:|, (25)  pulsive moments conforms to
L 0 AC F = (In((p, (nAp)/ NV @3) + 1)/ 9 )NE, constants 1, p, and €
‘D 0 :| are specified in (16), and
Lo DJ 91 = 218 + AL + 200 - |F || + 200 - | F L
[AD 0 + 2B B + 2Bl1 - | 7| + 20T
| AD o]’ + 21 - | F L5

M 0 9, =B + AL| +. 4\ - | F || + 121 - |FL| + B| B
0 M]’ + ) - | 7]
@3 = €I - 121+ ICH - 21 - |F 51 + 1D - |21 - 115 4

[E(t) O )

, + NN F - 175
L 0 E(®) (28)
[I+AKD -AKD ]
L 0 I- AKD Proof. For the sake of checking on (T1), we consider the
"KD -KD following three cases:

KD —KD :|’ Case (i). The generation of the triggered time sequence
- B {t,}o2) depends entirely on the event-triggered time
00 sequence  {t7}>2,. Based on @(t)=Do(t)=

_ J(t,) — (1), in this case, the upper right Dini de-
L0 —AK rivative of ¢ (¢) in the interval [t,,f,,,) is calculated as




Complexity

Dlg (1)l

= 2D e (®)l

=2[p®)l - IDp 1)

<2lg(®)]l - |[DA,tgn(t)q + hD AyxF7 (£)C+;
-DAso(t) + DAL (1)

<2le®l - |A |- 1S @)l +2Blo
+2]As| - Il (I + 2l

<[l A (IR OI +1S OI) + Bl A (Il (DI +11S (DI
+2|As| - IO +1DI - A (le I +11S ()I)

<[a(rer +]s () - sl )
+Blal(reor +Is ) -s o)
+2]As| - le O +1DI - AL (Ile I +1E )117)

< (2 A + 28] 4] + 2] 4] +1D1 - Al (DI
(1A + BlaDIS I +1D1- Al - 1K @1

<(219B + AL + 22| - | F, | + 204 - | F L]
+ 2B By|| + 28140 - |F|| + 20T + 2012 - | FSI|
{121 +122) - | F]) - (161 + 1221 - | F4]) e )P
+(18 + L) +1.2] - |F, | +1.2e] - |F L] + B B
Bl - |7]) |3 ()]
+(121 +1.2) - |Fs|) - (161 +1.21 - |F4]) - 1S O

<oulle I + 9,8 (t)| + 930 Ol .,

(29)

Let ¢, = g,IS (t)IP + 9 IC (I, , 5 then,

D'lg O <o lg®I° + @u Yt € [trtyrr). (30)

Using e #(%) +to premultiplication and post-

multiplication in (30) results in

D+<e_"" (f‘fa)u@(t)uz) <q e (), (31)

By considering p(t,) = 0 and integrating both sides of
(31) from ¢, to t, we have

||@<t)||2s%(e“’l(“") 1) Veelttu) (32
1

When mechanism (16) is triggered, we can derive
MS I +pI (O, = [8(t4)IP. Together with
= 9IS (1) + @l (DI, , . it follows that

(IS @] ] Ol

l(tuH_ta) —
z 1 (Ise)f o9

< Ve ¢

1

HE O, ) )

which indicates that

N \4 1
e ot SO PV )T 1) ey
P
Case (ii). Only the forced tr1ggered time sequence
{to +n€}o2, exists in the sequence {t,} . Obviously, in
this case, t,,; —t, =£€>0,a ¢ N*.

Case (iii). The sequence {t,}”, is composed of the
event-triggered instants ¢t (s € N*) and the forced
triggered instants £; (j € N™). If the Zeno behavior lives
in argument system (13), it must be that a finite time
interval owns infinite impulse jumps in this case. To
exhibit this phenomenon, suppose that T' presents the
accumulation time (or Zeno time) on the finite time
interval [t,, T]. By defining ¢ = (T — ([€/2]))Vt,, it is
apparent that countless of impulsive instants appears in
the interval [¢,T]. Denote by {tNo+5}:1 € [¢, T] the
subsequence of {t,}2°) satisfying fy , — T as
s — 00, where integer N, >0. If there is no forced
triggered moment in [g, T'], similar to the discussion of
Case (i), we conclude that ty , — 00 as s — 00,
which contradicts the definition of the accumulation
time T. If there exists t; € {tN +S} _, for some j e Z*
over the interval [¢, T, recalling the definition of G it
can be deduced that only one t; € {tN ﬂ}s > which
implies that the triggered moments totally consist of the
event-triggered moments in (¢;,T]. Then it follows
from Case (i) that ty , — ©0 as s — 00. Hence, the
Zeno behavior is precluded in Case (iii).

From the foregoing discussion, the lower bound of
neighboring impulsive instants is ultimately acquired, which
symbolizes that the Zeno behavior can be eliminated.

Remark 4. When designing event-triggered mechanism
(16), IIC(t)II[t 1 cannot be superseded by IC(®I?. It is on
account of a discovery that the correlation ||{ @®)|* over
[t,ot,.) and [{(t,, )| is not easily obtained in the
abovementioned reasoning process of excluding the Zeno
phenomenon. Therefore, it is essential for the device of (16)



to take the supremum of ICON? in [t,t]. In addition, the
study in [29] assists us in detecting the indispensability of the
forced trigger condition in (16).

Remark 5. As described earlier, mechanism (16) is presented
to select the optimal triggered moment according to the
steady state of resulting system (13). Based on the results of
Theorem 1, it can be proved that the designed event-
triggered mechanism is effective. By comparison with the
existing results of the uncertain models, such as [21, 35, 36],
although they reduce the transmission of information,
impulsive controller with fixed impulsive moments, in
design, is still conservative. Now, in this paper, the con-
troller based on event-triggered mechanism only is updated
at the triggered moment. By this means, the burden of
controller update can be decreased without affecting ac-
curate control. Moreover, the sampling control adopted in
this paper is only dependent on the state information of
observer at the triggered moment, which can reduce the
communication between the equipment under test and the
observer.

Assumption 3. K is a nonsingular matrix, and there exists
a constant y >0 such that A, (K)<e™ /27,

Theorem 2. Uncertain system (13) is input-to-state stable via
the event-triggered scheme (16); suppose that for given pa-
rameters n € (0, (1/2)), p> 0, and €> 0 and the control gains
K, K € R”?, and L € R?", there exist matrices P>0 and
H,>00=1,2,3) and constants 9>0, 9>0, y>0, and
&§>0(b=1,2,3,...,58), such that

¥, 0 0
* ¥, 0 |>0, (35)
S
Q, 9"P2B,; D'PDAT D' PDE
-H 0 0
* ! <0,  (36)
* * -H, 0
%k * * —H3 .
(Q, M HTFT H,um FT T
* —e;] 0 0 0
Lr oo 0
* * _—
&5, <0, (37)
* * * —&s5gl 0
1
* * * * —1]
L T
y—9¢>0, (38)

where

Complexity
I Foll
¥, = .
*  —1
®l
I At
¥, = .
* —1
(1)2
I M"Pa
¥, = ,
* l 1
®3
Q, = -91+R,,Q, = He(%,) - 2¢” "1,
2
5.5, - 2) (121 + all )] - | F5]) 9 + 27M e (R)
- 2
(1= 2)(I21 + &t - | F 5] A (P)
Py = He(D"PDA,) + iy Ay Ay + 1, Ay A, + 1, F o Fg
‘*’."‘4'%{?1 +M5IT.?§L‘73I+M6A1T%;F§T5A1
Lo, T o
+ ;A1 Ay Moy + T, TP
8
T o T 1 T AT
+UsPBF s FRBaf + ?ﬁ‘g"jd‘/\z Ay BB+ BH, s
25
Ry = oL FLF L+ L A F L F AL
1 =T T T -~
+—L " AIA L + H,,
€37
A =B+ dL,
A, = M PD, (39)
Ay =MD PD,

@, = max{es, &, €17, &> £24> €325 £36> Eas> £a> Esc

@, = max{£10,£12,627, E39>£51}»

@; = max{eyy, €16, €19, £295 E31> €415 €430 €530 E55 >

W =& 16+ & +E53+ &5

Uy = €3+ &+ 8+ Ex + 63 + €34+ €35+ &4 + &4

U3 =Eg &g T & TE3 T &5 T &3 T &5 &
+Eyg + 830+ E37 + E3g F €49+ Egp + Eg9

+ €50 + €55 + €545

1 1 1 1
Uyg=—+—+ + ,
€1 8485 E9&jp  E5856817
1 1 1 1
Us = —+—

—t—
& &&7  Enfp 138198y

1 1
o=+ >
& E38y

1 1 1 1
Uy =

=t ,
&1 €38 ExEy7  €3083163

1 1
+

Ug

€2 €889

1 1 1 1
Ug=—+ + + s
€33 E35836  E3g839  E4p€4384

1 1
Moo=+ -
€34 4084




Complexity

Proof. Suppose that p(t) = p(t,ty,(0)) is the solution of It follows from Lemma 1 and conditions (26) and (35)
system (13) with the initial value (f,,¢(0)). Due to the that

imperfect measurability of the system states, the Lyapunov

functional related to the relevant outcomings is considered

asV (t) = ST (H)PS (t). Vt € [t,t,,,), a € Z*, the derivative

of V (t) can be calculated that

vV =23" ()P (1)
= 20" (/D" PDp (1)
<20" (YD PDA,p(t) + 9" ()D' PDp (1) (40)
+ 20" ()D' PDA,F (1) + 2" (1)D' PD Ao (1)
+ 20" ()D' PDA,L(1).

He(2'P2[ A% AL))

1
& 2

He(2'PAD[ A, A% AdL])

1 1- _
< [—QTTP/TI e—LT,Of‘?%L] + ATA (6] 1],

1 1 1~ -
< [—Afﬂ&},m —F'F, —LT9'§93L]
& €485 €67
+ A A, [ 65T e, g,

1
He(AD'PDA,) < eF s F s+ —A] Ay A A,
€3

He(A2'PD[AB AAL))

1 _

< F1F, L
€9€10

He(AZ"PAD[ A, AB AAL))

1 | -

< [ N FTF A, F'F, L'#T7,L

€131 €15€16€17 €18€19€20

T
+ F Fs[ el e5] el ],

20" (VD PDARBLF (t)

1
<—F (OF2F,F (1) + 0" (DAL A (8),
&1

20" (VD PAD | B TF (t) ABLF (1) ]

1

1
< [ —F (B FLF BLF (t)

& €234

F(OFLF,F (t) ]
+ KJT (t)AgAzp(t) [ el exl],

20" ()VAD PD [ B, F (1) ABLF (1) ]

1 1
< [W(t)@ﬁ@z\@ﬁ(t) —F ()FLF,F (1) ]
&5 €26€27
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+  (VFLF () exs] eyl ],
20" (VAD PAD | BF (1) ABLF (1) ]
1

1
< F ()BT F s BT (t)

T | €229 €30€31€32
+ (DFEFsp (1) 6] 501 ],
20" (D" PDAAT (1)

FL(OFLF,F (t)

1 - —
< E—QT (OL" FLF Lo (1) + e’ (DAL A0 (1),
33

20" (D" PAD [ Ao (1) AALo(t)]
1

1 _ _
< [ L' I " F F Lo (1)
E34 €35836
+" (DAL Ay () e34] 551 ],
20" (VAD"PD[ T (t) AT (D) |
1 - = 1 7 7
< [ —o" ()L " A Myt Lo (t) ——o" (NI F FLo(t) ]
€37 €38839
+ @T (t)9§95@ () [ e571 esgl ],

20" (1)AD"PAD | Lo (1) AL (1) |

ol WL FF,To (1) ]

< [ ol (VL A" FLF ATp (1)
€40€41 42843844

+ @T (t)gggslﬁ(t)[ez;ol el ],
20" (VD" PDABL (1)

o (VL' FLF,To(1) ]

<eisp! (AT A (D) + T (OFTF, (1),
45

20" (VD PAD[ B (1) ABL(L)]
1

<| L mE I w0
€46 €47€48
+ KJT(t)AgAzﬁ’(t) [es6] €471)s
20" (DAD"PD[BL(t) ABL(1)]

T WFLF,L0) ]

IN

L @ AT AE (1) #ﬁw%%at)]

| €49 €50€51
+ @T (t)gggsp(t)[ewl esol ],
20" (NAD"PAD[GL(t) ABL(H)]

1 1
<| —OF F 7,6 () —— (OF [ F (1) ]
| €52€53 €54€5585¢

+ PT (t)%‘g%sp(t)[eszl el |,

Complexity

(41)



Complexity

and from Assumption 2 and Lemma 2, we derive

F (1) <Pp(t)

20" (VD PDRBF (1) <" (VD PDBH, BED PDp (t)
+g' (OBH B (1),

20" (ODTPDAT (1) <" (DT PDATH,'T A" DT PDp (1)
+o' (H,0(1),

20" (VD" PDEL (1) <p' (VD PDCH,' €' D" PP (1)

+ (T (H,( (1)
(42)

And then we infer that

207 (D" PDA,p () + 20" (1)D' PDA,Z (1)
= 20" (1)(D +AD) P(D + AD) (A, + AB + AdL)p (1)
+20" ()(D+AD) P(D + AD) (B + AB,)F (1)
<p (DR (1) +¢ (D PDRBH, BED PDp (1),
(43)

20" (/D" PD Ao (1)
=20" (1)(D +AD) P(D + AD) (AL + AAL)o(t)
<o" (D %,0(t) + " (VD PDATH,'T A D PP (1),
(44)

20" (D" PDAL (1)
= 20" (1)(D +AD) P(D + AD) (G + AB) (1)
<" (R, L) + " (VD PDCH,' € D" PP (1),
(45)
where

1 1 1
923:(—+ +

€45 47848 E50851

T
)9‘74 F,
€54€55856

1 1 1
+ ( + )chggyscg +—8 AN, % + H,.
€46 €52€53 €49

(46)

Consequently, under Lemma 3 and (35), substituting
(43)-(45) into (40) gives that, Vt € [t,,t,,,),a € N,

V<9 (Dp(t) + 9" (YD PDp (1)
+o' (R,0(t) + T (AL (1)
<V (1) + 9l O + Ay ()0 (DI
A (Z)IC O,

Vt € [t,, t,,), it holds from Assumption 1, (26), and the
fact g (DI° < 7S () + pIC (D)1, that

(47)

11
lo)I* < 21 SIS )1
(1 =20 (121 + all) - | F5])
P €GIE
+ Il toot]?
(1 -2n)(121 + alll - | Fs]))’ o]
(48)

which supplied into (47) yields that
VOO (KON, Ve ltata).  @9)

where

pAmax(‘%Z) >C2
e
(1 -2)(121 + ala) - | F))
(50)

IV(C) = (Amax ('%3) +

By virtue of condition (38), a positive constant 9>9
could be spotted with ease such that y — 9¢ >0, and it could
be derived that

V() <9V (1), (51)

whenever V (t) 2 oy (I (D), ), 0 = 1/(9 - £9).
When t =t,,,, it is deduced from (13) that

V() =ST()PS (1) = o' (VD' PDp (1) )
5
=" ()K" D' PDRp(t").
By Assumption 3, there exists an invertible matrix R
such that
RKR<e L (53)

In accordance with Lemma 1, we discover that

1
He(AAH,) ss—/%/%T + e, TN TN F K,
57
(54)

1
He (H,09) < —H MMl H] + 65,7 F
58

Afterwards, combined with Lemma 3, (37), (52), and
(53), we obtain

Vt)<e 'V (t). (55)

Pay attention that V (t,) > oy (|{ (t,)]). Accordingly, we
can define 7, = inf{t >, |V (t) <oy (I{ (D)l )}, which
symbolizes that V (¢) > oy ([ (#)] [to,t])’ Vt € [ty t;). Con-

sider this case that #; < co initially. If there is no impulse over
[ty t,), it gives from (51) that

V)< TV (), Ve [tF). (56)

If there exist a few impulsive moments
ty <ty < -+ <ty,, <---on [ty,t,), we can deduce that

V)< DIV (ty), te [to): (57)

Based on (55), we get
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V() se V() <e 7Py (), (58)
which illustrates that

V)< V() e OV (), te [t t):
(59)

Equally, the inequality V' (¢,,) <e” 2 ta-to)y (to) holds.
Paralleling to the above deduction, we could get an inference
that, Vt € [ty, 1)),

V() <e o =)y (1) < 7 ()79 (1) (60)

where 72 (,t,) denote the number of impulsive moments in
the corresponding interval and y = y — 92> 0.

As a result, when %, < co, whether impulse exists in
[t,,£;) or not, the following inequality is always attainable:

vtyse "GPy vt e [1,7,). (61)

When %, = co, executing the similar argument as the
case of t; <o, we could reason out

V(t)e " Py (1) vt e [ty 00). (62)

Associating with the situation of ¥, <00, let
£, = inf{t >t V() =ou (1) [to,t])}; the priority concern
is the case of #; < co. Evidently, whether impulse appears on
[£,,£,) or not, it can be invariably obtained that

VO oy(IKOlpq) Vee Fuh).  (63)

Similarly, ~when {; = co;
vVt € [t;,00).
Combined with the circumstance that £, < oo, it follows

that

V(t)Se_n(t,tu)va(to)+m,,<||((t)|| [tn,t]>, Vt € [to. 1)),
(64)

V() <oy (IO 5, 0

and then let £, = inf{t >, |V (t) <oy (I (t)ll,, )} When
t, <00, we give priority to the case of no impulse over
[£,,%,); we could derive from V (£,) = oy (|{ (1)l (t,,) that

V() Seg(f‘fl)v(il)Se‘_f’faw<||((t)|| M), te [i5).
(65)

If there exist impulsive moments

ty <ty < -+ <ty, < -+ it holds that
v <@ Doy(IKOIp, ) Ve [ut) (66)
According to (55), we have
Vitn)<e V() <e Y oy (KO ) (67)

which suggests that

VO e "oyl ) V€ bnt). (68)

Complexity

On account of y — 92> 0, performing semblable opera-
tion, we get

V(t) Se‘?)eaw(ll((t)ll [t(,,t]) Vt € [15,). (69)

When 7, = 0o, it can be inferred in repeating similar
iterations that

VO e oy(IKOl,). Vee o) (70)

Together with %, < co, we derive
V< E0Fy () e§€01//(||((t)|| [to,t]>, Vt € [t F).
(71)
Arguing in the identical manner, we conclude that
Ve e G (1) + Fay(I0Oll ). Ve € [t 00),
(72)
which fulfills the proof of (T2) based on Definition 1.

Remark 6. Obviously, Assumption 3 and condition (37) play
a complementary role in the proof, which simultaneously
explains the rationality and significance of Assumption 3.

Next, for the purpose of achieving (T3), the following
hypothesis needs to be proposed.

Assumption 4. Matrices D and A with appropriate di-
mensionality are of full-row rank and full-column rank
separately.

Theorem 3. Assume that, for given constants ¢,(1 = 1,2, 3),
there exist matrices P>0, S;>0, E;, and ©;,i=1,2, and
constants 9>0, 9>0, y>0, and &>0(b=1,2,3,...,58)
such that (35) and

[He(z,) 4 3IFT s, FT 7
«  —e5] 0 0 0
! 1 0 0
* * e, <0, (73)
* * * —&¢l 0
1
* * * * —1
L &5g
Q SP'PDB,S SDPDAO SDTPDES
-£S 0 0
* & <0, (74)
* ® -&S 0
* * * —&S
where
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S= ,
L0 S,
[0, -0,
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|®, -0,
0=-9+%,

R, = 1, SD PD MM D" PDS + 14, SD" PM M PDS
+ ST L F S+ 1, SF L F\S + 4s0' Fr F,0
+ USB FLF BS + u@ A" FLF A0

+ X SR DT P M PDBS

&

1
+—0" A D" PMMPDAO + 4, fSF s F, S
&

+ usBSByF 3 F s BSP + He(SD' PDAS)
1
+—BSBYD PMM"PDB,SP + He(SD' PDAO) + &, BSP,
&5

Uy =& &+ & + &5+ &5,

Uy = &+ &4+ €+ Exp + Ex3 + E34 + €35 + Eg6 T E47

Us =Eg T &+ & T &3 T &5+ &5+ E5 &
&g+ €30+ &3y + &35 + 49 F Egp F Egg

+ €50 t €5y + €5y

1 1 1 1
Up=—+—+—+ X
€1 &8&  &Ep  E15€16E17
1 1 1 1
Us=—+—+ + X
& &7 Enfnn €18€1980
1 1
He =+ >
& &381

1 1 1 1
Yy =—+ + +

s
&1 €38 E6€7 3083183
1 1

Mg =_—+ >
€2 &880

(75)
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and then system (13) is input-to-state stabilizable under
event-triggered strategy (16). In addition, the control
gains K, K, and L and parameters n, p, and € are jointly
devised by

K =gD"(DD") ",

(76)

where

o Anin (PP iz (S)((/0) = 9 = (/i (P)) (121 + all2 ] - | F5]])
Amax(§2)

2
>

Ry = 4o® FrF,0 + )@ A FLF o A©

1 :
+—0 A" D PMMTPDA® + €2 (5)S ),
€37
1 1 1 1
Pg = —+ + +

€33 E35836  E33€39

s
€42€43E44

1 1

(77)

Proof. The controller gains K and K, under Theorem 2,
could be determined by (73), which leads to (37). Mean-
while, let H,=¢S'(1=1,2,3); then we use
diag{S™1,$"1,5°1,§7!'} to postmultiplication and pre-
multiplication in inequality (74); condition (36) can be
derived. Furthermore, condition (38) is linearized to (76).
This accomplishes the proof.

Remark 7. More recently, the design problems of adaptive
controller are studied for uncertain nonlinear systems with
diverse structures, such as lower triangular structure [37],
nonlower-triangular structure [38, 39], and nonstrict-
feedback structure [40, 41]. Inspired by these interesting and
pioneering works, the event-triggered impulsive control
scheme designed and the approach adopted in this paper
may be extended in these areas. In addition, through the
enlightenment of some excellent works like [42-44],
whether our model can be extended to various memristive
neural network models would be a probable and rewarding
research topic.
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4. Illustrative Examples

For the purpose of corroborating the merit and effectiveness
of the developed results, two numerical examples are con-
sidered in this section.

Example 1. Consider a dynamic model of a vehicle radar
servo system. Following [45, 46], the nonlinear dynamic
model with parametrized uncertainties can be modeled as

X = Xy,
%, = =(b+ Ab)x, + (c + Acju — (d + Ad)(F, + fV ),

Yy =Xp
(78)

where x, and x, are the angular and the angular speed of the
motor, respectively; b = (B,/] + m(r*/G?)),
Ab = (AB,/A] + m(r?/G?)), ¢ = (K] +m(r*/G?)),
Ac = (AK /AT + m(r’/G?), d= (r/G] + m(r*/G?)), and
Ad = (rIGA] + m(r*/G*)); J, m, r, G, B,, Ky, ig, F., and f
are the rotor inertia, the mass of radar antenna, the radius of
the gearing wheel, the gearing ratio, the rotor shaft friction,
the torque constant, the current in g axis, the dry friction
force, and the wind resistance coefficient, respectively; V ; is
a nonlinear function in regard to radar antenna velocity.
Besides, the parameters AB,, AJ, and AK are not precisely
known, which are dependent on several factors in the
nonlinear dynamics; for instance, the direction of the radar
antenna changes with vehicle vibration and gusty winds.
Suppose that F, is an interfering variable that varies over
time. To stabilize this system in the input-to-state sense,
now, some parameters are selected as

B,=17x10 *N-m-s,

J =48 x10 kg - m’,

m = 1000kg,
r = 50mm,
G=1,
N-m
Kf=12——,
A
(79)
f =14,
F_ = tanht,

V= 0.2tanh(x,),
AB, = 0.2 x 10 *sintN-m-s,

AJ] =3x 1073costkg~m2,

. N-m
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Based on Theorem 2 proposed in this paper, let
g=20,i=12,...,29, ¢ =25,j=30,31,...,49, ¢ =30,
and! = 50,51,...,58, and choose 9=0.45 9=3x10"°,
and y = 0.03. Then, the control gains and the event-triggered
mechanism parameters can be designed by utilizing
MATLAB toolbox as follows:

K =[-0.2164 -0.1922],

K =[0.2149 0.1974],
(80)
L=[-1.6450 -1.1250],
0<7<0.2253 x 10,0 < £< 0.56.
In order to achieve simulation, we choose

7=0.18x10"3, p=0.1, and £=0.4. When the designed
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controller does not act on system (78), as shown in Figure 1,
then the system is unstable. However, under control, the
change trend of error between the observer state and the
system state, the dynamics of the controller updates (the
points on the t-axis mean that the controller does not up-
date), and the sampling dynamics of the event triggering
mechanism are illustrated in Figures 2-4, respectively.
Thereinto, in Figure 4, the point with a value of 1 corre-
sponds to the event trigger sampling time, and the point with
a value of 0.5 corresponds to the forced trigger sampling
time. Assume that the total elapsed time of system is 20, if
the output signal is transmitted by a fixed impulsive time
sequence or time-triggered scheme, and the sampling period
is 0.05 s; then the number of data traffic will be 400, whereas,
as shown in Table 1, the amount of data communication can
be dramatically decreased by adopting the designed event-
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TaBLE 1: Amount of date communication under varying ¢, #, and p.

(&n)

(0.1,0.00043) (0.2,0.00024) (0.4,0.00018)

p =001 85 68 55
p=0.05 74 61 51
p=0.1 71 59 48

triggered scheme. In conclusion, the aforementioned sim-
ulation outcomes reflect that when the system state is not
completely measurable and uncertainties and external in-
terferences exist in the system, the vehicle radar servo system
can accurately estimate the corresponding input in real time
and save unnecessary communication resources.

Example 2. To ensure the participation of more un-
certainties and the establishment of Assumption 4, uncertain
nonlinear system (1) incorporating two subsystems is taken
into consideration, whose parameters are set as follows:

(10
B= ,
01
B [-1.7 0 :|
Lo o—17)
[0.2
A= R
0.2
[ 420.3819 0
C= R
0 420.3819
[ —3526.2 0
D= R
L 0 -3526.2
[ 0.3tanh (x;)
fx) = ],
| 0.2tanh (x,) (81)
[ sin(t)
v(t) = ]
| tanh (t)
[ —149.5759 0
M =
L 0 —149.5759
[0.11 O
F, = ,
0 0.11
F [1 0]
*lo/
[ —0.000545
F3 = 5
| 0.000545
F,=F;

If system (1) has no the control input, as portrayed in
Figure 5, its dynamic behavior is unstable under exogenous
disturbance and uncertainties. Next, without capturing the
information of system states, an observer-based event-
triggered impulsive controller will be designed to implement
the input-to-state stabilization attribute on system (1). In
accordance with Theorem 3, let ¢ =15,i=1,2,...,29;
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¢;=18,7=30,31,...,49 &=20,1=50,51,...,58 and
choose 9=0.1, 9=10"'°, y =0.001, ¢ = 160, ¢, = 36520,
& = 36971, and f = 18.9505; then we devise the control
gains as

K =[2.6446 2.6446 ],
K =[-3.8464 -3.8464], (82)
L=[0.01 0],

and the parameter of event-triggered mechanism as
0<#<0.0267, p>0, and 0<£<0.643, so as to achieve the
control performance of the input-to-state stabilization. To
facilitate the simulation, we select n =0.02, p = 0.4, and
¢ = 0.4; then event-triggered mechanism (16) can be given by

ta+1 = t;rl/\(tu + 0'4)’

83
t,,, =inf{t>t,| % (t)>0}, (8

where

7 =lg O - 023 (1) - 041 DI, .y (84)

By exploiting such mechanism and controller gains, the
trajectories of states and errors are separately illustrated in
Figures 6 and 7, where the evolution of control inputs is
exhibited in Figure 8. Moreover, viewed from the triggered
dynamics of Figure 9, the event-triggered scheme lessens
unnecessary sampling and avoids repeated sampling.

The advantage of the presented strategy in reducing data
traflic, in the following, will be further verified. Assume that
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TaBLE 2: Amount of date communication under varying ¢, #, and p

10 ' ' ' (&n) (0.1,0.39) (0.2,0.13) (0.4,0.02)
R p=02 82 66 52
5¢F 1 p=03 72 59 49
_ p=04 69 56 46
5 0 . A =
? h T exogenous disturbances. A suitable event-triggered mech-
é ST | anism is constructed which decides when the controllers are
- updated. With the combination of sample control, sub-
sequently, an observer-based impulsive controller has been
“10 | 1 devised to warrant the performance of input-to-state sta-
bilization on the uncertain controlled system. Particularly,
the Zeno behavior in presented control scheme has been
-15 o 5 o s 20 eliminated. With the aid of several analysis strategies and the

Time

— U (1)
U, (1)
Us (1)

FIGURE 8: The dynamics of control inputs.

the total elapsed time of the closed-loop system (13) is 20s,
analyzing in the same way as Example 1, then we can clearly
observe from Table 2 that the event-triggered scheme
proposed in this paper is superior to the periodic sampling
scheme put forward in [21, 35, 36]. This table also exhibits
that the sampling amount varies with the parameters ¢, #,
and p. It can be seen that the greater the value of € or p is, the
less the data communication would be generated and thus
the more resources would be saved.

5. Concluding Remarks

This article investigates innovatively the input-to-state sta-
bilization and controller design for a type of uncertain
nonlinear systems included partially measurable states and

linear matrix inequality technology, some sufficient criteria
are deduced to guarantee the input-to-state stabilization. In
addition, substantial uncertain parameters are reasonably
estimated by exploiting some constant matrix inequalities
and an innovative hypothesis. Although the reasoning
process is slightly more complicated, fortunately, the result
of theoretical analysis and simulations can demonstrate that
the observer-based event-triggered impulsive scheme can
work well. In some circumstances, the controller perhaps
oversteps its physical restrictions that possibly lead to the
controlled system subjected to rigorous performance deg-
radation. Consequently, it is a probable research work for
observer-based event-triggered saturated impulsive control
on a category of nonlinear controlled systems in the future.
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An enhanced method able to perform accurate stability of constrained uncertain systems is presented. The main objective of this
method is to compute a sequence of feedback control laws which stabilizes the closed-loop system. The proposed approach is
based on robust model predictive control (RMPC) and enhanced maximized sets algorithm (EMSA), which are applied to
improve the performance of the closed-loop system and achieve less conservative results. In fact, the proposed approach is split
into two parts. The first is a method of enhanced maximized ellipsoidal invariant sets (EMES) based on a semidefinite pro-
gramming problem. The second is an enhanced maximized polyhedral set (EMPS) which consists of appending new vertices to
their convex hull to minimize the distance between each new vertex and the polyhedral set vertices to ensure state constraints.
Simulation results on two examples, an uncertain nonisothermal CSTR and an angular positioning system, demonstrate the
effectiveness of the proposed methodology when compared to other works related to a similar subject. According to the
performance evaluation, we recorded higher feedback gain provided by smallest maximized invariant sets compared to recently
studied methods, which shows the best region of stability. Therefore, the proposed algorithm can achieve less conservative results.

1. Introduction

Model predictive control (MPC) is a main concern for
control design applied in different systems such as linear or
nonlinear [1-3], continuous or discrete [4], and mono-
variable or multivariable [5]. Actually, MPC is a common
technique for the dynamical systems’ stabilization. This
method is applicable already in numerous domains in in-
dustry [6] as regulation and control. Generally, real pro-
cesses are nonlinear, complex, and uncertain [7-10].
Therefore, a robust model predictive control (RMPC) has
been introduced to guarantee robustness as well as con-
straint satisfaction against uncertainty. Moreover, model
predictive control is an interesting approach to represent
systems using fuzzy logic for designing controllers. Several
works have focused on the use of fuzzy-model-based sliding
mode control of nonlinear systems in combination with
MPC algorithms [11-14]. In fact, the fuzzy logic technique is
quite attractive in terms of time, simplicity of

implementation, relatively low cost, and ability to rapidly
model complex systems.

For constrained control problems processing, robust
MPC is an effectual stabilization algorithm. This technique
employs a specific model procedure based on input and
output constraints, for each sampling time, in order to
optimize system behavior through the prediction horizon.
The controller implements merely the initial calculated input
and reproduces these computations at the next sampling
time, despite the fact that more than one input shift is
calculated [15]. The major aim is to determine the state
feedback control law to facilitate the minimization of the
worst-case performance cost.

At each time phase, the convex problem is considered as
an optimization problem including linear matrix inequalities
(LMI). The main common current algorithm for RMPC is
demonstrated to guarantee robust stability. But, due to the
fact that the optimization problem is truly settled at each
sampling time, it needs high computational time in online
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implementation. On the other hand, such problems rise
appreciably with the size of the polytopic uncertainty set
[16].

Many efforts have been made to design the state
feedback control law which minimizes the worst-case
performance cost. However, in future RMPC research [17],
some constructive simulation experiences still remain.
Several techniques have been performed in this field where
practical treatments of RMPC are still a challenging task for
model predictive control. Wan and Kothare [15] proposed
an algorithm based on an offline robust constrained MPC
by the use of ellipsoidal invariant sets subject to linear
matrix inequality (LMI). This algorithm provides a detailed
explicit control laws sequence corresponding to stable
invariant ellipsoidal sequence asymptotically constructed
offline in the state space. In the work of Bumroongsri and
Kheawhom [18], the algorithm of Wan and Kothare [15] is
developed in order to ensure the performance of the closed-
loop system focused on polyhedral invariant sets. An offline
approach for the stabilization of constrained uncertain
system is presented in this study. Various approaches have
been proposed to investigate, estimate, or enlarge the
maximum region of the state space where the system can
operate without violating state and stabilization con-
straints. In fact, the obtainable difficulty is associated with
the determination of controlled invariant sets [19, 20]. The
computation of the maximal controlled invariant set
process introduced in [21] and the corresponding state
feedback control laws for linear systems subject to poly-
hedral input and state constraints have been studied in
[22, 23]. Kouvaritakis et al. [24] developed an advanced
method to enlarge the terminal invariant set using a linear
programming approach. In the study by Henrion et al. [25],
convex optimization problems are formulated for the re-
gion enlargement and hence tuning parameters for the
positively invariant set improvement.

Many researchers [26-28] were interested in an automatic
enlargement of invariant sets. In the work by Li and Lin [26],
the characterization of the maximal contractively invariant
ellipsoid associated with a given positive definite matrix is
proposed for discrete-time linear systems. This description
can be used to establish an algebraic computational approach
and thus determine such maximal contractively invariant
ellipsoids based on inputs from saturated linear feedback. In
this field, the authors first divide the state space into several
regions according to the saturation status of each input.
Second, the possible maximal contractively invariant ellip-
soids are computed in each region. Note that if none of the
inputs saturate on their intersections, no region has been
calculated. The minimal one among these possible maximal
contractively invariant ellipsoids is the maximal contractively
invariant ellipsoids of the system.

In this work, a new approach for maximizing ellipsoidal
and polyhedral invariant sets associated with the determi-
nation of the corresponding state feedback control laws is
developed. The contributions of this paper are twofold:
firstly, to highlight the robust control of states, an RMPC
algorithm [15, 18] was applied. This approach is based on a
computation method of maximal controlled invariant sets
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[21]. Secondly, the combination of MPC method and
maximized invariant sets procedure is proposed in order to
precisely advance the performance of the employed system.
The considered techniques are realized to enlarge ellipsoidal
and polyhedral invariant sets. For invariant ellipsoidal sets
maximization, a semidefinite problem is used based on
quadratic Lyapunov function. Besides, the proposed method
for polyhedral sets enlargement consists of the iterative
expansion of an initial invariant set precomputed by the LMI
method, adding new vertices to its convex hull. This is
achieved by minimizing the distance between each new
vertex from the vertices of the polyhedral set. Finally, an
online implementation strategy has been applied.

So, in summary, using this proposed approach, we
recorded these two contributions:

Maximization of the invariant ellipsoidal and polyhe-
dral sets in order to increase the region of stability

Providing less conservative results and efficient system
performance in terms of computational time

This paper is organized as follows. Section 2 describes the
proposed methodology based on robust model predictive
control. In Section 3, simulation results and discussions of
the whole proposed approach are reported using two ex-
amples: an uncertain nonisothermal CSTR and an angular
positioning system. The conclusion is provided in Section 4.
All preliminaries and notations used in this paper are
revealed in Table 1.

Schur’s Lemma 1 (see [16]). Let R, S, T be given matrices
with appropriate sizes and assume that Q>0; then the

LMI [ § é ] > 0 (respectively, >0) is feasible if and only if
the nonlinear constraint R — SQ'ST >0 (respectively, >0)
is feasible.

2. Methods

2.1. Description of Robust Model Predictive Control. In this
work, robust model predictive control (RMPC) analysis is
the employed procedure to emphasize stability and effec-
tively improve the performance of the uncertain discrete-
time linear systems. RMPC method is a typical scheme for
minimizing the worst-case performance cost in order to
determine the state feedback control law. This technique
consists of two tasks: (i) offline part is introduced to search
the feedback gain K; based on the resolution of Bumroongsri
and Kheawhom problem [18]; (ii) online part, at each
sampling time, determines the smallest invariant set con-
taining the measured state and implements the corre-
sponding state feedback control law to the process. In
general, RMPC preprocessing strategy is suitable for sta-
bilization process, decreasing computational time. Here, the
regulated output is demonstrated to considerably evolve the
system state faster to the origin. The step-by-step method of
RMPC is described as follows.

Step 1. The linear discrete-time system described by
Wan and Kothare [15] is considered with the following
polytopic uncertainty:
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TABLE 1: Preliminaries and notation.

Notation Signification
Capital letters Real matrices
AT Transpose of matrix A
det(A) Determinant of matrix A
A>0 Symmetric matrix A is positive and semidefinite
A>0 Symmetric matrix A is positive and definite
X; The ith element of x
S= conv{vl, A vq} The convex hull of {1/1, A vq}
{ x(k+1) = A(k)x (k) + B(k)u(k), N i v (6)
y (k) = C(k)x(k),

subject to
where x (k) € R™, u(k) e R™, and y(k) e R™ are

. T, yvTRT 12 T pli2
state, control, and output variables of the system, re- Q; QA j +Y; B j QO YR

spectively. Then, AQ+B}Y, Q 0 0 o -
[A(R).B(R)] €, - ©2Q, 0 oo |
Q=conv{[A},B,],[Ay,B,],.... [AL, B]}, RY?Y, 0 0yl
where conv is the convex hull, Q is a polytope, and Vi=1,2,...,L,
[Aj,B ;] are vertices of the polytope, where L 4T
j=12,...,L [ 1:|20, (8)
Step 2. Research to the feedback control law is as X Q
follows:
X Y,
k+i , =0, 9)
u e Kx(k +1). (3) Y, Q
Xpn SUp o B=12,...,1,,
Equation (3) stabilizes system (1) with the following i = Hiomax T
cost: § C(AjQi + BJ'Yi)
>0 (10)
. K, T >0,
u{ilﬁ/lk) [A(k+i),g(lli1§)]eﬂ,i20 Jeo (K) (AjQi +B;Y; ) ct Q
(i ' (i S < Vmaw T=L2..m,Vj=12,.,L
- k ® 0 k (4) where Q is a symmetric matrix.
Joo (k) = Z ] > Step 4. For each K;, the corresponding polyhedral
i=0 (k + i) 0 R (k + ,') invariant set S; = {x;/M;x; <d;} is constructed in [18].
ul 2= i
k k
) 2.2. The Proposed Methodology. As illustrated in Figure 1, the
subject to proposed methodology is composed of three steps:
uhk +1 SUpmao h=12,...,1, Step 1. Enhanced maximized sets algorithm: by the
5 combination of an RMPC technique proposed by
k41 (5) Bumroongrsi and Kheawhom [18] and the enhanced
Y <Yrmao T=L2,...,m, maximized invariant sets approach, a successful

progress of the closed-loop system performance was
obtained. Two methods are developed to maximize the
ellipsoidal and polyhedral invariant sets constructed by
the RMPC algorithm. The ellipsoidal invariant sets

where ® >0 and R>0 are symmetric weighting
matrices.

Step 3. Choose a state sequence x;,i = 1,2,...,N, and
solve problem (6)-(10) to get the state feedback gains
K;=Y,Q;!, where Y; and Q;, i = 1,2,..., N, are so-
lutions of the following problem:

approach referred to in Section 2.2.1 is a semidefinite
programming method. Based on the work of Atha-
nasopoulos and Bitsoris [21], a second linear pro-
gramming approach is used to enlarge polyhedral sets.
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FiGURE 1: Flowchart of the proposed methodology.

It consists of adding new vertices to their convex hull by
minimizing the distance between each new vertex and
the polyhedral set vertices for securing the state con-
straints. The polyhedral invariant sets process is pre-
sented in Section 2.2.2.

Step 2. Online implementation of the feedback control
law: at each sampling time, determine the smallest
invariant set containing the measured state and im-
plement the corresponding state feedback control law
to the process.

Step 3. Evaluation criterion: the computational time
(CT) required for the proposed approach has been
reduced.

2.2.1. Enhanced Maximized Ellipsoidal Invariant Sets
(EMES). Subsequent to the RMPC problem resolution and
the feedback gains determination, an invariant ellipsoidal
sets sequence is built.

Let the following inequalities be

x(%)TPx<%> <1, (11)
which is equivalent to
x(%)TQ_lx(§> <1, (12)
where P = Q7.
To maximize the ellipsoidal region
f={x|xTPxS1}={x|xTQ_1xS1}, (13)

by guaranteeing a wider stability domain, a semidefinite
programming problem will be used.

Let us consider the quadratic Lyapunov function
V (x (k) = x (k)" Px (k). Then, we have

AV (x(k)) =V (x(k + 1)) = V (x(k)) <0
=x(k)'[(A+BK)"P(A + BK) - P]x (k) 0.
(14)

Condition (14) is true if and only if

(A+BK)"P(A + BK) - P<0. (15)

Using Schur’s lemma, the following condition with Q =
P! and K =YQ! is obtained:

T
Q  (4Q+BY) |
A;Q; +BjY; Q

(16)

A natural objective enables increasing the ellipsoid
volume which is proportional to det(Q). Hence, if the
maximal invariant ellipsoid volume corresponds to state
feedback law, solving the following semidefinite program-
ming is required:

nél%/X log (det(Q)), (17)
subject to
Q (Aij+BjYi)T]>o
A,Q;+B}Y, Q o (18)
Upax Y
[YT Q]zo, Upax 2 [ul.

2.2.2. Enhanced Maximized Polyhedral Invariant Sets
(EMPS). Given the state feedback gains K;=Y,Q;',
i=1,...,N, calculated from RMPC algorithm, for each K;,
the corresponding polyhedral invariant set S; = {x;/
M;x;<d;} is constructed. The enhanced maximized poly-
hedral invariant sets (EMPS) algorithm is given as follows.

Step 1. Let the polyhedral invariant sets S; be the convex
hull of its vertices:

Si=conv{v},...,v?}, i=1,2,...,N. (19)

Step 2. Consider new sets S; = conv{vil,...

i=1,2,...,N, g=1,2,..
vhgs,.

AV Vb
.,n, and choose a point
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Step 3. Solve the following EMPS problem:

: ch
n%m{ Vi = V w}’ (20)
subject to
j .
AVSHP + BuSup = Z PinJ + pj+1Vsup) (21)
i=1
220, i=1,...,j+1, (22)
j+l
> pi<e (23)
i=1
O<e<l, (24)
Mivsup Sdi’ (25)

where p;,; € [0,1].

Once the problem is solved, an optimal vertex v, is
obtained, and thus, the following maximized polyhe-
dral set is constructed:

S = conv{v}, cons vl vsup}. (26)

Relations (21)-(23) imply the positive invariance and
attractivity of S, while (24) and (25) guarantee con-
straint satisfaction.

Step 4. At each sampling time, determine the smallest
maximized polyhedral invariant set containing the
measured state and implement the corresponding
state feedback control law u(k/k) = K;x (k/k) to the
process.

3. Results

3.1. Example 1. An uncertain nonisothermal CSTR [15] is
considered where the exothermic reaction A — B takes
place. The reaction is irreversible and the rate of reaction is
primary order with respect to component A. A cooling coil
is employed to eliminate heat which is released in the
exothermic reaction. The uncertain parameters are the
reaction rate constant k; and the heat of reaction H,,,,. The
linearized model focused on the component balance and
the energy balance is given by the following state
equations:

x(t) = Ax(t) + Bu(t),
{ (27)

y(t) = Cx(t),

T
control vector u(t). Matrices are defined by

where [ Ca ] is the state vector x (t) and [ %’F ] is the input
C

5
B [ 0.85 — 0.0986a (k) ~0.0014a (k)
| 0.9864a(k)B(k) 0.0487 +0.01403a (k)B (k) |’

015 0 ]

B= ,
0 -0.912

(1 0]
C= )

01

(28)

where C, is the concentration of A in the reactor, C,
presents the feed concentration of A, T' denotes the reactor
temperature, and F is the coolant flow. The operating
parameters are as follows:

F=1m?/min,V =1m?

ko = 10° - 10! min~!

E/R =8330.1K
-AH,,, = 107 - 108 cal/kmol
p =10%g/m?

U, = 5.3410° cal/ (K min)

C, = lcal/(gK)
o Let CA = CA _CA,eq’ CA.,F = C.A,F _CA,F,eq> and
F¢ = F¢ = F( g, where the subscript eq is used to denote the

corresponding variable at equilibrium condition. By dis-
cretization, using a sampling time (ST =0.15 min), the dis-

. o [C,k) ] [ C ]
crete-time model with | 74 and | = AF | as state and
[ T (k) Fc (k)

control vectors, respectively, is given as follows:

x(k+1) = Ax (k) + Bu(k),
{ (29)
y (k) = Cx(k),
' x(k+1) =[C_A(k+ 1)]
T(k+1)

[ 0.85-0.0986a(k) ~0.0014a (k) C, (k)
_[ 0.9864a (k)B (k) 0.0487+0.01403o¢(k)[5(k)” T (k) ]

015 0 Cur
+[ 0 —0.912”Fc(k)]’

[10][C,h)
~y(k)_[01HT<k) ]

1<a(k) =ky/10°<10 and

(30)

where 1<B(k) =-AH,,,/
107 <10.

The two parameters o (k) and (k) are independent of
each other. Then, we consider the following polytopic un-

certain model with four vertices:

|: 0.751 -0.0014 ] [ 0.751 —-0.0014 ]

0.986 0.063 9.864 0.189
Q = conv
-0.136 -0.014 -0.136 -0.014
9.864 0.189 | | 98.644 1.451
(31)



By manipulating C,  and F, the control of concen-
tration C, and the reactor temperature T return to the
origin. These variables are constrained having
|C 4 ¢ <0.5kmol/m? and |F¢| < 1.5 m*/min.

The cost function is given by (4) with ® = I and R = 0.11.

The sequence of the chosen states is

(0.0525,0.0525), (0.0475,0.0475)
x; =4 (0.0425,0.0425), (0.0375,0.0375) t. (32)
(0.0325,0.0325), (0.0275,0.0275)

These sequences are used to compute six offline feedback
gains K;, i = 1,2,...,6. This allows building an ellipsoidal
and polyhedral invariant sets sequences.

Focused on the EMSA method, the maximized ellip-
soidal and polyhedral invariant sets are larger compared to
invariant sets [15, 18]. The difference between these sets is,
respectively, shown in Figures 2 and 3.

For both techniques, the invariant sets, ellipsoidal
(Figure 2) and polyhedral ones (Figure 3), are constructed
based on the choice of the same states sequence x;,
i=1,...,6.

The maximized polyhedral invariant sets enable us to
obtain an appreciably larger domain of stability compared to
the polyhedral invariant ones in [18], for each chosen state x;.
This is due to the additional vertex of the obtained sets that have
been added by the EMPS approach. Figure 3 reveals the
comparison between the stabilizable sets of two feedback gains
in terms of A and B points. As shown in Figure 3, it is clear that
the maximized polyhedral invariant sets stabilize the states at
point A by the use of feedback gain K, since the states are
contained in the maximized sets S,. Contrariwise, the poly-
hedral sets [18] are not able to stabilize the states at point A
because they are not contained in the initial invariant set. As
illustrated in Figures 2 and 3, beginning at the point B, the
polyhedral set can stabilize the states to the origin taking on the
lowest feedback gain K,. In brief, the proposed approach
EMPS algorithm can regulate the states at point B to the origin
using a higher feedback gain Kj in the fact that the points are
contained in S. In this case, EMPS method achieves the higher
feedback gain, when compared to previous studies. Conse-
quently, the proposed maximized approach attains less con-
servative results. To significantly clarify our results, Figures 4
and 5 demonstrate the regulated outputs. Here, we report that
the considered EMSA method provides less conservative re-
sults and efficient system performance, when the state evolves
faster to the origin. Compared to the previous work [15, 18], the
proposed strategy seems to be helpful for uncertain system
control. As demonstrated in Table 2, we can deduce from the
stabilization validation results that the EMSA technique is
more efficient compared to the other model predictive control
methods [15, 18] in terms of stabilizable region and compu-
tational time (CT). EMSA strategy provides rigorous results in
terms of CT (4.951 s) and larger stabilization region in different
points. Although the construction of maximized polyhedral
invariants sets requests more computational time than the
standard ellipsoidal and polyhedral invariants sets, it is still
more precise in enlargement of stability domain. Table 3
summarizes the cumulative cost obtained in Example 1.
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3.2. Example 2. We consider the angular positioning system
described by the following discrete-time equation [29]:

7[9(k+1)] [1 0.1 ][Q(k):|
Ok+1)] L0 1-0.1a(k) || 6k)

]u(k), (33)

A

+
[ 0.0787

0 (k)
y(k)=[1 0]|:. ]
k 6 (k)

where 0 (k) is the angular position of the antenna, 6 (k) is the
angular velocity, and u (k) is the input voltage of the motor.
It is assumed that the uncertain parameter is arbitrarily time
varying: 0.1 <a (k) = ko/10° < 10.

Let 0=60- Ocq» 0 = 00, and & = u —u,,, where the
subscript eq denotes the corresponding variable at equi-
librium condition Figure 6. The obtained system can be
written as follows:

'[é(kﬂ)] [1 0.1 Hé(k)]
Ok+1)] LO 1-01a(k) || gx)

+[ ]u(k), (34)
0.0787

0(k)
y(k)=[0 1][: .
0 (k)

L

System (34) has the following polytopic structure:

1 0.1 1 0.1
A(k) € conv{[ ], [ ” (35)
0 0.9 0 0

The input constraint is

[z (k)| <2 volts. (36)
The weighting matrices ® and R are given by
10
°~[oa}
00 (37)
R =0.000021.
Let us choose the following seven states sequence:
(0.35,0.35),

x; =4 (0.25,0.25),

1

(0.3,0.3)
(0.02,0.02) . (38)
(0.15,0.15), (0.1,0.1), (0.05,0.05)

In this example, the sequence of seven states
x;, i=1,...,7, is used to compute seven state feedback
gains K; corresponding to seven ellipsoidal and polyhedral
invariant sets. Using the EMSA algorithm, the maximized
ellipsoidal and polyhedral invariant sets are drawn com-
pared to invariant sets [15, 18]. Figure 7 exemplifies the
comparison between the maximized ellipsoidal and poly-
hedral invariant sets.
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FIGURE 2: Resulting maximized ellipsoidal invariant sets (in red).
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(a)
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X1
A (-0.08, 8); B (-0.05, 2)
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FIGURE 3: Examples of maximized polyhedral invariant sets from (a) six imprecated sets and (b) first set compared to [18].

Compared to the invariant set [18], the maximized
invariant set has a significantly larger domain of stability,
for each chosen state x;, i = 1,...,7. Figure 7 reveals the
comparison between the stabilizable sets of three feed-
back gains in terms of A, B, and C points. Simulation
results illustrated in Figure 7 highlight the robustness of
the proposed method using maximized polyhedral in-
variant sets which stabilize the states at point A
employing the feedback gain K, (the states are contained
in the maximized set S;). On the other hand, the poly-
hedral [18] and the maximized ellipsoidal sets are not able
to stabilize the states at point A (the states are not
contained in the original polyhedral and maximized el-
lipsoidal sets). Concerning the point B, the polyhedral set
[18] can stabilize the states to the origin corresponding to
the lowest feedback gain K,. In addition, the proposed

EMPS approach can regulate the states at point B to the
origin utilizing a higher feedback gain K, (points con-
tained in S;). On the contrary, the maximized ellipsoidal
set and the ellipsoidal set [15] cannot control the states at
point B because they are not situated in these invariant
sets. Also, starting by the point C, it is obvious that the
maximized invariant set obtained from EMES approach
can stabilize the states to the origin containing the lowest
feedback gain K. The proposed EMSA model can control
the states at this point to the origin exploiting higher
feedback gain K, (points contained in S;). Note that
previous studies [18] are capable of stabilizing these states
at points C from the feedback gain K. Figures 8 and 9
display the regulated outputs. In this case, it is evident
that the projected EMSA method supplies less conser-
vative results. If the state evolves faster to the origin, the
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FIGURE 4: The concentration of A in the reactor of the regulated output obtained with EMPS algorithm.
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FIGURE 5: The reactor temperature of the regulated output obtained with EMPS algorithm.
TaBLE 2: Performance comparison with previous works.
Stabilizable region
Methods Years Dzﬁerent points Stabilization Invariant Maximization Computational time (s)
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Kheawhom [18] 0 invariant sets 6 37
The proposed method v/ v v Maximized 6 Semidefine and 4951

TaBLE 3: Cumulative cost in Example 1.

Methods
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Cumulative equation

Wan and Kothare [15]
Bumroongsri and Kheawhom [18]
Proposed approach

20.48
19, 02
17, 9
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FIGURE 7: (a) Maximized ellipsoidal invariant sets compared to [15] and (b) maximized polyhedral invariant sets compared to [18].
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FIGURE 8: The regulated output obtained with EMPS approach.

applied approach reaches better performance system. The
resolution of the predictive control problem based on the
proposed EMSA algorithm aims to improve the uncertain
system performances under consideration. Depending on

the result of Table 4, we can assume that the proposed
scheme is more successfully having a larger stabilizable
region. Table 5 resumes the cumulative cost in the second
example.
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TaBLE 5: Cumulative cost in Example 2.
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Wan and Kothare [15]
Bumroongsri and Kheawhom [18]
Proposed approach

0.19
0.12
0.9

co T T
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4. Conclusion

In this paper, we described an enhanced method which can
be used for constrained uncertain discrete-time linear sys-
tems stabilization. A useful RMPC technique was applied to
emphasize the robust control and improve the state stabi-
lization. The proposed procedure gives appropriate opti-
mization and notable precision when compared to existing
model predictive control results. Then, we have suggested
the combined RMPC method and maximized invariant sets
process that can accurately progress the performance of the
closed-loop system. The included methods are used to en-
large ellipsoidal and polyhedral invariant sets constructed by
the RMPC algorithm. An online implementation for the
obtained feedback control laws has been made. The pro-
posed method has been compared with some existing al-
gorithms in order to enlarge stability domain. Experiment
results demonstrate that the proposed method can perma-
nently control system states having a larger stabilizable

region. Therefore, the performance of the proposed strategy
turnishes a rigid basis in support of solving the control
problem. As future works, we propose to use deep learning
to obtain flexible models for nonlinear model predictive
control (MPC).
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In this paper, an ecological model described by a couple of state-dependent impulsive equations is studied analytically and
numerically. The theoretical analysis suggests that there exists a semitrivial periodic solution under some conditions and it is
globally orbitally asymptotically stable. Furthermore, using the successor function, we study the existence, uniqueness, and
stability of order-1 periodic solution, and the boundedness of solution is also presented. The relationship between order-k
successor function and order-k periodic solution is discussed as well, thereby giving the existence condition of an order-3 periodic
solution. In addition, a series of numerical simulations are carried out, which not only support the theoretical results but also show
the complex dynamics in the model further, for example, the coexistence of multiple periodic solutions, chaos, and period-

doubling bifurcation.

1. Introduction

Since mathematical models represented by differential
equations were introduced into biological and ecological
systems, it has been proved that they are very useful tools to
deal with practical problems such as emerging disease [1]
and population dynamics between plankton and nutrient
[2-4], which also promote the development of the theory of
differential equation further. Especially, in the process, there
is a significant development in impulsive differential
equations [5-9] because many reality systems exhibit the
abrupt jumps phenomena in population sizes during the
evolution processes. Additionally, a theoretical method is
urgently needed to provide a guide for the management of
some practical problems such as pest outbreaks, phyto-
plankton blooms, vaccination, and so on. Accordingly,
impulsive differential equation theory may prove to be one
of the most potential theories to strategize about the ap-
proach of management for these problems, as impulsive
differential equation can model abrupt jump behaviors in-
duced by management, for example, some management

occurs at fixed time, which can be modeled using the models
with impulses at fixed times [10-13].

State-dependent impulsive differential equation, as a
branch of impulsive differential equation, has the advantage
to model the control behaviors depending on the population
state. In recent years, the studies on state-dependent im-
pulsive differential equation have been paid increasing at-
tention [13-16]. Many studies devote to the properties of
periodic solutions [17-20], including the existence, stability
and periodicity, etc. It has been confirmed that the Poincaré
map is a very useful tool to prove the existence of periodic
solution in state-dependent impulsive differential equations
[21-23]. In addition, Simeonov and Bainov [24] gave ana-
logue of Poincaré criterion in ref. [25], which contributes to
the stability of the periodic solution. Based on the Poincaré
map, it can be proved theoretically that the positive periodic
solution can bifurcate from the trivial periodic solution
through a transcritical bifurcation [25]. Particularly, Chen
[26] introduced the successor function a in semicontinuous
dynamical system described by state-dependent impulsive
differential equation to prove the existence of periodic
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solution. Using the successor function, Dai et al. [27] studied
homoclinic bifurcation in a semicontinuous dynamical
system [28]. The successor function has been extensively
employed to investigate the existence of periodic solution
and even stability and bifurcation in state-dependent im-
pulsive differential equation [28-38]. These studies enrich
the theory of state-dependent impulsive differential equation
further.

In this paper, we will present a prey-predator two-species
model with state-dependent impulsive control strategy to
study the dynamics induced by impulsive control. Firstly, a
model describing population dynamics of prey and predator
is given below.

d—xzrx<1—£)— bxy

dt K/ a+x

(1)
dy abxy
dt a+x 7

where x and y denote the densities of prey and predator,
respectively; r is the intrinsic growth rate of the prey; K is the
carrying capacity of the prey; b is the maximum growth rate;
a represents the half-saturation concentration; « is the as-
similation efficiency of predator; and m is the specific
mortality rate of predator. Here, we employ a Holling II
functional response to present the interaction between prey
and predator because some results suggest that the pop-
ulation dynamic following Holling II may exist in reality
[2, 3, 39, 40].

For some species, when their densities are beyond a
certain value, some seriously negative effects will emerge, for
instance, algal bloom. For this reason, their densities should
be kept below the critical value by harvest or/and released
natural enemy. Obviously, the occurrence of control will rely
on the density of the species. Here, under the assumption
that the interaction between prey x and predator y follows
model (1), we investigate the dynamics of impulsive control
and control strategies for prey x using state-dependent
impulsive differential equation, and the model can be de-

scribed as
d_xzrx<1_£>_bx_y
dt K/ a+x
x<h,
dy abxy
14 arx TV (2)
Ax = -px
x=h,
[ Ay=—qy+71

where h > 0 denotes the critical value below which the density
of prey x should be kept. 0 < p < 1 is the harvest rate of prey x;
720 is the releasing amounts of predator y; and 0<g<1
represents the harvest rate of predator y or the level of
negative effect caused by the harvest of prey x on predator y.
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The rest of the paper is organized as follows. In Section 2,
some notations, basic definitions, and lemmas are given. In
Section 3, a semitrivial solution and its stability are studied;
we also study the existence, uniqueness, and stability of an
order-1 periodic solution; moreover, the boundedness of
solution and some propositions of periodic solution are
discussed as well. Whereafter, a series of numerical results
are carried out to study the dynamics of model (2) further in
Section 4. Finally, the paper ends with the conclusion in
Section 5.

2. Preliminaries

In model (1), there exist three equilibria, E; = (0, 0),
E, = (K, 0), and E, = (x,, y*), where x, = ma/(ab —m)
and y* =r(K-x,)(a+x,)/(bK). When the condition
max (0, ab(K — a)/ (K + a)) <m < Kab/ (a + K) holds, E, is
a stable positive focus or node. We assume that the following
condition  holds  throughout the paper: (H)
0<m< Kab/(a + K).

The vertical isocline and the horizontal isocline can be
defined as follows:

:r(K—x)(a+x):

Li:y bK f(x),

(3)

ma

Ly:x= P A——
Furthermore, let N = {(x, y)|x = (1 - p)h, y>0} be
the phase set, and M = {(x, y)|x = h, y>0} denotes the
impulsive set. Under condition (H), we assume that L,
intersects with the phase set N at point O (x, ) and the
impulsive set M at point H (xy, yy) in the first quadrant
when h<x,. We define II={(x,y)|(1-ph<
x<h,0<y<f(x)} and Q = {(x, y)0<x<h, y>0}.

Let z(t) = (x(t), y(t)) be any solution of model (2);
then, we define the positive trajectory initializing at point
zo=z(ty) € R2 ={(x,»)|x>0, y>0} for t>t, as
n(t;zg,ty) = {2(t) |2 (£) € R2, t>1£,>0, z(ty) = z,}.

In this paper, some notions are always mentioned, in-
cluding phased point, impulsive point, and successor point.
From works in [20, 23, 26], we state the following definition.

Definition 1. Take the point A, € N; set 7 (t; A, t,) as the
trajectory initializing at point A, in model (2). If there exists
t; >t, such that the trajectory m(t; Ay, t,) intersects the
impulsive set M at A, = (h, y;) whent =¢t, (k=1,2,3,...),
then a point A exists in the phase set N, where point
Al = (1= p)h, yi = (1 = q@)yi + 7). The point A] is called
the phased point of point A;, and the point A; is called the
impulsive point of point A}. The point A} is called the order-

—_—
k successor point of point A, and the vector A;A; is called
an impulsive line.

Definition 2. Set point E = Nn{(x, y)Ix>0,y = 0}; then,
we define a number axis L in the phase N, and set point E as
the origin of the number axis L. VA, € N, set the direction of
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—
vector EA, as the positive direction of number axis L, and set

a, = IE—A(;I as the coordinate of point A, in the number axis
L. Then, amap F;: R, — R(k =1,2,3,...) can be defined

—
as Fy (ay) = a, — a,, where a; = |[EA[| and A} is the order-k
successor point of point A,,. The map F is called the order-k
successor function, that is, Fy (4,) = Yar = Va,

Definition 3. Take a point S in the phase set N; then,
7(t; S, t,) is a solution of model (2). If there exists a positive
integer k > 1 such that k is the smallest integer for F; (S) = 0,
then the solution m(t;S,t,) is called order-k periodic
solution.

Lemma 1 (see [26]). The successor function F;.(S) is con-
tinuous, where the point S € N.

Obviously, we can obtain the following lemma by
Lemma 1.

Lemma 2. If there exist two points S; = ((1 — p)h, J’sl) and
S, =(1-ph,ys) in model (2) and (ys —yo)
(s, = ¥o) 2 0 such that F, (S,)F, (S,) <0, then model (2) has
an order-1 periodic solution.

For the point O, we always assume the point O; = ((1 -
ph, Yo:) is the order-k successor point of the point O, and
the point Oy = (h, y0,) is the impulsive point of point Oy,
where k =1,2,3,....

3. Main Results

When the values of parameters in model (1) are given, the
dynamics of model (2) only depend on the parameters h, p,
g, and 7. In this paper, we are interested in the effect of
impulsive control on dynamics of model (2). Hence, we will
investigate the dynamical behaviors of model (2) under the
condition that the parameters of model (1) are fixed.

For points O and H, it is obvious that

(1) yo>yy if (1-p/2)h>K -al2.
(2) yo<yy if 1-p/2)h<K -a/2 and K >a.

In this section, we just show the proof with respect to
case (K—-a)/2< (1-p)h<(1-p/2)h in the figure of il-
lustration. The proof corresponding to other cases is similar,
which has been omitted.

By model (1), it is obvious that & < x, implies dy/dt <0.
Additionally, y(t*) < y(t) always holds when g € (0, 1).

In model (2) with 7 = 0, it is obvious that the following
semitrivial periodic solution exists for
te (n-1)T, nT] (n=1,2,3,...) when the predator y = 0,

(1 _ p)her(t—(n— l)T)K

E(t) = (1= p)her == 1+ (K — (1 - p)h)’

(4)
n(t) =0,

where the period T = (1/r)in(K- (1-p)h/(1-p)
(K = h)). SetT = (&£(t), n(t)). Then, we can get the following
theorem.

Theorem 1. Under condition (H), if h<x, and T =0, then
semitrivial periodic solution I' is globally orbitally asymp-
totically stable in model (2) for any q € (0, 1) and p € (0, 1).

Proof. For 7 = 0, solutions of model (2) will enter the space
IT eventually. Hence, we study the stability of the semitrivial
periodic solution in this space.

For any €>0, set N, = (1 - p)h,e) and M, = (h,¢).
Then, we assume that the trajectory 7 (¢; N,,t,) intersects
with impulsive set M at point P = (h, yp), and yp<yy =¢
under condition (H). Set & =& then, for any point G =
((1 = p)h, y5) where 0<y;<0 = yy, we have ys <yp
under condition (H) because h<x*a and g € (0, 15 (see
Figure 1(a)), which suggests that the distance

d=d(n(t;G1).T) :Ii,?et;|”(t§G)to)_P0|<€’ (5)

holds for all t > ¢, where T = (£(¢), (t)). Hence, according
to the definition of orbital stability in ref. [40], the semitrivial
periodic solution I' is orbitally stable.

For any G, € N, take a sequence of number
{ti} (k=1,2,3,...), where 0<t, <t and
lim,_ . t; = +00, such that 7 (ti; Gos tg) =

((1 = p)h, y,) € N. Then, the sequence of number {y,} is a
strictly decreasing positive sequence because h<x, and
q € (0,1). Hence, there exists a y,>0, such that
limg_, oy =y.20,but y,>y,. Set Q, = (1-ph,y,),
and let point Q, be the order-1 successor point of point Q4 =
((1 = p)h, yg) if y, >0, where y4 > y,. Then, for any point
Q €Q,Qy (ie., yq <yq<yq,) its order-1 successor point
is below the point Q, (see Figure 1(b)), that is, yo. < y,.

Because lim;_,, ¥, = ¥, there exists a positive integer
0, such that y, <y, < Yy for k> ©®,. According to above
analysis, there exists a positive integer ®, > ®, such that
i <y, when k > ©,, which contradicts with y, > y,. Hence,
lim,_ , yx =y, =0, which means that the semitrivial
periodic solution T' is orbitally attractive. So, the semitrivial
periodic solution I is orbitally asymptotically stable. Since
the attraction domain is €, the semitrivial periodic solution
I is globally orbitally asymptotically stable.

This completes the proof.

Suppose that M is a positive constant, and then we have
the following theorem for any M € (0, +00). O

Theorem 2. Under condition (H), if h<x, and T € (0, M],
then there exists a unique order-1 periodic solution in model
(2) for any q € (0, 1) and p € (0, 1).

Proof. For any 7> 0, Figure 2(a) displays the relation be-
tween point O and its order-1 successor point O] under
condition (H), where h < x,.. Obviously, OO, O is an order-1
periodic solution if y, = yo-. If yo < yor, we have F, (O) =
Yor = Yo >0 and F, (O7) = yor — yor <0, where O5 is the
successor point of point Of. According to Lemmas 1 and 2,
there exists an order-1 periodic solution in model (2).

If yo > yor, we take a point R = ((1 — p)h, 7) in phase set
N. Then, let the point R} be the order-1 successor point of
point R and point R, be the impulsive point of point R}, and
Yr: = (1- q)le + 7> 7 = yp (see Figure 2(a)), so F; (R) > 0.
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FIGURE 2: [llustration with respect to (a) existence and (b) uniqueness of the order-1 periodic solution in model (2).

By F,(O) = yo+ — ¥o <0, there exists an order-1 periodic
solution in model (2) using Lemmas 1 and 2.

Hence, there exists an order-1 periodic solution for any
g€ (0,1)and p € (0, 1) when h<x, and 7>0.

Suppose there are two order-1 periodic solutions in
model (2), which are I'; and T',, respectively. Let point A" =
((1-p)h,ys.) and A= (h,y,) be the phase point and
impulsive point of I';, respectively, and point B* = ((1 -
p)h, yg.) and B = (h, yg) be the phase point and impulsive
point of T,, respectively. Without loss of generality, set
Y4+ > Yp-. Then, the relation among A*, B*, and O is (i)
B* €OA" (yo < yp <Ya+); (i) AT €BTO (¥ < yu- <Y0)s
and (iii) O €B*A™ (yp: < Yo < Ya+)-

Figure 2(b) shows case (i); it is obvious that I', and T,
cannot coexist by disjoint property of trajectory of model (1).
Hence, the order-1 periodic solution is unique for this case.

For case (ii), because A* €B*O, we only need to focus on
the region IT. We rewrite the model (1) in the region IT as the
following initial-value problem:

dy g(xy) .,

= =¥ (x, ),

dx  f(x) )
y(x) = o (xy) €Il

where f(x,y) =rx(1-x/K)-bxyla+x,g(x,y) = abxyl
a+x—my.

Obviously, the function ¥ (x, y) is continuously differ-
entiable and monotone decreasing in y on the space IT. Then,
the solution of model (6) is equivalent to the following
integral equation:

X

¥ (s, (s, ¥))ds. (7)

y(%.50) = Yo + L
By equation (7), set
V(s yi()ds,  (8)

yi(x) = y(%, yp) = yi + J
(1=-p)h
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where i = A, B; then, y, = y,(h) and yg = y5(h). Because
Ya+ > ype> we have y,(x)> yp(x) on the space II by the
disjoint property of trajectory of model (1). Hence,

Ya—yg=ya(h)—yg(h)

h
=yt J Y (x, y4(x))dx — yp.
(1-p)h
N 9
- ¥ (x, d
R ICPAEE

<yA+ _yB+-

On the other hand, because both I', and I', are order-1
periodic  solutions, we have y,. -y =(1-9q)
(¥4 — y8) < (¥4 — yp) by model (2), which is a contradic-
tion with inequality (9). Hence, the order-1 periodic solution
is unique for this case.

For case (iii), the proof is similar with case (ii), so it is
omitted.

Hence, there exists a unique order-1 periodic solution in
model (2) for any g € (0, 1) and p € (0, 1) when h< x, and
7>0.

This completes the proof.

From Theorem 2, we can find that the existence and
stability of order-1 periodic solution depend on parameter 7.
Suppose point ((1 — p)h, y(1)) is the phase point of the
order-1 periodic solution, then we can get the following
proposition. O

Proposition 1. Under condition (H), when h<x, and >0,
y = y(1) is a monotonously increasing function with respect
to 1.

Proof. Let 6 be the angle between the impulsive line and the
x-axis. Then, tan 0 = —qy + 7/—ph, so d6/dr = (d/dr)tan™!
(-qy + 1/-ph) <0. Hence, 0(7) is a monotonously de-
creasing function in 7. Given an order-1 periodic solution
T,,letpointsU = (xy, yy) and W = (xy, y,) be the phased
point and impulsive point of I',, respectively; then, 7, =
yu — (1 -q)yy guarantees the existence of the order-1
periodic solution T, .

For any £€>0, when 7 =1, +¢ the order-1 periodic
solution I', will disappear. Let point U* = (xy-, yy+) be the
order-1 successor point of point U; then, y+ > y; because
6(7) is a monotonously decreasing function. In addition,
F,(U)>0and F, (U") <0. Therefore, there exists an order-1
periodic solution whose phase point belongs to UU*. By the
uniqueness of order-1 periodic solution, y = y(7) is a
monotonously increasing function in 7.

This completes the proof.

By Theorem 2, we know that the trajectory OO, O is an
order-1 periodic solution of model (2) when
7=y~ (1-9)yo,=7.. Then, we can get the following
theorem. O

Theorem 3. Under condition (H), if h < x., then the order-1
periodic solution is globally orbitally asymptotically stable in
model (2) for any q € (0,1) and p € (0,1) when 7 € (0, 7).

Proof. When 7 € (0,7,), the order-1 periodic solution of
model (2) must belong to space IT under condition (H). I'"
denotes an order-1 periodic solution of model (2), whose
phased point and impulsive point are point C = (x, y)
and point D = (xp, yp), respectively. In addition, the so-
lutions of model (2) will enter the space II eventually when
7 € (0,7.). Hence, we only need to study the stability of
order-1 periodic solution on the space II.

For any ¢ >0, we assume that the trajectory 7 (t; N, t,)
meets impulsive set M at point P, = (xp, yp ), where N, =
(1 = p)h, e + yc) (see Figure 3(a)); then, yp <yy =yc +e.
Take 8 = & for any point G, = (xg, yg,), where x5 = (1 -
p)h and yo<yg <yc+0=yy , we assume that the tra-
jectory m(t;G,,t,) intersects with impulsive set at point
G, = (h, yg,); then, yg > (1 - q)yg, + 7; otherwise, another
order-1 periodic solution exists above I'*, which contradicts
with the uniqueness of order-1 periodic solution. Hence, the
distance

d=d(n(t;Gpt,),T") = nf |7 (t;G1.to) = Pol <& (10)
o€l

holds for all ¢ >t, according to equation (9).
On the other hand, for any 0 <e< y, given § = ¢, when
Yo = 6<yg, < yc, we still have

d=d(n(t:Gpto).I") = inf |n(t;Gy, o) = Po <& (1)

using the same method. Hence, according to definition of
orbital stability in ref. [41], the order-1 periodic solution I'*
is orbitally stable.

For any G,€ N, take a numerical sequence
{te} (k=1,2,3,...), where 0<t,<ty,; and lim__,  f; =
+00, such that 7 (t;; Gy, t,) = (1 - p)h, y,) € N. Due to
disjoint of impulsive line, there are two cases on the nu-
merical sequence {y,} when 7 € (0,7,)and h<x,: (1) {y;}is
a strictly decreasing positive sequence; (2) {y,} is a strictly
increasing positive sequence.

For case (1) (see Figure 3(b)), we have lim;_ , vy, =
y.2ycand y, >y, Let Q, = (1 - p)h, y,); there exists a
point Qg = ((1 - p)h, yg) when y, > y., where ys>y,,
such that point Q, is the order-1 successor point of point
Qg. For any point Q €Q, Q4 (i€, yq <yq< yQ#), its order-
1 successor point is below the point Q, . Let point Q* be the
order-1 successor point of Q, then yq. <y,.

Because lim;_ ,, v, =y, and y,>y,, there exists a
positive integer ©; such that y, <y <Yay for k> 0,.
According to above analysis, there exists a positive integer
0, >0, such that y, <y, when k> ®,, which contradicts
with y, > y,.So,lim;__,, ¥, = yc. Likewise, lim;_,,  y; =
y¢ also holds for case (2), which says the order-1 periodic
solution I'" is orbitally attractive.

Hence, the order-1 periodic solution I'" is orbitally as-
ymptotically stable. Since the attraction domain is €, the
order-1 periodic solution I'* is globally orbitally asymp-
totically stable.

This completes the proof. O

Proposition 2. Under condition (H), when h< x, and 7> 0,
if there exists an order-k (k>3) periodic solution in model
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Figure 3: Illustration corresponding to the orbital (a) stability and (b) attractability of order-1 periodic solution in model (2).

(2), setting points (1 - p)h,y;)(i=1,...,k) as the phase
points  of the order-k  periodic  solution, then
Yo € (ming,  (y;), maxi; g (y7)).

,,,,,,,,,,

Proof. If yozmax;_, ,(y,), it is obvious that there is no
order-k (k>2) according to the proofs in the previous
theorems. Hence, we only need to consider
Yo<min,_, (). Letpoints (h, y;)(i=1,2,...,k) be the
impulsive point of the order-k periodic solution and
Yin= 1 -qyf+1; then, y, = (1-q)y;+71. Because
Yo<min,, . (y,),foranyl,j€{1,2,...,k}if y;> y;, then
¥ > y; by the disjoint of trajectory of model (1).

For yo<min,_, ,(y,), the relationship among y,, y,,
and y; is one of the following cases because of the disjoint of
the trajectory of model (1) and the disjoint of the impulsive
line of model (2):

@ y1>y3>y,
@ys;>y1>y,
®y,>y1> 3
@ y,>y3>y,

For yy > 3>y, weget y1 <y3 <y3,80 ¥, < ¥4 <y3 <y,
using y;,, = (1 —q)y; + 7. Hence, we claim

Vo< <Vou<Yu1<: " <)Yr (12)

When 7 = 1,2, it is obvious that inequality (12) holds.
Now, suppose inequality (12) holds when n = 0. In the
following, we will prove that inequality (12) also holds when
n=0+ 1. Because ¥, < -+ < ¥,,< ¥py1 < -++ < ¥, We have
YIS > > YE > > T Consequently,
YL Y3> o D> Vo1 > Vo > o0 > ¥y, that s, inequality (12)
holds when n = ¢ + 1. Hence, inequality (12) holds when
Y12 Y32 Y

In this case, obviously, for an order-k periodic solution,
we have (1-g)y; +7<y, when y, > y;>y,, which con-
tradicts to y, = (1 —q)y; + 7. Hence, the order-k periodic
solution does not exist. Using similar procedure, it is proved
that the order-k (k> 3) periodic solution does not exist for

cases @, ®, and @. So, there is no order-k (k > 3) periodic
solution in model (2) when yg <min,_; ,(y;). Therefore,
,,,,, when an order-
k (k= 3) periodic solution exists in model (2).
This completes the proof.
By Proposition 2, the following theorem will exist. [

Theorem 4. Under condition (H), if h< x, and 7> y, then
there exists a globally orbitally asymptotically stable and
unique order-1 periodic solution or a unique order-1 periodic
solution and an order-2 solution coexists in model (2) for any
q € (0,1), and there is no order-k (k> 3) periodic solution.

Proof. By Proposition 2, it is obvious that there is no order-
k (k=>3) periodic solution in model (2) because (1 -¢q)y +
7> 712y, forany y > 0. If order-2 periodic solution does not
exist, then a globally orbitally asymptotically stable and
unique order-1 periodic solution exists using Theorems 2
and 3. If an order-2 periodic solution exists, then the order-2
periodic solution coexists with a unique order-1 periodic
solution by Theorem 2.

This completes the proof. O

Theorem 5. Under condition (H), if h< x,, for given 7> 0,
then all the non-negative solutions of model (2) which start in
Q are ultimately bounded, and the bound depends on pa-
rameter T, g, p, and h.

Proof. By model (2) and the space Q, obviously,
0<lim,_, supx(t)<hand 0<lim,_, sup y(t) hold. In
addition, set Ay = {y| yisthe ordinate of phase point} and
Ay = {y| yisthe ordinate of impulsive point}. Then,
Yo, = max(A,), so we can obtain y,. = max(Ay) by
Yor = (1-q)yo, +7.  Hence, limtﬁimsup y(t)<Yors
which obviously depends on 7, g, p, and h. 1

This completes the proof.

From Theorem 5, it is not difficult to find that there is a
rough estimate of the bound, and we have the following
remark. O
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Remark 1. Under condition (H), if h<x,, then
0<lim,_,,  supx(¥)<h and
O<lim,_,, supy(t)<(1-q)yy+T.

Proposition 3. Under condition (H), if there exists a point S
such that F.(S) =0 in model (2) when h<x,, then there
exists an order-k ; periodic solution, where the positive integer
k; is a factor of]the positive integer k, including 1 and k.

Proof. Suppose positive integer k, is not a factor of the
positive integer k, then let k, be the remainder of k/k s and k
be the quotient of k/k,. Because there exists an order-k
periodic solution in model (2), without loss of generality,
assume ka(S) = 0. Obviously, we have F . (S) =0, but
Fi (85)#0. Hence, the equation F Ky v, (S)lé, which is a
contradiction with F (S) =0 because k = quf + k,. So, the
positive integer k ; is a factor of the positive integer k. When
the positive integer k, is a factor of the positive integer k,
Fi(8) =0 is obvious if there exists an order-k, periodic
solution in model (2).

This completes the proof. O

q

Proposition 4. Under condition (H), if there exists a point
O, below point O such that F5(O,) <0 holds when h<x,,
0<7< Yo p€ (0,1), and q € (0, 1), then model (2) has an
order-3 periodic solution when F,(O)>0, and the order-3
periodic solution coexists with an order-1 periodic solution.

Proof. Setting E = Nn{(x,y)[0<x<h, y =0}, we have
F,(E)>0, F,(E)>0 and F5(E)>0. Hence, there exists a
point O, € EO, such that F;(O,) = 0 because F;(O,) <0,
so an order-k(k = lor3) periodic solution exists by Prop-
osition 3. However, owing to F; (O) >0, it is obvious that
there is no order-1 periodic solution in space II by the proof
of Theorem 2. Thus, the periodic solution is the order-3 one.
Furthermore, because F,(O)>0, there exists an order-1
periodic solution according to the proof of Theorem 2, and
its phased point is above point O. Therefore, the order-3
periodic solution coexists with an order-1 periodic solution.

This completes the proof.

Although it is not proved that point O, must exist in
Proposition 4, it provides a method to search an order-3
periodic solution for numerical analysis. Furthermore, the
existence of order-3 periodic solution means that order-
k (k> 3) periodic solution and chaos exist in model (2) by
Sarkovskii’s theorem [42] and Li and Yorke’s theorem
[43]. O

4. Numerical Results

In the previous section, we have analyzed the properties of
periodic solution in model (2), including the existence,
uniqueness, stability, and boundedness. In this section, we
will further show the complex dynamics induced by im-
pulsive control using the numerical simulations. Since the
focus of this paper is the role of impulsive control in the
population dynamics, the parameters of model (1) are fixed:
r=09,K=100,b=12,a=7,a=0.7, andm = 0.7, and we
can obtain the equilibrium E, = (35,20.475) with index +1.

Obviously, condition (H) always holds under this parameter
set.

By Theorem 1, there only exists a semitrivial periodic
solution in model (2) when 7=0 and h<x,. Given
h=3,p=06,9=05, and 7 =0, we get a semitrivial pe-
riodic solution as shown in Figure 4(a), and its period is
about 1.309. In addition, we also obtain the theoretical
value of the period by T = (1/r)ln(K - (1- p)h/
(1 - p)(K — h)), which is the same as the numerical one.
When h=3 and p=0.6, the point O is fixed at
(1.2, 6.0762). The numerical simulation shows that all the
successor points of any trajectory except the semitrivial
solution are below initial point in model (2) and these
trajectories converge towards the semitrivial periodic so-
lution (see Figure 4(b)).

When 7> 0, however, the semitrivial periodic solution
disappears. Then, an order-1 periodic solution emerges and
it should be unique by Theorem 2. In phase set N, because
the order-1 successor point of any point above point O is
below point OF, we compute the order-1 successor function
F,(y) where y € (0, yOI] for different values of T (see
Figure 5(a)), where h =32, p = 0.1, andg = 0.1. In the rest
of this section, we will employ this control parameter set
unless otherwise specified.

From Figure 5(a), it is not difficult to find that the
equation F,(y) =0 has a unique root, which means that
there exists a unique order-1 periodic solution. Hence, we
carry out some numerical simulations with respect to these
roots of F, (y) = 0, and the results verify that these solutions
are order-1 periodic solutions as shown in Figure 5(b). But
we find that some of these order-1 periodic solutions are
unstable, which indicates that there may exist order-k pe-
riodic solution for some values of 7.

In order to illustrate the existence of order-k periodic
solution, we further compute order-1 successor function,
order-2 successor function, and order-3 successor function,
and the results are very interesting and are shown in
Figure 6(a). From Figure 6(a), it is easy to find that the
equation F, (y) = 0 has a unique root, the equation F, (y) =
0 has three roots, and the equation F;(y) = 0 has seven
roots. Furthermore, we can find that the root of F, (y) = 0 is
the common root of three equations: F, (y) =0, F,(y) =0,
and F;(y) =0, which means that there exists an order-1
periodic solution corresponding to this root. Except this
root, the equation F, (y) = 0 still has two roots which in-
dicate an order-2 periodic solution exists in virtue of the
uniqueness of order-1 periodic solution. For order-3 suc-
cessor function F; (), the equation F; (y) = 0 has six roots
except for the root of F, (y) = 0.

Except for the root of F, (y) = 0, it is not difficult to find
that F, (y) and F,(y) are positive or negative definite in a
small neighborhood of each root of F; (y) = 0, which means
that there may exist two order-3 periodic solutions in model
(2). Thus, we perform some numerical simulations to show
the solutions corresponding to these roots. The results show
that a stable order-3 periodic solution coexists with an
unstable order-3 periodic solution, an unstable order-2
periodic solution, and an unstable order-1 periodic solution
(see Figure 6(b)). Additionally, the numerical solutions for



— X
—
(a)

Complexity

64 . (dx/dt) =0

()

FIGURE 4: (a) The semitrivial periodic solution of model (2) (the red curve denotes the density of population x and the blue line denotes the
density of population y). (b) The proof of trajectory whose successor points are below initial points.
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FIGURE 5: (a) The order-1 successor function F, (y) for y € (0, ys), where the solid square denotes the value of yg. (b) Order-1 periodic
solutions corresponding to roots of F, (y) = 0, where the dashed curves denote the unstable order-1 periodic solutions and the solid curves

denote the stable ones.

prey y are given to further exhibit these periodic solutions, as
shown in Figure 6(c).

The above results indicate that the order-1 periodic
solutions are not always stable. Using order-1 and order-2
successor functions, we compute y — value with respect to
the phased point of order-1 periodic solution to simulate its
variation as parameter 7 increases (see Figure 7(a)). From
Figure 7(a), the order-1 periodic solution is stable before
parameter 7 reaches line [;, and the order-1 periodic solution
is still stable near I, when parameter 7 is beyond I,. This
result is in accord with Theorem 3. Keeping parameter 7
increasing, the order-1 periodic solution loses its stability
until it is beyond I;. It is well worth noting that model (2)
only has order-1 and order-2 periodic solution when pa-
rameter 7 is between , and 5, which agrees with Theorem 4.
Furthermore, Figure 7(a) demonstrates that the order-1
periodic solution is unique, which supports the result in
Theorem 2. Additionally, Figure 7(a) also shows that y =
y(7) is a monotonously increasing function with respect to
7, which is consistent with Proposition 1.

In addition, our numerical results also indicate that the
phased point of order-1 periodic solution rises along phase

set as parameter T increases. In order to present the sta-
bility of order-1 periodic solution, we compute two groups
of order-k successor points whose initial point is on the
sides of the phased point of order-1 periodic solution,
respectively. It is revealed that these points monotonously
converge towards the phased point of order-1 periodic
solution (see Figure 7(b)). Hence, this order-1 periodic
solution is stable due to the nonexistence of other periodic
solutions.

In order to display complex dynamics, we chose pa-
rameter 7 as the controlled parameter and ran numerous
simulations using a wide range of parameter 7 to show the
bifurcation diagram (see Figure 8(a)). Since the stability of
order-1 periodic solution has been discussed above
(Figure 7(a)), we will present the dynamics when the order-1
periodic solution is unstable. From Figure 8(a), increased
parameter 7 can generate chaos by a cascade of period-
doubling bifurcation. Keeping parameter 7 increasing, an
order-3 periodic solution bifurcates from chaos. Subse-
quently, chaos occurs again with the increase of parameter 7.
Finally, chaos disappears again via a cascade of inverse
period-doubling bifurcation at higher values in the
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FIGURE 6: (a) The order-1 successor function F; (y), the order-2 successor function F, ( y), and the order-3 successor function F; ( y), where
the line L denotes line y = y,. (b) An order-1 periodic solution corresponding to the root of F, (y) = 0, an order-2 periodic solution
corresponding to roots of F,(y) = 0, and two order-3 periodic solutions corresponding to roots of F;(y) = 0, where the dashed curves
denote the unstable periodic solutions and the solid curves denote the stable ones. (c) Time-series of population y corresponding to the
periodic solutions in (b), where 7 = 8.
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FIGURE 7: (a) The existence and stability of the order-1 periodic solution (the solid yellow curve represents stability of the order-1 periodic
solution, the dashed red curve represents instability of the order-1 periodic solution, and the solid blue curve represents the stable order-2
periodic solution; the line I; denotes 7 = yg — (1 — @)7(t,; O, t,)), where t, is the moment when the trajectory 7 (t,; O, t,) first met line x = h,
the line I, denotes 7 = y,), and the line I; denotes the critical value of parameter 7 where the order-1 periodic solution obtain its stability
again). (b) The proof of stability of the order-1 periodic solution (the solid squares represent initial points, the lines with circles denote the
successor points, and the solid green circle denotes the phase point of order-1 periodic solution).

simulated range of parameter 7. To confirm the occurrence agrees with the bifurcation diagram (see Figure 8(b)). In
of chaos further, we calculate the largest Lyapunov expo-  addition, dozens of time-series of population y for differ-
nents in the same range of parameter 7 as Figure 8(a), which  ently initial values are given in Figure 8(c) to further show
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the parameter 7, where the symbol “LLE” denotes the largest Lyapunov exponent. (c) Time-series of population y with different initial values

for T =6.

chaos, which suggests that all states described by these time-
series are in disorder.

5. Conclusion

In this paper, we proposed an ecological model with state-
dependent impulsive control strategy to investigate the effect
of impulsive control on prey-predator dynamics. Theoretical
results suggest that model (2) has a globally orbitally as-
ymptotically stable semitrivial periodic solution when pa-
rameter 7 =0 and h<x,, where condition (H) holds to
guarantee existence of positive equilibrium E,. When 7> 0,
the semitrivial periodic solution disappears, but the theo-
retical analysis shows that a unique order-1 periodic solution
emerges for any g € (0, 1) and p € (0, 1).

Furthermore, we find that the order-1 periodic solution
is globally orbitally asymptotically stable when the value of 7
is below 7.. Additionally, when the value of 7 is beyond y,,
theoretical analysis reveals that a globally orbitally asymp-
totically stable order-1 periodic solution exists or coexis-
tence of a unique order-1 periodic solution and order-2
periodic solution occurs.

Additionally, the existence of order-k is theoretically
analyzed based on equation F; (y) = 0, which demonstrates
that an order-k, periodic solution exists when F, (y) =0,
and k is a factor of the positive integer k, including 1 and k.

According to this result, we discuss the existence of order-3
periodic solution. Although we cannot get the exact range of
parameter 7 with respect to the existence of order-3 periodic
solution, our results imply that the order-3 periodic solution
may exist for T € (7., ¥), which even means that chaos may
occur.

In order to study dynamics induced by impulsive control
further, a series of numerical simulations are carried out,
which agreed with the theoretical results well. Numerical
simulations show that order-1, order-2, and order-3 periodic
solutions can coexist. Specially, we find the coexistence of
double order-3 periodic solutions. Moreover, numerical
bifurcation analysis shows that an unstable order-1 periodic
solution and a stable order-2 periodic solution can coexist
for 7> y,, but there exists only a stable order-1 periodic
solution when 7 is beyond some critical value. In addition,
numerical simulations show that chaos occurs. Obviously,
dynamics induced by impulsive control is much richer.

The theoretical and numerical results predict that the
population x can be controlled using the state-dependent
impulsive control strategies. Because / < x,, the method by
impulsive harvesting population x was a unique choice
which can keep the density of population x below the critical
value. Our results shows that the control period is much
lower when the released amount 7 is much smaller, which
means that the control frequency is much higher. But from
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the viewpoint of management for some ecological problems
(e.g., pest outbreak, phytoplankton blooms, etc.), it is always
hoped that the control period is much longer. Thus, much
more predators are needed to be released. However, our
results also indicate that chaos may occur for some values of
7, which is unfavourable for prediction of control period.
Hence, the released amount of predator should be chosen
carefully. Obviously, our results are much more interesting,
and we expect that these results are helpful to the man-
agement of ecological problems.
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We investigate a stochastic SIRS model with transfer from infectious to susceptible and nonlinear incidence rate. First, using stochastic
stability theory, we discuss stochastic asymptotic stability of disease-free equilibrium of this model. Moreover, if the transfer rate from
infectious to susceptible is sufficiently large, disease goes extinct. Then, we obtain almost surely exponential stability of disease-free
equilibrium, which implies that noises can lead to extinction of disease. By the Lyapunov method, we give conditions to ensure that the
solution of this model fluctuates around endemic equilibrium of the corresponding deterministic model in average time. Furthermore,
numerical simulations show that the fluctuation increases with increase in noise intensity. Finally, these theoretical results are verified by
numerical simulations. Hence, noises play a vital role in epidemic transmission. Our results improve and extend previous related results.

1. Introduction

Mathematical models have become a crucial tool in un-
derstanding dynamics of population growth [1-3]. In recent
decades, some realistic mathematical models have been
established to investigate dynamics of epidemic [4-10]. In
order to simulate epidemic transmission process, many
dynamic models have been established, such as SIS, SEIR,
and SIRS models [11-13]. In these models, the incidence rate
is crucial. Classical disease transmission models adopt the
standard or bilinear incidence rate. However, in the course
of epidemic propagation, nonlinear incidence may be more
realistic than other incidence rates [14]. In addition, infected
individuals may recover after a period of treatment or be-
come susceptible individuals directly due to transient an-
tibody. In [15], a deterministic SIRS model with transfer
from infectious to susceptible and nonlinear incidence can
be modeled as follows:

S=A+y,I+8R-BSf(I)—uS,

IT=BSfI) —(a+y, +y, +u)l, (1)
R=y,I-(8+uR

Here, S, I, and R denote numbers of susceptible, in-
fectious, and recovered individuals, respectively. A is the
recruitment rate of susceptible; f denotes the disease
propagation coeflicient; y and a denote, respectively, the
natural death rate and mortality caused by the disease; &
denotes the immunity loss rate; y, represents the transfer
rate from infectious to susceptible; y, denotes the recovery
rate of infectious individuals. In addition, A >0, 4 >0, y, >0,
y,20, >0, and a>0.

From [15], (1) has disease-free equilibrium E; (A/y, 0,0)
which is globally asymptotic stable in {(S,I,R) € R>: S+
I+R<Auy it Ry= (BN [uly, +y, +p+a)] <1l If
R, >1, there exists a globally asymptotic stable endemic
equilibrium E* (S§*,I*,R*).

However, dynamics of epidemic is often disturbed by
some random factors. Hence, stochastic epidemic models
are more realistic and have attracted much attention [16-19].
In [20], the authors discussed threshold behavior for a
stochastic SIS model. In [21], asymptotic properties of a
stochastic SIR model were considered. In [22, 23], the au-
thors investigated persistence and extinction for a stochastic
SIRS model. In [24], the authors studied stability of a sto-
chastic SIRS model. Fatini et al. [25] considered stochastic
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stability and instability for a stochastic SIR model. Recently,
Wang et al. [26] established a stochastic SIRS epidemic
model:

dS =[A+y,I +8R - BSf(I) - uS]dt — oS f (I)dB(t),
dI =[BSf(I) = (a+y, +y, +u)I]dt + oSf (I)dB(¢),
dR =[y,I - (u + 0)R]dt,

(2)

with initial values S, >0,I,>0,andR,> 0. Here, B(t) rep-
resents Brownian motion on (Q, %, [P) which is a complete
probability space. o> denotes the intensity of B(t). Other
parameters are defined as (1). Model (2) covers many
stochastic models as particular cases (see, for example,
[15, 22, 27]). In [26], extinction and persistence are
obtained.

As is well known, stability of the dynamic system means
that solutions are insensitive to small changes of initial value.
Hence, stability is one of the important topics encountered
in applications. However, because of the complexity of
stochastic dynamics, there are not many results on stability
of stochastic differential equations.

Motivated by the above work, we consider (2) and obtain
stochastic stability of disease-free equilibrium and asymp-
totic behavior around endemic equilibrium of corre-
sponding deterministic model (1).

Throughout this paper, we give the following hypotheses:

(H,) f islocally Lipschitz on [0, 00); f (I) > 0forI>0;
f)=0

(H,) lim;__;« f(I)/I =1 and f(I)/I is nonincreasing
on (0,00)

From (H;), (2) has disease-free equilibrium
E,(A/u,0,0). By (H,), if I € (0,00), then
I=f(I). (3)

2. Preliminaries

We will give some definitions and lemmas. Consider
dx = F(x,t)dt + G(x, t)dW (1), t > ¢, (4)

Here, FandG are, respectively, R?-valued and
R>"—valued functions defined on R%x [ty,00) and
R¥ x [ty,00). {W ()} denotes n-dimensional Brownian
motion on (, %, {%,},., P). Assume that existence-and-
uniqueness theorem is fulfilled. For t>¢,, G(0,t) = 0 and
F(0,t) = 0. Denote R, = R,U{0} and K = {u € C(R,,R,)
: pisnondecreasing; y (0) = 0; u(r) > 0if r > 0}. Set
Sy = {x e R |x| <h£;.

Definition 1 ([[28], p.108])

(i) Assume that V' is continuous on S, x [t,, 00) and

V(0,t) =0. If there is ueK such that, for
(x,t) € S, x [ty 00),
V(x,t) = pu(|x), (5)
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then V is positive-definite. In addition, V is negative-
definite if -V is positive-definite.

(ii) Assume that V' is nonnegative and continuous on
Sp % [ty,00). If there is peXK, satisfying for
(x,t) € Sy x [ty 00),

V(x,t) <p(lx)), (6)

then V is decrescent.

Definition 2 ([[28], p.110])

(i) If for any r>0 and e€ (0,1), there is
8=0(er,ty)>0, satisfying for any x, € R? with
|x0| < 6)

P{|x(t;t0,x0)|<rfort2t0}21—s, (7)

then trivial solution to (4) is stochastically stable.

(ii) The trivial solution to (4) is stochastically asymp-
totically stable if it is stochastically stable, and for any
e € (0,1), there is &, = §, (&, t,) > 0 satisfying

IP{ lim x(t;tg,x,) = 0} >1-¢ (8)

t—00

whenever |x,| < &,.
(iii) If for any x,€GC R4,
lim sup, __, o, (In|x (¢; £y, xo)[)/t <0 a.s., then trivial

solution to (4) is almost surely exponentially stable
in G.

Lemma 1 ([[28], p.112]). If V € C*1 (S, x [ty 0); R,) is
positive-definite and decrescent, and LV (x,t) is negative-
definite, then trivial solution to (4) is stochastically asymp-
totically stable.

By Theorem 1 and Remark 1 in [26], the following result
holds.

Lemma 2 (see [26]). For (S, Iy, R,) € [Ri, there is a unique
global positive solution to (2). Moreover,

A
D={(S,I,R)eRi:S+I+Rs}» (9)
U
is positively invariant.
3. Stability of Disease-Free Equilibrium
important

In epidemiology, practical

significance.

stability has

Theorem 1. If R,<1, (0?A*)/ (2u?)< (u+7y; +y, +a)
(1-R,), then disease-free equilibrium E, to (2) is sto-
chastically asymptotically stable in D.

Proof. Denote x = (x,,%,,%x3) = (=S+ A/u,I,R). Define
Lyapunov function
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V, (x) = x% ¥ bx% i xi (10) Substituting (12) and (13) into (11) yields

for (S,I,R) € D, where b > 0 is to be chosen later. Clearly, V, A :
is positive-definite. Note that V, (x) < (1 vb)|x|? =: p(xl). Lv,(x)< - 2u ; -$ gﬂz (BA =yl
From Definition 1 (ii), it follows that V, is decrescent. Now,
we show that LV, is negative-definite. 5
5 ( 8" 5 oA
From Ito formula, for any (S,I,R) € D, (ﬂA oy ) Y2 — 2y 2
2( +20) w2

LV, (x) = —2(%—8) (A=uS=pBSf(I)+ R+ y,1)

A 0?A?
—2b|:‘u+y1+y2+(x—ﬁ——0 :|I

+2bI[BSS (1) — (4 + a+y, +y,)I] o2l

+2R[y,I = (8 + )R] + (1 + b) (¢S f (1))’

V-9 ’
—2(”+26)[R—m1:| <

2
< —2ﬂ(é—5) +2<é—5>(ﬁ5—%)1
Z u A 1 ,
—2u|(=-8) -5 (BA -y
+[2bﬁS—2b(y+y1+y2+a)+(1+b)0282]12 ‘“[(H ) 22 (8 VW)]
+2y,IR za(A S)R 2(8 + u)R? y=8
2 - u B —_ RN
u 2(y+28)[R 2(/4+26)I]
2
S—ZF(Q—S) +2<é—5)(@—h)1 BA 02N
“ “ u B R GRRARR A v

2bBA 1 2N
+[£—2b(y+y1+y2+oc)+%]12
‘Ll

>

a*A? _ (y2- 5)2 ]12

1 2
——(BA - —
2#3 (ﬂ YIA"L) #2 2(‘“ + 28)

+2y,IR = 28(I + R)R - 2(8 + )R, (14)

(11)
Note (0?A%)/(2u?)< (a+ 7y, + 7y, + 1) (1 = R,). Then,

iously, we h
Obviously, we have a+y, +y,+u— (BAu— (62A%)/ (24?) > 0. Take

S )

A 1 S 2.2
=—ﬂ[(y—5)—zyz(ﬁ/\—y1#)l] +@(/5A—W) r,

(12)

, B Y2-0 6 ’
~(u+20)R + (y2 = O)IR = ~(u + 2‘”[ 2(p+29) ]
(r2- )

a0
(13)

. (1726%) (BA - Yit)” + PN + (y, = 8)°12(u + 20)

2(u+y, +y, + a— (BA/u) - (62A%/247)) (1

This yields that LV, is negative-definite. From Lemma 1, = Lemma 3. For any (S, 1y, R,) € D, solution (S,I,R) of (2)
E, is stochastically asymptotically stable in D. O  satisfies the following:



(i) If o* > (Bu)/A, then
B’ - 2u0®

. 1 A
limsup ~In|I+R+|—-S || <——. (16)
t—oco L u 202

(ii) If 0* < (Bu)/A, then

A+ 2BSF (D +pS—y I -OR—(p+a+y +y)[ - (8 +wR+y,]

Complexity

1 A A A2
limsupln[I+R+<—S>]Sﬁ—[4— )
t—sc0 L Y U 2u

Proof. Obviously, (S,1,R) € D for t >0. Define
A
V3(S,I,R)=ln[I+R+<——S)]. (18)
#

Then,

2[ aSf (I) ]2

LVs T+R+ (M) =9) T+R+ (A= 9)
o 2BSF(D) VI -OR-(y+)[-O0R Sf(I) : (19)
_I+R+((A/,u)—S) I+R+((A/y) -S) # R+1+({(A/u)—-S)
2
< u_20? Sf(I) N 2S£ (I)

R+T1+((Ap)—-S)

Let Z=(Sf)/(I+R+ (A/(u-9)) and ¥Y(2)=
2027 + 2BZ — y. From S+ I + R<A/y and (3),

SI SI S

z ° 8
ST+R+ (M@ -5 20+R 2" 2 (20)
Let ry = SupZe(O,A/(Zy))\P(Z)' Then,
208 £ (I)
dV, = LV,dt dB(t) < ¥ (Z)dt
s = s (=9 B O =Y (@) o

+20ZdB(t) <rydt + 20ZdB (1),

which yields

ln[I(t)+R(t) +(§—S(t))] sln[IO+R0 +(%—SO)]

+ 1ot + Jt 207 (s)dB(s).
0

(22)
From the strong law of large numbers,
1 t
fim [ 202(9a8(9 =0 (23)

Then,

lim sup %ln[R(t)+I(t) +<é—8(t))] <1y (24)
t—00 [/l

Obviously, if ¢*> (Bu)/A, then ry=Y¥(p/(20%))
(B> —2ud®) (20%); if o®< (Bu)/A, then ry =¥ (A/(2u)) =
(BA)/p -y — (A*0?)/ (24*). Lemma 3 holds.

By Lemma 3, the following result holds.

|

Theorem 2. Assume that

I+R+((Au)-S)

(i) 0 > max{(Bu)/A, B/ (2u)}
or

(ii) 2B (u/A) (1 = @2/ (BA)) < 0* < (Bu)/A.

Then, disease-free equilibrium E,, of (2) is almost surely
exponentially stable in D.

Remark 1

(i) If B, <1 and 0® = 0, then (a?A?)/ (2u?) < (u+ 7y, +
Y, + @) (1 = R) holds. From Theorem 1, if <1,
then disease-free equilibrium E; of (1) is asymp-
totically stable in D. Hence, Theorem 1 extends
Theorem 2.1 in [15].

(ii) From Theorem 2, if %, <1, A <u?, then disease-
free equilibrium E,, of (1) is exponentially stable in
D. Hence, Theorem 2 partially improves Theorem
2.1 in [15].

(iii) From Theorem 1, if y, > (02A?)/ 2u?) + B(Alp)-
U -y, — a, then disease-free equilibrium E,, of (2) is
stochastically asymptotically stable in D.

Remark 2

(i) Assume that  ((2BW)/A) [1 —u(u+y, + 7y, +a)/
(AP)] >ﬁ2/(2/4) and %, > 2. From condition (i) in
Theorem 2, if 6% > max{(Bu)/A, /32/(2[4)} = B/ (2uw),
then disease-free equilibrium E; of (2) is almost
surely exponentially stable in D. However, Theorem 2
in [26] implies that disease of (2) will become extinct if
(C;) of Theorem 2 in [26] holds, i.e., 0% > max{((Bu)/
D) (Re/2), (2PUNA) (1—p(u+y, +7, +a) (A B)}.
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(ii) Assume that B*/(2u) < (Bu)/A < (2Bu)/A) (1 - p
(y1 + 9, +a+w)/(AP)) and X, <2. From Theorem
2 (i), E, is almost surely exponentially stable in D if
o’ >max{([3/,t)/A,ﬂ2/(2y)} = (Bu)/A, whereas dis-
ease will become extinct with probability one if
o > max{(Bu)/A, (2Bu)IA) (1 —pu(p +y, +y, + a)/
(AB))} in [26].

Obviously, condition (i) of Theorem 2 is weaker than
condition (C;) of Theorem 2 in [26].

Remark 3. Let B/ (2(y, + 7y, +u+a)> (2Buw)/A) (1 — 2
/(BA)). By Theorem 2, E, is almost surely exponentially
stable in D if condition (ii) holds. However, disease will
become extinct if max{ﬁz/ 2y, + vy, +u+a), (2Bw/A)
(1—p(y, +y, +u+a) (AP)} <a* < (Bu)/A in [26]. Thus,
condition (ii) of Theorem 2 is weaker than condition (C,) of
Theorem 2 in [26].

Remark 4. From Remarks 2 and 3, Theorem 2 partially
improves Theorem 2 in [26].

4. Asymptotic Properties around
Endemic Equilibrium

In studying epidemic dynamics, we have interest in per-
sistence of epidemic. We consider the behavior of solutions
to (2) around endemic equilibrium E* (S*,I*,R*) of cor-
responding deterministic model (1). Denote

a —1
oy
(21 (2u +y, + a) +2ud + ad]I*
a, = , (25)
2 BOf(I*)
2
o=

Theorem 3. If %, >1 and o* <u(a; + 1)/ (a,I*), then
1 f " * *
lim sup ;[EJ [111 (S=8 Y +n,(I-I") +4;(R-R )Z]ds
t—00 0
<a,l" (")’
(26)

where (S,1,R) be the solution of (2) with (S,1y,R,) € Ri
and

m = (as+1)u —azl*az,
m=as(p+y+ta)+uta (27)
Ny =a; (u+6)+u.

Proof. Define V,: R? — R, by

5
V(S LR) = a,W,(R) +a,W,(I) + a;W5 (S, 1) + W, (S, I, R),
(28)
where
1 «
Wi (R) = J(R-R ),
* * I
W,()=T-T" -1 1n(17),
(29)
1 . .
Wi(SD)=(S=8 +1-1 )
1
Wi (SR = (S-S +R-R’ +I1-1").
From It 6 formula, (3), and (H,),
LW, =(R=R")[y,I - (u+0)R]
(30)

=—(8+u)(R-R*)’ +y,(I-I")(R-R"),

LWy = (1 1) ) 85 (01 20 (o7 (02)
=(1-1)[B(5-8")f (1)
T e
<BI-I)(5=8")f (I') .
+[§S(I—I*)<f(1)%—f(1*)[i*>+021* (§-5Y
TSV <PUI-T)(5=S)F (1)
+0° I (S=S") +0*I" (87,
(31)
LW, =(S=S"+1-1")[A+O6R-uS—(y, +u+a)l]
=(S=-S"+I-I")[-u(S-S")
+0(R=R")=(y, +u+a)(I-T")]
=u(S=8") = (ra+a+2u)(S=S")(I-I")
~(pata+p)(I-1") +8(R-R")[(S-8") +(I-1")],
(32)
LW, =[R+I+S—=(R"+I"+S")][A—uS—(u+a)] - uR]
=(R-R*+§-S8" +1-1")[-u(S-S")~u(R-R")
—(a+p)(I-17)]
= u(R-R") ~u(S=8") ~(a+w) (I-I")"
—(a+2u)(I-I")(S=S") -2u(R-R")(S-S5)
—(a+2u) (R=R*)(I-T").
(33)
From (25)-(33),
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FIGURE 1: Trajectories of deterministic model (1) and stochastic model (2) with (a) = 0.3, (b) y, = 0.57, and (c) 0 = 0.2.

LV, ey (R-R)(1-1) a6+ p(R-BY + 2D (s sy -1y gy (s-57)

+a, "0 (S) —asu(S—-8) —a;Qu+a+y,)I-I) (S-S —ay(u+a+y,)I-T)
+a,0(S—S")(R-R*) +a;0(R-R*)(I-TI*) —u(S-S*)’ - u(R-R*)
—(a+w)(I-T") = (a+2w)(I-T")(S-S") (34)
—2u(R-R")(S=-S")—(a+2uw)(R-R")(I-T")

= —(a3y+y—a21*02)(8—8*)2 —[u+a+ay(y, +a+p)|I-T°)
—[u+a, 0+w](R-R") +a,I" (57) 0

== (S=8) = n(I-I") =3 (R=R")" +a,I" (8")’0"
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FIGURE 2: Trajectories of deterministic SIRS model (1) and stochastic STRS model (2) with (a) = 0.3, (b) y, = 0.01, and (c) ¢* = 0.3.

Hence, we have
dV(S,LR) < [a, 1" (8")'0” =y (S-87) =y (I - T°)°
-n;(R- R*)z]dt +0S(I - I*)f(I)%dB(t).
(35)
It follows from (35) that
V(S@),I(t), R(£)) =V (Sp, Ip» Ry)
t
< | [mU©-17-nso -5

—n3(R(s) - R*)z]ds

+a,l” (S*)zazt + J; afEI(S)) S(s)(I(s)—I")dB(s).

(36)

From (36),
EV (S(),I1(t),R(t)) — EV (Sp, Iy, Ry)

S[EJ;[—nz (I(s)=T") =1, (S(s) = S*)’ (37)
-3 (R(s) - R*)Z]ds +a,I" (S*)o’t.
Consequently,
li:n:up %[E I; [111 (S(s) =S +n,(I(s)-I")
“ (38)
+15 (R(s) —R*)z]dsgazl* (5*)’0". -

Remark 5. Theorem 3 shows that if #;>1, ¢ is small
enough and then solution to (2) fluctuates around E*; that is,
disease will persist. Furthermore, if ¢ = 0, then (34) becomes
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LV <~y (S= 8 ~m(-I'V -y (R, (39)

which yields that for (1), E* is globally asymptotically stable
in R?. This is consistent with Corollary 2.3 in [15]. Hence,
Theorem 3 generalizes Corollary 2.3 in [15].

5. Numerical Simulations

By numerical simulation, we analyze the asymptotic be-
havior of model (2) so that readers can better understand our
results. Let f(I) =1/(1+I). Then, I > f(I) for I >0. Let

A=06p4=0327y,=01a=01,06=04
(S>> Ry) = (1,0.8,0).
(40)

Example 1. Take f=0.3,y, =0.57, and ¢*=0.2. By a
simple  computation, we obtain %, =0.516<1,
0.352 = (6?A?)/ (2u¥) < (u+y; + 9, +a) (1 = R,) = 0.5276,
PA -y, u=-0.0024<0, and y,-6=-0.3<0. Hence,
the conditions of Theorem 1 hold. Furthermore, for
(2), E;(1.875, 0, 0) is stochastically asymptotically stable.
Figure 1 supports the result.

Example 2. Take B =0.3,y, =0.01, and o = 0.3. Hence,
Ry =~1.0613>1 and max{(ﬁy)/A,ﬂz/(Zy)} =0.16< 0%
Then, according to conclusion (i) in Theorem 2, solutions of
(2) will tend almost surely exponentially to E, (1.875, 0, 0).
However, from Corollary 2.3 in [15], the solution of de-
terministic model 1) will converge to
E*(1.8261, 0.0337, 0.0047). This demonstrates that noises
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FIGURE 4: Trajectories of deterministic SIRS model (1) and stochastic SIRS model (2) for different ¢> with 8 = 0.5andy, = 0.01.

can result in extinction of disease. Figure 2 clearly supports
these results.

Example 3. Let f=0.3,y, =0.01, and ¢* = 0.15 such that
Ry~ 1.0613> 1 and (2Bu/A) (1 -/ (BA)) = 0.1380 < 0 <
(Bu)/A = 0.16. Then, according to conclusion (ii) in The-
orem 2, solutions of (2) will tend almost surely exponentially
to E,(1.875, 0, 0). However, from Corollary 2.3 in [15],
endemic equilibrium E* (1.8261, 0.0337, 0.0047) of (1) is
globally asymptotically stable in R?. This represents the
extinction of disease due to noise. Figure 3 clearly supports
these results.

Example 4. Take 3 =0.5,y, = 0.01. Then, %, = 1.7689 > 1
and 0 <y (ay + 1)/ (a,I*) ~ 0.4644. By Theorem 3, solutions

of (2) fluctuate around endemic equilibrium E* (1.404,
0.3245, 0.0451) of deterministic model (1) in time average,
which can be verified by using Figure 4. In addition, Figure 4

shows that the fluctuation increases with increase in o2.

Example 5. Take y, = 0.01. Figure 5 plots the average in time
of infected (1/t) f:) I(s)ds for different § in (a) and (b),
respectively. From Figure 5, the smaller the f3 is, the smaller
the number of infected cases is. In addition, when f tends to

0, the number of infected cases will tend to 0. This result can
also be derived from Theorem 2.

Example 6. Take 3 = 0.5. Figure 6 plots the average in time
of infected (1/t) J:)I(s)ds for different y, in (a) and (b),
respectively. Figure 6 shows that the larger the y, is, the
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smaller the number of infected cases is. Furthermore, when ~ 0.01and %, = 1.0613>1 in (a) and y, =0.02and
y, is sufficiently large, the number of infected cases tendsto %, = 1.0417>1 in (b). From Corollary 2.3 in [15], en-
0. This result can be derived from Remark 1 (iii). demic equilibrium of deterministic model (1) is globally

asymptotically stable in R?. Figure 7 shows that ¢ has a

Example 7. Take B =0.3. Figure 7 plots the number of  significant effect on both extinction and persistence of
infected cases for different ¢ in (a) and (b), where y, = disease.
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6. Conclusions

Stability is one of the important topics encountered in
applications. However, because of the complexity of sto-
chastic dynamics, there are not many results on stability
analysis of stochastic differential equations.

Based on this, we investigate stochastic stability of a
stochastic SIRS model. To begin with, using stochastic
stability theory, we study stochastic asymptotic stability of
disease-free equilibrium of (2), which generalizes Theo-
rem 2.1 in [15]. Moreover, if the transfer rate from in-
fectious to susceptible is sufficiently large, disease goes
extinct. Then, exponential stability of disease-free equi-
librium is obtained. This result partially improves Theo-
rem 2.1 in [15] and Theorem 2 in [26] and demonstrates
that noises can result in extinction of the disease. Fur-
thermore, by the Lyapunov method, we give conditions to
ensure that solution of (2) fluctuates around endemic
equilibrium of (1) in time average. This generalizes
Corollary 2.3 in [15]. At last, numerical simulations are
presented to confirm theoretical results and find new
properties.

Figure 4 shows that if Z,> 1 and 0% < u(a; + 1)/ (a,I*),
then the solution of (2) fluctuates around endemic
equilibrium of (1). Moreover, Figure 4 also shows that the
fluctuation increases with increase in noise intensity.
From Figure 5, the smaller the fis, the smaller the number
of infected individuals will be. In addition, when f tends
to 0, the number of infected individuals will tend to 0. This
result can also be derived from Theorem 2. Figure 6 shows
that the larger the y, is, the smaller the number of infected
will be. Furthermore, when y, is sufficiently large, the
number of infected tends to 0. This result can be derived
from Remark 1 (iii). Figure 7 shows that noise intensity
has a significant effect on both extinction and persistence

of the disease. Hence, noises play a vital role in epidemic
transmission.

For deterministic SIRS model (1), %, is the basic
reproduction number. However, for stochastic SIRS
model (2), %, is not a threshold parameter. From The-
orem 2, no matter what the value of %, is, the disease
could go extinct. This can also be verified by the examples
in this paper.

Although there are important findings revealed by the
above investigation, the results still have some limita-
tions. One may consider stochastic asymptotic stability
in R?. In addition, our numerical simulation results show
that the disease goes extinct as long as %, < 1. Regret-
tably, our theoretical results do not lead to this
conclusion.
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In this paper, we solve the problem of position regulation in a magnetic levitation system that is fed by a DC/DC Buck power
electronic converter as a power amplifier. We present a formal asymptotic stability proof. Although this result is local, the merit of
our proposal relies on the fact that this is the first time that such a control problem is solved for a magnetic levitation system, a
nonlinear electromechanical plant. In this respect, we stress that most works in the literature on control of electromechanical
systems actuated by power electronic converters are devoted to control brushed DC motors which are well known to have a linear
model. Furthermore, despite the plant that we control in the present paper is complex, our control law is simple. It is composed by
four nested loops driven by one sliding mode controller, two proportional-integral controllers, and a nonlinear proportional-
integral-derivative position controller. Each one of these loops is devoted to control each one of the subsystems that compose the
plant: electric current through the converter inductor, voltage at the converter capacitor, electric current through the elec-
tromagnet, and position of the ball. Thus, our proposal is consistent with the simple and intuitive idea of controlling each
subsystem of the plant in order to render robust the control scheme. We stress that such a solution is complicated to derive using
other control approaches such as differential flatness or backstepping. In this respect, our proposal relies on a novel passivity-
based approach which, by exploiting the natural energy exchange between the mechanical and electrical dynamics, renders
possible the design of a control scheme with the above cited features.

1. Introduction

One common technique that is used to supply power to
electromechanical systems is pulse width modulation
(PWM). However, the hard commutation that is intrinsic to
PWM stresses the electromechanical system inducing abrupt
changes in its dynamics which are observed as sudden
variations in voltages and electric currents [1]. One manner
to avoid this situation is the employment of DC/DC power
electronic converters. Since these devices have embedded
capacitors and inductors, they provide smooth voltages and
electric currents, diminishing the effects of hard commu-
tation in PWM-based power amplifiers.

The mathematical models of some DC/DC power
electronic converter-DC motor systems were proposed for
the first time in [2]. Since then, many works have been
reported on control of several DC/DC power electronic
converter topologies and DC motors [3-12]. Among the
proposed control techniques are differential flatness, pro-
portional-integral (PI) control, generalized PI control,
passivity, adaptive control, PI fuzzy control, LQR (linear-
quadratic regulator) control, backstepping, and hierarchical
control. The control problems that have been solved are
unidirectional velocity regulation and tracking, velocity and
torque control focusing on electrical transients, smooth
velocity starters, and active disturbance rejection. In recent
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works [13-15], the introduction of an inverter between the
DC/DC power electronic converter and the DC motor has
rendered possible the bidirectional control of velocity.

The approach in [16], to control the DC/DC Buck power
electronic converter-DC motor system, was inspired in part
by [17-19]. Control scheme in [16] has the advantage of
including a PI loop to control voltage at converter capacitor,
a PI loop to control motor armature’s current, and an ex-
ternal PI loop to regulate motor velocity. Hence, the main
components of the successful strategies employed in in-
dustry to control electromechanical systems are included in
the proposal of [16]. Moreover, another internal loop is
devoted to control electric current through converter in-
ductance. This loop is driven by a sliding mode control, a
common strategy for control of power electronic converters
in practice. The approach is proven in experiments to be
robust with respect to parametric uncertainties and external
disturbances.

On the contrary, magnetic levitation systems are com-
monly used as benchmark problems to test novel control
approaches. Among the proposed control techniques, the
passivity-based approaches presented in [20-22] have been
welcomed in the control community. In particular, the
solution presented in [20] is interesting because it possesses
a classical proportional-integral-derivative (PID) controller
to cope with the mechanical part of the system. However,
since the design is performed in terms of magnetic flux,
instead of electric current, efforts are oriented to avoid the
implementation of any internal loop to cope with the
electrical dynamics. This is because of the complications
arising from magnetic flux measurements. In this respect, we
stress that experimental results have been reported in the
literature showing that such internal loop is necessary to
improve performance in practice, see [23], for instance.

The novel control technique known as immersion and
invariance (I&I) has been employed in [24, 25] to control
magnetic levitation systems. Novelty in those applications is
that a (small) parasitic capacitance is considered to be
present at terminals of the electromagnet. The main target to
use I&I in such a control problem is to extend the application
of any control law, say w, that has been designed when such a
parasitic capacitor is not present. However, since this re-
quires to feedback the time derivative of w, the online
computation of an important number of additional complex
terms are required.

In the present paper, we extend the work in [16] to
control the ball position in a magnetic levitation system
which is fed by a DC/DC Buck power electronic converter.
This implies that additional inductance and capacitance
with considerable values are included in the electrical
circuitry of the magnetic levitation system. Since a
magnetic levitation system only requires unipolar voltage,
such a power converter topology is adequate and any
inverter is not required. We stress that a magnetic levi-
tation system is a complex and nonlinear system. Hence,
controlling for the first time and from a theoretical point
of view, a plant with these features when it is fed by a DC/
DC Buck power electronic converter represents one im-
portant contribution of the present paper.

Complexity

Despite the complex and nonlinear nature of the mag-
netic levitation system, our proposal is simple. It is com-
posed by a PI loop to control voltage at the converter
capacitor, a PI loop to control the electromagnet electric
current, and an external PID loop to regulate the ball po-
sition. As in [16], an additional sliding modes’ internal loop
is employed to control electric current through the converter
inductance. Formalizing this intuitively simple idea to
control a complex plant is another important contribution of
the present paper. The key for this is a novel passivity-based
approach exploiting energy ideas, i.e., we take advantage
from the natural energy exchange among the several sub-
systems to design the control law. This represents another
contribution of the present paper.

This paper is organized as follows. In Section 2, we
introduce the plant to be controlled and present its dy-
namical model. The passivity properties of the plant are
described in Section 3 where we also give some insight on
the rationale behind our approach. Our main result is
presented in Section 4. In Section 5, we present a simu-
lation study and, finally, some concluding remarks are
given in Section 6.

2. Mathematical Model

The DC/DC Buck power electronic converter-Magnetic
levitation system is depicted in Figure 1(a). The DC/DC
Buck power converter is composed by a transistor Q, a diode
D, an inductor L, a capacitor C, and a resistance R..
Symbols i, and v represent electric current through in-
ductance L, and voltage at capacitor terminals C, respec-
tively, whereas E stands for voltage of the DC power supply.
The system input is u which only takes the discrete values
{0, +1} representing the off and on states of transistor Q, see
Figure 1(b).

The magnetic levitation system consists of an electro-
magnet, with inductance L (y) and internal resistance R, and
a ball with mass m1, made in a ferromagnetic material, which
receives an upwards magnetic force F from the electro-
magnet. This force must cancel the downwards ball weight
mg in order to levitate the ball in space. Electromagnet is
basically a ferromagnetic core with a conductor wire wound
around it. The electric voltage v is applied at the electro-
magnet terminals which force an electric current i to flow
through the electromagnet winding and this current pro-
duces the attractive magnetic force F = (1/2) (dL(y)/dy)i*
on the ball. Symbol A represents the magnetic flux produced
by electric current i within the electromagnet core. Ball
position, measured from the bottom of the electromagnet to
the top of ball is represented by y>0. We remark that
inductance of electromagnet, L(y) >0 for all y >0, depends
on the ball position y in the form shown in Figure 2. In order
to understand this, recall that the magnetic flux is given as
A = L(y)i. Suppose that i remains constant and the ball
approaches to electromagnet, i.e., y decreases. This reduces
both the air gap and the reluctance. Hence, A increases. Since
A = L(y)i and i remains constant, this means that L (y) must
increase. Thus, L(y) increases as y decreases. When
y —> 00, it is obtained as the case when the ball is not
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present, and in such a case, L(y) reaches a minimum
positive value. This also means that dL(y)/dy <0.

We refer the reader to [23] for a detailed description of a
magnetic levitation system as well as for precise instructions
to construct one of them for experimental purposes. Fur-
thermore, the complete procedure to obtain its dynamical
model is presented and some experiments are provided to
identify its parameters. Also, some controllers are designed
and tested experimentally.

Using Kirchhoff’s Laws (see Figure 1(b)), Faraday’s Law,
and Newton’s Second Law, we find that the mathematical
model of the DC/DC Buck power electronic converter-
magnetic levitation system is given as follows [16, 23, 26, 27]:

Lcccli. —v + Eu, (1)
Cc:t)—l—l—lz (2)
L(y)%:—de—;y)ic(ll—f—Ri+v, (3)

;d2202+m@ (4)
de—;y)<0, Yy >0. (5)

Important for our purposes is the following class of
saturation functions.

Definition 1. Given positive constants L* and M, with
L* <M, a function 0: & — R: ¢—0(¢) is said to be a
strictly increasing linear saturation for (L*, M) if it is locally

Lipschitz, strictly increasing, and satisfies [28]
0(¢)=¢, whenl¢/<L", ©
lo(¢)l <M, Ve XA

3. The Rationale behind Our Proposal

Consider the following slightly modified version of the
mathematical model in (1)-(5):

dv )
CE— C—I—R—C,
<)ﬂ__¥$ﬁy_m+u )
1dL()’)2
z—d G(),

where G (y) = dP (y)/dy with P (y) is a positive semidefinite
scalar function. The total energy stored in the system is given
as follows:

1 1 1
ACS B EC"Z " EL(y)i2 * imy'z +P(y), (8)

where the first term stands for electric energy stored in the
capacitor of the Buck power converter, whereas the last three
terms stand for the magnetic, kinetic, and potential energies
stored in the electrical and the mechanical subsystems, re-
spectively, of the magnetic levitation system. The time de-
rivative of V, along the trajectories of system in (7) is given
as follows:

_ . dv 1dL(y) .. . dP(y) .

v, Cdt 2 dy +zL(y) + my + P y
:Uic—i—1 +1M)'/i2+z L(y)y Ri+v
R.| 2 dy dy

P ST BTNy
2 dy
2
= _RP+iu,
RC
9
Notice that the cancellation of terms
ldL(y) dL(y), ldL(y)
2 dy gy 0 4 =0
Y Y (10)
iv—vi=0,

represent (1) natural energy exchange between the electrical
and the mechanical subsystems of the magnetic levitation
system and (2) natural energy exchange between the ca-
pacitor and the electrical subsystem of the magnetic levi-
tation system. Another cancellation of the terms involves
+G (y)y which represents the exchange between kinetic and
potential energies in the magnetic levitation system. Hence,
if we define the input i, and the output v, then

. 1)2 .

V,< —R—+vzc. (11)

e <
C

The expression in (11) proves that the model in (7) is
output strictly passive [29], Definition 6.3.

In the present paper, we exploit these properties by
proceeding as follows. First, we design u as a slidmg mode
controller to force i, to reach a desired function i¢. Then,
i. = i is employed as the control input for the shdlng surface
systems (2)-(4). In order to perform this step, we first obtain
the error equation for this system by adding and subtracting
some convenient terms (notice that these terms are not
introduced using any control law), i.e.,

de_a_q_g_e v df
ar e R, R~ a’
LYo LW gdy dEGady 7 pa

dt dy “dt dy dt

did
d

~L(y) =0
+e+ (») &

(12)

1 dL(y)~2 . dL(y)idT

1 dL(y) .4
+= i
) dy dy

2 dy 9.
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FiGure 1: Electromechanical diagram of the DC/DC Buck power electronic converter-magnetic levitation system. (a) Implementation of the
DC/DC Buck power electronic converter-magnetic levitation system using one diode and one transistor. (b) Ideal representation of the DC/
DC Buck power electronic converter-magnetic levitation system using a switch S;.

FiGure 2: Inductance L as a function of the ball position y.

where ¢ = v—v? and T=i-i The equivalence of these
expressions and those in (2)-(4) can be verified by reducing
the redundant terms in the three expressions in (12). De-
fining Vg (1, 9) = (1/2)Ce + (1/2)L( y)T2 + (1/2)my*
and using the three expressions in (12), we have that
e v d_“d] JLALG) e

dt 2 dy

—RI-R®

+~[ dL()7dy _dL() ady
dy dt dy dt
(13)

di

+e+0? —L(y)a]

+ y[% dz(y)fz + (1',:1()/)1"’ZT+l dL(y)idZ +m
y y 2 dy

: id _ (,d id id _
Hence, choosing i = (v%/R)+ify;, i%y=—k&,

v = kT, i = \[2F/\(dL(y)/dy)|, F* = F, + F,, and F,, =

k5 y and taking advantage from several natural cancellations,
as in (10), we have

d
Vi = —(}:+k1>82 +s[—id —C(Lvt] ~(R+K,)T

Cc

I di 2. .
+I[—R1d —L(y)E] —k3y2 - yF  + ylmgl,

(14)
where (dL(y)/dy)/(IdL(y)/dyl) = —1. Finally, if we choose

Fi=k,(y—y")+mgandVy =V + (1/2)k,(y —y*)z,we
find

. 1 . dv? -
VE = —<R—C+ k1)€2 + 8[—ld - C?] - (R + kz)I
(15)
-d
+T[—Rid—L(y)%] —kyy".

Thus, F, suitably shapes the potential energy of the
mechanical subsystem to have a unique minimum at y = y*,
whereas F,,i%,, andv?, represent the damping injection
terms, as usual in standard passivity-based control [20].

In Section 4, we will show that several cross terms arising
from the rectangular brackets in (15) do not cancel naturally.
This means that additional terms must be included in the
control law if they are required to be cancelled. Hence, we
prefer to dominate these terms instead of feeding back them
in order to artificially cancel them. This allows us to design
simpler control laws when compared to previous passivity-
based approaches [20] where those terms must be online
computed and fed back in order to be cancelled artificially.



Complexity

In this respect, we stress that it is recognized in the literature
that increasing the number of online computations deteri-
orates performance because this increases numerical errors
and the effects of noise. Moreover, we will also show that
including PI and PID controllers (instead of proportional
controllers as above) is straightforward. Notice that this
feature is important to render robust the control scheme.
The features described in this paragraph render novel and
advantageous our passivity-based approach with respect to
that in [20] where the natural cancellations shown in (10) are
not exploited.

4. Main Result

Our main result is stated in the following proposition.

Proposition 1. Consider the mathematical model in (1)-(5)
in a closed loop with the following controller:

1 *
u:E[l—sign(sc)], Se=d.—i, (16)

e U !
i =R——kple—ki1 Joe(r)dr

1
Ca —Mz*'+v -Cai, e=v-70 )
p dy y l, b
—_~ t~ —~
Ez—apL(y)i—aiJ i(rdr, i=i-i", (18)
0

ok _ 2 *
C NGy (19)

F' =k,h(y) +kyy +ksat(z), y=y-y,

t k
z:J a1+ﬁph(y)+ 1+“kdy'ds, (20)
0 kl ki
where y* >0 is a real constant standing for the desired po-
sition, h(y) =0(y), and sat(z) = 0(z), where o(-) is a
strictly increasing linear saturation function for some (L*, M)

(see Definition 1). Furthermore, it is also required that
function o (-) be continuously differentiable such that

do (¢)
d

0< <1, V¢eXA. (21)

The closed-loop state evolution is assumed to be con-
strained to a subset & ¢ %’, where

dL(y)
dy

> Y1

F*> Y25 (22)
[yl<L%,

for some y, >0 and y, >0. Under these conditions there
always exist constant scalars o Bokyp ki
kp, kg, k> o, and a;, such that the closed-loop system has a

unique equilibrium point which is asymptotically stable as
long as

Y

di
¢ <E. 23

O<v+L

At this equilibrium point, ¥ = 0.

4.1. Reaching the Sliding Surface. The time derivative of the
positive definite and radially unbounded scalar function
V.(s) = (1/2)53, along the trajectories of [1] is

di, di?

Vc=scsc=sc[a— dt]

(24)

Is] dif 1| 1
<= ||-v-L—=~+-E|-ZE| <0,
L dt 2] 2

where [15] has been used, if | —v — L (di/dt) + (1/2)E|-
(1/2)E<0. By considering the two possibilities —v-
L (dif/dt) + (1/2)E>0and —v— L (di’/dt) + (1/2)E<0, it
is not difficult to show that (24) implies (23). From the
sliding condition s, = 0, [1, 22], we find that the equivalent
control satisfies the following bound:

1
0<ueq:E[u+LCdt

dic ] <1, (25)

which means that the sliding regime is possible. On the
contrary, (24) ensure that the sliding surface s, =i. —i =0
is reached, i.e., i, = i" is reached. Thus, we only have to study
the stability of dynamics (2)-(5) in closed loop with
(17)-(20) when evaluated at i, = i.

4.2. Closed-Loop Dynamics on the Sliding Surface. Using
i. =i/, [16] in [2], and adding and subtracting the terms i*,
(1 + Ca,R)\2mg/ ([dL(y*)/dyl), Cv, we find

. 1 - . 2mg
=—|—+k -i—(1+Ca,R —A |
Ce (Rc+ p1>e i ( +Ca, )|:1 |dL(y*)/dy|]

di* -
-k, &- Ca,L(y) - Ca,Ri,
(26)
t 1+ Ca,R 2mg
£ = J e(r)dr + £ , (27)
0 k;, \/|dL(y*)/dy|
where
dL(y*) dL
(r) _dL(y) (28)
dy dy |,

On the other hand, adding and subtracting the terms i*,
v, L(y)(di*/dt), R\2mg/ (|[dL(y*)/dyl), L(y)(di*/dt), and
(dL(y)/dy)i* y, in [3], and replacing [17], we obtain




6
di - .
L(y)d—;:e—(R+ocPL(y))i—¢x,~zl—R[i - %]
_dL(y);. dL(y)
dy dy
(29)
B 2mg
2, _J z(r)dr+ ol (30)
where
di* 2Fr " (/4 . _
dr - <|dL(y>/dy|) XKdy dy )y “[ksh ()
+kyy +k;s(z) + mg|
dL(y)|"'[, dh () . . dsat(z) .
+ —d;y) [kp—d;y)y+kdy+ki Szz(z)z”,
(31)
s(z) = sat(z) - klmg. (32)

Finally, adding and subtracting the terms 1/2(dL(y)/

dy)i*i, (1/2) (dL(y)/dy)i*?, and (1/2)(dL(y)/dy)i*?, and
replacing i* and F* from [18], the expression in [4] becomes

_1dLpe dLy)-
=5 dy +—== dy kh(y) kyy —k;s(z).

(33)

The closed-loop dynamics is given by (26)-(33) and (20).
Equilibria of this dynamics are found as follows. From the
state equation y = y = 0, it is concluded that y = 0 at the
equilibrium point. Using this result in z =0 (from (20))
yields ¥ = 0. From z, = 0 (see (30)), we find 7=0. Then,
from my = 0, in (33), we find z = (1/k;)mg if

1
L > mg.

i

(34)

Using the above results in (19)  yields
i* = \2mg/ (JdL (y*)/dy]) and from & = 0 in (27), we find
that e = 0. From (31), we have that di*/dt = 0. Using é = 0 in
(26), we have that £ = 0 at the equilibrium point. Hence,
from (29), we find that z, = 0.

This means that the only equilibrium point of the closed-
loop dynamics is (= [y,7,z - (1/k)mg,i,z,,e, ar =
[0,0,0,0,0,0, O]T. Notice that this closed-loop dynamics is
autonomous because it can be written as { = f ({) for some
nonlinear f(-) € %’.

4.3. Stability Analysis. The closed-loop dynamics (26)-(33)
and (20) can be rewritten as follows:

Complexity

Cé:JC—?—(£+kpl)e, (35)
L(y)%: —(R+och(y))7—dZ§/y)7y+Y, (36)
_1dl)e
=24 -, (37)
Z, =1 é: e,
38
Z:a( /3: )h(y)+(1+aﬁ d)y G8)
_ o 2mg A
S, = (1 + CocPR) |:z 7|dL(y*)/dy|:| ki€
- Ca L(y)E—CocPRZ
G =- d(yy) i+ k,h () + gy + Kis(2), (39)
" 2mg dL(y) .. .
Y=e-R - i
¢ < \“dL(y /dy|> dy 4
—L(y) d - a;z,.

Notice that (35)-(38) are almost identical to the open-
loop dynamics in (7) if we replace y,y,i,v,G,i. by
9 9,5, Y, €, 7. One important difference is that the resis-
tances R, and R in (7) have been enlarged to (1/R.) + kp1
and R + a,L (») in (35) and (36), respectively. Moreover, we
can see that suitable damping can be introduced thanks to
term k;y in the definition of ¥. Another important dif-
ference is the three new equations in (38) which represent
the integral terms of the PI electric current controller, the PI
controller of voltage at the capacitor, and the PID position
controller, which are intended to compensate for the effects
of the gravity term mg.

These observations motivate the use of the following
“energy” storage function for the closed-loop dynamics:

. mg ~ 1 1 1 =)
W<y,y,z —Ti,z,zl,e,ﬁ) = ECe2 +§k“£2 +EL(y)z

_mg
kl ’

(40)

1 .
+ Eocizf + Vm<y, §2x4

where

1 5
Vm<)7,)'/,z —$> = myt+ amh(j’/))'/+ockdj h(r)dr
0

i

(41)

+k J h(r)dr+kJ s(r)dr

mglk;

+ apms(z)y.



Complexity

We stress that function V,, (v, 7,z — mg/k;) defined in
(40) is very similar to the function V (g, 4,z — (k;)’lg(qd))
analyzed in [30]. Thus, conditions to ensure that
V. (9, 5,z—-mglk;) is positive definite and radially un-
bounded are the same as those introduced in [30]. For the
sake of completeness of this work, these conditions are
presented in Appendix A as (A.l), (A.2), and (A.5) and
k,>0, a>0, and p>0. Thus, the function
W(y, 9,z —mglk;i,z,,e &) qualifies as a Lyapunov func-
tion candidate because it is positive definite and radially
unbounded if k;; >0 and «; > 0.

The first two terms in W represent the electric energy
stored in the converter’s capacitor and “energy” stored in the
integral term of the PI voltage controller. The third and
fourth terms represent the magnetic energy stored in the
electrical system and the “energy” stored in the integral term
of the PI electric current controller. On the other hand,
function V,, includes the kinetic energy and the closed-loop
“potential energy”

PG =k [ noan (42)

as well as the “energy” stored in the integral of position
through an integral of s(-). The cross terms amh (7)y and
aPms(z)y are required to provide W with negative qua-
dratic terms in both /1 (¥) and s(z). In this respect, it is easy
to verify that

W:-(Ric+kpl) (R+oc L(y)—gM

7
5(&( )?2+1m'2+93(~)>——(R+a L)) - k5’
i GLOI +omy y))= pL(y ay

+Y dL(yy) Jii* — k;s(2)5.

(43)

Since Y depends on both h(y) and s(z), negative
quadratic terms on both h(¥) and s(z) are required to
dominate some cross terms in both /(i) and 7 and s (z) and 7.
This is the reason for the cross terms cxmh (3)y and afms
(z)y (the quadratic term —(R+ & L( y))z already exists).
The integral term ak, Jo h(r)dr 1s intended to cancel an
undesired cross term appearing in the time derivative of
amh(7)y. Notice that term ie, arising from the product i Y
above, cancels with term —ei, arising from (d/dt) (Ce?/2).
Moreover, some third order terms involving i* appear from

7Y. These terms can be dominated by quadratic negative

terms in y and 7 because |k ()| and [s(z)| are bounded by
finite constants. This is the reason to employ a PID position
controller with saturated proportional and integral actions.

After some straightforward natural cancellations (i.e.,
not requiring to use additional terms in the control law to
achieve them), which include the closed-loop equivalents of
(10) (see Remark 6), we find that the time derivative of W
along the trajectories of the closed-loop systems (35)-(38) is
given as follows:

WG )_“_ﬁM (2 ))

- [kd - am%(;) -« mdsd(zz) (1 + a’i?)]j/z - ockph2 (y) - oc[Skis2 (2)
(44)
A« [ mg dL(y) 2, ds(2) (- Bk,
—le(1 R)+R - h — 1
[e( +Ca, )+ z]<1 \“dL(y*)/dy|> (Mii" + o’ Pm I + K h(y)y
dL(y) . N di*
+af 3 s(2)ii —CocPRel—L(y)z i —CocPeL(y) m
Taking into account (19), (31), and Appendix B, it is
found that W can be upper bounded as follows:
: ~2 1 (1 C“ (=1 C(X T
W< —x'Qx—a,L(y)i + %krrkdkglzf + z—r;k,,kdkawnzf + Z—W‘fk,,kdkokélellzll ¥l
~2 . 1 2 . ~2 . .
A LW =k pye” = kgyy” + Sk kakokst 191 = s L (N)E + [Ca, kg +(1+Ca,R)k, |lel* — k3 5° (45)

+ (kg + Rk i15* = k3,

x' =1y Ik, Is @)1, [l lel],



Where kdl’ kd2’ kd3’ kd4’

Apps Apps Opzs Opys Kppy and k3 are oy +apy + o3 + apy =y, and kyy + ks = kpy

positive constant scalars such that k;, + kg, + kg3 + kgq = kz,  of matnx Q are defined as follows:

where

Qq =ky —am-— aﬁm(l + aikd),

Qy = akp)
Q33 = apk;,

o4 1 .
Q44 =R+ aplL(y) - EkoM - (xﬂkgM - Ekrrkdkol (0),

1

QSS:R_C+kp2’
a?Bm Bk

Qp=0Qy =- f <1+ kip>’

Q3 =Q3=0Qy3=Q;3, =0,
k.k M k.mg k.k, k._k* Rk*
rp FMmyg rrp rrivd

= =—_ - M — _ _ _
Qs = Qu 2 ki 2 2 2m 2

k.k k k ksM 3Rk, M
_ 1rr<1+06/3 d>_0“c76_aﬁMk6ka_ t .
2 k; 2 2

1

k. kak, _akik,, Bk,\ ak,I*(0) Rk*
Qu= Q= = 2m 2 <1+ k) 2 27
. kykgk; apk,I*(0) Rk*
Qus = Qs = 2m 2 2"
(1+Ca,R)k* 3(1+Ca,R)kM  Cayk,k,M
Q15 = Q51 = -

2 2 2

k,mg k,.k, k, k3 kik,, afk,
- Ca,k, k;M - Ca,, 2 - Ca,, 2 _CPZm - Ca,, > 1+ o )

1

Q2 = Qs = 2 —Co T %, k;

(1 + C(XPR)k* krrkdkp (ink" (1 +ﬁkp)
(1+Ca,R)k* g Kkaki

Qs3 = Q35 = 2 %p m

>

1 Ca, .
Qs = Q54 = - Ca,R - %k,,kdkal (0),

- -1 dL(y) -1
kr_maX{L(J’)<|dL(y)/dy|> dy‘ I}

2P\ Plany) !
krr—maX{L(y)<|dL(y)/dy|) | dy | }

Complexity

. The entries

(46)

(47)
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and constants kg, ks, k*,k,;, and I* (0) are defined in Ap-
pendix B.

Notice that the four leading principal minors of matrix Q
can always be rendered positive definite by suitable selection
of the controller gains k,;, kg, k. k;, anda,;, and hence,
Amin (Q) > 0. Furthermore, all of the expressions in the seven
rows in (45) can be rendered negative, at least locally, using
suitable gains kg, k3, Kay» 0p0» 03, @ pss ki, and k3. Hence,
it is concluded that W <0 for all { € &, where 9 i 1s a subset
of %’ containing the origin. Thus, stability of the origin is
concluded. Since the closed-loop system is autonomous, the
LaSalle invariance principle is invoked to prove asymptotic
stability. This completes the proof of Proposition 1.

Conditions for this stability result are summarized by
(A.1), (A.2), and (A.5), in Appendix A, kp >0, a>0, 5>0,
k;; >0, and «; >0, (34), the four leading principal minors of
matrix Q defined in (45) are positive, and kg, kg3, kgg> o4,
3> Cpys Ky, and k5 are chosen such that the seven rows in
(45) are rendered negative. These stability conditions con-
stitute explicit tuning guide lines.

Remark 1. Notice that the ith leading principal minor of
matrix Q can be rendered positive by choosing large enough
Q;; entry of matrix Q and choosing small some constants
such as «>0 and > 0. In this respect, it is important to
stress that each one of the Q;; entries depend on a controller
gain. Thus, once the ith leading principal minor is rendered
positive by choosing a suitable controller gain, the (i + 1)th
leading principal minor can be rendered positive by suitably
enlarging the entry Q) of matrix Q and so on.
Moreover, these ideas suggest that an intuitive try-and-error
tuning procedure can also be derived; choose larger con-
troller gains in the Qj; entries as i is larger.

Remark 2. Notice that the system evolves by itself as long as
the sliding surface is not reached. However, it is proven in
standard books on sliding mode control that the system
reaches the sliding surface in a finite time which depends on
the initial conditions. Once the sliding surface is reached, the
system evolves on the sliding surface starting from the state
values that it has at the time where the sliding surface is
reached. Thus, if initial conditions are close to the desired
equilibrium point, then asymptotic convergence to the
desired equilibrium point is ensured by Proposition 1.

On the other hand, limits in currents i, and i are imposed
by the circuit parameters and the applied voltage. With the
problem at hand, limits on these currents are imposed by the
DC power supply E which is manipulated through the
variable u representing the on-off state of transistor Q. In
Section 5, we explain how the variables u and E affect the
system performance. Finally, saturation of the internal PI’s
only might occur if the state variables are allowed to take
large values. Since our stability result is local, this prohibits
the state to take such large values.

Remark 3. In Figure 3, we present a block diagram of the
control scheme in control scheme in Proposition 1. Notice
that this controller is made up of three main loops: (1) a PI
controller for voltage at the DC/DC Buck power converter

output (at the capacitor terminals), (2) a PI controller for
electric current through the electromagnet, and (3) a non-
linear PID (NPID) controller for the ball position. Thus, our
proposal contains the fundamental components in industrial
applications and, hence, it is expected to be robust with
respect to parametric uncertainties and external distur-
bances. Furthermore, another internal loop is provided to
control electric current through the inductance of the DC/
DC Buck power converter. This loop is driven by a sliding
mode controller which constitutes one common technique
to control power electronic devices in practice.

Remark 4. It is stressed that we introduce the factor L(y) as
a part of the proportional gain in (18) in order to ensure to be
constant the term that is added to the integral term in (27).
This is a necessary step for the integral action of the PI
controller of voltage at the capacitor. In this respect, the last
two terms in (17) are included in order to cancel some terms
arising in (26) because of the fact that —~Cv must be added
and subtracted to complete (26).

Remark 5. Notice that the region where the result is valid
can be enlarged by including the terms —k zy - kfz|z| -
kjile| in (18) and the terms —k,, ey* — k,eli] in (17) for some
positive constants k,, k¢, k;, k,,,, and k,,, to proceed as in [30]
to dominate the positive terms in the five rows of (45).
However, we have decided not to include the above cited
terms because of several reasons. (1) The stability result
would still remain to be local, as usual in magnetic levitation
systems. (2) Including the above terms in (18) would result
in additional complex terms that should be cancelled using
the definition of i’ in (17). (3) In order to maintain the
simple control law, we have decided not to proceed in-
cluding the terms —k ly -k 1|1| - khzlel in (18) which
renders useless to 1nclude k ey —k,eli] in (17). Thus,
proposing a simple and robust control law performing well is
one important objective of our proposal.

Remark 6. The novel passivity-based approach that is
employed in this paper has the following properties:

(i) Several terms cancel naturally. This means that they
cancel without requiring to compute and feedback
them. This property is a direct consequence of the
fact that the closed-loop dynamics (35)-(38) is al-
most identical to the open-loop model in (6). Recall
that the open-loop model was proven in Section 3 to
be output strictly passive, and the existence of
several natural cancellations is instrumental for this.
This property is opposite to what happens in exact
feedback linearization approaches where the plant
undesired terms are online computed and fed back
in order to force their cancellation.

The natural cancellation of terms that we refer to in
this item is the same that is referred to before (44)
wh1ch1ncludes (1/2)(dL(y)/dy)z y - (dL(y)/dy)z

(dL(y)/dy)u y belonging to (d/dt)((l/Z)L(y)
7 ) and (1/2)(dL(y)/dy)i y+ (dL(y)/dy)ii*y be-
longing to (d/dt)((1/2)my*), as well as the
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FiGgure 3: Control scheme in Proposition 1, where # = —(0/R.)+

Ca, (- (dL(y)/dy)i*y + v) + Cai.

cancellation of —ei belonging to (d/dt) ((1/ 2)Ce?) and
ei belonging to (d/dt) ((1/2)L(y)7").

These natural term cancellations are very useful to
obtain a simple control law. As stated above, other
control approaches require to use additional terms
in the control law in order to cancel these terms.

(ii) A nested-loop passivity-based control approach is
exploited in [20]. This means that the electric
current error is first proven to converge exponen-
tially to zero, and this allows to use this variable as a
vanishing perturbation for the mechanical subsys-
tem. This, however, requires the online computation
of either the time derivative of the desired force or
the time derivative of the desired electric current.
Instead of that we use an approach which is similar
to what was called in [20] passivity-based control
with total energy shaping. Although the latter ap-
proach has been disregarded in [20] by arguing that
it results in more complex controllers, we prove the
opposite in the present paper. This is one important
novelty of our approach.

(iii) The previous features of our approach allow (1) to
straightforwardly include PI internal loops and an
external PID loop, which are important to improve
the robustness properties of the control scheme and
(2) to avoid the requirement on the exact knowledge
of the electric resistance of the electromagnet, which
is a parameter that changes during normal opera-
tion conditions.

Remark 7. The present work is inspired by [16] in the sense
that some PI and PID loops are included for both the
electrical and the mechanical dynamics of the electrome-
chanical system, and a sliding mode controller is devoted to
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control electric current through the inductor of the DC/DC
Buck converter, see Figure 4. However, the control scheme
in [16] is designed for unidirectional control of velocity in a
brushed DC motor, whereas the controller in the present
work contains several refinements that extend work in [16]
to control position in a magnetic levitation system, a highly
nonlinear system. These refinements include (1) a clever
selection of a nonlinear PID position controller, (2) a clever
selection of internal PI controllers, and (3) proposing a
suitable Lyapunov function for stability analysis. We stress
that, aside from the sliding mode controller, the closed-loop
system in [16] is linear, whereas both plant and controller are
nonlinear in the present work.

5. Simulation Results

In this section, we present a numerical example to give some
insight on the achievable performance when the controller
in Proposition 1 is employed. To this aim, we use the nu-
merical values of the magnetic levitation system that has
been tested experimentally in [23]. In that work, the elec-
tromagnet inductance is modeled as follows:

L(y) =k, (48)

k
17 (yla)
where  k,=363x10°H, k=35x10"°H, and
a=52x10"3m, and the remaining parameters are
R =2.720hm, m = 0.018kg, and g = 9.81 m/s*. The prac-
tical range of input voltages is [0,+12] V and the range of
electric current through the electromagnet is [0, +3] A. The
Buck DC/DC power electronic system parameters were
chosen as L, =068H, C=1144x10"°F, and
R, =2850hm. We also use E=12V if 2s<t<3s and
E =50V, otherwise in order to study the response when
disturbances appear in the DC power supply. These pa-
rameters are similar to the experimental values reported in
[16].

The controller gains were chosen to be k, =8, k; =1,
ki =2, a, =470, a; = 1000, a = 64, f = 1, k,,; = 6000, and
k; = 18000. Inspired by [28], we used the saturation
function:

( +L*
L +(M—L*)tanh<;[_L*), ifx< - L%
o(x)=1 x, if |[x| < L%,
x—L" .
L* + (M - L*)tanh , ifx>L%,
| M-L*
(49)

where M = 0.51 and L* = 0.5. The initial conditions were set
as follows y(0)=0.006m, »(0)=0, i(0)=156A,
v(0) =42V, i (0)=1654, [’ Fdt=-424362x107,
I(ioo edt = 0.022, andn z(0) = 0.0885. The desired position
y*, in meters, was chosen as follows:
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1
S

FIGURE 4: Block diagram of the controller in [16].

0.006, 0<t<l,
. | 0008 1<t<4
y = (50)
0.006, 4<t<5.5,
0.004, 5.5<t.

In Figure 5, we can see that the actual ball position y
reaches its desired value y* in the steady state. Notice that
the settling time is about 0.5s. We observe that the position
response is very damped. In this respect, we have performed
several additional simulations which make us to conclude
that the term (1 + af(k,/k;))y appearing in (20) is re-
sponsible for such a damped response.

In Figures 6 and 7, we verify that electric current through
the electromagnet i and voltage at the electromagnet ter-
minals v remain within [0,+3] A and [0,+12]V, respec-
tively, the actual ranges of values reported experimentally in
[23].

In Figure 8, we present electric current through the
converter inductor which also remains within the range
[0, +3] A. Finally, in Figure 9, we verify that evolution of all
the above signals is achieved by applying, at the transistor
input, a switching signal only taking the discrete values 1 or
0. Notice that, despite this hard switching signal, electric
current through the electromagnet is smooth enough, see
Figure 6. Moreover, this is achieved despite voltage at the
electromagnet terminals has a small ripple, see Figure 7.

We also observe in Figure 5 that the step changes in the
DC power supply, i.e., E, appearing att = 2sand ¢t = 3 s have
an almost imperceptible effect in the ball position. Moreover,
the effects of these changes are more noticeable in Figures 7
and 8 as a simple change in ripple of both voltage at the
electromagnet terminals and electric current through the
converter inductor. The effects of these step changes are very
small thanks to the employment of a sliding mode controller
for electric current through the converter inductor and this
is the reason why we employ sliding mode control in our
approach.

Finally, we stress that the control signal u is constrained
to only take the discrete values 0 or 1 and all of the system
evolution must be controlled while u takes these discrete
values. However, the designer has an additional degree-of-
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Ficure 5: Continuous: actual ball position y. Dashed: desired ball
position y*.

12 I ‘ | | |
0 1 2 3 4 5 6 7

Time (seconds)

FIGURE 6: Electric current i through the electromagnet.
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FIGURE 7: Voltage v at the electromagnet terminals.
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FiGure 8: Electric current i, through the converter inductor.
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FIGURE 9: On-off signal u applied at the transistor input.
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freedom in this respect; a larger value for E can be chosen if
the system evolution requires more control effort. We have
arrived to this conclusion during the simulations that we
have performed. For instance, we can observe in Figure 9
three clear zones at t = 1s, t = 45, and t = 5.5s which are
evidences that control effort saturates at its extremum
values, i.e., either 1 or 0, when step changes in the desired
position are commanded. We also have observed that the
ball escapes if larger reference changes are commanded. This
is the reason why we have used E = 50 V for most of the time
in the above simulations.

Now, we present some simulation results when using the
following classical control scheme:

t
v=ky (" =) +k; jo (i* —i)dt, (51)

t
i =k (y-y") +kay+k; Jo(y—y*)dt- (52)

It is assumed that the DC/DC Buck power electronic
converter is not present and a static PWM-based power
amplifier is employed. Notice that position error is given as
y—y* for the classical PID controller. This is usual in
control of magnetic levitation systems. A feature that is
required because of the negative gain of the system which, in
turn, is produced by the fact that (dL(y)/dy) <0.

The controller gains were chosen to be k, =47,
ki = 100, k; = 0.0277, k,, = 0.866, and k; = 1.082. This re-
sults in two real dominant closed-loop poles located at
s=-21.5ands = -2.11. A third real closed-loop pole is at
s = —140 and two very fast complex conjugate poles, due to
the PI control of the electrical dynamics, located at
s=-19 + 500].

Our intention is not to compare results obtained with the
controller in Proposition 1 and result with the classical control
scheme since such a comparison would be unfair. We just want
to point out on some features of the classical control scheme.
The simulation results are shown in Figures 10-12. The desired
position y* is given, again, as in (50).

Notice that the position response has a very short rise
time but a large settling time. This is produced by initial fast
changes on both the applied voltage and the resulting electric
current, which tend slowly to constant values afterwards.
Notice that position response exhibits a large overshoot
despite the dominant closed-loop poles being real. Recall
that the fast complex conjugate poles due to the electrical
dynamics cannot produce such a slow overshoot. As it is
clearly explained in [31], reason for such a large overshoot is
the open-loop unstable pole of the magnetic levitation
system which is responsible of its open-loop instability. It is
also demonstrated in [31] that this feature cannot be avoided
when using the classical control scheme in (51) and (52).

Since classical control schemes rely on linear approxi-
mations of the plant to control, it is reasonable to wonder
whether some advantages could be obtained when proposing
control schemes that take into account more information of
the plant nonlinear dynamical model. This is the intention of
nonlinear control schemes as the one presented in
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FiGgure 10: Classical control scheme. Continuous: actual ball po-
sition y. Dashed: desired ball position y*.
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FiGure 11: Classical control scheme. Electric current i through the
electromagnet.
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F1GURE 12: Classical control scheme. Voltage v at the electromagnet
terminals.

Proposition 1 aside from taking into account some addi-
tional dynamics as that of the DC/DC Buck power electronic
converter.

Notice that the expressions in (18)-(20) are the non-
linear versions of (51) and (52), i.e., they represent a PI
electric current loop and a PID position loop. On the
contrary, (16) and (17), represent a sliding mode control loop
for electric current at the converter inductor and a nonlinear
PI loop for voltage at the converter capacitor. This means
that (16) and (17) are additional control loops that are in-
cluded to cope with system components that are not present
in standard magnetic levitation systems. This is what we
mean when stating that the control scheme in Proposition 1
is simple if we take into account the complexity of the
nonlinear model of the plant.

6. Conclusions

In this paper, we have solved the position regulation
problem in a magnetic levitation system when it is fed by a
DC/DC Buck power electronic converter as power amplifier.
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Contrary to previous works in the literature, which are
concerned with control of DC motors, we have solved this
problem for the first time for a nonlinear electromechanical
system.

This fact represents the merit of our proposal despite the
local nature of the results. In this respect, we stress that the
region of attraction might be enlarged by including addi-
tional nonlinear terms to the control law. However, we have
decided not to do this because we are interested in pre-
senting a simple control law in order to render it free of
numerical errors and noise amplification.

Our proposal relies on a novel passivity-based approach
which exploits the natural energy exchange existing among
the mechanical and electrical subsystems that compose the
plant. This allows several nonlinear terms to naturally cancel,
i.e,, without requiring to include additional terms in the
control law, which renders simple the control law. More-
over, contrary to previous well known works in the litera-
ture, our approach does not rely on proving exponential
convergence to zero of the electrical dynamics. This is good
news since, otherwise, we would require to online compute
and feedback both the time derivative of the desired electric
current in the electromagnet and the time derivative of the
desired voltage at the electromagnet terminals. Such online
computations would render the control law complex and
sensitive to numerical errors and noise amplification.

Finally, although the control law is simple, the stability
proof may require much attention from the reader. This
might be seen as a disadvantage of the approach but it is the
authors’ belief that it is the role of the control community to
cope with mathematical analysis and other related theo-
retical complications. The important practical thing is that
the resulting control scheme is intuitively simple to

2@,

k

T(z') =4 2" -d)’ +k(z +d-1L")(L" - d),

2

12
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understand and to implement: a multiloop scheme driven by
PI and PID controllers provided with explicit tuning guide
lines. We must also say that our approach only considers the
regulation task.

Appendix

A. Conditions for Positive Definiteness of
V. (3, ¥,z —mglk;), Defined in (40)

Choose
0<L"<M, (A.1)
and k; >0 large enough such that
G()=a’mH(7), VyeXR, (A.2)
where a* > a >0 and
ka2 .
A > SL*)
Y4 57
—\ _ kd %2 %/ % — %
G(y) =1 L kL (7-1L"), y>L*,
(A.3)
k
7‘1L"‘2 —kL*(3+L%), y<-L%
A =M,
H(y) =
M2, |y]> M.

We stress that (A.2) can always be verified graphically.
Define d = mgl/k;, z' =z —d, and

-L*<z' +d<L*,

z +d>L*

zZ +d< L%, (A.4)

(27, -M<z +d<M,

F(Z')=4 (M-d)? Z +d>M,
| (-M -d)*, 2 +d< - M.

Choose a large enough k; >0 such that

I(z")2aB?mF(z'), (A.5)

for some a*>a>0 and §*>>0. Notice that (A.5) can
always be verified graphically. Function V,, (v, ¥,z — mg/k;)
is positive definite and radially unbounded if k, >0, a >0,
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and >0 and (A.1), (A.2), and (A.5) are satisfied. Proof of
this result is presented in [30].

B. Some Algebraic Relations for Proof of
Proposition 1

Notice the following:

. 2 . ‘s
[ |S\/W(kPM+kdly|+kiM):I Iy,

(B.1)

where (19) has been employed. On the other hand, according
to the Mean Value Theorem:

. . dr-(lyl) .
0<I -1"(0) = : -0),
(IyD a5 M:((M
dr” (1) >0, V(>0
diyl ly=e ’
(B.2)
i.e.,
ey Ay .
I (Iyl) = . [yl + 1" (0), (B.3)
4 dlyl |y|t:n(y

for some { > 0 belonging to the line joining the points |y| and
0. Hence, from (B.1) and (B.3), we find

|i*| < kyl31 + 7 (0),

ks = max dI (!yl) .
pi>o | dlyl

Notice that kg and I*(0) are positive and finite. This
allows to write

——q
dy

(B.4)

<k, (ksly| + 1" (0)),

dL(y)

aTh(}ﬁi* < ak ksMlil|y| + ak,[il|h (7)IT7]0],

‘ocﬁ dL() s(2)ii"| < 2aBMk kslil| 9| + apk,lills (2)|I" (0),

dy
k, = max{ ‘M‘ }
dy

We stress that k, >0 is always finite, i.e., the maximal
value of |[dL (y)/dy| appears when y = 0. On the contrary, we
have that at the equilibrium point i* =i, where

(B.5)

o 2mg
© NG ] .

Hence, if we assume that
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it =i (h(9), y,s(2))

. - . (B.7)
oy )k (o)),

then i =i*(0,0,0). Thus, according to the Mean Value
Theorem

- Wgni*gj/dﬂ =i (h(3), y,s(2)) —i" (0,0,0)
_0i" (%) o . .
-~ Ox x:p((h(y),y,s(z» -(0,0,0)"),

(B.8)

for some p belonging to the line joining the points
(h(9),y,s(z)) and (0,0,0). Finally, recalling that
vTw| < [v[l|wl, for all v,w € X" and || x|l < || x|, we can write

v 2mg k) IRG) + 19
i - |dL(y*)/dy|‘S(k +k3]) IR G+ 191+ Is (1],

(B.9)

where the constants k* and k, are defined from the norm of

the following vector:
-k * -1/2 -1
0i (x)_( 2F ) ><‘[[1)0’0]<d dL(y) )

ox  \IdL(y)/dyl dy| dy
x d(%;y) % [k,h (3) + k;s (2) + mg|
+ dz—(yy)_l[kp,kd,ki]}

d'+y) & 4 5
dy  dh(m) "

(B.10)

recalling that, according to (21), dy/dh(¥) is bounded,
|[dL(y)/dy| >0, (2F*/(|dL(y)/dy|))’”2, and d/dy|dL(y)/
dyl’1 are bounded, and |h(¥)|< M and [s(z)| <2M. Thus,
k* and k, are finite.
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Based on the influence of random environmental perturbations and the patch structure, we propose a stochastic Nicholson-type
delay system under Markovian switching on patches. Existence of a global positive solution is studied. Then, we show ultimate
boundedness and estimation of the sample Lyapunov exponent of the solution. Furthermore, sufficient conditions for extinction
of species are established, which is the main new ingredient of this paper. Finally, some numerical examples are presented. Our

results improve and generalize previous related results.

1. Introduction

In 1980, Gurney et al. [1] established Nicholson’s blowflies
equation according to experimental data of Nicholson [2]. In
recent decades, there have been a large amount of results
related to the dynamical behaviors for this model and its
modification, see [3-13].

In ecosystems, the pattern of complex population dy-
namics is inevitably subject to some kind of environmental
noises. As a matter of fact, the phenomenon of stochasticity
plays a critical role in understanding the evolutionary dy-
namics and ecological characteristics of species. Particularly,
May [14] has revealed that due to environmental fluctua-
tions, the parameters in a system should be stochastic.
Environmental noises are classified into two categories: the
first is white noise, and the second one is coloured noise.
Stochastic population models [15-20] are more realistic
compared to deterministic population models. Wang et al.
[21] first studied a scalar stochastic Nicholson’s blowflies
delayed equation

dx () = [—ax (t) + px (t - )e " Vdt + ox (1)dB(t). (1)

Notice, however, that white noise is unable to depict the
phenomena that the species may be invaded by the alien

population [22] or suffer sudden catastrophic shocks [23].
And in recent years, some significant progress has been
made in the theory of the stochastic population models with
regime switching, see [24-27] and the references therein. In
[28], Zhu et al. considered a stochastic equation with
Markovian switching:

dx () =|—a, x(t) + p, x(t - T,r)e‘%:"(f‘ Tn)]dt + 0, x(£)dB(1),
(2)

where continuous-time Markov chain {r,},., is defined on a
state space S = {1,2,...,m}.

On the contrary, migration is a ubiquitous phenomenon
in the nature. Both continuous reaction-diffusion models
and discrete patchy systems could incorporate and explain
the phenomenology of spatial dispersion [29] in the liter-
ature of mathematical ecology. Objectively speaking, patch-
structured models illustrate the spatial heterogeneity of
species, depending on a lot of factors, such as ecological
systems in different geographic types (e.g., nature reserves
and other regions), various food-rich patches of habitats,
and many other circumstances. Besides, models in the
patchy environment include disease systems as well, such as
the two-compartment model of the cancer cell population.
In order to take the dispersal phenomenon into
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consideration, Berezansky et al. [30] introduced the Nich-
olson-type delay system on patches as follows:

{ x1 (t) = —a,x, (t) = byx; (£) + by x, (t) + p,x, (t — 7)e” =D,

Complexity

(3)

x5 (£) = —a,%, (t) — by x, (£) + byx, (£) + pyx, (t — 1)e V%27,

which includes the novel two-compartment models of

leukemia dynamics and the systems of marine protected
areas.

{ docy (£) = [-a,x, (£) = byx, (£) + byx, (8) + pyx, (£ = T)e” 1= D]dt + 0,x, (£)dB, (1),

In particular, considering that the parameters a; of
system (3) are affected by the white noise, Yi and Liu [31]
formulated the stochastic diffusion system which consists of
two patches:

(4)

doc, (1) = [=ay, (£) = by x, (£) + byx, (1) + pyix, (£ = T)e” 724~ D]dt + 0,x, (£)dB, (£).

We can further model random shift in different regimes
by a continuous-time Markov chain {€(t)},., defined on a
state space M ={1,2,...,N}. Let {£(t)},5, be right-con-
tinuous and T’ = (p;;) .y be its generator of {£(¢)};5, i.e.,

pij6 +0(9), if j#1i,
1+p;6+0(8), ifj=i,
(5)

P{E(t+6)=j|€(t)=i}={

where §>0, p;;>0 for i#j, and },c4p;; =0, i,j€ M.
Suppose that {£(t)},5, is irreducible and has the unique
stationary distribution 7= (m,7m,,...,7my). Hence, we
obtain the stochastic Nicholson-type system under Mar-
kovian switching on the patch structure as follows:

dx, (t) = [_611 (€(1)x1 (1) = by (£(£))xy () + by (€(£))x, (1) + py (€(£))xy (t — T(£(2)))e” V1 EWx (t_T(e(m)]dt

+0, (€(1)x, (£)dB, (1),

dx, (1) = [_az (£(£)2, () = by (£(£))x, (£) + by (€(1))x, () + p (E(D)x, (£ = T(£(8)))e™ 12 ¢ (t_T(e(m)]dt

+0, (€(t))x, (£)dB, (1),

with initial conditions

x(t) = @ (t) = (¢, (), 0, ()", € [~7,0],8(0) = €, € M,
(7)

where ¢, € C([-7,0]; [0,+00)) and ¢, (0)>0 for h=1,2
and 7 = max; ,{7(i)}.

We focus on the meaning of parameters with respect to
fish population in marine protected area A, and fishing area
A,. x; (t) and x, (t) are the number of fish populations in A,
and A,, respectively; for h = 1,2 and i € A, a, (i) and a, (i)
are the mortality rate in A, and A,, respectively; let G (x, (t —
7(i))) = p, (D), (t — T(i))e” " @* (=70 be the fish growth
rates; p, (i) and p, (i) represent the maximum per adult
yearly birth rate in A, and A,, respectively; y,, (i) > 0; 1/y, (i)
and 1/y, (i) are the number at which the reproduction at
their maximum birth rate in A, and A,, respectively; 7 (i) is
the maturation time; By, (¢) is the standard Brownian motion
defined on the complete probability space (Q,#,P); and
0, ()20, foranyi € # and h = 1,2. We assume {£(t)},5, is

(6)

F ,-adapted. Nevertheless, suppose {€(t)},, and By, (t) are
independent of each other, h = 1,2.

Especially, system (6) can reduce to the model in [32] if
7(i) =1, i€ /. By contrast, our work differs from and
improves [32], which will be depicted further in detail.

In the field of ecology, it is important to use mathematics
to study extinction of species, see [33, 34] and the references
therein. However, no work has yet been done on the
problem of extinction for scalar equation (1), not to mention
the scalar equation with Markovian switching (2) and system
(4). In order to prove the extinction of species, the con-
ventional method is to construct a proper Lyapunov
function or functional and then estimate the upper bound of
the drift term of its Ito differential. Taking system (6) for
example, x, (t) and x, (t) are likely to appear in the de-
nominator of the expression of LV, and coeflicients in front
of them are positive, for a general Lyapunov function
V (x,,x,). Unfortunately, this leads to some difficulties in
finding the upper bound of LV So, based on this, we give a
new method for investigating extinction of species.
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Especially, system (6) reduces to (1), (2), (4), or the system in
[32] when parameters of system (6) assume some special
values. That is to say, we have derived extinction of the above
systems at the same time.

In this paper, system (6) is more general than the model
of [21, 28, 30-32]. In addition, our results improve and
generalize the corresponding results in these literature
studies.

The remainder of this paper is built up as follows. In
Section 2, we show the global existence of almost surely
positive solution. The asymptotic estimates for the solution,
stochastically ultimate boundedness, and boundedness for
the average in time of the 6th moment of the solution are
then constructed in Section 3. In Section 4, we discuss the
pathwise properties of the solution. Sufficient conditions for
extinction of species are obtained in Section 5. Numerical
investigations are then given in Section 6. The last part is a
conclusion.

2. Preliminary Results

To simplify, denote the solution of (6) with initial values (7):
x(t) = x(t;9,8y)s (8)
where x (t) = (x, (£), x, (£)). Let

/31 (i) = a; (i) + bz (@),
B, (i) = a, (i) + b, (i),

We  denote R, =(0,+00), R?-= {(xl,xz)T €
R%* x;>0,x,>0}, and R>?={(w,,),, € R**: w,, >
0, u, v=1,2}. For any ®: /4 — R, let ® = min,_, (i)
and ® = max,. , (i). Let |-| denote Euclidean norm in R?.
Denote the trace norm |A| = +/trace (AT A) for matrix A.

i€ M. ®)

Lemma 1. Given any initial values (7), system (6) has a
unique solution x (t) € R% for all t € [-7,00) almost surely.

Proof. We omit the proof since it is analogous to that of [31]
by making use of the generalized Ito formula (see, e.g.,
Theorem 1.45 in [35]) to Zflzl (x, — 1 —logxy). O

Remark 1. The delay stochastic Nicholson-type model
under regime switching on patches (6) is a direct ex-
tension of the models in [21, 28, 30-32]. From Lemma 1, it
is worthy to point out that priori conditions a>0?/2 in
[21] are unnecessary. Therefore, Lemma 1 improves and
generalizes Lemma 2.2 in [21]. In addition, this lemma
shows that both white noise and telegraph noise will not
destroy a great property that the solution of (3) does not
explode.

3. Boundedness

Because of resource constraints, asymptotic boundedness is
the core of the research in ecosystems. And it is the main
purpose of the present section. For simplicity, we use the
following notations. For any i € ./, denote

o1

K (6,1) = a, () - =

(by ()~ b2(0) =3 (0~ 10t () - (0~ 1),

K, (8,) = a, (i) —9%01 (b ()~ by () =5 (0~ D3 ()~ (0~ 1),

H,(6,i):=0- ~K, (0, 9+ph(i) 9_1})
00 ;125{ n 000+ e

H,,(0) = max._,H, (0,1,

0/2

A,(6) = ﬁ ¥ m(H, (6.0) + Hy(6,)],

(/A
Y Hi(6)
Ay(0) = SELTHE,
02 Yr o H(O) B
Ay (0) =2 79(9_1), h=1,2.

(10)

Firstly, inspired by the work of Wang and Chen [32], we
give this theorem.

Theorem 1. Let 0> 1 such that K;,(0,i)>0, h=1,2,i € /.
Given any initial values (7), solution (x,(t),x,(t)) of (6)
satisfies

t
limsup % I E|xh(s)|‘9dssA1 0, h=1,2, (11)
t—00 0
and
limsupE(x(l9 (1) +x§(t))sA2(9). (12)
t—00

In particular,

limsup E|x ()| < A, (6). (13)

t—00

That is, system (6) is ultimately bounded.

Proof. Define
V(x5 %) = x5 + 48, (14)

The generalized Ito formula, together with the fact
ph(i)yhe‘yh(i)yhs(ph(i)/yh(i)e) and the elementary in-
equality A*B"*<Ae+B(l-¢) for any A,B>0 and
€ € [0, 1], yields



LV (X1, %5 y1» Y20 1)

1
= —0a, (i)x? - 0b, (i)x" + Ob, (i)x? " x, + 5000~ 1)o; (i)x!

— Ba, (i)x5 — 6b, ()x? + 0b, (i)x,x0 " + %9(9 - 1)02 (i)x5

2
+0 z I (i)xzil}’hei Yu (D yn
h=1

s@([—al(1)+66 (b, (i) bz(i))+%(6—l)af(i)+(9—l)}xf

L by ()~ b, () +

+[—a2(z) +— o- 0

(9—1)a§(i)+(9— 1)];:2

2 .
+ z )Zh((il)lle) -60(0- 1)(x(19 +x§)
h=1
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Then, (16) implies

t 2
0<E(V, (x,%,)) <9 (0) + 93 (0) + JO Y Hy, (6, 6(s)ds
h=1

—6(6-1) JO EV, (%, (), %, (5))ds.
(17)

Noting that the Markov chain €(¢) has an invariant
distribution 7= (m;.i € #) and applying the ergodic
property of the Markov chain, it yields

litn—ls>:>10p % J EV,(x,(s),x,(s))ds < htrl_ls)llop 0(91— 1

< V1 (91 (0),9,(0)) + J ZHh(e €(s))ds>

Y m[H, (6,i) + H,(6,i)], a

2
< Ze[ Ky (6,0)x h ol ] 0(6 - 1)V, (x1,x,) 0(6_ D i
h=1 Yh ’) (18)
2
z 3 SV, (x, (8%, (). Furthermore, we have
(15)
Therefore, for t >0,
2
AV, (x, (£), %, (1)) < LZ H,(6,(t) - 0(0-1)V,
(16)
(%, (£), %, (t)):|dt + 3 00y, (£(£)x), (H)dBy, (1),
h=1
2 2
d[" "V () (8, 2%, (1) <"V 1, (6, e(0)dt + " CVY 6o, (2(1))x), (1)dBy, (1)
h=1 h=1
(19)

2
Z (0)e” " at +

Hence,
VBV, (x, (6%, (0) <V, (91 (0), 5 (0)

N Yoo Hy () 01y

90-1) © (20)
_ 2he Hi (6)
0(0—-1)

Consequently, we infer immediately that (12) holds. On
the contrary, according to (12), (18), and the fact that

|x|? <297 max{x?,xg} <2"°v, (%), (21)

2
RGN Z 60, (€(t))xZ (t)dBy, (1).
h=1

it follows that (11) and (13) hold. The proof is therefore
complete. O

Remark 2. In Theorem 1, the parameter 0 is greater than 1 in
the result. Although ultimate boundedness in the 6th mo-
ment was derived for 0 restricted to the precondition 6> 1,
0th moment of system (6) can be obtained when 6<1 by
Holder’s equality.

Remark 3. Without regime switching or without migration
and regime switching, Theorem 1 improves the corre-
sponding results in [21, 31]. If 7 (i) = 7, system (6) is a direct
extension of the model in [32]. Besides, no proof of ultimate
boundedness in the pth moment is given in [32], which is
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shown in Theorem 1. Therefore, this theorem extends and
improves Theorem 3.1 in [21], Theorem 2.2 in [28], Theorem
3.3 in [31], and Theorem 3.2 in [32].

Theorem 2. Given any initial values (7), solution
(21 (1), x, (1)) of (6) satisfies
. . P P>
limsup E|x ()] < limsup E[x, (¢) + x, ()| <=——= + —,
t—»oop t—»oop [ 1 2 ] VleA '}/ZEA
(22)

where A = min{a,,a,}. That is, (6) is ultimately bounded in
mean.

Proof. Let V| (t,x,,x,) = €™ (x, + x,). Then,
E(x; (1) + x, (1) <e MV, (0,9, (0), 9, (0))

+<iDl + Apz> Jt et s,
Yie Y26/ Jo

Finally, (22) follows by letting ¢ — co. The proof is
therefore complete. O

(23)

Remark 4. Compared with Theorem 1, this theorem de-
scribes the case that 0 =1, which does not require any
conditions. If 7 (i) = 7, we get (p,/y,eA) + (P,/7,eA) < (c/a),
where (c/a) is defined in [32]. So, this theorem improves and
extends Theorem 3.1 in [21] and Theorem 3.1 in [32].

Theorem 3. System (6) is stochastically ultimately bounded.

Proof. By (22), we derive

. p P
limsup E|x;, ()| < ==+ %, h=1,2. 24
tﬁoop I h | Pied  p,ed (24)

By the Chebyshev inequality, it yields, for any € € (0, 1),

limsup P{x, (1)>H}<H ! Apv1+,\p2)=£, 25
tHOOP { n(®) } <yle)t P.ed (25)
where H = (1/¢)((p,/7,eA) + (p,/7,er)). The proof is
therefore complete. a

Remark 5. Theorem 3 can be seen as the extension and
improvement of [31, 32].

4. Asymptotic Pathwise Estimation

We shall estimate a sample Lyapunov exponent in what
follows.

Lemma 2. If a€R and beR,, then (ax®+bx/1+
x?) <K (a) for x € R, where K(a) = (a+ Va? + b2 /2).

By the properties of quadratic functions, the proof of this
lemma is easy and so is omitted. In the process of finding
K (a), we know that the precondition is a — K (a) < 0. In this
case, we can choose K(a) which satisfies K(a) =
(a + Va? + b* /2). We have to mention that it has no relation
with the sign of parameter a. If a<0, we get
(a+ Va?+b?/2)< — (b*/4a) by simple computation. So,
this lemma is an improvement of Lemma 1.2 in [28] and
Lemma 2.1 in [32].

Theorem 4. Given any initial values (7), solution x (t) of (6)
satisfies

limsup %log xy, (t) < limsup %loglx(t)l s%, a.s.  (26)

t—00 t—00

where h=1,2, Q= maxie%{minse[& [Q, (i, e) +Q, (i, e)]}
with

\/[2/31 (i) = 0} (i) = (by (i) + by (i))e]z +4(p, (D)/y, (i)e)z —[2B, (i) = 07 (i) = (by (i) + b, (i))e]

Q, (i,e) =

>

2
(27)

Qz (la 8) =

\/ (2B, (i) = 0% (i) = b, (i) + b, ()/e)* + 4(p, (i)/y, (De)” = (2B, (i) — 6% (i) — (b, (i) + b, (i))/e)

2



for any positive constant e.

log(1 +x7 (1) +x3 (1)) < log(1 + x7 (0) + x3 (0))

Complexity

Proof. 'The generalized Ito formula, together with Lemma 2
and the Cauchy-Schwarz inequality, yields

0

. r —[2B, (€(5) = a7 (£(5)) = (by (£(5)) + by (£(5))) €]x7 (s) + (2py (£ ()1 (€(5))e)x, (5) ds

1+x2(s) +x3(s)

0

N Jt —[2B, (£(s)) = 03 (£()) = (by (€(5)) + b, (£(5))/ €)]x3 (5) + (2P (£())/yy (£(s))e)x;, () ds

1+ x3(s) +x3(s)

2 t 4
-2Y e | % (5
h=1

0 (1+x3(s)+x3(s))

2
Slog(1+xf(0)+x§(0))+Qt—ZZJ

where for any h € {1,2},

tooy, (8(5)x7 ()

ol +x3(s)+x3 (s)ch (), (29)

Mh(t):ZJ

with the quadratic variation
tor(e(s)xp(s)
0 (1+x2(s) + x2(s))’

(M, (), M), (8)) = 4[ (30)

According to the exponential martingale inequality (see,
e.g., [36]), for any integer m >0, we have

L0y (8(s)x) (s)
P - h h d
{oi?ﬁn{Mh(” |, (L4 x2(5) + 53 (5))° }

1
>210gm} < 5 h=1,2.

(31)

Since Yo, 1/m* < 0o and Borel-Cantelli’s lemma (see,
e.g., [36]), there exist Q; € F with P (Q),) = 1 and an integer
my = my (w) such that
t 2 V4 4

AEDEO e
0 (1+x7(s)+x35()) (32)

Mh(t)szj

h=1,2,

for all w € Q, 0<t <m. Substituting the above inequality

into (28), for any w € Q,, m>m,, 0<t<m, we have
log(1 +x] (£) + x5 (1)) < log(1 + x7 (0) + x5 (0))

(33)
+Qt + 4logm,

which yields

sds+ M, (t) + M, (t)

N AIOEAD)
0 (1+x1(s)+x3 (s))2

ds + M, (t) + M, (1),

(28)

1
m-—1

%log(l + xf (t) + x% (t)) < [log(l + x% (0) + x% (O))

+Qm + 4logm],
(34)

for all w € Qy, 0<m —1<t<m, m>m,. Letting m — oo
and using the inequality y<(1/2)(1+y?) for any
y € (—00,+00), we obtain

1 1
limsup ;log Xp (t) < limsup m [log(l + x2 (0))

t—00 t—00

+ Qm + 4logm] =%, a.s.

(35)
The proof is therefore complete. O
Remark 6. Without migrations, we get

Q) = (\[28, () — 2 ()P + 4(p, (Dly (De)* — 2B, (i) -
02 (i)]/2). By comparison, we find that Q, (i) < C;, where C; is
defined in [28]. In addition, without migration and regime
switching, we can get Q in Theorem 4 is less than K, where K
is defined in [21]. Furthermore, the condition 2a; — ¢% —
(b, +by)e>0, 2a,—0%- (b, +b,y)/e>0 in [31] means
that the parameter € needs to be satisfied:
(by +by)2a, — 03 <e<2a; — 0%/ (b, +b,). However, we
know that this condition is unnecessary from the above
theorem. Despite all this, if we let the parameter ¢ satisfy
e € (b +by)2a, — 0,), (202 — 02/ (by +b,))), we compute
that Q in Theorem 4 is less than Q in [31]. Therefore, the
above work is a promotion of Theorem 4.1 in [21], Theorem
2.2 in [28], and Theorem 4.1 in [31].
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5. Extinction

Sufficient conditions for extinction are the subject of this

section. Unless otherwise stated, we hypothesize
7(i) =71, i€/ in this section. We first rewrite (6) as
follows:

dx(t) = f (x(8), x (£ — 1), €(£))dt + f, (x(£), €(¢))dB(2),

(36)
where the operator f: Ri X [Rfr ¥ M —s Ri is defined as
—By (i)xy + by (i), + py (D) y e 71O
_ﬁz (i)xz + bZ (i)xl + P, (i)yze*)’z 1)y, >,

fl(x’y’i)=<

(37)
the operator f,: R? x #4/ — R¥? is defined as
o, ()x, 0

N _( dB;(¥)
f(x,0) = ( 0 o,()x ), and dB(t) = (dB;(t) )
We first note that

fl (0,0,1) = 0’

f,(0,i) =0,

for i € M, whence (6) admits a trivial solution corre-
sponding to ¢ (0) = 0.
Before our result, we give a lemma.

(38)

Lemma 3. For system (36), the terms f, (x, y,i) and f,(x,1)
are locally bounded in (x, y) while uniformly bounded in i.
That is, for any m> 0, there is K,, >0 satisfying

|f1 ey )| V[ f2 (6 i) <Ko (39)

orallie M, x,y € R with |x| vV |y| <m.
y n y

The proof is not particularly difficult, so we omit the
proof.

Theorem 5. Assume that

~ . - 1\, .
2ﬂ1>6f+b1+(1+\/E)b2+<2+ﬁ>pl+(l+\/§)p2,

(40)
2B, >0 +(1+V2)b, +b, + (1+V2)p, +<2+%>ﬁ2.

Then, the solution of (36) satisfies lim, ,  x(t) = 0,a.s.,
for any initial values (7). That is, all populations in system
(36) go to extinction with probability one.

Proof
Step 1: let

1
1 N
V2

V, (x5, %,) = x" x = X7+ V2x,%, + x5,
! 1
V2

(41)

Obviously, V, is positive-definite and radially un-
bounded. That is,

lim V,(x,x,) = co. (42)

|x] — 00

The generalized Ito formula yields

t
V(% (1), %, (1)) = V, (9, (0), 9, (0)) + jo LV, (x(s),x

< (s=1(£(s5))), £(s))ds

tl o
' J [a—V (21 (), x, (S))]fz(x(s),e

LV, (x, y,i) < — [2/31 (i) = 07 (i) = b, (i) = (1 + V2)b, (i) - p, (i) —%pz(i)]xf

- [Zﬂz(i) - 05 (i) = (1 + V2)by (i) = b, (i) —%pl(i) —pz(i)]x§

- (s))dB(s).
(43)

By computation, we know
(44)

1 1
+(1 + ﬁ)pl (i)}’f +(1 + ﬁ)Pz (i)}é

1 \. 1 \.
< _Alx% - Az’é +<1 +W)P1y% +(1 +W)P2)’§’



where A, —2ﬁ1 b —(1+\/_)b -pi - (1/4/2)
P> and /12—2[32 ~ (1++2)b, -b, - (1/V2)
-

It is straightforward to see from (40) that 1,>0, h =
1,2. For simplicity, we let

F, (x) = min{d,, L, }|xI%,

) (45)
F, (x) :(1 +ﬁ>max{j)1,p2}|x|2.

By condition (40) again, we obtain that

F(x):=F,(x)— F,(x)

= {min{/\l,)tz} —<1 + %)max{pl,pz}] IxI*>0, x#0.
(46)

Applying (44) and (46), we derive

J; LV ,(x(s),x(s —1(€(s))), £(s))ds
(47)

0 t
< I F, (x(s))ds - jOF(x(s))ds.

Substituting the preceding equality into (43), it yields

0
V, (% (), %, (1)) <V, (9, (0), 9, (0)) + J_ F, (x(s))ds
- Jt F(x(s))ds

0

o
" Jo[asz (31 (), 2 (S))]fz (x(s),€
- (8))dB(s).
(48)

Then, the nonnegative semimartingale convergence
theorem (see, e.g., [37]) implies

limsup V, (x, (£), x, (t)) <oo a.s. (49)

t—00

Moreover, we obtain from (48) that

Complexity

t 0
E JO F(x(s)ds <V, (¢, (0), 9, (0)) + J F, (x ())ds.

(50)

Then, letting t — oo, together with the Fubini the-
orem, we have

EJOOF(x(t))dt<oo. (51)
0

Let Ak = {wIY(w) = jo F(x(s «})))ds>2k} where
k=1,2, .... Obviously, {A;}'"*!J. Combining Che-
byshev s 1nequahty and (51) we see that
Yo P(Ag) < c0. By Borel-Cantelli’s lemma, one can
show that P (lim;,_, A;) = P{w|Y (w) = co} = 0, that
is,

JOOF(x(t))dt<oo as. (52)
0

Step 2: from (52), we observe

litm inf F(x(t)) =0, a.s. (53)

One now needs to consider

tknooF(x(t)) =0 a.s (54)

If the above conclusion would not hold, then
P{limsup,__, F(x(t))>0}>0. So, there is
e € (0, (1/3)) satistying

P(Q;)>3e, (55)
where
Q= {limsupF(x(t)) > Zs]». (56)
t—00

Noting that Lyapunov function V, (x(t)) and the so-
lution x (t) of (6) are all continuous, together with (49),
it yields

sup V2 (x (t)) <00, a.s. (57)
—T<t<00
Define
')/(T') = |11i11;< V2 (x), fork>0. (58)
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Clearly,
sup v(Ix(H)])< sup V,(x(f)) <00, a.s. (59)

—T<t<00 —T<t<00

In addition, by (42), we get

li = 00.
Jim »(k) = co (60)
So,
sup |x(t)]<oo, a.s. (61)
—7<t<00

Recalling (7), we know that the initial values satisfy
¢, € C([-1,0]; [0,+00)) for h=1,2. We therefore
could find an integer m > 0, depending on ¢, sufficiently
large for |¢ (s)| <m for s € [-7,0] almost surely, while

P(Q,)21-¢ (62)

where Q, = {sup_,_,.,|x(¢)] <m}. By (55) and (62),
one implies

P(Q,NQ,)>P(Q,)-P(Q3)>2¢, (63)
where Q) is the complement of Q),. Let
py = inf{t > 0: F(x(t)) >2¢},
py =infltzp, ;s F(x(t)<e}, j=12,...,
Pajs1 = inf{tzpzj: F(x(t))22£}, j=12,...,

0,, = inf{t >0: |x (t)| =mj}.

(64)
From (53) and the definitions of Q, and Q,, we have

(Q,nQ,} ¢ {{am = ocoln ( n p; <oo})}. (65)

Jj=1

Hence, we define {{(¢)} = {x(tA0,,)} for t> — 7, and
its differential is

d¢(t) = f, (t)dt + f, (£)dB(2), (66)

where

Fi®) = f1(x(0,x(t = 1), 6@ g,y (1),

~ (67)
T2 = f2(x(0, 6T g, ) (0).

Here, I, is the indicator function of A. Recalling
Lemma 3, we know

|J?1 (t)l \ |J?2(t)| <K,, as, (68)
for any ¢> -7, £(t) € M, and |x ()| V|x(t - 7)|<m.

Moreover, the definition of yields |{ ()| <m, t >0. We
also note that, for all w € O, NQ, and j>1,

F(ep) ~ F(E(p)) =

(69)
F{l(t)=e te [sz_psz]-

In the close ball S, = {x € R*: |x|<m}, F(-) is uni-
formly continuous. Therefore, there exists £ = £ (&) >0
small sufficiently such that

IF(O)-F(Ql<e {8, with|{-{|<E& (70)

For w € Q; NQ,, we emphasize that if |{(p,;_; +1t) -
((pzj_1)| <& for some T>0 and t € [0,T], then
p2j = pP2j-1 2T.  Furthermore, let the number
T =T (& & m) >0 be small enough such that

2K2T(T +4) < b, (71)

By (63) and (65), we can obtain that

P(p,; <00) 2. (72)

In particular, if p,; < 0o, then |{(p,;)| <m. Hence, the
definition of {(¢) implies p,; <0,,. So,

((t,w) = x(t, w), (73)

for all 0<t<p,;, we {sz < oo} Then, from the
Holder inequality and the Burkholder-Davis-Gundy
inequality, it follows that



10

E [I{ij—l <00}5up0§th

[ ace

0<t<T |Y P2j-1

2]

<E [I{pzj_1<m} sup

=E|I
|: {psj-1<00} 0S<1t1<pT

P2j-1

Pzﬁ]"’t ~ 2
<2E|If . } sup f1(s)ds
{p2j-1<00} 0<t<T PzH
Paj1t

T

<2K2T(T +4),

PZ/ 1

which together with (71) and the Chebyshev inequality,
imply easily that

um({pzj,l <oo}n { sup

0<t<T

(1) o) 28} ) 5o

(75)

Obviously, we observe that p,; | <o if p,; < co. Hence,
by (72) and (75), we can derive that

#(fo ool sup K(pss + 1)~ 2| <8} )
- 2(psy<o0) - fo <o} fsup (o 1)
~U(psja)|2 f})

(76)

This, together with (70), we can get that

P({p2j<oo}ﬂ{p2j—pzj_lzT})Z& (77)

Recalling (51), (69), and (77), for all w € Q; NQ, and
j=1, we compute

00> E Jm F(x(1)dt
0
s} Paj
> ;E[I{PU@O} me F(((t))dt]
o (78)
2¢€ 2 E[I{pzj@o}(/’zj - sz—l)]
<
>eT i £ =00,
j=1

which is a contradiction. Consequently, we infer (54).

pajrtt _ pajatt 2
j fi1(s)ds + JP ‘ f>(s)dB(s)

pajrtt
J f,(s)dB(s)
P2j-1

, paj-1tt
|f1 (S)I ds] ’ SE[I{P2N<°°} OS;SP J

Complexity

((sz—l + t) - ((ijfl)'z]

] (74)

)

7> (s)lZdB(s)]

T J paja

Step 3: by (46) and (54), we now derive lim,_, x(t) =
0, a.s. The proof is therefore complete. O

Corollary 1. Assume that are nonnegative constants,
7, =720, and

2m1n{ ,t} > max {a t}z +<3 + ¥> magx{p,t}. (79)

r €S r €S

Then, solution x (t) of (2) obeys
tlgr(lxjx(t) =0, a.s., (80)
for any initial value x(t) =¢(t),t € [-1,0],

¢(0)>0,¢ € C([-7,0]; [0, +00)). That is, all populations in
equation (2) go to extinction with probability one.

Corollary 2. Assume that ay, by, py,, V> 0, T are nonneg-
ative constants, h = 1,2, and

2a1>0f+b1+(\/§ 1)b, +<2+\/_>p1+(1+\/_)p2,

2a,>05+ (V2 = b, + by + (1 +V2)p, +(2+%>p2.

(81)

Then, solution x (t) of (4) obeys
tlgnoox(t) =0, a.s., (82)
for any initial value x,(t) = ¢,(t),t € [-71,0], ¢,

(0)>0,¢, € C([-7,0]; [0, +00)). That is, all populations in
model (4) go to extinction with probability one.

Remark 7. This theorem reveals that the solutions of (6) will
all tend to the origin asymptotically with probability one
when the intensities of noises and the parameters satisfy
condition (40). However, [21, 28, 31, 32] do not study ex-
tinction of populations. Besides, this method can be ex-
tended to research extinction in the above literature studies.
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Corollaries 1 and 2 give the conditions of extinction of (2)
and (4), respectively. Therefore, our work is the extension of
[21, 28, 31, 32].

6. Numerical Simulations

Based on [38], we show numerical simulations in the present
section.
Here, we consider model (6) with the same initial data

9, (0)=1, ¢,(00=05 and the same {(f)},, on
M = {1,2,3} with
-10 4 6
r=| 2 -3 1 | (83)
3 5 -8

Then, we know the Markov chain £(t),,, is irreducible
and has a  unique  stationary  distribution
= (0.1845,0.6019,0.2136).

In Figure 1, we give a simulation of the sample path of
£(t),5o with £(0) = 3.

In Figure 2, we «can choose a;=[1,2,3];
b, = [0.12,0.23,0.22]; p, = [4,5,6;  y, = [0.4,0.5,0.6];
o,=[1.2,1.1,2]; a, = [3,1,2]:b, = [0.23,0.16,0.12]; p, =
[7,4,3];y, = [0.3,0.4,0.5]; 0, = [0.45,1.5,0.25]; 7 =
[1,2,3]. It is easy to see that 1 = a,, < (0%,/2) = 1.125 when
&(t) = 2. There is a good agreement between Lemma 1 and
Figure 2. By Theorem 2, we know (p,/y;eA)+
(py/y,eA) = 14.1020. Furthermore, we get Q = max
{9.5553,6.3244,3.8081} by calculation. Therefore, condi-
tions of Theorem 4 have been checked. So,
limsup, ., (1/t)Inx, (t) <4.7777, a.s.

In Figure 3, we can choose a; =[2.1,2.2,2];b, =
[0.11,0.13,0.12]; p, = [3.2,3,3.5];y, = [0.83,0.85,0.86];

o, = [0.62,0.61,0.63]; a, = [2,2.1,2.2];b, = [0.11,0.13,
0.12]; p, = [3.1,3.3,3.2]; y, = [0.81,0.8,0.83]; 0, = [0.71,
0.75,0.71]. Let 8 = 2. Then, conditions of Theorem 1 could
b<t—:' checked. By calculation, we get limsup,  (1/t)
[ Elx; (9)I°ds £31.9797,  limsup, o E(x}(£) + x5 (1)) <
19.3208, limsup, . El|x(t)|® <38.6416. Figure 3 clearly
supports this result.

In Figure 4, we can choose a; =[17,18,19];b, =
[0.14,0.35,0.15]; p, = [4.55,6,5.43];y, = [0.8,0.5,0.6]; 0,
= [0.5,0.45,0.12];a, = [16.5,16.9,17.5]; b, = [0.5,0.13,
0.22]; p, = [3.23,4.67,6];  y, = [0.3,0.4,0.8]; 0, = [0.49,
1,0.65];7 = [3,3,3]. By calculation, we get 7(1) =7(2) =
7(3)=3,35=2B,>61+b, + (1+V2) by + (2+ (1/V2) =
)P+ (1++V2)p, = 325350, and 33.28 =2B,>05 + (1+
V2)b, + b, + (1+V2)p, + (2+ (1/V2))p, = 33.0729.
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— &(0)=3
FIGURE 1: Sample path of {€(t)},,, with £(0) = 3.
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— x (1)

F1GURE 2: Numerical solutions of (6) with a, = [1,2,3]; b, = [0.12,
0.23,0.22; p, = [4,5,6]; y, = [0.4,050.6]; o, =[1.2,1.1,2];
a, = [3,1,2]; b, = [0.23,0.16,0.12]; p, = [7,4,3]; y, = [0.3,0.4,
0.5]; 0, = [0.45,1.5,0.25]; and 7 = [1,2,3].

Therefore, conditions of Theorem 5 have been checked.
Thus, from Theorem 5, all species become extinct. Figure 4
clearly supports this result.
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FiGure 3: Numerical solutions of (6) with a, = [2.1,2.2,2];
b, =[0.11,0.13,0.12]; p, = [3.2,3,3.5]; y, = [0.83,0.85,0.86];
o, = [0.62,0.61,0.63;  a, = [2,2.1,2.2];b, = [0.11,0.13,0.12];
p, = [3.1,3.3,3.2];y, = [0.81,0.8,0.83]; 0, = [0.71,0.75,0.71]; T =
[1,2,3].
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F1GUrE 4: Numerical solutions of (6). The parameters of model (5)
are a, = [17,18,19]; b = [0.14,0.35,0.15]; = [4.55,6,5.43];
7, = [0.8,0.5,0.6]; = [0.5,0.45,0.12]; az = [165 16.9,17.5];
b, = [0.5,0.13,0.22]-,;72 = [3.23,4.67,6]; y, = [0.3,0.4,0.8];0, =
[0.49,1,0.65]; and 7 = [3,3,3].

7. Conclusions

By the conclusion of Lemma 1, it is worthy to point out that
the Brownian noise and colored noise will not destroy a great
property that the solution of (6) may not explode. Especially,
system (6) reduces to (1)-(4) or the model in [32] when
parameters of system (6) take some special values. From
Lemma 1, the condition a > (0%/2) in [21] is too strict and
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unnecessary. In Theorem 1, we comprehensively analyze
ultimate boundedness in the th moment and boundedness
for the average in time of the 8th moment of solution, which
is the improvement of Theorem 3.1 in [21], Theorem 2.2 in
[28], Theorem 3.3 in [31], and Theorem 3.2 in [32]. In
Theorem 4, we find an upper bound Q/2 of the sample
Lyapunov exponent. When parameters of system (6) take
some special values, we compute that the upper bound Q/2 is
less than the corresponding upper bound in [21, 28]. Fur-
thermore, we ﬁnd that the condition 2« — o7 — (by+
b,)e>0, 2a, — 03 — b, +b,/e>0 in [31] is not necessary
Despite all this, if we let parameter € satisty the above
conditions, we compute that Q/2 is less than the upper
bound in [31]. One point should be stressed is that the
method for extinction in Theorem 5 can be used successfully
for the models in [21, 28, 31, 32]. And then, Corollaries 1 and
2 give the conditions of extinction of (2) and (4), respec-
tively. From Remarks 1-7, our work is a generalization and
promotion of the corresponding work in [21, 28, 30-32]. To
some extent, our proposed approaches are both more robust
and more efficient than the existing methods.
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