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A series of problems of the time-lag system including robust stability analysis and guaranteed cost controller
design are studied mainly based on the Lyapunov stability theory by linear matrix inequality method and time
lag partitioning method in this paper. The time lag partitioning method is used to divide the whole time lag
interval into N interval parts based on a new Lyapunov-Krasovskii functional for a class of uncertain time lag
system in this chapter, besides, some free-weighting matrices are introduced to study time lag-dependent
stability, for which sufficient conditions for time lag-dependent stability based on the linear matrix inequality,
less conservative compared with previous results, are obtained. After that, by using the Lyapunov stability
theorem & linear matrix inequality and combining with the time lag partitioning method to discuss analysis and
design of robust Heocontroller for a class of the Lurie time-lag with existential state and control input at the
same time, conditions for asymptotic stability based on linear matrix inequality and with Ho performance are
obtained and a design method for Ho control law with systematic memory state feedback is given. Finally, a
simulation example is given to illustrate effectiveness of the proposed method.

1. Introduction

People have long noticed the time lag of biological systems, and later it is found that time lag is often seen in
fields of optics, circuits, neural networks, architectural structures, biological environments, and medicine
(Ampatzis et al., 2017). In fact, time lag always exists in the actual dynamical system except in ideal cases
(Boukal et al., 2017). There are many reasons for the time lag, such as slow chemical reaction process,
measurement of system variables, belt transmission and so on which will produce time lags. Besides, the time
lag is an important cause of the system instability (Chen et al., 2017). Because of its wide application
background, research on the time lag system is widely concerned by many scholars (Chen et al., 2017).
Stability analyses of the time lag system and controller design have always been the hot and difficult points in
the research of control theory with research methods divided into two categories—time domain and frequency
domain (Darivianakis et al., 2017). Background, content and methods researched in this paper are
systematically described in this chapter with focuses as basic characteristics of time lag system & robust
control and research status (Du et al., 2017). The existence of time lag brings great difficulties to the system
stability analysis and controller design (Feng and Wu, 2017). At the same time, the controlled objects are often
affected by various uncertain factors such as: interference signals acted on controlled processes, noise
measured by sensors (Filho et al., 2017). Robust control is to ensure both the system stability and influence
from interference on system performance suppressed to a certain level, i.e. the controlled objects are robust
with regard to interference. Therefore, the study of robust control for the time lag system is of great theoretical
significance and application value (Hosseinzadeh and Yazdanpanah, 2017).

The time lag phenomenon widely exists in various biological systems and engineering systems, while time lag
in the control system adds special difficulties regarding theory analysis and engineering application (Kerdphol
et al., 2017). Generally, the time lag is the root cause of the system oscillation and instability, so it is of great
theoretical and practical significance to study the time lag system (Kim, 2017).
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2. Robust control theory

The most prominent representatives of the robust control theory is H control and p method. control method in
robust control theory is mainly used in this paper, so basis of H control theory is mainly introduced as follows
(Lai and Kim, 2017).

H norm reflects the maximum ratio of the output signal to the input signal energy, and also reflects the
maximum energy amplification of the system (Loiseau et al., 2017). The basic block diagram of the H standard
problem is shown in Figure 1, where G and K are the generalized control object and the controller with the
former as the given part of the system and the latter as designed part (Marantos et al., 2017). The signals in
the Figure are all vector valued signals. Linear time invariant system in finite dimension and controllers are
considered (Nie et al., 2017), where w is external input signal, including sensor noise, interference and
reference (instruction) signal; z is the controlled output signal, usually including actuator output, control error
and tracking error; u is control input signal; y output signal measured.

Figure 1: Basic block diagram of standard H control problem

In Figure 1, the actual controlled objects can not be determined as the generalized controlled objects. In case
design objectives are different, even if the controlled objects are the same, their generalized controlled objects
are also likely to be different. Therefore, two points of H control problem can be obtained:

H optimal control problem is: for the closed-loop control system shown in the figure, a really real rational
controller is to be found to ensure internal stability of the closed-loop control system and to minimize H norm
of Tzw norm in the closed-loop transfer function matrix (Pan et al., 2017).

H suboptimal control problem is: for the closed-loop control system shown in the figure, a really real rational
controller K is to be found to ensure internal stability of the closed-loop control system and to minimize Hw
norm (which should be less than the given constant y>0) of Tzw norm in the closed-loop transfer function
matrix (Safa and Abdolmalaki, 2017).

3. Analysis of time lag system
3.1 Stability analysis of the uncertain time lag system based on time lag partitioning method

Uncertainty and time lag, which exist widely in a variety of practical control systems, are often main causes of
system instability or performance degradation (Salimifard and Talebi, 2017). In recent decades, research on
stability of time lag systems has been very active. In the obtained stability conditions, the time lag dependent
stability conditions are less conservative than the time lag independent stability conditions (Sariyildiz et al.,
2017). Many scholars have made unremitting efforts to reduce the conservativeness of the obtained results,
and obtained a large number of time lag dependent stability criteria for small conservation. In this section, for a
class of uncertain time lag system, the time lag interval is divided into N interval parts, and some free
weighting matrices are introduced to study the time lag dependent stability problem (Shahbazi et al., 2017).
The sufficient conditions for time lag dependent stability based on linear matrix inequalities are obtained
(Tajeddini et al., 2017), which are less conservative compared with the previous results. The following class of
uncertain linear time lag system is considered:

x(t) = [A+ AAQ) @) + [A+AA @I ),

x(t) = (t).t e[ rm,O] @
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Where, x(t) € R" is the state vector of the system; the matrix A,A; € R™ is the dimension constant matrix;
@(t) € c[—Ty, 0] is the known continuous initial vector valued function; the constant 0 < 7 < Ty, is state time
lag; Ty, is the known constant; AA, AA, is the uncertain parameter matrix with time-varying characteristics. As
shown in Table 1, the maximum upper bound of allowable time lag can be obtained by Equation (1).

Table 1: Maximum asymptotic delay bounds for systems asymptotically stable

Method Maximum delay bounds
1 0.9851

T, =T

13

1 3 1.0128

T, = Z‘[, T, = Z‘[
1 3 1.0162

T, = E‘[, T, = Z‘[

3.2 Absolute stability of the Lurie time lag system based on time lag partitioning method

Uncertainty and time lag are often the main reasons leading to instability or performance degradation of
control systems, so study on absolute stability of the Lurie time lag system has also been concerned by many
scholars (Vayeghan and Davari, 2017). Due to the low conservativeness of the time lag dependent conditions,
more attention has been paid to research on the time lag dependent stability of the Lurie time lag system. By
using the Lyapunov stability theorem & linear matrix inequality and combining with the time lag partitioning
method to discuss absolute stability for a class of the Lurie time lag control system (Vromen and Dai, et al,
2017) in this chapter, the absolute stability condition based on linear matrix inequality is obtained. Finally, a
simulation example is given to illustrate effectiveness of the proposed method. The following class of Lurie
time lag control system is considered:

X(t) = (A+AA)X(t) + (A, +AAD x(t 7)+(D+AD)w,(t),
z(t) =M, (1) +C, (t 1)

w ()= (tz(t)

x(®) =)t €[ 7,,,0]

)

Where,x(t) € R" is the system state; A, Aq, D, M, C is the dimension constant matrix; the constant 0 < 7 < T,
is state time lag, T, is the known constant; initial condition ¢(t) is the initial continuous vector function on
AA(Y), AA4(t), AD [-1] is uncertain parameter matrix with time-varying characteristics. The maximum allowable
time lag to ensure absolute stability of the system is listed in Table 2, while the maximum allowable time lag to
ensure absolute stability of the system is listed in the Table 3.

Table 2: Maximum asymptotic delay bounds for systems asymptotically stable
Method Wu Han n=2 n=3

Maximum delay bounds (hmax)  2.3405  3.1604 3.8638 4.0626

Table 3: Maximum asymptotic delay bounds for systems asymptotically stable
Method Gao n=2 n=3

Maximum delay bounds (hmax)  8.0297 x 10°  8.0297 x 10° 1.0371 x 10*
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3.3 Guaranteed cost controller design for a class of nonlinear uncertain time lag systems

The nonlinear guaranteed cost control problem for a class of uncertain time lag systems is discussed in this
section based on Lyapunov stability theory and linear matrix inequality tools (Wu and Deng, 2017). Different
from the previous results, the controller is considered of nonlinear property, while the guaranteed cost
controller for nonlinear state feedback obtained can guarantee both local asymptotic stability of the system
and the guaranteed cost upper bounds satisfied by the system. Moreover, a simulation example is given to
illustrate effectiveness of the proposed method (Xu, 2017).
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Figure 2: Control law curve
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Figure 3: State trajectory of closed loop system

It is learnt from the control law for nonlinear guaranteed cost given in Figure 2 and the state trajectory curve
corresponding to the closed-loop system under the control law given in Figure 3 that the state of the closed-
loop system tends to zero under function of the nonlinear guaranteed cost controllers, from which that the
system is asymptotically stable can be known.

The problem of nonlinear guaranteed cost control under the given performance index is studied in this chapter
for a class of uncertain nonlinear time lag control system. The nonlinear controller presented in this paper not
only can guarantee the asymptotic stability of the closed-loop system, but also can enable the corresponding
closed-loop performance indicators to meet certain requirements of upper bound. Besides, the control function
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considered includes the linear function in the usual sense, which has more scope of application than before.
Therefore, research on control of such system has good practical significance.

4. Conclusions

A complete set of theoretical system which has become an important part of modern control theory is
gradually formed for the research of time lag system. Two systems—time-lag linear system and time-lag
nonlinear system are mainly considered in this paper to study the robust stability of a class of uncertain linear
time-lag system, guaranteed cost controller design for a class of uncertain nonlinear time-lag system and
robust stability & control problems a class of Lurie system. The main research results are summarized as
follows: for a class of uncertain linear time-lag system, time lag dependent stability conditions for the system is
given, and the time lag interval is divided into N interval parts with different energy functions defined in each
sub-space to construct a new Lyapunov functional. Later on, time lag dependent conditions for uncertain linear
time lag system is given with a form of linear matrix inequality. For a class of Lurie time-lag systems, robust
stability problems are discussed, and Lyapunov stability theory, linear matrix inequality and other tools are
used, moreover, the time lag partitioning is used to divide the time lag interval into N interval parts with
different energy functions defined in each sub-space to obtain the absolute stability condition based on linear
matrix inequality. What makes it different from the previous research is that the controller studied is nonlinear,
that the guaranteed cost controller for time lag state feedback in the time lag system obtained with LMI toolbox
is able to ensure both local asymptotical stability of the system and guaranteed cost upper bound satisfied by
the system.
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