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Abstract

Generally, a conventional optimal controller designed for a system cannot guarantee its performance
when the system is affected by uncertainties caused by modeling error, parameter change or external
disturbance. In order to address this problem, this thesis attempts to design a robust optimal controller
for uncertain systems. The focus of the research work is to design an optimal sliding mode controller
which can minimize the control input and ensures that its performance does not degrade even when the
system is affected by parametric uncertainty and external noise. The optimal controller is designed
by using classical optimal control algorithm. A sliding mode controller (SMC) is integrated with
the optimal controller to impart robustness. This thesis develops an optimal second order sliding
mode controller (OSOSMC) which can mitigate high frequency chattering present in conventional
first order sliding mode controllers. The optimal control law for linear systems is based on simple
linear quadratic regulator (LQR) technique. An optimal adaptive sliding mode controller is designed
for linear uncertain systems where the upper bound of uncertainty is unknown. For nonlinear systems,
extended linearization is used to represent it in a linear like structure having state dependent coefficient
(SDC) matrices and a state dependent Riccati equation (SDRE) based optimal controller is designed
for the nominal part. For nonlinear systems which cannot be represented as linear like structures, the
optimal control strategy is developed by using the control Lyapunov function (CLF). The second order
sliding mode strategy is realized by designing a non-singular terminal sliding mode control based on
the integral sliding surface.

Conventional SMCs cannot tackle the mismatched uncertainty. A disturbance observer based
OSOSMC is proposed here for nonlinear systems affected by mismatched uncertainties. The optimal
sliding mode controller is designed for both linear and nonlinear uncertain systems affected by matched
as well as mismatched types of uncertainties. Extensive simulation studies are conducted to evaluate

performance of the optimal second order sliding mode controller (OSOSMC) and compared with some



existing control schemes. The proposed OSOSMC design is extended to multi input multi output

(MIMO) systems also. Stability of the proposed controller is established by using Lyapunov’s criterion.
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1. Introduction

1.1 Introduction

Optimal control is an important area in modern control theory. Optimal control methodology
provides a systematic approach to design a controller which satisfies predefined performance criteria
like time minimization, cost minimization and error minimization. Optimal control is an well estab-
lished methodology and has been proposed for both linear and nonlinear systems. For designing an
optimal controller for linear systems, linear quadratic regulator (LQR) technique [12] is widely used
because of its simplicity and systematic structure of design. The LQR has been designed to solve both
finite and infinite horizon optimal control problems for linear systems by solving the algebraic Riccati
equation [I3]. Although designing an optimal controller for nonlinear systems is not as straightforward
as in the case of linear systems, a number of methods are available in literature for designing optimal
controller for nonlinear systems. One of the main approaches for designing an optimal controller for
nonlinear systems is to solve the Hamilton-Jacobi-Bellman (HJB) partial differential equation [I4].
Unfortunately, the HJB partial differential equation for nonlinear systems is difficult to be solved
analytically and it is computationally intensive due to its high dimension. In recent practice, the state
dependent Riccati equation (SDRE) [I5HI§] has been used to find solution for the optimal control
problem of nonlinear systems. Due to the systematic design approach, SDRE based optimal control
has gained wide attention within the control community. The SDRE based control methodology pro-
vides an extremely effective algorithm to design a nonlinear feedback control by accommodating the
nonlinearity in the system. In this method the nonlinear matrix is factorized into the product of a
matrix-valued function and the state vector. Hence, the nonlinear system is converted into a linear like
structure having state dependent coefficient (SDC) matrices [19,20]. The SDRE technique is used to
design an optimal controller for nonlinear systems similar to the LQR technique being used to design
an optimal controller for linear systems. In the case of SDRE technique, the weighing matrices are
dependent on the states of the system. Another effectively used method to design optimal controller
for nonlinear systems is the control Lyapunav function (CLF) based optimal control [2IH23]. Unlike
the Lyapunov function, the CLF is defined for the closed loop system. Sontag showed in [24] that if
the CLF could be found for the nonlinear system, there would exist a feedback controller to make the
system asymptotically stable. Moreover, CLF which solves the HJB equation also optimizes certain
performance index. So, if CLF exists for a nonlinear system, then there also exists a feedback con-

troller which stabilizes the nonlinear system and also optimizes certain performance criteria without
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actually solving the HJB equation. However, performance of an optimal controller is not guaranteed
when the system is not in its nominal state. If the system is affected by uncertainty, performance
of the optimal controller deteriorates and the system may even be led towards instability. In reality,
almost all physical systems are affected by uncertainty caused by modeling error, parameter variation
and external disturbances.

Designing an optimal controller for uncertain systems is a highly challenging task. Continuing
research in that area has led to design of robust optimal controllers. One such robust control method
is the Hy, suboptimal control [13] which is a well known technique to handle the uncertain system
while optimizing a defined performance criterion. Another popular way to make the optimal controller
robust is to integrate the optimal controller with some other controllers which exhibit robust behavior
towards uncertainty. In recent literature a number of such robust controllers like adaptive controller
[25,126], backstepping controller [27,28] and model predictive controller [29,30] have been proposed.
Nonconventional methods like neural network and fuzzy logic based controllers [3132] have also
evolved to tackle systems in uncertain environment. Still, demand for trivial details and complex
design procedure are major drawbacks of these methods. In the field of robust control, the sliding
mode control (SMC) [33H38] has drawn wide attention due to its inherent insensitivity to parametric
variations and external disturbances. The SMC has been successfully applied in diverse areas like
power converters [39], robotics [40], aircrafts [41], underwater vehicles [42] and spacecrafts [43]. The
SMC is a special case of variable structure control which originated in the 70’s [441[45]. Typically in
the SMC, the control input is realized in two steps. In the first step, the control input is designed
to bring the nominal system onto the sliding surface. This phase is called the reaching phase [46] of
the SMC and the control input designed for this phase is known as equivalent control [47]. In the
reaching phase, the system is sensitive to uncertainties affecting it. In the second step, a discontinuous
switching control is used to keep the system onto the sliding surface. After occurrence of sliding mode,
the system becomes immune to the matched uncertainty [46], which is in the range space of the input
matrix. In conventional sliding mode control, when sliding mode occurs, the system behaves as a

reduced order system with respect to the original model.
I. Optimal Sliding Mode Controller

The primary concern of designing an SMC is to stabilize the system in an environment where

uncertainties and external disturbances are dominant. In such cases, the main interest is the fast
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convergence of the system states which demands a high control gain to tackle uncertainties. However,
during nominal operation of the uncertain system, stability is not the only concern of controller design.
Performance criteria like minimization of the control input and fast convergence of the system states
also need attention during nominal phase of operation. Hence, when the system is far away from
the equilibrium where its nominal part is dominant, optimal control is a natural choice to drive the
system optimally towards the equilibrium. On the other hand, in the neighborhood of the equilibrium
where uncertainties are more dominant, the SMC fits in as an ideal controller to ensure robustness.
Though optimal control and SMC are two different types of control strategy, it is possible to combine
them. Combination of optimal control with SMC has given rise to optimal sliding mode control
(OSMC). Active research is continuing to design optimal sliding mode control as evident in literature.
J.Zhou et al. [48] proposed time optimal sliding mode control for hard disk drive. They used the time
varying sliding surface to take the system towards the origin in minimum time. Effort was made to
minimize the control effort for a linear system with matched uncertainty [49-53]. To design optimal
sliding mode control, the first step is to design the optimal control part for stabilizing the nominal
linear system while minimizing the given performance index. A popular method to design optimal
control for nominal linear system is LQR technique. To combine the LQR methodology with the
SMC, integral sliding mode control (ISMC) [54H56] has been used. Though the system’s order is not
reduced in ISMC, its main advantage is that it achieves robustness from the very beginning. As ISMC
has no reaching phase, the system is immune to matched uncertainties from the starting. Another
remarkable advantage of ISMC is that it can combine the SMC with different types of control strategy.
Like in linear systems, different methods are proposed to design optimal sliding mode control for the
nonlinear system too. In [57] state dependent Riccati equation (SDRE) based optimal controller was
proposed for uncertain nonlinear system. The control Lyapunov function based optimal control was
developed to design OSMC in [58]. In [59H61], an optimal sliding mode control design was proposed by
solving the two point boundary value problem. Hamiltonian method was used to design the optimal
control which was combined with the sliding mode control in [43,[62]. To minimize reaching time,
optimal sliding mode control was proposed by Jafarian and Nazarzadeh [39]. In this method, Jafarian
and Nazarzadeh designed the control law for infinite switching for the sliding mode control and then
depending upon this control constraint, they proposed the time optimal control based on Pontryagin’s

minimum principle.
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II. Chattering Mitigation

Though the optimal sliding mode controller (OSMC) counters the problem of high control gain
and guarantees robustness for uncertain systems, implementation of the OSMC becomes difficult due
to a major drawback known as chattering which is the high frequency chattering inherently present in
SMCs. The main cause behind chattering is the fast dynamics which is usually neglected at the time
of designing an ideal sliding mode. In ideal sliding mode, it is assumed that the switching frequency of
the controller is infinite. However, due to the inertia of the actuator and the sensor and the presence
of nonlinearity in the actual plant, switching in SMCs occurs at very high but finite frequency. As
an effect, the sliding mode occurs in the small neighborhood of the sliding surface which is inversely
proportional to the switching frequency of the controller. This high frequency switching in control
is known as chattering phenomenon. The chattering phenomenon has serious harmful affects on the
actuator as it leads to premature wear and tear or even breakdown of the system. A good number of
methods have been proposed in the recent past to prevent chattering in the SMC [13/63H66]. One way
to reduce chattering is to use the boundary layer technique where the sign function is approximated by
a saturation function and the sliding function converges and remains within the sliding layer [10,6364].
However, robustness of the controller has to be compromised in this method. However, the most recent
and efficient solution to eliminate chattering in the control input is the higher order sliding mode
control (HOSMC) methodology [ILBLI65,/66]. The HOSMC retains the prime features of conventional
SMCs and at the same time reduces chattering. For a r — th order HOSMC, the derivatives of the
(r—1)—th control input are continuous everywhere except on the sliding surface. In HOSMC, not only
the sliding manifold but its higher order derivatives also need to be zero [67H71]. However, the main
difficulty in a higher order sliding mode is its high information demand. Among HOSMC methods,
the second order sliding mode controller (SOSMC) [69,[72-76] is most widely accepted by the control
community as it requires lesser information to design the controller. One recent approach of designing
the second order sliding manifold is to combine two different sliding surfaces [77]. Commonly, a linear
hyperplane is used to design the switching surface in the SMC. But linear sliding surface is generally
unable to converge the system states to the equilibrium state in finite time. To achieve finite time
convergence of the system states, the terminal sliding mode [78-80] was proposed. Because of assured
finite time convergence, the terminal sliding mode controller has become increasingly popular among

designers in recent years. However, conventional terminal sliding mode control is usually associated
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with the singularity problem. To overcome this problem, nonsingular terminal sliding mode control
(NTSMC) was proposed [8[77,81]. The terminal sliding manifold has been combined with other sliding
manifolds to develop a higher order sliding mode control which has features like robustness, finite time

convergence and also reduces chattering in the control input.
1.2 Motivation

Literature reports that the OSMC is typically designed by combining the optimal controller with

the conventional first order SMC. As a result, following drawbacks are observed:

(i) The OSMC is affected by chattering phenomenon.
(ii) The OSMC cannot tackle the mismatched uncertainty.

(iii) Bound of uncertainty should be known apriori to design the OSMC.

Above challenges associated with SMC design triggered continuous efforts among researchers for
finding their solutions. To mitigate chattering in the conventional first order OSMC, effort is on
to use continuous switching. Boundary layer method and the second order sliding mode controller
(SOSMCQ) [74H76] are widely used for minimizing chattering in SMCs. In the boundary layer method, a
saturation function is substituted for the sigmoid function used for switching in SMCs. This degrades
the robustness which is the key feature of the SMC. The SOSMC has proved to be a better choice for
designing OSMCs to mitigate chattering.

Uncertainty which is not in the range space of the input matrix of the system is known as the
mismatched uncertainty. Conventional SMCs are not robust against mismatched uncertainties. How-
ever, research is continuing to design SMCs for controlling systems with mismatched uncertainties.
Kwan [4] developed a SMC strategy for linear systems with mismatched uncertainty. Choi [82-84]
proposed a linear matrix inequality (LMI) based SMC technique to handle mismatched uncertainty.
Integral sliding mode control has also been used to handle mismatched uncertainty [56}85,86]. SMC
based on output feedback was developed in [87,[88] for mitigating mismatched uncertainty. Recently,
the disturbance observer [11,[89] was proposed to estimate the mismatched uncertainty affecting a
nonlinear system and the estimation was used to design the SMC to stabilize the nonlinear system.

For designing SMCs, prior knowledge about the upper bound of the uncertainty is a necessary

requirement which is not always available in practice. In absence of the advance knowledge about
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the upper bound of uncertainty, the SMC gain is generally chosen quite high resulting in a large
control effort. On the other hand, if the SMC gain is chosen too small, the stability conditions may
not be satisfied. To estimate the unknown upper bound of uncertainties, adaptive techniques were
proposed using which a number of conventional and non-conventional control structures have been
developed [64,90-92]. Huang et al. [64] developed an adaptive SMC (ASMC) for the nonlinear system
with uncertain parameters [93,94]. Wai and Chang [90] proposed an ASMC using adaptive tuning
approach to deal with unknown but bounded uncertainty. In [9I] Wai proposed an ASMC where
an adaptive technique was utilized to relax the requirement of the bound on the lumped uncertainty
existing in the traditional sliding mode control. Plestan et al. [95] proposed an adaptive SMC where
the adaptive gain value was not over estimated. Adaptive technique is also proposed for higher order
sliding mode control [96-99]. In [92], Hu and Woo proposed a fuzzy supervisory sliding mode control
combining fuzzy logic and neural network for controlling robotic manipulators.

Attempts continue to persist in finding solution to the above-mentioned difficulties because of their
highly challenging nature. This thesis is also an attempt in that direction. The aim of this thesis
is to design a chattering free optimal sliding mode controller (OSMC) for both linear and nonlinear

uncertain systems. The controller is also improved to tackle matched and mismatched uncertainty.

1.3 Contributions of this Thesis

This thesis attempted to design a robust optimal control strategy with focus on control input
minimization and immunity against system uncertainty caused by parametric change or external

disturbance. As an outcome of this attempt, this thesis proposed the following:
I. First order optimal sliding mode controller for linear uncertain systems

The sliding mode is established if the switching gain is greater than upper bound of the matched
uncertainty. Hence, Prior knowledge about the upper bound of the matched uncertainty is an essential
prerequisite to design an OSMC. For designing an OSMC for linear systems having matched uncer-
tainty with unknown upper bound, an optimal adaptive sliding mode controller (OASMC) is proposed
here. To design the switching control, an adaptive tuning law is applied. The OASMC is designed for
both stabilization and tracking applications of the uncertain system. It is a challenge to design a first
order optimal sliding mode controller (OSMC) for linear systems affected by mismatched uncertainty.

This thesis proposes disturbance observer based OSMC for linear systems affected by mismatched
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uncertainty. The proposed optimal control law is based on simple linear quadratic regulator (LQR)
technique. The optimal controller is integrated with the SMC by designing an integral sliding surface
which is designed by using the disturbance estimation. A disturbance observer is used to estimate
the mismatched uncertainty. The proposed OSMC is applied for stabilizing linear systems affected by

mismatched uncertainty.
II. Optimal second order sliding mode controller for linear uncertain systems

An optimal second order sliding mode control (OSOSMC) method is proposed for linear uncer-
tain systems with an objective to minimize the control effort. The overall controller is obtained by
integrating a linear quadratic regulator (LQR) based optimal control technique with the second order
sliding mode controller. The optimal controller which minimizes the control input is imparted robust-
ness against uncertainties by combining it with the SMC. The second order sliding mode strategy is
realized by designing a non-singular terminal sliding mode control (NTSMC) based on the integral
sliding variable. The NTSMC also guarantees finite time convergence of the proposed integral sliding
variable and its first derivative. In this second order sliding mode control method, the discontinuous
control input is derived by using the first derivative of the control input. Actual control input is
obtained by integrating the discontinuous control input and hence becomes smooth and chattering
free. The OSOSMC is first designed for single input single output (SISO) linear uncertain system and

is further extended to decoupled multi input multi output (MIMO) linear uncertain system.

ITI. State dependent Riccati equation (SDRE) based optimal second order sliding
mode controller for nonlinear uncertain systems

Designing an optimal controller for nonlinear uncertain systems is still a challenge. To find an
optimal controller for nonlinear systems, the linear quadratic regulator (LQR) technique cannot be
applied. Here, extended linearization is used to convert the nonlinear system into a linear like structure
having state dependent coefficient (SDC) matrices. The control law for the nonlinear uncertain system
is obtained in two steps. For the nominal part of the system, a state dependent Riccati equation
(SDRE) based optimal controller is designed and for the uncertain part, a second order sliding mode
control (SOSMC) strategy is used. The state dependent Riccati equation (SDRE) based optimal
controller is designed similarly as linear quadratic regulator (LQR) based optimal control technique.
However in this case system matrix and input distribution matrix are state dependent. Hence, The

weighing matrices also chosen as state dependent matrix. To design OSOSMC, at first integral sliding
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variable is proposed to combine the optimal controller with SMC and then a NTSMC based on integral
sliding variable is designed to develop the second order sliding mode methodology. The advantage of
using nonlinear sliding surface like terminal sliding surface is that it converges the proposed integral
sliding variable in finite time. The OSOSMC is developed for stabilization and trajectory tracking of
nonlinear uncertain systems.

The chaotic system is a special case of nonlinear system exhibiting long term aperiodic behavior.
Chaotic systems are highly sensitive to initial conditions of the system. The proposed state dependent
Riccati equation (SDRE) based second order sliding mode controller is applied to stabilize certain
chaotic systems.

IV. Control Lyapunov function (CLF) based optimal second order sliding mode
controller for nonlinear uncertain systems

In practice, it is not possible to convert all nonlinear systems into linear like structure and design
SDRE based optimal controller. To handle such cases, an optimal control strategy is developed by
using the control Lyapunov function (CLF). For ensuring robustness of the designed optimal controller
in presence of parametric uncertainty and external disturbances, a second order sliding mode control
scheme is realized by designing a terminal sliding mode control based on an integral sliding variable.
The resulting second order sliding mode can effectively reduce chattering in the control input.

It is difficult to design a SMC when a nonlinear system is affected by mismatched uncertainty. A
disturbance observer based OSOSMC is proposed here for nonlinear systems affected by mismatched
uncertainties at the minimum expense of control effort. At first, CLF based optimal controller is
designed for the nominal part of the nonlinear system. A disturbance observer is designed to estimate
the uncertainty. After designing the observer, an integral sliding variable is proposed based on the
estimated values of uncertainty. To reduce the chattering phenomenon, the SOSMC is designed by

developing a NTSMC based on integral sliding variable.
1.4 Thesis Organization

The thesis is organized as follows.
Chapter 2: This chapter presents a first order optimal sliding mode control method for linear
systems affected by matched and mismatched uncertainties. The chapter contains two major sections.

In the first section a first order optimal adaptive sliding mode controller is designed for linear systems
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affected by matched uncertainty where upper bound is unknown. The switching gain is adaptively
tuned to design the sliding mode controller. Simulation studies demonstrate effectiveness of the
proposed controller for both stabilization and trajectory tracking problems. In the second part a
first order optimal sliding mode controller is proposed for linear systems affected by the mismatched
uncertainty. The optimal controller is designed for the nominal part of the system and is based on
linear quadratic regulator (LQR) technique. Then an integral sliding surface is designed based on the
disturbance estimation. A disturbance observer is applied to estimate the mismatched uncertainty.
From simulation result it can be concluded that the system states are bounded in spite of the presence
of mismatched uncertainty.

Chapter 3: In this chapter an optimal second order sliding mode controller (OSOSMC) is pro-
posed for linear uncertain systems. The optimal controller is designed for the nominal linear system
using LQR technique. An integral sliding variable is designed to integrate the optimal controller with
SMC to tackle the matched uncertainty affecting the linear system. As first order SMC contains unde-
sired high frequency chattering in the control input, a second order sliding mode control methodology
is proposed here by designing a non-singular terminal sliding mode control (NTSMC) based on the
integral sliding variable. The chapter is divided into three sections. In the first section an OSOSMC
is designed for the linear uncertain SISO system and applied for stabilization. In the second section,
output tracking of a linear SISO system affected by the matched uncertainties is discussed. In the
third section, the OSOSMC designed for the linear uncertain SISO system is extended to linear un-
certain decoupled MIMO systems and applied for stabilization. Simulation results confirm that the
proposed controller produces smother control input and requires lesser energy than some other existing
methods.

Chapter 4: This chapter explains the state dependent Riccati equation (SDRE) based optimal
second order sliding mode control (OSOSMC) strategy proposed for nonlinear uncertain systems
and studies its utility when applied for controlling a chaotic system. To design the SDRE based
optimal second order sliding mode controller for a nonlinear uncertain system, it should have linear
like structure. Using extended linearization certain nonlinear systems can be represented as linear
like structures having state dependent coefficient (SDC) matrices. The SDRE based optimal second
order sliding mode controller is designed for those systems. The optimal controller is proposed for

the nominal nonlinear system and then combined with a sliding mode controller by designing an
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integral sliding variable. A second order sliding mode control methodology is realized by designing a
NTSMC based on integral sliding variable. The proposed OSOSMC is applied to stabilize the chaotic
system which is a classic example of highly unstable nonlinear system. Some chaotic systems can be
represented as linear like structures for stabilizing which the proposed SDRE based optimal second
order sliding mode controller is successfully applied. Simulation results confirm effectiveness of the
proposed controller.

Chapter 5: In this chapter a control Lyapunov function (CLF) based optimal second order sliding
mode control is proposed for nonlinear systems affected by matched and mismatched uncertainties.
The chapter is divided into two main sections. In the first section the CLF based OSOSMC is
designed for nonlinear systems affected by the matched uncertainty using the integral sliding variable
based NTSMC in a similar manner as followed in previous sections. In the next section the CLF
based OSOSMUC is proposed for the nonlinear system affected by the mismatched uncertainty which
is estimated by using a disturbance observer. Extensive simulation study is conducted to validate
performance of the proposed optimal second order sliding mode control strategy.

Chapter 6: In this chapter conclusions are drawn based on the research work done and suggestions

for future directions of work in this area are outlined.
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2.1 Introduction

2.1 Introduction

In the field of robust control, sliding mode control (SMC) [33/[34,47] is highly appreciated due to its
inherent robust behavior towards the matched uncertainty [46], which is in the range space of the input
distribution matrix. Though the conventional SMC is strongly robust, it requires a high control input
as the gain of the controller needs to be higher than the upper bound of the uncertainty. But a high
control gain is undesirable as it may saturate the actuator and the cost of the controller also becomes
high. So, an optimal sliding mode controller (OSMC) [49H53] has been developed to tackle uncertain
systems with minimum expense of control energy. To develop an OSMC, the optimal controller is

incorporated with the integral SMC. However, the OSMC suffers from the following drawbacks:

e The bound of the matched uncertainty should be known apriori.

e It cannot tackle the mismatched uncertainty.

To design the switching control of sliding mode, upper bound of the matched uncertainly should
be known a priori. If the upper bound of the matched uncertainty is not known in advance, a
popular choice is to choose high gain switching which, however, increases the control energy. To
know the upper bound of the matched uncertainty, different adaptive tuning methods [64,90-H92]
have been proposed in the literature. But many a times the bound of the matched uncertainty is
over estimated, which is not desirable. In [95] Plestan et al. proposed an adaptive SMC to solve
the problem of over estimation. Another drawback of the conventional SMC is that it cannot tackle
the mismatched uncertainty. In recent literature, a few methods have been proposed to design sliding
mode controllers for systems affected by mismatched uncertainties. Some such methods are the output
feedback sliding mode controller [87,[88] and backstepping sliding mode controller [27,28] which have
been designed to handle mismatched uncertain systems. For linear systems affected by the norm
bounded mismatched uncertainty, the sliding surface was designed by solving the linear inequality
matrix in [82H84]. Observer based SMC has recently been proposed [11,89] to tackle the mismatched
uncertainty affecting the linear system. In [I1.89] a disturbance observer has been used to estimate
the mismatched uncertainty and design the sliding surface based on the estimation.

In this chapter two design approaches are proposed for uncertain linear systems using first order
optimal sliding mode controller. In the first design approach, a first order optimal adaptive sliding

mode controller (OASMC) is proposed for the uncertain linear system affected by the matched un-
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certainty whose upper bound is unknown. The optimal controller is designed for the nominal linear
system by using the LQR technique. Then an integral sliding mode controller is combined with the
optimal controller. As the upper bound of the matched uncertainty is not known, an adaptive law
is used to estimate the upper bound of the uncertainty which is needed for designing the switching
control. In the second method a first order optimal sliding mode controller (OSMC) is proposed for
linear systems affected by the mismatched uncertainty. The optimal controller is designed by using
the well established linear quadratic regulator (LQR) technique for the nominal linear system. Then
a disturbance observer is used to estimate the mismatched uncertainty and based on the estimation,
an integral sliding surface based sliding mode controller is integrated with the optimal controller.
The outline of this chapter is as follows. In Section a first order optimal adaptive sliding mode
controller (OASMC) is developed for the linear system affected by the matched uncertainty whose
upper bound is unknown. The proposed OASMC is applied for stabilization and tracking problems.
Simulation results confirm satisfactory performance of the proposed controller. In Section a first
order optimal sliding mode controller is proposed for the linear system affected by the mismatched
uncertainty. The designing procedure of the optimal controller using the LQR technique and the
sliding surface design based on the disturbance observer method are elaborated here. The proposed
controller is applied for stabilization problem. Simulation results validate the effectiveness of the

proposed controller.

2.2 First order optimal adaptive sliding mode controller for the lin-
ear uncertain system

In this section a first order optimal adaptive sliding mode controller (OASMC) is proposed for the
linear system affected by the matched uncertainty whose upper bound is unknown. LQR technique
is used to design the optimal controller for the nominal linear system and an integral sliding mode
controller is combined with the optimal controller to impart robustness. An adaptive tuning law is used
here to design the sliding mode controller. The proposed OASMC is designed for both stabilization

and tracking problems.
I. Stabilization problem

In stabilization, the system states are forced to converge to the equilibrium state. The proposed

OASMC is designed to bring the system states to the equilibrium state using minimum control effort.
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The design process is discussed in the following sections.
A. Problem statement
A linear uncertain system is defined as

i‘i(t):l‘zq_l(t), i:1,2,"' ,’I’L—l

Tn(t) = a1z1(t) + asxa(t) + - - + anxn(t) + bru(t) + Aax(t) + Abju(t) + wi(t)

y(t) = 21(t) (2.1)
z1(t)
za(t) | .
where x(t) = ' is the state vector, a1, a9, -+ ,a,, by are known integers and the pertur-
| (0 |
bation in system is defined as Aa = [Aa; Aay --- Aa,] and Aby. The disturbance of the system

is defined as wi(t). Uncertain part of the system is bounded and satisfies the matched condition but
the bound of the uncertainty is unknown. The output of the system is denoted by y(t).

The linear uncertain system (1) can be written as

z(t) = Az(t) + Bu(t) + AAx(t) + ABu(t) + w(t)

y(t) = z1(t) (2.2)
0O 1 0 0 0
s : 0
where A = and B =
0o o0 1
ar az -+ Qp b1

Uncertainties affecting the system are defined as

0 0 0

. . . 0 0

AA = ,AB=| o |,wt)=| o0
0 o - 0

Abl wl(t)
Aa; Aay -+ Aa,
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The objective is to design an optimal sliding mode controller for the above uncertain system to
achieve stabilization and tracking at the expense of minimum control input. An adaptive tuning law

is used to design a sliding mode controller with unknown upper bound of the matched uncertainty.
B. Optimal controller design

Optimal sliding mode control design is divided into two parts. In the first part optimal control
for the nominal system is designed and in the second part the sliding surface as well as the switching
control are designed. Hence the control input u(t) in equation (2.2]) is obtained as u(t) = uq (t) + ua(t)
where u; () is the optimal control applied to the nominal system and usy(t) is the sliding mode control
to tackle uncertainties.

The optimal control law for the nominal system is designed by using conventional linear quadratic
regulator (LQR) technique as discussed below.

Neglecting the uncertainties, the state equation of system (Z2) becomes
#(t) = Az(t) + Buy(t) (2.3)
The performance index to be minimized for the optimal control is defined as
J = /Ooo(m(t)TQa:(t) + uy (t)T Ruy (b)) dt (2.4)

where @ € R™™ and R € R are positive definite weighing matrices. The optimal control law wu (t) is
given by
uy (t) = —R'BT Px(t) = —Kx(t) (2.5)

where K = R7!BTP and P is a symmetric, positive definite matrix which is the solution of the

algebraic Riccati equation

ATP+PA+Q—-PBR'BTP=0 (2.6)
C. Adaptive sliding mode controller design

After designing the optimal controller, the uncertain system (2.2)) can be defined as
x(t) = Az(t) — BKz(t) + Bus(t) + AAx(t) + ABu(t) + w(t) (2.7)

To combine the optimal controller with a sliding mode controller (SMC), an integral sliding surface

16



2.2 First order optimal adaptive sliding mode controller for the linear uncertain system

s(t) is designed as

s(t) = C(t) — Cx(0) — /0 ClAz(r) — BKa(r)|dr = 0 (2.8)

where C € R, 2(0) is the initial state and C'B is considered as nonsingular. Here the upper bound
of the system uncertainty is unknown. So, the controller gain is designed using the adaptive law
proposed by Plestan et al. [95]. The adaptation law by Plestan et al. [95] guarantees a real sliding

mode. The gain ¥(¢) is found by using the following tuning law [95],

(1) — E|s(t)|sign(|s(t)| —e€), if ¥(t) > v; (2.9)
v if U(t) <w.

where Z > 0, € > 0 and v > 0 are very small with U(0) > 0. Parameter v is introduced to get only
positive values for W.

Hence, the control law uo(t) is designed as
us(t) = —(CB) 1 (t)sign(s(t)) (2.10)

The gain ¥(¢) has an upper bound meaning that there exists a positive constant U so that U(t) <
T, Vt > 0.
Stability analysis of the sliding surface

Let us consider the Lyapunov function V;(t) as

Vi) = %s(tf + %(w) ~ %) where T > 0
Vi(t) = s()s(t) + = (L(t) —0)¥()
= s(t)[CBus(t) + C(AAz(t) + ABu(t) + w(t))] +

= s(O) (=¥ (t)sign(s(t)) + C(z(t), u(t),w(t))) +

F () — )]s sign(|s(r)] ~ )
(W () = B)=ls (1) sign(ls(t)] —

(2.11)

1
T
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where ((z(t),u(t),w(t)) = C(AAz(t) + ABu(t) + w(t))

Vi(t) < —W()[s()] + C(a(t), ult), w(t))[s()] + %ow) — W)=s(t)|sign(|s(t)| — )
< —W()[s(t)] + C((t), ult), w(t))[s(t)] + Tls(t)] — V|s(t)]

%(qf(t) — W)E]s(t)]sign(|s(t)| — )

(Cla(t), ut), w(t)) = B)|s(t)] + (V(t) — T)(~|s(t)]

(Cla(t), u(t),w(t) — W)|s(t)] + (W(t) = U)(~]s(t)]

+Bu|W(t) — U| — Byl (t) — T

+

IA

Els(t)|sign(|s(t)] —€))

—|s(t)| +
—|s(6)] + =Els(0)]sign(|st)| - €))

IN
Bl =R~

where By > 0
Vi(t) < —(=Czt),ut),w(t) + 0)|s(t)] — Bo|¥(t) — U] — [¥ — T|(—|s(?)]
+Zls(0)lsign(ls(t)] o) ~ B)
< —Byls(t)| = By|¥(t) = U| T (2.12)
where
Bs = (=¢(x(t), ult),w(t)) + ¥) > 0 (2.13)
and
D= (t) — U|(~|s(t)] + %as(t)\signﬂs(t)\ —¢) — Bu) (2.14)

Suppose s(t) # 0. From the dynamics of ¥(¢) and for bounded uncertainty ¢(x(t),u(t),w(t)), it

follows that W(t) is increasing and there exists a time ¢* such that
U= U(") > (), ult'), w(t)) (2.15)

The proof is discussed in [95].
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Hence,

|5(t)] U (t) — |
—BV2 5 —Bw\/ﬁW—F

< — min{ﬂs\/i ,Bq;\/ﬁ}( [s()] +

Vi(t)

IN

U (t) — |
T

var Tt

&

(NI

< —BVE-T

where § = v/2min{f, Sy v/T}
Case 1. Suppose [s(t)| > €. Then from (2.14), it is found that T" is positive if

~s(t)] + Els(0)] — B > 0

or,
Els(?)]
T< ————— (2.16)
|s(t)] + B
It is always possible to choose Y such that the inequality condition ([ZI6]) is satisfied. Hence, it can

be written that

D=

Vi < —BVZ T

(NI

< —pv

Therefore, finite time convergence of s(t) to a domain |s(t)| < € is guaranteed.
Case 2. Suppose |s(t)| < e. So, I' can be negative. It signifies that V;(¢) would be sign indefinite
and it is impossible to conclude about the stability. Therefore, |s(t)| can increase over €. As soon as

) 1
|s(t)| becomes greater than €, Vi (t) < —5V,* and Vi (t) starts decreasing.
II. Tracking problem

In a tracking problem, the system response is made to follow certain desired trajectory. The ap-
proach here is to convert the system dynamic model into an error dynamic model in error coordinates.
Then the controller is designed in the error domain with an aim to converge the error to zero. Thus
the tracking control problem is easily converted to a regulatory control problem. Here an optimal
adaptive sliding mode controller (OASMC) is designed to track the desired system trajectory at the

expense of minimum control effort. The output y(¢) = z1(¢) is made to follow the desired trajectory
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2. Optimal first order sliding mode controller for linear uncertain systems

x41(t). The tracking error e(t) can be defined as

[ e1(t) |
e(t) = e2(t) =
) |
where ml(ill) (1), a;gl) (t), - xﬁﬁ_l)

BT O
w@) | | @
| a(®) || 25 |

system (2.2) can be expressed in the error domain as follows,

é1(t) i (1) () (1)
. és(t) i (t) 25 (1) 0
e(t) = = — g
EGIERERCE e || @i (t) + aza(t) -+ anza(t) + bru(t)
0 0 0
0 0
+ x(t) + 0 u(t) + 0
0 0 0
Abl w1 (t)
i Aa; Aas Aay, |
2 (t) o) (1)
_ z3(t) ) g (1)
a1 (t) asza(t) - ana(t) || ama(t) +asal) () + -+ analy V(1)
0 0 0
0 0 0
+ - + u(t)
| aizar(t) + angl) )+ + anxg{_l)(t) | ng) (t) | b1 |
0 0
+ x(t) + 0 u(t) + 0
0 0 0
Abl w1 (t)
i Aa; Aasg Aay, |

(t) are the first and successive time derivatives of x4 ().

(2.17)

Hence,

1
xgll)

2
xgll)

| iy
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eg(t) 0 0
63(25) 0 0
= + +
| arer(t) +azea(t) o+ anen(t) || arza(t) +agal) () + o +analy V) 2@ | [ b
0 0O --- 0
0 0
+ zt)+ | 0 |u(t)+ 0
0 0 0
Abl wl(t)
Aa; Aao Aa,
0O 1 0 0 e1(t) 0 0
ea(t 0 0
= () + u(t) +
0 0 1
a1 o ano ap | | eat) || b1 | a1zai(t) +a2x£lll)(t) c anménl_l)(t) - azgg)(t) ]
0 0 0
0 0
+ x(t) + 0 |ult)+ 0
0 o . 0
Abl wl(t)
Aa; Aay -+ Aa,
= Ae(t) + Bu(t) + A(t) + AAx(t) + ABu(t) + w(t) (2.18)
0
~ 0
Here A(t) = ' is a known matrix and it satisfies

i arwqr(t) + agméll) (t) 4+ anxglb_l)(t) _ xglb) )

the matching condition. So, it will be taken care while desigr-ling the sliding mode controller by

combining with the uncertainty.
The control input u(t) in (ZI8) is obtained as w(t) = uy(t) + ua(t) where ug(t) is the optimal
control applied to the nominal system and us(t) is the sliding mode control to tackle uncertainties.
The optimal control law wi(t) is designed by using the LQR technique for the nominal system.

Hence, neglecting the uncertainties, (Z.I8) takes the form

é(t) = Ae(t) + Bua(t) (2.19)
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2. Optimal first order sliding mode controller for linear uncertain systems

The performance index to be minimized for the optimal control is defined as

J= /Ooo(e(t)TQe(t) + uy ()T Ruy (t))dt (2.20)

where @ € R™*"™ and R € R are positive definite weighing matrices.

The optimal control law wuq(t) is given by
u1(t) = —R BT Pe(t) = —Ke(t) (2.21)

where K = R™'BTP and P is a symmetric positive definite matrix which is the solution of the

algebraic Riccati equation

ATP4+ PA+Q—-PBR'BTP=0 (2.22)
Now for the uncertain system (Z.I8]), an integral sliding surface is designed as
t
s(t) = Ce(t) — Ce(0) — / ClAe(r) + Buy(r))dr = 0 (2.23)
0
where C' € R ™ and CB is nonsingular. The sliding mode control us(t) is designed as
us(t) = —(CB) 1 (t)sign(s(t)) (2.24)

where U () is adaptively tuned controller gain [95]. The tuning law used for stabilization and discussed

in the previous section is also applied for the tracking problem.
III. Simulation Results

Let us consider the following mathematical model of a mass-spring-damper system,

0 1 0 0
z(t) = x(t) + u(t) +
-5 —=0.5 1 0.5sint
y(t) = a1(t) (2.25)
Here, state vector z(t) = [v1(t) x2(t)]T where z1(¢) is the position of the mass and xy(t) is the

velocity of the mass. The control input u(t) is the force applied to the system. System matrix

0 1
A= , input matrix B = and the uncertain part of the system is defined as
-5 —=0.5 1
0
Clx(t),u(t),w(t)) = . The initial condition is z(0) = [1 2]T

0.5sint
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2.2 First order optimal adaptive sliding mode controller for the linear uncertain system

The proposed first order optimal adaptive sliding mode controller (OASMC) is now used for sta-
bilization of the above linear uncertain system (2.25]).

For the stabilization problem, the weighing matrices Q and R in (2.4 are chosen as follows,

1 00
Q=101 0|, R=1
00 1

The state feedback gain matrix K in (23] for the given system is found as

K =10.0990 0.7033 |-

In the first order OASMC (2.8)), the value of C is chosen as [2 1]. Parameters in the gain adaptation
law (Z.9) are chosen as ¥(0) = 0.9, ==0.5, e =0.8, v = .08.
The performance of the proposed OASMC is compared with that of a conventional SMC. The

conventional sliding surface 6(t) = 0 is designed as

O(t) = Cx(t) = [2 1)z(t) =0 (2.26)

and the sliding mode control law u(t) is chosen as

u(t) = —(CB)~'CAx(t), 0(t) =0; (2.27)
—(CB)~tsign(6(t)), 0(t) #0.

The performance of the proposed OASMC is also compared with that of the integral SMC proposed
by Laghrouche et al. [I] which is described in Appendix[AJl The states 21 and x9 obtained by using
the proposed OASMC, the conventional SMC and the integral SMC proposed by Laghrouche et al. [I]
are shown in Figure 2.l The control inputs obtained by using these three controllers are shown in
Figure It is observed in these plots that although the convergence time taken by the states to
reach the origin is almost the same for all the controllers, the proposed OASMC spends lesser control
input compared to the other two controllers.

Now the output tracking problem for the same system (2.27]) is considered. The desired output

for tracking is chosen as z4;(t) = 0.5sin(v/5t). The system can be defined in the error domain as
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Figure 2.1: States obtained by applying the proposed OASMC, conventional SMC and integral SMC proposed
by Laghrouche et al. [I] to stabilize the linear uncertain system
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Figure 2.2: Control input obtained by applying the proposed OASMC, conventional SMC and integral SMC
proposed by Laghrouche et al. [I] to stabilize the linear uncertain system

0 1 0 0 0
é(t) = e(t) + u(t) + +

5 —05 1 0.5sint —5aqr (t) — 0.5z (1) — 22 (1)

(2.28)
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2.2 First order optimal adaptive sliding mode controller for the linear uncertain system

~ 0
where A(t) =

—5aa(t) — 0.525) (1) — 22 (#)
For the proposed OASMC, weighing matrices @ and R in (2.20) are chosen as follows:

100
Q=1010]| =1L
001

The state feedback gain matrix K in ([2.2I]) for the above controller is found as

K =10.0990 0.7033 |-

In the first order OASMC (2Z23)), the value of C is chosen as [2 1] and parameters in the gain
adaptation law (2.9]) are chosen as ¥(0) = 1.25, 2= 0.5, ¢ = 0.8, v = .08.
The proposed OASMC is compared with the conventional SMC whose sliding surface 6(¢) = 0 is

designed as

O(t) = Ce(t) =[2 1le(t) =0 (2.29)

and the sliding mode control law is chosen as

ult) = —(CB) 1 (CAe(t) + CA(t)), 0(t)=0; (2.30)
—(CB) Lsign(0(t)), 0 # 0.

The performance of the proposed OASMC is next compared with that of the integral SMC proposed
by Laghrouche et al. [I] discussed in Appendix[A ]l Figure[2:3shows the state 21 obtained by using the
proposed OASMC, the conventional SMC and the integral SMC proposed by Laghrouche et al. [I] for
the tracking problem. The control inputs obtained by using these controllers are shown in Figure 2.4
From these figures it is evident that the proposed OASMC uses lesser control input compared to
the other two controllers while offering similar convergence speed of the state. Tables 2] and
compare the control energies by computing the second norm of the control input till 20 sec for both

the stabilization and tracking problem applications. It is clear from Tables 2.1 - that the proposed

OASMC is able to reduce the control effort for comparable performance standard.
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Figure 2.3: State x1(t) obtained by applying the proposed OASMC, conventional SMC and integral SMC
proposed by Laghrouche et al. [I] for tracking the linear uncertain system
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Figure 2.4: Control input obtained by applying the proposed OASMC, conventional SMC and integral SMC
proposed by Laghrouche et al. [I] for tracking the linear uncertain system
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2.3 Disturbance observer based first order optimal sliding mode controller

Table 2.1: Comparison of control energy of conventional SMC, integral SMC proposed by Laghrouche et al. [1]
and the proposed OASMC for the stabilization problem

Method Control Energy
Conventional SMC 41.81
Integral SMC proposed by Laghrouche et al. [1] 22.59
Proposed OASMC 10.41

Table 2.2: Comparison of control energy of conventional SMC, integral SMC proposed by Laghrouche et al. [1]
and the proposed OASMC for the tracking problem

Method Control Energy
Conventional SMC 33.60
Integral SMC proposed by Laghrouche et al. [1] 25.56
Proposed OASMC 14.02

2.3 Disturbance observer based first order optimal sliding mode
controller

A first order optimal sliding mode controller is proposed for the linear system affected by mis-
matched uncertainty. The optimal controller is designed for the nominal nonlinear system using the
LQR technique as discussed in the previous section. As the sliding mode controller (SMC) cannot
tackle the mismatched uncertainty, it is estimated by using a disturbance observer. A first order

sliding mode methodology is proposed based on an integral sliding surface.
I. Problem statement

A nonlinear system with mismatched uncertainty is considered as given below:
#(t) = Az(t) + Bu(t) + gd(t) (2.31)

where x(t) € R™ is the state vector and u(t) € R is the control input. Further A, B are the system ma-
trix and input distribution matrix respectively. Moreover, d(t) represents the mismatched uncertainty
affecting the system as matrix ¢ is not in the range space of B.

Assumption: The disturbance d(t) is unknown but bounded and d(t) = 0.

The objective is to design a sliding mode controller for the system (231]) affected by the mismatched
uncertainty with minimum expense of control input. The control input u(t) is divided into two

parts. At first, the optimal controller u;(t) is designed for the nominal part of the system using LQR
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2. Optimal first order sliding mode controller for linear uncertain systems

technique. In the second part, the disturbance observer based sliding mode controller ug(t) is designed

to tackle the mismatched uncertainty.
II. Optimal controller design

Neglecting the uncertainty, (Z31]) takes the form
z(t) = Ax(t) + Buq(t) (2.32)
The performance index to be minimized for the optimal control is defined as

J= /0 T Q) + un ()T Ruy (1)) dt (2.33)

where () € R™*"™ and R € R are positive definite weighing matrices.

The optimal control law wu;(t) is constructed as
ui(t) = —R™'BTPx(t) = —Kux(t) (2.34)

where K = R7!BTP and P is a symmetric, positive definite matrix which is the solution of the

algebraic Riccati equation [100]

ATP4+PA+Q-PBR 'BTP=0 (2.35)
III. Sliding mode controller based on disturbance observer

An integral sliding mode controller (ISMC) is combined with the optimal controller designed above
to impart robustness. However, a conventional ISMC cannot tackle the mismatched uncertainty. So,

an integral sliding surface is designed based on disturbance estimation by using a nonlinear disturbance

observer (DOB) [11] defined as follows:

p(t) = —pgp(t) — plgpx(t) + Ax(t) + Bu(t)]

d(t) = p(t) + px(t) (2.36)

~

where d(t) denotes the estimation of the disturbance d(t). Further, p(t), p represent the internal state
of the nonlinear disturbance observer and the observer gain respectively. Here p is chosen such that

pg becomes positive definite. It implies that
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2.3 Disturbance observer based first order optimal sliding mode controller

éq(t) + pgea(t) =0 (2.37)

~

is asymptotically stable, where e4(t) = d(t) — d(t).
or,

lim ey4(t) =0 (2.38)

t—o0

The integral sliding surface s(t) = 0 is chosen as follows:

~

s(t) = Cla(t) — 2(0) — /O &(r)dr + gd(t)] = 0 (2.39)

where C'is a design parameter which is so chosen such that C'B is invertible and x(0) is the initial

state vector. Moreover, ®(t) is defined as

O(t) = Ax(t) + Buy(t) (2.40)

The sliding mode control is obtained as

us(t) = —(CB) Y (nsign(s(t)) + Cyd(t)) (2.41)

where 1 > 0.

Stability analysis of the sliding surface

The Lyapunov function is defined as

Vi(t) = %sz(t)
Vi(t) = s(t)s(t)

= s(t)(CAz(t) + CBus(t) + CBug(t) + Cgd(t)

o~

—CAx(t) — CBuy(t) + Cgd(t))

o~

= s(t)(CBuy(t) + Cgd(t) + Cgd(t))

= s(t)(—nsign(s(t)) — Cyd(t) + Cgd(t) + Cgd(t))
= s(t)(~nsign(s(t)) + Cyd(t) — Cy(d(t) — d(1)))
—als(t)] + Cad(t)|s(t)] ~ Cold(t) — d(t))]s(t)]

o~

—n|s(t)] + Cgd(#)[s(t)] — Cgea(t)|s()] (2.42)

IN

IN
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2. Optimal first order sliding mode controller for linear uncertain systems

o~

Now form (2.36), it can be found that d(t) = —pgeq(t).

Hence, the above equation can be written as

Vi(t) < —nls(t)] — Cgpgea(t)]s(t)] — Cgea(t)|s(t)]

—nls(t)| — [Cgea(t)||s(t)|(pg + 1) (2.43)

IN

The designed parameter p is chosen such a way that pg > 0 then n|s(t)| + |Cgeq(t)||s(t)|(pg +1) =

x > 0 . Hence,

Vi(t)

IN

—x|s(t)]

VD] a5 Vil) = 552(0) (2.44)

IN

Vi(t)
Therefore, finite time stability [I01] of the sliding surface is guaranteed.

IV. Simulation Results

Stabilization problem of a linear system affected by the mismatched uncertainty is considered as

given below:

d1(t) = @2(t) + d(t)

i3(t) = u(t) (2.45)

where mismatched disturbance d(t) = 0.6 is applied after 6 sec and initial state x(0) = [1 0 — 1]T.

To minimize the control input, performance index is chosen as

100
J= / oo 1 0 |2 +u2) | a (2.46)
0
0 0 1

Using the LQR technique, the feedback control uq(t) is found as

Ul(t):[3.1623 6.3333 4.7609 | z(t) (2.47)
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2.3 Disturbance observer based first order optimal sliding mode controller

Design parameters of the proposed disturbance observer based first order optimal sliding mode
controller are chosen as follows:

C=[2 3 1],p=[15 0 0] and n=0.6.

The performance of the proposed disturbance observer based OSMC is compared with that of a
disturbance observer based conventional SMC. The conventional sliding surface 6(¢t) = 0 is designed

as

O(t)=C(x(t) +gdt) =[2 3 1@t)+[1 0 0Tdt)=0 (2.48)

and the sliding mode control law u(t) is chosen as

o~

u(t) = —(CB) CAz(t) + 0.6sign(0(t)) + gd(t)] (2.49)

Disturbance observer for the conventional SMC is designed similarly as designed for the proposed
disturbance observer based OSMC.

The states obtained by using the proposed disturbance observer based OSMC and the disturbance
observer based SMC are shown in Figure The control inputs obtained by using these controllers
are shown in Figure It is observed in these plots that although the convergence time taken by
the states to reach the origin is almost the same for both the controllers, the proposed disturbance
observer based OSMC spends lesser control input compared to the disturbance observer based SMC.
However, it is observed that in the case of the proposed OSMC, the steady-state errors for z1(t) and

x2(t) are little higher that those of the conventional SMC.

N

States

States

_ . . . . . . . . I ol , . , . . . . . .
i) 2 4 6 8 10 12 14 16 18 20 D 2 4 6 8 100 12 14 16 18 20

Time (sec) Time (sec)

(a) Proposed disturbance observer based OSMC (b) Disturbance observer based SMC

Figure 2.5: States obtained by applying the proposed disturbance observer based OSMC and disturbance
observer based SMC

Table compares the control indices of both the proposed OSMC and SMC in terms of total

variation (TV) and control energy.
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Control input
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Figure 2.6: Control input obtained by applying the proposed disturbance observer based OSMC and distur-
bance observer based SMC

Table 2.3: Comparison of control indices of the proposed disturbance observer based OSMC and disturbance
observer based SMC

Method Total Variation (TV) | Control Energy
Disturbance observer based SMC 30.51 8.69
Proposed disturbance observer based OSMC 29.73 8.21

2.4 Summary

In this chapter, initially a first order optimal adaptive sliding mode controller (OASMC) is designed
for the linear system affected by matched uncertainty with unknown upper bound. Next, a disturbance
observer based first order optimal sliding mode controller is proposed for the linear system affected by
the mismatched uncertainty. In both these cases, the optimal controller is designed by using the LQR
technique for the nominal linear system and then an integral sliding mode controller is combined. An
adaptive gain tuning method is used to tackle the unknown upper bound of the matched uncertainty
for designing the OASMC. The proposed OASMC is applied for stabilization and trajectory tracking
problems. Compared to conventional SMCs and the integral SMC proposed by Laghrouche et al. [I],
the proposed OASMC spends lower control energy while maintaining similar performance standard.
In the second part of the work, a disturbance observer is used to estimate the mismatched uncertainty
and based on the estimation, the integral sliding mode controller is designed. The proposed controller
is applied for the stabilization problem and its performance is compared with a disturbance observer
based conventional sliding mode controller. From simulation results it is observed that the proposed
optimal SMC requires lesser control effort while offering almost similar performance as that of the

conventional SMC.
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

3.1 Introduction

In order to minimize the control effort required to control linear uncertain systems, optimal slid-
ing mode control (OSMC) technique [49H53] has evolved. In OSMC, the optimal control method is
integrated with a first order sliding mode controller (SMC) by designing an integral sliding surface.
However, the main drawback of the OSMC is the high frequency chattering which is inherent in the
sliding mode. Chattering occurs in the SMC due to the sign function in the switching control. To re-
duce it, boundary layer method [10,63,64] has been used where the discontinuous function is replaced
by a continuous approximation of the sign function. Drawback of this technique is that the robustness
of the sliding mode controller has to be partially compromised. A more effective method to reduce chat-
tering in the control input has been to use higher order sliding mode controllers (HOSMC) [113,65,/66].
HOSMC comprises all the advantages of the conventional SMC while at the same time it mitigates
chattering. Among HOSMC methods, second order sliding mode controller (SOSMC) [74H76] is widely
used because of its low information demand.

In this chapter, an optimal second order sliding mode controller (OSOSMC) is proposed for con-
trolling linear systems affected by matched uncertainties. An optimal controller [102] is designed for
the nominal part of the system by using the well established linear quadratic regulator (LQR) [12]
technique. To tackle the uncertainty, a second order sliding mode controller (SOSMC) is integrated
with the optimal controller by designing an integral sliding surface. The SOSMC strategy is developed
by designing a terminal sliding surface [77,[79] based on an integral sliding variable. The proposed
SOSMC mitigates chattering in the control input and also converges the sliding variables in finite
time. Apart from stabilization, the proposed OSOSMC is also applied for tracking problem where the
system is converted into the error domain. The OSOSMC is designed to converge the error to zero
using minimum control effort. The optimal sliding mode controller designed for the single input single
output (SISO) system is also extended for the decoupled multi input multi output (MIMO) system. To
demonstrate the effectiveness of the proposed controller, it is compared with other existing controllers
designed for similar purpose.

The outline of this chapter is as follows. In Section B.2] the design procedure of the optimal
second order sliding mode controller (OSOSMC) for stabilizing a single input single output (SISO)
linear uncertain system is explained. Output tracking of linear uncertain systems using the proposed

OSOSMC is discussed in Section In Section B4l an OSOSMC is designed to stabilize a linear
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3.2 Stabilization of linear uncertain single input single output (SISO) system

uncertain MIMO system. A brief summary of the chapter is given in Section

3.2 Stabilization of linear uncertain single input single output (SISO)
system

Stability is the main concern while designing a controller for an uncertain system. However, very
high control input increases the cost of the control system. Moreover, actuator saturation due to the
high control gain leads the system towards instability. Hence, minimization of the control input is
also a major demand for designing the control law. For achieving control input minimization while
ensuring stability of a linear uncertain system, an optimal controller is integrated with a second order
sliding mode controller (SOSMC). The design procedure of the proposed OSOSMC is discussed in the

following section.
I. Problem statement

Let us consider a linear uncertain system described as follows:

#(t) = (A+AA())x(t) + (B+ AB(t))u(t) + ((t)

y(t) = Cux(t) (3.1)

where x(t) € R™ is the measurable state vector, u(t) € R is the control input, AA(t), AB(t) are
parametric uncertainties and ((¢) is the exogenous disturbance affecting the system. Further, y(t) is
the detectable state vector and A, B, C' are known real constant matrices with appropriate dimensions.

Assumptions: The following are the assumptions made:

e A, B pair is controllable.

o All the states are observable.

e System uncertainties AA(t), AB(t) and disturbance ((t) are unknown but bounded and their
time derivatives exist. These uncertainties and disturbance satisfy the matching condition. So, it can

be written that

AA(t)z(t) + AB()u(t) + ((t) = Bd(t) (3.2)

where d(t) denotes the uncertain part of the system (B.]).
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

So, system (3.I]) can be written as

y(t) = Calt) (3.3)

The objective of the proposed control method is to design a robust optimal controller for the linear
uncertain system (3.3]). The specific aim is to realize stabilization for the linear uncertain system (3.3])
at the expense of minimum control input. To achieve this goal, an optimal controller is combined with

the sliding mode control (SMC). The control input u(t) is obtained as
u(t) = u1(t) + ua(t) (3.4)

where w1 (t) is the equivalent control required to bring system (B.3]) onto the sliding surface. The
equivalent control is designed for the nominal part of the system using optimal control strategy.
Further, us(t) is the switching control which keeps the linear uncertain system (B.3]) onto the sliding

surface and leads the system states towards the equilibrium.
II. Optimal controller design

At first the optimal control w;(t) is designed for (3.3) considering nominal condition. Hence,

neglecting the uncertain part, ([3.3) becomes

@(t) = Ax(t) + Buy (t) (3.5)

The performance index J is defined as

J= /0 h (27 () Qx(t) + ui (t)Rua(t)] dt (3.6)

where Q € R™"™ and R € R are a positive definite weighing matrix. The optimal control law

u1(t) is obtained as

ui(t) = —R BT Px(t) = —Kx(t) (3.7)

where K = R™'BTP and P is a symmetric, positive definite matrix which is the solution of the

algebraic Riccati equation [100]
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3.2 Stabilization of linear uncertain single input single output (SISO) system

ATP+PA+Q—-PBR'BTP=0 (3.8)

The nominal system (3.3)) is stabilized by the optimal control u4(¢) which is obtained by minimizing
the performance index (3.6]).

Remark 1: In (3.6]), weighing matrices @ and R need to be chosen suitably to find the optimal
control law ensuring the stability of the system.

Remark 2: To design an optimal control law, full knowledge of the system is considered as nec-
essary requirement. If the system is affected by uncertainties and disturbances, the optimal controller
loses its effectiveness. An effective method to tackle uncertainties is to integrate the optimal controller

with the sliding mode control (SMC) to ensure robustness.
III. Sliding mode controller design

In order to stabilize the linear uncertain system (3.3]) with minimum control effort, the optimal
controller is integrated with the SMC. The integration of the optimal controller with the SMC is
realized by designing an integral sliding surface. The optimal control strategy described in the earlier
section can be easily incorporated into an integral sliding surface based SMC [103] as explained below.

Conventionally, integral sliding variable s(¢) [57] is defined as

s(t) =G [az(t) — 1z — /Ot @(T)dT:| (3.9)

where G is a design parameter chosen in such a way that GB is invertible, xg is the initial condition

and

o(t) = Azx(t) + Buq(t) (3.10)
Hence,
$(t) = Glat) - ¢(1)] (3.11)

Then by using (3.3) and (3.10), (B.II) can be written as

§(t) = G[Az(t) + B(ui(t) + us(t)) + Bd(t) — Ax(t) — Buy(t)]

= G|[Bus(t) + Bd(t)] (3.12)
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

As the reaching phase is eliminated in the conventional integral sliding mode control (ISMC) [103],
the system is onto the sliding manifold from the very beginning. In the ISMC, the switching control

is designed based on n—reachability condition defined as

5(t) < —psgn(s(t)) (3.13)
where p > 0 and
1, s(t)>0
sgn(s(t)) =4 -1, s(t) <0 (3.14)
0, s(t)=0

So, from (B12) and BI3) it is found that

us(t) < —(GB) ™! [psgn(s(t)) + GBd(t)] (3.15)

From (B.15) it is clear that the switching control us(t) of conventional ISMC is influenced by the
sign function of the sliding variable. Due to the sign function, chattering is prevalent in the control
input uy(t). The chattering in control input degrades the performance of the sliding mode controller.
To reduce this chattering phenomenon, second order methodology is proposed here. The proposed
second order sliding mode controller is designed in two steps. In the first part, an integral sliding

variable s(t) is proposed as follows,

s(t) =G [m(t) - /0 t@(T)dT] (3.16)
with

i(t) = G [Bua(t) + Bd(t)] (3.17)

In the proposed integral sliding variable (8.I6]), initial condition z( is eliminated as the design
procedure does not require information about initial states. Unlike the conventional ISMC, in the
proposed ISMC, the system is not onto the sliding surface from the very beginning. In order to bring
the system onto the sliding surface in finite time, a nonsingular terminal sliding mode controller is
designed based on the proposed integral sliding variable s(¢). The integral sliding variable based ter-

minal sliding mode controller imparts second order sliding methodology which reduces the chattering.
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3.2 Stabilization of linear uncertain single input single output (SISO) system

Moreover, the integral sliding mode based terminal sliding variable converges to zero in finite time.

The nonsingular terminal sliding surface [77.[79] is defined as

o(t) = s(t) + 65(t)% =0 (3.18)

where ¢ is the switching gain chosen such that

5>0 (3.19)

and «, B are selected in such a way that these satisfy the following conditions:

a,B € {2n+1: nisaninteger} (3.20)

and

1< % <15 (3.21)

The integral sliding variable s(¢) based nonsingular terminal sliding surface o(t) = 0 gives rise to a

second order SMC. Using the constant plus proportional reaching law [104] yields

a(t) = —msgn(o(t)) —e1o(t) (3.22)

where 17 > 0 and 1 > 0. Taking the first time derivative of the terminal sliding variable o (t) gives

5—1(@%)2-% +35(1)) (3.23)

=0 onlyfor 5(t)=0 (3.24)
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

Further, from 3.19), (3:20) and ([3:24]), it can be observed that the term 5%5(75)%_1 in (3:23)) is
always positive and hence can be substituted by a scalar 7o > 0 for $(t) # 0. Hence ([B.23) can be

written as

g

sa

Substituting the value of ¢(t) from (B3.:28]), (3:22) can be expressed as

o(t) = m(—5(t)° % + 5(t)) (3.25)

M L-5(67F +5(0) = ~msgn(o(1)) - @10 (1)
or, Es'(t)Q—% +5(t) = —nsgn(a(t) — ea(t) (3.26)

where n = Z—; >0and e = ;—; > 0. Then ([B.20) can be rewritten as

§(t) = —nsgn(o(t)) —eo(t) — %S(t)Q_% (3.27)
Differentiating (8.17) gives rise to
i) = G [Ba2(t) + Bd(t) (3.28)

Hence from [B3.27) and (B.28)), the switching control law is designed as follows:

ug(t) = —/0 (GB)™! [55(7)2_% + nsgn(o(1)) + 50(7’)] dr (3.29)

where the design parameters 7 and e are chosen in such a way that |GBd(t)| < n [66] and & > 0.
Theorem 1: The sliding variables converge to zero in finite time if the second order sliding

variables are chosen as (3.16]), (3.I8) and the control law is designed as
u(t) = ui(t) + ua(t) (3.30)

where u1(t) is the optimal control defined in ([B.7) to stabilize the nominal system and wus(t) is the
switching control defined in (3.:29]).

Proof:
In the following proof finite time convergence of sliding variable o(t) is established first and then it

is shown that the convergence time of the integral sliding variable s(t) is also finite. The Lyapunov
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3.2 Stabilization of linear uncertain single input single output (SISO) system

function is considered as

Vi(t) = %0(15)2
Vi(t) = o(t)o(t) (3.31)
Using (323) and B328) in (331) yields
O = olst)+ 5085
= o()[s(t) + %55’(75)%—1(03@2(75) + GB(t))] (3.32)

Taking derivative of ua(t) in (3:29) and substituting in (3:32)) yields

A0 = o(ols)+ 5807 (550 — nsgn(a(t)  eo(t) + GBd(1)
= o[04 (“usgn(o(t) — <o (t) + GBA()
= 2503 o0l — <ot + oG]
< 2508 o0l - otPe + o (O][GBd)]
< 2508 o0 - lo@)le +1GBd0) o)
< =208+ lo(0)l — [GBd0) o)
< —klo(t)| (3.33)

where k = %é(t)%_l[n + |o(t)e — |GBd(t)|], which is a positive integer as n > |GBd(t)| and ¢ > 0.

Moreover, in [66] Wang et al. showed that é%_l(t) > 0 for |s(t)| # 0. So, k > 0 when |s(t)| # 0.

Hence,
. 1
Vi < —r[\/2Vi| as Vlzia(t)Q (3.34)
< —®|V/Vi| where ®=k[V2|>0 (3.35)

Hence, the finite time convergence [I0I,105] of sliding variable o(¢) to zero is guaranteed.

Moreover, it can also be proved that the integral sliding variable s(¢) converges to zero in finite
time. Suppose in time t,, o(t) reaches zero from o(0) # 0 and o(t) = 0V t > t,.. So, once o(t)
reaches zero it remains at zero and based on ([B3.33)), s(t) will converge to zero in time t5. The total

time required from o (0) # 0 to s(ts) can be calculated as follows:
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

From (BI8), it follows that

s(t)+65(t)5 = 0
or. (5)7 = —(mH*
or, Ls(h)F = —i(t)

As «, 3 are chosen according to ([3.20) and ([B.21)), (3.36) can be written as

1 g ds(t)
5—§S(t) a = dt
or, Lﬁdt = — ds(tg

O s(t) o

ts S(ts)
or,/ dt = —52/ ds(tg
tr s(tr) s(t)a

o, ty—ty = ————dn [s(t)"T —s(t) |

At time t, sliding variable s(ts) = 0. So, (337 gives rise to

o B a—f
- _ﬁéas(tT) a

Hence, s(t) and $(t) converge to zero in finite time.

ts = tr +

(3.36)

(3.37)

(3.38)

Remark 3: It is observed from (3.:29) and (B.I7) that ¢ is a parameter which determines the

control input which in turn decides the convergence rate of the sliding variable. It is evident that a

high value of € will force the system states to converge to the origin at a faster rate. Consequently,

it will demand a very high control input which is not feasible in most practical situations. Thus the

parameter € cannot be selected to be very large. In practice, € is to be chosen appropriately by striking

a balance between the response speed and the magnitude of the control input.

IV. Simulation results

To demonstrate the effectiveness of the proposed optimal second order sliding mode controller,

simulation studies are conducted for stabilization of the inverted pendulum system and triple integrator

system.
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3.2 Stabilization of linear uncertain single input single output (SISO) system

Example 1. Stabilization of the inverted pendulum system

The inverted pendulum system is shown in Figure B where

]

— T

Figure 3.1: Inverted pendulum system

the cart having mass M is displaced by an amount of r due to the external force u. As a conse-
quence, the pendulum with mass m mounted on the cart has an angular displacement 6. The length
of the pendulum is 2/ and I represents the inertia of the pendulum.

The state space model of the inverted pendulum system described above is given by [2]

T 0 0 1 0 T 0
i 0 0 0 1 s 0
= + (u(t) + d(t)) (3.39)
i 0 —1.933 —1.987 0.009 o 0.320
T4 0 36.977 6.258 —0.173 T4 —1.009

where states x1(t), z2(t), x3(t) and z4(t) represent the cart displacement r, angular displacement
of the pendulum @, cart velocity 7 and angular velocity of the pendulum 0 respectively. Further, d(t)
is the external disturbance chosen as 1.5sin(nt/3) + 2cos(t). The problem is to stabilize the above
system (B39) with the minimum control input.

To minimize the control input, the performance index J is chosen as
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

10 0 0 O
el I 0 1 00 T
J :/ x (t) x(t) +uy (¢)0.1uy (t) | dt (3.40)
0 0 010
0 0 01

Using the LQR technique, the feedback control uq(t) is found as

Ul(t):[—lo.oo —117.16 —10.78 —19.93 | z(?) (3.41)

Design parameters of the proposed optimal second order sliding mode controller (OSOSMC) are
chosen as follows:

G=[000 1,a=78=5,§=0.15 n=15and ¢ = 0.0l

The simulation results obtained by applying the proposed optimal second order sliding mode
controller (OSOSMC) are compared with those obtained by using the compensator-based second
order sliding mode controller (CSOSMC) designed by Chang [2]. The compensator-based second
order sliding mode controller (CSOSMC) is discussed in Appendix The states x1(t), x2(t) and
the control inputs obtained by applying the proposed OSOSMC and the compensator-based SOSMC
proposed by Chang [2] are shown in Figures 3.3 and Figures respectively.
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—Proposed OSOSMC
-03 | ! | | | . |=--Compensator-based SOSMC|[2]
' 1 2 3 4 5 6 7 8 9 10

Time (sec)

Figure 3.2: State z1(t) obtained by applying the proposed OSOSMC and compensator-based SOSMC proposed
by Chang [2]

0.2 —Proposed OSOSMC
, ---Compensator-based SOSMC [2]
0.15r..' =
0.13

0.05

States
o

-0.05
-0.1

—-0.15

Time (sec)

Figure 3.3: State x2(¢) obtained by applying the proposed OSOSMC and compensator-based SOSMC proposed
by Chang [2]
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1
5 5 N
g
g
E
o 0 n
-5 \ \ \ \ \ \ \ \ \

0 1 2 3 4 5 6 7 8 9 10

Time (sec)

Figure 3.4: Control input obtained by applying the proposed OSOSMC

Control input

|
w

1 2 3 4 5 6 7 8 9 10

Time (sec)

Figure 3.5: Control input obtained by applying the compensator-based SOSMC proposed by Chang [2]

In order to evaluate the controller performance, the total variation (TV) [106] of the control input

u(t) is computed as follows:

TV = i1 (t) — uq(t)| (3.42)
=1

where n is the number of samples. Also, the energy of the control input u(t) is calculated by using
the 2-norm method. Table B.1] shows the TV and the 2-norm of the control input calculated for the

period from 0 to 10 sec with a sampling time of 0.1 sec. It is clear from Table B.] that the proposed
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3.2 Stabilization of linear uncertain single input single output (SISO) system

OSOSMC is able to produce a smoother control input with substantial reduction in the control effort

than the CSOSMC proposed by Chang [2].

Table 3.1: Comparison of Control Indices for Inverted Pendulum

Method Total Variation (TV) Control Energy
Proposed OSOSMC 29.36 65.20
CSOSMC [2] 111.95 115.78

Although stabilization of the uncertain system with minimum control input is the main aim of the
controller design, satisfactory transient and steady state performances of the controlled system are also
very much desired. Transient performance specifications like rise time, settling time and steady state
performance index like steady state error are compared for the proposed OSOSMC and CSOSMC [2]
which are tabulated in Table From it is evident that the proposed OSOSMC exhibits superior
performance than Chang’s CSOSMC [2].

Table 3.2: Comparison of Performance Indices for Inverted Pendulum

. . OSOSMC | CSOSMC [2]
Performance specification
I xI9 I )
Rise time (sec) 0.83 0.27 | 0.22 0.08
Settling time (sec) 0.70 0.19 | 1.70  1.54
Steady state error 0 0 0.045 0.005

Example 2. Stabilization of triple integrator system

The triple integrator system affected by uncertainty [4] is described as

y(t) = 1(t) (3.43)
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

where z1(t), x2(t), x3(t) are three states of the system and wu(¢) is the control input. The matched
uncertainty of the system is denoted as d(t) = sin(10z;) and the output of the system is y(t). To

minimize the control input, the performance index is chosen as

100 0
J= / SO 0 1 0|2 +a20) | dt (3.44)
0
0O 0 1

Using the LQR technique, the feedback control u(t) is found as

Ul(t):[3.1623 6.3333 4.7609 | x(t) (3.45)

Design parameters of the proposed optimal second order sliding mode controller (OSOSMC) are
chosen as follows:

G=[0 0 1,a=7,8=5,0=0.15 n=12and ¢ = 0.01.

The simulation results obtained by applying the proposed optimal second order sliding mode con-
troller are compared with those obtained by using the second-order sliding mode controller (SOSMC)
designed by Defoort et al. proposed in [3] and Mondal and Mahanta proposed in [4]. These two con-
trol methods are discussed in Appendix and [A.4l System states obtained by using the proposed
OSOSMC are compared with the states obtained by using the second-order sliding mode controllers
(SOSMCs) proposed by Defoort et al. [3] and Mondal and Mahanta [4] in Figures -B8 The

control inputs are compared in Figures [3.943.11]

(— 10 wa(t) - @)

0.5 i

.......

States
o
=7
d

_10 2 4 6 8 10 12 14 16 18 20

Time (sec)

Figure 3.6: States obtained by applying the proposed OSOSMC
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Figure 3.7: States obtained by applying the SOSMC proposed by Defoort et al. [3]
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Figure 3.8: States obtained by applying the SOSMC proposed by Mondal and Mahanta [4]
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Control input
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Figure 3.9: Control input obtained by applying the proposed OSOSMC

Control input
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40 2 4 6 8 10 12 14 16 18 20
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Figure 3.10: Control input obtained by applying the SOSMC proposed by Defoort et al. [3]
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Control input
(@]

—_ | | | | | | | | |
2O 2 4 6 8 10 12 14 16 18 20

Time (sec)

Figure 3.11: Control input obtained by applying the SOSMC proposed by Mondal and Mahanta [4]

Table B3] shows the TV and the 2-norm of the control input calculated for the period from 0 to 20
sec with a sampling time of 0.1 sec. It is clear from Table that the proposed OSOSMC is able to

produce a smoother control input with substantial reduction in the control effort than the SOSMCs

proposed by Defoort et al. [3] and Mondal and Mahanta [4].

Table 3.3: Comparison of Control Indices for Triple Integrator System

Method Total Variation (TV) Control Energy
Proposed OSOSMC 9.80 17.53
SOSMC proposed by Defoort et al. [3] 2393.00 67.74
SOSMC proposed by Mondal and Mahanta [4] 12.67 18.88

Transient performance specifications like rise time and settling time are compared for the proposed
OSOSMC and SOSMC proposed by Defoort et al. [3] and Mondal et al. [4] which are tabulated in

Table 3.4l The comparison shows that the proposed OSOSMC exhibits superior performance than
SOSMCs proposed by Defoort et al. [3] and Mondal and Mahanta [4].
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Table 3.4: Comparison of Performance Indices for Triple Integrator System

Performance
specification

Proposed OSOSMC

SOSMC proposed by
Defoort et al. [3]

SOSMC proposed by
Mondal and Mahanta [4]

Rise time (sec) 2.6 3.0 2.8
Settling time (sec) 4 7.4 6.8
Steady state error 0 0 0

3.3 Tracking of linear uncertain single input single output (SISO)
system

Trajectory tracking by the uncertain system is another challenging problem. To design the tracking
controller, the system is represented in the error domain and the controller is designed to converge the
error to zero. Thereby the tracking problem is converted into a regulatory problem and the OSOSMC

is designed in the error domain.
I. Problem statement

Let us consider an uncertain linear system given by

zi(t) =z (t) i=1,2,--- ,;n—1
I (t) = az(t) + bu(t) + d(t)
y(t) = 21(t) (3.46)
1 (t)
(1)
where ' = z(t) € R" is the state vector, u(t) € R is the input and a is a row vector defined
xi(t)
Zn(t)

as a = a1 a i ap)]. Further, elements a1, ag, --- a, are known and b is a known integer. The
system output is y(¢) € R and uncertainty affecting the system is denoted by d(t).

Assumption:
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3.3 Tracking of linear uncertain single input single output (SISO) system

e It is assumed that the bounded uncertainty d(t) satisfies the matching condition and its first
time derivative exists.

The objective is to design a controller for trajectory tracking of the linear uncertain system (3.40)
with minimum control expense. To achieve this target, a robust controller is designed by combining
the optimal controller built for the nominal linear system with a second order sliding mode controller.
As such, the control input u(t) is obtained by combining two different control laws and can be defined

as

u(t) = uy(t) + ua(t) (3.47)

where wuq(t) is the optimal control designed to track the nominal system and the control input ug(t)

is a second order sliding mode controller which is designed to tackle uncertainties in the system.
II. Optimal controller design

The optimal controller is designed for the nominal system by neglecting the uncertain part. So,

system (3:46) can be written as

ii(t):xi+1(t) i:1,2,"- ,Tl—].
Tn(t) = az(t) + buy (t) (3.48)

The proposed objective is to track the output of the system (y(t) = x1(t)) along the desired

trajectory x4(t). So, the tracking error is defined by

e1(t) x1(t) xq(t)
= | 0| | 0| xfﬁ?(t) 5.9
L) | [ ] [0
where xél)(t),ng) (t),--- ,a:l(in_l)(t) are the successive derivatives of the desired trajectory x4(t).

The error dynamics can be defined as
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éx(t) 0 2D (1) 2o (t)
. éa(t) 0 2P (#) z3(t)
e(t) = = — =
L) | [ i@ | | 20@) || @ (t) + asza(t) -+ anza(t) + bus(t)
(1) 2 (1)
- z3(t) 2P (#)
| a1 (t) + agwa(t) -+ anwn(t) || a1wa(t) + agx((il)(t) ++ anxgln_l)(t) |
0 0 0
0 0 0
+ - + uy (1)
| arza(t) + a4t axd V) | 20 ] | o]
01 0 0 e1(t) 0 0
€9 t 0 0
= “ + uy () +
0 0 1
K an-1 @n | | en(t) | I b | I ayxq(t) —I—aga:l(il)(t) e —I—ana:((in_l)
= Ae(t) + Buy () + A(t)
0 1 0 0 0
0
where A = , B =
0 0 1
al Ap—1 GQn b
0
~ 0
and A(t) =
i ala:d(t) + (Igl‘g)(t) +-+ (Inl‘l(jn_l)(t) - xgln) (t) |

(t) —

2 (1)

(3.50)

Further, g(t) is in the range space of the input distribution matrix B and it is taken care of by the

sliding mode controller to be designed in the next section. Hence, to design an optimal controller, the
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nominal part of the error dynamics (3.50) is written as
é(t) = Ae(t) + Buy(t) (3.51)
To minimize the control effort, the performance index is chosen as
J= /OOO{eT(t)Qe(t) + ul () Ruy (t) }dt (3.52)

where Q € R™ ™ and R € R are a positive definite weighing matrix. Using the LQR method, the

optimal control law wu4(t) is obtained as

uy(t) = —R™' BT Pe(t) (3.53)
where P is a symmetric, positive definite matrix which is the solution of the algebraic Riccati
equation (B).

III. Sliding mode controller design

In presence of uncertainties, the error dynamics can be defined as
é(t) = Ae(t) + B(ui(t) + ug(t)) + A(t) + d(t) (3.54)

In order to track the linear uncertain system (B.54) with minimum control expense, the optimal
controller is combined with the SOSMC. The design procedure of the SOSMC is similar as described
in Section

The integral sliding surface is designed as

s(t) =G [e(t) - /O tcp(T)dT] =0 (3.55)

where G is chosen such that GB is invertible and
O(t) = Ae(t) + Buy (t) (3.56)
The non-singular terminal sliding surface is designed as

o(t) = s(t) + 65(t)% =0 (3.57)

where 9, o and S satisfy the conditions discussed in B.19 to B.2Il To tackle the uncertainties, the
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switching control uy(t) is designed as

us(t) = — /0 (GB)™! [%sm?‘g +nsgn(o(r)) + eo(r)| dr (3.58)

where 1) > |A(t) + d(t)| and & > 0.
IV. Simulation results

To demonstrate the effectiveness of the proposed OSOSMC, tracking control of a magnetic levita-
tion (maglev) system is considered. The proposed OSOSMC is applied for suspension control of the
magnetic levitation (maglev) vehicle model [5].

The system dynamics of the maglev [5] is described by

i(t) = [A + AA(L)]z(t) + [B + AB(L,)]u(t)

y(t) = Cx(t) (3.59)
21 (t) 0 1 0 0 0 0
where z(t) = i (t) |, A= 0 0 1 , AA = 0 0 0 )
Z1(t) 57000 1938 —16 —57000L, 1624L, 16L,
0 0
B = 0 , AB = 0 ,C= [ 1 00 }
—14.25 14.25L,

Further, L, is the parametric uncertainty considered as —% <L, < % The problem is to track the
output y(t) = x1(t) which is the vertical displacement of point mass. The output is expected to follow
the desired trajectory x4(t).

The objective is to track the desired trajectory with minimum control effort. At first, the desired

trajectory is considered as x4(t) = 1 having all its time derivatives as zero. So, the tracking error is

defined as
e1(t) z1(t) 1
e(t) = | ea(t) | = | x2(t) | = | O (3.60)
e3(t) x3(t) 0

The performance index J is chosen as
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3.3 Tracking of linear uncertain single input single output (SISO) system

100
J= / I o 1 0| etr) +ul (P ()| dr (3.61)
0
0 0 1

Using the LQR . technique, the feedback control u(t) is found as

Ul(t):|:8000 438.3 119.12 6.9 |e(?) (3.62)

Design parameters of the proposed optimal second order sliding mode controller (OSOSMC) are
chosen as follows:

G=[0 0 1,a=7,8=5,0=0.15,7=6 and ¢ = .3.

The results obtained by applying the proposed optimal second order sliding mode controller (OS-
OSMC) are compared with those obtained by using the robust output tracking control designed by
Shieh et al. [5] which is discussed in Appendix [A.5l The output y(t) = z1(t) and the control in-
puts obtained by applying the OSOSMC and the controller proposed by Shieh et al. [5] are shown in
Figure It is observed that the proposed OSOSMC can successfully track the desired trajectory
whereas the controller proposed by Shieh et al. [5] is unable to track the desired trajectory faithfully.

Moreover the control input in the case of Shieh et al.’s controller [5] contains considerable chattering.
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Figure 3.12: Tracking of the maglev system for desired trajectory z4(t) = 1 using proposed OSOSMC and
the method proposed by Shieh et al. [5]

Next, the desired trajectory is chosen as x4(t) = cost. The successive derivatives of the desired

trajectory x4(t) are #4(t) = —sint, Z4(t) = —cost. The tracking error is defined as
e1(t) x1(t) cost
e(t) = | ey(t) | = | 2a(t) | — | —sint (3.63)
e3(t) z3(t) — cost

The actual and desired states and the control input obtained by applying the proposed OSOSMC

are shown in Figure It is found that the proposed OSOSMC can successfully track the desired
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3.3 Tracking of linear uncertain single input single output (SISO) system

trajectory x4(t) = cost whereas the robust output tracking control designed by Shieh et al. [5] fails to

track it and becomes unstable.
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Figure 3.13: Tracking of the maglev system for desired trajectory x4(t) = cost using proposed OSOSMC

Another type of desired trajectory z4(t) = 2 + cos2t is now considered for tracking. The actual
and desired states and the control input obtained by applying the proposed OSOSMC are shown in
Figure B.I4l It is found from Figure [3.14] that the proposed OSOSMC can successfully track this

trajectory also.

59



3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems
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Figure 3.14: Tracking of the maglev system for desired trajectory z4(t) = 2 4 cos 2t using proposed OSOSMC

Table compares the total variation (TV) and the 2-norm of the control input for the proposed
OSOSMC and the robust output tracking control proposed by Shieh el al. [5]. The control indices are
computed for the period from 0 to 3 sec with a sampling time of 0.1 sec for the desired trajectory
x4(t) = 1. For the desired trajectories x4(t) = cost and z4(t) = 2 + cos 2t, the control indices are
computed for the period from 0 to 10 sec with a sampling time of 0.1 sec. It is clear from Table
that for tracking z4(t) = 1, the proposed OSOSMC requires substantially lesser control effort
than that of the robust controller proposed in [5]. Also, the control input of the proposed OSOSMC
is significantly smoother than that of Shieh et al. [5] in this case. For tracking the time dependent
trajectories x4(t) = cost and z4(t) = 2 + cos 2t, the robust output tracking control proposed by Shieh

el al. [5] failed whereas the proposed OSOSMC is able to track these successfully.
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3.4 Stabilization of linear uncertain multi input multi output (MIMO) system

Table 3.5: Comparison of Control Indices for Maglev System

Method Total Variation (TV) | Control Energy
Robust output tracking control [5] (xzq(t) = 1) 2,50,010 2,49,050
Proposed OSOSMC (z4(t) = 1) 7,698 22,191
Robust output tracking control [5] (x4(t) = cost) Fails to track Fails to track
Proposed OSOSMC (z4(t) = cost) 15,563 15,564
Robust output tracking control [B] (x4(t) = 2 4 cos 2t) Fails to track Fails to track
Proposed OSOSMC (z4(t) = 2 + cos 2t ) 88,647 82,248

The transient and steady state performances of the proposed OSOSMC and the robust output

tracking controller proposed by Shieh et al. [5] are tabulated in Table From this table it is

evident that the proposed OSOSMC shows superior transient and steady state performances than

those obtained by using Shieh et al.’s controller [5] for tracking xz4(t) = 1. Moreover, Shieh et al.’s

method [5] fails to track when the desired trajectory is a time varying function as is observed in the

cases of z4(t) = cost and x4(t) = 2 + cos 2t.

Table 3.6: Comparison of Performance Indices for Maglev System

Method Rise time (sec) Settling time (sec) Steady state error (mm)
Robust output tracking control [5] (z4(t) = 1) 2.320 2.320
Proposed OSOSMC (z4(t) = 1) 0.150 0.150 0
Robust output tracking control [5] (z4(t) = cos t) Fails to track the trajectory
Proposed OSOSMC (z4(t) = cos t) 0.094 0.230 0.005
Robust output tracking control [5] (z4(t) = 2 + cos 2t) Fails to track the trajectory
Proposed OSOSMC (z4(t) = 2 + cos 2t) 1.45 1.45 0.006

3.4
system

Stabilization of linear uncertain multi input multi output (MIMO)

The optimal second order sliding mode control (OSOSMC) method designed to stabilize the linear

uncertain single input single output (SISO) system can be extended to the linear decoupled uncertain

multi input multi output (MIMO) system. Similar to the design procedure discussed earlier in Section

B2 the optimal controller part is designed based on the LQR technique and the SOSMC is combined

with the optimal controller to impart robustness. The design method for the OSOSMC for decoupled

MIMO systems is discussed now.
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

I. Problem statement

A linear uncertain MIMO system is described as

&(t) = Azx(t) + B(u(t) + d(t))

y(t) = Cx(t) (3.64)

where z(t) € R™ is the state vector and u(t) € R™ is the control input. Further, A, B, C are the
known matrices with appropriate dimensions and d(t) represents uncertainty affecting the system.
Output of the system is denoted by y(t) € RP.

Assumptions: Following are the assumptions made:

e A, B pair is controllable.

e All the states are observable.

e Uncertainty d(t) satisfies the matching condition.

The objective is to design an optimal sliding mode controller for the linear uncertain MIMO system
(B64)). The control process is divided into two steps, viz. (i) Designing an optimal controller for the
nominal system and (ii) Designing the sliding mode controller to tackle uncertainties affecting the

system. So, the control input u(¢) is defined as

u(t) = ui(t) + ua(t) (3.65)
where wu;(t) is called the equivalent control and wugy(t) is known as switching control.
II. Optimal controller design

The optimal controller is designed for the nominal part of the system. Neglecting the uncertainty,

the nominal part of the system (B.64) can be written as

z(t) = Ax(t) + Buq(t) (3.66)
Performance index J is chosen to minimize the control input and is defined as follows:
J= / (0T Qu(t) + ur (8)7 Rua (£)]dt (3.67)
0

where Q € R™"™ and R € R™*™ are a positive definite weighing matrix. The optimal control law

u1(t) is obtained as
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3.4 Stabilization of linear uncertain multi input multi output (MIMO) system

ui(t) = —R'BTPx(t) = —Kux(t) (3.68)

where K = R™!BTP and P is a symmetric positive definite matrix which is the solution of the

algebraic Riccati equation [100]

ATP+PA+Q—-PBR 'BTP=0 (3.69)

The controller designed above minimizes the control input u;(¢). However, the main disadvantage
of the optimal controller is that it requires the exact model of the system apriori. Hence, in presence of
system uncertainties, performance of the optimal controller degrades and may even lead to instability.
So, a sliding mode controller is integrated with the optimal controller to make it immune to system

uncertainties.
III. Sliding mode controller design

The main feature of the sliding mode control (SMC) is that once the system is brought onto the
sliding surface, it becomes insensitive to any matched uncertainty affecting the system. This is the
motivation for combining a sliding mode control (SMC) scheme with the optimal controller. In the

proposed SMC, an integral sliding surface is used which is given as follows:

qwzau@yté@umﬂ:o (3.70)

where G € R™*" is designed in such a way that GB is invertible and ®(#) is defined as

O(t) = Az(t) + Buy(t) (3.71)

The sliding hyperplane S = 0 for the MIMO system is defined as

S=S: (3.72)
i=1
where §; is the i-th row of S and is given by
Si={z(t) e R" : s;(t) =0} (3.73)

Here s;(t) is the i-th row of matrix s(t) € R™.

To eliminate chattering in the sliding mode controller, a second order sliding mode is realized by
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

using a terminal sliding surface based on the integral sliding variable discussed above. The terminal
sliding mode ensures finite time convergence of the sliding variables. The terminal sliding variable

o(t) is designed as

T
o) =1 o1(t) aalt) - oilt) - om(t) (3.74)
where o;(t) = s;(t) + 8i5i(8)%; i=1,2,-- ,m (3.75)
Here 9;, «;, (; are design parameters of the ith terminal sliding variable and ¢ =1, 2, ..., m.
These parameters should satisfy the following conditions

0; >0 (3.76)
i, Bi € {2n+1: nisaninteger} (3.77)

and

(67} .

1<—<15 +=12,---,m (3.78)

Bi
Switching control us(t) is defined as ua(t) = [ug1(t) uaa(t) ... w2i(t) ... ugm(t)].
Using the constant plus proportional reaching law [104], the switching control uy; is designed using
the approach discussed in Section and is given by

UQZ'(t) = —/(; (GiBi)_l |:5Zﬁ;Z S'Z‘(T)Q_%z + nl% + EiO'i(T) dr (379)

where G; is the i-th row and B; is the i-th column of the design parameter G and input distribution
matrix B respectively. The design parameters 7; and ¢; are chosen in such a way that ||G;B;d;(t)|| < n;
[66] and &; > 0.

Stability analysis of sliding surfaces:
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3.4 Stabilization of linear uncertain multi input multi output (MIMO) system

Let us consider the Lyapunov function V;(t) as

= o5 + a; OET0)
;b . |

5:(1)% (G Byuni(t) + GiBidi(1))]

04'5' a; .
i Zéi(t)ﬁi 1 /Bz

L2 |oi(t)]
(_5iai8i(t) o oi(t)

48'1'(75)’72_1[—7% |:Eg‘ — i04(t) + G;Bd;(t)]

- 5 "éi(t)g_:_l[—ﬁdai(tﬂ — 507 (t) + GiBid;(t)o(t)]

—gioi(t) + Gszdz(t))]

. Oéﬁifz’ (07 [—iloi (8)] — ei02(t) + Gy Bids|os (1))

< -250F i+ sl (0] - GiBidl o)

< —loi(t) o
(3.81)

where k = O‘é—?éi(t)ﬁ_l[m +&404(t)| — GiByd,] is positive for s;(t) # 0. In [66] Wang et al. showed
2iq
that " (t) > 0 for |s(t)| # 0.
Hence,

Vilt) < —sIV2VI| as Vilt) = 5o3(0) (3.82)

(3.83)

Hence o;(t) converges to zero in finite time [I0I,[105]. Moreover, it can also be shown that integral
sliding variable s;(t) converges to 0 in finite time. Suppose within the finite time ¢,, o;(t) reaches zero
from 0;(0) # 0 and 0;(t) = 0V ¢t > t,. So, once o;(t) reaches zero, it remains at zero and based on
B382), si(t) will converge to zero in time t;. The total time required from o;(0) # 0 to s;(ts) can be

computed as described below.

From (B.75), it follows that
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

Si(t)—l-(siéi(t) Pi = 0
S; Bi A oy By
or, ()7 = —(&(1)%)
1 Bi
or, —grsi(t)* = —&(t) (3.84)
5

1 By ds;(t)
Ssilt)n = -y
57

1 ds;(t
or, Tdt = - SZ(B)Z_

5 si(t) i

ts Bi rsits) g (+
or, / dt = =61 sil ,3).

tr siltr)  g;(t) o

(67} % ai—Bi a;—B4

ory b=ty = — o0 silts) o = silty) (3.85)

At time tg, sliding variable s;(ts) = 0. So, (3.85) gives rise to

a; A i b
ot 25 () (3.86)

Hence, s;(t) and $;(t) converge to zero in finite time. As every s;(¢) converges to zero in finite

time, s(t) also reaches zero in finite time.
IV. Simulation results

The proposed controller is applied to stabilize a linear uncertain MIMO system and the perfor-
mances of the controller are compared with some other existing controllers.
Example

An unstable batch reactor with matched uncertainty is considered whose state space model [6] is
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described as

1.3800 —0.2077 6.7150 —5.6760 0 0
' —0.5814 —4.2000 0 0.6750 5679 0 g (t) 1.5sint
i(t) = x(t) + T
1.0670  4.2370 —6.6540 5.8930 1.136 —3.146 uy(t) cos(t)
0.0480 4.2730 1.3430 —2.1040 1.136 0
(3.87)
1 0 00
0100
y(t) = x(t)
0010
0 0 0 1

where z(t) is the state of the system. Two control inputs of the MIMO system are uq(t) and u(t).

1.5sint
Uncertainty of the system is defined as
cos(t)
To design optimal controller weighing matrices of the performance index J in ([B.67) are chosen as
1 0 00
0100 10 0
Q= and R =
0010 0 10
00 01

Using_the LQR tecﬁnique, the feedback control uy(t) is found as

0.5621 0.3773  0.4741 0.0381
up(t) = x(t) (3.88)
—1.7915 —0.1654 —1.2527 0.7666

Design parameters of the proposed optimal second order sliding mode controller are chosen as

follows:

1 1 10
G= o =0 =7, 1 =02=05,01=0=0.15,m =1n2=3,e1 =¢e2 =0.1.
1 1 0 1

The proposed OSOSMC is applied to stabilize the system (B.87). The results obtained by using
the proposed OSOSMC are compared with the results obtained by applying the dynamic sliding
mode controller proposed by Chang [6] which is discussed in appendix [A.6l States z1(t), z2(t), x3(t),
x4(t) obtained by applying the proposed OSOSMC and the SMC proposed by Chang [6] are shown
in FiguresB.13 - BI8 In Figure and [3.20, the control inputs obtained by using the proposed
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OSOSMC and the SMC proposed by Chang [6] are compared.

—Proposed OSOSMC
--- Proposed by Chang [6]

States

Time (sec)

Figure 3.15: State z1(¢) obtained by applying the proposed OSOSMC and the SMC proposed by Chang [6]

2
—Proposed OSOSMC
1.5 ----Proposed by Chang [6]
1 —

States

3 4 5 6 7 8 9 10

Time (sec)

Figure 3.16: State xo(t) obtained by applying the proposed OSOSMC and the SMC proposed by Chang [6]
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—Proposed OSOSMC
----Proposed by Chang [6]

States
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Figure 3.17: State z3(t) obtained by applying the proposed OSOSMC and the SMC proposed by Chang [6]
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Figure 3.18: State x4(t) obtained by applying the proposed OSOSMC and the SMC proposed by Chang [6]
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2 —Proposed OSOSMC
---Proposed by Chang]6]

Control inputs

Time (sec)

Figure 3.19: Control input u,(t) obtained by applying the proposed OSOSMC and the SMC proposed by
Chang [6]

: — Proposed OSOSMC
" 1A . ---'Proposed by Changl[6]

Control inputs

Time (sec)

Figure 3.20: Control input wu(t) obtained by applying the proposed OSOSMC and the SMC proposed by
Chang [0]

From above figures it is clear that the proposed OSOSMC achieves similar performance as that of
the dynamic sliding mode controller proposed by Chang [6], but at the cost of much reduced control
input. Moreover, the control input in the case of the SMC by Chang [6] is full of chattering whereas

the proposed OSOSMC offers a smooth chattering free control input. In Table 3.7, the Total variation
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(TV) and the 2-norm of the control input for the proposed OSOSMC and the SMC by Chang [6]
are compared. Here the TV and control energy are calculated for the period from 0 to 10 sec with a
sampling time of 0.01 sec. It is clear from Table 3.7 that the proposed OSOSMC is capable to produce

a smoother control input with lesser control energy than the SMC proposed by Chang [6].

Table 3.7: Comparison of Control Indices for MIMO System in Example 1

Control input Method Total Control
Variation (TV) | Energy
wa(t) Proposed OSOSMC 10.12 33.92
“ SMC proposed by Chang [6] 56.80 34.47
wn(t) Proposed OSOSMC 21.01 24.88
SMC proposed by Chang [6] 84.77 26.42

The performances of the system obtained by applying proposed OSOSMC and SMC proposed by
Chang [6] are tabulated in Table 3.8

Table 3.8: Comparison of Performance Indices for MIMO System in Example I

e Proposed OSOSMC SMC [6]
Performance specification
il T2 T3 Ty il T2 T3 T4
Rise time (sec) 1.28 0.11 0.38 0.38|0.36 1.29 0.98 0.93
Settling time (sec) 237 1.17 265 261|181 2.00 191 184
Steady state error 0 0 0 0 0 0 0 0

3.5 Summary

In this chapter an optimal second order sliding mode controller (OSOSMC) is proposed for linear
uncertain systems. The optimal controller is designed for the nominal part of the linear uncertain
system using the linear quadratic regulator (LQR) technique. In order to make the optimal controller
robust against uncertainties affecting the system, a sliding mode control (SMC) method is integrated
with the optimal controller by using an integral sliding surface. The sliding mode control (SMC)
scheme is developed by designing a nonsingular terminal sliding surface based on the integral sliding

variable and thereby giving rise to a second order sliding mode control strategy. The advantage of
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3. Optimal second order sliding mode controller (OSOSMC) for linear uncertain systems

using the nonsingular terminal sliding surface is that it converges the integral sliding variable and
its first derivative to the equilibrium in finite time. The OSOSMC designed for stabilization of the
linear uncertain system can also be used for output tracking. To design the tracking controller, the
tracking problem is converted into a regulatory problem by transforming the system into the error
coordinates and then the OSOSMC is designed in the error domain. The OSOSMC designed for the
linear single input single output (SISO) uncertain system is extended for the linear decoupled multi
input multi output (MIMO) uncertain system also. Simulation studies are conducted to compare
the proposed controller with other existing controllers developed to control linear uncertain systems.
From simulation results it is observed that the control input in the case of the proposed OSOSMC is

smoother and requires lesser energy than some existing control methods developed for similar purpose.
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4. State dependent Riccati equation (SDRE) based optimal second order sliding mode
controller for nonlinear uncertain systems

4.1 Introduction

Designing an optimal controller for linear systems is well defined in literature [12/[13]. But it is still
a challenge to design an optimal controller for nonlinear systems. One way to design optimal controller
for nonlinear systems is to solve the Hamilton Jacobi Bellman (HJB) [14] partial differential equation.
Unfortunately, analytical solution of the HJB partial differential equation has not been possible. Nu-
merical solution of the HJB equation is computationally intensive due to its high dimension. A recent
popular approach to design optimal control for nonlinear systems is by solving the state dependent
Riccati equation (SDRE) [15H18]. For a systematic design approach, SDRE based optimal control has
earned good attention within the control community. In this method the nonlinear matrix is factor-
ized into the product of a matrix valued function and the state vector. Hence, the nonlinear system
is converted into a linear like structure having state dependent coefficient (SDC) matrices [19,20].
Moreover, choice of different weighing matrices is possible offering a wide range of design flexibility.
Hence SDRE is a good option for designing optimal controller for nonlinear systems. For the nonlinear
uncertain system, design procedure of the optimal sliding mode control is divided into two steps. In
the first step, an optimal controller is designed for the nominal part of the nonlinear uncertain system
using SDRE and in the second part the sliding mode controller (SMC) [33H35,/47] is combined with
the optimal controller by designing an integral sliding surface [54-56]. As integral sliding mode has
no reaching phase, the system becomes robust from the very beginning. However, the integral SMC
is affected by high frequency oscillations known as chattering which degrades the system performance
and may even lead the system towards instability. Chattering occurs in first order SMC due to the
discontinuous switching control. Designing higher order SMC [I3,[65,/66] is one effective way to reduce
chattering in the SMC. Among higher order SMCs, second order sliding mode controller (SOSMC) is
easy to implement because of its lesser information requirement.

Chaos is an interesting nonlinear phenomenon. It exhibits unpredictable and irregular dynamics
depending on its initial conditions because a small change in the initial states can lead to extraordinary
different state trajectories. In many engineering applications like lasers [107], Colpitt’s oscillators [108],
nonlinear circuits [109] and communication [I10], chaotic behavior is visible. In the recent past, chaotic
systems such as Lorenz system [I11], Chua’s circuit [I12], Chen system [113] were proposed and their
complex behaviors were studied. In 1990 chaos control was first considered by Ott et al. [I14]. Many

control strategies such as adaptive control [25,[1T5], backstepping control [116,117] and observer based
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4.2 Optimal second order sliding mode controller for nonlinear uncertain systems

control [II8[119] were developed to control the chaotic system. Sliding mode controllers [120}[121]
have been effectively applied to control the chaotic system. But the conventional SMC requires a high
control energy. Some chaotic systems can be represented as linear like structure having SDC matrices.
For those system SDRE based optimal control can be designed and integrated with the SMC.

In the first part of this chapter an optimal second order sliding mode controller for nonlinear
uncertain systems is proposed. The optimal controller is designed for the nominal nonlinear system
by solving the SDRE. For designing, the nonlinear system is converted into a linear like structure
having state dependent coefficient (SDC) matrices. The SDRE based optimal controller design is
similar to the linear quadratic regulator (LQR) technique used to design the optimal controller for
linear systems. After designing the optimal controller, it is combined with a sliding mode controller
(SMC) by using an integral sliding surface. Based on the integral sliding variable, a non-singular
terminal sliding mode controller (TSMC) is developed which imparts second order characteristic to
the SMC. Further, it guarantees finite time convergence of the integral sliding variable and its first
derivative to the equilibrium. The proposed optimal second order sliding mode controller (OSOSMC)
is applied for stabilization and tracking problems of nonlinear uncertain systems. Simulation results
confirm that performance of the proposed controller is better than some existing control methodologies
developed for similar systems. The proposed controller is applied to stabilize certain chaotic systems
which is described in the second part of this chapter.

The outline of the chapter is as follows. In Section optimal second order sliding mode controller
(OSOSMC) for nonlinear uncertain systems is developed. In Section the OSOSMC is proposed to

stabilize chaotic systems. In Section [£.4] a brief summary of the chapter is presented.

4.2 Optimal second order sliding mode controller for nonlinear un-
certain systems

Optimal second order sliding mode controller design is divided into two parts. In the first part
the optimal controller is designed for the nominal nonlinear system by solving state dependent Riccati
equation (SDRE) and then in the second part a second order sliding mode controller is designed to

tackle uncertainties.
I. Problem statement

Let us consider an uncertain nonlinear system
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@(t) = f(z) + g(x)u(t) + d(t) (4.1)
[ )] - i -
0 0
w3(t)
0 0
where f(x) = : , g(x) = : .and d(t) =
" b(a) "
al@)z(t) | - S

Functions f_: R"™ — R™ and g : R™ — R™ are continuous for ¢ € [0,00) and g(z) # 0 Vz. Here,
a(x) is a nonlinear function defined as a(z) = [ai(x) az(z) ,---, an(zr)] and nonlinear function b(x)
is associated with the control input. The uncertainty affecting the system is denoted by d; ().

Assumptions:

e It is assumed that the bounded uncertainty d;(t) satisfies the matching condition and its first
time derivative also exists.

The objective is to design a controller for stabilization and trajectory tracking of the nonlinear
uncertain system (1)) with minimum control expense. To achieve this target, a robust controller is
designed by combining the optimal controller designed for the nominal nonlinear system with a second
order sliding mode controller. As such, the control input u(t) is the combination of two different control
laws and can be defined as

u(t) = u1(t) + ua(t) (4.2)

where u;(t) is the optimal control designed to stabilize or track the nominal nonlinear system and the
control input ug(t) is a second order sliding mode controller which is designed to tackle uncertainties

in the system.

To design an optimal controller based on the state dependent Riccati equation (SDRE), the non-
linear system (1)) is transformed into a linear like structure by using extended linearization [19]. For

this linearized system, the equilibrium point is at = 0 where f(0) = 0.
A. Extended linearization

The process of factorizing a nonlinear system into a linear like structure which contains state de-

pendent coefficient (SDC) matrix [20], is called extended linearization [19]. This process is also known
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as apparent linearization or state dependent coefficient parametrization. Considering the assumption
fecC' and f(0)=0, (4.3)

a continuous nonlinear function f(x) can be written as [19,20]
fz) = A(z)z(t) (4.4)

where A(x) € R™"™ is a SDC matrix. Moreover, A(z) cannot be determined uniquely if n is more
than 1. Hence, extended linearization of nonlinear system (4.1]), under the assumption on function

f(x) can be written as

z(t) = A(x)x(t) + g(x)(ur (t) + ua(t)) + d(t) (4.5)
| 0 1 0 0 ]
where A(z) = ' ' ' . and | ai(z) - an,(x) an(z) | = a(x) denotes
0 .. 0 1
ar(xz) - ap—1(z) ap(z)

the nonlinearity of the system matrix. The above equation (45]) represents a linear structure with
SDC matrices A(z) and g(z).

Remark 1: If pairs A(z) and g(x) are point wise controllable in the linear sense in a region ©
Va € ©, then the SDC representation (4.3)) is the controllable parameterization of the nonlinear system
(#T) in region © [19)].

Remark 2: If the eigen values \; of A(x) are such that Re[\;(A(z))] < 0 Vz(t) € O, then the

SDC representation (A.5]) is point wise Hurwitz in the region © [19].
B. System defined in error domain

The proposed objective is to track the output of the system (y(¢t) = x1(t)) along the desired

trajectory x4(t). So, the tracking error is defined by

aw | (a0 ] | e ]
o | @0 | | =0 || @l W)
Len®) | [ ) || 25TV |
where ml(il)(t),x((f) (t),--- ,ml(in_l)(t) are the successive derivatives of the desired trajectory x4(t).
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The error dynamics can be defined as

BN ECIERCE
| O | 2O | o
e | a0 | | 20
2(t) acl(il)(t)
. zalt) REC
ar(@)z1 () 4+ -+ an—1(2)Tp_1(t) + an(x)2n(t) + b(2) (u (t) + ua(t)) + di(t) = (1)
2a(1) 1 2D (¢)
_ z3(t) B (1)
ar(2)x1(t) + - - + an ()T () ar(z)zg(t) + - + an(l')ﬂ?én_l)(t)
0 0 0
0 0 0
+ . + | () () +
| a@)zalt) + -+ an@)e V@) -2 (1) || be) | | di(t) |
0 1 0 o |[eawy] [ o] 0
= : . - : 62'(15) n 0 (uy () + ua (1)) + 0
0 C 0 1 : :
| ai(x) o an—1(@) an(@) | | en(t) | | b(z) | | di(t) |
- ; ]
+ ? = A(@)e(t) + g(@)(u1 (t) + ua(t)) + d(t) + A(t)
ay (2)za(t) + - - + an ()27 V(1) — 21 (1)
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where A(t) = is a known matrix and it is in the

| ar(z)za(t) +-- -+ an(x)a:l(in_l)(t) - x((i") (t) |
range space of the input distribution matrix g(x). It will be taken care of by designing a sliding mode

controller to be explained later.
II. Optimal control

The optimal controller is designed for the nominal system. Hence, neglecting the uncertain part,

(&) can be written as

é(t) = A(x)e(t) + g(a)us (1 (48)

To minimize the control effort, the performance index is chosen as

J= /0 LT (Q@elt) + uT (R (x)ua (1)t (4.9)

where weighing matrices @ : R™ — R"™*™ and R : R — R are state dependent. At the time of
designing, Q(z) and R(x) are chosen as a positive definite matrix. Optimal feedback control wuy(t) is
designed in such a way that it minimizes the cost function (£9) subject to the nonlinear differential

constraint (£.8)) and also converges the system (48] to zero. This requires,

lim e(t) =0

t—o0

This is an optimal control problem based on state dependent Riccati equation (SDRE).
The basic approach of designing an optimal controller for nonlinear systems using SDRE method-
ology is by using extended linearization. Now, emulating the linear quadratic regulator method [I§],

the feedback control is designed as follows:
ui(t) = =R~ (2)g" (x)P(z)e(t) (4.10)

where P(z) is the symmetric positive definite matrix which is the solution of the continuous time state

dependent Riccati equation

AT(x)P(z) + P(2)A(z) — P(2)g(z)R™" (2)g" (2)P(z) + Q(z) = 0 (4.11)
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Hence, the closed loop system (4.8)) can be written as

= A(z)e(t) (4.12)

where A(z) = A(z) — g(z)R(x)g% (z)P(x).

The control action is obtained by solving the linear quadratic optimal control problem as state
dependent coefficient matrices which are considered as constant. To design the optimal controller
based on SDRE method, HJB equation need not be solved. This is the key benefit of the SDRE based

method.
A. Stability analysis

The conditions to be satisfied for guaranteeing stability of the nominal system are as follows:

Condition 1: A(.), B(.), Q(.) and R(.) are continuous matrix valued functions in the region
R [122).

Condition 2: A(x), B(x) is point wise stabilizable state dependent coefficient (SDC) matrix pair
[122).

The closed loop system considered is

é(t) = A(z)e(t) (4.13)

where g(az) is the closed loop SDC matrix as described in (£I2). With Condition 1, P(x) is
continuous. Hence g(az) is also continuous in the region R". By using mean value theorem, E(az) can

be written as

A(z) = A(0) +

e(t) (4.14)

where 8?5) generates a tensor and the vector z is that point on the line segment joining the origin

0 and e(t) [122)].
Using (4.14), (£I3) can be written as
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Oet) + ") 22Eert)

(0)e(t) + (e, 2)e(t)]] (4.15)

)
=

I

)

I
)

where T'(e, 2) £ eT(t)%e(t), such that

lim I'(e,z) =0
le(t)|—0

Here the constant stable coefficient matrix /T(O) dominates the higher order term. Now as /T(m) is
linearizable and linearized E(O) has a stable equilibrium point, E(O) has negative eigenvalues meaning
that A(0) is a Hurwitz matrix. Hence A(z) is also stable [122].

To prove global stability, the Lyapunov function is chosen as

Vi(t) = gel(t)e(t)
Vi(t)  =el(t)e(t)
=T () A(z)e(t) (4.16)

As A\(aj) is stable, V;(t) < 0. Hence, the closed loop system is globally stable.
B. Minimization of the performance index

To check the optimality of the proposed controller, a commonly used method is to find the solution

of the HJB equation. The Hamiltonian is given by
H = M[A(x)e(t) + g(x)ur (1)] + [e" ()Q(x)e(t) + uf (t)R(z)ua ()] (4.17)
where ) is a lagrangian multiplier and the HJB equation is given by
AT[A(@)e(t) + g(x)ur (1)) + [T () Q(x)e(t) + uf () R(x)ur (t)] = 0 (4.18)

The Hamiltonian dynamics in Lagrangian manifold are defined as

OH ‘ OH

i) =50 A=-%- (4.19)
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The optimal control uj(t) is found from gff = 0. Hence the optimal controller is defined by

wi(t) = 5 R (2)g" ()2 (4.20)
Substituting the optimal value of uq(t) in (4I8), it is found that
N A(z)e(t) — ikTg(ﬂﬂ)R_l(w)gT(ﬂc)A +el (1)Q(w)e(t) =0 (4.21)
The optimal cost is the solution of ([A2I)). From (£19) it can be written [123] that
A =2P(x)e(t) (4.22)

where P(x) is the symmetric positive definite matrix.

Substituting the value of A in ([@2I]), it can be written that

e (1)2P () A(z)e(t) — e’ () P(x)g(x) R~ (2)g" (z) P(z)e(t) + e (H)Q(x)e(t) = 0
or, ef (1)[A" (2) P(2) + P(2)A(x) — P(z)g(x)R™ (2)g" (z)P(z) + Q(x)]e(t) = 0

or, AT(z)P(z) + P(z)A(z) — P(z)g(z)R (2)g" (x)P(z) + Q(z) =0 (4.23)

Above equation ([423)) is a state dependent Riccati equation. So, the optimal control u}(¢) can be

obtained as

= —R Y (2)¢" (z)P(z)e(t) (4.24)
Hence, the controller defined in (d.I0) minimizes the given performance index (4.9)).
III. Sliding mode control
The uncertain system in the error domain (A7) can be described as

é(t) = A(z)e(t) + g(x)ur (t) + g(x)ua(t) + (1) (4.25)

where ((t) = A(t) + d(t).
Using the optimal control for the nominal part of the system using (£24]), the uncertain system

(#£25)) can be written as follows:

&(t) = A(x)e(t) — g(x)R™(2)g" (x) P(x)e(t) + g(a)uz(t) + (1) (4.26)
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As both A(t) and uncertainty d(t) are in the range space of the input matrix g(z), ¢(t) satisfies
the matching condition [46].

A sliding mode control (SMC) mechanism is now combined with the optimal controller to make it
robust against uncertainties affecting the system (£.26)).

The second order sliding mode control is designed by constructing a nonsingular TSMC which is
based on ISMC. The ISMC proposed here does not required the knowledge of initial condition. This
is an achievement of proposed controller. But the integral sliding variable is not equal to zero initially.
Hence, the system is not onto the sliding surface from the beginning. To make the integral sliding
variable zero that is to bring the system onto the sliding surface in finite time the nonsingular TSMC
is proposed based on the integral sliding variables.

To design a second order sliding mode, the integral sliding variable is designed as follows:

s(t) =G [e(t) —/0 (A(z)e(r) + g(z)ur (7))dr (4.27)
and

$(t) = G é(t) — A()e(t) — g(x)ua(t)] (4.28)

Using (4.20), (£28)) can be written as

$(t) = G lg()ua(t) + (1)) (4.29)

Commonly used linear manifolds cannot assure finite time convergence of the sliding variable.
However, non-singular terminal sliding mode [77.[79] can achieve finite time convergence of the system
dynamics. Therefore, a non-singular terminal manifold o(¢) is proposed based on the integral sliding
variable s(t) and its first derivative $(t) giving rise to a second order sliding mode control (SOSMC).

This SOSMC guarantees convergence of s(¢) and §(¢) in finite time.
The second order terminal sliding variable o(t) is designed as follows:

ot) = s(t) + 655 (1) (4.30)
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where § > 0 is the switching gain and «, 8 satisfy the following conditions,
a, BE€{2n+1: nisaninteger} (4.31)

and

1< % <15 (4.32)

After o(t) reaches zero in finite time, both s(¢) and $(¢) will also reach zero in finite time. Then,
the error e(t) can asymptotically converge to zero. The sufficient condition for the existence of the

terminal sliding mode is

< —nlo(t)| (4.33)

As discussed in Section 3.3 III, the switching control us(t) is designed as

=3

ug(t) = —/0 (Gg(x))™! [£$2_ﬁ (1) + Gg(x)ua (1) + nsgn(o (1)) + eo(r)| dr (4.34)

where 7, ¢ are design parameters chosen such that |G¢(t)] < n and & > 0.
Theorem : The sliding variable s(t) converges to zero in finite time if the terminal sliding variable

o(t) is chosen as given in ([4.30) and the control law is designed as

u(t) = U1 (t) + U2 (t)

where
ui(t) = =R~ 'g" () P(x)x(t)
and
wlt) =~ [ (Goe) |80+ Galahualt) + msonto(r) + o] dr (435
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Proof : Lyapunov function V5(t) is considered as
L,
Va(t) = 57 (t)
Va(t) = o(t)o(t)
o a_ 1

= o) + 55 B3

= o()[s(t) + a—éé%_l(t)(Gg(x)ﬂz (t) + Gg(a)uz(t) + GC(1)]

g
= o0+ 555 (58 (0 - Gia)uslt) — msgn(o(t) — e (t) + Gol)ualt) + GE(0)
= o055 (O nsgn(o(t) — colt) + GE(H)

_ %ga_l(t)[—b(t)m — o?(t) + o (H)GE(1)]

< —2 O+ elo(0)] - GO (o)

< —%é%_l(t)ﬁ(tﬂa(tﬂ (4.36)

with the condition |GC(t)| < 1, [n+elo(t)| — G¢(t)] = Q(t) > 0. Moreover, in [66] Wang et al. showed

that é%_l(t) > 0 for |s(t)| # 0. Then above inequality (£.36) can be written as

Vao(t) < —Qlo(t)] where ﬁz%dé%_l(t)§2>0 for |s(t)| #0

IN

—Q[\/2V5(1)] as Vg(t):%a2(t) (4.37)

Hence, finite time convergence of o (t) is guaranteed [101L105].

Moreover, it can be proved that integral sliding variable s(t) converges to zero in finite time.
Suppose finite time ¢, is required for o(t) to reach zero from ¢(0) # 0 and o(t) =0V ¢ > t,. So, once
o(t) reaches zero, it remains there and based on (£37l), s(t) will converge to zero in time t5. The total

time required from o(0) # 0 to s(ts) can be calculated as follows.
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s(t) +3058() = 0
1 s )
—ésa(t) = —35(t)
S
iﬁdt - —dz(t)
da sa(t)
ts S(ts)
[fa =t [0
tr s(tr) Sa(t)
o 8 a=p a=p
o=t = —o 68 [s(ts) =~ s(t) s (4.38)

ts =1, +
o —

C salst)| T (4.39)
B

Hence, s(t) and $(t) converge to zero in finite time.

IV. Simulation results

The proposed OSOSMC has designed for trajectory tracking of the nonlinear uncertain system
but it can also be applied for stabilization of the nonlinear uncertain system. For stabilization, the
desired trajectory is chosen as x4(t) = 0. So, successive derivatives of x4(t) also become zero. Hence,
error e(t) becomes the state vector x(t). To demonstrate the effectiveness of the proposed SDRE
based OSOSMC, it is applied for both trajectory tracking and stabilization of the nonlinear uncertain

system.
A. Tracking of the nonlinear uncertain system

Trajectory tracking problem of a nonlinear uncertain system is considered here. The proposed
SDRE based OSOSMC is applied to the Van der Pol circuit described in [7]. The mathematical model

of this system is given by
1 (t) = 22(t)

@a(t) = —2w1(t) + 3(1 — @i(t))a(t) + u(t) + da(t)

y = x1(t) (4.40)
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0 1
where state vector z(t) = [r1(t) x2(t)]7, A(z) = and g(x) = [0 1],
-2 3{1 -2t}

External disturbance d;(t) = 2sin(0.17t) + 3sin(0.2v/¢ + 1) and the output y = z; is required to

track the desired state x4(t) = 2. To minimize both the tracking error and the control input, the

performance index J is considered as

J:/Oo e(t)” Lo e(t) +ul (t)10uy (1) | dt (4.41)
0 0 1

Design parameters of the proposed SDRE based optimal second order sliding mode controller (OS-
OSMC) ([&33]) are chosen as follows:

G=[0 1,a=17,8=50=05n=3and e =0.2.

The tracking results obtained by applying the SDRE based OSOSMC are compared with those
obtained by using the terminal sliding mode controller (TSMC) proposed by Chen et al. [7] which is
discussed in Appendix The output and desired states for both these cases are plotted in Figure
41l The control inputs required by these two methods for tracking the desired state are shown in

Figure

3
3

=== Actual output - i T T T T T T T T
Desited OUtpUt | |

t
Output

Outpu

[
=

0.5 4
=== Actual output
L ' ' \ \ . . Desired output]

0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
s e (sec

(a) Proposed SDRE based OSOSMC (b) TSMC proposed by Chen et al. [7]

Figure 4.1: Output tracking in Van der Pol circuit [7] for desired state x4 = 2

40 T T T T T T T T T x1¢
£ 200 . q
H K
S o &
Oﬁ
S T S T R A R I S S S S B B 1

Time (scc) Time (sec)

(a) Control input for proposed SDRE based OSOSMC (b) Control input for TSMC proposed by Chen et al.
@

Figure 4.2: Control inputs for trajectory tracking in the Van der Pol circuit [7] for desired state x4 = 2
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Table 4.1 shows the total variation (TV) and the second norm of the control input required for
tracking x4 = 2, calculated for the period from 0 to 10 sec with a sampling time of 0.1 sec. It is clear
from Table 4.1l that the proposed SDRE based OSOSMC is able to produce a smoother control input

with substantial reduction in the control effort than that of TSMC proposed by Chen et al. [7].

Table 4.1: Comparison of control indices to track the output according to x4(t) = 2

Method Total Variation (TV) Control Energy
Proposed SDRE based OSOSMC 805.31 404.47
TSMC [7] 5268.40 5370.40

Now the desired state is changed to x4 = 2sin(27t). The output and desired states for the proposed
SDRE based OSOSMC and the terminal sliding mode controller (TSMC) proposed by Chen et al. [7]
are plotted in Figure[4.3l The control inputs required by these methods for tracking the desired state

xq = 2sin(27t) are shown in Figure L4

4 T T T T T ! " ]--- Actual output ' ‘ ‘ ‘ ‘ ‘ " [+ Actual output
Desired output Desired output
:5 o L :— o’ L
E g -
! o ol S
° 1 2 3 5 6 7 8 9 10 Y1 2 3 4 _s5 6 7 8 9 10
Time (sec) Time (sec)
(a) Proposed SDRE based OSOSMC (b) TSMC proposed by Chen et al. [7]

Figure 4.3: Output tracking in Van der Pol circuit [7] for desired state x4 = 2 sin(27t)

1 T T T T T T T T T 200

Control input

WG s 45 6 7 8§ 1
(a) Control input for proposed SDRE based OSOSMC (b) Control input for TSMC proposed by Chen et al.
I

Figure 4.4: Control inputs for trajectory tracking in the Van der Pol circuit [7] for desired state x4 = 2 sin(2wt)
The total variation and energy in the control input u(t) required for tracking the desired state

xq = 2sin(2nt) are computed for the time span of 0 to 10 sec with sampling time 0.1 sec. In Table

control indices of both the controllers are compared. It is clear from Table that the proposed
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SDRE based OSOSMC is able to produce a smoother control input with substantial reduction in the

control effort than that of TSMC proposed by Chen et al. [7].

Table 4.2: Comparison of control indices to track the output according to z4(t) = 2sin(2wt)

Method Total Variation (TV) Control Energy
Proposed SDRE based OSOSMC 57.49 46.87
TSMC [7] 556.69 494.99

Now the desired trajectory is changed to x4 = cost + 2sin(2nt). The output and desired states for
the proposed SDRE based OSOSMC and the terminal sliding mode controller (TSMC) proposed by
Chen et al. [7] are shown in Figure The control inputs required by these controllers for tracking

the desired state 4 = cost + 2sin(2nt) are shown in Figure

4 T T T ! ! ! ! --- Actual output 4 j j j j j j j === Actual output
s Desired output JEN Desired output
2F s \ f 2 E ™\ 1
. ! N T i N
= |- . \ 3 - : \
o " ) Z o
- Y, s‘\ ,f"' - N
-2 o ‘ -2 -
9 2 4 6 8 _10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Time (sec) Time (sec)
(a) Proposed SDRE based OSOSMC (b) TSMC proposed by Chen et al. [7]

Figure 4.5: Output tracking in Van der Pol circuit [7] for desired state x4 = cost + 2 sin(27t)

3 . . . . . . . ; . x10°

(a) Control input for proposed SDRE based OSOSMC (b) Control input for TSMC proposed by Chen et al.
[

Figure 4.6: Control inputs for trajectory tracking in the Van der Pol circuit [7] for desired state z4 =
cost + 2sin(2nt)

Total variation (TV) and the control energy required to track the desired state x4 = cos t+2 sin(2mt)
are listed in Table It is observed from Table that the proposed SDRE based OSOSMC
methodology produces a smoother control input than that of TMSC proposed by Chen et al. [7] at

expense of a much lesser control effort.
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Table 4.3: Comparison of control indices to track the output according to x4(t) = cost + 2sin(27t)

Method Total Variation (TV) Control Energy
Proposed SDRE based OSOSMC 194.50 102.31
TSMC [1] 2650.2 2382.30

B. Stabilization of the nonlinear uncertain system

Now a third order nonlinear uncertain system [§] is considered as described below:

i1(t) = wa(t)
ig(t) = xg(t)
i3(t) = a3(t) 4+ u(t) + di(t)

(4.42)

where uncertainty dy(¢t) = 0.1sin20¢t. The SDC matrices of above third order nonlinear system

(£42) can be expressed as

0 1 0
Alz)= 1| 0 0 11|, g)=1[0 0 1)7. Initial state z(0) = [I —1 0]7. The perfor-
0 23(t) 0

mance index J is defined as

0 0 0
J = / I 0o 10 o |x@)+ul01ui(t)| dt (4.43)
0
0 0 10

Simulation experiments are performed by varying the design parameter values and those values
are selected which produce the best transient and steady sate performances by using the minimum
control effort. Design parameter values of the proposed optimal second order sliding mode controller
(OSOSMC) (4.35]) are chosen as follows:

G=[0 0 1,a=78=5,0=0.151n=0.2 and ¢ = 0.2.

The proposed SDRE based optimal second order sliding mode controller (OSOSMC) is applied
to stabilize the nonlinear uncertain system (442]). The results obtained by applying the proposed

SDRE based OSOSMC are compared with those obtained by using the terminal sliding mode control
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(TSMC) proposed by Feng et al. [§] which is discussed in Appendix The states obtained by
applying the proposed SDRE based OSOSMC and the TSMC by Feng et al. [§] are shown in Figure

41 The control inputs obtained by using these controllers are compared in Figure 4.8

1

05\

States

0.5 ] |

Time (sec) 4 Timv5 (sec)

(a) States for proposed SDRE based OSOSMC (b) States for TSMC [§]

Figure 4.7: States obtained by applying proposed SDRE based OSOSMC and the TSMC [§]

1 2 3 4 5 6 7 8 9 10

(a) Control input for proposed SDRE based OSOSMC (b) Control input for TSMC [§]

Figure 4.8: Control inputs obtained by applying proposed SDRE based OSOSMC and the TSMC [g]

Total variation (TV) and the control energy required to stabilize the nonlinear triple integrator
system (L42) are listed in Table E4l It is observed from Table 4] that the proposed SDRE based
OSOSMC methodology produces an exceedingly smoother control input compared to that of Feng et

al. [8] at the expense of a substantially lesser control effort.

Table 4.4: Comparison of control indices to stabilize the nonlinear triple integrator system

Method Total Variation (TV) Control Energy
Proposed SDRE based OSOSMC 14.05 9.21
TSMC [§] 794.85 99.12
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4.3 Optimal second order sliding mode controller for chaotic sys-
tems

In this section an optimal second order sliding mode controller is applied to the chaotic sys-
tem [124,125]. Chaotic systems are deterministic dynamical systems exhibiting irregular, seemingly
random behavior. The chaotic system is highly sensitive to initial conditions and parametric vari-
ations. Moreover, the chaotic system is nonlinear with continuous frequency spectrum [126]. Two
trajectories of the same chaotic system starting close to each other may diverge after some time.
Mathematically, the chaotic system is characterized by local instability and global boundedness of its
solution. Chaos control [I127H129] is quite a challenging task. Idea behind chaos control is to make the
system trajectory approach a desired periodic orbit embedded in the attractor. In terms of control
theory it means stability of the unstable periodic orbit. The following two methods are used in chaos

control.
e Calculated tiny and fast perturbations are enforced to the system once in every cycle [114].

e A continuous control signal which approaches zero as the system reaches the desire orbit, is

injected into the system [130].

Methods of nonlinear control [116131,[132] are applicable to chaos control. The proposed OSOSMC
designed for nonlinear systems is used to control chaotic systems. Certain chaotic systems can be
represented in linear like structure having state dependent coefficient matrices. For these systems the
optimal controller is designed based on the SDRE. The optimal controller is made robust by combining

it with a second order sliding mode controller.
I. Problem statement

A nonlinear system can be defined as

l‘(t) = f(l‘l,l’Q,“‘ ,l‘n)
anfu(ey, oo,y xn)  afia(®, o, L xn) 0 amfin(T, 2,0 2p)
agi for(x1, @2, -+ ,xn)  agafor(z1,22, - ,2n) -+ aonfon(z1,22, - ,2p)
_ (4.44)
i anlfn1($17$27"' 733n) an2fn2($17$27“' 733n) annfnn(xlax%"' 733n) ]

where n is a an integer and n > 3.
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Now for certain specific types of function fi1(x1, 22, ,&n), -+, fan(21, 22, -+ , x,) and particular
values of a1, - ,any, the nonlinear system (£44]) exhibits a typical chaotic behavior. The peculiar

features of these nonlinear systems are:

e They are strongly dependent on initial conditions.

They are sensitive to parameter variations.

e There is existence of strong harmonics in the output.

Dimension of state space trajectories is fractional.

Presence of stretch direction, represented by positive Lyapunov exponent [133].

This special type of nonlinear system is classified as chaotic system. Mathematical model of some

chaotic systems are shown in the Table

From Table it is observed that these chaotic systems can be represented as linear like structures
containing state dependent coefficient (SDC) matrix. Hence, extended linearization method can be

applied to these chaotic systems. Thus, chaotic systems defined in Table can be represented as

x1

ﬂj’(t) = f(xlyx%' o 733n) = A(xlax% T 733n) :E_Q (445)

Tn
where A(z1, 22, - ,2,) is a SDC matrix.
When the above chaotic system (£.45]) is affected by uncertainty, the system can be described as

#(t) = A(z)z(t) + B(u(t) + d(t)) (4.46)

where B is the full order input distribution matrix, u(t) is the control input and d(t) represents
matched uncertainty affecting the system.
The objective is to design a robust optimal controller for the uncertain chaotic system (4.46) based

on sliding mode control. The control law u(t) is divided into two parts as

u(t) = u1(t) + ua(t) (4.47)
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Table 4.5: Examples of chaotic systems

No. Chaotic system Mathematical model z(t) = A(z)z(t)
[ —10zy + 10z —10 10 0
1. Lorenz system z(t) = 28z — xo — T3 z(t) = 28 -1 —xq z(t)
| —8/3z3 +xiz2 T9 0 —8/3
[ —10z1 + 1022 ~10 10 0
2. Liu system z(t) = 40z — z1x3 z(t) = 40 0 —xq z(t)
| 422 — 2,523 4z 0 -2.5
[ —35xq + 35z —-35 35 0
3. Chen system &(t) = —T7x1 + 28z3 — 123 z(t) = -7 28  —z z(t)
| ziz2 — 3z3 To 0 -3
[z + 21‘% —T1T2 — 2498511‘%13 14 22 xq 2.98511%
4. Lotka Volterra system z(t) = T1TY — T z(t) = To -1 0 z(t)
| 2.9851z%23 — 33 | 2.9851z;23 O -3
[ 1.8z1 — 1.8z2 1.8 —-1.8 0
5. ACT attractor #(t) = | 0.02¢% +zyz3 — 7.225 #(t) = | 0.02z; —7.2 z1 z(t)
| zize — 2.T23 — 0.071% T2 0 —2.7 — 0.07z3
[ o 0 1 0
6. Simplest cubic chaotic flow z(t) = T3 z(t) = 0 0 1 z(t)
| —z1 + 123 — 2.028z3 -1 @yjze —2.028
[ —29 — 23 0 -1 -1
7. Rossler’s fourth system &(t) = 1 &(t) = 1 0 0 xz(t)
|l 0.386z2 — 0.3861% — 0.2z3 0 0.386 — 0.386xo —0.2
[ 0.87xy +afxy — xo + xaa3 0.87 2?1 o
8. Rabinovich-Fabrikant attractor z(t) = _1“{15 + x1 + 3x123 + 0.87xo z(t) = —ar:% +1 0.87 3zq z(t)
Ll —2z1zx3 — 2.23 —xox3 Tr1x3 —2.2
[ —1.27z) — dag — 22 — 4a3 —1.27 —z9 —4 —4
9. Halvarsen’s cyclically symmetric attractor &(t) = —4xq — 1.27xz9 — 4x3 — z% z(t) = —4 —1.27 —xz3 —4 | z(t)
| —4z — 22 — dxoy — 1.27a3 —z; —4 —4 —1.27
[ —2z1 + 6.7z — zo23 -2 6.7 —x3
10. Rucklidge attractor z(t) = T z(t) = 1 0 0 z(t)
L ccg —x3 0 T —1
—x1 + x2 + 1.524 -1 1 0 1.5
_ 26x1 — x123 — T2 . _ 26 -1 —xq
11. Lorenz-Stenflo &(t) = z109 — 0.724 z(t) = . 0 —om 0 z(t)
| —®1 — x4 —1 0 0 —1

where uy(t) is the optimal controller designed to stabilize the nominal nonlinear part of the chaotic

system and wusy(t) is the sliding mode control used to keep the system onto the sliding surface to ensure

robustness.

I1.

Optimal controller design

Neglecting the uncertain part, (£.46]) can be written as

(t) = A(z)z(t) + Buy (¢)

(4.48)

The performance index J chosen to optimize the control input u;(t) is considered as
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J = /Ooo[x(t)TQ(x)a:(t) + uy ()T R(z)uq (t))dt (4.49)

where Q(x) € R™*™ and R(z) € R are weighing matrices which are functions of the states. Further,

Q(x) and R(x) are a positive definite matrix. The optimal control law u;(¢) is obtained as
ui(t) = —R ()BT P(z)z(t) = K (x)z(t) (4.50)

where K (z) = —R~!(2) BT P(z) and P(z) is a positive definite symmetric matrix which is the solution

of the state dependent Riccati equation

A(x)TP(z) + P(2)A(x) + Q(x) — P(x)BR™ ()BT P(z) =0 (4.51)

For ensuring robustness of the SDRE based optimal controller, a sliding mode controller is inte-

grated with it.
III. Sliding mode controller design

An integral sliding variable s(t) is designed as

t
s=G [az(t) - / a';nom(r)dr] (4.52)

0
where Zpom(t) = A(z)x(t) + Bui(t). Knowledge of initial condition is not required for designing the
integral sliding variable s(¢). But s(t) # 0 from the beginning. Hence for converging the sliding

variable s(t) in finite time, a non-singular terminal sliding surface is designed based on the integral

sliding variable s(¢). The non-singular terminal sliding variable o(t) [T7,[79] is given by

ot) = s(t) + 655 (1) (4.53)

and ¢ is the switching gain chosen such that

5>0 (4.54)

Here «, 3 are selected in such a way that these satisfy the following conditions
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a,B € {2n+1: nisaninteger} (4.55)

and

1< % <15 (4.56)

Following the procedure described in the pervious section, the sliding mode control uy(t) is designed
as
p

ug(t) = —/0 (GB))™! [55(7)2_5 +nsgn(o(7)) +eo(r)| dr (4.57)

where the design parameter is chosen in such a way that |GBd(t)| < n [66].
IV. Simulation results

To demonstrate the effectiveness of the proposed optimal sliding mode controller, it is applied for
stabilization of a chaotic system and simulation studies are conducted on various types of chaotic
systems. The performance of the proposed SDRE based OSOSMC is found to be equally good while
stabilizing chaotic systems with and without uncertainty. As such, simulation results are discussed
for the case when chaotic systems get affected by uncertainties. Simulation results obtained by using
the proposed optimal second order sliding mode controller (OSOSMC) are compared with results of

the adaptive sliding mode controller (ASMC) proposed by Roopaei et al. [9].
A. Lorenz system
Lorenz system [9] is described as
&1(t) = —az1(t) + axa(t)
&o(t) = rai(t) — xo(t) — z1(t)x3(t)

@3(t) = —bas(t) + 21 (t)z2(t) (4.58)

where z1(t), x2(t), x3(t) are state variables and a, r, b are known non-negative constants. In this

example a = 10, b= %, r = 28. The chaotic behavior of the Lorenz system is shown in Figure
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Figure 4.9: State space trajectories of Lorenz system

It is considered that the chaotic system (4.58)) is affected by disturbance
Af(x) = 0.5 — sin(mxi(t)) sin(2mxa(t)) sin(3 pizs(t)) and a control input u(t) is applied to the
state z1(t). Now (4.58) is given by

T1(t) = —ax1(t) + axa(t) + u(t) + Af(z)
Zo(t) = rxy(t) — xo(t) — x1(t)xs(t)

i‘g(t) = —bl‘g(t) + l‘l(t)l‘Q(t) (4.59)

The performance index J is chosen as

100
J:/OO eIt 0 1 0 |z@)+ul ®)u(t) ] dt (4.60)
0
00 1

Using the SDRE, the optimal feedback control is found as u; (t) = —R™'BT P(z)z

where R=1, B = [ 1 0 0 ]T and P(x) is the solution of the SDRE defined in (£5I]). Design
parameters of the integral and terminal sliding mode controller are chosen as follows:

G=[100],p=7¢g=50=02,n=.7,e=0.1.

The proposed controller is applied to the Lorenz system for the stabilization. The state space
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trajectories of the stable lorenz system are shown in Figure [4.10]

4 5
-3 15
-2 1
z5(t) w3(t)
_al 0.5
0 0.5 1 15 2 25 3 8 ‘
v (t) ! -05 0 05 1,15 2 25 3

Figure 4.10: State space trajectories of Lorenz system after applying the proposed SDRE based OSOSMC

The states z1(t), x2(t) and z3(t) obtained by applying the proposed OSOSMC are compared
with those obtained by using the ASMC proposed by Roopaei et al. [9] in Figures AIIHZT3 ASMC

proposed by Roopaei et al. is discussed in Appendix [A.9]

—Proposed OSOSMC
---ASMC proposed by Roopaei et al. [4

—

States

1 15 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 4.11: z1(¢) obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et al. [9]
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-

—Proposed OSOSMC
---ASMC proposed by Roopaei et al. [9]

States
|
—E

_40 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 4.12: 25(t) obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et al. [9]

2 —Proposed OSOSMC
---ASMC proposed by Roopaei et al. [9]
15 7
£ 1 .
n
0.5 i
OO 0.5 1 1‘.5 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 4.13: x3(t) obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et al. [9]

The control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et
al. [9] are shown in Figure .14l
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1 —Proposed OSOSMC
5r i
z 0 =
2
= 05 1 15 2 25 3 35 4 45 5
5 20
© ‘---ASMC proposed by Roopaei et al. [9]
100 -
0f ™
_10 ’ | | | | | | | |

0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 4.14: Control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et
al. [9]

It is observed from above figures that the proposed OSOSMC is able to stabilize the highly unstable
Lorenz system by spending a substantially lower control input in comparison to the ASMC proposed by
Roopaei et al. [9] but with the same stabilization speed. Moreover, the control input in the case of the
proposed OSOSMC is smooth without any chattering. In order to evaluate the controller performance,
the total variation (TV) [I06] and control energy of the control input wu(t) are computed. Table
shows the TV and the 2-norm of the control input calculated for the period from 0 to 5sec with a
sampling time of 0.01sec. It is clear from Table that the proposed OSOSMC is able to produce a
smoother control input with substantial reduction in the control effort than the ASMC proposed by

Roopaei et al. [9].

Table 4.6: Comparison of Control Indices

Method Total Variation (TV) | Control Energy
ASMC [9] 6074.00 438.00
Proposed OSOSMC 25.29 36.00
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B. Liu system

The Liu system [9] is described as

Z1(t) = —ax1(t) + axa(t)
To(t) = by (t) — kxy(t)xs(t)

i3(t) = —ca3(t) + hai(t) (4.61)

where x1(t), zo(t), z3(t) are state variables and a, b, k, ¢, h are known non-negative constants. In
this example the constants are a = 10, b = 40, k =1, ¢ = 2.5, h = 4. The chaotic behavior of the

Liu system is shown in Figure [4.15]

0

(0

Figure 4.15: State space trajectories of Liu system

After adding the control input u(t) and disturbance A f(x) = 0.5—sin(7wx1(t)) sin(2mwx2(t)) sin(3 pizs(t)),

Liu system (4.61) is obtained as

1(t) = —ax1(t) + axa(t) + u(t) + Af(x)
i‘Q(t) = b.’L‘l(t) — k‘.’L‘l(t)l‘g(t)

i3(t) = —ca3(t) + hai(t) (4.62)
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The same performance index and sliding surface as considered in Lorenz system are chosen to
stabilize the Liu system. The proposed controller is applied to the Liu system for stabilization. The

state space trajectories of the stable Liu system are shown in Figure [4.16]

-05 0 0.5 1 () 15 2 25 3 0 T o0 > 3

Figure 4.16: State space trajectories of Liu system after applying the proposed SDRE based OSOSMC

Simulation results are compared with those of the ASMC proposed by Roopaei et al. [9]. The
states x1(t), x2(t) and x3(t) obtained by applying the proposed OSOSMC are compared with those
obtained by using the adaptive sliding mode controller proposed by Roopaei et al. [9] and are shown

in Figures L.17HA.19]
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4
—Proposed OSOSMC
---ASMC proposed by Roopaei et al. [9]

States

15 2 2.5 3 3.5 4 4.5 5

Time (sec)

Figure 4.17: State x1(t) of Liu system obtained by using the proposed OSOSMC and ASMC proposed by

Roopaei et al. [9]

2
—Proposed OSOSMC
---ASMC proposed by Roopaei et al. [9]

-2

_3, |

% 05 1 15 2 25 3 35 4 45 5
Time (sec)

Figure 4.18: State x2(t) of Liu system obtained by using the proposed OSOSMC and ASMC proposed by

Roopaei et al. [9]
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—Proposed OSOSMC
---ASMC proposed by Roopaei et al. [9]

States

b o5 1 15 2 25 3 35 4 45 5

Time (sec)

Figure 4.19: State x3(t) of Liu system obtained by using the proposed OSOSMC and ASMC proposed by
Roopaei et al. [9]

The control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et

al. [9] are shown in Figures [4.20]

0
_10 _

é 5 ‘ ‘ ‘ ‘ ‘ ‘ \—Proposed OSOSMC
i % 1 2 3 4 5 6 7 8 9 10
o
§ 10 \—ASMC proposed by Roopaei et al. [9]

OVM

Time (sec)

Figure 4.20: Control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et
al. [9] for Liu system

Similar to the previous example, for the Liu system also it is observed that the proposed OSOSMC
is able to achieve stabilization performance at par with the ASMC proposed by Roopaei et al. [9] but

at the cost of significantly lesser control input. Moreover, the control input in the case of the proposed
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OSOSMC is chattering free. Table .7 compares the total variation (TV) and the 2-norm of the
control input for the proposed OSOSMC and ASMC proposed by Roopaei et al. [9] in stabilizing the
Liu system. The control indices are computed for the period from 0 to 10 sec with a sampling time of
0.01 sec. From Table [£7] it is evident that the proposed OSOSMC method produces a substantially
smoother control input spending a significantly lower control energy than the ASMC proposed by

Roopaei et al. [9].

Table 4.7: Comparison of Control Indices

Method Total Variation (TV) | Control Energy
ASMC [9] 2401.90 267.32
Proposed OSOSMC 37.90 58.36

C. Lorenz-Stenflo

The Lorenz-Stenflo [9] system is described as

:i‘l(t) = —aacl(t) + aazg(t) + C:L‘4(t)

dg(t) = 21 (1) (r — w3(t)) — z2(t)

x3(t) = z1(t)za(t) — bas(t)

E4(t) = —21(t) — aza(t) (4.63)
where x1(t), xa(t), z3(t), x4(t) are state variables and a, b, ¢, r are known non-negative constants.

In this example the constants are a = 1, b = 0.7, ¢ = 1.5, » = 26. The chaotic behavior of the

Lorenz-Stenflo system is shown in Figure 211

Figure 4.21: State space trajectories of Lorenz-Stenflo system

After adding the control input u(t) and disturbance
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Af(z) = 0.5 — sin(mxy(t)) sin(2mxa(t)) sin(3 pixs(t))sin(4 pizy(t)), Lorenz-Stenflo system (4.63))

can be rewritten as

&1(t) = —ax1(t) + axa(t) + cxa(t) + u(t) + Af(x)
a(t) = 21 (8)(r — 23(t)) — 2(t)
i‘g(t) = l‘l(t)ZL‘g(t) — bl‘g(t)

i‘4(t) = —l‘l(t) — ax4(t) (4.64)
The performance index J is chosen as

10 0 0 O

o0 0 10 0 0
J = / 2T (t) z(t) +ul (tu(t) | dt (4.65)
0 0 0 10 0
0 0 0 10 |

Using the SDRE based method, the optimal control is found as u1(t) = —R~!B” P(x)x where R =
1, B= [ 10 0 0 }T and P(z) is the solution of the SDRE defined in (A5]]). Design parameters of
the integral and terminal sliding mode controller are chosen as G =1[1 0 0 0], p=7, ¢=5,6 =0.2,
1n = 0.7, £ = 0.1. The proposed controller is applied to the Lorenz-Stenflo system for the stabilization.

The state space trajectories of the stable Lorenz-Stenflo system are shown in Figure [£.22]

Figure 4.22: State space trajectories of Lorenz-Stenflo system after applying the proposed SDRE based
OSOSMC

The states x1(t), x2(t), x3(t) and z4(t) obtained by applying the proposed OSOSMC are compared
with those obtained by using the adaptive sliding mode controller proposed by Roopaei et al. [9] and

are shown in Figures [4.23H4.20]
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States

—OSOSMC

---ASMC proposed by Roopaei et al. [9]

Time (sec)

10

Figure 4.23: State z1(t) of Lorenz-Stenflo system obtained by using the proposed OSOSMC and ASMC

proposed by Roopaei et al. [9]

States
=3

LR e

—Proposed OSOSMC
---ASMC propoded by Roopaei et al. [9

—

«

|
N

Time (sec)

10

Figure 4.24: State xo(t) of Lorenz-Stenflo system obtained by using the proposed OSOSMC and ASMC

proposed by Roopaei et al. [9]
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—Proposed OSOSMC
---ASMC propoded by Roopaei et al. [9]

States

Time (sec)

Figure 4.25: State z3(t) of Lorenz-Stenflo system obtained by using the proposed OSOSMC and ASMC
proposed by Roopaei et al. [9]

—Proposed OSOSMC
---ASMC propoded by Roopaei et al. [9]

Time (sec)

Figure 4.26: State x4(t) of Lorenz-Stenflo system obtained by using the proposed OSOSMC and ASMC
proposed by Roopaei et al. [9]

The control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et

al. [9] are shown in Figures [4.27]
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|
N
(@)

é -4 \ ! | | ! \ ! \ ’m
2 1 2 3 4 5 6 7 8 9 10
o
§ 10 —ASMC proposed by Roopaei et al. [9]
O L
_10 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10
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Figure 4.27: Control inputs obtained by using the proposed OSOSMC and ASMC proposed by Roopaei et
al. [9] for Lorenz-Stenflo system

The proposed OSOSMC demonstrates stabilization performance and control input usage in accor-
dance with results obtained in earlier chaotic system examples. Table 4.8 compares the total variation
(TV) and the 2-norm of the control input obtained for the proposed OSOSMC and ASMC proposed
by Roopaei et al. [9] in stabilizing the Lorenz-Stenflo system. The control indices are computed for
the period from 0 to 10 sec with a sampling time of 0.01 sec. It is observed from Table [£.8 that the
proposed OSOSMC method produces a far smoother control input at a cost of much lower control

effort than the ASMC proposed by Roopaei et al. [9].

Table 4.8: Comparison of Control Indices

Method Total Variation (TV) | Control Energy
ASMC [] 15308 120.99
Proposed OSOSMC 69.53 134.22

4.4 Summary

In this chapter a state dependent Riccati equation (SDRE) based optimal second order sliding
mode controller (OSOSMC) is proposed for nonlinear uncertain systems. The nonlinear system is

converted into a linear like structure by using extended linearization where the system matrix and
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the input distribution matrix are state dependent. The optimal control law is designed by solving the
state dependent Riccati equation arising in the nominal nonlinear system. As the optimal controller
is highly sensitive to the uncertainty and disturbance present in the system, an integral sliding mode
controller is integrated with the optimal controller for imparting robustness. To reduce chattering,
a second order sliding mode methodology is proposed by designing a nonsingular terminal sliding
mode controller based on the integral sliding variable. Simulation results establish effectiveness of
the proposed SDRE based optimal second order sliding mode controller (OSOSMC). The proposed
SDRE based OSOSMC is applied for stabilization of the chaotic system which is a special case of
highly unstable nonlinear system. Chaotic systems which can be represented as linear like structures
having state dependent coefficient (SDC) matrices are successfully stabilized by using the proposed
SDRE based OSOSMC by spending a significantly lower control effort. Simulation results confirm the
affectiveness of the proposed SDRE based OSOSMC which is found to exhibit superior performance

compared to some already existing controller designed for controlling chaotic systems.
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5. Control Lyapunov function based optimal second order sliding mode controller for nonlinear
uncertain systems

5.1 Introduction

In Chapter [ a state dependent Riccati equation based OSOSMC was proposed for the nonlinear
system affected by the matched type of uncertainty. The state dependent Riccati equation based
optimal controller can only be designed for nonlinear systems which can be described as linear like
structures by using state dependent coefficient (SDC) matrices. However, it may not be possible to use
extended linearization through SDC matrices for all nonlinear systems. For nonlinear systems which
cannot be easily defined as linear like structures, control Lyapunov function (CLF) based optimal
controller [21H24] has been developed. In [24] Sontag first proposed the control Lyapunov function
(CLF) based optimal controller for nonlinear systems. The CLF is defined for systems with inputs
having no specified feedback law. If the CLF can be found for the nonlinear system, there would
exist a feedback controller to make the system asymptotically stable. Moreover, every CLF solves
the HJB equation associated with a meaningful cost. So, if it is possible to find the CLF for a
nonlinear system, it is also possible to find the optimal control law without actually solving the HJB
equation. To make the optimal controller insensitive to uncertainties and external disturbance, an
established way is to integrate the optimal controller with a sliding mode control (SMC) strategy by
using an integral sliding surface. However, conventional integral sliding mode controller cannot tackle
mismatched uncertainties and its control input contains high frequency chattering. Active research
is going on to design sliding mode controllers which are able to tackle mismatched uncertainties.
In [82H84] Choi proposed a linear matrix inequality (LMI) based sliding surface to stabilize linear
systems affected by mismatched uncertainties. But in the case of nonlinear systems, this method is
not applicable. Observer based SMC [11,[89] has been proposed to stabilize nonlinear systems affected
by mismatched uncertainties. To reduce chattering in the control input, higher order sliding mode
controllers (HOSMC) [ILBL65,/66] have been successfully used. The HOSMC retains all key qualities
of the conventional SMC while eliminating the chattering at the same time.

In this chapter an optimal second order sliding mode controller (OSOSMC) is proposed for con-
trolling nonlinear uncertain systems affected by both matched and mismatched types of uncertainties.
For this purpose a control Lyapunov function (CLF) based optimal controller [21H24] is designed. To
tackle the uncertainty, the optimal controller is integrated with the sliding mode control (SMC) by
utilizing an integral sliding surface. A second order sliding mode control strategy is proposed by de-

signing a nonsingular terminal sliding mode control based on the integral sliding variable. To estimate
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the mismatched uncertainty affecting the system, a disturbance observer is used. Simulation study is
conducted to investigate the performance of the proposed controller.

Outline of the chapter as follows. In Section an optimal second order sliding mode controller
is designed for the nonlinear system affected by the matched uncertainty. The optimal controller is
designed by defining a control Lyapunov function (CLF) and the second order sliding mode controller
is realized by designing a non-singular terminal sliding mode controller based on an integral sliding
variable. The proposed controller is applied for both stabilization and tracking problems. In Section
(.3l an optimal second order sliding mode controller is designed for the nonlinear system affected by the
mismatched uncertainty. The optimal controller is designed based on the CLF defined for the nominal
nonlinear system. A disturbance observer is utilized to estimate the mismatched uncertainty and the
second order sliding mode controller is designed using an integral sliding variable based non-singular
terminal sliding surface. Simulations are performed to study effectiveness of the proposed controller.

Summary of this chapter is presented in Section [5.41

5.2 Optimal second order sliding mode controller for nonlinear sys-
tems affected by matched uncertainties

In this section an optimal second order sliding mode controller is proposed for nonlinear systems
affected by matched uncertainties. The nominal nonlinear system is stabilized by using a CLF based
optimal controller. A Lyapunov function is defined for the open loop system and the optimal controller
is designed to satisfy the Lyapunov stability criterion. In [24] Sontag has shown that the CLF based
feedback controller which stabilizes the nominal nonlinear system also minimizes certain performance
index. For a particular nonlinear system more than one control Lyapunov function can be defined
to design the optimal controller. For the proposed controller a suitable control Lyapunov function is
chosen. The CLF based optimal controller is then combined with a second order sliding mode controller
for ensuring robustness against matched uncertainties. The second order sliding mode controller is

implemented by using a non-singular terminal sliding surface based on an integral sliding variable.
I. Problem statement

The following nonlinear uncertain system is considered:

@(t) = f(z) + Af(x) + (9(z) + Ag(x))u(t) + d(t) (5.1)
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where z(t) € R"™ is the state vector and u(t) € R is the control input. Further, f(x), g(z) are the
nominal parts of the system and g(z) # 0 Vx in t € [0,00). System uncertainties are represented by
Af(z), Ag(z) and external disturbance is denoted by d(t).

Assumption:

It is assumed that system uncertainties Af(z), Ag(z) and external disturbance d(t) satisfy the
matching condition which means that these are in the range space of the input matrix. Hence, it can

be written that,

Af(z) + Ag(z)u(t) + d(t) = g(x)di(z,u,t) (5.2)

where di(z,u,t) is total uncertainty of system (5.1I). Using (5.2]), (5.1) can be expressed as

@(t) = f(z) + g(x)ult) + g(x)di (2, u, t) (5.3)

The objective of the proposed control scheme is to design a chattering free optimal sliding mode
controller for the nonlinear uncertain system (5.3]). The design of the optimal sliding mode controller
is followed in two steps, viz. (i) designing the optimal controller for the nominal nonlinear system and
(ii) designing a sliding mode controller to tackle the uncertainty affecting the system. So the control
input u(t) can be expressed as,

u(t) = u1(t) + ua(t) (5.4)

where u;(t) is the optimal control law to stabilize the nominal system and uy(t) is the sliding mode
control used to keep the system onto the sliding surface to ensure robustness in presence of uncertainties
and external disturbance.

Using (5.4), (53) can be defined as

i(t) = fz) + g(@)ui(t) + g(@)ua(t) + g(x)di (2, u, t) (5.5)
II. Optimal control for the nominal system

Neglecting the uncertainties and external disturbance, the system defined in (5.5) can be written

&(t) = fz) + g(x)ui (t) (5.6)

and the performance index J chosen to optimize the control input u(¢) is defined as
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J= / @) + ol () Rua (1)) dt (5.7)
0

where [(z) is a continuously differentiable, positive semidefinite function, R € R! is positive definite
and [f,[] is zero state detectable, with the desired solution being a state feedback control law. It is
to be noted that existence of a Lyapunov function for the nonlinear system (5.6]) is a necessary and
sufficient condition for determining its stability. One way to stabilize a nonlinear system is to select a
Lyapunov function V (z) first and then try to find a feedback control u;(t) that makes V(x) negative
definite. Lyapunov stability criterion finds stability of dynamic systems without inputs and it has
been typically applied to closed loop control systems. But the idea of the control Lyapunov function
(CLF) [22] based controller is to define a Lyapunov candidate for the open loop system and then
design a feedback loop that makes the Lyapunov function’s derivative negative. Hence, if it is possible
to find the CLF, then it is also possible to find a stabilizing feedback control law u;(t).

The Lyapunov function considered for the system (5.0]) is a positive definite, radially unbounded

function V(z) and its derivative is given by

V(z) = LiV(z) + LV (2)ur (t) (5.8)
where L represents the Lie derivative operator.
Now, V(z) is a CLF if Vx(t) # 0,

LyV(z) = 0= L;V(z) <0. (5.9)

By using standard convergence theorem [134] it is inferred that if (5.0)) is stabilizable, then there
exists a CLF. On the other hand, if there exists a CLF for the system (5.0]), then there also exists an
asymptotically stabilizing controller which stabilizes the system (B.6). Sontag [24] proposed a CLF

based controller as given below,

_[a(z)—i-\/a(CC)Q-H(z)b(z)TR_lb(z)]b({]})T for b(x) #0

w (t) = bz)b(@)™ (5.10)
0 for b(x)=0
where
a(z) = LV (x), b(z) = LyV(z) (5.11)

The control law u;(t) defined in (5.10) stabilizes the nominal nonlinear system defined in (5.6]) by
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minimizing the performance index (5.7]).
Minimization of the performance index [135)]
In order to find the optimal stabilizing controller for a nonlinear system, the Hamilton Jacobi

Bellman (HJB) equation [14] needs to be solved. The HJB equation [14] is given by,

1
l(z) + LyV* — ZLQV’*‘R—I(m)(Lgv*)T =0 (5.12)

where V* is the solution of the HJB equation and is commonly referred to as a value function

defined as

V= inf /t (I(z) +ud (t)Rus (1)) dr (5.13)

ul(t
If there exists a continuously differentiable, positive definite solution of the HJB equation (5.12]),

then the optimal controller is defined as [22]

1
u*(t) = —ER_ngV* (5.14)

If the level curve of V(z) agrees with the shape of V*, then Sontag’s formula (5.I0) produces
the optimal controller. However,in general, V* is not the same as V(x). So, a scaler function A is

considered such that V* = AV (z). Now the optimal controller is given by

1
u*(t) = —iR_l(ALQV(az))T (5.15)
Moreover, A can be determined by substituting V* = AV (x) in the HJB equation defined in (5.12))

as,

2
l(z) + ALy (V(x)) — )\ZLQV(x)R_l(Lg(V(a;)))T =0 (5.16)

Now, by solving the above equation (G.I6]) and using (B.I1I), A is found as

s <a(a:) + \/agz:(r;)(bz(z))(;;)TR—lb(x)) (517

Substituting the value of A in (B.I5)), controller uw*(¢) is obtained as
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a(x) +v/a(z)? +1(z)b(x)T R-1b(x)

7 T
ST ] b(z) (5.18)

So, the control input u*(t) is defined as follows,

b(z)b(x)T
0 for b(x)=0

|:a(z )+y/a(x)2 +1(x)b(x)T R- ”’(I)] b(z)"  for b(z)#0
u'(t) =

(5.19)
The optimal controller u*(t) is exactly the same as the controller wu;(¢) found by using Sontag’s
formula (B.I0). So, it is proved that the control effort u;(#) minimizes the performance index (5.7).
Stabilization of the nominal system [2])]
Let us consider (5.8) again and replace i (t) there by using (5.10). Utilizing the property of the
CLF ie. L;V(z) < 0 when L,V(z) = 0, it can be resolved that V(z) < 0 for ui(t) = 0 and for

ui(t) # 0, (5.8) is obtained by using (5.11]) as

V@) = —\/a@) +U)b()" R ()
< —M b(x)T R-1b(x)|
< (5.20)

Hence, it is proved that the control input defined in (5.10) minimizes the performance index (5.7) and
stabilizes the nominal nonlinear system (5.0)).

Remark 1. In (5.7), the weighing matrix R requires to be chosen suitably to design the optimal
control law ensuring the desired performance.

Remark 2. It is easy to find the CLF for two dimensional systems by using analytical methods.
However, if the system dimension is higher, it is difficult to choose the CLF analytically.

Remark 3. For applying the CLF based optimal controller, exact knowledge of the system being
considered is a necessary prerequisite. But if the system is affected by uncertainty in the neighborhood
of the equilibrium state, performance of the optimal controller degrades and it may even fail. An
efficient way to overcome this limitation is to integrate the optimal controller with the sliding mode

control (SMC) scheme which is an established method to ensure robustness.
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III. Second order sliding mode control

An optimal controller is highly sensitive to uncertainties and disturbances. To make the optimal
controller robust, it is now integrated with a sliding mode controller. For this purpose, an integral

sliding variable s is designed as

e [x(t) - /0 t a;«mm(T)dT] (5.21)

where pom (t) = f(z) + g(x)u1(t). Knowledge about the initial condition x(0) is not required at the
time of designing the integral sliding surface s(t) = 0. However, s(t) # 0 from the very beginning.
Hence, to converge the integral sliding variable s(¢) in finite time, a non-singular terminal sliding
surface is designed based on the integral sliding variable s(t). The non-singular terminal sliding

variable is designed as o [(7,[79] where

o(t) = s(t) + 645 (t) (5.22)

and ¢ is the switching gain chosen such that

5>0 (5.23)

Here «, 8 are selected in such a way that these satisfy the following conditions:

a,B € {2n+1: nisaninteger} (5.24)

and

1< % <15 (5.25)

Following the procedure described in Section 3.3 III, the sliding mode control us(t) is designed as

ug(t) = —/0 (Gg(x))™! [%3(.7')2_g + Gg(x)ua(T) +nsgn(o(r)) + eo(1)| dr (5.26)

where the design parameters 7, € are chosen in such a way that |Gg(z)d;(z, u,t)| < 1 [66] and & > 0.

The convergence of the sliding variables has already been proved in Chapter [4
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IV. Simulation Results

The proposed optimal second order sliding mode controller (OSOSMC) is applied for stabilization
and tracking problems involving nonlinear systems affected by matched uncertainties. The simulation
experiments are explained below.

Example 1: Stabilization of a nonlinear uncertain system

A second order nonlinear uncertain system [10] is considered as

l"l(t) = T2 (t)
io(t) = —(z3(t) + 1.522(t)) + u — (0.3sin(t)23(t) 4+ 0.2 cos(t)zo(t)) + d(t)

(5.27)

where d(t) is a random noise of 0 mean and 0.5 variance. The above second order nonlinear
system (5.27) can be expressed as (BI) where f(z) = [zo(t) — 22(t) — L.5z2()]%, g(z) = [0 1]7,
Af(z) =10 —0.3sin(t)x? — 0.2cos(t)ze]? and Ag(z) = 0. The initial state (0) = [1.5 0]7. The

performance index J is defined as

J = /Oo [l(z)z + ui (t)10u (t)] dt (5.28)
0

where () is chosen as z3(t) + z3(t).

After preliminary simulation it was found that the following V' (z) (5:29) gives rises to the best

optimization and stabilization. Hence this value of V'(x) is chosen.

T 5.8 5.51
Vix) =z (t) x(t). (5.29)
5.51 5.51
Design parameters of the proposed optimal second order sliding mode controller (OSOSMC) are
chosen as follows:
G=[0 1,a=17,8=50=0.51n=0.6and ¢ =0.2.
The proposed optimal second order sliding mode controller (OSOSMC) is applied to stabilize the
system (B.27). The results obtained by applying the proposed optimal second order sliding mode

controller are compared with those obtained by using the adaptive sliding mode controller designed
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by Kuo et al. [10] which is discussed in Appendix [A. 10l The states and the control inputs obtained
by applying the proposed optimal second order sliding mode control (OSOSMC) and the adaptive
sliding mode control (ASMC) proposed by Kuo et al. [10] are shown in Figure (.1 and Figure 5.2
respectively. It is observed from Figures that both the controllers stabilize the considered
nonlinear uncertain system to the equilibrium state at the same rate although the control input in the

case of the proposed OSOSMC contains lesser chattering than that of Kuo et al. [10].

1.5~ -
T, - 21(t) with control law proposed by Kuo et al. [10]
s, — 23(t) with control law proposed by Kuo et al. [10]
M ---21(t) with proposed OSOSMC
KN — x5(t) with proposed OSOSMC
0.5- H, ]
3 My,
+ Ry
g;g; :x:n:.xa... -
oA  mmemcno=eas
-0.5 *
| | | | | | | |

!

10

Time (sec)

Figure 5.1: States obtained by applying proposed OSOSMC and ASMC proposed by Kuo et al. [I0]
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---Control law proposed by Kuo et al. [10]
—Proposed OSOSMC

0.4

Control inputs

0.05, o

0.4 OM&'«\:—
: 0.0
06 ‘ | | | | | 6 6.056.16.156.2
’ 1 2 3 4 5 6 7 8 9 10
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Figure 5.2: Control inputs obtained by applying proposed OSOSMC and ASMC proposed by Kuo et al. [10]

To measure the smoothness of the control input, the total variation (TV) [106] is computed for
both controllers. The control energy spent by the controller is found by calculating its second norm.
Table .1l shows the TV and the 2-norm of the control input calculated for the period from 0 to
10 sec with a sampling time of 0.1 sec. It is clear from Table 5.1l that the proposed OSOSMC is able

to produce a smoother control input with substantial reduction in the control effort than that of the

ASMC proposed by Kuo et al. [10].

Table 5.1: Comparison of control indices of the ASMC [10] and the proposed OSOSMC

Method Total Variation (TV) Control Energy
ASMC [10] 3.65 1.13
Proposed OSOSMC 1.52 0.60

Example 2: Tracking by a nonlinear uncertain system

A single inverted pendulum [4] is now considered. The state space model of the single inverted

121



5. Control Lyapunov function based optimal second order sliding mode controller for nonlinear
uncertain systems

pendulum [4] is given as

l"l (t) = T2 (t)

) gsinxy(t) — [mlx3(t) cos x1(t) sin ( ) 4 m| Ccos %@ +m
Eo(t) = 1 2 = ( ) 1 P 21(t) u(t) +d(t)
I[3 = (mcos? == 4+ m)] U[3 — (mcos? == + m)]
y(t) = z1(¢) (5.30)

where x1(t) is the swing angle and x5 (t) is the swing speed. Parameters of the single inverted pendulum
are tabulated in Table[5.2l The disturbance d(t) is considered as 7sin(10x1(t)) 4 cos x2(t). The output

of the system is swing angle which is defined as y(t) = x1(t)

Table 5.2: Parameters of the single inverted pendulum [4]

Parameters Description values
g Gravitational constant 9.8 m.sec”?
Me Mass of the cart 1 kg
m Mass of the pendulum 0.1 kg
l Effective length of the pendulum 0.5m

The proposed controller is used such that output y(t) = x1(t) tracks the desired trajectory z4(t) =

sin(0.57t) using minimum control effort. Tracking error is defined as

o(t) = e1(t) _ x1(t) B xq(t) (5.31)

€92 (t) i) (t) l"d(t)

To design the CLF based OSOSMC, the performance index J is considered as

J= / e) + ui(t)] dt (5.32)

where I(e) is chosen as €?(t) + e2(t). The control Lyapunov function V is selected as
After preliminary simulation it was found that V' (z) in 533 gives rises to the best optimization

and stabilization. Hence this value of V'(z) is chosen.

vV =el(t) e(t). (5.33)
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The integral sliding surface is designed as

s(t) = e(t) — /0 erom(T)dT = 0 (5.34)

where €50, (t) is the nominal part of the system defined in error domain. Design parameters of the
proposed optimal second order sliding mode controller (OSOSMC) (5.26) are chosen as follows:
G=[0 1,a=7,8=50=05n=9and ¢ =0.2.
Simulation results are compared with those obtained by using the integral sliding mode controller
proposed by Mondal and Mahanta [4] which is discussed in Appendix[A.4l The sliding surface designed

in [4] is given by

s1(t) = e(t) — e(0) — / Vnom = 0 (5.35)

3
5

where vpom, is defined as vpom = —3sign(ei(t))|er (t)|% — 2.5sign(ez2(t))]ea(t)]

The controller designed in [4] is given by

w(t) = b '[@— #q(t) + Vpom — 10sign(si(t))] (5.36)
where @ — gsinz1(t)—[miz?(t) cos z1(t) sin Irln(ct) +m)] and b — cos %(ct)+m

l[%—(m cos? Z;L—(ct)—i-m)] l[%—(m cos? Z;L—(ct)—i-m)] )

The states obtained by applying the proposed CLF based optimal second order sliding mode control
(OSOSMC) and the integral sliding mode control (SMC) [4] are shown in Figure and Figure (.4
respectively. The control inputs for these cases are compared in Figures It is observed from
Figures that the proposed CLF base OSOSMC requires reduced control energy and contains

lesser chattering than the integral SMC [4] .
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5.3: States obtained by applying the proposed CLF based OSOSMC
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Figure 5.4: States obtained by applying the integral SMC [4]
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Figure 5.5: Control input obtained by applying the proposed CLF based OSOSMC
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Figure 5.6: Control input obtained by applying the integral SMC [4]

To measure the smoothness of the control input, the total variation (TV) [106] is computed for
both the controllers. Further, 2-norm of the control input is calculated to assess the control energy
spent by the controller.

Table (.3l shows the TV and the 2-norm of the control inputs calculated for the period from 0
to 10 sec with a sampling time of 0.1 sec. It is clear from Table that the proposed CLF based

OSOSMC is able to produce a smoother control input with reduction in the control effort than that
of the integral SMC [4].
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Table 5.3: Comparison of control indices of proposed CLF based OSOSMC and integral SMC [4]

Method Total Control

Variation (TV) | Energy

Proposed CLF based OSOSMC 320.31 106.92
Integral SMC [4] 640.17 121.54

5.3 Optimal second order sliding mode controller for nonlinear sys-
tems affected by mismatched uncertainties

Now an optimal second order sliding mode controller is proposed for the nonlinear system affected
by mismatched type of uncertainty. The optimal controller is designed for the nominal nonlinear system
using the control Lyapunov function (CLF) as discussed in the previous section. As the sliding mode
controller (SMC) cannot tackle the mismatched uncertainty, it is estimated by using a disturbance
observer. A second order sliding mode methodology is proposed by designing a non-singular terminal

sliding mode based on an integral sliding variable.
I. Problem statement

A nonlinear system with mismatched uncertainty is considered as given below:

#(t) = f(z) + g(@)ult) + g1d(t) (5.37)

where z(t) € R™ is the state vector and u(t) € R is the control input. Further, f(x), g(x) are the
nominal parts of the nonlinear system and g(x) # 0 Vx in ¢t € [0,00). Moreover, d(t) represents the
uncertainty affecting the system and ¢; is not in the range space of g(x). As such, d(t) does not satisfy
the matching condition.

Assumption: The disturbance d(t) is unknown but bounded and d(t) = 0.

The objective of the proposed control method is to design an optimal second order sliding mode
controller for the above nonlinear system affected by the mismatched uncertainty. The design of the
proposed observer based optimal second order sliding mode controller is divided into three steps, (i)
designing the optimal controller for the nominal nonlinear system, (ii) estimating the disturbance by
using a disturbance observer, (iii) designing the observer based second order sliding mode controller

to tackle the mismatched uncertainty. So, the control input u(t) is divided into two parts and can be
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expressed as

u(t) = u1(t) + ua(t) (5.38)

where u(t) is the optimal control law to stabilize the nominal nonlinear system and wug(t) is the
sliding mode control used to keep the system onto the sliding surface to ensure robustness in presence

of mismatched uncertainties.
II. Optimal controller design

Neglecting the uncertainty, nominal part of the system defined in (5.37) can be written as,

w(t) = fz) + g(z)ui(t) (5.39)

and the performance index J chosen to optimize the control input uq(¢) is defined as

J = / “@) + ()T Buy ()]t (5.40)
0

where [(x) is a continuously differentiable, positive semi-definite function, R € R is positive definite
and [f,[] is zero state detectable, with the desired solution being a state feedback control law. The
optimal controller is designed for the nominal nonlinear system using the CLF as discussed in the
previous section. For the system defined in (5.39), the Lyapunov function is chosen as a positive

definite, radially unbounded function V' (z) and the derivative of the Lyapunov function is given by

V(z) =LV (z)+ LeV(x)ui(t) (5.41)

where L represents the Lie derivative operator.

Now, V(z) is a control Lyapunov function (CLF) if Vx(¢) # 0,
LyV(x)=0= LV (x) <0. (5.42)

By standard converge theorems [134], if (5.39) is stabilizable, then there exists a CLF. On the

other hand, if there exists a CLF for the system (5.39), then there also exists a feedback controller
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which stabilizes the system (5.39). The CLF based optimal controller is designed as follows

_ a(w)—i-\/a(x)Q—i-l(m)b )T R=1b(z) T
w(f) = [ b(z)b(z)T Jb(x)”  for b(x) #0 (5.43)
0 for b(z)=0
where
a(x) = LV (x), b(z) = LyV (x) (5.44)

Though the designed optimal controller minimizes the performance index (5.40), the major con-
straint for its application is the necessary prerequisite of exact knowledge about the system. If the
system is affected by uncertainty, the controller may fail. In order to overcome this limitation, a sliding

mode control strategy is embedded with the optimal controller.
III. Sliding mode controller based on disturbance observer

An integral sliding mode controller (ISMC) is combined with the optimal controller designed above
to impart robustness. However, a conventional ISMC cannot tackle the mismatched uncertainty.
So, the integral sliding surface is designed based on disturbance estimation by using a nonlinear

disturbance observer (DOB) [I1] defined as follows:

B(t) = —pg1p(t) — plorp(t) + f(x) + g(x)u(t)]
d(t) = p(t) + pa(t) (5.45)

~

where d(t) denotes the estimation of the disturbance d(t). Further, p(t), p represent the internal state
of the nonlinear disturbance observer and the observer gain respectively. Here p is chosen such that

pg1 becomes positive definite. It implies that

éa(t) + pgrea(t) =0 (5.46)

is asymptotically stable, where e4(t) = d(t) — gl\(t) So, it can be written that

lim eq(t) =0 (5.47)

t—o00

The integral sliding variable s is chosen as follows:

~

s(t) = Glz(t) — /0 ®(7)dr + g1d(t)] (5.48)
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where G is a design parameter which is so chosen such that Gg(x) is invertible. Moreover, ®(t) is

defined as

b(t) = f(a) + g(z)ui (t) (5.49)

First time derivative of the integral sliding variable s(¢) in (5.48)) is obtained as

. -~

3() = Gli(t) — (1) + grd(t) (5.50)

Substituting the values of #(t) and ®(t) from (5.37) and (5.49) into (5.50) yields

~

$(t) = Glg(x)uz(t) + g1d(t) + g1d(t)] (5.51)

Further, using the assumption that d(t) = 0, second derivative of the sliding variable s(t) is found

as

~

5(t) = Glg(x)us(t) + g(@)an(t) + grd(t)] (5.52)

To overcome chattering, a second order sliding mode is proposed by using a non-singular terminal

sliding variable o(t) as follows:

ot) = s(t) + 65(t) 7 (5.53)

where 9§ is the switching gain chosen such that

§>0 (5.54)

Here «, B are selected in such a way that these satisfy the conditions

a,B € {2n+1: nisaninteger} (5.55)

and

1< % <15 (5.56)

The motivation behind choosing a non-singular terminal sliding variable o(¢) in the second order

sliding mode control scheme is for achieving finite time convergence of the sliding variables. Taking
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the first time derivative of the terminal sliding variable (.53]) yields

ot) = () + 5%$(t)%_1§(t)
B

a a_ 1
= — B —
62507 (2

g

For the design parameters «, § satisfying (5.59) and (B.56]), it can be shown [79] that

$()778 +3() (5.57)

>0 for $(t)#0

=0 only for s(t) =0 (5.58)

Further, from (5.54), (5.55) and (5.58), 5%3(1&)%_1 in (557) can be replaced by n2 > 0 for 5(¢) # 0.

Hence (5.57) can be written as

5(1) = w250 + (1) (5.59)

The above strategy of using a terminal sliding mode based on an integral sliding variable gives
rise to a second order SMC. Using the constant plus proportional reaching law [104] for the terminal

sliding variable o(t) gives rise to

o(t) = —msgn(o(t)) —eio(t) (5.60)

where 171 > 0 and 1 > 0.

Substituting the value of ¢(¢) from (5:59), (5.60) can be expressed as

m(L-5(67F +5(0) = ~msgn(o(1)) - 210 (1)
or, %é(t)2_% + §(t) = —nsgn(o(t)) — eo(t) (5.61)

where 7 = Z—; >0 and € = 2 > 0. Then (B.6I) can be rewritten as

§(t) = —nsgn(o(t)) — eo(t) — ﬁs(t)Q—% (5.62)
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uncertainties
Hence, from (5.62)) and (5.52), the switching control law is designed as
us(t) == fy(Gg(@) ™ [£3(r)F + Gglapua(r)
+Gg1d(r) + nsgn(o(r)) + eo(r)] dr (5.63)
Stability analysis of the sliding surfaces
Let us consider the Lyapunov function as Vi (t) given by
Vi(t) = %UQ(t)
Vi) = o(t)o(t)
— o(lsle) + s s(0)
= o()[s(t) + %(tﬁ‘%eg(xm () + Gi(z)us(t) + Ggrd(1))]
= (Ols(0) + 30 (50 F - Gila)ualt) — Goud(t) - nsgnlo(t)
— cot) + Ggla)ua(t) + Gad(t))]
= 0% 5(0)5 ™ (“nsgn(o(t) - <o (1)
= ()5 [=lo(t)n —eo(t)?]
< S50+ <o O)lott)
< —%é(t)g_lm\a(tﬂ (5.64)

where Kk = 1+ ¢|o(t)| > 0.Moreover, in [66] Wang et al. showed that é%_l(t) > 0 for |s(t)| # 0.
So, (5.64) can be written as

Vi(t) < —Rlo(t)| where R:%éé(t)%_lm>0 for |[s(t)] #0
< —RVIRD)] as ‘/1(15):%02@) (5.65)

Hence, finite time stability of the sliding variable o(t) is guaranteed [101}105].
Moreover, it can be proved that integral sliding variable s(t) converges to zero in finite time.
Suppose in time t,, o(t) reaches zero from o(0) # 0 and o(t) =0V ¢t > t,.. So, once o(t) reaches zero,

it remains at zero and based on (5.64]), s(t) will converge to zero in finite time t;. The total time
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required from o(0) # 0 to s(ts) is defined as follows:

a Bégs(tr)%ﬁ (5.66)

ts =t, +
o —

So, the sliding variables satisfy finite time convergence.
IV. Simulation results

The proposed disturbance observer based optimal second order sliding mode controller (DOB-

OSOSMC) is applied for stabilization of the following system [I1]:

i1(t) = w(t) + d(1)

o(t) = =221 (1) — mo(t) + ™) + u(t) (5.67)

where initial state #(0) = [I — 1] and disturbance d(t) = 0.5 is applied after 6 sec. The system

(5:67) can be expressed as (5.37) where f(z) = [za(t) — 2z1(t) — xa(t) + e O] g(z) = [0 1]7,

g1 = [1 0]7. The performance index J is defined as

J:/OO z(t)T oY z(t) +u(t)  1u(t) | dt (5.68)
0 0 1

After preliminary simulation it was found that V(z) in [5.69 yields the best optimization and

stabilization results. Hence this value of V' (z) is chosen.

V(z) =x(t)” i i z(t). (5.69)

Design parameters of the proposed controller are tabulated in Table (.41

Table 5.4: Design parameters

Observer
and Parameters
Controllers
DOB p=16 0]
ISMC G=[32 1]
TSMC a=5=3,6=2,1n1=01ande=0.1

Simulation results obtained by applying the proposed disturbance observer based optimal second

order sliding mode controller (DOB-OSOSMC) are compared with those obtained by using the dis-
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turbance observer based sliding mode controller (DOB-SMC) designed by Yang et al. [11I] which is
discussed in Appendix[A Tl States z1(t) and z5(t) obtained by applying the proposed DOB-OSOSMC
are shown in Figurd5.7l In Figure 5.8 the states z1(¢) and z5(t) obtained by using the DOB-SMC [11]
are shown. The control inputs obtained by applying the proposed DOB-OSOSMC and the DOB-
SMC [I1] are compared in Fig. Actual disturbance and its estimated value obtained by using the

proposed DOB-OSOSMC are shown in Figure B.I0.

1
— 21(t)--- (1)
0.5 i
- I A
wn emmmmmeT .‘\
-0.5/ Ml memeeememn e |
I 5 10 15
Time (sec)

Figure 5.7: States x1(t) and x2(¢) obtained by applying the proposed DOB-OSOSMC

— 2y (t) —---mo(t)

States
S

-
.......
.

~0.5; L~

Time (sec)

Figure 5.8: States x1(t) and z2(t) obtained by applying the DOB-SMC proposed by Yang et al. [I1]
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- - Proposed DOB-OSOSMC

Control inputs

—DOB-SMC proposed by Yang et al.

0 S Time (sec)

Figure 5.9: Control inputs obtained by applying the proposed DOB-OSOSMC and the DOB-SMC proposed
by Yang et al. [T1]

Disturbance

© o0 0 o0 0 9
BN >

---Actual disturbance
— Estimated disturbance

-0. ‘ ‘
]O 5 Time (sec) 10 15

0

Figure 5.10: Actual and estimated disturbance obtained by applying the proposed DOB-OSOSMC

From above figures it is evident that the proposed DOB-OSOSMC achieves similar performance
as that of the DOB-SMC designed by Yang et al. [11] but at the cost of a much reduced control input.
Moreover, the control input in the case of the DOB-SMC [I1] contains excessive chattering whereas
the proposed DOB-OSOSMC offers a smooth chattering free control input.

To measure the smoothness of the control input, its total variation (TV) [106] is computed. For
getting knowledge about the energy spent by the control input, its 2-norm is calculated. Table
shows the TV and the 2-norm of the control input calculated for the period from 0 to 15 sec with

a sampling time of 0.01 sec. It is clear from Table that the proposed DOB-OSOSMC is able to
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produce a smoother control input with substantial reduction in the control effort than the DOB-SMC

proposed by Yang et al. [I1]

Table 5.5: Comparison of control indices

Method Total Control
Variation (TV) | Energy

Proposed DOB-OSOSMC 2.85 15.32
DOB-SMC proposed by Yang et al. [11] 1533.60 112.09

5.4 Summary

In this chapter an optimal second order sliding mode controller is proposed for two types of non-
linear uncertain systems. In the first case, the nonlinear system is affected by the matched uncertainty
and in the second case, the nonlinear system is affected by the mismatched uncertainty. For both these
cases, the optimal controller is designed by using the control Lyapunov function (CLF). An integral
sliding mode controller is combined with the optimal controller to tackle the matched uncertainty. In
the case of mismatched uncertainty, a disturbance observer is used for uncertainty estimation based
on which the integral sliding surface is designed. To avoid the high frequency chattering inherent in
conventional first order sliding mode controllers, a second order sliding mode methodology is proposed
here and the same is realized by using an integral sliding variable based non-singular terminal sliding
mode. The terminal sliding mode converges the sliding variables in finite time. Simulation results
confirm that the proposed controller requires significantly lesser control effort than conventional slid-
ing mode controllers in stabilizing an uncertain nonlinear system. In addition, the proposed controller

reduces chattering to a large extent.
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6.1 Conclusions

6.1 Conclusions

This thesis is an attempt to design a robust optimal control methodology to minimize the control
effort required for controlling an uncertain system. Specifically, this thesis aims to develop chattering
free optimal sliding mode controllers (OSMCs) for both linear and nonlinear systems which are affected
by matched and mismatched types of uncertainty. The common methodology adopted in the research
work is to use classical optimal control technique and utilize sliding mode control method to impart
robustness to the optimal controller for its unabated performance in the face of disturbances. The
thesis work yielded robust optimal controllers which are discussed briefly as follows.

An optimal adaptive sliding mode controller (OASMC) is designed to control the linear system
affected by matched uncertainty with unknown upper bound. The optimal controller is designed for
the nominal linear system based on the LQR. technique and is combined with the SMC by designing an
integral sliding surface. As the upper bound of the uncertainty is unknown, an adaptive method is used
to design the switching control in the SMC. The proposed OASMC shows satisfactory performance
in stabilizing and tracking problems. Compared to conventional SMCs, the proposed optimal sliding
mode controller spends a lower control energy but maintaining similar performance standard. For
controlling linear systems affected by the mismatched uncertainty using minimum control input, a
disturbance observer based optimal sliding mode controller is proposed. The optimal controller is
designed for the nominal linear system based on the linear quadratic regulator (LQR) method and an
integral sliding surface is combined with the optimal control for making it immune to uncertainties.
The sliding surface is designed using estimated value of the mismatched uncertainty. A disturbance
observer is used for the disturbance estimation.

The main disadvantage of the OSMC is the presence of undesired high frequency chattering in the
control input which is detrimental for the controller. In order to overcome this inherent difficulty of
the OSMC, an optimal second order sliding mode controller (OSOSMC) is proposed. The optimal
controller is designed for the nominal linear system using the LQR technique and integrated with a
SOSMC. The second order sliding mode methodology is realized by designing a non-singular terminal
sliding surface based on an integral sliding variable. The proposed controller is applied for both
stabilization and tracking of linear uncertain SISO systems affected by matched uncertainty. The
proposed OSOSMC is also applied for stabilization of linear uncertain decoupled MIMO systems

affected by the matched uncertainty. The proposed optimal second order sliding mode controller uses
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a substantially lower control effort than some existing sliding mode controllers while offering the same
performance level.

For controlling nonlinear uncertain systems affected by matched uncertainty, an optimal second
order sliding mode controller (OSOSMC) is proposed using the state dependent Riccati equation
(SDRE). To design the SDRE based optimal controller, the nonlinear system needs to be represented
as a linear like structure. Using extended linearization, the nonlinear system is represented as a linear
like structure having state dependent coefficient (SDC) matrices. After designing the optimal con-
troller, it is integrated with the second order sliding mode controller (SOSMC) which is implemented
by designing an integral sliding variable based non-singular terminal sliding mode controller. The pro-
posed controller is applied for stabilization and tracking problems and it was found that the control
energy used in the proposed SDRE based optimal second order sliding mode controller is significantly
reduced compared to some existing sliding mode controllers but maintaining comparable performance
level. The proposed SDRE based OSOSMC is also successfully applied for stabilization of the chaotic
system which is a special case of highly unstable nonlinear systems. The proposed control strategy
can successfully stabilize those chaotic systems which can be represented as linear like structures.

The proposed SDRE based OSOSMC is not applicable for those nonlinear systems which cannot be
represented as linear like structures. For such nonlinear uncertain systems, a control Lyapunov function
(CLF) based optimal second order sliding mode controller (OSOSMC) is proposed. The CLF is chosen
for the open loop system and then a feedback controller is designed to optimize the desired performance
index. After designing the optimal controller for the nominal nonlinear system, it is integrated with the
SOSMC designed by using integral sliding variable based terminal sliding mode. The proposed CLF
based OSOSMC is applied for stabilization and tracking and in accordance with earlier results, it was
observed that the control energy used in the proposed CLF based OSOSMC is significantly lower in
comparison to some existing sliding mode controllers but without compromising on the performance
standard. The proposed CLF based OSOSMC cannot tackle mismatched uncertainty. In order to
handle mismatched uncertainty in nonlinear systems, a disturbance observer based optimal second
order sliding mode controller (DOB-OSOSMC) is proposed. The optimal controller is designed for
the nominal system based on the CLF and a disturbance observer is used to estimate the mismatched
uncertainty. Based on the estimated value of the uncertainty, an integral sliding variable is designed to

combine the optimal controller with the SMC. To mitigate chattering in the control input, the SMC
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is made second order by using a non-singular terminal sliding surface based on an integral sliding
variable. The proposed DOB-OSOSMC is applied for stabilization of nonlinear systems affected by
mismatched uncertainty and its performance is found to be superior than existing disturbance observer

based SMCs as regards control input usage and smoothness.

6.2 Scope for future work

There are several ways in which the work in this thesis can be extended and further investigated.

Some of them are listed as follows.

e The thesis is aimed at minimization of the control energy. In future, time optimization can also

be investigated.

e In this work infinite horizon optimal control problem is considered. In future, optimal second
order sliding mode controller may be designed by considering finite horizon optimal control

problem.
e The work presented in this thesis can be extended to design in discrete domain.

e The performance of the controller designed for nonlinear systems affected by the mismatched

uncertainty leaves scope for improvement.

e The proposed controller does not guarantee finite time convergence of the system states though
the sliding variables reach zero in finite time. In future attempt can be made to achieve finite

time stability of the system.
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A.1 Higher order sliding mode control based on integral sliding mode proposed by Laghrouche
et al.

A.1 Higher order sliding mode control based on integral sliding
mode proposed by Laghrouche et al.

In [I] Laghrouche et al. proposed a higher order sliding mode control methodology based on

integral sliding mode. Here a nonlinear system is considered as

&t = flz,t)+ g(z, t)u

Yy = S($>t) (Al)

where z is the state variable, u is the control input and s(z,t) is a measured smooth output function.
f(x,t) and g(z,t) are uncertain smooth functions. By defining a discontinuous control function, the
r-th order SMC approach allows finite time stabilization of the sliding variable s and its » —1 first time
derivatives to zero. The r-th order SMC of (A with respect to the sliding variable s is equivalent

to the finite time stabilization of

Zi = Zit1
o= 6() () (A.2)
with 1 <i <7 —1and z = [z120--- 2] = [s § s""D]T and functions ¢() and () are bounded

uncertain functions. System (A.2)) is trivially rewritten as

Zi = Zin1
Zr = ¢()+(()—Dutu
Z = B()+u (A.3)

where 3(.) = ¢(.) + (7(.) — 1)u. The control input u is divided into two parts as u = ug + uy, with ug
being the ideal control and u; being the integral sliding mode control. The ideal control ug is found

optimally to he following performance criterion:

1 [t
J = 5/0 [21Qz +ui] at (A.4)

where time tp is finite and @ is a symmetric positive definite matrix. The nominal system is

defined as
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2= Az + Buy (A.5)
0 1 0 0
where A and B are given by A = ' . ' | and B =
o . - 1 0
o . .0 1

The Control law ug is defined as

—BTPz+ BTy, or 0<t<t
—-BTPz, for t>tp.

where x = —(AT — PBBT)y and 0 = PA+ ATP — PBBTP + Q. To control system ((A.3)), the

sliding variable ¢ is chosen as
o=z — /ao (A7)

The discontinuous control law u is designed as
u; = nsign(o) (A.8)

where 7 > 0. In the example of the mass-spring-damper system (2.25]) in Chapter 2, simulation was
conducted for Laghrouche et al.’s method [I] by choosing weighing matrix @ as an identity matrix

and n = 0.6.

A.2 Dynamic compensator-based second-order sliding mode con-
troller design for mechanical systems proposed by Chang

In [2] Chang proposed a compensator based second order sliding mode controller. Here a dynamic

system is defined as

i‘l(t) = l‘g(t)

i‘Q(t) = Agll‘l(t) + A221‘2(t) + By (u(t) + d(t)) (A9)

where the vector u(t) represents the control forces and the vector d(t) denotes unknown distur-

0 1
bances with the upper bound ||d(t)|| < a. Here the system matrix is defined as A =

Az Ago
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and control distribution matrix is defined as B =
By

To design the sliding surface, a matrix G is chosen such that the matrix [A — B(GB)1GA4] is
stable. Matrix G is decomposed as G = [G; Ga).

The sliding surface is proposed as
5(t) = Gawr(t) + 2(t) =0 (A.10)

where z(t) is defined as

Z(t) = —le(t) — LlGQﬂjl(t) + Gll‘l(t)

Here L; is the positive definite diagonal matrix. The control law u(t) is proposed as

u(t) = —(GoBy) " (GaAg 1 (t) — v(t) + Las(t) + Ksign(s(t))) (A.11)

Further, Ly is a diagonal matrix and v(¢) is found from

0(t) = —B(G2A2 + G1)za(t) — Bo(t) gain

where § > 0. In the example of the inverted pendulum (B39) in Chapter 3, simulation was
performed for Chang’s method [2] with the following parameters:
G =[-2.0203 —8.6720 —2.2320 —1.6992], Ly =3, Ly=-1, K=-4, 3=30.

A.3 A novel higher order sliding mode control scheme proposed by
Defoort et al.

In [3] Defoort et al. proposed a higher order sliding mode controller for uncertain systems. In [3]

m single input single output independent integrator chains were defined as follows:

i = 224
Zri-1i = Zrl
27%‘#’ =  Wnom,i (A.12)
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. B o o
Vi€ {1,--- ,m} and wpom,i(21,:) = —k1isgn(z1,6)]z1:%Y — - — kp,isgn(ze i) 2r, |7 with
. gatisfvi . %%l =92 ... . d ] C— s

Qi Qg satisfying a1y = g2 =2, j = 2,0 oy and a1 = 1, o = oa

The sliding surface was chosen as

0= [ZTl,ly RZrg,25 " 7z7“m,m]T + Zauzx = 0 (A13)

where Zgur = —Wnom(2)

Then a control law was chosen as
U = Wnom(2) + Waise(Zs Zauz) (A.14)
where wyise(2, Zauz) 18 the discontinuous control which was defined as
Waise(2, Zauz) = —G(2)sign(o) (A.15)

where gain G(2) satisfies G(z) > U=lenem@IFPH0 with 1 > 4 > 0, 5> 0 and p is the upper bound

v

of uncertainty.
For the simulation of triple integrator system (B.43]) in chapter 3, the parameters are chosen as

T, = 3, kl,z’ = 1, k2,z’ = 1.5, k‘g,i = 1.5, oy = %, G =1.5.

A.4 Adaptive integral higher order sliding mode controller for un-
certain systems proposed by Mondal et al.

In [4] Mondal and Mahanta proposed an adaptive integral higher order sliding mode controller for

uncertain systems. The uncertain system is defined as

Z = Zi41

Zn = a(z) +b(z)u+ AF,(z,1) (A.16)

where 1 <7 < n — 1 and an integral sliding surface is chosen as

o=z, —2,(0) — /wnom(z)dt =0 (A.17)
where wpom(2) = —kisgnzi|z1|* — kasgnza|za|®? — -+ — kpsgnzy|z,|*" with o, -+, a, satisfying
o1 = %,z =2,---,nand a,;1 = 1.
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A.5 Robust output tracking control of an uncertain linear system via a modified optimal
linear-quadratic method proposed by Shieh et al.

A conventional sliding surface is chosen as

Then the control law is obtained as
U= —b(z)_l{d(z) + b(z)u — Wnom + k(20 — Wnom) + p101 + fsgnal} (A.19)

where p; > 0 and T is the estimated value of the upper bound of uncertainty.
The adaptive tuning law is given by

T = v||oy]| (A.20)

where v is a positive constant.
For simulation of the triple integrator system (3.43) in Chapter 3, the parameters are chosen as

k=2 p =3v=087T(0) =0.5.

A.5 Robust output tracking control of an uncertain linear system

via a modified optimal linear-quadratic method proposed by
Shieh et al.

In [5] Shieh et al. proposed a robust output tracking problem for a class of uncertain linear systems.

The linear system is defined as
(t) = [A+ AAlz(t) + [B + ABJu(t) (A.21)

where z(t) is the system state and w(t) is the control law. The system matrix and control distribution
matrix are denoted as A and B respectively and AA, AB are system uncertainties.

For tracking control, an augmented system is proposed as

@(t) = [A+ AAlz(t) +[B + ABJu(t) (A.22)

q(t) = Cz(t) —yr (A.23)

where ¢(t) is an auxiliary state and y, is the desired trajectory.

Then the augmented state equation is found as [5]

A(t) = [As + AAL2(t) + [B. + AB.Ju(t) + € (A.24)
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A0 AA O
where z(t) = [z(t) q(t)]T, A, = ,AA, = ,B,=[B 0|7, AB, = [AB 0]7,
0 0 0

é‘: [0 - yr]T'

The performance index is defined by

J = /000 exp(26)[C2(1)T 2(t) + pu(t)Tu(t)]dt (A.25)

where ( > 0, p > 0 and parameter € is also positive denoting the prescribed degree of stability.

The control input u(t) is obtained as

u(t) = —(14+ a)p ' BIPz(t) = —(1 4 a)kz(t) (A.26)

where P is the solution of the following Riccati equation and designed parameter o > 0.

(A, +el,)' P+ P(A, +€l,)— p 'PB.BI' P+ ¢ = 0L, (A.27)

with I, the (n + r)-dimensional identity matrix.
For simulation of the maglev vehicle model (8359]), design parameters are chosen as € = 2, p =

1, ¢ = 4000000, o = 1.

A.6 Dynamic sliding mode controller design for chattering reduc-
tion proposed by Chang

In [6] Chang proposed a dynamic sliding mode control methodology which could successfully

eliminate chattering in the control input. The uncertain system is defined as
x(t) = Ax(t) + B(u(t) + d(t, x)) (A.28)

where x(t) is the state vector, u(t) is the control input vector and d(t) is the unknown matched
disturbance vector with the known upper bounds.

The sliding surface is chosen as

o(t)=Gzx(t) =0 (A.29)

146



A.7 Terminal sliding mode tracking control for a class of SISO uncertain nonlinear systems
proposed by Chen et al.

The chattering free sliding mode control law is proposed as
u(t) = —(GB) Y(GAB + LiGB)u(t) — (GA? + LiGA)x(t) — Lys(t) — ksign(o(t))] (A.30)

where Ly, Lo are positive definite diagonal matrices.

For the simulation of a batch reactor ([B.87), the design parameters are chosen as

—0.0106 —0.5565 —0.02 0.0934
G = , L1 =15, Ly =100, k = 20.

—0.6031 —-0.3576 1.1415 —1.2726

A.7 Terminal sliding mode tracking control for a class of SISO un-
certain nonlinear systems proposed by Chen et al.

Chen et al. proposed [7] a terminal sliding mode tracking control for the single input and single

output (SISO) uncertain nonlinear system. The nonlinear system considered is given by

T; = Li+1, 2':1,2,...,71—1
on = fl@)+g(@)utd

y = n (A.31)

T is the system’s measurable state vector, f(r) and g(x) are known

where z = [z1,22,..., %)
nonlinear functions, u is the system control input, y is the system output and d is the external
disturbance. To design a sliding mode disturbance observer with finite time convergence, the following

auxiliary variable is introduced,

S=2z—xy (A.32)
where z is defined as
i = —ks — Bsign(s) — esP/0 — | f(z)|sign(s) + g(x)u (A.33)

where pg and ¢g are odd positive integers with py < gg. Design parameters k, 8 and ¢ are positive
and 3 > |d|.

The terminal sliding mode disturbance estimate d is given by

d=—ks— Bsign(s) — esPo/90 — | f(x)|sign(s) — f(z) (A.34)
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A. Appendix

Terminal sliding mode is proposed as

o1=Yy—ya=0 (A.35)

where yq is the desired trajectory. A recursive procedure for terminal sliding mode control of uncertain

nonlinear systems is proposed as

s2 = $1+aisy+ ﬁlsfl/ql
§3 = &9+ anso +B2Sp2/qz
Sp, = Sp—1+op—18p—1+ 571 lspn 11/Qn ! + s (A36)

(A.37)

where a; > 0 and 3; > 0. Further, p; and ¢; for i = 1,2,...,n + 1 are positive odd integers with
DPi < g
The control input u is obtained as

n—1

n— dn
v= g - +Z% ”+Zﬁﬂ TR I olos Qs pstlony (A3

(n)

where ;" is the n-th time derivative of y.

To simulate the Van der Pol circuit (£40) defined in Chapter 4, design parameters are chosen as
k=2500, f=4,e=05 p=5 ¢=9, a1=50, 1 =05, pp=p2=5,q1=¢q=7 6=60, u=
0.8.

A.8 Nonsingular terminal sliding mode control of nonlinear systems
proposed by Feng et al.

A global nonsingular terminal sliding mode control strategy for nonlinear systems was developed

by Feng et al. [§]. Here a third order nonlinear system is considered as given below,

.Tl = X9
1‘2 = I3
i3 = f(x) +d(z) + b(z)u (A.39)
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A.9 Adaptive sliding mode control in a novel class of chaotic systems proposed by Roopaei et al.

where = [r1, w2, z3]7 represents the system state vector, u is the control input, f(z) # 0 and
b(x) # 0 are two smooth nonlinear functions of z, d(z) represents the uncertainties.

The terminal sliding mode manifold is defined as

o=ux3+c1a]t +cx5? =0 (A.40)
where o1 and as are found as
o = q/(2p—q)
ay = qfp

Here design parameters p and ¢ are positive odd integers satisfying 1 < p/q < 2.

The control law w« is proposed as

u=>b"1(2)(—f(x) + sat(uys,us) — ksgn(c)) (A.41)

where uy = —clalaz‘f‘l_lxg — CQagxg‘Q_lxg and us > 0.
To simulate the third order nonlinear uncertain system (£.42]) in Chapter 4, the design parameters

are chosen as ¢y = co =1, k=10.1, ay =3/5, ag = 3/7, us = 2.

A.9 Adaptive sliding mode control in a novel class of chaotic systems
proposed by Roopaei et al.

Roopaei et al. [9] proposed a robust adaptive sliding mode control strategy for an uncertain chaotic
system. A time varying sliding surface is designed based on adaptive gain tuning.

The chaotic Lorenz system [9] is described as

b= f(@,y,2) — oz + Af(e,y, 2) + u(?)
y = IL’g(.’E,y,Z) + 21/}(:1:7y7 Z) - /By

z= IL’h(.’E,y, Z) - yw(m7y7z) -z (A42)

where x, y and z are state variables and «, 3, are non-negative known constants. All the four functions
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A. Appendix

f(),9(),h(.),¥(.) are considered as smooth. The sliding surface is designed as
o(t) =z(t)+¢(t) =0 (A.43)
where ¢(t) is an adaptive function given by
o(t) = yg(z,y,2) + zh(x,y, z) + ax + pz (A.44)
The control input u(t) is found as
u(t) = —yg(z,y,2) — zh(z,y,2) — px — f(2,y,2) + kasgn(o) (A.45)
where k, is the reaching gain obtained by using the following adaptive law,
ko = —7lo(t)]. (A.46)

To simulate the chaotic systems defined in (£58]), (£.61]) and ([4.63) the parameters are chosen as
p=1T, 7]=0.1, kt(0) =10

A.10 Sliding mode control with self-tuning law for uncertain non-
linear systems proposed by Kuo et al.

In [I0] Kuo et al. proposed an adaptive sliding mode controller for tracking of a second order
nonlinear uncertain system. Desired states was chosen as [0 0]7. Hence, it becomes a stabilization
problem.

Here a second order nonlinear uncertain system [10] is considered as

l"l(t) = T2 (t)
io(t) = —(zi(t) + 1.522(t)) +u — (0.3sin(t)2?(t) + 0.2cos(t)xo(t)) + d(t)

(A.47)
where d(t) is a random noise of 0 mean and 0.5 variance. The sliding surface is designed as

o(t) = cla1(t) @(t)] = 0 (A48)
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A.11 Sliding mode control for systems with mismatched uncertainties via a disturbance
observer proposed by Yang et al.

where ¢ is a design parameter which is chosen as [1 1]. The control input u(¢ is proposed as

~ o~

u(t) = (eg(x)) ™ (cf () + cg(@) + Bo(N, 0)) (A.49)

where qb(X,a) is a bipolar sigmoid function. Two tuning parameters B and \ are introduced to
approximate the terminal gain and the terminal boundary layer.

To simulate the nonlinear uncertain system (5.27) in Chapter 5, design parameters are chosen as

~

c=1[1 1], B(0) =2, A(0) =2.

A.11 Sliding mode control for systems with mismatched uncertain-
ties via a disturbance observer proposed by Yang et al.

The proposed disturbance observer based optimal second order sliding mode controller (DOB-
OSOSMC) is compared with the disturbance observer based sliding mode controller (DOB-SMC)
proposed by Yang et al. [I1].

The numerical system considered is defined as [11]:
i‘l(t) = X9 (t) + d(t)

do(t) = =211 (t) — w2 (t) + €@ + () (A.50)

where initial state x(0) = [I — 1]7 and disturbance d(t) = 0.5 is applied after 6 sec. The sliding

surface is designed as

o(t) = xa(t) + cx1(t) =0 (A.51)
where c¢ is the design parameter. The control input u(¢) is proposed as

u(t) = — (=21 (t) — 22(t) + €O + c(zy(t) + d(t)) + ksign(o(t))) (A.52)

~

Here d(t) is the estimated value of the mismatched disturbance and k is the switching gain. To simulate

the nonlinear uncertain system (0.67) in Chapter 5 design parameters are chosen as ¢ =5, k = 3.
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