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Abstract

This thesis focuses on theoretical research of optimal and robust control theory
for a class of nonlinear stochastic systems. The nonlinearities that appear in
the diffusion terms are of a square-root type. Under such systems the following
problems are investigated: optimal stochastic control in both finite and infinite
horizon; robust stabilization and robust H, control; Hs/H,, control in both finite
and infinite horizon; and risk-sensitive control. The importance of this work is
that explicit optimal linear controls are obtained, which is a very rare case in the
nonlinear system. This is regarded as an advantage because with explicit solu-
tions, our work becomes easier to be applied into the real problems. Apart from
the mathematical results obtained, we have also introduced some applications to

finance.
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Notation

0: zero matrix, with appropriate dimensions;
I identity matrix, with appropriate dimensions;
w.r.t.: with respect to;
M': the transpose of any matrix or vector M
MT: the Moore-Penrose pseudo-inverse of a matrix M:
M > 0: the symmetric matrix M is positive definite;
M > 0: the symmetric matrix M is positive semidefinite;
R™: the n-dimensional Fuclidean space;
R™ ™ the set of all n x m matrices;
S™: the set of all n X n symmetric matrices;
S the subset of all nonnegative definite matrices of S™;
3\1: the subset of all positive definite matrices of S™;
(S =8"x -+ x 8"

C(0,T;R™™): the set of continuous functions ¢ : [0,T] — R"*™;

CH0,T;(S™)Y): the set of continuously differential functions ¢ : [0,7] —
(S™);

LP(0,T; R™™):the set of continuous functions ¢ : [0,7] — R™™ such that
[ |o(t)|Pdt < oo where p € [1,00);

L>(0,T;R™™):the set of essentially bounded measurable functions ¢ : [0, 7] —
R,



L%2(R4,R"): space of nonanticipative stochastic processes y(t) € R! with
respect to an increasing o-algebras F; (t > 0) satisfying E [~ [|y(¢)|[*dt < oo;

L£2([0,T],R"): space of nonanticipative stochastic processes y(t) € R' with
respect to an increasing o-algebras F; (t > 0) satisfying EfOT |y (¢)|]2dt < oo;

L5[0,00): the space of square-integrable vector functions over [0, co);

L>(0,T; R™™):the set of essentially bounded measurable functions ¢ : [0,7] —
R,

| - |: the Euclidean norm for vectors or the trace norm for matrices;

|| - |]2: the usual Ly[0, 00) norm;

tr(M): the trace of any square matrix M;

|M| : \/tr(MM);

x4: the indicator function of a set A;

diag(ay, ag, ..., am): m x m diagonal matrix, in which the diagonal elements

are ay,ag,...,0y,.



Chapter 1

Introduction

1.1 Introduction

In this chapter a short literature review of the problem of optimal and robust
control is presented. The main contributions of the thesis are outlined. A short

introduction for each chapter is given.

1.2 The Problem of Stochastic Optimal and Ro-
bust Control

We live in an era in which science and technology are developing rapidly, and new
technology has introduced higher requirements for automation, which appears in
space aircraft, artificial intelligence machinery, automobile making etc. Therefore,
the theory of system and control faces more challenges under such circumstances.

The so-called control system includes a controlled plant and a controller. If
someone is given the mathematical model of the system, a corresponding controller
can be designed according to the properties and the cost functional of the system,
and this is a control problem. Uncertainty appears in the real world almost
everywhere, and it brings some disadvantages to human beings in their activities.

The key to control theory is feedback. In modern control theory, feedback is
treated as a tool to handle uncertainty. In engineering, admissible control input



can be adjusted according to the difference between measured output and refer-
ence quantity. By doing this, we can make sure that the systems have correct
response and dynamic activities without knowing the accurate dynamic response
of some systems or faulty response caused by external disturbance. This is a
fundamental characteristic of engineering systems, which are required to operate
reliably and efficiently. Feedback control is used to ensure the system robust-
ness under uncertain circumstances. Therefore, feedback control systems become
widely used in human beings’ daily life, for example, automobile, manufacturing
factories, communicating systems, military equipments and space systems.

The terminology optimal control theory was proposed about half a century
ago. In optimal control theory, if a given system is required to achieve a certain
optimal criterion, mathematical optimization method is used to derive certain
control laws. Among various classes of optimal control problems, Kalman [62]
has made great contributions in investigating the optimal linear quadratic (LQ)
regulator problem. Optimal LQ control is one of the fundamental problems in the
fields including mathematics, engineering, finance etc. There is a famous book on
the topic of optimal LQ control, see [7].

In finance, solutions to stochastic differential equations (SDEs) can be used to
model foreign currency exchange rates, interest rates, and stock prices. Stochastic
control systems, which are governed by It6 differential equation, appear in many
applications. For example, in real financial situation, the state variable in SDEs
is usually wealth, and the control is trading strategy.

Here we illustrate some works from literatures on practical applications of
stochastic optimal control problems as follows. The stochastic production plan-
ning problem was investigated by [12]. The continuous time portfolio consumption
model was formulated and solved in [86] and [87]. When stochastic optimal control
is applied to the field of insurance, the problems of dividend management were
studied in [I0I]. SDEs are also appropriate to model technology diffusion prob-
lems, see for example [71], [97], [08], and [34]. In addition, queueing systems can be
modelled by stochastic control problems, and this approach is named as diffusion
approximation, which has been explored since 1950s with relevant research out-
puts, the readers can consult [35], [55], [56], [66] and the references therein. Some
significant examples of stochastic control problems are linear quadratic Gaussian



(LQG) problems, which are mostly applied in engineering.

There are two mathematical formulations of stochastic optimal control prob-
lems: strong formulation and weak formulation. Note that in this thesis, we
consider strong formulation of the problems. Here we present one case of stochas-
tic LQ optimal control problem with some brief explanations and comprehension.
Let (2, F,{Fi}+>0,P) be a given filtered complete probability space, where there
exists a standard one-dimensional Brownian motion (W (t),0 < ¢ <T'). Consider
the following stochastic LQ optimal control problem in a finite time horizon [s, 7]

min J=E {/ [z(t)Q(t)x(t) + u(t) R(t)u(t)]dt + :L‘(T)'H:E(T)} :

i dz(t) = [A(t)z(t) + B(t)u(t)|dt + [C(t)x(t) + D<t>u<t>]dW(t>(1.1)
z(s) =y € R™

Given that y, s, and T are fixed data, J is the cost functional, z(-) is the state
process, u(-) is the control process. Both @Q(¢) and H are symmetric positive
semi-definite n x n matrices. R(t) is a symmetric positive definite m X m matrix.
In engineering, Q(t) stands for accuracy and x(t)'Q(t)x(t) penalizes the transient
state deviation; R(t) stands for energy and wu(t) R(t)u(t) penalizes the control
effort; and x(7T")’Hz(T') penalizes the finite state. The selection of Q(t) and R(t)
can be seen in [7] Section 6.3. Note that the precise way of denoting the cost
functional is J(z(s), u(+), s), and intuitively, this value depends on the initial time,
initial state, and the control during time s to 7.
In general, the cost functional J in can be written as follows:

J = T[X(T),T] + /TE[X(t), U(t), f]dt. (1.2)

There are two parts in the above cost functional: the terminal condition Y[X (T'), T
and the integral part fST Z[X(t),U(t), t]dt. When a missile intercepts a target, the
circle of the impact point is required to be minimized. Mathematically we use the
terminal condition to model the circle of the impact point. In some other control
problems, the time for a system to transit from one state to another is required
to be minimized, mathematically, fST E[X(t),U(t), t]dt — min.

bt



In the case of infinite time horizon, i.e., T' — +o0, the system is time invariant,
which means @, R, A, B, C, and D in (l.1)are constant matrices. In addition, the
terminal cost condition z(T)'Hz(T) in (1.1]) is neglected. Then the LQ problem

becomes:
min J=E {/ oo[m(t)’Qa:(t) + u(t)'Ru(t)]dt} :

dx(t) = [Az(t) + Bu(t)]dt + [Cx(t) + Du(t)|dW (t),
z(s) =y € R™

s.t.

It is known that the optimal J is always finite in the finite horizon case. However,
in the infinite case the optimal J may not be finite, which brings us difficulty. The
concept of stability is important in infinite time horizon optimal control problems.

There are several approaches to solving stochastic LQ problems, such as the
stochastic maximum principle, dynamic programming, and completion of squares.
All these methods involve Riccati equations. If there exist solutions to the Riccati
equations, then the stochastic LQ problems can be solved. In addition, we can
derive an optimal control via the solutions to the Riccati equations. The method
of solving Riccati equations in stochastic LQ problems was first introduced in [110]
and [ITT]. Tt is notable that the disadvantage of this approach is that the existence
and uniqueness of the solution to Riccati equation is difficult to be obtained in
some cases.

Due to changes of working conditions, external disturbances, modelling errors,
and various faults from the system, there exist unavoidable uncertainties in the
mathematical model of the object, and it is difficult to find a precise mathematical
model for this actual control plant. Under such circumstances, robust control was
introduced in the 1950s and has become popular over the last 20 years. When
various uncertainties exist in the system, the system can maintain its proper
attributes and still functions well. This is called robustness. If the system is
stable when it has uncertainties, then the system is said to have robust stability.
If except robust stability, the system can still keep its performance index, then
we say the system has its corresponding robust performance. When there are
parameter uncertainties and modelling errors in the system, a controller can be

designed so that the closed loop system is stable and maintains its own property.



This is named as robust control, see [9]. Robust control focuses on designing
controllers that particularly deal with uncertainty. The modern theory of robust
control started in the late 1970s, see [14] and [138]. Controllers are designed
explicitly to achieve system stability and robust performance. Recently, the topic
of robust stability and stabilization of stochastic systems with uncertainties in
coefficients is very popular and has been widely studied, see, e.g., [84], [11§],
[102], [53] [108] and [120].

In order to eliminate the effect of disturbance efficiently, H., control is designed
to deal with robust control problems with uncertainties. It was Zames [129] who
first formulated the H,, control in the frequency domain. Here, H stands for
Hardy space, and oo stands for infinity norm. The development of robust H
control can be divided into two periods. In the first period it is named as classic
robust H,, control theory. In deterministic H,, theory, H,, norm is defined by a
norm of the rational transfer matrix, and cannot be applied to either nonlinear or
stochastic systems, see [104] and [51]. In the second period it is called state space
robust H., control theory. In 1988 Glover and Doyle [49] established state space
formulae for all stabilizing controllers satisfying an H,, norm bound. At roughly
the same time, they further developed this research together with Khargonekar
and Francis, and this is the famous work usually denoted as DGKF [36]. It is
emphasized in [26] that a norm of the transfer function equals to Ly-induced
norm of the input-output operator from the view of the time domain. Due to this
feature, it is possible to develop our research of robust H, control theory based on
a class of stochastic nonlinear systems. Since the publication of the work DGKF,
more researches have been made, extending previous results from time invariant
system to time varying system, see [96]; from linear system to nonlinear system,
see [103] and [104]; from continuous time system to discrete time system, see [10]
and [79]; from certain system to uncertain system, see [63] and [116]; from system
without time delay to system with time delay, see [48], [72], and [50].

In engineering, we design a control u(¢) in order to eliminate the effect of
disturbance. In addition, when the worst case of disturbance is involved, we
require the control u(t) to minimize the desired performance. Since both Hy and
H,, performances are popular in engineering, the mixed Hy/H, control problem is

considered. It is defined in [26] that a controller is designed not only to attenuate



the external disturbance efficiently, but also to minimize the H, performance.
Mixed Hj/H,, control problem for both deterministic and stochastic systems have
attracted many researchers’ attention over the past two decades, see [100], [78],
[113], [36], [13], [26], [135], [54], [131], [141] and the references therein.

When we are modelling a system it is common that there exist abrupt changes
in the system parameters, which are caused by sudden environmental disturbances
or component failures, and we use Markov chains to model these abrupt changes.
The studies of jumping linear systems started from [65]. There is a classic book
on continuous time Markov chains, see [6]. Here we illustrate some other related
works as follows. For stability problems, [60], [85] [37], and [82] have been stud-
ied. The problem of robust stability and stabilization was studied in [91]. Some
other literatures concerning related topics are [92], [99], [17], [28], [33], [43]. The
textbook [83] introduces SDEs with Markovian switching. The LQ control with
Markovian switching has been widely studied in the last two decades, see [1], [60],
[61], and [134].

Most of the literatures mentioned above focus on linear systems. However, in
our daily life many systems we see actually are nonlinear, and the control problems
for such systems are very complicated. Here we illustrate some recent practical
examples in which nonlinaer system is involved, see [106], [125], [41], [73], [95], and
[57]. Based on the previous research results, this thesis investigates the stochastic
optimal and robust control problems in a class of nonlinear systems.

1.3 The Main Contributions and Outlines of the
Thesis

In this section we emphasize the main contributions and outlines of the thesis.
A class of nonlinear systems are developed for the following problems: optimal
stochastic control in both finite and infinite horizon; robust stabilization and ro-
bust H., control problem; stochastic Hy/H., control in both finite and infinite
horizon and stochastic risk-sensitive control. The nonlinearity is formed by a class
of square root processes. Apart from the chapter of risk-sensitive control, Marko-

vian switching is applied to system parameters in this thesis. It is highlighted



that although the system is nonlinear, explicit solutions like the optimal controls
can still be obtained under such system, which is a very rare case. Some existing
works (e.g. [107], [130], [80], [81], [127], [24], [22], [132], [133], and [136]) only
focus on the general cases of nonlinear systems without fixing the structure of
the nonlinear terms and the results are not obtained explicitly. The advantage of
our system is that we can obtain the solutions explicitly, with which the research
outputs are easier to be applied to real problems. It is known from the literatures
on this subject of study that only some of the nonlinear SDEs can have solutions.
Even if the solution exists, it may not be unique. Note that Section 4.4 in the
book [64] provides some explicitly solvable SDEs. If the nonlinear system does
not permit a solution, the problem will be meaningless. Even if the solution to
the nonlinear SDE exists, there may be more than one solution, and then the
problem is still impractical. Therefore, in our system, it is significant to ensure
the existence and uniqueness of the solution, which is discussed in the thesis.

Next, we outline the main contents and highlight the contributions in each
chapter.

Chapter 2

In this preliminary chapter we review some literatures of optimal and robust con-
trol theory, including linear quadratic control in both finite and infinite horizon,
robust stabilization and robust H., control, Hy/H,, control in both finite and
infinite horizon, and risk sensitive control. We recall some definitions, lemmas,
and theorems, some of which will be used in our thesis. Attention is focused on
the most recent research outputs relating to our thesis. It is worth mentioning
that in this chapter we are not only doing literature reviews, but some new results
are also obtained. We improve some previous results without changing the spirit
of the original work,. In this case the previous results are extended into a more

general case.

Chapter 3

Chapter 3 extends optimal LQ control in [2] and [74] to a more general case, which
deals with the optimal control problems of indefinite stochastic nonlinear system



with Markovian switching in system coefficients. Two motivating examples are
introduced first. The nonlinearity in our system is formulated by a combination
of two different diffusion terms. The existence and uniqueness of the solution
is discussed. A new type of coupled generalized Riccati equations (CGRESs) is
introduced when the problem is formulated. The solvability of CGREs is sufficient
for the well-posedness of the nonlinear optimal control problem and the existence
of optimal controls. Moreover, all the optimal control laws constructed by the
solution to the CGREs are obtained explicitly. We assume that the new CGREs
have solutions. It is shown that our new CGREs can be transformed into the
ones in [74], where the assumption of the solvability of Riccati equation is made.
Then we conclude that our assumption is feasible. An application to finance is

introduced. An illustrative example is given.

Chapter 4

After we have discussed the problem of optimal stochastic nonlinear control of
systems with Markovian switching in finite time horizon in Chapter 3, the case
in infinite time horizon is investigated with its system formulated similarly to
the one in the finite time horizon, especially the nonlinear terms. Then the sys-
tems considered in [3] and [75] can be regarded as one of the special cases in this
chapter. The mean-square stability is considered. The new coupled generalized
algebraic Riccati equations (CGAREs) are introduced. We assume that there
exists a unique solution to the CGARESs. Explicit optimal control laws can be ob-
tained, then our stochastic nonlinear problem is well-posed. Note that the optimal
control laws are linear in state. Furthermore, the value function is obtained.

Chapter 5

In Chapter 5 we consider the problem of robust stabilization and robust H.
control for a class of nonlinear stochastic systems with Markovian switching in
coefficients. This chapter generalizes [46], which discusses the linear case in the fol-
lowing aspects. A class of nonlinear term, different from the ones used in Chapter
3 and Chapter 4, is included in the diffusion term. The existence and uniqueness
of solution is discussed. Compared with [40], this chapter includes time delay

10



in the system, which is used in [120]. We include element-wise uncertainties in
switching probabilities, which is used in [46] . In [120], time delay is only permit-
ted in state, whereas here delay appears in disturbance as well. In [46] and [120],
the norm-bounded parameter uncertainty only appear in z(t), z(t—7(t)), and u(t)
in the state equation dz(t), but not in disturbance v(t) or controlled output z(t).
Here we extend them by including norm-bounded parameter uncertainty into v(t)
and v(t — 7(t)) as well. The function of controlled output is also constructed dif-
ferently, where disturbance appears in it, which is possible in reality. In summary,
the system considered in [115], [TT4], [20], [120], [121], and [46] are all special cases
of the one in this chapter. In the first section, in order to achieve linear state feed-
back controllers such that the system is robustly stochastically stable, we derive
sufficient conditions in forms of matrix inequalities. In the second section, we de-
fine and formulate a new generalized robust H,, control problem, and we derive
a sufficient condition to solve it, also in forms of matrix inequalities. It is noted
that, in comparison with the existing literatures, where disturbance attenuation
is a constant 7, here we propose a new type of disturbance attenuation denoted
as R(r;), which are symmetric matrices with Markovian switching. In this case
the disturbance attenuation itself is extended to a jumping stochastic process. In
general, all of these different kinds of uncertainties are put together into one single
system, under which the problems are still solvable.

Chapter 6

In Chapter 6, Hy/H,, control of stochastic nonlinear systems with Markovian
switching in both finite and infinite time horizon is considered. Compared with
the previous works of nonlinear Hy/H,, control that are dealt with in [127], [81],
[80], [132], [24], [22], [133], and [136], our research output has its advantage that
u*(+) and v*(+) are obtained not only explicitly, but also linearly with x(¢), which is
very similar to the result in the problem of linear Hy/H., control. We extend [141]
into a nonlinear case, by involving a square root process in the diffusion term. The
nonlinearity term is similar to the one in Chapter 3 and Chapter 4. In the main
results we show that the solvability of the coupled differential Riccati equations is

sufficient to solve our finite horizon nonlinear stochastic Hy/H, control problem;

11



and the solvability of coupled algebraic Riccati equations is sufficient to solve our
infinite horizon nonlinear stochastic Hy/H,, control problem. In this case, some

results in [26], [I35], [54], and [141] are all special cases of our work.

Chapter 7

In Chapter 7, the problem of risk-sensitive control of stochastic nonlinear sys-
tems in finite time horizon is investigated. Based on [30], we proposed a new
nonlinear system, in which the new nonlinear term is similar to the one used in
Chapter 6. When a series of assumptions are satisfied, we prove that there exists
a unique solution to our optimal control problem, and the optimal cost functional
is obtained. We highlight the importance of this chapter by introducing two ap-
plications. When it is applied to finance, we introduce a new interest rate model,
and based on the result of our risk-sensitive control problem, we find the price of
the zero-coupon bond. Moreover, we show that the optimal investment problem
for the power utility is an example of our risk-sensitive control problem.

1.4 Notation

The list of notation for all chapters is provided at the beginning of the thesis. If
some notation is not included in the notation list, then its definition is given in
the chapter where it appears. Note that such definition is valid for that particular
chapter only. Throughout the thesis, some symbols have the same definition. For
example, x is always regarded as state, u is denoted as control, and W is defined
to be Brownian motion. However, some symbols have multiple definitions. For
example, the letter H has three different definitions given in in Section 2.2,

(3.13) in Section 3.3.1, and (5.1 in Section 5.2.

1.5 Summary

In conclusion, we say that this thesis is of interest in optimal and robust control
theory. Aiming to extend the existing works with either linear or nonlinear systems
into more general cases, we propose several different nonlinear cases, presented by

12



a class of square root processes. Under such nonlinear systems we are still able to
find explicit solutions, which is rare. In addition, our nonlinear systems are easy

to be applied to practical usage.
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Chapter 2

Preliminaries

2.1 Introduction

In this chapter we review some basic results of optimal and robust control the-
ory, including LQ control in both finite and infinite horizon, robust stabilization
and robust H,, control, Hy/H,, control in both finite and infinite horizon and
risk-sensitive control. Previous results obtained under both deterministic and
stochastic systems are concerned. In addition, some works including Markovian
switching are discussed. We also review some previous works investigated under
some kinds of nonlinear systems, see, e.g. [30], [107], [130], [80], [81], [127], [24],
[22], [132], [133], and [136]). Advantages and disadvantages of all these previous
nonlinear systems are discussed. Finally some lemmas from the previous works
are provided, which will be used throughout this thesis. When we review the
literatures of previous works, it is discovered that some results can be further
improved to a more general case without changing the spirit of the original work,
and this is taken into account by some of the remarks in this chapter.

In addition, it is notable that the recent work [46] is one of author’s research
results. In Section 2.6, the problem formulation and its main results are provided
identically to [46], and these should be regarded as part of this thesis. The reason
why we choose to outline [46] in the preliminary chapter, rather than putting the
whole work of [46] identically in the later chapter, is that [46] is based on linear
systems, and Chapter 5 extends it into a nonlinear case. In this case, all the main

14



content of this thesis is based on nonlinear systems.

2.2 Stochastic Linear Quadratic (LQ) Control
and Differential Riccati Equation in Finite
Time Horizon

In optimal LQ control theory, in order to present an optimal control, some works
use Riccati equations to achieve this target, see for example: [62], [94], [7], [T10], [8]
and [32]. In the past literatures, the control weighting matrix R is usually assumed
to be positive definite, and state weighting matrix () is usually assumed to be
positive semidefinite. Under such circumstances the solvability of the optimal LQ
control problem equals to the solvability of its corresponding Riccati equations.
Later [23], [4] and [2] generalize the above results by allowing @ and R to be
indefinite. In this case, the diffusion term dW(t) is required to depend on the
control u(+), then the stochastic LQ problem is well-posed. Further researches on
indefinite stochastic LQ control in finite time horizon were studied in [27], [76]
and [25]. Indefinite stochastic L(Q control has various applications, see for example
[137], [139], [77] and [67].

One of the recent works focusing on indefinite stochastic LQ control is [23],
which proves that problem is well posed, if the following Riccati equation
has a solution P(-),

( P+ PA+ AP+ C'PC— (PB+C'PD)R+ D'PD)"\(B'P+ D'PC)
+Q =0,
¢ (2.1)
P(T) = H,
| R+ D'PD >0, ae tel0,7].

Note that ¢ is omitted in (2.1)) for convenience. In addition, the optimal control
u*(+) is achieved by the solution P(:). We emphasized that R + D'PD > 0 in
(2.1) is restrictive. This is improved in [2], where a generalized Riccati equation
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(GRE) is given as follows (¢ is omitted),

P+PA+ AP+ C'PC—(PB+C'PD)(R+D'PD){(B'P+ D'PC)
+Q =0,
P(T)=H, (2.2)
(R+ D'PD)(R+ D'PD)(B'P+ D'PC)— (B'P+ D'PC) =0,
R+ D'PD >0, ae te€][0,T].

Here, the case of R+ D'PD = 0 is allowed. The difference between (2.1)) and
(2.2) is that pseudo inverse and one more algebraic constraint are introduced in

2.

2.3 Optimal Stochastic LQ Control of Systems
with Markovian Switching in Finite Time
Horizon

Let (2, F,{F:}+>0,P) be a given filtered complete probability space, where there
exist a standard one-dimensional Brownian motion (W (t),0 < ¢ < T') and a
Markov chain (r;, 0 < ¢t < T'), taking values in {1,...,d}, with transition proba-
bilities given by

, , i At + o( At) : if 17,

Plrosc—j|m—ip={ oot roldn i ibig 23)
1+ 7 At 4 o(At) - if i =7,

where m;; > 0 for @ # j while m; = —Zj i Tij- Note that the above setting

of Markovian switching will be used throughout this thesis, and we assume that
Markov chain 7, is independent of all the Brownian Motions in this thesis.
Based on the results in [2], Markovian switching was included in the indefinite

stochastic LQ system by [74], in which the optimal control problem becomes:

min  J(s,y,;u(:))
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"TQ(t,r) L(t,r)
L(t,ry) R(t,r)

= (e

+a(T) H(rr)e(T)lr, = i}

dz(t) = [A(t,re)z(t) + B(t,ro)u(t)|dt + [C(t, re)z(t)
st Q= DRt (D), (2.4
z(s) =y € R",

when r, = 4,4 ={1,...,d}, we denote A(t,r;) = A;(t). Here the matrix functions
A;(+), etc., are given with appropriate dimensions.

Similar to the optimal LQ control problem without Markovian switching, a

new type of coupled generalized Riccati equations (CGREs) is introduced in [74],
(t is omitted for convenience)

(P, + PA; + AP, + C'P,C; — (P,B; + C'P.D; + L;)(R; + D,P.D;)! (B/P;

0
+DIPCi+ L) + Qi+ Y _m Py =0,
j=1

P(T) = H; (2.5)

(Ri + D;P.D;)(R; + DiP,D;)'(B{P; + D;P,C; + L;) — (B{P; + D;P,C;
+ L;) =0,

\Rz‘i‘D;PZDlZO, a.e. tE[O,TL i:lj...’d

Two more special cases are introduced in [74] as follows. If D!P,D; + R; # 0, for
every i, then (2.5 becomes the following,

( B+ PA, + AP, + C'P,C; — (PB; + C'P,D; + L;)(R; + D'P,D,)"\(B/P,
)
+ D;P,C; + L) + Qi + Zﬂszj =0,
j=1

Pi(T) = H;

\Ri+D;PfiDi>0, ae. te€l0,T], i=1,---,0.
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When D;P,D; + R; = 0, for every i, is reduced to the following,

( s

P+ PA; + A{P; + C{P.C; + Y mii Py + Q; =0,
j=1

Pi(T) = H;,

DiP,C;+ BiP; + L; =0,

D:P,D;+ R; =0, ae. te€[0,T], i=1,---,0.

\

It is proved in [74] that the solvability of the CGREs is not only sufficient, but
also necessary for the well-posedness of the LQ problem . Optimal controls
are found explicitly via the solution to CGREs . Here we provide one of the
main results in [74].

Theorem 2.3.1. [7]|] If the CGREs have a solution, then the stochastic LQ)
problem is well-posed. Moreover, the set of all optimal controls w.r.t. the
initial (s,y) € [0,T) x R™ is presented as follows:

(1)
)
- {aorpioio + Renoer RO + By e

1=

N

+Lz<t)’] Yi(t) = [Di(t) Pi(t) Ds(t) + Ri(8)]T[Ds(t) Pi(t) Dy(t)
+R;(1)]Y; ()} (t) + zi(t) — [Di(t) Pi(t) Ds(t) + Ri(0)]'[Di(t) P(t) Di(t)
+R; ()] (8) X =iy (1),

where Y;(-) € L%(s, T;R™*™), zi(-) € L%(s, T;R™). In addition, the value func-
tion is obtained as follows:

V(s,y,1) = infunyed(s,y,u(-))
= yP(s)y, i=1--,L

The proof is omitted here. The idea of involving Y;(-) € L%(s, T; R™*"), and
() € L%(s, T;R™) results in that we are able to obtain infinitely many optimal
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control laws. This technique is going to be used in both Chapter 3 and Chapter
4. Note that the above theorem can be viewed as a special case of the main result
in Chapter 3.

2.4 Indefinite Stochastic L(Q Control of Systems
in Infinite Time Horizon

Let (2, F,{F:}t>0,P) be a given filtered complete probability space, where there
exists a standard one-dimensional Brownian motion (W (t),t > 0). We introduce

the notation of LY¢(R¥) which is defined the same way as the one in [3], as follows
Ly*(R) & ¢(-) : [0, +00) x 2 — R¥, (2.6)

if ¢(-) is Fi-adapted, measurable, and EfOT |p(t, w)|?dt < +o0, VT > 0. In [3]
the infinite time horizon stochastic LQ optimal control problem is considered as

follows:
min J=E {/0 Oo[x(t)/Qx(t) + 2x(t) Lu(t) + u(t)/Ru(t)]dt} )

dx(t) = [Az(t) + Bu(t)|dt + [Cx(t) + Du(t)|dW (t), 27)
s.t. .
x(s) = xg € R™.
The following definitions proposed in [3] will be used in the later chapters.

Definition 2.4.1. [3] A control u(-) is called mean-square stabilizing w.r.t. xq if

lim Efz(t)z(t)] = 0. (2.8)

t—400

A feedback control u(t) = Kx(t), where K is a constant matriz, is called stabilizing

if for xo the corresponding state x(-) of system satisfies (2.8).

The concept of mean-square stability is very important in infinite horizon
optimal control problems.
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Definition 2.4.2. [3] Given xo € R™ in , we present the definition of ad-

massible controls as follows:
Uad(zo) = {u(-) € Ly“(R™)}, (2.9)

provided that u(-) is mean-square stabilizing w.r.t. xo. The notation of LY(-) is
given in (@)
Definition 2.4.3. [3] The value function is defined as

V(ze) £ inf  J(wo,u(")). (2.10)

u(-)€Uqq(0)

The L) problem is called well-posed if
V(zg) > —00, Vo€ R™
Any control u*(+) that achieves the infimum in is called optimal, w.r.t. xg.

We do not have differential Riccati equations in infinite time horizon opti-
mal control problems. Instead, generalized algebraic Riccati equation (GARE) is
introduced in [3] as follows,

( AP+ PA+C'PC+Q— (PB+C'PD+L)R+D'PD){(BP
+D'PC+ L) =0,
[[ — (R+ D'PD)(R+ D'PD)'|(B'P+ D'PC + L) =0,
| R+ D'PD > 0.

(2.11)

Similar to the two special cases of (2.5)) in the previous section, [3] also provides
two special cases as follows,

A'P+ PA+C'PC+Q— (PB+C'PD+ L)(R+D'PD)" (B'P
L D'PC+ L) =0, (2.12)
R+D'PD >0,
and
AP+ PA+C'PC+Q=0,
B'P+DPC+L =0, (2.13)
R+ D'PD =0.
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Before we introduce the main results of [3], for notation convenience, we denote

<
=
[I>

AP+ PA+C'PC+Q,

L(P) & PB+C'PD+1L,

N(P) & R+DPD.
Theorem 2.4.1. [3] Assume that GARE has a solution and there exist
Y(-) € LYs(R™>") and z(-) € LY*(R™) such that the following control:

uy(t) = —N(P)IL(P) + (I = N(P)N(P))Y (t)]a(t)
—[I = N(P)N(P)]=(t)

s admissible w.r.t. any initial xo. Then the stochastic L() problem 18 well-

posed and wy ,(+) is an optimal control. Moreover, the value function is

V(xg) = xyPxy.

As we mentioned in the Introduction: the difficulty of the stochastic LQ prob-
lem in the infinite time horizon is that the optimal J may not be finite, this is
considered in Definition [2.4.3] and solved by the above theorem.

2.5 Indefinite Stochastic L(Q) Control of Systems
with Markovian switching in Infinite Time
Horizon

Based on [3], Markovian jumps were included in the parameters of system ([2.7))
by [75]. In this section, we mention the problem formulation and some of the
main contributions in [75]. Later in Chapter 4, we extend [75] to a nonlinear case.
Define the Markovian switching in the same way as , the infinite time horizon
stochastic LQ optimal control problem with Markovian switching is considered in
[75] as follows:

min  J(xo,;u(+))
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dt

rs=1p,

s U(t)
dx(t) = [A(ry)z(t) + B(ry)u(t)|dt + [C(ry)z(t)
s.t. + D(ry)u(t)]|dW(t), (2.14)

z(s) = xg € R",

where (r;,t > 0) takes values in {1,---,4}.

Similar to Definition [2.4.1], Definition and Definition [2.4.3] the definition
of mean-square stabilizing, admissible control and value function in the case of the
system with Markovian switching is stated in [75]. Here we omit the duplicated
statements.

The coupled generalized algebraic Riccati equations (CGARESs) are introduced
in [75] as follows

( 1)

J=1

2.15
+ DIP.D,) N (BIP: + DIPCy + L) = 0, 21

\RZ+D;P,DZ>O, Z:]_,,(S

with the unknown Py, --- , Fs.
The stability condition of system (2.14)) is given in [75]. Next, we provide the

solution to optimal control problem in [75].

Theorem 2.5.1. [75] Assume that there exists solution to the CGAREs (2.15),
and P; > 0, then the LQ problem 18 well-posed and there exists an optimal
state feedback control,

é
u(t) = =Y (R; + DiP,D;) " (B{P; + DiP,C; + L))x(t)xr=i(t),  (2.16)

i=1

and the value function is given by V(xg,1) = xyPxg, Yoo € R", Vi =1,2,--- 4.
Py, -, Ps 1s the solution to the CGARFEs .
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Remark 2.5.1. In the section of problem formulation and preliminaries of [75],
the concept of pseudo inverse is introduced, which is also used in [2], [T and [3],
but not used in the context of CGARFEs or the main results, like finding the
optimal control. Here we apply the pseudo inverse to CGARFEs , without
changing the spirit of [TH]. We provide some new results below. The CGARFEs
become the following:

( PA; + AP, + C!P.C; — (P:B; + C,P.D; + L;)(R: + D\P,D;)! (B/P,

0
+ D;PZCZ + L;) + Qz + Zﬂ'ijpj = 0,
=1
’ (2.17)
(R; + D{P,D;)(R; + D/P,D;)!(B/P; + D;P,C; + L;) — (B{P; + D;P,C;

+L;):O>
\Ri—l-D;PZ-DiZO, 1=1,---,0.

Note that in we allow R; + D;P,D; = 0, which generalize the CGARFESs
in . The importance of the new CGARFEs in can be seen from the
following example. Assume someone can get a solution P to the first equation
of . However, when substituting this value P into the second constraint of
, unfortunately we have R; + D;P;D; = 0, which is not in agreement with
R; + DIP,D; > 0. In this case, has no solution. The involving of pseudo
nverse and one more algebraic constraint in makes the CGARFEs more
generalized. In addition, if we compare with in Section 2.4 without
Markovian switching, we see that 1S quite similar to . The difference
is that in we have each system coefficient relating to Markovian switching,
and accordingly we have one more term Zj.:l i P

Following and , we have two more similar results. If the term
DIP.D; + R; # 0, for every i, then the CGARFEs become the following,

( PA, + AP, + C'P,C; — (BB, + C'P,D; + L;)(R; + D'P,D;)" (B/P,

0
+DIPCi+ L) + Qi+ Y my P =0,

j=1
B(T) = H;
\Ri+D§PZ~Di>O, ae. tel0,T], i=1,---0.
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When D.P,D; + R; = 0 for every i, the CGARFEs become the following:

( 6

j=1
Pi(T):Hi
D;P,C; + B{P; + L; = 0,
| DiPiDi+ Ry =0, ae tel0,T], i=1--,d

Remark 2.5.2. Similar to including Y;(-) € L%(s, T; R™*"), 2,(-) € L%(s, T; R™)
in Theorem [2.3.1, and including Y (-) € LY(R™*"), z(-) € LY*(R™) in Theo-
rem we can also have infinitely many controls u(-), by including Y (-) €
Ly (R™*") and z(-) € L*(R™) into (2.16).

If we consider Remark[2.5.1], then we can have a new result below. For notation

convenience, we denote

é
Mi 2 PAi+ AP +CIPCi+ Qi+ Y miiP,

j=1
L; £ PB;+ C/P,D; + L,
N; £ R+ DiP.D;.

We assume that there exists a solution to the CGARESs , denoted as Py, - - - , Py,
then the LQ) problem 15 well-posed. In addition, there exist optimal controls

as follows,
u(t) = =[N L+ (1 = NIN)Yia(t) — [T = NIN2(8),

with value function V (xg,1) = xyPixg, Vg € R", Vi=1,2,--- 0.
The proof is straight forward, according to the previous results. Hence it is

omitted here.
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2.6 Robust Stabilization and Robust H,, Con-
trol for Uncertain Stochastic Systems with

State Delay

Over the past two decades, H,, control theory has been developed rapidly. Some
typical works can be found for example in [45], [36], [140] and the references
therein. When robustness is considered in H., control theory, [63] studies the
problem of robust stabilization. The robust H,, control problem was studied by
[117], [124], [128] and etc. In addition, [51] studies the stochastic H, control
problem. Recently [46] generalizes [120] in the following aspects. One of the ad-
vantages over [120] is that in [46] the control appears in the diffusion term as well.
In addition, Markovian switching is included in system coefficients. The switching
probabilities are assumed to be known precisely in most systems with Markovian
switching. However, uncertainties may also appear in the mode transition rate
matrix because of modelling errors. There are mainly two different types of un-
certain switching probabilities, namely the poly-topic ones, see for example [29)
and [40], and the element-wise ones, see for example [I1] and [I8]. In [46], the
switching probabilities is assumed to have element-wise uncertainties.

Let (2, F,{Fi}t>0,P) be a given filtered complete probability space, where
there exists a standard one-dimensional Brownian motion (W (¢),0 <t <T'), and
a Markov chain (r;,0 < ¢ < T') taking values in a finite state-space S = 1,2,... N,
with generator = (Tij) nxn given by

P{r<t+5>:j|r<t>=z’}={

for § > 0, and lims_,0(0(d)/6) = 0. Here, 7;; > 0 is the transition rate from ¢
to j if i # j while 7; = — Zj.v:m# 7ij. We assume that Markov chain r(-) is
independent of Brownian Motion W(-). Additionally, similar to the settings in
[119], the mode transition rate matrix II is also assumed to be not exactly known
and has the element-wise uncertainties

Il = I+ AII,
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with I £ (m;;)nxn satisfying m;; > 0, (i,j € S,j # i) and 7; = — D ez Tij
for all i € S, where 7;; denotes the estimated value of 7;;, and All = (Am;j) =
(7ij — mij) where |Am;;| < €5, €5 > 0. Am;; denotes the error between 7;; and ;5
foralli,j € S,j #iand Am; £ —Z;V:Lj# Am, Vi e S.

The following stochastic system with Markovian switching and parameter un-
certainties is considered in [46]:

+G(r(t))v(t)]dt
+[(E(r(t) + AE(r(t)))z(t) + (F(r(t)) + AF(r(t)))u(t)
+H(r(t))v(t)dW(t), (2.18)
and
2(t) = C(r(t))x(t) + D(r(t))u(t), (2.19)

for t > 0 with initial data 2(0) = x¢ and r(0) = iy € S. Here z(t) € R" is the
state, u(t) € R™ is the control input, v(t) € RP is the disturbance input, and
z(t) € R? is the controlled output. For each mode r(t) =i € S, A(i) = A;, ete. is
denoted for simplicity.

In the above system, A;, B;, C;, D;, E;, F;, G;, H; are known real constant ma-
trices. AA;, AB;, AE;, AF; are unknown matrices representing parameter uncer-

tainties. It is assumed that
A4, AB, AE, AF|=MU; [Ny Ny Ne Ny,

where M;, No;, Ny;, Nej, Ny, are known real constant matrices and U;’s are un-
known matrices such that U;7U; < I, Vi € S.
Next we present some fundamental definitions that will be used later.

Definition 2.6.1. [82] The SDE with Markovian switching is said to be
almost surely exponentially stable if for all xo € R™ and iy € S,

1
lim sup - log |x(t; o, 70)| < 0.
t—o00 t
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The definition of mean-square stabilizing can be found in Definition [2.4.1}

Definition 2.6.2. [120] [{6] The uncertain stochastic system in is said to
be robustly stochastically stable if the system with u(t) =0 and v(t) = 0 is
mean-square asymptotically stable for all admissible uncertainties AA;, and AE;.

Next, we provide sufficient conditions such that system (2.18)) is robustly
stochastically stable. The following matrices are introduced:

>l

lI>

>

> >
RS RN

>
2B =35~

=

_|_

-

=)

=
/\\_/E/-\

>

Theorem 2.6.1. [/0] Let v(t) = 0, Vt > 0. Then the system is robustly
stochastically stabilizable if there exist scalars {e; > 0,i € S}, {€ > 0,1 € S},
{N\ij > 0,4,5 € S,i # j}, and matrices {P, € S",i € S}, {K; € R™",i € S},
such that the following matrix inequalities hold,

KZ- * * * *
M!P; —e; 'l * * *
Na; 0 —eil * * <0, 1€8,
N 0 0 —egl *
| E 0 0 0 euMM] - P
where
YT 1
R=AP+PA+ Y [fé—gjz 5o(m-r.
i=1j#i -

In this case, the state feedback controller is
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The proof is omitted, because we will deal with a more general version of the
above problem later in Chapter 5, in which general results are obtained. The idea
of proving Theorem [2.6.1]is the same as proving Theorem [5.3.1

Next, we present a sufficient condition to solve the robust H,, control problem
for system to . Here, apart from the requirement of robust stabiliza-
tion, the H,, performance must be satisfied. The definition of the H,, performance
is given below.

Definition 2.6.3. [J0] [120] Given a scalar v > 0, the stochastic system with
u(t) = 0 is said to be robustly stochastically stable with disturbance attenua-
tion vy if it is robustly stochastically stable and under zero initial conditions,

|z()]] < ~l|v@)|| for all non-zero v(t) € Ls[0,00) and all admissible uncertainties
AA;, AB;, AE;, AF;, where

== (e{ [~ |Z(t)!2dt}>§.

The robust H,, control problem for system (2.18) to (2.19) is solved by the
following theorem.

Theorem 2.6.2. [[0] Given a scalar v > 0, then this system is robustly stochas-
tically stabilizable with disturbance attenuation v if there exist scalars {e1; > 0,1 €
S}, {ei > 0,1 € S}, {\ij > 0,i,j € S;i # j}, and matrices {P, € S",i € S},
{K; € R™*" i € S}, such that the following matriz inequalities hold,

I; * * * * *
P —~2T * * * *
Na; 0 —eqd * * *
_ “ <0, 1€,
Nez’ 0 0 —621'] * *
Ei Hz 0 0 e?zMzM; — I‘)Z-_l *
C; 0 0 0 0 —I
where
SN 1
I; £ PA; + AP, + e,; P,M; M P, + Z {Iﬂs?j[ + )\_j(PJ - P)?,
j=Li#i ‘
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and
C(r(t)) 2 O(r(t)) + D(r(t)) K (r(t))

In this case, the state feedback controller is

The proof is omitted for the same reason stated in the previous theorem.

2.7  Stochastic Hy/H,, Control

Recently [127] studies robust Hy/H,, control for a class of nonlinear stochastic
systems in discrete time case. [81] focuses on a game theory approach to mixed
Hy/H,, control for a class of stochastic time-varying systems with randomly oc-
curring nonlinearities, also in discrete time cases. Note that there are some other
works such as [80], [132], [24], [22], [133], and [136] focusing on nonlinear Hy/H,,
control problems. Although some general results are obtained under such general
kind of nonlinear system, readers are not provided with any feasible cases that
can have explicit solutions.

In this section, we illustrate some basic definitions and results obtained from
previous works of stochastic Hy/H,, control problem with Markovian switching
in both finite and infinite time horizon.

2.7.1 Finite Horizon with Markovian switching

Define the Markovian switching in the same way as (2.3, and define the state
space M = {1,2,---,1}. [141] considers the following linear SDEs with Markovian

switching,

(2.20)
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where 2(0) = z¢ and D(r,)'D(r;) £ I. Here, (W(t),0 < t < T) is a one-
dimensional standard F;-Brownian motion. We denote z(t) € R", z(t) € R",
u(t) € R™ and v(t) € R™ as system state, controlled output, control input,
and external disturbance of the system respectively. The finite horizon
stochastic Hy/H., control problem is stated as follows.

Definition 2.7.1. [I/1|] For given disturbance attenuation level v > 0, 0 < T <
00, the finite horizon mized Hy/Hy control is to find a state feedback control
wi(t, ) = Ky (t) € L3([0,T],R™) such that

(i) The trajectory of the closed-loop system starting from x(0) = xo = 0
satisfies

ZE [ (et + a0 diro = ]
z:l: V ]dt\ro—z} (2.21)

for Vv #£0, v € LZ([0,T],R™).

(ii) When the worst case disturbance vi.(t,z) € L%([0,T],R™) is implemented to

2.20}), ui.(t,x) minimizes the output
T
JI (u, v, 20,1) = E {/ |2(t))?dt|rg = 2} , 1€ M. (2.22)
0

Game theory approach is used in [I41] to solve the stochastic Hy/H,, control
problem.

Definition 2.7.2. [7/1] If we define

T
JE(u,v,20,1) 2 E [/ (Vv(t)])? — |2(t)|?)dt|ro = z] , 1€M,
0

and
T
J3 (u,v,20,7) = E {/ (|z(t)[})dt|ro = z} , 1€M,
0
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then the finite horizon stochastic Hy/Ho, control problem is equivalent to finding

the Nash equilibrium (uk, v}.) defined as

JE (e, v, 20, 1) < JE (W, v, 20,1), Yo € L2([0,T],R™), i€ M,
and

JT (W, v, w0,1) < JE (u, 05, 10,4),  Yu € L2([0,T],R™), i€ M.

Remark 2.7.1. [T/1] The first Nash inequality relates to the H., performance,
because JI (wh, vi, xo,1) > 0 implies (m The second one deals with the Hy
performance. If the Nash equilibrium (u}., v5) exists, uk is our desired controller,
and v is the worst case disturbance. In other words, (w}, vk) is a pair of solutions
to the stochastic Hy/H, control problem.

Next, we consider the following stochastic system in [141]:

dx(t) = [A(ry)z(t) + By(ry)v(t)]dt
+ [G(ry)x(t) + Hy(re)v(t)]dW (t) (2.23)

2(t) = C(ry)z(t), x(0)=z9€R"
The perturbation operator Ly 7y is defined in [I141] as follows,
Loz (v(t)) £ Clr)z(t;0,0), Vo(t) € L%((0,T],R™).
Its norm is defined in [I41] as follows,

A |2(t)|jo,7]
[Lom| = sup Ty
veLZ([0,T],R™v ) ,v£0,20=0 ’U<t)’[0,T]

N {0 Elfy =(8)=(t)dt]ro = ]

sup z o ‘
veLZ ([0,7],R™),0£0,00=0 {>_;_; B[ [y v(t)v(t)dt|rg = 1]

Definition 2.7.3. [T/1|] Let v > 0, system is said to have Ly-gain less
than or equal to v if for any nonzero v € L%([0,T],R™), |Lpor| < 7.

NI=| N=

} .
}

The following lemma indicates the relation between the Lo-gain and the dif-
ferential Riccati equation (DRE).
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Lemma 2.7.1. [7/1)] For system and given disturbance attenuation v > 0,

|Lio,m| < v iff there exists a solution P = (Py, Py,--- , P) with P, > 0, i € M,

satisfying the following DRE

( l

P+ AP + PA; + GiPG; — CiC; + Y P — (PiBy; + GiPiHy;) x
j=1

(v*I + H} PiHy) ™ (B E + HyPiGy) =0,

L ’YQI‘FHL-PiHu >0, i€ M.

The above lemma originates from [130], which deals with a class of nonlinear
stochastic systems. It is applied in [141] as a special case for a linear system.
Later, this lemma will also be applied in our thesis in a nonlinear case.

The following theorem presents the main result of the finite horizon stochastic
Hy/H,, control. First, some notations are introduced.

A(ry) + Ba(re) Ka(re),
G(ry) + Ho(ry) Ko(ry),
Qr(re) + Ka(re) Rig(re) Ka(r),
A(ry) + By(ry) Ky (1),
G(ry) + Hi(re) Ky (ry),
Qr(re) + Ki(ry) Se(ry) Kq(ry).

(1>

(1>

(1>

(1>

— — — ~—~ ~—~ ~—~
=
~

N— S~— S~— S~— SN— S~—
(1>

Theorem 2.7.1. [T]1|] For given disturbance attenuation level -y > 0, the finite
horizon Hs/Hy, control for system has a pair of solutions (u., v}.) with

un(t,z) = —ZKQan:i(t)%(t)’

vp(t,z) = —ZKliXTt:i(t)x(t)a
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if the following four coupled DREs admit solutions (Py, Py; K1, K3) with P, =
(P, Pra,-++ , Py) >0, and Py = (Pa1, Pay,- -+, Py) > 0.

( l
Pu + PuA; + A;Pu + G{L'Pliéi + Zﬂijpj - Cz{Ci - KéiKQi
=1
— (B}, Py + H, PGy (1 + H}, Py Hy) (B, P + Hy, PuGy) = 0,
\72]+H{ZP11H12 >0, ?:EM,
Ky(t) = (VI + Hy,PyHy) (B Py + HY PuG,),

( l
Py + PojAj+ APy + G Py Gy + ) g Po + CCy

k=1
— (By; Py + Hy; Py;G5) (I + Hy, Py Hyj) ™' (By Py + Hy PoyGy) = 0,
| I+ HyPyHy >0, jeM,
Ks(t) = (I + Hj; Py Hy;) ' (BY; Py + Hy, Py Gy).

The proof can be found in [I41] and it is omitted here. Note that this theorem
can be regarded as a special case of Theorem 6.2.1 in Chapter 6.

2.7.2 Infinite Horizon with Markovian switching

The stochastic Hy/H, control problem in infinite time horizon with Markovian
switching is also considered in [I41], in which the system is similar to (2.20)).
The concept of stability is considered in [I41], similar to the relevant statements
in Section 2.4. It is shown that the solvability of four coupled algebraic Riccati
equations (AREs) is sufficient to solve the infinite horizon stochastic Hy/H,, con-
trol problem with Markovian switching. The statements of the main results are
omitted here.
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2.8 Risk-sensitive Control

Risk-sensitive stochastic control was first considered by [52] and [58]. [44], [58]
and [59] study the problems of risk-sensitive control connecting with differential
games. Risk-sensitive control can be applied to financial mathematics, see for
example [89] and [30]. In addition, [39] and [49] investigates the relationship be-
tween risk-sensitive control and robust control. Recently, generalized risk-sensitive
control with full and partial state observation was investigated by [31]. By the
same author, stochastic risk-sensitive control for a class of nonlinear system was
concerned in [30], where the nonlinear term is designed in the drift part. Based
on [30], risk-sensitive control for a class of nonlinear square-root processes was
studied by [42], which includes nonlinearity in the diffusion term. In [31], [30] and
[42] the optimal control is given in an explicit form by using completion of square
method. Because the problem formulation of Chapter 7 is based on [30], here we
omit introducing the preliminary results in [30].

2.9 Some Useful Lemmas
We introduce some lemmas that are useful in this thesis.
Lemma 2.9.1. [1712] Let x(t) satisfy

dx(t) = b(t,x(t), re)dt + o(t, z(t), r)dW (1),
and ¢(-,+,1) € C*([0,00) x R"),i =1,--- ,4, be given. Then,

E{o(T, z(T), rr) — (s, 2(s),rs)|rs = i}
= E {/ST[got(t,x(t),rt) + Ly(t, x(t), re)ldt|rs = z} :

where

1
Lo(t,z,i) = itr[a(t,x,i)'gom(t,x,i)a(t,x,i)]

1

+b(t, 1) o (t, 1) + Z Tt x, j).
j=1
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Lemma 2.9.2. [93] Let a matriz M € R™"™ be given. Then there exists a unique
matriz M1 € R™™ such that

MMM = M, MMM = MT,

(2.24)
(MM = MM, (MTM) = MM,

where the matriz M is called the Moore-Penrose pseudo inverse of M.

Lemma 2.9.3. [2] [Jl] For a symmetric matriz S, we have
(1)St = (SP)",
(ii)SST = STS,
(iii) S > 0 if and only if ST > 0.

Lemma 2.9.4. (Extended Schur’s Lemma [3]). Let matrices M = M, N, and

R = R’ be given with appropriate dimensions. Then the following conditions are

equivalent:

(i) M —NR'N’ > 0 and N(I — RR") =0, R > 0;
M N

(ii) > 0;
N R
R N

il >0

i) |2

Lemma 2.9.5. [2] Let matrices L, M and N be given with appropriate sizes. Then
the following matrix equation

LXM = N, (2.25)
has a solution X if and only if
LLINM™ = N. (2.26)
Moreover, any solution to 15 represented by
X =L'NM" +S — LTLSMMT, (2.27)

where S is a matriz with an appropriate size.
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Lemma 2.9.6. (See, e.g., [109]) Let A, D,S,W and F' be real matrices of appro-
priate dimensions such that W > 0 and F'F < I. Then we have the following.
1) For scalar € > 0 and vectors x,y € R"

20'DFSy < e '2'DD'zx + ey S'Sy.
2)For any scalar € > 0 such that W — eDD’ > 0

(A+DFSYW A+ DFS) < AW —eDD') A+ 'S'S.

2.10 Summary

In this preliminary chapter we have reviewed some basic results of optimal and
robust control theory, including LQ control in both finite and infinite horizon,
robust stabilization and robust H,, control, Hy/H,, control in both finite and
infinite horizon and risk-sensitive control. Some previous definitions, lemmas,
and theorems that are useful to this thesis are introduced in this chapter. We
particularly focus on the most recent research results that are related to our
thesis. Note that in this chapter some new results are obtained. Some previous
results are improved without changing the spirit of the original work. In this case,
they are extended into more general cases. Most of the literatures reviewed in this
chapter investigate the linear systems. If the system is nonlinear, which is very
common in real situations, it is unknown whether the previous elegant results can
still be obtained or not. The following four chapters are going to investigate this

issue for the system with a class of nonlinearities.
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Chapter 3

Nonlinear Optimal Stochastic
Control of Systems with
Markovian Switching in Finite

Time Horizon

3.1 Introduction

This chapter extends optimal L() control in [74] to a more general case, which deals
with the optimal control of indefinite stochastic nonlinear system with Marko-
vian switching appearing in system coefficients. Two motivating examples are
given first. Then our nonlinear optimal control problem is formulated in the next
section, where the nonlinearity is formulated by a combination of two different
diffusion terms. It is known that only some of the nonlinear SDEs have solution.
Thus in our system the existence and uniqueness of the solution is discussed.
In the problem formulation, a new type of coupled generalized Riccati equations
(CGREs) is introduced, and it is proved that if there exists solution to CGREs,
then our nonlinear optimal control problem is well-posed. Optimal control laws
constructed by the solution to the CGREs are obtained. When we solve the
optimal control problem, completion of square method is used, and there are dif-
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ficulties in dealing with the nonlinearity terms. Here it is highlighted that within
this nonlinear system an explicit solution is found, which is a very rare case. In
addition, the optimal control laws obtained are linear with state, which is very
similar to the characteristics of the results in optimal L(Q control problems. The
feasibility of the assumption of the solvability of the new CGREs is discussed. An
application to finance is introduced. An illustrative example is given.

3.2 Two motivating examples

As is emphasized in the previous chapter, the important properties of the linear
systems are that they have an explicit solution, they appear in various different
applications, and several optimal control problems for such systems have explicit
closed form solutions. While nonlinear systems appear in many applications, they
in general do not have these desirable features of linear systems. Indeed, nonlinear
SDEs with an explicit solution are very rare. One such example is the following
(see equation (4.29) of [64]):

dx(t) = %x(t)dt + 22(t) + 1dW ()
z(0) = zo,

(3.1)

the solution of which is z(¢) = sinh(W (¢) + arcsinh z). This equation has a
square-root type of nonlinearity, and despite the fact that it admits an explicit

solution, no control problems for such an equation have been formulated until now.
Another square-root nonlinearity appears in an optimal investment problem.

Consider a market of two assets: the bank account B(t), and a stock S(t), the
equations of which are

dS(t) = S(t)[u(t)dt + o (t)dW (L)), (3.2)

B(0) =By and S(0) =S, are given.
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Here r(t) is the interest rate of the bank account B(t), whereas pu(t) and o(t) are
the appreciation rate and the volatility of the stock S(t), respectively. In this
market we consider an investor endowed with the initial wealth yo. Let vp(t)
and vg(t) denote the number of shares that the investor holds in B(t) and S(t),
respectively. Then the investors wealth at time ¢ is y(t) = vp(t)B(t) + vs(t)S(t).
If u(t) £ vg(t)S(t) denotes the amount of the investor’s wealth invested in the

stock, then the equation of the self-financing portfolio is (see, e.g., [69]):

dy(t) = [r()y(t) + (ut) — rt))u@)ldt + o (@)ut) Wi (1),

y(O) =Yg > 0.

Let u(t) be a given process and o(t) a deterministic function, whereas for the
interest rate r(t) we assume that it follows the Cox-Ingersoll-Ross (CIR) process,

dr(t) = [ar(t) + bdt + /7 (t)dWs(t),
(3.3)
r(0) = ro,
for some constants a and b. Moreover, we assume that p(t) —r(t) is a deterministic
function (note that this is typical assumption in a market with stochastic interest

rate, see, e.g. [15]). We are interested only in the controls u(t) that ensure y(t) > 0
a.s. Vt € [0,T]. For such controls, the differential of the z(t) £ logy(t) is

da(t) = [r(t) + (u(t) — r(t))v(t) — o®v?(t)/2)dt + o (t)v(t)dW,(t),

(3.4)
z(0) = zo = logyo > 0,
where v(t) = u(t)/y(t). If for some &y € R we define the process
t
1
B(8) 2 G+ 2(t) — 10 + / S0 (s)ds, (3.5)
0

then its differential is

d(t) = [r(t) + (ut) — r(t))o(t)]dt + o (t)o(t)dWi(t),

#(0) = .
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The problem of optimal investment for the logarithmic utility is the optimal con-

trol problem of maximizing IE[z(T")] subject to (3.3)) and (3.4]). From the definition
(3.9), it is clear that this is equivalent to the problem of minimizing

E UOT %02v2(s)ds —&(T)|,

subject to (3.3]) and (3.5). Thus, this is a nonlinear optimal control problem with

a quadratic cost.

Motivated by these two examples of nonlinear stochastic systems that either
have an explicit solution, or lead to optimal control problems with a quadratic cost,
in the next section we introduce a class of nonlinear stochastic control systems
with a square-root type of nonlinearity that contains these two examples as special

cases. Moreover, we permit for Markovian switching in system coefficients.

3.3 Problem Formulation and CGREs

3.3.1 Problem Formulation.

Let (2, F, {F:}t>0,P) be a given filtered complete probability space, where there
exist a m x 1 -dimensional Brownian motion (W;(t),0 < ¢ < T'), a one-dimensional
standard Brownian motion (W(¢),0 < t < T'), a n x 1 -dimensional Brownian
motion (Ws(t),0 <t < T), and a Markov chain (r, € {1,2,---,6},0 <t < T)
with generator IT = (m;;) specified in (2.3)). We assume that Wi (t), W (t), Wa(t)
and the process r; are mutually independent.

Assumption 3.3.1. The data that appear in the nonlinear optimal control prob-
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lem (@- satisfy, for every i,
(+) € L0, T;R™),
(+) € L0, T; R™™),
(+) € L0, T; R™™),

Cy() € L*=(0, T; R™™),
() € L®(0,T; R™™),
E;(-) € L*(0,T; R™"),
(+) € L™(0,T;8™),

Rkl() R; € L>=(0,T;8™),

€ L>(0,T;8™™),

€ L0, T; RmHn)xme),

0,

e L™

Considering the financial system introduced in Section 3.2, we set two separate
21 and x9 when we formulate our nonlinear optimal control problem, where the
equation for x; is a special case of the CIR model, whereas equation for x5 is a gen-
eralized version of . Consider the following nonlinear SDEs with Markovian
switching:

(day (1) = [Gy(t, )z (t) + Hy(t, r)]dt + Ty (21(2), &, 7 ) dWi (¢)
dxo(t) = [Ar(t, re)z1 (L) + Aa(t, r)za(t) + By(t, re)u(t)]dt
[C1(t, )21 (t) + Co(t, re)wa(t) + Di(t, r)u(t)]|dW (¢) (3.6)
+ Do (t), xo(t), t, ) dWs(t)

21(0) = 2190 > 0, 22(0) = 290 > 0,

+

\
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where
Gl (ta Tt) = dla‘g[gl (ta Tt)7 92<t7 Tt); s 7gm(t7 rt)]7
i.e., a m x m diagonal matrix, in which the diagonal elements are

g1<t7 Tt): g2<t7 Tt); s 7gm(t7 7,t)-

Here, g1(t,7¢), g2(t,7¢), ..., gm(t, 1) are all coefficients in terms of scalars. In ad-

dition,

Fl(l'l(t), t, T’t) é dlag[\/l'n(t), \/[Elg(t), AV Ilm(t)], (37)

Do(z1(t), 22(t), u(t), t,m¢) = E(t, 1) F(21(t), 22(t), u(t), t, ), (3.8)

and

Flaa(t), wa(t), ult), £, ) 2 diag(\/61, v/n, -, \/). (3.9)

Among ¢1, s, ..., ¢,, we denote each of them as ¢, where k = 1,2,...,n. We
define

¢k é l’g(t),Qk(t, ’I“t)l‘g(t) + U,(t),Rk(t, Tt)U(t) + T (t)/Lk(t, Tt) =+ Zk(t, Tt). (310)

We assume that Qx(t,7;) > 0, Ri(t,r;) > 0, Zx(t,r;) > 0, and the components of
Ly (t,r) are non-negative, for all k.

The state z; is independent of x5, and it is a special case of the CIR model of
equation (4.1) in [38] (page 387), where the existence and uniqueness of solution
for such an equation is proved.

The equation for x5 may not have a solution for all controls u. For our pur-
poses the controls that are affine in x5 are important. Under such controls, the
term I's in has a bounded first derivative with respect to xo. Thus it satisfies
Theorem 3.13 in [83], page 89, where existence and uniqueness of general SDEs is
proved. In summary, under controls that are affine in x5, the system of equations
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(3.6) has a unique solution.

Here we discuss and explain the existence and uniqueness of x5 in a bit detail.
We are interested in investigating the property of the nonlinear term in the SDEs
of dxq, which is T'y(z1(t), z2(t), ¢, r:)dWa(t). First our aim is to check whether the
term D'y(z1(t), 22(t), ¢, r;) satisfies the Lipschitz condition. In order to provide an
intuitive derivation, the example illustrated here is a scalar case, which is a special
case of our original problem. Also, for simplicity we neglect Markovian switching
from To(x1(t), zo(t), t, 1), because the condition for the existence and uniqueness
of solution to SDEs with and without Markovian switching is quite similar, see
[83].

Then we simplify the diagonal matrix F into a scalar, namely, define F £ \/¢.
Then we rewrite I's = EF, where E is also a scalar. In addition, we define our
special case of ¢ as

¢ 2 qud +ru? + g + 2.
Substituting the affine control u = ax + b into the above equation, we have
¢ = (q + ra®)z: + 2abrag + rb* + v, + 2.

Next, we take the first derivative of I'y with respect to xs,

dl'y d(E\/) _ Ed(\/a) _ Ed<_\/g_b)d_¢
dvy  dxe dvy ¢ dxy
Then
dTy E(q+ ra®)zy + Eabr

= . 3.11
dza /(g + ra?)a3 + 2abray + rb? + oy + 2 (3.11)

Note that with our assumption of Qg (t,r;) > 0, Rg(t, ) > 0, Z(t,r;) > 0, and
the components of L(t,r;) are non-negative, for all k, thus here we have g > 0,
r>0,1>0and z > 0, accordingly. Then we have

¢ = qrs +ru® + 1z, + 2 >0,
and equivalently,

o=(q+ Taz)xg + 2abrzy + rb? + lxy + 2 > 0.
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Hence, the denominator of right side of , i.e., /¢ is well defined. Also, it
is straight forward that is bounded for all x5. Then our scalar case I's is
Lipschitz, since its first derivative w.r.t. x5 is bounded.

It is notable that function I'y = E+/¢ is different from one type of square root
function, such as \/x because the first derivative of \/z w.r.t. z becomes infinitely
large when x goes to 0. When the parameters in are fixed, the plotted
function of I'y = E+/¢ never becomes infinitely steep whatever value x, takes,

which means the first derivative of I'y w.r.t. xy never becomes infinitely large.
This can be seen when (3.11]) is plotted in software such as Matlab, the value of

(3.11)) is bounded for all z.
Additionally, it is easy to find a constant K such that the following holds:

(EV/9)]* < K(1+|aa]?),

which is the linear growth condition in [83]. Up to here, we say our special scalar
case satisfies both Lipschitz and linear growth conditions, so the existence and
uniqueness of 5 is obtained. Since the scalar case is a special case of our original

problem, we can say this result can be extended to our original system ([3.6]).

If we denote
x(t) £ [xl(t>] , (3.12)

then we can rewrite equation ((3.6]) into the following

(

dx(t) = [A(t,ry)z(t) + B(t, r)u(t) + H(t,re)|dt

+[C(t, ) (t) + D¢, )u(t))dW (¢) (3.13)
01 (z(t), ult), t,r ) AWy (1) + Oa(z(t), u(t), t, 7 ) dWa(t), :
L z(s) =,
where
N Gl(tvrt) 0 r £ 0
At ) = Wt ) Aa(t, ) BB = Bl(t>rt)],




N 0 0 2 0
Cltn) = [C'1(t, T¢) C'z(t,rt)] - D)= [Dl(t’rtj |

) A F1<£L'1(t),t,7“t)
0 ] . Oz (t),t, ) = [ 0 ] ;
N 0
Oal(@1(8), 2a(8), u(t), o) = [Fz(m(t) xo(t), u(t), t,r )] .

(3.14)
Here, s € [0,T) is the initial time, and y € R™*" is the initial state.

Definition 3.3.1. [7]]] An admissible control u(-) is any Fi-adapted process under

which the equation (@ has a unique solution. The set of all admissible controls
s denoted by U.

We give the following notations, which will be used throughout this chapter.
We define

. |o
M2 H , (3.15)

where 0 is a m X n zero matrix, and I is a n X n identity matrix. We define e;, as

an 1 X 1 elementary vector, whose k-th element is 1, while other elements are 0.
For simplicity, we define

Nii(t) & M E;(t)ey. (3.16)

We define ¢, as an m x 1 elementary vector, whose a-th element is 1, while other
elements are 0. Then each element of vector x; can be expressed as

/
T1g = €4L1-

(3.17)
Define

by £ [eg 0] ,

where 0 is a 1 X n zero matrix. Define

o
M2 H , (3.19)
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where 0 is a n X m zero matrix, and I is a m x m identity matrix. For each (s,y)
and u(-) € U the cost functional is

J(s,y,i;u(-)) /
- ([

+u(t) Le(t, Tt)> dt + z(T) H(rp)x(T) 4 Le(rr) z(T)

Qt,ry) L(t,ry)
L(t,r) R(t,r)

x(t)

u(®) + x(t) La(t, )

rs = z} (3.20)
As is emphasized in [74] that since we allow symmetric matrices

Qi L;

) izla"'757
I' R

to be indefinite, we say our stochastic nonlinear optimal control problem is an
indefinite control problem.

The aim of our optimal control problem is to minimize the cost functional
J(s,y,4;u(-)) subject to (3.13)). Similar to [74] the value function is defined as

V(s,y,i) 2 inf J(s,y,4;u(-)). (3.21)

u(-)eU
We provide the following definition that originates from [74].

Definition 3.3.2. [7/] The optimal control problem (3.6))- is called well-
posed if

V(s,y,i) > —oo, V(s,y) €[0,T)xR" Vi=1,...,6.

An admissible pair (x*(-),u*(:)) is called optimal (w.r.t. the initial condition
(s,y,1)) if u*(:) achieves the infimum of J(s,y,i;u(-)).
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3.3.2 Coupled Generalized Differential Riccati Equations.

First, we assume the following holds, (¢ is omitted)

;

Lci (T) = Eciy

m n
2P,H;+ Y V,Pag+ Y  NLP.NuMLy; + Lo + Lei + AjLe; — (C/P.D;

a=1 k=1

n
+ PiB; + Li)(D{PiDi + Y _ Ny PiNiiRyi + Ri) (Lei + BiLe;) = 0,

k=1 (3.22)
n n
(D{P.D; + Y Ni;PiNgRyi + R;)(D{PiD; + > N}, PiNy; Ry
k=1 k=1
+ R)"(Les + B/Le) — (Les + BlLy) =0, ae. t€]0,T],
i=1,-,0

\

Now we introduce a new type of coupled generalized Riccati equations (CGREs)

as follows, (¢ is omitted)

;

\

the

4 Y
P+ PA; + A{P + CIPCi+ Y 1P+ > NLPINuMQuM' + Q;

j=1 k=1
1
— (C{P.D; + P,B; + L;)(D;P,D; + Z Ny PN Ry + Ri)' (D P.C;
k=1
+ BiPi+ L;) = 0,
PAT) = H, (3.23)

n n
(D{P.D; + Y  Ni;PiNgiRyi + R;)(D{PD; + > N}, PiNy; Ry
k=1 k=1

+ R)(DIRCi+ BiFi + L) = (DiP.Ci + BiP. + Lj) = 0,
n
DiPD;+ > N/ ,PiNRy+Ri >0, ae te[0,T], i=1,--,0
k=1

The solvability of CGREs (3.23) is discussed in Section 3.5. We assume
CGREs have a solution. Compare our new CGREs (3.23) with (2.5) in-

troduced in [74], and we see the difference is that we have two additional terms,
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ty NLPiNg M QM and )| NJ,P;Ny;Ry;. This is due to the nonlinearity
terms ¢y in . The detailed derivation can be found in Section 3.4. Note that
(2.5)) is a special case of . If D/P,D;+ > ]_| N/,PiN;Ry; + R; # 0, for every
7, then the CGREs become:

( g U
P+ PA; + A{P + CIPCi+ Y _miPj+ > N PNuMQuM' + Q;
k=1

j=1 =

U
— (C{P.D; + P,Bi + Li)(D;PDi + Y N}, PiNyiRy; + Ri) ™ (D P,C;

= (3.24)

+ BiP; + L;) = 0,

P(T) = H;,

n
DiPDi+Y NiPNuRy+ R >0, ae  te[0,T], i=1-- 0

\ k=1

When D;P,D;+>"]_, N,P,Ny;Ry;+R; = 0 for every i, the CGREs ({3.23) become:

( 5 n
P+ PA; + A{P + C{P.Ci + Y mi;Py+ Y NjPiNuMQuM + Q; =0,
j=1 k=1

P,(T) = H;
D;P,C; + B.P, + L; =0,

n
DiPDi+ Y NuPNuRy+ R =0, ae tel[0,T], i=1--- 6

\ k=1

3.4 Solution to Optimal Control Problem

In this section, we show that the solvability of the CGREs ({3.23) is sufficient for
the well-posedness of our nonlinear optimal control problem (3.6])-(3.21). Opti-
mal linear state feedback control laws are obtained explicitly, constructed by the

solution to the CGREs ([3.23)).

Theorem 3.4.1. Denote Py;(t) as each element of matriz Pi(t). If the CGREs
have a solution, then the stochastic nonlinear optimal control problem (@-
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3.21)) is well-posed. Moreover, all optimal controls are obtained explicitly as fol-

lows:

u*(t)

- —Z{ +ZN]€, N]m )Rkl(t)
+R ( N'[Di(t) Pi(#)Ci(t) + B ( )'Fit) + Li(t)] + Yi(t) — [Di(t) P(t) Di(t)
+ Z Nyi(t)' P(t) Ny (8) Ris(8) + Ri(0))'[Di(t)' P (t) Di(2)
+§]w () Nii () Ry (t) + Ri(0)]Yi(t) | 2(t) + 2(t)
—[Di(t +Zmn () Nio(t) Ry (t) + Ri(0)]T[Di(2) Pi(t) Di(t)
+§)% N@ﬂ%@+&@@@+g&®ﬂ@&@
+ Z Nii(t)' P;(t) N (t) R (t) 4 Ri(t)] [ Le ()
+B< ) Lei ()]} X (ri=13 (1), (3.25)

where Yi(-) € L%(s, T; R™*m+n)) () € L%(s, T;R™). Furthermore, the value

function is obtained as follows:
Vis,y,1) = infuoeud(s,y,5u(-))

= YP(s)y+ Lei(s)y + E [/T C(t,re)dt|rs = Z} , (3:26)

where
Z Nt P8 Nia () Zeat) + L1V (1) — i[Lext)
+Bi(t) La())[Ds(t )+ Z Niei(t) Pi(t) Ny (t) Ry ()
+R; (D] [Les(t) + B;(t)'Les(t)], i=1,..., 5. (3.27)
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Proof. Denote the solution to the CGRESs (3.23)) by (Pi(), ..., Ps(+)) € C*(0, T; (S™")9).
According to the system (3.13)), by Lemma we have

Elx(T) P(re)(T)2(T))]
T 5
= yP(s)y+E {/ {2'P,(t)x + Z ;@' Pj(t)x + 22" Py (t)[Ai(t)x + B;(t)u

+H;(t)] + [Ci(t)x + D;(t)u) P;(t)[C;(t)x + D;(t)u)
+tr[91i($1, t)’Pi(t)Oli(m, t)]

+tr[92i (*1'17 Lo, U, t)/Pz(t)(gZz (3:17 T2, U, t)

ry = i]}dt] . (3.28)

We work on tr[6;(z1,t)' P;(t)01;(x1,t)] first. Note that

tr[@li(acl, t),.PZ(t)Qh(l'l, t)] = tI‘[.PZ(t)Qh(Z'l, t)lgh (ZEl, t)l], (329)
in which
[i(z, )(x,t) 0
Ous(an, )0 (an, )y — || T DIalen ) 0 (3.30)
0 0
and according to (3.7)), we have
Uyi(21, (21, t) = diag(win, 12, - - -, Tim). (3.31)
As P;(+) € L*°(0,T; 8™*™), from ({3.29) to (3.31]), we have
tr[Qli(xl, t)lpz<t>9h(£(]1, t)] = Z Paai(t)xla- (332)
a=1

According to (3.17)), we rewrite (3.32)) as follows,

m

tr[Qu(xh t)/PZ(t>8h(l’1, t)] = Z Pam'(t)E;Il.

a=1

According to (3.12) and (3.18)), we transform x; in the above equation into forms
of z only, then

tr[@li(xl, t)/Pz(t>6h(I1, t)]
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— | Puslt)e, 0] 2

= Y Puailt) [e; o}a:
a=1

- lebgpaai' (333)
a=1

Next, we work on tr[fy; (1, X2, u, t)' P;(t)02; (1, x2, u, t)]. Note that

tr[egi (.Th To, U, t)/PZ(t)ng ($1, To, U, t)]
= tI'[.PZ(t)QQZ(l'l, To, U, t)@m (.Th To, U, t)/] (334)

According to (3.8)) and (3.14)), we have

O2i (21, T2, u, )09 (21, T2, u, t)’

o 0
0 Toizr, za, u, t)ai(21, 22, 4, )

0 0

3.35
_O Ei(t)FZ-(xl,xg,u,t)ﬂ(xl,xQ,u,t)’Ei(t)’ ( )

We rewrite (3.34)) as
tr[-Pz (t)027, ($1, Za, U, t)921 ('Tla T2, U, t)/]
= tI‘[M/.Pi(t)MEi(t)FZ'(IhSL’Q,U,t)ﬂ(l’l,.l‘g,u,t)/Ei(t)/]
= tr[Ei(t) M'P,(t) M E;(¢) F;(21, 2o, u, t) Fy(21, To, u, t)']. (3.36)
From (3.9) and (3.10]), we have

E(xl> T2, U, t)E(-rla T, U, t>/
= Fi(zy,x9,u,t)Fi(x1, 29, u, t)
= diag(zhQris + u'Reu + ) Ly + Zyi), (3.37)

in which k£ = 1,2,...,n. Substituting (3.37)) into (3.36]), using the notation intro-
duced in (3.15) and (3.16[), we have

tr[-Pz (t)621 (xla Ia, U, t)92i<x17 Ta, U, t>/]
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k=1
n
= 25() " N () Pi() N (8) Qi (£)) o + ' ( ZNM () Nis (1) Rii (1)) u
k=1
n
27 Y Nia(t) Pi(t) Ny (t) Ly (t nLZNkz HONW(t) Za(t).  (3.38)
k=1

Again, we transform x; and x5 in the above equation into forms of = only, using

B.12),
[QQZ(ZL'l To, U t) P( )021(1‘1 To, U t)]

ZNkz (t) N (t) M Qs () M) + ZNkz (t) Nii(t) Ryi (1) )u
+a! ZNM (£)Nii (£) M Ly (t +ZNM () Nii(t) Zea(t).  (3.39)

Substituting (3.33)) and (3.39) into E[z(T) P(T, rr)z(T)] in (3.28), we have
E[z(T) P(T,rr)x(T)]

— yP(s)y +E { / {« [3(@ + P8 Ailt) + Ai(t) B(t) + Ci(t) Bi(H)Ci(t)

+ Z T Pi(t) + Z Ny () Pi(t) Nip (1)) M Qs (1) M |
+2u [D (t)’B(t)C( )+B( )'Fi(t))w
o | Dy(t )+ Z Nyi(t) Py(t) N (8) Ry (8) | w
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+a' <2Pi(t)H,;(t) + Em: bl Puai(t) + Z Ny (t) Py(t) Ny (t) M Lki(t)>

+ Z N (£) Ps () Ny )Z,m-(t)} dt

ry = z] . (3.40)
Applying Lemma [2.9.1] to L.(T,rr)'z(T), we have
E[Lei(T) =(T)]
= La(s)y+E [/ KLCZ-(t)’ + Lci(t)’Ai(t)> x + Le;(t) B;(t)u

+Lci<t>'Hi<t>] it

ry = z} (3.41)

Combining (3.40) and (3.41]), we have

E[x(T) H,p(T)2(T)] + E[Le, (T)x(T)] = y' Pi(s)y — Lai(s)'y
= E[(T) P (T)2(T) + Le, (T)x(T) — x(s) Pr,a(s) — Le,, (s)(s)|rs = i]
= E{/ O, (t, x(t), re)dt|\rs =i ¢,
where
GW(tvx(t)’Tt)
5
= 2{[B(t) + B()A(t) + Ai(t) Bi(t) + Ci(t) Pi(t )C¢+Z7riij(t)
+ 3 Naa(t) Pi(t) Nea(£) M Qs () M)}
120/ [Di () PA()Cs(t) + Bi(t) Pi(t)]x + o' [Ds () P(#) D (1)
+ 3 Naa(t)' Po(t) Nea(t) R (1) u + w/ By (t) Lei(t)
+a'[2P;(t Zb’ wa(t) + ZNkz (£) Nig (£) M Ly (t)
+Lei(t) + Ai(t) Lai(t)] + Z Nii(t) Pi(t) Nyi(t) Zyi(t) + Ly (t) Hi(t).
k=1
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Then, the cost functional (3.20)) is rewritten as follows,

J(s,y,4;u(-))

= Y'P(s)y+ La(s)y + E{ /ST {6¢(t, x(t),re) + z(t)Q(t, )z (t)
F2u(t) L(t, ) x(t) + u(t) R(t, r)u(t) + z(t) La(t, 74)
+u(t) Le(t, 7})] dt|r, = 2} (3.42)

For simplicity, we denote

Ri 2 Dyt) +ZN,W () Nii(t) Ris(t) + Ri(2),
i = 2(Dz(t)’P@<t)Ci(t)+Bz(t)P( )+ Li(t)")
Y; = Lei(t) + Bi(t) Le(t),
)

Si & P(t)+ P()A(t) + Ai(t) Pi(t) 'P()Ci+ Y i Pi(t)

+ Z Niei(t) Py(t) N (1) M Qi (1) M + Q4(2)
T, & t) + zm:b; P (t) + ZN’“ () Nii () M Lii ()

+' i(t) + A;(t) Lei(t) + Lai(t >,
Z; = ZN,% (E) Ny (£) Zra (t) + LL;(£) Hi(t). (3.43)

Then, we rewrite the terms inside the integral of equation (3.42)). Applying com-
pletion of square method to u(t), we have

Ou(t,x, 1) + ' Qi(t)x + 2u'Li(t)'x + w' R;(t)u + ' Lg; (t) + u' Lei ()
= VRu+uXiz+uYi+2Se+2T+ 7

1 R Tooo 1.0 1,0
= |u+ RTXa: QRZY} R; [u+§Rij+§RIY —Zx'X;RZTXix
o, 1- -
——x’X{RIYi—Z R, + 'Sz +2'T + Z.
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As we are given Y;(-) € L%(s, T;R™>Mm+n)) and z(-) € L%(s, T; R™) for every i,
we define

and
V(1) 2 z(t) — RIR;zi(t).

Applying Lemma Lemma [2.9.3}(ii), and CGREs in (3.23]) we have for v =
1,2,

R (1) = RIW(1) =0,
and,
X" (t) = 0.

Hence, we rewrite

Ou(t,x, 1) + ' Q;(t)x + 2u'Li(t)'x + ' Ri(t)u + ' Lg; (t) + u' Lei ()
_ {u n (%ij i q/g(t)) o U2 () + %Rjy] R, [u N (%ij + qu@)) .

LU + %RIY] o (s _
2.~ VIRV,

According to the CGREs 1’ we have S‘i—%X{RZXi =0, and i—% 7{}?:}7@ =0.
With (;(t) provided in (3.27)), we rewrite (3.42)) as

J (s, 9,4 u())
/ ’ r 1 St 1 9 1 Sto !
= yYP(s)y+ Lei(s)y+E {|u+ §R¢Xi+‘1’i(t) x+\lli(t)+§RiYi
_ 1. = 1.
XR; [u + (§R3Xi + \I/i(t)) x+ U2 (t) + §R}YZ} + C(t, ) bt rs = z}
rs = z] )

Thus, J(s,y,7;u(+)) is minimized by the control given in (3.25)). The optimal value
is o P(s)y + Lei(s)'y + B[ [ C(t,r)dt]r, = i]. O

T
> ' Pi(s)y+ Lei(s)'y + E [/ C(t,ry)dt
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We highlight that the importance of this work is that explicit optimal linear
controls are obtained, which is a very rare case in the nonlinear system.

Similar to the results in [74], we have the following statements. Any admissible
control is optimal if D;(¢)'P;(¢)D;(t)+> ] _; NiPiNgiRyi+R;(t) =0, ace. t € [s, T
for every i. In addition, when D;(t)'P;(t)D;(t) + >} _, NJ;PiNyi Ry + Ri(t) > 0,
a.e. t € [s,T)] for every i, a unique optimal control is given as follows:

/1 1
t) = — “RIX; + Ukt U2(t) + =RIV; | Xgrent (t
wt) = =3[R+ 90 )+ 950 + R im0,
where R;, X;, and Y; are defined in (3.43). Both of these two statements can be
derived from Theorem B.4.1]

3.5 Discussion of Riccati Equation

In this section we focus on discussing the solvability of Riccati equation of ,
which is a special case of . Here t is omitted for convenience.

First, let us rewrite Y ! | N/, PN, MQy;M', where Ny; is defined in .
Define Qp; 2 MQu:M' and E!M'P,ME; = A;. As any matrix can be written as
the product of its square root matrix, we rewrite Q; = Q,i X Q,i We denote

scalar Agy; as each element of matrix A;, then we have ej A;er, = Agx; and
U no .
> ONLPNGMQuM' =" Qf x Ay x T x Q. (3.44)
k=1 k=1

Define a n x (m + n) dimensional matrix &, in which the element in the kth row
and the 7th column is 1, whereas other elements are all 0. Then we have

m+n

Api X T="> " 6 Nilr. (3.45)
T=1
Substituting (3.45)) into (3.44), we have

n n 1 m+n 1
=1

k=1 k=1
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3
+

n

n 1
= 3% Qig. EM PME&. Q.

k=1 =1

_ _1
We denote G,y & M E;&,,Q7;, then

n m4n

n
> ONLPNGMQuM' =Y " Gy . PGrri. (3.46)

k=1 k=1 7=1

Similarly, we can transform »"J_, N;.P;Ny; Ry, into forms of (3.46)). In this case,
(3.24) can be transformed into a form similar to the Riccati equation in [74], which
is the one for the linear case, and its solvability is assumed to be held.

Remark 3.5.1. The solvability of the following type of Riccati equation, (t is
omitted),

( P+ PA+ AP+ C'PC— (PB+C'PD)R+ D'PD)"\(B'P+ D'PC)

+Q=0,

(3.47)
P(T) = H,

| R+D'PD >0, ae tel0,T],

is proved in Lemma 4.1 and Theorem 4.1 in [27]. However, the solvability of the
corresponding Riccati equation with Markovian switching in [7]|], which is (t is
omitted)

( P+ PA, + AP, + C|P.C; — (BB, + C\P,D; + L;)(R, + D\P.D,)"\(B.P,
é
+ D;P,C; + L) + Q; + Zﬂ'ijpj =0,
— (3.48)

| i+ DiPD; >0, ae te0,7], i=1--4

15 not proved. The assumption that 1s solvable is made. Since the new

type of CGRESs can be transformed into the similar form as , then its
assumption of solvability is reasonable.
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3.6 Application to Finance

In this section we use the results obtained in Section 3.4 to solve the second
motivating example provided in Section 3.2, which is the problem of optimal
investment for the logarithmic utility with CIR model involved. Using the same
notation in Section 3.4, we formulate the problem mathematically again as follows,

(where ¢ in coefficients is omitted for convenience)

(dr(t) = [ar(t) + bldt + \/r(£)dWa(t),

dz(t) = [r(t) + (u—r(t))v(t)]dt + ov(t)dWy(t), (3.49)

7"(0) =To, .Cf?(O) = i’g,

\

with cost functional J to be minimised, where
T
1
JAE [ / S0 (s)ds — (7). (3.50)
0

By comparing our optimal control problem (3.6)) with the financial problem here,
it is easy to see that the r(¢) in (3.49) corresponds to state x; in , whereas
#(t) corresponds to state o in (3.6)), and we regard v(f) as control. We thus
see that the problem of minimizing subject to is just an example of
the nonlinear optimal control problem of this chapter, and this can be solved by
applying Theorem [3.4.1]

3.7 An Example

In this section, we give an example that originates from [74]. Similarly, we as-
sume that the Markov chain has two states, ¢ = 1,2. We also assume D.P,D; +

2:1 N;.P,Ny;Ry; + R; = 0. Moreover, we show that the stochastic nonlinear
optimal control problem can be well-posed when R;(t) < 0 and Rs(t) < 0. We
assume xr; = 0. For simplicity, we consider one-dimensional nonlinear optimal

control problem as follows,

min J = E{/O [Q(t, )2 (t)* 4+ 2L(t, r)w(t)u(t) + R(t, r)u(t)?
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+La(t,re)x(t) + Lo(t, re)u(t)]dt + Ha(T)?

+Lex(T)|ro = z} (3.51)

;

dx(t) = [A(t,re)z(t) + B(t,r)u(t) + H(t,r)|dt
. + [C(t, r)x(t) + D(t, ry)u(t)|dW (t) (3.52)
+ Bt r)[Qu(t, ) x()? + Ryt r)u(t)® + Zi(t, )] dWa(t),

z(0) = xo,

where A(t,r;) = A;, B(t,r:) = By, H(t,r;) = H;, C(t,r¢) = C;, D(t,rs) = D,
E(t,r) = E;, Qi(t,re) = Qu, Ri(t,re) = Ry, Za(t, 1) = Zu, Qt, 1) = Qs
L(t,r;) = Ly, Lq(t,r¢) = Lg;, and Lc(t,r;) = Le; are all constants, and R(t,r;) =
R;(t) when ry = i. We assume D; # 0, B;+ D;C; =0, L; =0, Q; =0, m;; <0
for i = 1,2, and my; # 7. In addition, R;(t) = —D?P,(t) — E?Ry;Pi(t), i = 1,2.
According to CGREs we have

.

Pi(t) = —[241 + C? + Q1E? + 11| Py(t) + m1 Pa(t),
Pg t) = 7T22P1(t) — [2142 + 022 + Q2E22 + 7T22]P2(t),

(3.53)
| P(T) =
We denote
a2 —(24, +C? + Q E} + 1),
and
BE (245 + C? + QyF2 + 7yy).
Then (3.53)) is rewritten as,
[ Pi(t) = aPy(t) + i Pa(t),
Py(t) = 77_22P1 (t) + BP(t), (3.54)
P(T)=H,
| P2(T) = H.
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Now we have transformed this nonlinear example to the linear case stated in [74].
Similar to Section 6 in [74], (3.54)) can be solved by

Py(1) z e
Foe(t-r) (@t m) = A |l
+He = No—a |
or
Pi(t) — FeMT) Ay — (T2 + 3) _ /\71@_25
Py(t) = 1
Aa—
L gosten | (T2t B) =N A
= 1|7
where

M= slla+ ) - VAL

Yo = 2l +6) +VE]
= = (a— B)* + 4 o

Here, \; and )y are solutions to A> — (a + B)\ + a8 — 71172 = 0. In addition, we

have

( AN —
Ao — (a + 7T11) : 17r = Ay — (m2 + f3),
11
A2 —«
(a+m1) — A1 - 27 = (1m0 + ) — A1,
g \ 1_15
Ay — (o9 + ) - 17T =X\ — (a+m11),
22
Ay —
(ma2 +B) — A1 - 2 6:(04+W11)—)\1;
\ 22

By Theorem [3.4.1] our nonlinear optimal control problem (3.51))-(3.52)) is well-

posed. Additionally, any admissible control is optimal. The optimal cost is

T
0

ro = z} (3.55)
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If we choose m; and w9, when the following holds,

—VE < (a—p) +2m < VE,
—VE < (B—a)+2mn < VE,
then we have
(2= (a+m1) >0,
(v +7m11) — A >0,
Ay — (a2 + B) > 0,
| (M2 4+ 8) — A1 > 0.

So, if we choose H > 0, then we have P;(t) > 0, i = 1,2. Alternatively, if we
choose H < 0, then we have P;(t) < 0, i = 1,2. In conclusion, our nonlinear

optimal control problem (3.51))-(3.52)) is well-posed even if R;(t) = —D?P;(t) —
E2Ry;P;(t) <0 when Py(t) > 0.

3.8 Summary

This chapter studies the indefinite stochastic nonlinear optimal control problem
with Markovian switching in finite time horizon. Due to the nature of nonlinearity,
the existence and uniqueness of solution to SDEs of our system is discussed. A
new type of Riccati equations is introduced with its solvability discussed. Explicit
optimal linear controls are obtained, which is a very rare case when the system is
nonlinear. Moreover, the optimal cost value is obtained. An application to finance
is introduced. An illustrative example is given. Under such circumstances, some
results obtained in [74] are special cases of this chapter.
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Chapter 4

Nonlinear Optimal Stochastic
Control of Systems with
Markovian Switching in Infinite

Time Horizon

4.1 Introduction

In the previous chapter, the problem of optimal nonlinear stochastic control of
systems with Markovian switching in finite time horizon is investigated, with value
function obtained. Based on that, someone might ask, what will happen if the time
T in Chapter 3 goes to infinity? How can we formulate the new problem properly?
Can we still obtain the same results? Is there any new topics that need to be
concerned? Motivated by these questions, here we investigate the case in infinite
time horizon. The system of the problem is formulated similarly to the one in the
finite time horizon, especially the nonlinear terms. Note that one of the differences
is that in the finite case the Markov jumping parameters are time variant, whereas
in infinite case, all the Markov jumping parameters are time invariant. Due to
the nature of infinite horizon, the cost functional is constructed differently from
the one in Chapter 3. Here we no longer have the terminal coefficient H(r7) or
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Le(rr), which appears in the previous chapter, equation . As we mentioned
in Chapter 1 that there are several difficulties in dealing with infinity horizon
problems, one of them is that we may not have a finite optimal performance
index, see [7]. Therefore, we have to consider the mean-square stability, which
is a standard assumption in the infinite horizon control problems. We propose
the stability condition of the system. The coupled generalized algebraic Riccati
equations (CGARESs) are introduced and we assume the CGARESs have solutions.
By using some similar calculation steps that originate from Chapter 3, we derive
the solution to our optimal control problem by completion of square method, and
the difficulty appears in dealing with the nonlinearity terms. Here it is highlighted
that within this nonlinear system an explicit solution is found, which is a very
rare case. In addition, the optimal control laws obtained are linear with state,
which is very similar to the characteristics of the results in optimal LQ control
problems. Moreover, the existence and uniqueness of solution is discussed, similar

to the finite horizon case.

4.2 Problem Formulation and CGAREs

4.2.1 Problem Formulation

Let (2, F,{Fi}i>0,P) be a given filtered complete probability space, where there
exist a m x 1 -dimensional Brownian motion W (¢) on [0, +00), a one-dimensional
standard Brownian motion W (t) on [0,400), a n x 1 -dimensional Brownian mo-
tion Wh(t), t > 0 on [0,+00), and a Markov chain (r, € {1,2,--- ,d},t > 0) with
generator IT = (m;;) specified in (2.3). We assume that Wi (t), W(t), Ws(t) and
the process r; are mutually independent.

Assumption 4.2.1. The data that appear in the nonlinear optimal control prob-
lem — satisfy, for every i,

Hy, Ly € R™, Ay, Cpy € R™™, 0 Ay € R, Oy € R™,

By, Dy € R™™ B e R Qi € S", Ry, Ry € 8™,

Q; e S™, L, e Rmtxnu [ e R [ € R™.
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Consider the nonlinear SDEs with Markovian switching as follows,

( dxi(t) = [G1(re)x1(t) + Hy(r)]dt + Ty (21(2), re)dW (2)

dxo(t) = [A1(re)x1 (t) + Aa(ry)xa(t) + By (ry)u(t)]dt
+ [Ci(ry)x1(t) + Cory)xo(t) + Dy(ry)u(t)|dW (t) (4.1)
+ Do(z1(t), xo(t), re)dWa(t)

| 71(0) = 210,  22(0) = T,

where Ay (r;) = Ay, ete., i =1,2,--+ ;0. Define

Gi(re) £ diaggi(r1), 92(71), - - - g (re)],

i.e., a m x m diagonal matrix, in which the diagonal elements are
91(1), g2(1¢), - ., gm (). In addition, we denote

Fl(l'l(t), ’f‘t) £ dlag[\/xn(t), \/l‘lg(t), V4 xlm(t)], (42)
Do(z1(t), 22(t), u(t), re) 2 E(r) F (2 (t), za(t), ult), ), (4.3)

and
F<x1(t)7 xQ(t)7 U(t)7 Tt) = dlag(\/au @7 T \/¢_W> (44)

Among ¢1, @9, ..., ¢,, we denote each of them as ¢y, where k = 1,2,...,n. We
define

b 2 29(t) Qr(ry)xa(t) + u(t) Ri(r)u(t) + x1(t) Li(ry). (4.5)

We assume that Qx(r:) > 0, R(r;) > 0, Zy(r;) > 0, and the components of Ly (r)
are non-negative, for all k. If we denote

1(t)
x(t) = L‘g(t)] , (4.6)
then we can rewrite equation into the following

[ da(t) = [A(r)x(t) + B(ru(t) + H(r,)dt

+ [C(ry)x(t) + D(ry)u(t)|dW (t)

+ 01 (z(t), u(t), r)dWi(t) + O2(z(t), u(t), r)dWs(t),

2(0) = 7o € R™",

(4.7)

\
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where

_A1 re)  Ag(re) _Bl(rt)_ 0
[ o 0 A1 0]
Clr) = i) Colry)| Dlr) = Dy(ry)]
0, (21 (1), 72) a [Fl(m(()t),?”t)],

O (a1 (), (1), u(t), 1) [FQ(xl(t) xzo(t) . )] . (4.8)

We give the following notations, which will be used throughout this chapter.

Define
0
M= H : (4.9)

where 0 is a m X n zero matrix, and I is a n X n identity matrix. Define ¢, as an
1 %X 1 elementary vector, whose k-th element is 1, while other elements are 0. For
simplicity, we define

Nui & ME;ey,. (4.10)

Define €, as an m x 1 elementary vector, whose a-th element is 1, while other
elements are 0. Then each element of vector x; can be expressed as

T1a = €,T7. (4.11)
Define
b2 e, 0], (4.12)

where 0 is a 1 X n zero matrix. Define

~ A |1
as [ i
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where 0 is a n X m zero matrix, and I is a m X m identity matrix.
The discussion of existence and uniqueness of solution to the system (4.1) is
similar to the one discussed in Chapter 3. Here we omit the details.

Next, we provide two definitions which originates from [75] as follows.

Definition 4.2.1. [75] A control u(-) is called mean-square stabilizing w.r.t. a
given initial state (xo,1) if the corresponding state z(-) of with x(0) = xg
and o = i satisfies limy_, oo E[z(t)'x(t)] =0 .

Definition 4.2.2. [75] The system 1s called mean-square stabilizable if there
exists a linear control u(t) = Zle{Kix(t)}X{rt:i}, where Ky,--- , Ks are given
matrices, which is mean-square stabilizing w.r.t. any initial state (xq,1).

According to Definition 4.2.1] and Definition 4.2.2, we derive sufficient con-
ditions such that our system (4.7) is mean-square stable. First, we define the
following notations for convenience,

4 n
A; & PA+ AP+ CIPCi+ ) myPy+ Y NPINuMQuM' + K{D/P,C,
j=1 k=1
+K;B;P;, + C;P,D;K; + P,B;K; + K{D;P,D; K; +
n
> KIN;, PNy Ry K,
k=1

m n
Bi & 2PH;+ Y V,Pui+ » NuPiNuMLy. (4.14)
k=1

a=1 —

Lemma 4.2.1. Substituting the linear control u* = K;x into , if the following
matrix inequality

.Ai < 0,

1 (4.15)
JBATB <0, =15,

is satisfied, then our system 18 mean-square stable.

Proof. Similar to the steps from (3.28]) to (3.39)) in Chapter 3, applying Lemma
to x(T) P.,x(T), we have

E[x(T) Fypa(T)]
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T
0

U
+ > NiPiNaMQuuM'
k=1

0
PA;+ AP+ C/PCi + ) mi;P;
j=1

r + 22' K[ D;P,C; + B.P]x

1
k=1

m n
+a’ <2PZ»HZ- + Z b, Pasi + Z N]/gi]DiNkiMLkz’> }dt
k=1

a=1

+1' K] Kix

ry = @} . (4.16)

We rewrite the integrand in the right side of (4.16]) by applying completion of
square method as follows,

1 1 1
By Definition 4.2.1} Definition 4.2.2) and [68], [83], the matrix inequality (4.15))
ensures that our nonlinear system (4.7]) is mean-square stable. ]

Definition 4.2.3. [75] For a given (xo,7) € R™™ x {1,2,---0}, we define the
corresponding set of admissible controls U(zo,1) where u(-) € R™ such that solu-
tion to system exists and is unique; the cost J(xo,1;u()) is finite; and u(-)
is mean-square stabilizing w.r.t. (zo,1).

The cost functional is given as follows,

J(zo,3;u(-)) /
== () 1o ) e
+x(t)’Ld(rt))dt ro = @} (4.18)

The value function is defined as

V(ze,i) 2 inf  J(wo,5;u(")). (4.19)

u(-)eU(xo,t)
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As is emphasized in [75] that since we allow the symmetric matrices

Qi Li

, i=1,---,0,
I R

to be indefinite, we say our stochastic nonlinear optimal control problem is an
indefinite control problem.

Definition 4.2.4. [75] The nonlinear optimal control problem is called well-posed

if
—00 < V(l’o,@) < 400, ,on € Rern’ 1= 1, . ’6'

If there is a control u*(-) € U(xo,1) that achieves V(xg,i), then in this case the
control u*(+) is called optimal (w.r.t.(xg,1)).

4.2.2 Coupled Generalized Algebraic Riccati Equations.

Denote P,,; as each diagonal element of matrix P;, where a = 1,--- ,m. Now we
introduce a new type of coupled generalized algebraic Riccati equations (CGARES)
as follows,

/ m n
2PH; + Y U, Pui + ¥  NiyPiNuMLy; + Lgi = 0,

a=1 k=1

4 n
PA; + AP, + CiRCi + Y miiPy + ) Ny PN MQuM' + Qi

j=1 k=1

n
— (C{P.D; + P,B; + L;)(D;P:D; + > | N}, PiNy; Ry + R:) (D} PiC;
k=1
) . (4.20)
+ BiP; + L) =0,

n n
(D{PD; + > N, PiNgiRy; + Ri)(D{PDi + > Ni, PNy Ry

k=1 k=1
+ R)\(D;P.C; + B}P, + L}) — (D.P,C; + B/P, + L;) = 0,

n
DiPD; + ZNl/m‘PiNkiRki +R; >0, i=1,---,0.

\ k=1
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If we require D/P,D; + Y .}_, N/,PANy;Ry; + R; # 0, for every i, then the
CGARESs ([4.20)) becomes

( m n
2P,H; + Y V,Paai + > Nj;PiNMLy; + Lg; = 0,
k=1

a=1 =

g n
PA; + AP+ CIP.C; + ) miiPy+ Y NPINuMQuM' + Qi
j=1 k=1

/ / - / —1 / (4'21)
— (C{PD; + P,B; + L;)(D;P,D; + > _ N}, PNy Ry + R;) " (D P,C;

k=1

+ BiP; + Lj) =0,

U
k=1

When D/P,D; + > ]_| N{,P,Ny Ry + R; = 0 for every i, the CGAREs (14.20))

becomes

( m n
2P,Hi+ Y VyPagi+ Y NigPiNgiM Ly + Lai = 0,

a=1 k=1

4 n
P A+ AP+ CIP.C; + Y Py + Y N PNuMQuM' + Qi =0,
k=1

j=1 =

D;P,C; + BiP; + L; = 0,

U
D;F;D; +ZNllciPiNkiRki +R; =0, i=1,---,0.

\ k=1

4.3 Solution to Optimal Control Problem

Before we introduce the main theorem, let us provide some notations first, for
simplicity purposes. We denote

n
R; & DPDi+Y» N;,PiNyRy+ R;,
k=1

X, & 2(D.P,C; + BIP, + L),
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1
S 2 PA+ AP+ CIRC+ Y mP

J=1

n
+> N BN MQuM' + Qs

k=1
m n
T;‘ £ QPZHZ + Z b;Paa + Z N];ZRNIWMLI% + Ldi7 1= 17 e a5' (422)
a=1 k=1

In addition, let Y; € R™*(m+7) "and 2z, € R™ be given for every i. Set
Ul 2 Y- RIRY;, (4.23)
and

K 7

Theorem 4.3.1. Assume that there exists a unique solution to the CGARFESs
such that the following control

d

1.
w0 == { (X + )+ 92 (1.25)

=1

15 admissible w.r.t. to any initial xo, then the stochastic nonlinear optimal con-

trol problem — is well-posed, and u*(t) in 18 the optimal control.

Furthermore, the value function is

V (0, z0) = xyPxo. (4.26)

Proof. Similar to the steps from (3.28]) to (3.39)) in Chapter 3, applying Lemma
to z(T) P(rr)x(T), we have

E[x(T) P(rr)a(T)]

T
0

n
+ D NuPNuMQu M’
k=1

0
P,A; + AP, + CiP.Cy + ) my P,

J=1

x + 2u'[D;P,C; + B.P)|x
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n
D!P,D; + Z N, P;Ny; Ry
k=1

m n
+a! (2%@. DI AE N,;iR-NMMLM) }dt

a=1 k=1

—l—u’ U

ro = z] (4.27)
We rewrite the above equation (4.27)) as follows,

Elx(T) P, z(T)] = z,Pixo + E {/0 O, (x(t), u(t))dt

Tozi:|,

where
O;(x(t), u(t))

d n
— :c’{ [RAz + A;Pz + OZ{P'L'Ci + Z 7Tijpj + Z N”“PZNMMQMM/} }:C

j=1 k=1
n
k=1

m n
+a [QPiHi + VPt Y N,QiPiNkiJ\Z/LM] .

a=1 k=1

As we have the mean-square stability,

TE}IBOO]E[QT(T)’P(TT)QZ(T)] =0
Then the cost functional can be rewritten as the following
J (o, 45 u(-))
o0
= xyPxo + E{ /0 O(x(t),u(t),ry) +x(t) Q(r)x(t) + 2u(t) L(ry) x(t)
+u(t) R(ry)u(t) + x(t) La(ry) + w(t) Le(ry)|dt|ro = 2} (4.28)

Using the notation in (4.22)), we rewrite the terms inside the integral of equation
(4.28) and apply completion of square method to u,

O;(z,u) + 2’ Qix + 2u'Lix + v Ryu + 2’ Ly;
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= YRu+uX,x+2'Six + 2T,
1.1 - 1o 1o mis . .
= {u - éRgXaz] R; {u + §R2Xx} — Zx'XZ(RIXix + ' Six + 2'T;.
Applying Lemma [2.9.2] Lemma[2.9.3}(ii), and according to CGAREs in (4.20) we
have for v =1, 2,
R;¥! = R0 =0,

and,

Hence, we rewrite
O(t,z,i) + 2'Q;x + 2u'Lix + u'Ryu + ' Ly
J " 1,
= P+(EMX+WOx+@ﬂJLP+(5@X+W0x
S _
<ﬁ}+5<&—zxg¢&)x+fn.

According to the CGAREs in 1' we have S; — 411 {RIX} = 0, and
Then the equation (4.28]) can be expressed as

I
=

J(O, xo, 1; U())

“+o0 1. o
::%R%+E{/ {P+<#ﬁ&+w0x+w}&%
0

1,
+ (iRIXi + \Ile) T+ \I!f} }dt re = z}

>z o,
Thus, J(s,y,7;u(-)) is minimized by the control law given by (4.25). The optimal
value is xj Pxo. O

We highlight that the importance of this work is that explicit optimal linear
controls are obtained, which is a very rare case in the nonlinear system.

Similar to the results in [74], we have the following statements. Any admissible
control is optimal, if [D;(¢t) P;(¢t)D;(t) + > 0 _; Ni;PiNyi R + Ri(t)] = 0, ae. t €
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[s, T for every i. In addition, when [D;(t)'P;(t)D;(t)+Y_}_; Nj PiNgi R+ R (t)] >

0, a.e. t € [s,T] for every i, a unique optimal control is given as follows:

where R;, and X; are defined in (4.22). Both of these two statements can be
derived from Theorem [£.3.1]

4.4 Summary

This chapter studies the indefinite stochastic nonlinear optimal control with Marko-
vian switching in infinite time horizon. The mean-square stability for our infinite
horizon problem is considered. A new type of CGARESs is introduced, and we
assume that it is solvable. Linear optimal controls are found explicitly and we

also obtain the optimal cost value.
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Chapter 5

Robust Stabilization and Robust
H~, Control of Uncertain
Nonlinear Markovian Switching
Stochastic Systems with
Time-Varying Delays

5.1 Introduction

The problem of robust stabilization and robust H,, control of uncertain linear
Markovian switching stochastic systems is introduced in Section 2.6. When time
delay is included in the system, the problems of robust control and robust H
control has been widely studied. For example, [114] and [20] focus on systems
with Markovian switching for deterministic systems. For stochastic systems, [115]
and [120] investigates the problems of uncertain robust H,, control with time
delays. [12I] studies the problem of H,, output feedback control for uncertain
stochastic systems with time-varying delays. Robust H,, control for uncertain
discrete stochastic time-delay systems is studied in [122]. In [I23], problems of

robust stochastic stabilization and H., control are studied for uncertain neutral
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stochastic time-delay systems. Note that all the literatures mentioned above work
on linear systems. For nonlinear system, [107] investigates uncertain stochastic
systems with sector nonlinearities and missing measurements in a discrete time
case. The sector nonlinearity involved in [107] is a general type of nonlinearity
that is typically seen in control analysis and problems of model reduction. In ad-
dition, [130] considers state feedback Ho, control for a class of nonlinear stochastic
systems, in which the nonlinearity term is given in a general form.

In this chapter we consider the problem of robust stabilization and robust
H,, control for a class of nonlinear stochastic systems with time delays, which
are more general than the ones considered in [I15], [114], [20], [120], [121], and
[46]. First, the nonlinear problems are formulated. We discuss the existence and
uniqueness of solution to our nonlinear SDEs. Some basic definitions and lem-
mas are introduced. There are two theorems obtained in our main results. In
the section of robust stabilization, we provide sufficient conditions such that the
linear state feedback stabilizing controllers exist. The sufficient conditions are
presented in forms of matrix inequalities. In the section of robust H., control,
in addition to the requirement of robust stabilization, a more generalized type of
H,, performance is proposed, and it is required to be satisfied. Sufficient con-
ditions for solving this generalized robust H., control problem is proposed. The
sufficient conditions are presented in forms of matrix inequalities. The difficulty
of this chapter is that we allow parameter uncertainty, interval uncertainty, time
delay, uncertain Markovian switching and nonlinearities all included in our sys-
tem. These uncertainties appear in state, disturbance and output. Under such
circumstances, our problems are still solvable. The two theorems derived in this

chapter are very advanced, with various applications in complicated situations.

5.2 Problem Formulation

Let (2, F, {F:}t>0,P) be a given filtered complete probability space, where there
exist a one-dimensional standard Brownian motion (W (t),0 < t < T') and (W¢(t),0 <
t <T)forall ( =1,2--- m, and a Markov chain (r;,0 <t < T). We assume
that W (t), We(t) and the process r; are mutually independent.

Let r;, where t > 0, be a right-continuous Markov chain, taking values in a
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finite state-space A = 1,2,..., N, with generator = (Tij)nxn given by

P{Tthj‘rt:i}:{

for 6 > 0, and lims_,0(0(6)/d) = 0. Here, m;; > 0 is the transition rate from ¢ to
joif i # j, while 7 = = 300 .
Consider the following stochastic system with Markovian switching and pa-

rameter uncertainties:

dz(t) = [(A(re) + AA(t,1))x(t) + (Aa(re) + AAa(t, re))2(t — 7(2))
+(B(r) + AB(t, 1)) u(t)
( ))v(t)

(
+H(G(ry) + AG(t, m))v(t) + (Galry) + AGy(t, ) )v(t — 7(t))]dt
+[(E(ry) + AE(t,m))x(t) + (Eq(ry) + AEg(t, r))x(t — 7(t))
+(F(ry) + AF(t, 1)) u(t)
+(H(ry) + AH(t,r)v(t) + (Hg(ry) + AHg(t,r)o(t — 7(¢))]|dW(t)

Te(a(t), u(t), t, ) dWe(t), (5.1)

-

1

z2(t) = (Clry) + AC(t,1))x(t) + (Calry) + ACy(t, 1))z (t — 7(t))

"

+(S(r¢) + AS(t,re))u(t)
+(L(ry) + AL(t, r)v(t) + (La(ry) + ALg(t, m)v(t — (1)), (5.2)
x(t) = o) Vte[—p0] (5.3)

where each matrix I'¢(z(t), u(t),t, 1) is defined as

Ce(a(t), u(t),t,r) =

[ [2(t)(Que(r) + AQ1<(t re))z(t) + u(t)’ (Rm(n) + ARy (t,7e))ult) ]
+Z1¢(re) + AZlc(Tt)]

[2(t) (Qac(re) + AQac (¢, 74)) (1) + u(t) (Rac(re) + ARac(t,14))ult)

+ Zoc(re) + Azgg(rt)]% (5.4)

() (Que(re) + AQuc(t,70))2(8) + u(t) (Rug(re) + ARnuc(t, ) )u(t)
+ Ze (re) + AZne (1))
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for t > 0 with initial data x(0) = zo and r(0) = i € A. We assume that

Qrc(re) + AQuc(t,1¢)
ch(rt) + Ach(t,’f’t) Z O,
Zic (1) + AZye(ry) > 0,

v
o

for all K = 1,2,--- ,n. Matrices are assumed to have appropriate dimensions.
Here z(t) € R™ is the state, u(t) € R™ is the control input, v(t) € RP is the
disturbance input, and z(¢) € R? is the controlled output. Similar to settings of
time delay introduced in [120], we assume that 7(t) is the time-varying delay that

satisfies
0<7(t) <p< oo, T<h<l,

where p and h are real constant scalars. When r, = i, we denote A(r;) = A;,
AA(t,ry) = AA; (1), ete. for simplicity.

In the above system, A;, Ay, B;, Ci, Cui, E;, By, F;, Gi, Gy Hy, Hg; L, Lg;,
Siy Rocis Huiy Qocis Huiy Zoci, Hy; are known real constant matrices. AA;(t),
AAy (L), AB;(t), ACi(t), ACy(t), AE(t), AE4(t), AF;(t), AG;(t), AGy(t),
AH;(t), AHy(t), AL;j(t), ALy (t), ASi(t), ARyei(t), AHyui(t), AQuci(t), AHy(1),
AZ,¢i(t), AH,;(t) are unknown matrices and are denoted as parameter uncertain-

ties. The parameter uncertainties are assumed to have the following structures:
[ AA;(t) AAg(t) ABi(t) ACi(t) ACu(t) AEi(t) AEu(?) }

= MUi(®) | Noi Naa N Na New Noi N |

| AR() AGi(t) AGu(t) AHi(t) AHu(t) AL ALy AS; |

:Mz’Ui<t>|:Nfi Ngi Ngai Nni Nrai Ni N st'i|7

| ARy(t) AH(t) AQualt) AHy(t) |

= MlUZ(t) |: Nr‘a(i Nui Nqa(i N } ) (55)
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where M;, Noi, Nagis Nyi, Neiy Negis Neis Neas, Nfi, Ngi, Ngdi7 Nhiy Nnais Niiy Nyag,
Nsi, Niocis Nuiy Nyociy Naiy, Naoci, N, are known real constant matrices and U;(t)’s
are unknown matrices satisfying U;(t) U;(t) < I, Vi € A. The elements of Uj;(t)
are assumed to be Lebesgue measurable. Such uncertainty structure has been
used by many authors, e.g. [[15], [53], [I20], [108], [20], [114], [122], [121], [123],
[107] and [46].

Additionally, similar to the settings in [I19], the mode transition rate matrix
2 (Tij)nxn 1s also assumed to be uncertain and has the element-wise uncer-

tainties
1 = I+ ATI,

with I1 £ () v« satisfying m; > 0, (i, € A,j # i) and 7;; = —Z;VZL#Z. Tij
for all ¢ € A, where m;; denotes the estimated value of 7;;, and AII e (Am;;) =
(mi; — mij) where |Am;;| < e, €55 > 0. Am;; denotes the error between 7;; and m;;
for all é,j € A,j #iand Am; £ =377, Am; for all i € A.

Similar to several definitions stated in Section 2.6 and the references therein,

here we have some similar definitions and lemmas.

Definition 5.2.1. [120] The system in and with u(t) = 0 and v(t) =0
is said to be mean-square asymptotically stable if

lim E|z(t)]* = 0
t—o0
for any initial conditions.

Definition 5.2.2. [120] The uncertain stochastic system in and is
said to be robustly stochastically stable if the system associated to and
with u(t) = 0 and v(t) = 0 is mean-square asymptotically stable for all admissible
uncertainties AA;, AAg, AFE;, and AEy;.

Before we provide the definition of the generalized robust H., control, let us

recall the classic definition first.

Definition 5.2.3. [120] Given a scalar v > 0, the stochastic system from
to with u(t) = 0 is said to be robustly stochastically stable with disturbance

attenuation vy if it is robustly stochastically stable and under zero initial conditions,
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|z()]] < ~llv(?)|| for all non-zero v(t) and all admissible uncertainties AA;, AAg,
ABZ; ACZ; Aod’w AE’L) AEdZ; AE; AGZ; AGdl; AHZ; A}Jdl; ALZ; ALdz; ASZ;

where
== (2{ [~ IZ(t)\zdt})é.

Now we briefly introduce the main idea of solving the classic robust H,, control
problem in [20], [114], [120] and [46], where J is defined as:

2 ]E{ /0 t [Z(s)/z(s) - ’yzv(s)’v(s)} ds}. (5.6)

According to Definition [5.2.3] in order to achieve ||z(t)|| < v|lv(t)]], it is equivalent
to make J < 0. The following way of calculation is used in [20], [114], [120] and
[46].

J = E / [ ()'v(s)+LV(x(s),i)]ds}—E{V(x(t),rt)}

0

{
{/0 { “u(s)'v(s) + LV(x(s),z‘)]ds}
{ / ( (s —7(s)) U(s)’] T,

x [a(s) a(s —7(s)) v<s)f}’)ds}. (5.7)

In the above case, if we can find conditions such that T; < 0 is achieved, then

IN
&=

= K

[e=]

we have J < 0. Motivated by the above idea, we generalize the term z(s)'z(s) —
v?v(s)'v(s) by changing the constant 4% into a matrix R;, and rewriting z(s) z(s) —
Y?v(s)v(s) in (5.6)) as follows:

x(s)
z(s —7(s))
[:c(s)’ (s —7(s)) v(s) v(s—r7(s)) z(s)’] R; v(s)
v(s —7(s))

z(s)
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Now we provide the definition of generalized robust H, control problem, which
is new compared with the ones in the past literatures, see for example [115], [114],
[21], [20], [120], [122], [123], [107], and [130].

Definition 5.2.4. Given a matriz with Markovian switching R(r;) > 0, we define
J 2 El/ﬂt{ [m(s)’ z(s —7(s)) v(s) wv(s—r7(s)) z(s)’] R;
X [m(s)’ x(s—7(s)) wv(s) wv(s—r7(s)) z(s)’]/ }ds} . (5.8)

The stochastic system from to with u(t) = 0 is said to be robustly
stochastically stable with disturbance attenuation R(ry), if it is robustly stochasti-
cally stable and J < 0 for all non-zero v(t) and all admissible uncertainties AA;,
AAg, AB;, AC;, ACy, AFE;, AEy, AF;, AG;, AGy;, AH;, AHg, AL;, ALy,
and AS;.

Remark 5.2.1. The above definition involves state x(s), state with delay z(s —
7(s)), and disturbance with delay v(s—7(s)) in the Hy, performance. This kind of
problem formulation is new, compared with the existing works. The importance of
designing such a structure lies in the possible practical requirements. In order to
explain intuitively, here we take the motor for example. When we model a motor
mathematically, the electric current to the motor is regarded as state x(s). Heat,
magnetic field or any other interference are regarded as disturbance v(s). The
speed of rotation of the motor is regarded as output z(s). The real situation in
practice is that not only the disturbance v(s) has effect on the output z(s), but
also the state z(s) affects the output z(s) in some cases. For example, when the
electric current is too large for the motor, it will cause overheating to the coil,
and finally the motor will break down. Therefore, the magnitude of the electric
current must satisfy some criteria. Hence, we do need to consider state in the
H., performance. In addition, in many situations, it s assumed that the future
states of the system only depend on the present states, and are independent of the
past states. Note that in some cases past dependence is important, and cannot be
simply neglected. In order to achieve a more precise model, system with time delay
has to be considered. Thus we allow time delay to be included in formulating the

new Hy, performance. The selection of R(r), corresponding to the «y in the classic
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definition, depends on the requirements of the real problem. It is emphasized that

Definition |5.2.4) contains Definition |5.2.5 as a special case.

From the past literatures regarding robust control problems with time delays,
see [115], [114], [120], [88], [121], [107], [20], [123], [122] and the references therein,
the control law is usually designed to be linear in state only, for example, in
forms of u(t) = kx(t). Here in this chapter, we allow time delay to be included
in the control law, which is new compared with the existing works. As we have
mentioned in Remark involving time delay in the system is crucial for accu-
rate estimation. Practically, it is necessary to consider a controller that contains
state with time delay. Mathematically, for the problems of robust stochastic sta-
bilization and robust H., control, we design a robust controller of the following

form:
u(t) = Ky(ry)x(t) + Kao(ry)z(t — 7(t)). (5.9)

Note that if we choose K»(r;) = 0, then our control law is exactly the same as the
usual ones.

Similar to the previous two chapters, in the nonlinear stochastic systems, here
we have to verify the existence and uniqueness of solution. Substituting the
control to the system (5.1, we rewrite our SDE into , in which the
term ¢ (x(t), t, 7¢) has a bounded first derivative with respect to x(¢). This satisfies
Theorem 7.10 in [83], where existence and uniqueness of SDEs with Markovian

switching and time delay is proved.

5.3 Robust Stochastic Stabilization

In this section we provide a theorem in which sufficient conditions are derived
such that a robust controller of the form (5.9)) exists. First we provide a lemma
that will be useful in the calculation of the proof for Theorem [5.3.1].

For notation simplicity, we define

Ce(a(t),u(t), t,re) £
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[2(t) (Qu¢(re) + AQlc(t re))a(t) +u(t )’(Rlc(rt) + ARy (t,7))ult) |
+Z1¢(re) + AZlc(Tt)]

[2(1)(Q2c(r2) + AQ2c (T, 7)) (t) + u(t) (Rac(re) + ARac(t,7¢) Jult)
+Zo¢(re) + Ach(?“t)]%

(2 () (Que(re) + AQuc(t, 7))z () + u(t) (Ruc(re) + ARnc(t, ) u(t)
+Ze (1) + Ay (1)) ]

ai¢i(t)
a2<f(t) . (5.10)

>

| anci(t)

Rewrite the n X n matrix P;(t) into the following:

-Pm(t) Ppoi(t) -+ Pru(t)
Pt) = lej(t) P22:i(t) PZn:i(t) . (5.11)
_Pnli(t) Pooi(t) --- an’(t)_

Assumption 5.3.1. We assume that the following holds:

n

3 {Zamxt)am(t)am(t) S an(Dar®) Pand)

¢=1 " k=2 k=1,k#2

-+ Z an(z akCz nkz(t>:|

= x(t) (Hpi + AHmi( Na(t) +ut) (Hu + AHyi(t))u(t) + H
+AH,;. (5.12)

Note that ai¢(t), asei(t), -+ -, and an¢;(t) are all terms with square roots. The
above assumption allow us to cancel the square roots after multiplication. Next,

we discuss the feasibility of the above assumption.

82



Remark 5.3.1. In order to verify that the above assumption is not too strong or
too conservative, we provide several cases when it holds.

(1) When we have aici(t) = agci(t) = -+ = anei(t), i.e., all the the aye(t) are
the same, the above assumption holds.

(2) When we have for example aici(t) = agi(t), asci(t) = asci(t) and ai¢i(t) #
as¢i(t), in this case, the square roots are cancelled after multiplication when aye;(t) =
agkt1)ci(t). In the cases when the square roots cannot be cancelled, we choose the
corresponding P, (t) = 0, where ¢ = 1,2,--- ., n. Then the above assumption
holds.

(3) Similar to Case (2), when we have some pairs of the same aye(t), those
square roots can be cancelled after multiplication. As for the other pairs that the
square roots cannot be cancelled after multiplication, we can choose the corre-
sponding P,;(t) that have the same absolute value but with different signs, i.e.
one positive and the other negative, where o = 1,2,--- n. In this case, those
pairs are added up with value 0. Then the above assumption holds.

Hence, with the above cases illustrated, we say our Assumption[5.3.1] is feasible

m many situations.

Lemma 5.3.1. According to the notation introduced in and , with
Assumption after a series of calculation, we have

> 6Pt w )T, 1))
¢=1

n m

= 2D ProiQoci + AQuci(t)) + s + AHi(t)](t)
o=1 ¢=1

n m

+u(t) ) 0 Pooi( Roci + ARyci(t)) + Hus + AHoui(t)]u(t)
o=1 ¢=1

n m

+ 3N Pogi(Zoci + DZyei) + Hay + AH,,;. (5.13)

o=1 (=1
Proof. According to (5.10) and (5.11]), we have

tr[P;(t)Tei, u, t) Ui, u, t)']
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_ [kz:am(t)ﬂki }aw |:Zak§z (t) Pogi(t }azo()

n

+ee gt [Z ak@-(t)Pnki(t)} anci(t)

k=1

= {ala(t)f’m(t) + Zak@(t)Pm(t)} argit) + {aw(t)Pzzz‘(t)

k=2

- Z apei(t) Poga(t }am() ot lan@(t)an(t)

k= 1k7£2

+ Z akgz nk:z :| Ani (If)
= aléi( ) Pri(t) + aggi(t)* Pagi(t) + -+ - + ngi () Pani(t)

+3 " ari(t) Pui(t)arci(t) + Y arci(t) Pari(t)asci(t)

k=2 k=1k#2

3
—

oo+ ) ari () Pagi () anea(t).
1

B
Il

Then we take the sum of the above terms, and rewrite it as follows,

Ztr[ ¢ (,u, )i (, u t)]

m

> [aléi(t)QPnz‘(t) + anci(t)* Paai(t) + -+ + @ngi(t)* Pani()
=1

n

+Z[Za1<i<t>aka<t>Pm<t>+ S s Bharci () Paalt) + -

k=1,k#2
+ Z an(z ak{z nkz (t):| .

Now it is clear that with terms like a1¢;(¢)?, agei(t)?, -+, and a,¢;(¢)?, the square
roots are cancelled. In addition, we use Assumption to rewrite the remaining
terms. Then we have

Ztr Ol ¢i(z, u, t)Cei(z, u, t)']
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" Li (P (0(Quc + BQuc(0) + Poa(0)Qacs + 5Qac(0) +
FPal0(@ucs + DQueit) ) + Has-+ A0
vy {Ci (Pm(t)(ngi + AR¢i(t)) + Pagi(t)(Raci + ARoi(t)) +
1
+Pni(t)(Rpci + ARn@(t))> + Hy + AHm(t)] u
+ Z (Pm (Zici + AZ1¢i) + Pasi(t)(Zogi + Aoei) +
+Poni(t)(Znei + AZnCi)) +H,;+AH,

n

= @)D ProilQoci + AQoci(t)) + Has + AH,i(t)]a(t)

o=1 (=1
‘I’U Z Pam (i + ARUCZ( )) + HUZ + AHUZ(t)]u(t)
=1 ¢=1
+ Z Z oo z a(i + AZGCZ’) + Hzi + Asz (514)
o=1 (=1

]

Remark 5.3.2. [t is highlighted that the importance of the Lemma 15 that
when calculating the term 3 7., tr[P(t)T¢i(, u, t)Lei(w, u, )] we are able to elim-
inate the square roots that originally appear in I'¢;(x,u,t).

Note that the structure of the parameter uncertainty AQ,¢i(t), ARy¢i(t),
AH,;(t), and AH,(t) in (5.14) is introduced in (5.5)). Next, we introduce one

more kind of uncertainty in the following assumption, called interval uncertainty,
which is used to model AZ,;; and AH;.

Assumption 5.3.2. We assume that the scalars AZ,¢; and AH,; have interval
uncertainty as follows, AZ,¢; < apei and AH,; < f3;.

We introduce the following matrices:

A(r)) 2 A(r) + B(r)Ki(r,),
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Ag(ry) = Ag(re) + B(ry) Ka(ry),
AA(t,r) = M(r)U(t,r)Na(re),
AAg(t,r) = M(r)U(t, 1) Naa(re),
Va(re) = Na(re) + No(re) Ki(rs),
Vaa(re) = Naa(re) + No(r:) Ko (1),
E(ry) & E(r) + F(ro)Ki(re),
Eq(r)) & Ea(re) + F(re) Kao(ry),
AE(t,r) & M(r)U(t,r)Ne(ry),
AEy(t,re) = M(r)U(t,r) Nea(re),
Ve(re) = Ne(re) + Np(re) Ki(re),

=
Y
—
=3
o~
N—
l>

Nea(re) + Ny(re) Ka(re).

Theorem 5.3.1. Let v(t) = 0, YVt > 0. Let Assumption and Assumption
hold, with Lemma the system 18 robustly stochastically stabilizable
if there exist scalars {€1; > 0,7 € A}, {ea; > 0,3 € A}, {\ij > 0,4, € Aji # j},
and matrices { P;,i € A}, {K;,i € A} with appropriate dimensions, such that both
of the following two matriz inequalities (5.1 (n and (-) hold,

and

where

M; Li No N E

L N; 0 0 0

Ny 0 —e,l 0 0 <0, i€A,
N, 0 0 —eg; 1 0

E, 00 0 euMM]— P

n m

ZZPM'(ZU@ +age) + Hy + 8 <0, i€A,

o=1 (=1

_ 1 n
PA;+ AP, + ey, PM;M;P; + Q; + §¢1im Z P,oiM; M

[\.’)

1 n m
a Z Z 0'0'2¢1le40@ qo(i + ¢22M M/ + = ¢211N/
o=1 (=1
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dx(t)

lI>

lI>

1
+5 daimn Z Pooi K1, M MK + ¢3Z Z Z PogiK{;N}oei Neoci K1i
o=1 ¢=1

1
+§¢4iKiiMz'Mi/K1i + §¢Z,~1K{¢N{LiNmK1i

+¢s5im Z Pooi K, M M K1; + ¢ K1, M; M| Ky,

o=1

+ Z Z PooiQoci + Hyi + Z Z PaaiKiiRagiKli + K1, H,; K,

o=1 (—1 o=1 (=1

N
l L
+ E { : el + 3 j—Pi)z]JrE i Ly,
j=1

J=L1j#i

PAsi+> Y PogiK{i Roci Ko + K{,Hyi Ko,

o=1 (=1

¢5’ Z Z P‘TUZK, ;UQ TUQKQZ + ¢611K51N/ NuzKQz

0141

1
+2¢7zmz PO'U’LKQZM M K21 + = ¢711 Z Z PaazK/ NTI»UQNTJCZ'KZZ'
o=1 (=1

1
+- ¢82K51MM K?z + = ¢8@1K51N/ NuzK2z

+ Z Z Pooi K}, Roci Koi + K, Hui Koy — (1 = h)Q;.

o=1 (=1

In this case the controller can be chosen by .

Proof. Let us assume that there exist scalars {e;; > 0,7 € A}, {es; > 0,7 € A},
{15 >0,i € A}, {¢ > 0,5 € A}, {3 > 0,0 € A}, {¢hg; > 0,0 € A}, {5 > 0,7 €
A}, {pei > 0,1 € A}, {¢pri > 0,7 € A}, {ds > 0,i € A}, {Nij > 0,4,5 € A,i # j},
and matrices {P; € S",i € A}, {K; € R™*" i € A}, such that and
hold. Also let v(t) = 0, Vt > 0. Substituting the control to the system (5.1)),
we obtain the system

{[A(r)) + AA(t, )] z(t) + [Ag(ry) + AAg(t, r)]z(t — 7(¢)) }dt
"'{[E(Tt) + AE(ta 7))z (t) + [Ed(Tt> + AEd(tv re)]e(t — 7(t)) }dW (t)
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Z Te(z(t), t,r)dWe(t). (5.17)
We consider V' (z(t),r;) as a Lyapunov candidate for (5.17)), where

V(z(t),r) = x(t) P(r)xz(t) + /t_ o z(s)'Qx(s)ds. (5.18)

Denote the operator LV (x(t),4) as the drift term after applying It6’s formula to
V(x(t),i), according to Lemma [2.9.1] we obtain

E[dV (x(t),4)] = E[LV (x(t),1)]dt,
where the operator

LV(x(t),1) = 22(t)B(A; + AA1)z(t) + (Ag + Adg(t)z(t — 7(1))]
+H(E; + AE;(t)x(t) + (Egi + AE () x(t — ()] P(E;

+AE;(t))x(t) + (Eai + ABq(t))x (t—T( DI+ x(t) Qix(t)

—(1 = F())z(t — 7)) Qiz(t — 7(t)) + Z i

+ ) tr[PTei(x,u, )T, u, b)), (5.19)
¢=1

Substituting the control ((5.9)) into (5.13) of Lemma then we have

Z tr[Pl¢i(x, u, )L (2, u, t)]
=1

(t)/(z Z PyoiQoci + Hyi + Z Z Proi K1 Roci K + K1, Hyi K1) x(t)

O'lCl o=1 (=1

+2x(t Z Z Pyoi K Ro¢i Koy + K1 Hyi Ko )z (t — 7(t))
o=1 (=1

n

+a(t =10 (DY Pooily; Rociloi + Koy HuiKoi)x(t — 7(t))
o=1 (=1

n m

+2(t) Y D PooiMiUi(t) Nygcn(t) + () MyUs (t) Ny (t)

o=1 (=1
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+2(t) Z Pooi K1, MUy () Ny Ky (t) 4 2(t) K, MUy (t) Ny Kyt

n

+2x(t) ) Z P K, MUy (8) Ny Koso(t — 7(t))

o=1 (=1
+2x(t) K{ZMZUl( )Nngl (t—7(t))

z(t —7( Z Z Pooi Ky MU () Ny o Koz (t — 7(t))

o=1 (=1
+3 Y Pogi(Zoci + Aoei) + Hai + AH.;. (5.20)
o=1 ¢=1

According to Lemma|2.9.6, which is used to eliminate the parameter uncertainties,

we have the following inequalities:

2x(t) Bi[(A; + AA;(1)x(t) + (Ag + AAg(8)z(t — 7(1))]
= 2x(t)'PAx(t) + 22(t) P Agx(t — 7(t)) + 22(t) BiM;U; (t) [Nz
+Nadz (t - T( ))]
22 () P A (t) + 2x(t) PiAgz(t — 7(t)) + ey (t) PM; M Pix(t)

657 [Naiz(t) + Nogz(t — 7(0)) [Nasz(t) + Nagsw(t — 7(1))],

IA

[(Ei + AE;(1))x(t) + (Egi + AEq(t))x(t — 7(1))) B(Ei + AEi(t))x(t)
+(Eai + AEg())z(t — 7(1))]
= [Bia(t) + Ega(t — 7(t)) + M;Ui(t)(Negwo(t) + Neaiw(t — 7(t)))] P [Eyae(t)
+Ega(t — () + MiUi(t)(Neiw(t) + Neasw(t — 7(1)))]
(B (t) + Bgw(t — (1)) (P — e2:Mi M) ™ (B (t) + Egiae(t — 7(1)))

te5 (Negw (t) + Negiw(t — 7(1)) (N (t) + Negsw(t — 7(t)),

\_//\

IN

n

%¢1zmz Pyoi M; M’ + - Z Z Paanglle;UCZ qUCz) ( ),

UlCl

IN
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IN

IN

IA

IA

IN

x(t)’MiUi(t)inx(t)gx()( ¢21MM’+ ¢211N’ wi)r(t),

i

n

$(t)/ Z Z PUcriK{iMiUi(t>Nrch1i;U(t)

o=1 (=1

1 n
x(t)/(§¢3zm Z PO'U'LKLMZM;KIZ

o=1

+5 ¢3z ZZPUUZKLN;JQ TO'ClKh) ()

o=1 (=1
1 1
x(t)'(§¢4iK{iMiM{K1i + §¢L;1K{iNL¢NmKu)3?(t)’

n

20(t) i Pooi K, MyUs(£) Ny Kico (£ — 7(1))

o=1 (=1

x(t>,(¢5zm Z Pao‘zKileMl/Kh)I(t)

o=1

t o T ¢5z Z Z PamK/ NTI’JCZ mClK?Z) (t - T(t))>

o=1 (=1

peix(t) K|, M; M, K2 (t) + dg; o (t — 7()) Kb N, Nyi Koo (t — 7(t)),

a(t —7(t Z Z Pooi K5, MU () Nyoe Koj(t — 7(t))

o=1 (=1

1 n
z(t — T(t))/(§¢7im Z Poi Ko, M; M K,

o=1

I _
+§¢7z ZZPUUZKQZN;JQ T’UCZK21) (t—’T(t)),

o=1 (=1
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<

1 1

Following (5.19) with a series of inequalities to ((5.21f), we have

IN

LV (x(t),1)

22(t) P A (t) + 2x(t) Py Agx(t — 7(t)) + ey (t) P,M; M| Pix(t)

e [Nag (t) + Noaz(t — 7(1))] [Nagw (t) + Naas(t — 7(t))]

+(EBx(t) + Egx(t — 7(1)) (P — e; M M) (B (t) + Egiz(t — 7(1)))
tet (Nes(t) + Negsw(t — (1)) ( ezx( ) + Negiz(t — 7(t))

x t)/(z Z ProiQoci + Hyi + Z Z Proi K1 Roci K1 + K1 Hyi K1)z (t)

o=1 (=1 o=1 (=1
—|—22U Z Z P001K11R0<1K22 + K HMKQZ)x(t - T(t))
o=1 (=1
+a(t = 7(1)) (O ) Proi Ky Roci Koy + Kb, Hyi Koz (t — 7(t))
o=1 (=1
¢lzm Z Pyoi M; M/ + 3 Z Z Paaz¢1z1N¢;a§z qUCl) (t)7
o=1 (=1

+a(t) (3 ¢2ZMM’+ %ZlN’ xi) (1)

+x ( ) ¢3ZmZPO'O”LKizMM Klz

3 SR H R

o=1 (=1

1 1
+a:(t)’(§¢4iK{iMiMi’K1i + §¢;ilK{iN;iNmKu)x(t)

+a(t) (¢5im Y Pogi K1, M MK, ) (t)

o=1

t - T ¢51 Z Z PUUZKéz TI‘O'C’L TUCZKQZ) (t - T(t))

o=1 (=1

+ g (t) K, MM Ky;x(t) + ¢g; x(t — 7(t)) Ky NN Koz (t — 7(t))
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1 n
+$(t — T(t))'(ﬁqbnm Z PaaiKéz‘MiMz‘/K%

T
+§¢7i ZZPJMK/ N;acz Nyoci o)z (t — 7(1))

o=1 (=1

1 1
+x(t — T(t))/(ﬁﬁb&KéiMiMi/KQi + §¢811K/ Ny Nui o)z (t — 7(t))

2t Yur

+ Z Z Paa’i(Zcrgi -+ AZO-Q‘) + Hzi + AHZZ

o=1 ¢=1

+a(t) Qur(t) — (1= 7(2)x(t — 7(1)) Qix(t — 7(1))
+ > Fya(t) Pt

According to Assumption and the definition stated in the previous sec-
tion, and [119], we have the following

E:Amﬂ? = AE;‘EAﬂﬂRr—H)+§AﬂKRr—Hﬂ
Jj=1 J=1j#1
AN DY 1
< *J 2[ P, — P 5.22
< 3[R rm-ry| (5:22)

=1,
where \;; € RT. Then we have
LV (x(t),1)

_ _ 1 n
< () (PA; + AP+ e, PM;M]P, + Q; + §¢1im Z P, M; M

+= Z Z Paaz¢1le(;ggz qoi + ¢21M M/ + = ¢211N;z

o=1 (=1
1 = 1
+§¢31mz Pa'aiKiiMiMi/Kli + §¢§z Z Z PaozK/ N;o—gz ra(zKlz
o=1 o=1 (=1

1 1
+§¢4’LK{ZMZMZ,K11 + §¢411K/ N, N Kli

1% Yuig

+osim Z Pooi K, M;M!K1; + ¢6; K1, M; MK,

o=1
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n

+ Z Z ProiQoci + Hyi + Z Z Pyoi K1 Roci K1 + K Hui K
o=1 (=1
N

o=1 (=1

+ 3 { i 2]+ ! j—B)2]+ZN:7Tz‘jPJ)Jf(t)

J=Llj#i

+22() (PiAai + Y Y PooiK| Ro¢i Ko + K1, Hyi Ko (t — 7(t))

o‘*lC 1

w(t —7(t)) (g5 Z Z Pooi KN, i Nroci Ko + 05 Ky Ny Nyi Ko

o=1 (=1

1
+5nm Z P K3 MM Ko + = ¢>7Z Z Z Prgi K5 N, i Nyoci Ko
o=1 (=1

1
+§¢81K51M1MZ/KQz + §¢821K/ N/ N KQi

21" Yue

+ 3N PrgiKy Roci Ko + Kb Hyi Koy — (1 — h)Qy)a(t — (1))

o=1 (=1
—l—efil [Ny (t) + Nogz(t — 7)) [Nasz (t) + Nogsw(t — 7())]
HEx(t) + Exx(t — 7)) (P — e MyM)) (B (t) + Egz(t — 7(t)))
+eg (N (t) 4+ Negiw(t — 7(1)) (Negw (t) + Negia(t — (1)),
+ Z Z PUM'(ZUQ' + Oéogi) + Hzi + Bz
o=1 (=1
We rewrite the above inequality as follows,
LV (z(t),1)
< z() Mx(t) + 2x(t) Lix(t — 7(t)) + x(t — 7(8)) Nz (t — 7(t))
—l—efil [Ny (t) + Nogz(t — 7)) [Nasz (t) + Nogsw(t — 7())]
+HEx(t) + Egx(t — 7)) (P — e MyM]) (B (t) + Egz(t — 7(t)))

+et (Nei(t) + Negiw(t — 7(1)) (N (t) + Negiz(t — 7(t)),

+ i i PUUi(ZUCi + Oéogi) + H.; + B;.

o=1 (=1

The above inequality can be rewritten into forms of matrices as follows,

LV (x(t),17)
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M; L;
L, N

z(t) ]
x(t —7(t))

- x(t)
Nt N L(t—dt))]

/

+eg)! [;r;(t)’ x(t—T(t))’] [N‘“'

adi
£’ _ t
+ [:L’(t)’ x(t — T(t))’] E,ll (Pfl _ E2iMiMi/>71 [EZ Edi:| x(txjj(t))]
jl / o ! 7éi \ . \ I’(t)
+e,, [x(t) x(t T(t))] [ v [Nez Nedz] L(t B T(t»]
+ Z Z Pam'<ZaCi + OJUQ') + Hzi + 6@
o=1 (=1
t
+ Z Z Pooi( Zoci + Qoci) + Hai + s, (5.23)
o=1 (=1
where
L Mz »Cz +6_-1 N(;z [N N ]
7 ﬁ; M 14 N{;di ai adi
+ ?Z/ (P! — e M M) |:Ez Edz}
By
+ _il 7éi Nei Nei :
° edi |: d]

From (5.15)), and Lemma [2.9.4] ¥; < 0 is achieved. Note that there is a

constant term

Z Z PO'O'i(ZO'C’i + aa(i) + sz + ﬁz
o=1 (=1
in (5.23). According to inequality (5.16]), we have
LV (z(t),r) < 0. (5.24)
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By Definition Definition [5.2.2} and [83], [68], (5.24)) is a sufficient condition
such that the system (5.1)) is robustly stochastically stable. O]

5.4 Robust H,, Control

In this section we derive a sufficient condition that solves the robust H., control
problem for nonlinear uncertain stochastic systems with Markovian switching and
time delay. We first introduce the following several matrices:

C(ry) + S(ry) Kqi(ry),
Ca(ry) + S(re) Ka(ry),
Ne(ry) + Ng(ry) Ky (),
Nea(re) + Ng(re) Ka(ry),
M (ro)U(t,re) Ne(re),

M(r)U(t, r¢)Nea(re).

>

(1>

(1>

(1>

Zl
Q
a

—~ — —~ —~ —~ —~
=3
o~

S—— S— S— SN— N— SN—
(>

Theorem 5.4.1. Let Assumption[5.3.1] and Assumption hold, with Lemma
the system (5.1]), is robustly stochastically stabilizable with disturbance

attenuation R;, where the symmetric matriz R; is split into

_Rlli * * * « ]
Ro1i Ragi x * *
Ri = |R3;; Rsy Rssi  * * | (5.25)
Rayi Rz Ruzi Ras %
_R51i R Rszi Rsai Rssi

if there exist scalars {e1; > 0,1 € A}, {ea; > 0,7 € A}, {e5; > 0,0 € A}, {eg >
0,i € A}, {es; > 0,i € A}, {¢1; > 0,0 € A}, {¢o; > 0,7 € A}, {¢5; > 0,7 € A},
{040 > 0,3 € A}, {¢5i > 0,7 € A}, {¢6; > 0,0 € A}, {¢7s > 0,i € A}, {¢si >
0, € A}, {\j > 0,4,5 € Aji # j}, and matrices {P;,i € A}, {K;,i € A} with
appropriate dimensions, such that the following two matrix inequalities and
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hold,

Yii, % * * * ok ok ox %
Yo, Yoo * * * * * * *
Yai; Yo Y3 * * * * * *
Yii Yaoi Yizi Yas * * * *
Nci chi Ny Ny Yii ok * * * <0, 1€ A, (526)
C; Cu Ly Ly 0 Yoi kX *
Nai Nadz Ngi Ngdz 0 0 V3i * *
E;, Ey4 Hi Hy 0 0 0 vy =*
| Nei Neai Npi Npgi 00 0 0 s
and
SN PooilZoci + o) + Hai + B <0, i €A, (5.27)
o=1 (=1
where

Yiu = R + 2R 15 + 2P A; + ey PM; M P + Q;

X Z |:z] 2]—|—LP P) ]—i—ZmJ

J=1,j#i

+%¢1im Z PUJiMiM/ Z Z P‘ngbth‘;UCZ qo i

o‘lCl

1
5 oM M; + ¢2,1N!m

1
+5Gsim Z Pooi K1, M MK + cbg, Z Z Poi K1, N} oei Nroci K i
o=1 (=1

1
+§¢4z’Ki¢Mz‘M{Kli + 5¢Z¢1Kiz‘Nz/LiNmKli

5 > Pogi K1, MiM]Ky; + ¢ K1, M M| Ky

o=1

3 PooiQoci + Hui + > Y Pooi K1, Roci K1 + K1, Hui K,

o=1 (=1 o=1 (=1
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Y1

Ry + C’Zh'R/lsi + RosiCi + Ailipi + Z Z PaaiKiiRaCiK%
o=1 (=1
+ K1, H i Ko,

Rg31; + LiR};; + Rss:C; + Gy Py,
Ruti + Ly Ri5; + RusiCs + Gy P,

Ragi + 2R25iédi + 2€5iR25iM'Mi/R52i + (h—1)Q;

+¢E?z Z Z PO'O‘ZK/ N»,,‘UCZ ra{zKQZ + ¢611Kéqu;szK27,

o=1 (=1

2

o=1 (=1

1 1
+§¢8iKéiMiMi/K2i + §¢§i1K§¢Nq:iNuiK2i
+ Z Z Pam'KéiRaciKzi + K3, H i Ko,

o=1 (=1
Ragi + L;ngg,i + R3Siédi>
Rygi + L;Z-ngg,i + R45iédia
Rs3i + 2Rg5:L; + 2¢6; Ras; M; M Ry,
Rysi + LfﬁRégi + RasiLi,

Ryg; + 2Ry5iLa; + 2€7; Rys; M; M Rsy;,

1
—(e + €5 + €5t + e,

1
[631 + 2
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Yoi = (esiM;M] — Rgj)™",
o= =g,

Y = (e M;M] — P77

Ve = —ey .
In this case the controller can be chosen by (@

Proof. Let us assume that there exist scalars {e;; > 0,7 € A}, {es; > 0,7 € A},
{A\ij > 0,4, € S;i # j}, and matrices {P, € S",i € A}, {K; € R™",i € A},

such that (5.26)) holds. By (/5.26]), matrix inequalities ((5.15)) hold. In addition,
the requirement of ([5.27)) also appears in Theorem m Therefore, from Theo-

rem , the system is robustly stochastically stable. We consider as a
Lyapunov candidate for (5.17)). Denote the operator LV (z(t),) as the drift term
after applying It6’s formula to V' (z(t), 7).

By Lemma [2.9.1] we have

Ewmdﬂxn]:E{lfLV@@Lr@»d4. (5.28)

Let us recall the definition of J in (5.8)) from Definition [5.2.4L According to
(5.28) and a series of derivation steps shown in ([5.7)), we have

J(t) = E{At“a@'x@—fww v(s) v(s —7(s)) d@ﬂﬂ
x [x(s)’ z(s = 7(s))" v(s) wv(s—7(s)) Z(S)T
+LV (z(s), r(s))} ds} —E{V(x(t),r)}

IA

E{ /Ot [ [m(s)' z(s —7(s)) v(s) v(s—r7(s)) Z(s)’] R;
x[ﬂﬁ’x@—r@w o(s) (s —7(s)) A@T
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YLV (2(s), r(s))} ds}.

Hence, we are looking for a condition such that the following inequalities hold,

EU { (s s —7(9) o(s) v(s—r(s) 2(s)| e

<[als) ats =) vl (s = 7)) 2s)]

+LV(93(t),i)}ds} <0. (5.29)
Note that is sufficient for J < 0. Substituting ((5.9) to and ((5.2), we

have

LV (x(t),1)

= 22(t)'P[(A; + AA)x(t) + (Agi + AAg)x(t — 7(1)) + (G + AG;)v(t)
(G + AGg)v(t — ()] + [(Bs + AE)x(t) + (Egi + AEg)x(t — 7(t))
+(H; + AH)v(t) + (Hy + AHg)vo(t — 7(0)) B(E; + AE)x(t)
+(Eai + AEg)x(t — 7(t)) + (H; + AH)v(t) + (Hai + AHdz) (t—7(t))]

+2(t)Qix(t) — (1 — 7(t))x(t — 7(t))Qiz(t — (1)) + Z i

+ > [P, u, ) i (@, u, 1],
¢=1

and

2(t) = (C;+AC)x(t) + (Cgi + ACy)x(t — 7(t)) + (L;i + ALy)v(t)
+(Lg; + ALg)v(t — 7(t))
= Ciz(t) + Cgux(t — 7(t)) + Liv(t) + Lav(t — 7(t))
+M;U;(t) [Nz (t) + Negz(t — 7(t)) + Nyv(t)
+Nigiv(t — 7(t))]. (5.30)
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Substituting R; with forms of (5.25)), then we have

[m(t)’ z(t—7() ) vt—T(t)) z(t)’} R; v(t)

= z(t) Rix(t) + x(t — 7(t))2Ro1;x(t) + x(t) 2Ry3:0(t)

+x(t — 7(t))2Ra3;0(t) + z(t — 7(t)) Ragsx (t — 7(t)) + z(¢)"2Ry45v(t — 7(1))
v(t) Raziv(t) + v(t)2Ragv(t — 7(t)) + v(t — 7(t)) Ragiv(t — 7(t))
+[x(t)2R15; + x(t — (1)) 2Ro5; + v(t) 2Rs5; + v(t — 7(t))'2Rasi2(t)
+2(t) Rs5i2(t) + z(t — 7(t)) 2Ragiv(t — 7(1)). (5.31)

Substituting z(¢) from - to , we have

[2(t)2Ry5: + x(t — 7(1)) 2Ras: + v(t)'2Rss; + v(t — 7(t))'2Rasi]2(t)

= 2(t)2R15,Ciz(t) + #(t)2R15:Cai(t — 7(t)) + 2(t)'2Ry5;Liv(t)
+2(t)2Ry15: Laiv(t — 7(t)) + 2(t — 7(t)) 2Ra5,Cix (1)
+a(t — 7(t))2Ros: Carn(t — 7(t)) + (t — 7(t))'2Ras; Liv(t)

(t —7(t))2Rasi Lav(t — 7(t)) + v(t) 2 R35:Cix(t)

0()2Rs5: Liv(t) + v(t)2Rgs: Lav(t — 7(8)) + v(t — 7(t)) 2R 45:Cix(t)

ot — 7(t)) 2Ru5:Caix(t — 7(t)) + v(t — 7(t))2Rysi Liv(t)

+ou(t — 7(t))'2Ry5: Laiv(t — 7(t))
(
(

+

8

+

+2(t) 2R3 MU (1) [Neiz (t) + Neg(t — 7(t)) + Nyo(t) + Nigiv(t — 7(¢))]
+a(t — 7(t)) 2 Ros; MyU; (8) [Ny (t) + Negz(t — 7(t)) + Nyv(t)

+Nigiv(t —7())] + v(t) 2Rs5:Caiz(t — 7(1))
+0(t)'2R35: M;U; (t) [Neiw(t) + Negz(t — 7(t)) + Nyv(t) + Nigio(t — 7(t))]
+o(t — 7(t)) 2Ru5: MiU; (1) [Ney (t) + Negx(t — 7(t)) + Nyo(t)
+Nygiv(t — 7(t))].

According to Lemma|2.9.6], which is used to eliminate the parameter uncertainties,
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we have the following inequalities:

IN

IA

IN

22(t) Bi[(A; + AA)z(t) + (Agi + AAg)z(t — 7(1)) + (G + AG;)v(t)
+(Gai + AGg)v(t — 7(1))]

22(t) PJAx(t) + Agiz(t — 7(t)) + Gyo(t) + Gao(t — 7(t))]

+22 () PM;U; () [Naiw(t) + Naaiw(t — 7(t)) + Ngiv(t) + Nyago(t — 7(1))]
22(t) B[ Az (t) + Agiz(t — 7(1)) + Giv(t) + Gao(t — 7(t))]

+e1x(t) BM;M! P (t) + €3 [Naiw (t) + Nagix(t — 7()) + Nyiv(t)
+Nyaiv(t — 7(t))] [Nasx(t) + Nogiw(t — 7(t)) + Nyv(t)

+Ngaiv(t —7(1))],

(Bi + AE)x(t) + (Egi + AEg)x(t — 7(t))

+(H; + AH;)o(t) + (Hag + AHg)o(t — 7(1) P(E; + AE;)2(t)

+(Ey + AE)z(t —7(t) + (H; + AH)v(t) + (Hg + AHg)v(t — 7(t))]
[Eix(t) + Egz(t — 7(t)) + Hv(t) + Hyvo(t — 7(t)) + M;U;(t)(Nes(t)
+Nogiw(t — 7(t)) + Npv(t) + Npgv(t — 7(1)))] B[ Esz(t)

+Egz(z — 7(t) + Hiv(t) + Hyv(t — 7(t)) + MU;(t)( Nz (t)

+Nogiw(t — 7(t)) + Npv(t) + Npgiv(t — 7(t)))]

[Eix(t) + Ega(t — 7(t)) + Hv(t) + Hyo(t — 7(8)] (P — eg My M)~
X[Eix(t) + Ega(t — 7(t)) + Hu(t) + Hyv(t — 7(1))] + €3 [Neiw(t)
+Negiz(t — 7(t)) + Npv(t) + Npgiv(t — 7)) [Nesz (t) + Negiz(t — 7(t))
+Npiv(t) + Nugiv(t — 7(t))],

()R551 ()

[Ciz(t) + Cpix(t — 7(t)) + Liv(t) + Lgv(t — 7(1))) (Res — €3 M; M) ™"
x[Cix(t) + Cgx(t — 7(t)) + Liv(t) + Lgv(t — 7(t))] + 63;-1 [Nez(t)
+Negx(t — 7(t)) + Nyv(t) + Nigiv(t — 7(1))]' [Nax(t) + Negz(t — 7(t))

+Nv(t) + Nigiv(t — 7(t))],

101



2(t) 2Ry M;U; (1) [Ny (t) + Negz(t — 7(1)) + Nyv(t) + Nygo(t — 7(t))]
2647 (1) Ryss My M| Rys;x(t) + %6;2-1 [Neiz(t) + Negx(t — 7(t)) + Ny (t)
+Niggv(t — (1)) [Neg(t) + Nogz(t — 7(t)) + Nyv(t)

+Nigiv(t — 7(t))],

IN

2(t — 7(t)) 2 Rosi M;U; () [Ny (t) + Negx(t — 7(t)) + Ny (t)

+Nigiv(t — 7(t))]

Dt — 7(1)) Rosi MyM! R (£ — 7(£)) + %eml (Noiz(t) + Nga(t — 7(8))
FNuo(t) + Ngio(t — 7(0)] [Naz(t) + Nogz(t — 7(8)) + Nio(t)

Nt — 7(0)],

IN

v(t)'2R35: MU (1) [Neyz (t) + Negx(t — 7(t)) + Ny (t) + Nigiv(t — 7(¢))]
2e6:0(t) Rasi M; M, Rasiv(t) + %eg} [Neiz(t) + Negz(t — 7(t)) + Ny (t)
+Nigiv(t — 7())]'[Nes(t) + Negz(t — 7(t)) + Nyv(t)

+Nigiv(t — 7(t))],

VAN

v(t — 7(t)) 2Ry5: MU (1) [Nes (t) + Negz(t — 7(t)) + Ny (t)
+Nygiv(t —7(t))]
2e7;0(t — 7(t)) Rysi M; M} Rysiv(t — 7(t)) + %672-1 [Nz (t) + Negz(t — 7(t))
+Nv(t) + Nigv(t — 7(t))]' [Nesa(t) + Negz(t — 7(t)) + Nyv(t)
+Nigiv(t — 7(t))].

Based on (5.20)), by Lemma [2.9.6 we have

IA

Z tr[P L (x, u, )i (x, u, t)']
=1

IN

¢lzm Z PO'O’ZM M, + = Z Z PaonglllNégQ qoCi

01(1

+§¢2iMiMiI + §¢5¢1N4i xi

102



1
5 Gaim Z Pyoi K, M MK ; + <z>31 Z Z Proi KN, i Nvoci K
o=1 (=1

1
+§¢4¢K11Mz'M{Ku + §¢LIK&NL¢NMKM

+P5im Z Pooi K, M M K1; + ¢ K1, M; M| Ky,

o=1

+ Z Z PyoiQoci + Hyi + Z Z Proi K1 Roci K1y + K, Hyi K1)z (t)

o=1 (=1 o=1 (=1

+2x(t Z Z Proi K1 Roci Ko + K Hyi Ko ) (t — (1))

o=1 (=1
t - T ¢5@1 Z Z Pam,K/ N;UCZ TJQKQZ + ¢6@1K51N111NMK21
o=1 (=1
1
+2¢7zmz PaazKéleM K2'L + ¢7z Z Z PO‘O"LK/ N;g(zNTO'CiKQi

o=1 (=1
1
+§¢8iKéiMiMi,K2i + §¢§1K§¢NL¢NMK2¢

+ Y PooiKy Roci Ko + K Hyi o) (t — 7(t))

o=1 (=1

+ i i Pam'(Zcr(i + Oég@‘) + sz + ﬁz

o=1 (=1

Next, we rewrite

2(s) a5 —7(s)) (s w(s— () 2(s)] R

<[oley als () o) vls = (s stey] + LV () r(s)
2(

&

X

= |z(s) z(s—7(s5)) wv(s) wv(s— T(S)),} T,

X |z(s) xz(s—7(s)) wv(s) v(s—71(s))
+ Z Paaz o(i + 040'(:1) + sz + ﬁza (532)
o=1 (=1
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where
T, 2Y,+06,.

Here, Y; can be split into 4 x 4 matrix as follows:

Yii * * *
Y, = Youi Yoo * * 7
Yai; Yso Y *
Y;llz Y212z YZISZ' }/441'
and
_ — ! -1 1 -1 -1 -1 -1
0, = [Nci Neai Ni; Nldz} €3 "‘5(% + 65 +teg e )]

X [Nci cdi Nii Nldz}

O Cu Li La] (R —eadM) 7 [0 Cu L Lal

Nu New Ny Noas| 66 [Nai N Nyt Npas

_Ei Eq4 H; Hdi}/(ail_QiMiMi/)il |:E'z Ey; H; Hdi]
v

- B T B .
Nei Neai Npi Niai| €2 |Nei Neai Nni Npai| -

Following (5.26) and Lemma [2.9.4] we have T; < 0, i € A. We can now rewrite
the inequality for J(t) as

J(t) < E {/Ot [m(s)’ (s —7(s)) v(s) wv(s— T(S))/] T,
X [x(s)’ z(s —7(s)) v(s) wv(s— T(S))/i|/d8}

+ Z Z Paai<ZaCi + aJCi) + sz + 6@ (533)

o=1 (=1

Together with (5.27), we have J(t) < 0, V¢ > 0. In this case, the H,, performance
defined in Definition [5.2.4 is achieved. O
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5.5 Summary

The problems of robust stochastic stabilization and robust H,, control for uncer-
tain nonlinear stochastic systems with time delay and Markovian switching have
been studied in this chapter. Sufficient conditions for the solvability of these two
problems have been proposed, presented by matrix inequalities. In this case, the
systems considered in [115], [114], [20], [120], [121], and [46] are all special cases

of the system we discuss in this chapter.
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Chapter 6

Nonlinear Hy/Hy, Control of
Stochastic Systems with
Markovian Switching in Finite

and Infinite Time Horizon

6.1 Introduction

After introducing the nonlinear Hy problems in Chapter 3 and Chapter 4, and the
nonlinear H, problem in Chapter 5, naturally we will consider the situation of the
mixed nonlinear Hs/H, control problems, which is investigated in this chapter.
We solve our problems under the stochastic nonlinear systems with Markovian
switching in both finite and infinite time horizon. The nonlinearity part is similar
to the one in Chapter 3 and Chapter 4, different from the one in Chapter 5. Based
on Nash game approach, we formulate our problem similarly to the linear case
with Markovian switching [141]. Following the two Nash inequalities introduced in
Section 2.7.1, one associated with the H., performance, and the other related with
the Hy performance, we are seeking a pair of solutions (u}, v%), which is a Nash
equilibrium. Finally a sufficient condition for solving our nonlinear stochastic
H,/H,, control problem is presented by using the completion of square method.

106



The difficulty appears in dealing with the nonlinearity terms. Here it is highlighted
that within this nonlinear system, explicit solutions are found, which is a very
rare case. In addition, the optimal control laws obtained are linear with state,
which is very similar to the characteristics of the results in linear Hy/H, control
problems. We demonstrate our work within two main sections: finite time horizon
and infinite time horizon respectively. Note that in the infinite time horizon, when
we consider the admissible control, we have to take the concept of mean-square
stability into account.

6.2 Finite Time Horizon

6.2.1 Introduction

In Section 6.2, we formulate the problem of nonlinear stochastic Hy/H,, control
in finite horizon. Then we present a sufficient condition to solve our problem in
Section 6.2.3.

6.2.2 Problem Formulation.

Let (2, F,{F:}+>0,P) be a given filtered complete probability space, where there
exist a one-dimensional standard Brownian motion (W (¢),0 <t < T),anx 1
-dimensional Brownian motion (W (t),0 < t < T), and a Markov chain (r, €
M,0 <t <T) with generator Il = (7;;) specified in and state space defined
as M £ {1,2,--- ,1}. We assume that W (t), W (t) and the process r; are mutually
independent. The following basic assumption will be used throughout the section

of finite time horizon.

Assumption 6.2.1. The data that appear in system (6.1)-(6.3) satisfy, for every
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(1) € L>(0, T3 R™™),
(1) € L=(0, T R™™),
Bui(+), Hu(+) € L>=(0,T;R*™™),
() (
() (
i(+) (

Ei(+) € L®(0,T; R™"),
Qli(')a-"an S L> 07T38n>7
Rli('),...,R GLOO O,T;Sn"),

L Su(), ..o, Ryi(r) € L®(0,T;8™).

Consider the following nonlinear SDEs with Markovian switching,

;

dx(t) = [A(t,ry)x(t) + Ba(t, ry)u(t) + Bi(t, ry)v(t)]dt
+ [G(t,m)x(t) + Ho(t, re)u(t) + Hy(t,r)v(t)]dW (t)
+ E(t,r)F(z(t),u(t), t,r)dW (1),
0 - |6 rt)as(t)]
\ D(t,ry)u(t)

where 2(0) = z¢ and D(t,r;)'D(t,r;) £ 1, and

F(x(t), ut),t,r) 2 diag(v/é1, V2 - - - /)

Among ¢1, @2, ..., ¢,, we denote each of them as ¢, where k = 1,2, ..

define

or = x(t) Qr(t, )z (t) +u(t) Ri(t, ro)u(t) + v(t) Sk(t, r)v(t).

We assume that Qx(t,7:) > 0, Ri(t,r;) >0, Sg(t,r:) > 0, for all k.

(6.1)

(6.2)

.,n. We

(6.3)

Define e, € R" as an elementary vector, whose k-th element is 1, while other

elements are 0.

Here, in system (6.1) z(t) € R™ is state, z(t) € R" is controlled output,
u(t) € R™ is control input and v(t) € R™ is external disturbance, respectively.

The discussion of existence and uniqueness of solution to the system (/6.1)) is the

similar to the one discussed in Chapter 3. Here we omit the details.
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Definition that originates from [I41], the finite horizon stochastic Hs/H

control problem can be stated as follows.

Definition 6.2.1. [T/1)] For given disturbance attenuation level v > 0, 0 < T <
oo, the finite horizon mized Hy/Hy, control is to find a state feedback control
wh(t, ) = Koi(t)z(t) € L%([0,T],R™) such that

(i) The trajectory of the closed-loop system starting from z(0) = xg = 0
satisfies

< PYE VOT () [2dt|ro = 1} (6.4)

forYv #0, v e LE([0,T], R™).
(ii) When the worst case disturbance vi(t,x) € L%([0,T],R™), if existing, is
implemented to , wi(t, ) minimizes the output energy

T
J3 (u, v, w0,1) = E {/ |2(t)|?dt|rg = 2} , 1€ M.
0

We are going to solve our finite horizon stochastic Hy/H,, control problem
based on Nash game approach. This requires us to find the Nash equilibria
(u}, v¥), which is defined in Section 2.7.1.

6.2.3 Main Result

Consider the stochastic nonlinear system as follows:

dr(t) = [A(
+ [G(t,r)x(t) + Hy(t, re)v(t)][dW (1)
+ E(t,r)F(x(t), u(t), t,r)dW (1),

| (1) = Ot ().

t,r)x(t) + Bi(t,ry)v(t)]dt
)

(6.5)

)
)
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Following , we have
Or = 2(t) Qu(t, r)x(t) +v(t) Sk (t, re)u(t).

Similar to Lemma in Chapter 2, Lemma 2.1 in [141], and Lemma 4.1 in
[130], we provide the following lemma, which is useful in deriving Theorem [6.2.1]

Lemma 6.2.1. [130] [T/1)] For system and given disturbance attenuation
v >0, [Liom| < v iff there exists a solution P = (P, Py, -+, F) with P; > 0,
i € M, satisfying the following differential Riccati equations (DREs):

Py(t) + Ai(t) Pi(t) + Pi() Ay(t) + Gi(t) (1) Gi(t) — Ci(t) Ci(t)
+ ) Bt P(t) Ei(t)exQua(t) + Z mi; Pj(t) — [Pi(t) Bui(t)
+ Gy(t) Pi(t) Hu(t)] x [Y*1 + Hu(t) Pi(t) Hii(t)

+ Y e Ei(t) Pi(t) Ei(t)exSu(t)] 7 [Bui(t) Pi(t) + Hu(t) Pi(t)Gi(t)] = 0,

3

VI + Hy,Pi(t)Hy(t) + Y el Ei(t) P(t)Ei(t)epSki(t) >0, i€ M.

The proof is similar to Lemma in Chapter 2, Lemma 2.1 in [141], and
Lemma 4.1 in [I30], so the details are omitted here.
The following theorem presents the main result of our finite horizon stochastic

nonlinear Hy/H,, control problem. First, some notations are introduced.

A(t,r) = A(t,ry) + Ba(t, ) Ks(t, 1),
G(t,r,) & G(t,r) + Hy(t,r) Ko(t, 1)),
de(t,r) = Qu(t,ry) + Ko(t,r) Ri(t,r) Ka(t, 1),
At,ry) 2 A(t,r) + By(t,m) Ki(t, ),
G(t,r) 2 G(t,r) + Hi(t,m) K (t, ),
Qu(t, ) 2 Qult,r) + Ki(t, 1) Sk(t, ) K1 (t, 4). (6.6)
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Theorem 6.2.1. For given disturbance attenuation level v > 0, the finite hori-
zon stochastic nonlinear Hy/Ho, control for system has a pair of solutions

(uh, v3) with
up(t,z) = —ZKzi(t)Xn=i(t)$(t)

!
vp(t,z) = _ZKli(t)Xrt:i(t)x(t)

if the following four coupled DREs have solutions (Py(t), Pa(t); Ki(t), K2(t)) with
Pi(t) = (Pu(t), Pra(t), -+, Pu(t)) 2 0, Po(t) = (Par(t), Pa2(t), -+, Pu(t)) > 0.

{ Li(t) = Bi(t) s (t) ™ Bilt) = 0,
(

Ku(t) = a;(t) ™ Bi(t), (6.7)

&~
/b\
~
S—

[|>

Pu( t) + Pr(t) Ai(t) + Ai(t) Pry(t )+G()Pu( )Gi(t)
+Z€k Plz ek@lm +Z7sz i Cl(t>

K2z( ) Kai(t),
Bui(t) Pri(t) + Hyi(t) Pui(t)Gy(t),

VT + Hy(t) Pr(t) Hui(t) + > e Ei(t) Pry(t) Ei(t)erSki(t),

=

—
S+~

~—
>

2
—
<~
~—
lI>

3
—~
<+
~—
lI>

Pyj(t) + Paj(t) A; (1) + A (t) Poy(t) + G;(t) Py (1) G (t)

+ > By (1) Py (1) E;(t)exQu; (1) + Z miiPa;(t) + C5(8) 5 (1),

k=1
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(1) = Baj(t) Poj(t) + Hy(t) Pyt )G'(t%

I+ H2j(t)lp21 H2J + Zek Plj ( )ekRk‘j( ).

N
—~
~
N—
(>

Proof. Substituting u = w}.(t,z) = — 22:1 Koi(t) Xpe—i (t)2(t) into (6.1)), we have

E(t,r)F(x(t), u(t), t,r,)dW(t), (6.9)

where 2(0) = xo.

Applying Lemma to our system (6.1) to (6.3), with (6.7)), [Lpz| < v

can be achieved immediately, which makes the first condition in Definition [6.2.1

satisfied. Next, we show that v = v}.(¢, z) is the worst case disturbance. Following

(6:2) and (6.3), we have
dp = x(t) Qu(t, m)x(t) + v(t) Sk(t, re)v(t). (6.10)
In addition,

J{(U},U,xo,i)
T
= E {/ (Y*'v — 2'2)dt|rg = z}

T
= zyP(t)rg + E {/ (Y2'v — 2z + d[z' P (t)x])dt

TOZi:|.

Applying Lemma into 2’ Py,..(t)x, we have
El2(T) Prrp (T)2(T)|ro = 4]
T
= 2yP1,(0)zg + E { / {2/ Pri(t)z + 22" Py () [Ai(t)z + By,(t)v]
0

(Gi(t)x + Hy(t)v]) Py(8)[Gi(t)x + Hyi(t))]
+tr[F(x, t) Ei(t) P (t) E; (t) Fy(z, t)] + Z i Prj(t)x}dt|ro = z] :

i=1
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Similar to the steps from (3.34)) to (3.38)) in Chapter 3, we have
tr[Fy(, ) Ei(t) Pu(t) Ei(8) Fi(x, )]
U
2{: t) Pt ‘(t)ekCQki(t)] &
=1

> e;Ei(t)'Ph-(t)Ei(t)ekSki(t)] v.

k=1

/
T

+'

Then we have

Y'v — 2z 4 d(2' Pi(t)z)
= [Pu( ) + Pri(t)Ai(t) + Ai(t) Prat )+G'( ) Pu(t)Gi(t)
— Ci(t

—|—ZekE ) Pyi(t) Ei (t) erQui(t —l—Z?TUPU i(t) Ci(t)
_K2i< ) KQi( )]l’ + 20’ [Bli< ) Pli( ) + Hli( ) Pli( )G( )]x

VYT Hy(t) Pra(t) Hult +Z€kE ) Pui(t)Ei(t)erSu(t)]v.

Following the notation in and using completion of square method, we have
V'v — 2z + d(2' Py (t) )
= Va;(t)v+ 20'8i(t)x + 2 Li(t)x
= [v+ai(t) 7 Bi(t)a] ai(t)[v + i(t) 7' Bi(t)a]
+a'[Li(t) — Bi(t) ai(t)~ lﬁz(t)]x

When RDE L;(t) — B;(t)'c;(t) 71 8:(t) = 0 is satisfied, we can see v = vi(t, 1) =
— S Kyi(t) Xe—i ()2 (t) = —i; ()" B;(t)x is the worst case disturbance. In this
case,

JT(UT7U Lo, 1 ) > Jl (uT7UT7x07 ) - IE)Pll(t)xO
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Next, substituting v = vi(t, x) = — S K1;()Xr—i (t)z(t) into (6.1)), we have

= [A(t, 7))z + Bao(t,r)uldt
+ [G(t, r)x + Ho(t, r)u]ldW
+ E(t,r)F((t), u(t), t,r,)dW(t), (6.11)

C(t,ry)x(t)
\ D(t,r)u(t)|
where z(0) = zy. Following (6.2]) and (6.3)), we have

O = x(t)/@k(t, ro)x(t) + u(t) Re(t, re)u(t). (6.12)

Now minimizing JI (u, v}; g, ) is similar to the optimal control problem that we
study in Chapter 3. We rewrite JI (u,v3; x0,4) as follows,

JQT(,U’J U;’v Zo, Z)
T
= E {/ (2'2)dt|rg = z}
’ T
= z(Py(t)zo + E {/ (22 + d[2' Po(t)z])dt|ro = i| .
Applying Lemma into 2’ Py, (t)x, we have

E[z(T) Py, (T

)z (
= 24Py, (0)zg + E U {2/ Py (t) + 22" Poy(t)[A; (t)z + Bas(t)u]

Tozi].

T)|ro = 1]

[Gi(t)x + Hyi(t)u) Pa(t)[Gi(t)z + Hai(t)u]
Hr[Fy(x, 1) Ei(t) Pu(t) Ey(t) i, )] + Y mija’ Poy(t)x }dt

i=1

Similar to the steps from (3.34)) to (3.38)) in Chapter 3, we have
tr[F (2, 1) B (1) Pas(8) (1) Fi(w, 1))

2’ Ze (1) Poy (1 ()ekQ;ﬁ( )]
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Then we have
2z + d[x’ Py (t)x]
= x’[P%( )+ Poi () Ai(t) + A;(t) Pos(t) + Gi(t) Pos ()G (t)
+ Z el F;(t) Pai (1) E; (t)erQui(t) + zl: 735 Po; (1) + Ci(t) Ci(t)]z
+2u [Bgi( ) Pyi(t) + Ha(t) Poi(t)G; t)}m

n
k=1
Following the notation in ([6.6), and using completion of square method, we have
22 + d[x Py(t)x]
= u'Z;(t)u+ 2u'N;(t)x + 2'T;(t)x
= [u+ Zi(t) " \Ni(t)a]' Z,(t) [u + Zi(t) T Ni(t)x]
+2'[Ti(t) — Ni(t) Zi(t) " Ny ()]
When RDE T;(t) — N;(t)' Z;(t) "' N;(t) = 0 is satisfied, we can see u = uk(t,x) =
— S Koi(t)Xp—i(t)(t) = = Zi(t) " N;(t) is the optimal control. In this case,

J3 (u, v w0,7) > Jg (W, Vi T0,7) = 2 Pay(t) 0.

6.3 Infinite Time Horizon

6.3.1 Introduction

In Section 6.3.2, we formulate the problem of nonlinear stochastic Hy/H, control
in infinite horizon. The mean-square stability condition for our infinite horizon
problem is obtained in Section 6.3.3. Then we present a sufficient condition to
solve our problem in Section 6.3.4.
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6.3.2 Problem Formulation.

Let (Q, F,{F:}+>0,P) be a given complete probability space, where there exist a
one-dimensional standard Brownian motion W (t) on [0, +00), a x 1 -dimensional
Brownian motion W(t) on [0, +0c), and a Markov chain (r, € M,t > 0) with
generator IT = (7;;) specified in and state space defined as M = {1,2,--- ,1}.
We assume that W (t), W(t) and the process 7; are mutually independent. The
following basic assumption will be used throughout the section of infinite time

horizon.

Assumption 6.3.1. The data appearing in the nonlinear Hy/H, control problem

- satisfy, for every 1,

A;,G; e R™" By, Hy; € R™"™ DBy, H;; e R, E; € R™™,
Qli,...,Qm'ESn, Rh‘,...,Rm'ESn“, Sli,...,Rm'GSnv,

Consider the following nonlinear SDEs with Markovian switching

dx(t) = [A(ry)x(t) + Ba(ry)u(t) + Bi(ry)v(t)]dt
+ [G(re)z(t) + Ha(r)u(t) + Hi(re)o(t)]dW (t)
+ E(r) F(x(t), u(t), r)dW (t), (6.13)
A6) = c<n>x<t>] |
D(ry)u(t)

where z(0) = z¢ and D(t,r,)'D(t,r;) £ 1, and

F(a1(t), @5(t), u(t), r) £ diag(v/01, /62, -, /). (6.14)

Among ¢1, @9, ..., ¢,, we denote each of them as ¢y, where k = 1,2,...,n. We
define

o 2 () Qrlr)z(t) + u(t) Re(ro)u(t) + v(t) Se(re)v(t). (6.15)

We assume that Qg (r;) > 0, Ry(r¢) > 0, S(r;) > 0, for all .
Define ¢, € R" as an elementary vector, whose k-th element is 1, while other

elements are 0.
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We denote z(t) € R", z(t) € R™, u(t) € R™ and v(t) € R™ as state,
controlled output, control input, and external disturbance of our system (|6.13)),
respectively. The discussion of existence and uniqueness of solution to the system
is the similar to the one discussed in Chapter 3. Here we omit the details.
Define

I (u, v;20,1) = E l/ooo[v%(t)/v(t) — 2(t) z(t)]dt|ro = z} , i€ M.
and
J5° (u,v;x0,1) = B [/000 2(t) 2(t)dt|ro = z] , 1€ M.
The infinite horizon stochastic nonlinear Hy/H, control problem can be stated

similarly to the one in [141] as follows.

Definition 6.3.1. [1/1] For given disturbance attenuation level v > 0, if we can
find u*(t) x v*(t) € LZ%([0,00),R™) x LZ(]0, 00), R™), such that
(i) When v(t) = 0, u = u*, the state trajectory of with any initial value
(x0,1) € R™ x M satisfies the mean-square stability

lim E[z(t) x(t)|ro = i] = 0.

t—o00

(ii) | Lur

0o < 7y, where
1
- sup { S B[Sy =) z()dt|ro = i] }?
ves (o) &) wrtvumur somo { Limy LSS vty (t)dtlro = ]}

(i) When the worst case disturbance v*(t) € L%([0,00), R™), if existing, is im-
plemented to (6.13), u*(t) minimizes the output:

|Lu*

J5(u, v, 1) = E {/ 2(t) 2(t)dt|ro =], i€ M. (6.16)
0
Then we say that the infinite horizon stochastic nonlinear Hy/ Ho. control problem
has a pair of solutions (u*,v*).

We are going to solve our infinite horizon stochastic nonlinear Hy/H., con-
trol problem based on Nash game approach. This requires us to find the Nash
equilibria (u}., v}.), which is defined in Section 2.7.1.
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6.3.3 Stability Condition

Mean-square stability is a standard assumption in an infinite time horizon non-
linear Hy/H,, control problem. In this section we derive conditions such that
Definition [6.3.1}(i) is satisfied. We denote

lI>

Ay, A; + By K;,
Gu Gz + H2z'Ki7
Tei = Qu+ K/RK;.

lI>

Lemma 6.3.1. Substituting v(t) = 0 and u(t) = S'_, KiXy—ix(t) into system
, iof the following matrixz inequality holds,

n l
PA; + A/MR + GIMPZGM + Z GQCE;PiEiekQM -+ Z Wiij <0, (617)
k=1 =1

then the system 18 mean-square stable.

Proof. Substituting v(t) = 0 and u(t) = 22:1 KiXr,—iz(t) into system (6.13)), then
we rewrite system ([6.13)) as follows:

dz(t) = Ar(re)z(t)dt + G1(ry)x(t)dW (t) + E(ry) F(x(t), ry ) dW (1),
C(ry)z(t)

e
= | DK

] , x(0) = xo,

where
F(z(t),r) 2 diag(\/b1, v/ ¢z - - s /n)-
Following and (6.3), we have
O = () Th(ro)k(t, re)(t).

Applying Lemma to z(T) Px(T), we have

n
BT PalD)] = P+ AR+ GLPGu+ Y dERE e
k=1
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l

If (6.17)) is satisfied, then by Definition | Definition [4.2.2] and [68], [83], our
nonhnear system (|6 is mean-square stable. O]

Note that the above matrix inequality (6.17]) holds for both P;(r;) and Pa(ry).

6.3.4 Main Result

Consider the stochastic nonlinear system as follows,

d(t) = [A(r)x(t) + Bi(ro)v(t)]dt
+ [G(ry)x(t) + Hy(re)v (t)JdW(t) (6.19)
+ E(Tt)F(x( ) ( )a rt)dW(t)>
| 2(t) = Cr)z(t).

Following , we have
Ok = x(1) Qr(t, re)z(t) + v(t) Sk(t, re)v(t).

Similar to Lemma in Chapter 2, Lemma 2.1 in [I41], and Lemma 4.1 in
[130], we provide the following lemma, which is useful in deriving Theorem m

Lemma 6.3.2. [130] [1/1] Given disturbance attenuation level v > 0, we have
|L0,0c]| < v iff there exists a solution P = (Py, Ps,--- ,P) with P, > 0, 1 € M
that satisfies the following algebraic Riccati equations (ARES):

(

AiP, + PA; + GiRG — CiC; +ZekE’PEekQ;ﬂ+Z7r” — [PBy;

+ G'P,Hy;) x [¥*I + H|,P,Hy; + Z e E!P,E;e,Sii| \[B., P, + H|,P,G;] =
k=1

n
’)/2[ + Hiszle + Z e;E;PZElekS;ﬂ >0, 1€ M.

\ k=1
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The proof is similar to Lemma in Chapter 2, Lemma 2.1 in [141], and
Lemma 4.1 in [I30], so the details are omitted here.
The following theorem presents the main result of the infinite horizon stochas-

tic nonlinear Hy/H, control problem. First, some notations are introduced.

A(ry) = A(ry) + Ba(r) Ka(ry),
G(r) = G(ry) + Hy(ry) Ky(ry),
e(re) = Qi(ry) + Ka(r) Ri(re) Ka(ry),
A(r) 2 A(ry) + Bi(r) Ky (1),
G(ry) 2 G(ry) + Hi(r) Ki(ry),
@k('f’t) £ Qulre) + Ki(re) Sk (re) Ki(ry).

Theorem 6.3.1. We assume the mean-square stability condition holds for
both Py(r) and Py(ry). For given disturbance attenuation level v > 0, the infinite
horizon Hs/Hy, control for system has a pair of solutions (u., v}.) with

I

wp(t,x) = _ZKQiXTt:im(t)’
i=1
I

vp(t,x) = —ZKanziuT(t)a
i=1

if the following four coupled ARFEs have solutions
(P17 PQ, K17 KZ)
with Py = (P, Pra, -+, Py) >0, Py = (Pa1, Py, -+, Py) > 0.

Li — Bio; i = 0,

a; >0, 1€ M,
Ky =a; ',

T; — N;Z;'N; =0,

Z; >0, jeM,
Kaj = Z;'Nj,
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where

Bi(t)

Q;

The proof is similar to the previous case in finite time horizon. Here we omit

the details.

lI>

>

>

>

>

>

n
k=1
l
+ ijpj - C;Ci - KéiK2i7
=1

Biipli + HL-PM’Gi;

n
72] + HiipliHli + Z GfrgE;PuEin:Skz‘,
k=1

n
PyAj+ AiPyj + G PyGi+ Y e B Py EjerQy,
k=1
l
+ Z 7Tj0'P2a + C;CJJ
j=1

By Pyj + Hy Py Gy,

n
I + HéjPQjHQj + Z GggEjl-PlejekRkj.
k=1

6.4 Summary

This chapter investigates the problem of stochastic Hy/H,, control for a class
of nonlinear systems with Markovian switching in both finite and infinite time
horizon. In the main results we show that the solvability of the coupled DREs is
sufficient to solve the finite horizon stochastic nonlinear Hs/H, control problem.
In addition, we show that the solvability of the coupled AREs is sufficient to solve

the infinite horizon stochastic nonlinear Hs/H, control problem.
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Chapter 7

Risk-sensitive Control of
Stochastic Nonlinear Systems in

Finite Time Horizon

7.1 Introduction

Based on [30], in which the nonlinearity is in the drift term, we formulate the
problem of risk-sensitive control of stochastic nonlinear systems in finite time
horizon with one additional nonlinearity in the diffusion term. In this case, our
new system includes two different types of nonlinearity in both drift and diffusion
terms. In this case, the system considered in this chapter is more generalized then
the one in [30]. The problem is formulated in Section 7.2. When the assumptions
in Section 7.3 are satisfied, we present our main results in Section 7.4, where we
proved that there exists a unique solution to our optimal control problem. We
also obtain the optimal cost functional. When we solve the risk-sensitive control
problem, completion of square method is used, and the difficulty arises in dealing
with the nonlinearity terms. The other difficulty is that we have to make sure
that the control law is admissible, because in risk-sensitive control problems the
criterion is given in an exponential form, which is different from the cases of LQ

optimal control problems, and this is paid attention to in Section 7.3. Here it is
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highlighted that within this nonlinear system an explicit solution is found, which
is a very rare case. In addition, the optimal control law obtained is linear with
state, which is very similar to the characteristics of the results in [31] dealing with
linear stochastic risk-sensitive control problems. We highlight the importance of
this chapter by introducing its applications to finance, which are discussed in
Section 7.5.

7.2 Problem Formulation

Let (2, F,P) be a filtered complete probability space, where there exist a one-
dimensional standard F;-Brownian motion (W;(t),0 <t < T'), and a n-dimensional
Brownian motion (W (t),0 < t < T, which is independent of W (¢). Following the
structure of the nonlinear stochastic system in [30], we define our new nonlinear

stochastic system by including one more nonlinear term similar to the one used

in (6.1) as follows:
da1(t) = [Azy(t) + Bu(t)]dt + > C;dW(t),

J=1

dzo(t) = [Arz1(t) + Asxa(t) + D(x1(t), u(t)) + Byu(t)]dt

+ i[ASjiCl(t) + Baju(t) + Cy;]dW;(t) (7.1)

+ EF(x(t), u(t))dW (t),

\ 1’1(0) = Z10, 132(0) = T90.

where
A() c LOO(O,T, ]Rn1><n1)’
B(-) € L*(0,T;R™*™),
Cl() 7Cn() c Loo((]?T,]R”l)’
A1(~),A31(-)7... 7jél?m(.) c LOO(()?T;Rngxnl)’



M) € IR0 TR

Bl( )7321( ), ,Bgn(-) c (0 T: Rnng)
Ci(-), -, Ci() € L>=(0,T;R™),

E() € L*®(0,T;R""),

The vector D(z1(t),u(t)) is defined the same with [30], where

JTl(t)/QlJTl(t) + U(t)/X1$1(t) + u(t)’Rlu(t)
D(x1(t), u(t)) = :
21 (1) Qo1 (t) + u(t) Xn, 21 (£) 4 w(t) Ry u(t)

where

Qi(+), -, Qny(1) € L=(0,T;8™),
Xl(')""vXM(') S LOO(OvT;Rmxnl)a
Ri(),--- Ruy() € L¥(0,T;S™).

We define F(z(t),u(t)) as

Fa, (1), u(t)) £ diag(v/é1, /02, ., /). (7.2)

Among ¢1, @2, ..., ¢,, we denote each of them as ¢y, where k = 1,2,...,n. We
define

Or 2 21 () Q) (t) + u(t) Ry (t)u(t), (7.3)

where

Q1<')7"'aQ77('> € LOO(()?T;Snl)v
Rl(')"">R77('> € LOO(OvT;Sm)'

We assume that matrices Qy, Ry, k= 1,--- 7 satisfy Qx(t) > 0, Ry(t) > 0.
Define e, € R™ as an elementary vector, whose k-th element is 1, while other
elements are 0.
In summary, compare the system with the one in [30], the difference is
that we involve one more nonlinear term EF(zy(t), u(t))dW (t) in the system with
the other settings unchanged.

124



The discussion of existence and uniqueness of solution to the system ([7.1)) is
similar to the one discussed in Chapter 3. Here we omit the details.

The criterion is given the same with [30] as follows:
T
J(u() = WIE{exp [%xl(T)'le(T) + %/ [21(t)' Q1 (t) + w(t) Ru(t)]dt
0

T
+ %Sgazl(T) + %S;xQ(T) - %/ [Lix1(t) + Lyzo(t) + L u(t)
0

+ u(t)’Xxl(t)]dt}}’
where
Li(-) € L®(0,T;R™), Ly(-) € L®(0,T;R™),
Lu() S LOO(O,T,RW)’ X(,)GLOO(O’T;Ranl)’
S € R™, S5, R"™.

and v € R, v # 0, is a given constant. Our aim is to minimize the cost functional
J(u(-)) subject to our system ([7.1]).

7.3 Problem Assumptions

For the notation convenience, we define

R 2 R+ pu(t)Ri+ % > Byps(pa(t)' By,

i=1 j=1

n
—i—% Z e E'pa(t)pa(t) Eey Ry,

k=1

X 2 X—i—QBP —1—22921 X_|_ 22323p2 20/ ()
+pa(t) Az,

VA Lt B+ Bipalt) Z?Bajpz Cop(6) + Clypa(o)],

Z £ ) [2P()C; + Aypa(0)][Cipi(t) + O pa(t)]. (7.4)
j=1
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Assumption 7.3.1. R(t) >0, a.e. t €[0,T].

Assumption 7.3.2. The following Riccati equation has a unique solution.

Q-+ A'P(t) + POA+ P+ pult)Qi+ 1 Y 2P()C,
=1 j=1
n

k=1

+ Ao (O)2CIP(E) + po(t) Agj) + 1 D LB Pa(t)pa(t) EenQu

(7.5)

Remark 7.3.1. The conditions for Assumption to be held can be found
similarly to the way discussed in [30)], because our equation 15 very similar
to equation (2.4) in . The only difference is that in equation we have
one more term Iy el E'py(t)pa(t) EerQr, which has nothing to do with P(t),
thus will not affect the later steps in [30]. Here we do not duplicate the derivation.

Under Assumption we introduce the following linear differential equation

Pa(t) + Agpa(t) + Ly = 0,
pQ(T) = 527

p1(t) + Ly + A'pi(t) + Aipa(t) —
pl(T) = Sl?

and

n

p + Zl O]/P(t)oj + % Z[m(t)’C'j + p2<t),01j] [O],'pl (t) + O{jp2(t>] =

j=1
p(T) = 0.
We denote the solution to (7.6) by

/

pa(t) = |:p21(t)7 S Pany (1)
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Assumption 7.3.3. We assume that the control process u(t) is such that the term

o) [x1<t>'(2p<t>cj " Agjp2<t>) T polt) Bogult) + ;(t)Cy + palt)Cry | (7.9)

1S a square integral process, i.e.,
T
/ I[-I,{G(t)2 [xl(t)' (2P(t)cj + Agjpg(t)) + po(t) Baju(t) + p1(t)'C;
0

2
+p2(t)’C'1j] }dt < Q.

Assumption 7.3.4. We assume that the control process u(t) is such that the term
G(t)pa(t) EF (x1 (1), u(t)) (7.10)

1 a square integral process, i.e.,

/0 E[G(£)%ps(t) EF (21 (t), u(t))F (21 (t), u(t)) E'pa(t)]dt < oo.

Definition 7.3.1. When Assumption and Assumption [7.3.4) are satisfied,
the control u(-) is defined to be admissible.

Remark 7.3.2. In [30] the control is proved to be admissible in details under some
conditions. Here, we do not prove the control is admissible due to some technical
difficulties. In this chapter, we suppose that Assumption and Assumption
hold. Such similar assumptions have been made by many researchers so far,
see for example [90], [{7] and [21).

7.4 Main Result
Define
dv(t) = [21(t)Quy(t) + u(t) Ru(t) + u(t) Xay(t) + Lz (t) + Lhwa(t)
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L u(t)]dt,

where v(0) = 0.
Define

H(t) 2 v(t) + 21 (t) P(t)x1(t) + p(t) + p1(t) 21(t) + pa(t) xo(t).

Theorem 7.4.1. Let the Assumption Assumption[7.3.9, Assumption
and Assumption [7.3.4 hold. There exists a unique solution to our optimal control
problem. The optimal control is given by

1. . _
u*(t) = —§R_1(Xx1(t) +Y).

The optimal cost functional is obtained as follows,
7 =2 cap{ JletaPO)10 + p0) + p(0) a0 + pa(0)ra .

where P, p1, py and p are solutions to (7.5), (7.7), (7.6), and (@, respectively.

Proof. The proof is similar to the one in [30]. Here we outline the main idea. The
differential of H(t) is

dH(t) = [21(t)'Qx1(t) + w(t) Ru(t) + u(t) Xa1(¢) + Lix1(t) + Lyaa(t)
+Lyu(t)]dt + dlay (8 P (1)] + d[pre (8)] + dlpya(1)],

where d[x(t) Px1(t)] and d[pjz1(t)] have been obtained by [30], here we focus on

d[phza(t)] = po'xedt + phlA1x1(t) + Aswoy + D(x1(t), u(t)) + Bru(t)]dt

+ Z[pIQAsj%‘l + pyBaju(t) + pyCijldWi (t)

J=1

PR EF (21(2), u(t))dW ().
We rewrite dH (t),

dH (t)
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= [ml(t)’Qxl(t) +u(t) Ru(t) + u(t) Xz (t) + Liz(t) + Lyzs(t)

+ L u(t) + z1 () P(t)x1 (t) 4+ 21(t) (A’P(t) + P(t)A) x1(t)

+2u(t)'B )+ Z CiP(t)C5 4 p(t) + py ()1 () + py (t) (Aml(t)
—i—Bu(t)) + po(t)x2(t) + phy(t) (Alxl(t) + Agzo(t) + D(zq(t), u(t)

+Bu(t )]dt + Z { ( t)C; + Agpo(t )> + pa(t) Baju(t)

+p1(t)'C; + pa(t) Clj] dW;(t) + pa(t) EF (z1(t), u(t))dW ().
We define
A Y
G(t) 2 eap(LH (1)
According to the definition of J(u(+)), we have

We apply Itd’s formula to dG(t). With

%@G(t) = cap(LH(1)] = 260,

and

we have
dG(t)

_ %G(t) 21 () Qa1 (1) + u(t) Ru(t) + u(t) Xa(t) + Lix (£) + Lyza(t)
YL u(t) + a1 (O P (t) + 21 (2 (A’P(t) + P(t)A) 21(t)
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2u(ty +20' 0C; + 510) + 7 0)1(0) + 51(0)(Ani(0

+Bu<t>) T b (E)ealt) + (1) (A1x1<t> + Aga(t) + D (1), u(t)

+Blu(t)>} dt + %t) (%) 2 Zn: [a:l(t)’ (QP(t)Cj + Agjpga)) (QC]’-P(t)

—|—p2(t)/A3j> 21(t) + 2u(t) By pa(t) (20;13(15) 4 p;Agj) (1)

+221(t)’ <2P(t)0j + Agjpg(t)) ((JJ’.p1 (t) + C{jpz(t)>

) Blypa(O(0) Bayu(t) + 20 Bypa(0) Ci(0) + et )

# (€4 Y Cy ) (ot + it )

—i—@ (%) 2tr [F(xl(t), u(t)) E'pa(t)pa(t) EF (21(t), u(t))} dt

+ Z 1G(0) a0 (2POC, + A0)) + (0 Byult) + (0,

+p2(t)/clj] dW,(t) + %G(t)pg(t)’EF(xl(t), w(t)dW (t). (7.11)

The calculation of py(t)' D(z1(t),u(t)) can be found in [30], here we omit the
details. Similar to the derivation steps from (3.34]) to (3.38) in Chapter 3, we
have

b [F<x1<t>,u<t>>'E’p2<t>p2<t>'EF<x1<t>,u<t>>]

[Z e E'pa(t)pa(t) EexQy | 21(t)

n

Tty [Z L pa(D)pa(t) Ber R

u(t).

After rewriting dt terms in (7.11)), we focus on the terms containing wu(t), which

is,

w(t) Ru(t) +u(t) Xz (t) + u(t)Y
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R Xz (t) + 1)

N —

where R, X, Y is given in (7.4). In the drift terms of ((7.11)), due to Assumption
7.3.2 we have

()’Qxl( )+ a1 (t) (A'P(t) + P(t)A)wr(t) + 21(8) P (1)

" me Bt Quan(0)+ (o) { ] SEPOIC + Ay 0] P(0)

=1

»#IQ

+ Pz()Azﬂ} )+ (2 ZekEIPZ pa(t) EexQpa: ()

1 o
— le<t)lX/R71X.T1(t) =0.
Due to ([7.7), we have
1 L
Lizy(t) + praa(t) + pu(t) Az (t) + pa(t) Az (t) — §ﬂ7l(t)/X/R_1Y

n

+ xl(t)% 3" 22P(1)C; + Aypa(D)[Cipn (1) + Cipa()] = 0.

Jj=1

Due to ([7.6)), we have

Due to (7.8), the remaining terms independent of both z;(t) and u(t) equal to
zero. Finally, we rewrite the cost functional for all the admissible controls as

follows,
2 —_

Ju) = ECO]+ FE [ 60|u0) + J7Xnn()+7)] Ruto)
—l—%Rl(X'xl(t) + 17)1
> AE[G(0)].
We obtain the lower bound yE[G(0)] iff
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7.5 Applications

Recall the financial market of Section [3.2] which consists of a bank account and
a stock, the prices of which we repeat here for convenience:

B(0) =By and S(0) =S, are given.

The zero-coupon bond is a contract with the terminal payoff of 1, i.e. such a
contract guarantees a payment of 1 unit at maturity date T" to the holder. This
is one of the simplest contracts, and yet it is fundamental since the prices of
other contracts, such as swaps, caps, floors, or swaptions, are expressed in terms
of the zero-coupon bond price (see, e.g., [16]). Thus, by pricing such a contract
we solve the pricing problem for various other contracts. In [30] the price of a
zero-coupon bond for a particular interest rate model was found as a special case
of the risk-sensitive control problem considered there. In this section we introduce
a new interest rate model, and based on our result on the risk-sensitive control,
we find the price of the zero-coupon bond. Moreover, we show that the optimal
investment problem for the power utility is an example of our risk-sensitive control

problem.

Let f; and fy be the factor processes with equations the same as the states x;
and xo with u(t) =0, i.e.

( dfy(t) = Afy(£)dt + Z CydW (),

J=1

dfs(t) = [ALfL(t) + Ao fo(t) + D(fi(1))]dt (7.12)

+ Zn:[Agjfl (t) + CyydW;(t) + EF(f1(£))dW (¢),

f1(0) = fio,  f2(0) = fao.

\
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We introduce the following interest rate model:

r(t) = A QL(H) + LLfi(t) + Lyfo(t).

This model appears to be new due to the square-root nonlinearity of our model.
The motivation for introducing this model is that it admits an explicit closed form
formula for the price of a zero-coupon bond. Indeed, the price of such a contract
is (see, e.g., [16]):

p(0,T) £ Elelo 7)),

However, this is just our cost functional with u(¢) = 0 and without any terminal
cost, i.e. S=0,5] =0,55 =0. Let the assumptions of Theorem hold, and
v = 2. Then from that theorem we immediately have

p0.1) = /2= [ean{ PO o+ p0) + p(O) fo + 1a0) sl

Another application is in the problem of optimal investment. Recall from Section
that the equation of the self-financing portfolio is

dy(t) = [r(t)y(t) + (u(t) — r()ut)]dt + o (t)u(t)dWi (1),
(7.13)

y(0) = yo > 0.

The problem of optimal investment with the power utility is the problem of max-

imizing
E[y*(T)), (7.14)
with 8 € (0,1). The solution to is
W0 =0 exp | [T+ (o) = (6ol - (5052
+ /0 a(s)v(s)dWl(s)} , (7.15)

where v(t) = u(t)/y(t). We assume that h(t) = u(t) — r(t) is a deterministic
function (note that this is typical assumption in a market with stochastic interest
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rate, see, e.g. [19]). The expected power utility can thus be written as
T
B {5 [ IAGYQAE) + L) + LhAls) + A0 - (5052
. 0
B +/ a(s)v(s)dWl(s)] } , (7.16)
0

The equation for z(t) = logy(t) is

dz(t) = [[L(t)QfL(t) + L f1(t) + Ly fo(t) + h(t)v(t) — o*?(t)]dt
+o(t)v(t)dWi(t), (7.17)
z(0) = o = logyo > 0,

Note that the cost ([7.16) contains a noise dependent penalty. By introducing a
new state variable Z(t) with equation

dT(t) = o(t)u(t)dW (¢),
(7.18)

we see that such a noise dependent penalty in ([7.16|) is just a linear penalty in

z(t). We thus see that the problem of maximizing (|7.16]) subject to (7.12)), (7.17)),

(7.18)), is just an example of the risk-sensitive control problem of this chapter, and
can be solved by applying Theorem

7.6 Summary

This chapter investigates the problem of risk-sensitive control of stochastic non-
linear systems in finite time horizon. When a series of assumptions are satisfied,
a unique solution to our optimal control problem is found, and the optimal cost
functional is obtained. We emphasize the importance of this chapter by introduc-

ing its applications to finance.
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Chapter 8

Conclusion

8.1 Introduction

We summarize the main contributions of this thesis in this last chapter . We also

point out some interesting open problems for future research.

8.2 Chapter 3

Chapter 3 deals with the finite horizon optimal control of stochastic nonlinear
system with indefinite state and control cost weighting matrices with Markovian
switching appearing in system coefficients. A new type of CGREs is introduced.
The solvability of CGRESs is proved to be sufficient to solve our nonlinear optimal
control problem. Moreover, under such a nonlinear system, all the optimal controls
are obtained explicitly and linearly with state, constructed by the solution to the
CGRESs. The existence and uniqueness of the solution is discussed. The feasibility
of the assumption of the solvability of the new CGRESs is discussed. An application
to finance is introduced. An illustrative example is given.
Here we list some open problems related to this chapter as follows:

e The solvability of CGREs with Markovian switching in [74] is not proved.
If this can be proved in the future work, then the solvability to our new
CGREs ([3.23) can also be proved without difficulty.
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e The necessity of the solvability to our new CGRESs for the well-posedness of

our nonlinear optimal control problem is still unsolved.

e More applications to finance can be introduced.

8.3 Chapter 4

Chapter 4 deals with the infinite horizon optimal control of stochastic nonlin-
ear system with indefinite state and control cost weighting matrices and with
Markovian switching appearing in system coefficients. The mean-square stability
is considered. The new CGAREs are introduced. We assume that there exists a
unique solution to the CGARESs such that the linear optimal control is admissible
w.r.t. to any initial state, then our stochastic nonlinear optimal control problem
is well-posed. Furthermore, the value function is obtained. Here we list some

open problems related to this chapter as follows:
e The proof of the solvability of our new CGAREs is still an open problem.

e We have not reformulated our new CGAREs to LMIs (linear matrix inequal-
ities) yet. After this reformulation, the problem can be solved in polynomial
time based on solving a SDP (semidefinite programming) [19] [105].

e We have not reformulated the mean-square stability condition to LMI ,

which is easier for numerical computation.

e Due to the difficulty in computation caused by the complexity of problem

formulation, numerical example is not given.

8.4 Chapter 5

In Chapter 5 we consider the problem of robust stabilization and robust H
control for a class of nonlinear stochastic systems with Markovian switching in
coefficients. The new system that we investigate in Chapter 5 generalizes the
system considered in [115], [114], [20], [120], [121], and [46] in many aspects. Suf-
ficient conditions in forms of matrix inequalities are obtained such that the linear

136



stabilizing controllers exist. In addition, a new type of disturbance attenuation
formed by symmetric matrices with Markovian switching is involved. Then we
formulate our generalized robust H,, control problem. A sufficient condition for
the solvability of our generalised robust H., control problem is proposed.

Some open problems are listed as follows.

e In both sections of robust stabilization and robust H., control, we obtained
sufficient conditions for the solvability of our problems. Someone may ask
whether these sufficient conditions are too strong or not, and whether there
are any better conditions that are not so strong, but can still solve our

problems.

e In both two theorems the reformulation of our matrix inequalities into LMIs
is not dealt with. After this formulation, the controller can be constructed

via a convex optimization problem, which can be checked numerically, see
[19].

e Due to the difficulty in computation caused by the complexity of problem

formulation, numerical example is not given.

e Although we focus on theoretical research, it is better to find some applica-

tions in which our new system can be used.

8.5 Chapter 6

In Chapter 6, stochastic Hy/H,, control for a class of nonlinear systems with
Markovian switching in both finite and infinite time horizon is considered. In the
main results we show that the solvability of the coupled DREs is sufficient to solve
the finite horizon stochastic nonlinear Hs/H,, control problem. In addition, we
show that the solvability of the coupled AREs is sufficient to solve the infinite
horizon stochastic nonlinear Hy/H,, control problem.

There are still some unsolved problems based on this work. In addition, there

are also some ideas for future research. Here they are listed as follows:

e In [I35], it is pointed out that although sufficient conditions are presented
for the solvability of stochastic nonlinear Hy/H,, control problems in both
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finite and infinite horizons, how to solve those four cross coupled DREs and
AREs is still an open problem. This problem also appears in Chapter 6.
When nonlinear term and Markovian switching is included, this problem
becomes even more difficult. This can be viewed as a pure mathematical

calculus problem.

e We can apply our work into descriptor systems, which is used in [126],
focusing on infinite horizon Hy/H,, control for descriptor systems. In this
case, we might be able to extend [126] into a nonlinear Hy/H,, control for
descriptor systems with Markovian switchings in both finite and infinite

horizons.

8.6 Chapter 7

In Chapter 7, the problem of risk-sensitive control for a class of stochastic non-
linear systems in finite time horizon is investigated. Following a series of as-
sumptions, it is proved that there exists a unique solution to our optimal control
problem. The optimal cost functional is obtained. We highlight the importance
of this chapter by providing applications to finance.

However, although we extend the system in [30] into a more general type, this
chapter has some restrictions. Additionally, some future works can be investi-
gated. Here these problems are listed as follows.

e As we mentioned in Remark [7.3.2] future work can be focused on proving
the control to be admissible.

e This is the only chapter that Markovian switching is not applied, due to
some technical difficulties. This can be left for future study.

e A generalized risk-sensitive control was studied in [30], where noise depen-
dent penalties on the control u(t) and z(t) is introduced. In [30] the cost

functional becomes:

Ju() = yE{exp{%xl(T)’Sml(T)—i—% /0 [21(£) Q1 (t) + u(t) Ru(t)dt
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T
+ 2Sim(T) + L Shs(T) + 2 / Ly (t) + Lyzs(t) + Lu(t)
0

+ u(t) Xxy(t)|dt + %/O [21(t)' Q + u(t)’Ru]dW(t)} },
where
Qx() S LOO(OvTanI)v Ru() € LOO(O7Ta RnQ)

This cost functional can also be adopted in our new system for future re-

search.

e Recently risk-sensitive control for infinite horizon was investigated by [47],
which is a motivation for us to extend this chapter into the case of infinite

time horizon in the future.

8.7 Summary

In this chapter we conclude the main contributions of this thesis. We also point
out some restrictions and open problems. In addition, we give some possible ideas

to future work.
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