A
AD-A203 640 >cumentanan race s

ib RESTR (' vE MARKINGS o
| - Unclassified l Ic HLE COP‘
2a SECURITY CLASSIFICATION AUT) 3 DISTRIBUTION/AVAILABILITY OF REPORT

Agproyed for public release;
distribution is unlimited

S MONITORING ORGANIZATION REPORT NUMBER(S)

2o DECLASSIFICATION / DOWNGRA(D

I3 PERFORMING ORGANIZATION RE

D¢ AFOSR-TR- 39-0060
6a NAME OF PERFORMING ORGANIZATION 6b. ?';FICEP"_S'VEB)OL 7a. NAME OF MONITORING ORGANIZATION
) . applicable
Purdue University AFOSR/NA
P s———————
6c¢ ADDRESS (City, State, and ZiP Codle) 7b. ADDRESS (City, State, and ZIP Code)

School of Mechanical Engineering

West Lafayette, IN 47907 Building 410, Bolling AFB DC

20332-6448
8a NAME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATI
ORGANIZATION {if applicable) CATION NUMBER
8¢ ADDRESS (City, State, and 2IP Code) 10. SOURCE OF FUNDING NUMBERS
Buildin ; PROGRAM PROJECT TASK WORK UNIT
5 0332-63431 0, Bolling AFB DC ELEMENT NO. | NO. NO. ACCESSION NO.
61102F 2308 Al
1(10 1)’ITLE (Include Security Classification)
Diagnostics for Intelligent Adapt ive/,Cbntrol of MPD Engines
12 PERSONAL AUTHOR(S)
R. Shoureshi /
13a. TYPE OF REPORT 13b. TIME COVERED i 14. DATE OF REPORT (Year, Month, Day) [1S. PAGE COUNT
Final Report FROM _1985 T10_198 1988, 11, 15 139
16 SUPPLEMENTARY NOTATION A
T COSAT! CODES 8. s;med #s (Continue on reverse if necessary and identify by block number)
FIELD GROUP SUB-GROUP MPD Modeling, Stability, Controllability, Observability
\lf Distributed Parameter Systems, Lyapunov Stability Analys ;s'
fp
{

19 ABSTRACT Winue on reverse if necessary and identify by block number)

MPD thrusters are examples of distributed parameter systems that have temporal
and spatial variations. In order to establish an intelligent diagnostic system for
MPD thrusters fundamental theorems had to be derived for the general case of diag-
nostics of distributed systems. Advanced mathematical techniques of semigroups and
groups, equivalent norms, invariant principle, Lyapunov functional, etc., have been
integrated with control schemes in order to develop criterion for stability, con-
trollability and observability of distributed parameter systems. A simple model of
the MPD thruster was developed and used in evaluati.a of the resulted theorems.
Instability conditioas for MPD thrusters are derived and stabilizability inputs are
presented. This research has led to new understanding for the general problem of
distributed parameter systems.

e —

20. DISTRIBUTION / AVAILABILITY OF ABSTRACT 21, ABSTRACT SECURITY CLASSIFICATION
R UNCLASSIFIEDAUNLIMITED SAME AS RPT. msggs Unclassified
22a. BArMEM oiFtRaE%Pog?rL]E( ANIII)WIDUAL 22b TELEPHONE (Include Area Code) | 22-. OFFICE SYMBOL
(202)76‘7-493} AFOSR/NA —
DO Form 1473, JUN 86 Previous editions are obgolate. SECURITY CLASSIFICATION OF THIS PAGE
/ Unclassified

—‘M




AFOBR-IR- 59-006¢Q

DIAGNOSTICS FOR INTELLIGENT CONTROL OF MPD ENGINES

AFOSR-86-0278

Final Report

November 15, 1988

Accesion For
NTIS CRaai
OTIC TAB
. Unannounced
R. Shoureshi Justiticatien
School of Mechanical Engineering ~
Purdue University By
West Lafayette, IN 47907 Distribution |
(317) 494-5639 Availsbility Coges
Dist Av%il‘::g'/ o

g9 2 8 0490
e ————————————




CONTENTS

DD FORM 1473 . .

EXECUTIVE SUMMARY . e e
CHAPTER 1 - INTRODUCTION . . . . . .
CHAPTER 2 - MATHEMATICAL PRELIMINARIES
CHAPTER 3 - DYNAMICAL SYSTEMS AND LYAPUNOV
THEOREMS

CHAPTER 4 - APPLICATION OF LYAPUNOV S STABILITY TO .

CHAPTER 5 - LYAPUNOV'S STABILITY AND CONTROL OF
CHAPTER 6 - CONTROILLABILITY AND OBSERVABILITY OF
CHAPTER 7 - LYAPUNOV-BASED STABILIZATION OF DPS .
CHAPTER 8 - SUMMARY AND CONCLUSIONS

REFERENCES . . . .
Appendix A: Proof of Theorem 3.7

Appendix B: Proof of Theorem 3.11 .

Appendix C: Derivation of Model for MPD Systems

(VIR ]
~]

Pk

68

86
103
125
128
132
133
134




EXECUTIVE SUMMARY

AFOSR Grant No.: AFOSR-86-0278
Type of Report: Final
Period Covered: september 1987 to September 1988
Principal Investigator: Rahmat Shoureshi

School of Mechanical Engineering
Purdue University

West Lafayette, IN 47907

(317) 494-5639

Research Assistant: Forouza Pourki (Ph.D.)
Publications:

1. Shoureshi, R. Pourki, F., "Stability Analysis of Electro-Magneto Plasma Dynamics,
To appear in AIAA Journal of Guidance and Control, May 1989.

2. Pourki, F., Shoureshi, R., "Stability of a Class of Distributed Parameter Systems
with Applications to MPD Thrusters,” accepted for publication and presentation at
the 1988 ASME Winter Annual Meeting, November 1988, Chicago.

3. Pourki, F., Shoureshi, R., "A Lyapunov Approach to Finite Order Control for
Stabilization of Distributed Parameter Systems,” accepted for publication and
presentation at the 1988 ASME Winter Annual Meeting, November 1988, Chicago.

4. Shoureshi, R., Pourki, F. "Stabilization of MPD Thursters,” to appear in the
ASME Journal of Dynamic Systems, Measurement and Control.

5. Shoureshi, R., Pourki, F., "Finite Order Control for Stabilization of Distributed
Parameter Systems,” under review for publication in the Interrational Journal of
Control.

6. Shoureshi, R., Pourki, F., Murthy, S.N.B., "An Approach to MPD Engine
Instabilities,” AIAA-87-0384, AIAA 25th Aerospace Science Meeting, January 1987,
Reno, Nevada.

7. Pourki, F., Goodfellow, K., Shoureshi, R., and Murthy, S.N.B., "Observability of
Heat Transfer to MPD  Thruster Electrodes,” AIAA-87-1070, 19th
AIAA/DGLR/JSASS International Electric Propulsion Conference, May 1987,
Colorado Springs, CO.

8. Shoureshi, R., Pourki, F., "Controllability Analysis of Nonlinear Distributed

Parameter Systems,” Paper No. TA3-10:30, Proceedings of the 1987 American
Control Conference, June 1987, Minneapolis, MN.




Research Summary:

Plasma-dynamic thrusters designed for high speed low thrust space missions, are
nonlinear distributed parameter systems with very complex dynamics. The main
objective of this study was to analyze MPD thrusters’ controllability and observability
without the need to solve the engines governing partial differential equations. This
analysis falls into the category of stabilizability of distributed parameter systems (DPS),
which is the most challenging problem for the control community. During the three-
year period of this investigation, several new concepts were derived and developed.
Following is the highlights of the main accomplishments in stabilizability and
observability of the MPD thursters.

1. Integration of advancements in the mathematical theory of partial differential
equations, dynamical systems, and advanced feedback control theorems.

2. Derivation and application of Lyapunov theorems for the case of distribuced
parameter systems.

3. Application of Lyapunov’'s stability theorems to MPD systems.

4. Derivation of the characteristics of a general, nonlinear hyperbolic systems
represented by partial differential equations, and their relations to controllability of
the MPD systems.

5. Stability analysis and stabilizability of MPD thrusters.
8. Controllability and observability of distributed parameter systems.

This research has a general focus on the analysis of the DPS, but the results at
every stage is implemented on an MPD thruster model. Therefore, the new foundations
and theorems resulted from this study have potentials for applications in many other
distributed systems than MPD, such as flexible structures, jet engines, integration of
controls for frame vibration and combustion process in an aircraft engine, etc.




CHAPTER 1 - INTRODUCTION

Dist;il;uted parameter systems (DPS), also regarded as infinite dimensional
systems, are often described by a set of linear or nonlinear partial differential, integro-
differential or differential-delay equations. Conversely, lumped parameter or finite
dimensional systems are represented by a set of ordinary differential equations. For
distributed systems, state variables are functions of time and another set of parameters,
whereas lumped parameter systems are only dependent on time. In many physical

systems the states of DPS are functions of time and spatial coordinates.

In general, all physical systems are intrinsically distributed in nature. However, in
many instances the system’s spatial energy distribution is sufficiently concentrated such
that an approximate lumped parameter description may be an “adequate” representation
for the system. On the other hand, the spatial energy distributions of many practical
systems are widely dispersed and require controls of some or all of the spatially
distributed states. In general, such systems have to be represented by distributed
parameter models. Typical examples of DPS are combustion processes in engines,
boilers, and furna;ces; heat exchangers; distillation processes; nuclear and chemical
reactors; gaé dynamic thrusters and lightly damped flexible structures. Another example
of DPS with a widely dispersed distribution of electro magnetic energy is a magneto-
plasma dynamic accelerator. Investigation of the dynamics of distributed parameter
models pertinent to magneto-plasma dynamic accelerators is of interest to the Air Force

for future space vehicles and has been one of the motivations for this research.

Often a nominal (approximate) model for a system is considered in order to

provide numerical estimates about the characteristics of DPS, as in determining the




system response to an excitation and/or design a control input to achieve a desired
system performance. These approximate models are often derived by means of some
modal reduction tec}miques. The most common methods for derivation of finite order
models are discretization and modal truncation. Due to the reduction of the system
order, some of the information about the dynamic characteristics of the system is
neglected. This implies that there will be an error signal between the. exact and
approximate solutions, based on the unmodeled dynamics of the system. Usually, if an
upper bound for such approximations exists, then that bound grows with the reduction
of system order. The higher the approximation bound, the lower the precision in the
system representation. To increase accuracy, the number of discretized points (nodes)
needed may reach several hundred. Application of these large order models in control
design would require a large number of sensors and actuators, otherwise interferences of
uncontrolled modes would affect the system performance. This condition is often

impractical for economical reasons.

One of the main concerns of control theory is whether or not a system is stable.
For finite dimensional systems, Lyapunov stability theory have become an important
vehicle in the.stability analysis of a system. This approach attempts to make statements
about a dynamic system’s stability of motion without explicit knowledge of the solutions
to its governing equations. Although the development of Lyapunov’s stability theory for
ordinary differential equations has been widely investigated, its application to solutions
of partial differential equations, namely distributed parameter systems, has been limited.
Stability results for distributed parameter systems have been derived based on spectral
analysis and frequency domain characteristics of the system. Such analysis provides

necessary conditions for stability, in contrast to the Lyapunov method that results in




sufficient conditions. In order to obtain sufficient conditions for stability based on
spectral analysis of DPS, other system properties are required. Moreover, frequency
domain analysis of DPS is often used to provide an input-output type of stability which
do not necessarily imply internal stability of DPS. These requirements are in addition to
the complexities associated with the spectral analysis. In general, spectral analysis
requires an explicit knowledge of solutions to system equations. Furthermore,
approximate models cannot be used to imply sufficient conditions for stability of DPS.
Considering these issues indicates that the Lyapunov method may be a more suitable

alternative for stability analysis of DPS.

In cases where system performance is not satisfactory one needs to determine
whether the application of an external control input will provide the desired results. To
obtain such information, the system must be “observable”, namely, one must be able to
estimate its characteristics from measurements of its states. Moreover, the system must
be “controllable”. In qualitative terms, based on the knowledge obtained from
observations, one must be able to manipulate the system to accomplish a desired
performance. These concepts for finite dimensional linear time invariant systems have
been derived and are well known. Extension of these results to time variant and
nonlinear finite dimensional systems can be established in the local sense by use of
implicit function theorem. However, the technical complexity in dealing with
controllability and observability of DPS arises from the fundamental differences between
properties of finite and infinite dimensional spaces. Hence, the approximate models have

subtle shortcomings to answer questions about controllability and observability of DPS.

In cases where the system is not stable or asymptotically stable, one must know

how to make the system stable or asymptotically stable. This process, called




stabilization, in turn depends on the system characteristics, i.e., whether or not it can be
“stabilized.” " Although this property for DPS is related to observability/controllability,
the relationship is not similar to the way these three properties are coupled in the finite
dimensional systems. Therefore, the approximate and reduced order models of DPS are
usually insufficient for stability analysis and the design of stabilizing controllers.
Control actions based on such models may have interactions with uncontrolled modes of

the system which may have adverse effects on stabilization of the system.

The phenomenon of excitation of unmodeled dynamics, or "spillover”, is an
example of such adverse effects. Problems of this nature can be avoided either by means
of distributed, i.e., "body force" type control, or by finite order controls based on a
distributed model of the system. In applications of finite order (not spatially
distributed) controls where actuators are concentrated at certain finite number of
locations, stabilization of the system is not always guaranteed unless the points of
measurement and actuation of DPS are strategic points. Often, the boundary of DPS,
or parts of it, has strategic point properties. This leads to boundary control for
stabilization of DPS. These issues are the current research topics in the control area.
This study attempts to develop answers for these questions for the case of hyperbolic
and parabolic types. The following section describes some of the previous work in this

area.

Literature Review

The first significant work towards control of DPS was initiated by Butkovskii and

Lerner [1]* Their work has been concentrated on the derivation of maximum principle




applied to a class of DPS. Subsequently, [2] studied the optimal control problem of a
specific linear diffusion system. A complete description of all relevant issues involved in
modeling, stability, control aﬁd optimization of DPS was first reported by Wang 3,.
The studies of distributed parameter systems, as systems of partial differential equations,
have been the result of the developments in the mathematical theory of partial
differential equations (PDE) and dynamical systems. In fact, the progress made in the
developments related to DPS are due to the concurrence of three fields of science:
controls, PDE and dynamical systems. The theory of PDE, which was developed to deal
with problems and phenomenon of continua, is associated with the names of many great
mathematicians. More modern and abstract approaches to this field are due to
Hadamard, Lax, Sobolev and Hilbert [4-9]. The theory of dynamical systems was
initiated by the pioneering work of Zubov [10]. He tried to make mathematical
abstraction of physical systems, called dynamical systems, in order to distinguish general
properties of these systems, such as stability and asymptotic behavior. With this
categorization he could extend stability results of Lyapunov [11] to systems of PDE.
Sufficient conditions for the stability of equilibrium solutions for a system of PDE were
derived by Massera [12|. The application of Lyapunov stability theorem based on the
work of Zubov has been investigated by several authors. Hsu '13] applied this theory to
a nuclear reactor sy~tem. Wang (3] considered the stability of those evolution equations
whose solutions involve a semigroup property. There are also many other applications
wkich utilize Lyapunov functions directly to study special problems 114,15,16:. A

completely rigorous and abstract approach to the theory of Lyapunov stability for

* Argument of [ ] denotes the reference number.




infinite dimensional systems was studied by {17] and [18]. Stability study of an
equilibrium solution of a magneto-plasma dynamic (MPD) system for the special case,
where the plasma gquilibriurxi velocity is zero was addressed in [19]. In cases where a
system does not have an equilibrium state, the invariance principle provides information
about its asymptotic behavior. The invariance principle was first introduced by LaSalle
[20] for finite dimensional systems. The generalization of this principle for abstract
dynamical systems has been accomplished by Hale [21]. Applications and contributions
in the asymptotic behavior of an abstract dy.amical system have been investigated by

[22-26).

Other developments in the theory of DPS have come from advances in the control
theory applied to DPS. Historically, for finite dimensional systems, the concept of
controllability was introduced in the early 1960s by Kalman [27,28]. The concept of
controllability was extended to DPS initially by Fattorini [20-31], who investigated
controllability analysis of a heat equation. Subsequently, Triggiani [35] has developed
controllability and observability concepts for general DPS. Applications of these results
to the hyperbolic boundary value problems are reported in {36-40|. Other applications
of observability analysis for DPS of parabolic type are reported by {41,43). In the
process of the evolution of contrellability concepts for DPS, the theory of time optimal
control was extended to DPS. This theory was developed based on investigation of
many researchers, especially the work of Butkovskii and Lions [44,45|. Lions’ work is a
landmark in this category. Also, with more emphasis being placed on hyperbolic
boundary value problems, investigations of [46,47] can be recalled. Moreover, due to the
nature of DPS, the optimal control problem can be defined in terms of optimal locations

for sensors and actuators. Measurements at certain points in the spatial domain of the
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system may yield more information about the system than other points. Since the
number of sensors is generally governed by economical considerations, it is desirable to
locate the given number of measurement sensors at points that lead to the best estimates
of the system. The existence theorem for the solution of this optimal location problem
was proven by Bensoussan [48|. An algorithm for derivation of suboptimal sensor
locations based on eigenfunction expansion representation of linear DPS was developed
by Yu and Seinfeld [49]. The dual problem of optimal actuator location for DPS has

been investigated by Amouroux and Barbary (50].

Often, a control problem is concerned with stabilization as well as the
aforementioned performance optimization. Research on the problem of stabilizability in
infinite dimensional spaces was first initiated by Slemrod [51,52]. His work was
primarily motivated by hyperbolic systems, and he used a generalization of the
invariance principle to study stabilization of infinite dimensional systems in Hilbert
spaces. This problem was also treated using the spectral theory of unbounded operators
for stabilization of systems in Banach spaces by Triggiani [53). Stabilization of DPS

based on [52,53] has been applied to several classes of systems [54-56].

Finite order control problems for the stabilization of DPS has been studied by
Balas and Slemrod [57-59]. Balas [57] studied a flexible structure with pointwise sensor
and actuator to control a modal truncated model of the system, based on the original
DPS. The truncated model is not always controllable and/or observable. It is only
controllable when an estimate is determined to prevent spillover problems. This
estimate is related to the initial perturbations. In [58,50] boundary control of the wave
equation and a flexible beam subject to the boundary controls were investigated,

respectively.
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This study considers stability of two general models of DPS based on Lyapunov's
direct methods. The controllability and observability concepts based on abstract
dynamical system are analyzed anu their relations to stabilization by distributed and
finite order controllers are derived. Although the basics of stabilization by spectral
theory of unbounded operator is described, the fundamental approach for stabilization is

based on (52| and the invariance principle.
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CHAPTER 2 - MATHEMATICAL PRELIMINARIES

This chapter provides the mathematical bases and preliminaries for the following
chapters of this study to provide the reader with a quick review of the required
definitions and theorems. Additional details on these topics can be found in references

[60-85].

Vector Spaces

Definition 2.1. A real (or complex) vector space is a set X such that:
1. given any x,yeX, there is an element x + y in X satisfying
() x+y=y+x, YyX
(b) x + (y+z) = (x+y) + z, Yk,y,2eX
(¢) there is an element 0€X such that 0 + x =x, VWxeX
(d) given an xeX, there is an element —x in X such that x + (~x) = 0;

2. given any xeX and any number a¢F (F being a real or complex field), there is an

element axeX such that

(e) ofBx) = (af)x, for any o, 3eF and xeX
(f) (a+8)x = ox + Ix, Vo, JeF and xeX
(g) oalx+y) = ax + ay, VacF and x,yeX

(h) 1x =x, WxeX
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Definition 2.2. A subset W of vector space X is a subspace if it is a vector space with the

operations of addition and multiplication defined on X.

Definition 2.3. A sét of vectors {x;, Xy, ..., X, } are linearly dependent if there exists a
set of scalars oy, ay, ..., 23 €F not all zero, such that oyx; + agxg + *** + opx, = 0.
If no such set of scalars exists, then x,, x,, ..., X, are linearly independent.

Definition 2.4. A linear combination of a finite set of vectors x;, Xz, ..., X, is a vector of
the form ayx; + agxe + -+ + ayXx,, where o;'s € F.

Definition 2.5. Let W be any set of vectors in a vector space X. The set of all linear

combinations of elements of W is called the subspace spanned (generated) by W.

Definition 2.6. A set of {x, X3, ..., X, } is called a finite basis for a vector space X if it is

linearly independent and it spans X.

Definition 2.7. A vector space is said to be n-dimensional if it has a finite basis
consisting of n elements. A vector space with no finite basis is said to be infinite
dimensional. For example, the space of continuous functions on the domain ja,b] (called

Cla,b]) is infinite dimensional.

Normed Linear Spaces

Definition 2.8. Let X be a vector space over a real or camplex field F. A norm on X,

denoted By I}, is a real-valued function on X with the following properties:
a) (x> 0if x+#0 and lIx il =0 for x = 0, for all xeX

b) llaxll=vbavblixl, for a¢F
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¢c) Ix+yl<lxi+llyl) for x and yeX

Norms can be constructed in different ways.

If x = {x; vbi=1,2...,n.}

then for infinite dimensional space X, n — 20, the following is defined:

1/P

. i
> X <oc,and P 21

Qmméwh=‘l
x=

NSV
: N2
¢; norm = I+ ll,, =[L Xi] < o0

1=1

€ 21l =Sup vbx; vb
{
) 1/2
L, norm 2 lif g, = [{ vbf(t)vb dt] , f(t)efunctional space X
L;, Lo norm are defined correspondingly.

Definition 2.9. A linear vector space with a norm Il I is called a normed linear space

and is denoted by (X, II- Ik).

For example, the sets of real (and complex) numbers R® (and C®) are linear

normed spaces with norm:
2 1/2
lIx Il = [}: vbx; Vb2] eR® (or xeC®, respectively)
1

The previously mentioned vector space C|a,b] of continuous functions on the interval
(a,b] can be turned into a normed linear space by defining the norm

1/2
b /

fll=1] f vbf(t)vb®dt e Cla, b)

a

or
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HEN = Sup {vbf(t)vb: a <t <b} e Cla,b]

where each norm can be proven to satisfy the properties (a), (b), (c) in definition 2.8.
Lemma 2.1. For vectors x = {x,, ..., xo} and y = {y}, ..., Yo }

n
3 vbx; vb?

=1

n —
vb ¥ xiy; vb? <

jm=1 im]

[fj vby, vbz] = lIx P Iy 1P

where y denotes complex conjugate of y. This inequality is called Cauchy-Schwartz

inequality.

This same inequality is true for infinite dimensional spaces

b b b
vb [ f(t) g(t) dt vb? < ([ vbf(t) vb? dt) ([ vbg(t)vb? dt)

< Uf(t) 1B Ng(t) IP

Definition 2.10. A subset S of a normed linear space X is called bounded if there is a

number M such that lix Il <M for all xeS.

Definition 2.11. A map F: X—Y between two normed linear spaces (X, IlI*I}) and

(Y, I 1) is said to be continuous at x,€X if for a given ¢ > 0 if there exists a § >0

(6 = &(€,x,)) such that

IF(x) — F(x,) Il <e
whenever llx — x, | < 6.

Definition 2.12. A sequence {x,} in a normed linear space (X, lI- IL.) converges to x, if

lim llx, — %, Ik =0.
n—o0

Continuity and convergence are closely related and a map F : X — Y is continuous if

and only if (iff)
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lim F(x,) =F( lim x,)

nD—+OC o=-+30

Example 2.1. The sequence {f,(t)}, where f, =e™®' and f, ¢ C[0,1], converges to

0fort#0
F(t) =
lfort=0

in both L,, and L, norms. It is clear that F(t) € C[0,1]. If one considers F,(t) = 0 for

all t[0,1], then {fy(t)} converges to F,(t)eC[0,1] in the L, norm but {f,} does not

converge to Fy(t) in L, norm.

Definition 2.13: Open and Closed Set. A set A in a normed linear space X is closed if

all convergent sequences in A have their limit points in A.

A set A is open if its algebraic complement is closed. Alternatively, a set A is open
if for any point x€A, there is ¢ > 0, such that the set {y:llx—y |l < €} is wholly contained
in A. The closure of a set can be formed by adding all limit points of sequences in A to

A, and is denoted by A.

Definition 2.14: Cauchy Sequence. A sequence {x,} of elements in a normed linear

space (X, II- i) is termed Cauchy if
I, —xgp Ik =0 asm,n—2c.

Definition 2.15. A normed linear space is complete if every Cauchy sequence defined on

that space converges to a limit point in the space. A complete normed linear space is a

Banach space.

Theorem 2.1. The space C[a,b] with norm IIfll=Sup{vbf(t)vb:a <t <b} is

complete.
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The space of continuous function with the square integral norm (Ly) is an
incompiete space. This fact is clear from example 2.1. The space of L;[a,b] (square
integrable functions) provides the completion of C|a,b] with respect to L, norm. Thus,
L;[a,b] contains all functions which are the limits of continuous functions in the sense of
mean square (L?) convergence. This property of L%[a,b] will be more elaborated under

the topic of distributions and Sobolev spaces.

Definition 2.16. A subspace S of a normed linear space X is called dense in X if its

closure with respect to the norm is equal to X.

Equivalent Norms

Definition 2.17. Let lI:1l; and I| I, be two different norms on the same vector space X.

A norm [l Il is called equivalent to Il I, if there are positive numbers a and b such that

allxlhy <llx I<bllxlly, WxeX

It is easy to show that if lI- ll; is equivalent to II- ll,, then li- ll, is equivalent to - I,

with bound coefficients replaced by b~! and a~!.

Theorem 2.2. If a sequence converges with respect to one norm, then it converges with

respect to any norm equivalent to it.

Corollary 2.1. If a space is complete with respect to one norm, then it is complete with

respect to any norm equivalent to it.

Theorem 2.3. In a finite dimensional space, all norms are equivalent.

Operators on Vector Spaces




—
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Definition 2.18. Let X and Y be subsets of two vector spaces M and N, respectively. An

operatdr, mapping or transformation T : X — Y is a rule which associates any given xeX
with an element of Y and is denoted by Tx or T(x). This mapping may also be implied

by x vb— Tx, which implies "x is mapped into Tx".

The sets X and Y are called the domain and range of T, respectively. The vector

Tx is called the image of x under T.

Definition 2.19. A mapping T:X —X, where X is a subset of a normed linear space N,

is called a contraction mapping if there is a positive number a < 1 such that
Tx — Tyll<allx —yli for all x,yeX

Theorem 2.4. If T:X — X is a contraction mapping of a closed subset X of a Banach
space, then there is exactly one xeX such that Tx =x. The point x in this
transformation is called the fixed point. This theorem gives proof of existence and
uniqueness and a computational method for finding the solution (fixed point) of

differential and/or integral equations.

Compactness

A bounded region in a finite dimensional space has a finite volume. Successive
applications of an operator T to a point provides a sequence of infinite points. Since
these infinite number of points are contained in a bounded volume, then the sequence of
operation converges to a limit point, which is the fixed i)oint of T. But in an infinite
dimensional space, even a bounded region is so large, due to the infinite number of
dimensions into which it extends, that a sequence can wander through the region

indefinitely. Therefore, the sequence never converges and never reaches a fixed point. In
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infinite dimensional spaces compactness is used to define boundedness.

Definition 2.20. A subset S of a normed linear space X is compact if every infinite

sequence of elements of S has a sub-sequence which converges to an element of S.

In finite dimensional spaces, closed and bounded sets are the same as compact sets.

However, closed and boundedness are not sufficient to give compactness in the infinite

dimensional spaces.

Linear Transformations

Definition 2.21. A linear transformation, T, from a linear space X to a linear space Y

over Fisamap T : X — Y, such that

T(ox + By) = oTx + BTy
for all x,yeX.

Definition 2.22. T : X — Y, were X and Y are normed linear spaces, is said to be

bounded if

NTx I < K lix

for some constant K > 0 and all xeX.

Definition 2.23. If T is a bounded linear transformation between two normed linear

spaces X and Y, one can define /IT Il by

I Tx ly
ITI = Sup “—X“x—

0
xeX

Definition 2.24. If X and Y are normed linear spaces, then one can define the space of

all bounded linear transformations T : X — Y by £ (X,Y) with the norm defined in

__)
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Definition 2.23.

Definition 2.25. If T is a linear operator (transformation) defined on its domain

D(T) C X with range R(T) C Y, then the graph G(T) is the set

G(T) = {(x, Tx), xeD(T), TxeR(T)}
in the product space X X Y. The linear operator T is closed if its graph G(T) is a linear

subspace of XXY.

Definition 2.26. A linear transformation over pace X, which maps it into F, is called a

linear functional
T:X—F

Theorem 2.5 (Hahn-Banach Theorem). Every continuous linear functional h : M — F

defined on a linear subspace M of a normed linear space X can be extended to a

continuous linear functional H on all of X with preservation of norm.

A useful corollary of this theorem, which will be used in the controllability and

observability analysis of the system, is given as follows:

Corollary 2.2. If E is an arbitrary subset of a normed linear space X, then span E = X if

and only if the zero functional is the only functional which vanishes on all of E.

Definition 2.27. Dual (conjugate) space of a normed linear space X is the normed linear

s; - ce of all bounded linear functionals on X. One can write this space as £ (X,F) or X*.

Definition 2.28: Inner Product. An inner product on a linear space H defined over the

complex or real field F is 2 map <,- >:HXH —F such that
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(a) <ox + By, 2> = a<x,z> + 3<y,2>
(b) <X¥>=<y,x>

() <x,x>2>0and <x,y>=0ifx=0

for x, y, 2z, ¢ H,and o, S ¢ F.

A linear space H with an inner product <:," > is called an inner product space.

Definition 2.29. A Hilbert space is an inner product space, which is complete as a

normed linear space with the norm defined by inner product.

lx iy = <x,x>

Definition 2.30. An orthonormal space of a separable Hilbert space, H, is maximal if

H =span {¢;}. Then for any xeH, the Fourier expansion is

x=3 <x $>4
i=1

One of the most important properties of a Hilbert space is the simple

representation of its dual. The following theorems illustrates this representation.

Theorem 2.6: (Riesz Representation Theorem). Every bounded linear functional in a

Hilbert space H can be written in the form <x,y,> where y.¢H is uniquely determined

from T(x).
T(x) = <x,y,>, YxeH

Theorem 2.7: (Lax-Milgram Theorem). Let H be a Hilbert space and let B(x,y) be a

complex valued functional defined on the product Hilbert space HXH, satisfying the

following conditions:
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i. Sesqui-linearity, i.e.,

B [(alxl + azxz)»}’] = a1 B(xy,y) + 23 B(x2,y)

and

B [X,(ﬂl)’l + 32}’2)] = /~_31 B(x, y1) + 4—32 B(x;,y2)

where B,, Bz are complex conjugates of J;, J, respectively.
ii. Boundedness, i.e., there exists a positive constant ~ such that

vbB(x,y) vb < ~vlix - llyll

iii. Positivity, i.e., there exists a positive constant ¢ such that
B(x,x) > §lix If
Then there exists a uniquely determined bounded linear operator Se¥£(H,H) with a
bounded linear inverse S™!e#(H,H) such that

<x,y>=B(x,Sy); IsSl<1/s

and

<x,S7ly> =B(x,y); ISTlI<~

This theorem can be used in relation with equivalent inner products and norms.

Theorem 2.8. Two inner products defined on a real linear vector space H are equivalent

if and only if there exists a symmetric bounded positive definite linear operator

Se#(H,H) such that

<X,y>y = <x,Sy>;

where the indices identify the inner product in Hilbert spaces 1 and 2. Because

B(x,y) = <x,Sy>;, it can be concluded that <x,y>, is sesqui-linear, bounded and

positive due to the properties of S, and that <x,y>, satisfies all the properties of an

inner product. Hence the norms defined by these inner products are equivalent. The
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application of equivalent norms yields the derivation of the stability properties of the

generél operators (A) in differential equations of the form

- i=Ax,

from the knowledge of the properties of the operator A. The concept of equivalent inner

products can be extended to complex Hilbert spaces.

Definition 2.31. Let A ¢ & (H), then the adjoint operator A* is defined by

<AX,y> = <x,A*y>forallx, ye H.

This suggests that for bounded operator A, the adjoint is a transpose of its complex
conjugate. For unbounded operators, where x ¢ D(A) and y € D(A*) with D(A) being
dense in H, it can be shown that if A is closed, then D(A*) is dense in H and A* is

closed. Hence

A*¥* = A
For example, if
Au = %lti ) %‘:— e H=1L,(0,T), with u(0) =0
T du
<Au,v> = [ — v(t) dt
o dt
T dv
=u(T) v(T) — [ u(t) — dt
. dt
du
th Ay = ———
en I

where u, and %% € H with u(T) =0.

Distributions

Definition 2.32. The support of a function f:R —C is the set {x:f(x) # 0}, written as
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supp(f). A function has bounded support if there exists numbers a,b such that

supp(f) C [a,b].

Definition 2.33. Letting () be an open set in R®, then the function f: {2 — C is n times

continuously differentialable if its first n derivatives exist and are continuous. The
function f is denoted by feC"({2). f is smooth or infinitely differentiable if f ¢ C*. The

set C2(f2) consists of functions in C®(f2), which vanish outside a compact subset  C (L.

Definition 2.34. A test function is a smooth R — C function with bounded support.

The set of all test functions is called 2.

Definition 2.35. A linear functional on 2 is a map f:2 — C such that

f(ad + by)) = a f(¢$) + bf(t) for all a,beC and ¢,1e2.

Definition 2.38. A sequence of test functions ¢, converges to a limit point ¢ in &, if (i)

there is an interval [a,b] containing supp(¢) and supp(é,) for all n, and (ii) for any k,

d>$,“) (x) — Y (x) as n — oo, uniformly for xe[a,b], where #%) is the k-th derivative of .

Definition 2.37. A functional f on 2({1) is continuous if it maps every convergent

sequence in Z£({2) into a convergent sequence in C; that is, f(o,) — f(0) whenever

¢y — & in D. A continuous linear functional on & is called a distribution, namely

£ = [ f(x) ofx) dx = <f,o> ={(¢) VoeZ(()

The set of all distribution in the compact support {1 is denoted by :?'(Q).

Definition 2.38. Two distributions f and g are equal on (a,b) if <f,0> = <g, o> for all

€D such that supp(4) C (a,b).
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The delta distribution, 4, is defined as
<6,¢> = ¢(o) forall ¢in 2.

Definition 2.39. The derivative of a distribution f is a distribution f defined by

<, ¢> = —<If,¢'> for all ¢eD.
Similarly, higher order derivatives can be written as
<D, 6> = (—1)® <f,D%¢> .
A formal partial differential operator defined in an open subset { of R® can be

shown in abbreviation by

r= Y a(x)¢

vbivb<m

where the highest order of differentiation is m, symbol J denotes an index, i.e., a k-tuple,

k
J= (jl’ j2’ sesy jk)) and vbJvb = 2 Ji =k,

i=1

N o
axllx ax.lzz e ax.:lk

The adjoint operator of 7 is

I (-1)’5#[aj(x)aj]

vbIvb<m

Definition 2.40. Let 7 be a formal partial differential operator defined in open set (2¢R®

with real coefficients aj(x) e C*(Q). If fe2'(Q), then f will denote a distribution defined

by the following equation
() (4) =1f(*0), #eC(Q)

Sobolev Spaces

Definition 2.41. Letting {1 be an open subset of R® and let K be a non-negative integer,
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then

(i) the set of all distribution fe2 such that & feLy(f2) for all vbIvb <K will be
denoted by HK(Q) This space is called Sobolev space, which is an inper product

space mapping each pair f,g

<feg>xk = % [ 3Mx) Pelx) dx

vbIvb <K 0

The norm based on this inner product is

I T = [<ff>K] o

(i) the space HX(Q) is the closure of CX(f)) in the above norm, similar to the space

H* () = Ly(£), which is the closure of C(2) in Il l; norm.

(iii) the symbol HX () will denote the closure of CX((2) in Il lx norm.

Lemma 2.2: Letting ( be an open set in R®, then the space HX({) of the preceding
definition is a complete Hilbert space and the space Hf,((ﬂ) is a closed subspace of HK(Q)

In addition,

HO(() € HO() = L(Q)

HXY () CH

() K>0
HE () CHG(Q) K>0
Theorem 2.9. Letting {1 be a bounded open set in R® and J(), the boundary of ), be a

smooth surface with no interior point to {(= Q@ AdMN), then H®(N) CCX(Q), where m

and K are integers with m > K + n/2.

Theorem 2.10. If (1 is as given in the preceding theorem, then the mapping

H2 () = H®"!() is compact.
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CHAPTER 3 - DYNAMICAL SYSTEMS AND LYAPUNOV THEOREMS

Distributed Parameter System (DPS)

In this section DPS and lumped parameter systems are compared and general
properties of these systems are described. The dynamics of distributed systems are often
expressed by a set of partial differential, integral or differential delay equations, as
opposed to lumped parameter systems which are described by a set of ordinary
differential equations. For distributed systems, the state variables are functions of time
and another set of parameters, whereas lumped parameter systems are only dependent
on time. In many physical systems the states of DPS are functions of time and spatial
coordinates. Fig. 3.1 illustrates the analogy between DPS and lumped parameter
systems. In this figure, at each instance of time, the state of a lumped parameter system
is veR2. However, the state of DPS is a vector function of one spatial coordinate, x.
Therefore, each of the two states of the DPS, shown in Fig. 3.1, consists of infinite points
and belongs to an infinite dimensional functional space. This example reveals the
infinite dimensional nature of the DPS as opposed to finite dimensionality of lumped

parameter systems.

Semigroups and Abstract Evolution Equations

The simplest finite dimensional systems are linear autonomous systems which can

be formulated by

v=Av veR"® (3-1)

v(to) = v,

where v:[0,T] —R?® is the solution of the system. The operator (matrix) A is bounded,

AeZ(R",R"). Solution of the homogeneous system (3-1) is




- 28 -

% vit)

Yo
vy(t) vy (t,0) "2“"’
verd vev ([od), £
ort, vy >V T 3 v, () e V(t,X)
t . e
vie) = ht v, + [ Qh(e=Sly, vie,x) = T(t) v, & I T(t-8)Bu

o o

Figure 3.1 Comparison of finite and infinite dimensional systems.
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v = efty,
which satisfies

- dgt— [e‘“vo] = Aertv, — Av

where eAt is the transition matrix defined by,

2.2 D¢D
At _TpAar+ AL L LAY
2! n!

Usually, external effects such as body forces can be included in the above system
representation by a vector valued function g: te[0,T| —R*

v = Av + g(t) v(0) = v, (3-2)

The solution is then

t
v(t) =erv, + [ Al g(s)ds (3-3)
o
The excitation term g(t) can be represented in terms of a vector valued (input) function

u(t): [0,T] —R™ with g(t) = Bu(t) where B: R® —R".

In the case of distributed parameter systems, the mathematical description is
usually given by a set of partial differential equations. In order to generalize the results
from the finite-dimensional systems, the set of partial differential equations can be

transformed into an abstract form of equations (3-1) and (3-2).

v =Av veV [[0,(] , En] (3-4)

v(te) = v,

This formulation of the system is called the evolution or the state space equation. The
state space of the system V belongs to some Banach space or more commonly, to a
Hilbert space. The evolution operator A in equation (3-4) is applied to the v and it may

be a bounded or unbounded operator. An example of bounded operator is Fredholm

_-—-——
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integral operator for which,

3
Av = [ a(x,€)v(§,t) dE (3-5)
- [+ 4
where a(x,§) is the kernel of the operation. The unbounded operator is often in the form

of a derivative action which could map a bounded variable into an unbounded one. For

example, the wave equation

82V 32v
- C? i f(x,t) (3-6)
can be written as
ovy
X
8V2 32v1
— =C?* — t). 3-7
5 = C =+ (3-7)
Then the evolution operator A would be
r -
0 1
A=
CZ 52(') 0
axz
which is an unbounded operator because the S is unbounded.

The solution of the evolution equation (3-4) for infinite dimensional systems can be

given as

v{t,x) = T(t) v, (3-8)

where the operator T(t) (strongly continuous semigroup or group) is an abstraction of

operator e** with similar properties (66], namely:

(a) v(0;v,) = v, (i.e., at time 0, initial state is v,)




e
-31-

(b) v(t; +ta;v,)=v [tl; v(ta; Vo)] =v [tz; v(ty; Vo)]

(¢) v(t,v,) is continuous in t and v, (i.e., if one of them changes slightly, then the

solution should not be changed drastically).

Based on abstraction of the above conditions, the following definition can be given:

Definition 3.1. A C, (strongly continuous) semigroup is an operator T(t): R* =% V),
where £ (V) is the space of all bounded operators on V into V. The following properties

characterize a semigroup:
(a) T(0) =1
(b) T(t1 + t2) = T(t;)T(t,) t1, 12 >0

(¢) tlh{)l* T(t)v =, for all veV (i.e., T is strongly continuous at t = 0).

The operator T(t) will be defined as a C, - group provided t € (—oo, 20).

Fig. 3.1 depicts the similarity between e** and T(t) in deriving the finite and
infinite dimensional systems from an initial state v to a final state v(t). However, the
operator T(t) is applied to the state v instead of mere multiplication. Two examples of

semigroups are given here. These semigroups are generated from the evolution equations

below.,

For the diffusion process in heat or mass transfer, the governing dynamics is given

o _ v

—_—=

ot Ox?

The evolution operator A in this case is

+ f(x,t) , v(0,x) = vo(x) (3-9)
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2 & ()
(9)(2
By applying the Laplace transform to the homogeneous evolution equation, one can

A=a

determine the semigroup T(t) generated by this system. If ¥(s,x) is a Laplace transform

of v(t,x), then

§¥ — v, =a? gx—:— (3-10)
sV—a —-;L = Vo(x)
if v, is the green’s function for the system
o0
= T 609 = [ w [ate-] vle) et (11
-00
82Vh
svy — al peale ox)
v (+00) = vy(—00) =0
Vs vbxvb y
vh=CL"—T——}, ivh dx =0
-Vsvbxvb -Vsvbxvb
lim —a?— vb*t = +a? C Vs e a Vs e @ vb
J]e]—0 ox a € a —€

1 Vs
Vh = exp |——— vbxvb 3-12
2a Q 8 [ a ] ( )

From equation (3-11), ¥ can be calculated
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V= 7 f exp [— > vbx—€ vb] vo(£)d€ (3-13)

v=21 Tl— f exp[ va—Evb]Vo(E)dE'
8 -2

v = f dév, (&) £! 1 exp [~ S va—fvb]
—00 2a S

The inverse Laplace transform is [67]:

Pl {VI;' exp [—\/s_)\] } = Vl-ﬂ:exp (—-)\2 /4t] (3-14)
vbx—€vb

Therefore, for A =

—\7— [ exp[ ‘4;522] vo(€) d€ (3-15)

Hence, T(t) will be

T(t) [ —\7— I exp[ (x_i)z] []d¢ (3-16)

The semigroup for the first order wave equation can be derived in a similar way:

Ov ov

5 = ~u > +f v(0,x) = v4(x) (3-17)
- .90
A=—ug

Similar calculations results in the following form for the state of the system v at

time t:
v(t,x) = T(t) vo(x) = vo(x—ut) (3-18)

Theorem 3.1. Letting T(t) be a semigroup on R* to & (V), where V is a Banach Space,

then




»
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(a) WT(t)!is bounded on every compact interval of [0,o¢| such that IT(t) Il < Me~* for

some M; weR.

(b) T(t) is strongly continuous, on {0,00].

The proof of this theorem is given in [66].

Definition 3.2. The infinitesimal generator of a strongly continuous semigroup T(t) is

defined by A when

t—0~

Av = lim {-t— (T(t)v—v)}

veD(A)CV
It should be noted that in general, A will be an unbounded operator. The operator A is
closed, i.e., its range and domain converge to some element of their respective spaces. In

addition, the closure of the D(A) covers the space V, namely it is dense in V.

Theorem 3.2. Let T(t) be a strongly continuous semigroup on a Banach space V with

infinitesimal generator A. If v, ¢ D(A), then

(a) T(t)v,eD(A)fort >0

(6) = (T()%) = AT(t)v,) = T(t) Avo, t >0

dn

" (T(t)vo) = A*(T(t) v,) = T(t)A® v, for v, eD(AR); t >0

t

(d) T(t)vo — v, = — [ T(s)Av,ds;T >0

(e) D(A®)isdensein Vforn=1,2, --- and A is closed.

The proof is given in {62].

“
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For finite dimensional systems, the Laplace transform of e?* is L(e*!) = (SI-A)~!. This

can be gene.ra'lized to semigroups by the following proposition:

Proposition 3.1. If T(t) is a strongly continuous semigroup with infinitesimal generator

A, then Re(s) > w for se p(A). Where, p(A) is defined as the resolvent set of A, namely

p(A) = {S:(SI—-A)'l eZ (V); bounded linear operator on V } .

Note that w is given by

w = Inf {wz IT(t) | < Me’*; M, weR } .

where Inf is greatest lower bound of the set of w’s.

Theorem 3.3: (Hille-Yoshida Theorem). If

(a) Ais a closed linear operator on V such that D(A) is dense in V,

(b) (NI—A)~! exists for some weR and for every \eR such that A > w,

M
— -1 ———
(c) I(N-A) II<.>\ —; N> w,

then A generates a strongly continuous semigroup T(t) with the norm IIT(t)!l < Me"".

The proof of this theorem is given by [68].

Definition 3.3. Considering the strongly continuous semigroup T(t) with

ITt)I<Me”*  M>0, <
if w =0, then IIT(t) | <M and T(t) is called an equi-bounded semi-group with t > 0.

Definition 3.4. For equi-bounded semigroup when M =1,
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IT)<iy, t >0,
therefore T(t) is called contraction semigroup.
Contraction semigroups are very important in the stability theory of semigroups.
The contraction semigroups are closely related to the dissipative property of the
infinitesimal generator A of the semigroup T. To study the dissipative property of an
operator A, one needs to apply inner products. Hence, the Hilbert space would be a

natural space for the study of the dissipative property of operators.

Definition 3.5. An operator A defined on D(A) CH (Hilbert Space) is dissipative if

Re<Av,v> < 0 for every veD(A).

Theorem 3.4: (Phillips and Lumer Theorem). Letting A be a linear operator with

domain D(A} and range of A, both of which are in the Hilbert Space H where D(A) = H
(i.e., the domain of A denses in H), then A generates a contraction semigroup on H if
and only if A is dissipative with respect to the inner product defined on H and there

exists a A > 0 such that R(A\ — A) =H.

The proof of this theorem is given in [68]. It should be mentioned that if the

hypothesis of the above theorem is true, then one can derive

1
l—— 1< N1
(\N-A) — ’
for all A > 0. Hence, the Hille-Yoshida theorem could be used. By setting M =1, . =0
one can find
IT(t) I} < Me** =1

which indicates that the operator A generates a contraction semigroup.

Corollary 3.1. If A is a closed linear operator with dense domain in H, then A generates
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a contraction semigroup if and only if A and A* are dissipative. Note that A* is the
adjoint operator of A, given by:
- <x,Ay> = <A*x,y>

Thus far, the theory has covered the properties of an operator A with regard to
semigroups. In general, the operator A of an evolution equation can represent a
hyperbolic or parabolic problem. The specific problem which will be considered in
Chapter 5 is a hyperbolic system of the class

v=Lv ve(Lo(£2),E®)

The states, v, form an Euchidean vector space. The vector valued function v, where each
element of the vector forms a function which belongs to an infinite dimensional Hilbert
space, is defined on one dimensional spatial region (domain) {2 = x¢[0,€]. The operator L
is similar to the operator A previously discussed and is unbounded with the specific

form:

ov
v v
It is possible to establish the solution of this system of evolution equations in terms

of semigroups. The solutions of this general system, depending on the conditions

specified by dimension of E®, can result in either groups or semigroups ;69].

Dynamical Systems

The physical systems are modeled by the evolution equation of integro-differential
structure. It is often difficult to investigate properties of the motion of a physical system
based on its solution derived from a specific condition. To avoid this obstacle in the
evaluation of selected properties of the system, such as boundedness, stability and

asymptotic behavior, an abstraction of the physical systems is considered. This
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abstraction of mathematical models for the evolution of physical systems was first
proposed by Zubov [10] as dynamical systems. The significance of such systems is that

Lyapunov stability theorems can be applied to them.
Definition 3.6. A dynamical system on a metric space V is a mapping u: R* XV —=V
such that
(i) u(,v):R* — Vis continuous (right continuous at t = 0)
(i) wu(t,’) : V — V is continuous,
(iii) u(o,v) =v,

(iv) u(t+s,v) = u(t, u(s,v)),

for all t, seR™, veV.

For a dynamical system on a metric space V, the mapping u(,v): R* — V is

called the motion starting from veV.

From the properties of a C,-semigroup in definition 3.1, it is clear that every C,-

semigroup T(t) determines a dynamical system and vice versa.

Definition 3.7: (Linear dynamical systems). A dynamical system T(t) on a Banach space

V is linear if T(t)e£(V,V) for every teR", i.e., T(t) is a bounded linear operator on V.
From the study of semigroups it can be shown that for a linear dynamical system there
exists real numbers M, «, M > 1 and weR such that
IT(t) 1< Me™®  WteR*
A dynamical system may also be defined on a finite dimensional state space of a

finite order system. In this case, the linear dynamical system is denoted by the

semigroup exp(At). Therefore, the generation of finite and infinite dimensional

:—




-39-

dynamical systems can be investigated by using the theorems regarding the generation of

semigroups and from the equivalency between semigroups and dynamical systems.

Some definitions related to the motion of a dynamical system are provided below

to enhance the analysis of the general motion of a system.

Definition 3.8. An orbit (positive orbit) v"(v,) in V is the union of all solutions of the

dynamical system T(t) for all times t 2> o, i.e.,

¥ v) = U (v

This definition represents a specific trajectory of the system for all times t > o.

Definition 3.9. If T(t) is a dynamical system on V, then the set IICV is called a positive
invariant under T(t), where for every vell there exists a T(t)vell for all teR*. The set
I(y), which is positive invariant under T(t), is called an invariant set. Clearly, an
invariant set II exists if and only if the positive orbit (v) is bounded. In that case, [l
covers Y(v); therefore, H(v) can be chosen as any bounded set that covers 7(v). In a
study of asymptotic behavior of the motion of a dynamical system as t — oo it is often of
interest to find the smallest subset of [I(v) such that it has the same properties as II.
The task of ﬁﬁding this smallest subset could be achieved by considering a sequence of
projections on II. This leads to a limit set, namely, the smallest set of invariant sets.
Therefore, this process would become a basis for the definition of a positive limit set

below.

Definition 3.10. If for every veV there exists a set {)(v) such that as t, — oc, then

T(ty)v — v), that set is called a positive limit set. Alternatively, it can be shown that
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Q) = N [Ce Y Tl = 0 [CT(Y)

where C€ mean the closure of the set. Fig. 3.1 shows the schematic of invariant sets and

limit sets for finite dimensional systems in V = R? and an infinite dimensional system in

V = ([o,¢),E?).
P
e » e'“
5
/J\
‘
L&: L/ )
3
a) Invariant set M in V = Rz
* ‘vl(t'l)
Vl(eoo’ ?

vz(t.o)

x=0 oY 4
divy, M) = ¢ 4V, M) = ¢

b) Invariant set M in V = Lz([oJ], Ez)

Figure 3.2 Invariant sets of finite and infinite dimensional systems.
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From the definition of limit set it is clear that (Yv)CCé~(v). As mentioned
earlier, if Y(v) is bounded, then [I(v) exists for finite and infinite dimensional systems.
For finite dimensional dynamical systems, the boundedness of ~(v) would be sufficient to
guarantee the existence of the limit set {}(v) as a limit set of the invariant set II(v).
However, for infinite dimensional dynamicai systems, mere boundedness of ~(v) would
not be sufficient for the existence of {}(v). In this case, the limit set {)(v) is nonempty if
~(v) is compact (precompact if V is complete). More specifically, this can be stated in

the form of the following theorem:

Theorem 3.5. If V is complete and ~(v) is precompact, then {}v) is nonempty, compact,
connected and invariant, and T(t)v —(v) as t —oco. In addition, if T(t)v—IICV as

t — o0, then {}(v)CC¢II [26]. O

Although most of the alorementioned materials can immediately be used to cover
the invariance principle, this discussion will be continued after the presentation of the
Lyapunov stability results. Some of the preliminary concepts and definitions which are

instrumental in Lyapunov’s direct method are provided in the section below.

Definition 3.11. For a dynamical system {T(t)}tzo on a metric space V, the state v, is

called the equilibrium state if T(t)v, = v, for all teR*. In the framework of limit sets

| Qve) = {Ve}'

Definition 3.12. Letting {T(t)};>, be a dynamical system on a metric space V, the

continuous functional £:V —R is called a Lyapunov functional for {T(t)};>, on V if

£ <0 for every veV. The function &:V —@R is defined by
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 =tim inf -tl- [L(T(t)v) — 2(v)]

From this definition, it is clear that & does not need to be continuous and in this case, is

taken as the right derivative of £.

Theorem 3.8. If {T(t)};>, is a dynamical system on metric space V and &£:V —@& is

Lyapunov functional for all T(t)veV for te[0,00), then
(i) Z£(T(t)v) is non-increasing with
t -
L(T(t)v) = Z(v) + [ L(T(r)v)dr ‘re[0,00) (3-19)
o]

(ii) In addition, if .?(v) < —a¥(v) for some a > o, then

L(T(ty) <& 2v). (3-20)
Proof:
Part (i) - Since Z(T(t)v) is absolutely continuous from the extended fundamental
theorem of calculus, then equation (3-19) will be derived with its integration defined in

the sense of Lebesgue. Therefore,

L(T(t)) < 2(v) (3-21)
Part (ii) -

From equation (3-21)
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Z(T(t)v) £ L(T(7)v) Wrelo, 4
£(v) — L(T(t)v) > ot LT(t)v)

Z(v) 2 (1 + at) Z(T(t)v)

Dividing t by n and applying the same inequality for duration of t/n results in

2(v) > (1 + at/n) L(T(t/n)v) > (1 + at/n)® L(T(2t/n)v)

or

Z(v) > (1 + ot/n)® L(T(t)v) .

As the number of time divisions approaches infinity, then the

lim (1 + at/n)® =e**

n—+00

Hence

L(T(t)y) <& 2v). 0
If the Lyapunov functional £ is defined on some subset GCV instead of V, the subset G

must contain the positive orbit of the system ~(v); namely, G must be an invariant set.

Lyapunov's Direct Method

The importance of the Lyapunov stability method when. using Lyapunov
functionals is to make statements about the stability of a dynamical system. In the
dynamical system {T(t)}tzo, one must know the characteristics of the mapping T(t)v or
the trajectory of the system. The Lyapunov approach is based on making statements
about the system characteristic by showing non-increasing property of a Lyapunov
functional £(T(t)v). This process does not require explicit apriori knowledge of the
T(t)v. In this section, preliminary concepts and related definitions and theorems of

Lyapunov stability are given.

Definition 3.13. For a metric space V with the metric d(v,v;), where v,,vq¢V, the
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distance of a point v; from a set KCV is defined as:

d(vy,K) = iné d{vy,v)  Y~;€V and veK .
vE
If one knows the "distance” between a point and a set in a metric space, then the

stability in the sense of Lyapunov can be determined.

Definition 3.14: (Stability of a motion). A particular motion of a dynamical system

{T(t)}t>o is stable if for every € > 0 there exists §€) > 0 such that d(v;,v,) < § implies
d(T(t)vy, T(t)ve) <€ for every vy, v3¢V and teR*. The motion T(:)v; : R* —V is
called asymptotically stable if it is stable and there exists 6 > 0, such that d(vy,vy <$
implies that d(T(t)v,, T(t)v) —0 as t — oo for every v;, v2¢€V. The motion
T(*)v; : R* — V is called exponentially stable if it is stable and there exists § >0,
afd) >0, and M(8) < oo, such that d(vqy,ve) <6 implies

d(T(t)v1, T(t)vs) < Me *'d(v;,v;) for every v;, v2€V and teR*.

Definition 3.15: (Stability of a set). A set G in metric space V of a dynamical system

{T(t)}i>o is stable if for every € > o there exists 5€) > 0 such that d(v,G) < § implies
d(T(t)v,G) < ¢ for-all teR* and veV. The set G is called asymptotically stable if it is
stable and if there exists § > o such that d(v,G) < § implies that d(T(t)v,G) — 0 as
t — oo for all veV. The set G is exponentially stable if it is stable and if there exists
6 > 0 such that d(T(t)v,G) < Me **d(v,G) for some () > 0 and M(6) < o and for all

veV.

Clearly, if the equilibrium state Ve exists for a dynamical system, then the stability
of equilibrium can be regarded as the stability of the set {(T(t)v.)} = {v.}. The
following theorem gives the stability conditions for equilibrium based on Lyapunov

functional approach:
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Theorem 3.7. The equilibrium state of a dynamical system {T(t)}tZO is stable on the set
of all states v with d(v,v,) <r and r > 0, if there exists a Lyapunov functional £ on the

set G

G = {V:d(v,v,) <r},

such that

Z(v) 2 Z(ve) + f(d(v,ve))

The functional f(*) is a monotone function, f(*) : [0,r) — R* with f(0) = 0.

In addition if #(v) < —gld(v,ve)] for all véG and some monotone function
g(*): [0,r) = R™, g(0) =0, then the equilibrium state is asymptotically stable. The

proof of this theorem is presented in Appendix A. a

An extension of this theorem for dynamical systems can be given accordingly in

the space of perturbed states from the equilibrium, namely, veV.

Theorem 3.8. An equilibrium state of a dynamical system is stable with respect to a
metric d if there exists a Lyapunov functional & on the set G = {¥eV|d(¥,0) < r},

where v = (v—-ve)e\? (space of perturbation) and & satisfies the following conditions:

(i) &£ is continuous and positive definite with respect to d(¥,0) on the G C V.

o 4L . . . . . -
(i) prals negative semidefinite. Proof is by a restriction of theorem 3.7.

Theorem 3.9. An equilibrium state of a dynamical system is asymptotically stable with
respect to a metric d if there exists a Lyapunov functional £ with the conditions given
in theorem (3.8), as well as £(d(¥,0)) — 0 as t — 4o00. Proof is provided by theorem

3.8 and definition 3.15.
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Lyapunov’s Method for Stability of Linear Systems

Consider the abstract linear evolution equation of the previous section:

v=Av v(0)=v,, (3-4)
where the operation A generates a semigroup T(t) on Banach Space V. One can define a

stronger criterion for the stability of this system by defining the notion of exponential

stability.

Definition 3.16. The system with the above evolution equation (3-4) is exponentially

stable if for a given w there exists
ITE) I <Me™, t >0.
Note that exponential stability implies asymptotic stability but the converse is not

always true.

Theorem 3.10. Letting operator A in the evolution equation (3-4) be generator of a
semigroup T(t), then the null solution of (3-4) is asymptotically stable if there exists a

Lyapunov functional L(v) such that L(v) > 0 and L(v) < —y liv I for veD(A).

As addressed in the Lax-Milgram theorem (2.7), if the - Il is a Hilbert norm with
D(A) =H, then any Lyapunov functional with bilinear form L: (HXH) — R can be

made into an inner product of the form L : (v X w) — <v, Sw>, where S is ‘vmmetric

real bounded operator.

Hence, an equivalent form can be defined livlh = <v, v>, = <v, Sv> and

a<v,v> <l I} < 3<v, v>.

By this equivalence relationship, the existence of a Lyapunov functional would

result in the existence of an operator S with the aforementioned properties. The
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resulting Lyapunov functional, by hypothesis, satisfies
L(v) =L(v,v) = <v, Sv>.

L(v) = lim 1 L(T(t:)v, T(t)v) — L(v,v) } -1/t

t—s0

= lim {L((T(t) + I)v, (T(t) — v } 1/t = 2L(v,Av) = 2<v,SAv> = 2<v,Av>,

t—o

L(v) = 2<v,Av>y < —y v IR < L iivid

In addition,

AV, vy — <AV, v, = <\ = A)v,v>, < I(A=A)v lp lIv

or

<AV, V>,
<v,v>y

<Av,v>
where the hypothesis AT < -1

<V, v>y [ A — < UN-A) Iy liviE

<v,v>, — 2a
<AV, v>, | 7! -
—A (1= N\ — 2 \ 4+
IN=A Il < S| S 2a]
» 1
I(=A) lp < — 2
N+ -
2cx

Using the Hille-Yoshida theorem, this relation illustrates that operator A is the generator
~

of a semigroup T(t) such that

¥

~—t

IT(t) Il < Me %

which is a condition for exponential stability.

The Invariance Principle and Asymptotic Behavior

The Invariance Principle provides information about the asymptotic behavior of
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motions as t — oo, whether or not an equilibrium exists.

As shoﬁ in theorem (3-5), if the positive orbit ¥(v) is precompact in a complete
state space V, there-exists a limit set {)(v) such that the motion of the dynamical system
at infinity will approach it. The method used to locate this limit set in the absence of
explicit knowledge about the motion of the dynamical system {T(t)};>, is provided by

LaSalle’s Invariance Principle {21].

Theorem 3.11: (Invariance Principle). If {T(t)};>, is a dynamical system on a metric

space V and there exists a continuous Lyapunov functional £ :V — R on aset GCV
such that £ < —W(v) for all veG, where W:G —R* is a positive lower semi-
continuous and «(v) C G, then {Yv) <~ M*. The set M* is the largest invariant subset of

the set M;,

M, = {Vea | .‘é’(v) = O} .
In addition, if V is complete and ~(v) is precompact (compact), then T(t)v — M™ as
t — 400. As shown later in this manuscript, this theorem will be used to derive

st;abilizability conditions. The proof of this theorem is given in Appendix B. Q

Stability from Spectral Method

Another alternative theorem for stability analysis of dynamical systems originates
from the spectral properties of the evolution operators for these systems. One of the
major insufficiencies in the application of the spectral method, as opposed to Lyapunov
method, is the restriction of the former to linear dynamical systems. For infinite
dimensional systems, spectral analysis gives the necessary conditions, whereas

Lyapunov-type analysis provides sufficient conditions for the stability of the system.
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For finite dimensional linear dynamical systems, the spectrum of the evolution
matrix A consists of a finite number of eigenvalues X\ (point spectrum). The system is

stable if and only if no eigenvalue of the system has a positive real part, i.e.,

(a) Sup Re(M\) <0 Aéo(A)
The system is asymptotically stable if and only if

(b) Sup Re(\) <0 Xeo(A)

and it is exponentially stable if

() Sup Re(A\) < =6 for some § > 0 and Xeo{A) .

For infinite dimensional systems with the evolution equation (3-4), the spectral analysis

would give the following three types of spectrum:

(i) point spectrum op(A), which is the set

op(A) = { X : (\I—A)™! does not exist }

(ii) residual spectrum og(A), which is the set

or(A) = [ X : Range (\I[—A) is not dense in state space V }

(iii) continuous spectrum oc(A), which is the set

oc(A) = [ X : Range (A—A) is not continuous } .
Requirements (a), (b), (¢) provide necessary conditions for the types of stability under

consideration. To relate these conditions to sufficiency conditions, one can define:

W= Sup{Re N XEO‘(A), G'(A) = UP(A) n O'R(A) n O'C(A) }
This number is called the lower index of stability. The upper index of stability is

defined as [53]
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7 = inf {w ST I < Me"‘}
where T(t) is the semigroup generated by the system of equation (3-4). In general, . is
less than &. However, the condition where these two indices are equal is called
“spectrum-determined growth assumption.” Under this assumption, conditions (a), (b},
(c) will be necessary and sufficient conditions for their respective forms of stability. The
spectrum-determined growth assumption is true when the semigroup T(t) is compact
[54). It is clear that the compactness of the semigroup T(t) is directly equivalent to the
compactness of positive orbit of dynamical systems. Therefore, the compactness
condition is a common necessity in both spectral and Lyapunov stability analysis.
However, spectral analysis is not directly applicable to nonlinear systems unless the

system is linearized and the analysis is performed in the local sense.
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CHAPTER 4 - APPLICATION OF LYAPUNOV'S STABILITY TO

MAGNETO-PLASMA DYNAMIC SYSTEMS

Motivation to Study MPD System

Recent increases in space missions and the construction of the space station has
attracted attention to new alternatives to chemical propulsion systems. One such system
is categorized and known as the electrical propulsion engine. In general, ele;:tric rockets
should be able to develop considerably higher specific impulses than chemical or nuclear
ones. However, this gain in specific impulse requires massive energy conversion
mechanisms. To avoid this, the electrical rockets generally provide lower thrust for

navigation in low gravitational fields.

The propellant of an electrical rocket consists of either charged particles,
accelerated by electrostatic forces, or an electrical conducting fluid (plasma) accelerated

by electromagnetic and/or pressure forces.

In the present work, the modeling and analysis of steady magneto-gas-dynamic
flow accelerators, among other categories of electromagnetic accelerators, are considered.
The study of MPD stability has been divided into two parts. In the first, addressed in
the present chapter, the stability of wave motion due to the combination of an external
(applied) magnetic field and induced electro-magnetic field on the plasma, perturbed
from rest condition, has been investigated. The second part, addressed in the following
chapter, includes a study of the stability of wave motion when the flow is perturbed

from a non-zero velocity equilibrium state.

MPD System Model
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The plasma dynamic equations for a magneto-plasma dynamic system are listed in
Appendix C in their general form. These equations consist of Maxwell’s equation, Ohm’s
law, conservation of electric charge, equation of state and a set of mass, momentum and
energy equations [70]. It has been assumed that the plasma is originally at rest with
pressure P, temperature T,, and density p, with a uniform external magnetic field H,

present, but no applied electrical field.

If the plasma is perturbed by a small disturbance, then the state of the system is a
combination of equilibrium and perturbed states, hence the instantaneous pressure,

temperature, density, electric and magnetic fields and current density can be written as

P =P, + P'(x,t)
T =T, + T(xt)
p=p, +p(xt)

-

=TEg(x,t) +J Ey(x,t) + k Ey(x,t)
ﬁ=T[H,+h x,c)] [H,+ y(x,fc)] + X byfxt)
T =TI (x,t) +7 Jy(x,t) + k Jy(x,t) .

In the case of a neutral plasma, i.e., po = 0, the number of ions and electrons per volume
of plasma are nearly equal. The application of perturbations results in a set of linearized

governing dynamic equations of perturbed states [70]. Following the modeling results

) . o Jhy chy
presented in Appendix C, and considering the fact that — = "
(QX 8

=0, it is then

possible to distinguish between two modes of wave propagation, the transverse mode (z-

direction) and the longitudinal mode (x-y direction).

(i) Transverse Mode. The equations governing the transverse mode are:
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ZTZ=AZ’ =hb,wT, 0<x<e, t>0 (4-1)
[ & 3
- BaE T
A= 4-2
Vz i , 32 ( )
Hy ox = o2
1 He .
where vy = ™ and V, = ;—Hx. The parameter Vy is defined as the x-
e o

component of Alfven wave speed [70].

(ii) Longitudinal Mode. The state equations for this mode can be reduced to

<¢ 2 (4-3)
[ g 5 5
vt 9 5
Hx ?a? UE‘T 0 0 0
A= _X?i 9 0 iu_ai —RT 9 —RT o (4-5)
Hy ox 3 ox2 " 5% " 9
0 0 —% 0 0
R 9 K &
0 0 —— = —
CV ax 0 Pva 1‘_}x2
1

" ' " T’ U
where p = 4;;, T = —, Vy = Vf—Hy The parameter Vy is defined as
(o] aQ [s]

the y-component of the Alfven wave speed.

Lyapunov’s Functional and Stability Analysis
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In this section, the Lyapunov functional approach is applied to each mode of the

plasma dynamics. The stability results are derived and discussed.

(i) For transverse 1—node, equation (4-1), the boundary conditions are
Z(0,t) =0, Z(6,t)=0, Z(x,0)=Z, € L%([0,¢],E?) (4-6)

In order to apply the Lyapunov stability theorem to the equation of motion for the
transverse mode, one should first investigate whether this system generates a semigroup;
namely, whether the wave propagation in the transverse direction represents a
dynamical system. One way to study this property is to use the Corollary of the
Phillips-Lumer theorem, for which the adjoint operator must be derived. The domain of

operator A in (4-2), D(A) was defined as
D(A) = {(h,,W) : (b;,w) e HH NHL, X HE N H},} .

The variables h, and w each belong to a set of twice differentiable functions in Ly(x), for
which the first derivative in Ly(x) exists on the boundary S(Yx=0, x=€¢) and 0 is a
compact support of functions (h,,w). The set of functions in this domain, D(A), are
dense in the state space defined by the norms HJ X H3. The assignment of this normed
space is related to the choice of proper space for the generation of dynamical system and

stability results. Therefore, the inner product defined on V = HS X HS is <, >v
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. v () B
<u,Av>v.={ [ug,up] | V2 &) v &) v dx (4-7)
_Hx
p ) PVH &v, + H, 8v2.
={ (o1, e] ;— vy + v Py &

¢ ¢
= vgu,0vy |§ — vgduyvy |¢ + [ vgvi8fuydx 4 Heuy vy € — [ Hevy Oy, dx
[s} o]

2 € 2 '4
+ = upv, 1§ ~f ox viugdx + Lugdvy |6 — v Gugvy |€ + [ vy 8uydx
H, > Hy o
(4-8)
After the substitution of boundary conditions
uy(0) =uz(0) = vy(0) = vy(0) = 0
Ui (€) =uy(€) =v,(€) =vy(€) =0
The inner product becomes:
V2
¢ () —== ()| [u
<u,AV>v =f [vl! v2}T g () Hx () {ul] dx
° -H) vee) |
= <v, A*uDy = <A*y, v>v .
Hence,
2
v
*() —==a(
ax |0 =8 () (1:9)

If A is dissipative, then, Re <v,Av> <0. If, instead of V= HS XH3, an equivalent

inner product space V is considered as
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<. 20v =<.,P.>y

where P is positive definite and self-adjoint.

If
a0
= ’ y >0
P [0 Qz] A %
then
<iI>y = <Z,PIL>y (4-10)

<Z,AZ>y =<Z,PAZ>y

o [mmen wma)
<Z,AZ>y = [ [b,,w|T v ay VO (") [ z] dx (4-11)
S R "

h, [a,unazh, + aIHxaw] +w

[ N

X

)
o :I—x8h, + azuazw} dx

¢ e
= ayvgh,0h, | — [ oqum(6h, ) dx + aguwdw [§ — [ op(dw)?dx
o] Q

¢ V2
X

+f alehz8W + oy —w@h, dx
o Hy

2

v A%

If oy and a, are chosen such that o;H, =a2H—x, and <y =1, then o =E—-.
X

>y

b

Therefore,
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2
X (9h,)* + Adw)? | dx

X

<Z,AZ>y = —

O “mmy Ny

+f B(hw

where h,(0) = w(0) = 0=w(¢) = h,(¢), resulting in

2
(8h,)? + Aow)?| dx .

¢
<ZAI>y =—[ |y

Q

Hy

(4-12)

It is clear that operator A is dissipative in the equivalent state space V. Similarly, for

the adjoint operator A* in the space vV,

ve
() —on o) H N

4
<Z,A*Z>y = [ [h,, w|T
° —H (") pud® (")

¢ v. |2
=—[ |ua [H—‘] (6h,)? + fow)?| dx
¢ 2
—[ — d(h,w) dx
0 x

or

4 v2
<LAYI>y =—[ [y [H_x] (6h,)? + {Ow)? | dx

o X

(4-13)

(4-14)

This indicates that A* is a dissipative operator in the inner product space V.. However,

the dissipativity of A and A* are found with respect to the norm H} XH{} instead of

H} XHY. To derive the dissipativity of A and A* with respect to H3 % HJ, the relation

between these norms will be sought. Let h, and w be expanded in terms of their Hilbert
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space coordinates.

embedded in H} X HJ (Sobolev embedding theorem 2.9).

] =% ay(t)sin 27X
o=1 ¢

w =3 by(t)Sin 27X
n=] ¢

'4 é <
f(é‘h Ydx=f3% ¥ o m-f— a,(t) am(t) Cos 22X Cos m;rx dx
0 D=] m=] ( ¢
'4
E}l n? i al(t) { Co 522;—’(- dx
¢ nmx
2 0 — 2
{Cos dx me —~
¢ 2 nmx
[ (6h,)? dx = E n?— a?( t)me2 dx
o n=1 [ ¢
¢ i nmx
=y n2-2— al(t) Sin®|—— 7 dx
o n=1 ¢
>;°° ™ a2(t) $in?| 2| 4
=J n?; 7 aj n 7 X
R Sin| 22 | ax| | © Sin| 22X [ 4
—f?’z— 3 a,(t) in|——| dx T ag(t) Sin 7 X
o n=1 m=1

2 ¢
[t
[o]

[¢]

4
[(8h,)? dx>[

The same would be applied to w. Therefore,

This expansion is possible because D(A), as defined, is compactly

(4-17)
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(6h,)% + ASw)? | dx

Hy
. 2 ¢ v |? 2
<L,A*L>vy = <ZL,AI>y < —a IR i b2 +uw|dx (4-18)
0 X
Considering
Vmin = min (,0) > 0 (4-19)
then
* : —77'2
<L,A*I>y = <Z,Al>y £ > Vmin <2,2>V (4-20)
where
¢ . 2
<%,I>v ={ [E"—] h? +w?| dx (4-21)
o x

From the dissipativity of A and A* in V' and the fact that D(A) is dense in V', Corollary
3.1 leads one to the conclusion that the operator A is an infinitesimal generator of a C,-
semigroup in V. The normed spaces V and V' are equivalent, therefore, it is clear from

Theorem 3.10 that A also generates a c¢,-semigroup in V.

Clearly, the Lyapunov functional is the norm in equivalent normed space V'

namely,

2
h2 +w? | dx (-

Vx

Hy

o
[
~—

[;
Z=<L,I> =

Therefore,
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¥ =2<1,1>y =2<AZ, 1>y (4-23)

Equation (4-12) leads to the conclusion that £ <0, i.e., the perturbations in
transverse mode are stable. However, stronger results are conclusive from inequality (4-

20), which indicates the exponential stability of the system with

IT(t) lg(y,v) <™ (4-24)

where w = :{7— Vmin 20d Ugiy is given by (4-19).

(ii) For longitudinal mcde of wave propagation, the generic form of the evolution
n " T
equation (4-3) is considered with Z = [hy, vuyp, T ] e L(0,€), Z(0,t) = Z(€,t) = 0.

The evolution operator is given by (4-5). An approach is taken similar to the transverse
mode to construct the domain of operator A and normed space V
D(A) = {Z: Z; e H* NH} , i=1,2,3,4,5} (4-25)
V =HJ X H} X H} X H} X H} = (H},E®) (4-26)
such that
<y Sy = < s, B

The adjoint operator can be found similar to the case of the transverse mode but with a

more laborious calculation.
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NERE- TR
”3'5;2_ ——‘3—; +T§ 0 0
- —H"éax- ug-? 0 0 0
A* = +H,§x— 0 %u—gxz? +—§x— +c%5% (4-27)
0 0 +RT°38x_ 0 0
3 K &
| 0 0 RTom- 0 e —a-x—z—J
To show the dissipativity of A and A*, the equivalent normed space is defined as:
< >v =<,P>y
where P = diag(ay, oy, a3, as) and o > 0,
o L1, = H—i, 3 = E—S—, = -I;I% RT, o5 = —: C,T (4-28)
X Vy y y

Based on these values for o;'s and similar algebraic techniques used in the transverse
1

mode, the following can be derived:

ah 6 4 6\1 2 L)
<Z,AZ>y = <Z,A*I>y = — [aluﬂ ”a_xy i? azuu% P+ ol 4o x WT
(4-29)
7r2 4 " 2
<—— |aqvg by P + aquiviE + —agullP + o5 I i (4-30)
- ¢ 3 Pooy

Therefore, the operator A generates a semigroup and perturbations in longitudinal
modes represent a dynamical system on V. If one uses the Lyapunov stability method

with

£ =<Z,l>y
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then

P =2<Z,AI>y <0

which indicates the stability of system. However, due to the zero coefficient for lip'I? in
(4-30), the results cannot be extended to exponential stability and the semigroup

generated by A in this mode is a contraction semigroup, i.e.,
IT(x) lgv,v) <1

Application of Spectral Analysis

By means of the separation of variables, the semi-group property generated by A

TpXy
can be constructed. The solution for Z = will exist if
TWXW
[ hd " [} T
Th Xy H Xw
T, 1% X,
det , . , | =0
vi X, T, X
—U
Hx Xh Tw xw

Whenever T and X independent functions of x and t, respectively, the terms ;II:—, x and

X should be constant. This results in X being represented by a real periodic function.

n 2 . hd
Hence, %— =—%2—, 2)(('— = % and T =3S. The application of boundary conditions
yields A\, =n7 for n = +1, 42,...... Therefore, the characteristic equation for the

transverse mode can be reduced to

\ NI N

with the following roots.
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The above expression for S; indicates that sup [Re o (A)] <0, which is the necessary
condition for the equilibrium solution of system equations to be exponentially stable, i.e.,

an equivalence to uniform asymptotic stability for the system of equation (4-1).

The application of the spectral analysis to the longitudinal mode results in the

following equation:

4 2 2 3
1 4 v : K 4 S Aa S
— +> LS| 2 sz 24 2 +sc,| 22
K[pO 3 Po ] (4 Po 3 To(ﬁ_l) P 2 N To(7—1)
22 A2 AE 22 z2 s? SK X
—_ — + S vi —Vi(s — + =0
{(UH ot + S) (V 72 + ) + Vi 2 + 72 Y( + Ufz ) To(’Y—l) Po PZ)

where p, is the pressure related to p, and T,, and ~ is the specific heat ratio C, /C..

This characteristic equation does not have a closed form solution. Therefore, with
the exception of very simplified and special cases in general, the spectrum approach is
very complex and requires cumbersome, symbolic manipulations to provide stability
results. Furthermore, X's, in general, can be both positive and negative numbers,
resulting in two sets of characteristic equations with positive and negative coefRcients,
whereas the outlined Lyapunov approach would provide stability analysis for the system

without the knowledge of system solutions, eigenvalues or the form of wave numbers.

Wave Speed

From the characteristic equations derived for transverse and longitudinal modes of




motion it is possible to comment on the characteristics of the speed of wave propagation

in both directions. In the case of transverse waves, the eigenvalues are given by the

following equation.

_ 1 A2 A\ N2
e e +u)-€§ :tV(VH — v)? 7:_ —4V? ;;i

In general, S, can be written as a combination of real and imaginary parts.

Sy =Re(S;) +iIm(S,) .
This results in a wave with frequency w, = Im(S,), where

2 V2 >‘§ (VH-'U)2 >‘;

wy = —_———_—

* et 4 o

Obviously, in order to have a wave (under damped conditions), w? must be positive. If

w? <0, there is no wave propagation in the transverse mode. Hence, wave speed can be

defined as
2 U2 2 (g — 1/)2 A2
= =V - -2
NE PR
or
v (- )
z T 2 =1
Vx 4_€._ A&
A X

which has an elliptical shape, as shown in Figure 4.1. When (4 = v, the maximum
value of the transverse wave speed is limited by Alfven speed in the x-direction.
Moreover, for the transverse wave to exist, the maximum difference in (vyy — 1) is caused

by minimum X\, (i.e., \y mip = 7). Therefore, if
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Figure 4.1 Wave speed for transverse mode
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26 'V
,VH—V'S Tx,

the generation of transverse wave is plausible.

Due to the complexity of the characteristic equation, only the special case where
v=K=0 and vy #0 are considered for longitudinal waves. The characteristic

equation for this case would be:

% z2 z¢
St + ?2—82 ["\RT, + (VE + VE)] + \RT, VI + 4{537 + 37 ~RT,t =0
2q2
In the complex X plane for vy =0, the following can be obtained:

2
st + ;—282 "RT, + V}] + RT, VI =0

erst,
)\2

1 ;
=3 [—(7RT° +V?) £ V/(RT, + V*)? — 44RT, V? ]

where V2 = V2 +V§,. For the case of vy approaching infinity S;, the third root would

£2s?

be zero and 2 approaches —RT,, as shown in Figure 4.2. Hence for vy # 0, there

are two wave speeds, Vi, and V., where

~2 1
Vit < 5 [('7RT° + V) + \V/(ART, + V?)? — 4-RT, V? J

-

1 5
Viow < 5 [(qRTo + V8 — \/("RT, + V?)® — 4~RT, V? ] .
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Figure 4.2 Eigenvalues for longitudinal mode
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CHAPTER & - LYAPUNOV'’S STABILITY AND CONTROL OF MPD

THRUSTERS

Modeling of MPD Thrusters

In this section the model for MPD thrusters, used as accelerators, is derived. This

is a simpliied model of the MPD engine and other researchers are studying the
derivation of a more complete model for the system. The task of complete MPD
modeling is beyond the scope of this research. The simplified model, derived in this
section, is used to study the feasibility of the proposed stability and control analysis on
the MPD thruster. Figure 5.1 is a schematic of such a system. The flow of ionized gas
enters the thruster and is subjected to an electric field E and a magnetic field B, which
are perpendicular to each other and to the gas velocity. The electromagnetic
acceleration process is an aggregate of effects from compressible gas dynamics, ionized
gas physics, electromagnetic field theory and particle electrodynamics. The individual
analytic complexity of each of these phenomenon adds to the level of difficulty in an
adequate theoretical. model for this composite system. Analytical progress normally
stems from simplified models which preserve the essential physical aspects of a specific

situation.

The description of the motion of plasma in terms of Maxwell-Boltzmann

distribution function is too detailed to be useful for many practical problerns in the
electromagnetic acceleration process. In these cases, the iorized gas medium can be
considered as a continuum fluid whose macroscopic physical properties may be described
by the conservation laws and Maxwell's equations. These governing equations, for the

motion of plasma, will be gas dynamic equations with the interaction terms due to
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Figure 5.1. Schematic of configuration of flow and fields for one-dimensional

electromagnetic steady flow accelerator.
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electromagnetic forces. With this approach, a simplified model for the problem can be
derived, as depicted in Figure 51 As shown, the plasma is flowing through the constant
area channel along the x-axis. The channel is formed by two conducting walls connected
to the cathode and anode poles, respectively. Between these walls an electric field E(x) is
maintained in the y-direction. Normal to this electric field is 2 magnetic field B(x),
applied in the z-direction. The model is assumed to be one dimensional, i.e. only
variations in the x-direction are considered. Applying this assumption in the general set

of governing equations in Appendix C, one finds

% , Hem)

s (5-1)

Conservation of mass:

where p and u are the density and the velocity of the gas, respectively. The momentum

equation results in:

ow) . Apu?) __ p or
E + me == =L +Fe +Fy + =

where p is the thermodynamic pressure, 7 is the shear stress, F, is the electromagnetic
force (Lorentz force) per unit volume, i.e. F, =J X B, and F, represents a combination
of collisional forces and is assumed negligible compared to the other terms. It is also
assumed that the shear stress 7 is negligible. Expansion of the momentum equation and

substitution from mass conservation equation results in the following:

Ou du _ dp -
p-a—t +pu8—x-— % +JB . (0-2)

Due to the one-dimensional assumptions, the variations in the y and z direct’nns are

neglected, and the gas velocity components in y and z directions are omitted. The

energy equation results in the following:
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A d(puh)

at(,oe)+ =JE~+-M+ég

Ox ox Ox

where

e = specific total energy (internal energy + potential energy
+ kinetic energy)
h = specific total enthalpy (h =e + P /p)

Q = heat flux due to convection and radiation, assumed negligible.

On the right hand side of the energy equation above the term JE represents the
Joule heating due to the application of electric field. This term can be considered as the
dominant form of dissipation of energy. The plasma can be assumed as a perfect gas,

with the state equation
P=pRT,R=R,/m

where temperature is denoted by T, and R, and m are the gas constant of plasma and
molecular weight of the plasma, respectively. As a result, the specific energy, e, and

specific enthalpy, h, can be represented as

e=1¢c,T +u?/2

h=c¢,T +u?/2

assuming the potential energy terms are negligible; ¢, and ¢, are the specific heat

coefficients

Cy = R/(7—1)

¢, =R/(1-1)

and + is the specific heat ratio of the plasma.

#
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Hence, the energy equation can be simplified as follows:

2

u
pey T + PT

w3
puc, T + p—;— = JE . (5-3)

3
Y &

ox

From a practical point of view, it is reasonable to assume that the displaced current,

OcE

——, and excess electric charge, p,, are negligible terms and that the energy in the

ot

electric field is much smaller than that of the magnetic field. This results in the

following simplified form of Maxwell’s equations in Appendix C:

1 . 9xB=1
He
where B = y H
vu&-% (5-4)
V-B=0
V-E=0

If one specifies that the magnetic field generated by the current flowing in the gas
is negligible with respect to the applied field B(x), then the electromagnetic field

equations (5-4) can be decoupled from the dynamics of the plasma [71].
By Ohm's law, one can relate current density J with the applied fields as:
J =o(E — uB), o =0d(p,T)
where &is a transport coefficient and is called the electrical conductivity.

dp

After substitution for ——, ﬁ
ot ot

in the energy equation (5-3), one can arrive at the

following set of equations (5-5) to (5-7) as the set of dynamical governing equations for
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the MPD thruster:
96% + —a—((%)— =0 (5-5)
— %tu—ﬁ-u%——%—ﬁ(gx-’l—‘)—-k? (5-6)
G T R EE o

where J is given by Ohm’s law.

Control of MPD Thruster at Equilibrium State

In the set of non-steady equations derived in the previous section, i.e. equation (5-
5) to (5-7), the parameters B and E can be regarded as input functions to the system.
One of the crucial questions about the behavior of this system is how to characterize the
relationship between system response and those inputs. The general response
characterization of these systems, which change with both time t and spatial coordinate
X, is a complex problem. However, one can break the problem into steps by trying to
make assessments about the equilibrium states of the system of the partial differential
equations. Hence, one can pose the question of what choice of inputs would lead the
system to a set of equilibrium states, and under what conditions such controls would be
inplausible. In order to answer these questions about the equilibrium states of the
system, one must derive the equilibrium set of equations from the original partial
differential equations. If the states of the system are represented by a vector valued

function v, as following:
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then the equilibrium vector would be denoted by v, where

Similarly, the inputs (controls) can be defined by a vector valued function U as:

JB
U =

JE

U,

At equilibrium, system states reach their steady state values and their time

derivatives would be zero, i.e. Ee— = 0. Equations (5-5) to (5-7) can then be simplified

to the following equations:

d dp, Pe | Ue

H; (peue) 0 or ax = _Tj—e_ da (5-8)

d d{p. T U
u, Ue E (PeTe) ot (5-9)

dx Pe dx Pe

RT, du, dT, U, — U,
= -1

¢y dx T e PeCy (5-10)

Substitution of equation (5-8) into (5-9) results in the following equations:

RT. | du, dT, U,
- R =
te U, dx + dx Pe
RTe due dTe U2 - ueUl
+ u, =
Cy dx dx PeCv
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du, 1eeUy — (v—1)U,

= (5-11)
dx pe(Ug - 1RT.)

dT,  —ulU; + (uf —RT,)U, (5-12)
dx peuecv(ug — YRT,)

If the speed of sound a, is defined by aZ = ART,, then (5-11) and (5-12) can be rewritten

in vector differential equation form such that

Tue I ’
dv p P
-1 S . o v (5-13)
dx ug - ag ue ue - RTe
PeCy PeleCy
9 )|
Ueg — RT, -1
PelleCy Pe dv,
U = ple (5-14)
Tl wd yu, | dx
| PeCv Pe

Therefore, for any equilibrium state it is possible to arrive at a control vector in
the local sense with respect to the coordinate x. However, in transition from subsonic
flow to supersonic flow, where u, = a,, i.e. unity Mach number, the control inputs U,
and U, become dependent on each other. In this case, one should choose U; and U,
according to a certain relationship suca that the transition from subsonic to supersonic

velocities and vise versa would be plausible, namely,

’TueUl

= ——, at u, = YRT
2 ('7-1) e e

or
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This effect is the same as the choking condition in gas dynamics, which is extended to

magneto gas dynamics [72].

- u
Based on the definition of Mach number as M = —;:—, it can be shown that
~RT,
2 2
M2 = Ue an dM? - dug _ dT,
“RT, m? uﬁ T,

or

=2— — (5-15)

(5-16)

dT,

du
By substituting for _c_l_e_ and from equations (5-11) and (5-12), one can derive the
X

following results:

(1-M%*) dM?  M? +1 U
M? dx  peuge, T, ° p
elelp e e

U, (5-17)

For subsonic low M < 1, an increase in M is possible provided the following

inequality for control inputs is satisfied:

U > [(v=1)M? + 2] PetecpTe  [(y—1)M? +2] "l

= 5-18)
U [YM? + 1] Pe (W2 +1 (~-1) (
For supersonic low M > 1, an increase in M along the thruster occurs if
U - 2 Y,
Y2 < [("‘/ l)M + 2] e (5-19)

U, M2 +1 -1

0]
At sonic condition the ratio of control inputs U_2 should comply with the
1

—
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aforementioned quantity, [—ﬂfl—] . Clearly, for the decelerating flow (when M decreases

along the flow) the direction of inequalities (5-18) and (5-19) would be reversed.

One approach to constructing acceptable control inputs U, and U,, based on the

exclusion of singularity at choking, is to consider

_ oM+ e o U
PME 1 (R T (=M

(5-20)

where Uy > 0. Substitution of (5-20) into (5-11) and (5-12) will result in the following

equations:
d U —-1) U
Ug _ Ue Uy + (v-1) U, (5-21)
dx pe(7M2+l) TPe
dT —2U Mi-1/7)U
dx peR("/Mz +1) PeCy e

Since the Joule heating (U,) is a positive function, for supersonic flow, from condition
(5-18) one would have:
U 12

+ o =DM 42

.U, (M2 —1)(YM%+1)
-1

0<

For subsonic flow, i.e., M®* <1, U, in equation (5-20) is positive for any Uy > 0. Also,
the current density, J, should be positive in the chosen direction to accelerate the flow;

hence, one can find the following conditions from Ohm's law:

J=0E —-uB)>0

E > uB (5-24)

or
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U2 > ueUl
From equation (5-20), U, can be substituted into the inequality (5-24). Hence,

U, (1-M?) L lo=OM? 42 (1)

for M <1 - >0 (5-25)
WeUl (’7M —1) R
=]
Uy [(v=1)M* +2] (=1 )
o Lueul STMIME —D) D) (5-20)
v—1

It is clear that in subsonic flow, the inequality (5-25) is always satisfied. Therefore, there
is no constraint on Uy in this regime. However, for supersonic flow, the inequality (5-26)
represents a more restrictive constraint on U, than the inequality (5-23). Therefore, a
proper choice of Uy can be selected to satisfy the inequality (5-26). The steady state
response can be found from equations (5-21) and (5-22) for some arbitrary choice of
Uy >0 and by the selection of U, according to the aforementioned process. It would be
an interesting proposition to apply the theory of optimal control to find the optimal
control inputs U; and Uy among an arbitrary class of functions. These optimal values
for Ul and Uy caﬁ be obtained in terms of the minimization of a cost function. For
example, the cost function can be selected from the group of "fuel optimal” problems,

i.e.,

x=€
P = f [Ui + (ue outU1)2]dx

x=0

keeping in mind that the optimal control problem is involved with control constraints of

the form of the inequality (5-26), while U, U, are positive quantities.

Perturbation of Nonlinear Unsteady Equations
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evaluate the system behavior in the neighborhood of its equilibrium states.

~Based on the equilibrium state represented by ve(x), it would be interesting to

If the

perturbation of states with respect to equilibrium is denoted by ¥, then

b(tax) pe(x)
v="7+v, = |it,x)| + |[uelx)
T(t,x)] |Tex)
where
P <K Pe
i << u,
TKT,

By substitution of v into the dynamic equations (5-5) to (5-7), one would obtain the

following:

op - - .n

Y + (Pue + lipe + peu + pid) =0

o S(u, +i HoeTe + pTe + p.T +p T U

%’{"(ue'*'ﬁ) (aex)+ Rh (ee eaxe p)= 1’\
Pe + P Pe + 0

8T R(T.+T) 9(u, +1) L BT +T) Uy —(u, +0)U,

E o T +8) —— =

In order to simplify the notation, perturbation states are denoted without the

(e + Fey

|||||

and should not be mistaken for their state functions. Moreover, the nonlinear terms are

assumed negligible in a sufficiently small neighborhood of the equilibrium states. As an

example, one observes
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.3 54 e &
P &

< Pe g,pu, T <<peue3;-.

Stimilar statements would be true about other nonlinear terms. Integration of these

results with the steady state equations (5-8) and (5-10) yields

ap ap ue 20 pe due -
= = = -27
8t + e 8x +p +pe dx ue dx u 0 (D )
Su 4 RT. | 3p u, du, R dT.
ot Ox | Pe ax | ? e dx
Su du, 8T R du.
= _—— T=0 5-28
e o F dx]“+Rax % dx] (5-28)
8T T, du, ue dT U,
_ —-1) — 5-29
at+(7 )pe vl Kl il I e | (5-29)
RT.| 6u | [du, o1
il - =0
+ o o + [ ™ T + u, W

This set of perturbed equations are linear and their characteristics depend on both

equilibrium states and their derivatives.

Lyapunov’s Stability for DPS Applied to MPD Model

In this section, the Lyapunov stability theorem is modified and applied to the
system of partial differential equations of (5-27) to (5-29). These equations represent the
dynamics of the perturbation state v about an equilibrium state vector v,. Hence, by
Lyapunov method's one can determine whether any deviation from the equilibrium state
is stable or grows unboundedly with time. To be consistent with the notation in

Chapter 3, one could rearrange equations (5-27) through (5-29) to the canonical form of

the evolution equation. Here the notation (') is used to represent E(—)
x
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1 pe
U pe O v, - 0
RT. ’
— R u t ! ’ R '
_‘9L=_._ Pe Ue _‘?L_ —iue+ETe u, - u,l v
at ox Pe Pe u,
RT,
U, ' u, ’ Ul !
[ ('7—1) a, + — e +Te Ue
d e e PeCy

(5-30)

It is clear that v = 0, i.e., the null solution, represents the condition where there is no

variation from the equilibrium state.
The characteristic directions (eigenvalues) of this system of equations are:
M=U , M=ut.+VRT. , Ag=u — YRT,

Therefore, (5-30) represents a system of hyperbolic partial differential equations. For a

general hyperbolic system of the form

v _ Adv A ]
-a—t——-g"FBV:LV (031)
where
Lv=Aigx-"-+Bv (5-32)

-

it is possible to show that the system of equation (5-30) can be made into the form of

(5-31) with a symmetric A matrix.

a() d()
En and Em

For simplicity,

are denoted by subscripts (), and (-)y. As shown

below, by dividing equation (5-25) by (p.), (5-28) by (\/ET_Q), and (5-29) by

(V' ~y—1 T,), the following symmetric A matrix can be obtained:
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;
P 1 Px
| 7': U, RT, 0 Y
Uy Uy
0= RT. + RT, Ug (v=1)RT, ,\/ﬁe-
T, Ty
0 ~—1)RT
VT O | N G=TEN
r : u,e l
0, -\/RT, — 0
u , ( o/Pe
(ueu'e+RT’e) " —\/z:,-—I)TT u, u
RT, U, RT,
8) T
VR |—+T. VTS
(’7"‘1)Teu,c+ueT,e PCy + u, i -1 Tej
V-1 T, V (5-1)T. :
It can be shown that
[ s PP
= (p/Pe)x + —
Pe e
Uy u + 1 u T’e
RT. | | | VRTe |, 2 132VR
T T LT e
Te 7—1 ] Te ; ~v—1 X ;; ~N—1 Tg
L

The vector function v is then redefined by following new vector

r

p/pe

u
v = RT,
T

T.V -1

Substitution of (5-34) into (5-33) results in

V5+AVX+BV=O

(5-33)

(5-34)
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where
U, RT, 0
A = [\/RT, Ue (v—=1)RT, | = AT (5-37)
0 (‘Y'—I)RTQ ue
and
r , . -
il VRt °
( ,u’,+RT',) —— 0 1 T. N R [::_ T,]
B anT, +VRT. Getg Ve T, (=BRTe | ==+
’ ¢ Ul , QTIe
(v—1)Teu o +u. T, -1RT. T, ( e +T e] .. uT .
+ e

T. V-1

(5-38)

To construct a Lyapunov functional for this system, it is sufficient to select the
functional as an equivalent norm of a Hilbert space of states of equations (5-36), i.e.

from the discussion in Chapter 3 this functional would be a bilinear form as follows
( .
L=<y, vy =<y, Sv>=| vT S(x) v dx (5-39)
0
where S is a symmetric positive definite and bounded linear operator. In order to satisfy

the sufficiency condition of Zubov’s theorem for the stability of system of (5-31), one has

to show that there exists a S(x) for which %% <o.

Equation (5-39) yields:

I'4 ¢
i‘%:f\}TS(x)vdx+fvTS(x){'dx
0 0

Conjugate operators are defined based on the bilinear form operation as follows




g
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<2,8y> = <8 z,y>

where S’ is defined as the conjugate of S. Since S is a real operator, s = ST and

¢ - ¢
[T S(x) v dx= <v,5v> = <8Tv, v> = [ (STv)T v dx
0 0

then

¢

%‘%; ot S(x) vdx + [ (ST(x) v)T v dx
0

li
(SR ILN

<v, Sv> + <STv, v>

If the operator S(x) is chosen to be symmetric S = ST, then

4 ¢
7&— =2 <SV, {’> =2 f VT S(X) V dx (5-40)
0

Now, from equations (5-38), one can substitute for v (i.e., v.) into (5-40). This results in

4 _ 2 <Sv,(—Avy)> + 2 <Sv,(—-Bv)>

dt
4 y ¢ ‘
— =-2 [vT S(x) [A v, dx —2 [ vT S(x)[B v] dx
dt ! )
where
o o ¢ [ os) <
fvTS(x)A£={—a;—[VTS(x)Av]dx—{vr{ Ix Avdx—{v S(x)[7~ v dx

Using the same discussion about conjugate of the operator [SAl, the following can be

derived:
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4 é T
{ vl S(x) A %v-dx = { {[S(x) AT v} % dx . (5-42)
and
[ ffponef 2
—1 S vdx = X vi - — dx. -
{[Bx (x) A v dx { [S(x) A 5 & (5-43)

If [S(x) A] = [S(x) A]T, equation (5-42) becomes identical to (5-43) and substitution into
(5-41) results in
4 [4

¢ 4
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CHAPTER 6 - CONTROLLABILITY AND OBSERVABILITY OF DPS

In the-design and ana]ysis of a dynamic system, stability is often the most
important objective, in terms of a desired performance. In cases where the system is not
stable or the performance is not satisfactory one needs to know whether or not
application of an external input, namely, a control action, will provide the desired result.
In case of feedback control, implementation of such control action requires
observation(s) of the system behavior. In specific terms, one must be able to determine a
control action such that the system can be directed toward the desired performance.
This property depends on the system characteristics and the way in which it interacts
with the control inputs. On the other hand, the acquisition of data may not always lead
to the proper anticipation of the system's behavior. The former property, which
determines whether a system can be controlled to achieve a desired performance, is
called "controllability”. The latter characteristic, which determines whether the system
behavior can be "estimated" from observation of the system output(s), is called

“observability".

In this chapter these properties of finite and infinite dimensional systems and their
relations to one another are reviewed. Once these properties of the system are
investigated, then one can study whether an unstable system can be stabilized by

addition of a proper control action, namely, whether the system is "stabilizable".

Controllability of Dynamical Systems

The abstract evolution system of Chapter 3 with the addition of control action is

considered in this chapter. For linear time invariant finite dimensional systems
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v = Av + Bu (6-1)
and
v(o) = v,
where v'eRn, ueR™®, AeZ(R*,R"), and Be£(R™,R"). The solution of this equation at
time t is

t
v(t) = eAv, + [ eA")Bu(s) ds (6-2)

The system of equation (6-1) is called controllable if, for each pair of v(t) and v,eR" and
finite time t, there exists a bounded control u which directs v, toward v(t). Without loss
of generality v, can be selected as zero. The set of states v(t)eR®, which can be

controlled from v, =0 by the control input in a finite time t, form controllability space

€.
Theorem 6.1. The controllability space € is a linear subspace of R®.

Proof. If v; and v,¢4 C R®, where each state is attained from the application of

controls u; and u, at times t; and t,, respectively, then
t
vy =] Al Bu,(s) ds
[e]
ta
vp = | eAltesl Bu,(s) ds:
o]

Letting 0 <t; < ty, then u;(t) is nonzero for 0 <t <t; and zero elsewhere. Consider

an arbitrary control action u(t) for 0 <t <ty such that
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u(t) = au; (t) + Bu,(t) a,3eR < oc.

Hence, the new control u(t) directs the system to a new state v(ty)e€

v(ty) = [ 7 oy (s) + Fuy(s)] ds

o]

to

=/ e u,(s) ds + 3vy(ts)

Letting s = —ty +t, +s, then

to 8'=t, ,
f A3y (s) ds = f Aty (s Ft—ty) ds
) g =t —ty

where u;(s + ty—t;) in the range of t,—t, <s <'t, is the same as u,(s) in the range of

0 <s <t;. Therefore,

tq s'-tl ,
feA(t?”) u(s)ds= | A1) 4 (s) ds = vy(ty)
o s =0

or
v(te) = avy(t1) + Bva(ta) -
This states that € is a linear closed subset (subspace) of R". a

A system with state space V = R" is controllable when every point in the space V
is reachable. This implies that for every state in space V there exists a control action
ueU = R™. In turn, the controllability subspace must be all of V and the dimension of €
must be equal to the dimension of V, i.e., n. This idea can be implemented in the

following theorem to derive controilability criteria for finite dimensional state spaces.

Theorem 6.2. The system of equation (6-1) is controllable if and only if B* A8y =0
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implies

v= 0.

Proof. Let an input u(t) control the system toward state v, at time t,, where v,c€. If

state veV is considered such that v is perpendicular to %, then

by
<V, V> =<v, | eA(t‘_s)Bu(s) ds>=0
o]
t

= [ <v, eA(t‘—’)Bu(s)> ds =0
o

t
= [ <B* er iy u(s)>ds=0
o

Hence, for arbitrary choice of ueU, one should have

B* Ay 2o, (6-3)

so that the value of inner product remains zero. For the sufficiency portion of the proof,
equation (6-3) implies v = 0. Therefore, the only vector perpendicular to € is zero, i.e,,
every vector in V is also contained in €. The proof of necessary portion is obvious,

because if € =V, v =0 and B* Ay o, o

The well known controllability test can be derived from this theorem. If equation

(6-3) is expanded then

B* eA'(‘h"S) v =B*

T
(t;—s)? .
_ . is linearly

Since (t;—s) is an arbitrary time duration, then [1,(1;1—-3), 2

independent vector. Therefore, the coefficient vector will be zero.
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B*
B*A*
B*A*2

From the Cayley-Hamilton theorem, orders of A* from n and higher are linear
combinations of orders (n-1) and less. Therefore, the system of equation (6-1) is
controllable if and only if equation (6-4) implies v =0. This is equivalent to the
controllability test of

B
B*A*

C* = [B*A*? having rank n.

-1
_B*A*n ]

From the above discussion it is clear that the concept of controllability is basically
geometric and it is independent of coordinate system. To show this let w =Pv in

equation (6-1), where P is a non-singular projection operator, then

P lw = AP !'w + Bu
w =PAP !w + PBu

w=Aw+Bu
C = [PB, PAP™'PB, (PAP‘I)2PB,...,(PAP“)°‘1PB]
C = P[B,AB,A2B,...,A“‘1B] =PC

rank C = rank PC = min(rank P, rank C) = min(n,K), where rank C =K and K < p,

rank C = rank C. a
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In the specific case that P is the similarity transformation, PAP™! = A

¢ = [1, A, A%, -, A““] PB
Due to the diagonality of powers of A, matrix C has the following form:

(PB), | M(PB), | M (PB), A H(PB),
sl . : .

(Pﬁ)n /\n(éB)n Xﬁ(F”B),, AI"1(PB),

Clearly, rank of Cisnif and only if there is not any row of PB which consists of all zero

elements

(PB); # [0

In infinite dimensional systems the concept of controllability is more complicated
than those of finite dimensional systems. This complexity is a natural outcome of

differences between finite and infinite dimensional spaces. Consider the abstract system

of (6-1)

v =Av + Bu (6-1)

v(o) = v,

where veV =Ly([0,f],E*) and ueU =L,y([0,f],E™) are product infinite dimensional
Hilbert spaces. Most of the ideas presented here can be extended to Banach spaces. The
operator. A is assumed to be generator of a semigroup of bounded operators T(t) for
t > o on the Hilbert space V. The operator B: U — V is a bounded linear operator.

The solution of this system as given in Chapter 3 is




e
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t
vi(t) = T(t) vo + [ T(t—s) Bu(s) ds (6-1)
Q
The integral operation in (6-4) is a transformation C, of ueU into ve€ C Z. Equation

(6-4) can be rewritten as

t

vi(t;) — T(t) vo = [ T(t—s) Bu(s) ds = C,(u) (6-5)

The left hand side of (6-5) can be considered as a transformation of vy and v, into Z.

This transformation is then S:X = (V X V) — Z, i.e., it maps the pair v, and v(t), and

t
its image is v = f T(t—s) Bu(s) ds. Earlier in the discussion of finite dimensional

o
systems, the case of v, = 0 was considered, or in terms of present notation, the space X
was V X{0} and consequently X =V. Clearly, there is no loss of generality for the
former representation. However, the present notation provides a better insight in
distinction between Z and V, even though they might very well be the same space.
Based on relationships between abstract spaces U,X,Z, the abstract ligear control system
can be established. Figure 6-1 shows this abstract control system. Therefore, the

abstract concept of controllability could be addressed with the following definition:
Definition 6.1. The abstract linear control system {X, U,2,C,,S}

(a) is exactly controllable if ¢ = Range (C,) D Range(S) |

(b) is approximately controllable if Range(C,) O Range(S).

The definition 8.1 (a) means that for every v, and v,(t;) there is a control u such that

Cy(u) = S(vy,vg) or equation (6-4) holds. This indicates that the control u steers the




- 93 -

o=
o

Range(S)

Figure 6.1 Abstract linear control system
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system from vg to v; during (0,t;]. Whenever Range(S) is contained in or is equal to the
closure of Ra.ilge(Cu), as denoted in definition 6.1(b), it is possible that the choice of vy,
v; would lead to an image point S(vo,v;) in Range(S) which is in Range(C,) but not in
Range(C,). Therefore, from relationship between Range(C,) and its closure, for a point
in Range(C, ), there is a point in Range(C,) which is contained in the ball of radius € for

every € > 0 such that
I Cy(u) = S(ve,vy) Iy <€ (6-6)

This shows that Range(C,) is dense with respect to Z. In finite dimensional system
Z = R" both of definitions 6-1 (a) and (b) are equivalent, since every dense subspace of a
finite dimensional vector space R® is R®. The controllability condition given by theorem
6.2, which indicates synonymous approximate and exact controllability in finite
dimensional systems, relates to only one of the controllability concepts of definition 6.1
for infinite dimensional systems. For these systems, if there is an element z in Z such

that it is perpendicular to € = Range(Cy), it can be shown the z is also perpendicular to

Range(C,), even if Range(C) is not closed. Consider an element of Range(C,), v,

defined as

t,
vy = [ T(ty—s) Bu(s) ds

o]

v, € Range(C,) and v, & Range(C,)

For every € > 0 there is a v, in Range(C,) such that llvy—v Il < ¢ where v is the linit

point of v;'s and v € Range(C,). Then
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<z,vy,>=0
<z’vn> - <Z,V> + <Z,V> =0

<z,(Vy~v) > =—<z,v> (6-7)

But v, = (v,—v) is an element of Range(C,). Hence, <z,v>=—< z,(vp—v)> =0.

In the case that € — 0, v, — 0 such that

<z,v> = lim <z,v, > =0
c—0

Therefore, z is perpendicular to Range(C,). Now, as in theorem 6.2,
t

<z, [T(t—s) Bu(s) ds> =0

o
<B*T*(t—s) 2z, u(s)> =0
where for arbitrary u, B*T*(t—s) z = 0 implies z = 0. In turn, this implies that the only
element not in the closure of Range(C,) is z =0, namely Range(C,) 2 Range(S).
Therefore, the geometric concept used in controllability of finite dimensional systems is
only good to derive the condition of approximate controllability of infinite dimensional

systems.

Observability of Dynamical Systems

For the system of equation(s) 6-1, the question of observability is whether one can
reconstruct the behavior of the system from the sensory measurements, or more
specifically, whether it is possible to reconstruct the states of the system from the
measured set of outputs. To introduce the output set for finite dimensional system of

(8-1), let’s consider the output set defined by
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y = CV (6-8)
where yeY = RP and C is a bounded operator from R® to RP, i.e., Ce£(R",RP), where
p < n. The output y from (6-2) and (6-8) is

¢
y(t) = Certv, + [CeAlt=9By(s) ds (6-9)
Q
since y(t) and u(t) are known, then ¥y(t) defined by

t
F(t) = y(t) — [CeAl=*)Bu(s) ds (6-10)

is known and,

y(t) = CeAlly, . (8-11)

If the state v, of the system can be determined from y(t), then the states can be

reconstructed from y(t), i.e., the system (6-1) is observable. The following definition

ives a more specific notion of "observability'
g P

Definition 8.2. The system (6-1) augmented with (6-8) is observable on [o,t;] if given u
and y as an absolutely continuous functions, it is possible to determine v, uniquely from
(6-10). Clearly, for observable system of (6-1) and (6-8) for an arbitrary chosen u, the

output y is zero if and only if v, = 0. In other words, the system is observable if,
Cerlv, =0 foro<t<t; impliesv, =0. (6-12)

Similar to the treatment of controllability, it is clear that condition (6-12) is the same as
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C

CA
rank . =n (6-13)

CA.n—-l

From the controllability condition in theorem 6.2 and the observability condition
(6-12), a duality relation between controllable and observable systems can be concluded.
This means that if a system is controllable, there exists a dual system for it which is

observable. If system (6-1) is considered
v=Av +Bu, v(o)=v,

The dual version of this system is its adjoint. The inner product <w,v> between dual

states represents an "energy type' scalar quantity. Therefore, the total energy of the

t
system is f -E<w,v>dt =<W,V>|:,l. From calculus of variations, minimizing the
o

performance index J = <w,v> |f,‘, the following Hamiltonian H would be derived:

o

n
H= z Wi \'fi = E Wi(AV +Bu)i

=1 =]
"’i = % = (AV + Bu);
i

From the transversality of the initial and terminal states and since v is not known
at terminal time t,, then w(t;) must be known, i.e.,, w(t;) = w;. The only source of
variations in energy function is the control u in original system and the output y in the

dual system. Therefore,
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d
E<W,V> = <y,u>

KW, V> + <w,v> = <w,v> + <A*w,v) + <B*w,u> = <y,u>
Hence, y = B*w and the dual of system (6-1) is

w=—A*w, w(t)=w;, weR"

y =B*w yeR®

From the duality between the observation and controi, ihe abstract observed
system as the dual to the abstract control system of previous section can be constructed.

The operators S and C, are defined as

S: X=VXV-—=12Z
Cio: U—1Z
where S and C, were bounded with dense domain. Therefore, the adjoint operator of

those can be defined as S*: Z — X and C*, : D(C*,) C Z — Y, with

<8x,2>7 = <x,5*2>x for xeX and zeZ (6-15)

<C,y,2>7 = <y,C*,2>y for yeD(C,) and zeD(C*,) (6-16)

Figure 6.2 shows this abstract linear observed system. This abstract system will be

denoted by triple spaces {X,Y,Z,C*,,S*}.

The observability for abstract linear system is more complex than the specific case
of finite dimensional systems. The complexity arises for infinite dimensional systems due
to the fact that dense subspaces of infinite dimensional space are not necessarily a whole

space. Therefore, two concepts of observability would be considered.

Definition 8.3. The abstract linear observed system {X,Y,Z,C*,S*} is
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D(C,)

§E

D(S*)

Figure 6.2 Abstract linear observed system
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(a) is distinguishable if Ker C*, C Ker S¥,

(b) is observaﬁle if, in addition to (a) there is a positive number K such that
iC*,zlly > KliS*zlly  for every zeD(C*,) C 2 (6-17)
In definition 6.3(a), Ker C* is the set of all z's in D(C*) such that C*z = 0.
The linear observed dual system of an infinite dimensional control system' (6-1) is

w = —A*w weW = LZ([O’(]rEn)

y =B*w y€Y = Ly([o,¢},E™) (6-18)
w(ty) =w,

The solution for y, as of equation (6-9), in the abstract sense becomes
y = B* T*(t,—t)w, (6-19)

where T*(—t) is the semi-group generated by —A*. The set of all w;'s to be
reconstructed, i.e., the space of observed states, is given by X and the space of outputs y
is Y and Z is the set of states of the system. It is clear in this case that X = Z and S,S*
are identity on Z. The operator C*, from equation (6-19) is found by

C*, = B*T*(t; —t).

In definition 6.3(a), the term Ker S* C Ker C*, means that the set of w; for
y = C*;w; =0 is contained in or equal to the set of all states w = 0. This merely says
that if y = 0, then w; =0, leading to the uniqueness (distinguishability) of observations
of states w. From these relations it is clear that the condition of distinguishability for

abstract linear system is that C*;, w; = 0 implies w; = 0.

Definition 6.3(b) is much stronger than 6.3(a) since it implies that for a bounded

output there exists a bounded "reconstruction” of state, i.e., w,€Z, or,
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IC*, wy lly > Kilw, lly (6-20)
This implies that there exists a bounded left inverse R for C* such that

RC*, wy =w; .
Therefore,

leilz S_ ”R.“g(y]y) “C*u W1||

which leads to (6-20) with K = WRI_II The operator R is the reconstruction operator, as

shown in Figure 86.2. Therefore, the state w, can be continuously reconstructed from the
observation y = C*,w;. Due to this duality relationship between controllable and

observable abstract systems, the following theorems can be given:

Theorem 6.3. The abstract linear control system {X,U,Z,C,,S} is approximately
controllable if and only if the abstract linear observed system {X,Y,Z,C*,,5*} is
distinguishable. The proof can be seen from the definitions of approximate
controllability and distinguishability. Namely, ior every ueU, it was shown that every z ¢
perpendicular to C,u must be zero to give Range(C,) D Range(S). Hence
<z,Cyu>z =0 implies z = 0, but this inner product is same as <C*,z,u>y = 0, where
for arbitrary u,C*;z = 0. Therefore C* ;z =0 implies z = 0. Distinguishability of the
dual system of {X,U,Z,C,,S} where the observation operator is C*, is the same as
C*,z =0 implying z = 0, i.e., the controllability and observability is the same for dual

systems. Figure 6.3 shows this concept in a diagram form.

Theorem 6.4. The abstract linear control system {X,U,Z,C,S} is exactly controllable if
and only if the abstract linear observed system {X,Y,Z,C*;,S*} is observable. The

proof of this theorem is given in [40]. O




- 102 -

Range(C,)

ker(C,)
Range(S)

ker(S*)

Range (S) C Range (C,) <=> ker (C.) C ker (5%)

Figure 6.3 Schematic representation of observability
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CHAPTER 7 - LYAPUNOV-BASED STABILIZATION OF DPS

One of the interesting topics in control theory is the relationship between
controllability and stabilizability of dynamical systems. When some or all of the states

of a homogeneous system is not asymptotically stable, it is desirable to control the

system trajectory such that it becomes asymptotically stable, i.e., stabilize the system by
application of a proper control action. In this chapter stabilizability of DPS is
investigated. However, to simplify this analysis, the stabilizability of finite dimensional

systems are first reformulated for ease of extension to distributed systems.

Stabilization of Finite Dimensional Systems

Considering the finite dimensional system of Chapter 6 when the system with null
control is not asymptotically stable and a control action u will be applied to the system,

then the closed loop system equations are:

v =Av + Bu veR?, ueR™ (7-1)

v(0) = v,
where Ac4(R"*,R") and B = £(R™,R").

Assuming u is composed of the feedbacks of states, i.e., u = Kv, then this control

system is stabilizable if the closed loop system

v = (A +BK)v (7-2)

v(0) = v, ,
where (A + BK)e £(R",R"), generates an asymptotically stable system.

If system (7-1) is controllable, then it can be shown that it is stabilizable. Namely,
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controllability is a sufficient condition for stabilizability of the system (7-1). This can be
shown by application of controllability properties. For a controllable system, it was

shown that for an arbitrary u
B*er Y 20 implies z =0

Moreover, the following inner product in space Z
t
<z, [ " By dt>, (7-3)
o

is equivalent to the inner product in space U
t

[ <B*er MY, u>y dt (7-4)

o

The corresponding norm of (7-4) can be written as
tl tl

[ <Brer Yy, BreA Ty gt = [ 1B Y21 dt (7-5)
o

o]

For finite dimensional systems, the condition of approximate and exact controllability

are the same, i.e.,
IB*eA Y 21l > 6 lizlly (7-6)

and from equation (7-5) it can be shown that

t
f <eA(t1—t)B B* eA (-t+t1)z, z>U dt Z j“Z”Z
[o}

for some 8 > 0, or
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ty
<[ (e7A*B B* e~A"t) dtje* 'z, * M a>y dt > Jlhlly (7-7)
o
An operator D can be defined as
t,

D=[eABB*eA"dt, (7-8)
o

where D is a self-adjoint operator. When the system (7-1) is controllable, inequality (7-

8) and (7-7) are satisfied and, consequently, D has a bounded inverse. From a Lyapunov

approach one can show how the operator D could be used to assure asymptotic stability
of the closed loop system. In fact, at this point, one can notice the concurrence of three
concepts: controllability, stabilizability and Lyapunov stability. To show this, the

candidate gain operator for feedback is considered as K = —B* D~!. Therefore,
u=-B*D!v (7-9)

The open loop system of (7-1) generates a solution of the form v = eA' v,. The closed

loop system, based on equation (7-2) and (7-9), becomes

v=(A—-BB*D ) (7-10)

Consider a system with the following evolution equation

y=(A—-BB*D™ )7y (7-11)

where y is in the space V =R", i.e., system (7-10) and (7-11) share a common space.
The open loop system (7-1) generates the semigroup T(t) and the closed loop system (7-

9) with evolution operator (A — B B* D™!) generates S(t). Therefore, the system of (7-

_
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11) with evolution operator (A —B B* D™!)’ is a generator of semigroup S*(t). Let the
Lyapﬁnov function be selected as the following weighted inner product on VXV

2L(y) = <y,Dy>v (7-12)

t
=<y,(f e™A* BB* ™A™t dt) y>
o]

tl
= [ <B*e™A'y, B*e A'ty>y dt >t Slyly . o (7-13)
Q

Since D is self-adjoint, then the time derivative of £ becomes
2(y) = 2<3,Dy>y

=2<(A-B B* D !)'y,Dy>y

= 2<A*y,Dy>y — 2<D"!B B*y,Dy>v

2(y) =2<D A*y,y>v — 2IB*ylk; (7-14)
where

t
D A*y = ([ e™A' BB* e7A™ A* dt)y
o]

t
d

=—{J e BB*—(e7") 4y
o
Operators B and B* are time invariant, hence,
t, 4
DA%y =—[ e B—(B* ™) dt,
o]

and
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t

DA%y, y>v = - <=

E(B*e“""ty), B*e A"ty>y dt

ty

1 d *,—At * —A*t
14 B dt
2{dt <B*e y e y>vu
_ _% B*e Ayl + % By iy (7-15)

Therefore, by substitution of (7-15) into (7-14), it can be seen that

,’f(y) = —”B*eﬂvt‘y”(! _ ”B*Y”U S 0 (7-16)
From (7-8) it is clear that
—Att,
iB*e yily 2> 6 llylly (7-17)
IB*ylhy > 6 llylly (7-18)

Therefore .?i(y) is not just negative semidefinite, but for finite dimensional systems due

to (7-17) and (7-18), it satisfies the more restrictive condition of being negative definite.

2y) <6 + &) lyly (7-19)

From this Lyapunov functional and the results of the Lyapunov’s direct method applied
to linear systems, as shown in Chapter 3, system (7-11) can be found exponentially

stable with the
le(A*-DT'BBY)t | < o=t for some a > 0 (7-20)

Therefore system (7-10) which is the closed loop system with the control law of equation
(7-9) is exponentially stable, i.e.,

“e(A—BB‘D“)t | = lle(A*-D7'BB*)t)|

or from (7-20)
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(le{A—BB*D7')t < e ot for some a >0 . (7-21)

Therefore, controllability of a finite dimensional system leads to stabilizability of that
system. However, this relationship does not exist in the case of infinite dimensional

systems, as will be discussed later.

When the condition for existence of feedback gain operator K is given, it is often

required that the system characteristics behave in a desired manner, namely, the
eigenvalues of the closed loop system being specified apriori. The theorem below proves
the existence of an operator K such that the closed loop system has this placement

property.

Theorem 7.1. Letting the system (7-1) be controllable and operator B=b be an nX1

matrix (single input system), then the closed loop system

v = (A+bK)v (7-22)

V=y,

has the eigenvalue placement property. This property can be stated as: given any n-
tuple of eigenvalues {)\, \g, ..., Ay}, there is one and only one row vectsr

K = K, ..., K;] such that the matrix A+bK has the eigenvalues ~;, N\g, ..., \;.

Clearly, this theorem can be extended to the case of a general nXm B-matrix. The

proof of theorem 7.1 is given in [73].

In general, stabilizability of system (7-1) does pot guarantee controllability of this
system. The counter example would be a homogeneous stable system, which is clearly
uncontrollable. However, the pole placement property, i.e., being able to select the

eigenvalues of the closed loop matrix A+BK, implies controllability.




- 109 -

The pole placement property of controllable systems can be considered as an
algebraic pl;operty of matrix operators. From this property it was shown that for a set
of selected eigenvalues of system (7-2) there exists at least a matrix K, provided the

system is controllable. This means that the characteristic equation
det (\[ — (A+BK)| =0, (7-23)

for the given N\;’s, i = 1,2,...,n, would result in a set of n characteristic equ;tions which
lead to determination of K, provided system (7-2) is controllable. Therefore, the
controllability of the pair (A,B) is the necessary and sufficient condition for matrix
(A+BK) to have eigenvalues as specified and this property is independent of (A+BK)
being an evolution matrix. In the literature, the pole placement of general matrix
(A+BK) is not usually looked upon in the framework of controllability of the pair (A,B).
Despite the fact that placement property of eigenvalues of matrix (A+BK) and evolution
system (7-2) is the same, here this distinction is made because of the usage of this
property applied to the matrix (A+BK) in derivation of stabilization of a class of DPS.
These views of stabilization in finite dimensional systems set a basis for their comparison

with infinite dimensional systems.

Stabilization of Infinite Dimensional Systems

If the abstract evolution equation of an infinite dimensional system given in the
form of equation (3-4) with evolution operator A generates a semigroup T(t) which is not
asymptotically stable, then a control u will be applied to the system and the

nonhomogeneous system can be represented by

v =Av + Bu (7-24)
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where
veV = L,([0,¢],E®)
ueU = Ly([0,€],E™)
v(0) = v,
The state v and control u are vector functions of spatial domain x¢[0,€]. Hence, they

belong to n and m-tuple function spaces V and U, respectively.

The control system is then stabilizable if there exists an operator K : V — U such

that the control u = Kv generates the closed ioop system

v =(A + BK)v (7-25)
v(0) = v,
veV

and the closed loop evolution operator (A + BK) is the generator of an asymptotically

stable semigroup S(t).

Unlike the finite dimensional systems, approximate controllability of system (7-24)
does not guarantee stabilizability. However, if the system is exactly controllable as

discussed in Chapter 6, then
IC*, ally = blizlly . (7-26)
For the linear system (7-24), this condition can be represented as
IB* T*(t;—t)zly > 6 Izl (7-27)

for every t€R* and 0 <t <'t,. From this condition the norm
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t
[ IB*T*(t,—t) ziify dt (7-28)
o
will satisfy the following
ty
[ 1B*T*(t;—t) zlify dt > 3 llztl} (7-29)
0

for some 5 > 0.

The following can be written from the properties of semigroups T and T*.

T(t;—t) = T(t;) T(—t) = T(—t)T(t,)

T(t1—t) = T*(ty) T*(—t) = T*(=t) T*(t1)

Therefore,

t 4
[IB*T*(t, ~t)zlifydt = [<B*T*(~t) T*(t;)z, B*T*(—t) T*(t;)z>ydt

Similar to the treatment of finite dimensional systems, it has been determined that

t t .
JIB*T*(t; —t)zifdt = <(fT(—t)BB*T*(—t)dt)Tyz, T:2>vy . (7-30)
[«] ’ o

If an operator D is considered as

t

D(") = (fT(-t)BB*T*(—t)dt) (")

then D(*) is a self-adjoint operator and from (7-29) and (7-30)
<D T*(t)z, T*(t,)z>y > Bllalig . (7-31)

From (7-31) it follows that D(*) will have a bounded inverse.
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If the control action is considered as a feedback control with the gain operator K

K() = -B*D!(") (7-32)
then
u =Kv = —-B*D"!(v) (7-33)

Since both operators D(-) and D7!(-) operate on a distributed state function and
generate a distributed function, then u is a distributed feedback control. The closed
loop operator of system (7-25) generates a semigroup S(t) and, similar to finite

dimensional case, a Lyapunov functional & can be defined as
ZL(y) = <, Dy> (7-34)
where y is the state of the following system
y =(A —BB*D!)'y (7-35)
¥(0) = vo

yev = Lg([O,f],En)

The closed loop operators of systems (7-25) and (7-35) are adjoint of each other
and (7-35) generates the adjoint semigroup S*(t). The time derivative of £ becomes,
Z(y) = 2<DA*y,y>y — 2<B*y, B*y>y
where

t

DA*y = [ T(~t)BB*T*(—t)A*y
[¢]

Since the open loop evolution operator of system (7-35) is A*, which generates the

semigroup T*(t), where
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—T*(—t) = =T*(—t)A*,
STH(—) = =T*(~)

then

t
DA*y = — T(—t)B-%—(B*T*(——t)) dt

Finally, similar to the derivations of finite dimensional systems, the following can be

obtained
£ly) = —IB*T*(~t, )yl — IB*ylif <0 (7-36)

Due to the exact controllability and (7-27), the right hand side of (7-36) is bounded from
below in the state space V, i.e., PLis negative definite with respect to llylli;. Hence, the

system (7-35) is asymptotically stable. It can be seen that
IS*t)l <Me ™  forsomeM >1and a>0
Since lIS(t)Il = liS*(t)ll, then the same statement applies to the system (7-25).

Therefore, the exact controllability is a sufficient condition for stabilizability of a
general distributed parameter system. However, the exact controllability condition, as

used in (7-27), is often very difficult to satisfy for general distributed systems.

Stabilization of Symmetric Hyperbolic DPS

The general class of systems studied in Chapter 5 are represented by

ov ov o e
E—+A1'gx—+B1V=O (4-34)
v(x,0) = v, , v(o,t) =0

where veV([0,£€],E®) and matrices A; and B; are denoted by A and B in Chapter 5. This




- 114 -

class of systems, with A; being symmetric, shares a common form with the linearized
model bf the MPD system studied in this chapter. Let A,(x) possess eigenvalues of the
general form: (x) <X (x) < ... SN < 0<Xn{x) < .o <N\(x). The
eigenvalues show the directions of the characteristic lines of partial differential equations.
In addition, there exists a continuously differentiable matrix O(x), based on the system
eigenvectors such that O~}(x) A(x) O(x) = A(x). If one considers a new set of states w,

such that
v = 0O(x)w,

then the substitution of v into (7-37) results in

Ow ow 80
O(X)-gt— + Al (X)O(X)Ta;- + Al (X)—?&(L)' + BLO(X) w=0
ow _ ow _ 30
107 A0 2L + 07 As ()22 4+ B,0(x)|w =0
Therefore, one can conclude
ow ow '
5 T AR 5 +8x)w =0 (7-38)

Since A(x) is ‘a diagonal matrix of the system eigenvalues, and since )\, to Ap are

negative and A\p., to X\, are positive, then A can be decomposed as

\ AT O A\~ dlag()\l, , \p)
Y0 ar) A = disglpar, - 0) (7-39)
The corresponding decomposition can be applied to the states
"=
w= [w*] (7-40)
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Therefore, (7-38) can be reduced to a set of ordinary differential equations of the

followihg form:

T e TR T

dwd _ 3Wk 6‘wk aWk ii_’.‘_ ka _
dt .

k=12,..,n

where wy is the kth element of the vector valued function w. Moreover, N\, represents

the direction of the kth characteristic line, hence —%)— is the directional derivative along

the corresponding characteristic line. On the right hand side of (7-41), Gy is the kth row
of the matrix valued function J(x). The set of n ordinary differential equations (7-41)

are coupled by the term [ (x)w. Initial values for t =0 can be written as

w(x,0) = w, €Ly ([0,f};E")

Considering the boundary conditions at a point on the boundary x =0 and t = t,
as shown in Figure 7.1, one finds the characteristics with negative and positive
eigenvalues arrive at that point with negative and positive slopes, respectively [47]. The
"incoming information" consists of values of wy associated with characteristic line
Cy(0,t,) with negative slope for k =1,...,p. The "outgoing information" consists of
values of wy associated with the positive slope characteristic Cy(o, t,), k = p+1,...,n.
Hence, along the boundary x =0, the values of w* should be known. It is clear that
along the boundary x = ¢, the orientation of characteristics will be reversed and hence
the values of w~ should be known. When system (7-37) is unstable it can become
subjected to stabilization with addition of a control action u, such that the resulting

nonhomogeneous system will have the generic form of the abstract system (7-24)
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(0. %)

Figure 7.1 Characteristics configuration at x =0 and t = ty-
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The input operator B depends on the way that the control is interacting with the

system.

In general, the system of equation (7-37) is assumed to be stabilizable by some
form of feedback control as u = Kv, where K: v — u. Hence, the operator A+BK
would be an infinitesimal generator of an asymptotically stable semigroup. If one defines
a Lyapunov function as & = <v,v>, similar to (5-39) with S =1, then the following

would result:

b Tay | [T
=—vIAv | + f v {—— — 2B, + 2BK} vdx (7-42)
°o Ox
From transformation v = O(x) w we have
¢ 4 4
vIA;v | =wTOTA Ow | = wlAw | (7-43)
o o (o)

where

S Y A
‘ W+ 0 x\+
€

¢ T ¢ T
wlidw | =w= A"w™ | +wt Atwt | (7-44)
0 [+] o]

At x =0, and at x =¢, w* and w™, respectively, must be known or given from the

boundary conditions, i.e.,
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w*(o,t) =Dyw ™ (o,t) (7-45)
w™(€,t) =D,w*(€,t) (7-46)
Hence
4
wlAw | =w* (6,t)A* (€)w* (€,t) + wt (£,t) DFA~(£) D, w*(£,t)

~[w~"(0,t)A™(0)w ™ (0,t) + W™ (0,t)DT A*(0)Dw™ (o, t)]
To guarantee stability in the sense of Lyapunov, the following must be satisfied:

—w* (£,t) [A*(€) + DA (€)D,] w(€,t) <O (7-47)

w™ (o,t) [A~(0) + DTA*(0)D,] w™(0,t) <0 (7-48)
In the case that w*(o,t) = 0 and w™(¢,t) = 0, (7-43) reduces to
wT Aw f =wt(€,t)TA*(O)w* (£,t)
—[w™(0,t)TA™(0)w ™ (o,t)] > 0 (7-49)

'4
Hence, —vTA,v | <0.
o

Another condition to be satisfied is that the following matrix should be negative

definite

OA
M, = [—gl— — 2B, + 2BK} : negative definite (7-50)

Therefore, by using a proper feedback gain K, such that conditions (7-49) and (7-50) are
satisfied, the Lyapunov functional leads to

£ < <v, M v> < — Ivlly (7-51)

which results in the asymptotic stability of system (7-37). If M, is negative definite, then
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and

the supremum of its eigenvalues must be less than zero. Since the operators

1
X
B, are only matrix functions of x, stabilization of the infinite dimensional system (7-37)
reduces to the pole placement property of a finite dimensional matrix. As mentioned
earlier in the discussion of finite dimensional systems, if the pair (A,B) is controllable,
then there exists a K such that the eigenvalues of A + BK can be placed in desired

locations. Therefore, there will exist at least a matrix K such that M. is negative

definite if and only if the controllability matrix C, below,

OA, OA, 2 A, n-t
C=2B,2W—281B,2T—2Bl B,....,279—x—-2B1 B

(7-52)

has a full rank. In the case of the MPD thruster, where A, is given by (5-32) and B, is
given by (5-38), its control is a distributed (body force) type input. Addition of the
distributed control inputs can be achieved by imposing a perturbation to the equilibrium

controls in equations (5-27) to (5-29). Hence, the control vector in (7-24) will be defined

uy
u = [ ] (7-53)
Uz

Therefore, the input operator B, which couples u to the system of (7-24), will be

as

calculated as
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0 0 1
1 0
B=| #reVRT, (7-54)

—Ue 1
LpeTe V~-1C, peTe\/w—l Cy |

From the values of A; and B, given by equations (5-37) and (5-38), respectively, and B

given by (7-54), one can construct the controllability matrix for the MPD modcl. A
1 ul

detailed computation leads to the condition that Tr—e- and — should not be zero
e Ue

simultaneously so that the system of the MPD model would be stabilizable. This

indicates that although there is not a formal input term influencing the density evolution

equation (5-27), i.e., the continuity equation, it is possible to control and stabilize the

density, velocity and temperature of the plasma with the input controls appearing only

in the momentum and energy equations.

Stabilization of DPS Represented by Contraction Semigroups

An important class of distributed parameter systems which covers a wide range of
hypo-eliptic and structural systems are discussed in this section. Consider a
nonhomogeneous infinite dimensional system represented by the evolution equation (7-
24), where the open loop evolution operator A generates a contraction semigroup T(t),
defined in Chapter 3 as IIT(t)ll<1. From the Hille-Yoshida theorem it has been
determined that the generator A must be dissipative with respect to an appropriate
norm so that this contraction exists. For those dissipative generators with T(t)1 <1
the evolution process is already asymptotically stable and stabilization has no meaning.
However, for the case where <v,Av>y =0 and IIT(t)ll = 1, the dynamical system is not

asymptotically stable and stabilization can be addressed. This category of problems

_
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contains a majority of structural systems with negligible damping which are often

subject to undamped oscillations. Consider the system (7-24)

v = Av + Bu
V(O) =V
veV

which is subjected to the following condition: <Av,v>y =0.

Assuming a Lyapunov functional & on a set G, where the positive orbit of the system is

contained in G, then

£ = <v,v>,
P= 2<%, v>y = 2<AV, vy + 2<Bu,v>y

.

£ = 2<Bu,v>y = 2<u,B*v>y (7-56)
This leads to construction of a feedback control u, where
u = —B*v (7-57)
Hence,
£ =—=2B*vi} <0 (7-38)

Since & is negative with respect to the norm in the control space U, no further
implications can be made about the negative definiteness of £ in terms of the norms in
state space V. This means that the Lyapunov direct method is not applicable to such
systems. However, from the invariance principle it can be concluded that if the positive
orbit of the system is compact, then the closed loop system S(t)v — M™* as t — x,

where M* is the largest invariant set on which % =0. The motion of the dynamical
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system is asymptotically stable and S(t)v — 0 as t — 0 if M* = {0}. Therefore, it is
sufficient to add approximate controllability in order to arrive at stabilizability of this

system, as shown by [38] in the following theorem:

Theorem 7.2. Let A in system (7-24) be the infinitesimal generator of a contraction C,-
semigroup T(t) on V for t > 0. If (i) for every yeV, S(t)y remains in a compact set of V
where S(t) is the semi-group generated by closed loop operator as described above, and
(ii) (7-24) is approximately controllable, then S(t)y — 0 as t — oc, i.e., system (7-24) is

weakly stabilizable.

Proof. If C = A — BB* is the closed loop operator with the control law (7-57) and
S(t) is the semigroup generated by C, then C* = A* — BB* is the generator of S*(t) for

the following system

)" = C*y (7-59)

¥(0) = v, yev
Consider the Lyapunov functional
£ =<y,y>v,

then .Q’=—2l[B*yHU = —2|B*S*(t)v, lky, similar to (7-58). From condition (i) and
£ <0, it can be concluded that S*(t)vo =M™ as t — o, where M* is the largest

invariant set on which £ =0. From condition (ii) it can be concluded that M™ = o},

Let meM* and define z(t) as
2(t) = [ S*(s)m ds (7-60)

Since C* is closed, z(t)eD(C*) = D(A*) C V, and z(0) = 0, then
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z(t) = (A* —BB*)z(t) + m

from the definition of M¥, it follows that
P = —2iB*S*(t) milf; =0
or
B*S*(t)m =0, forallt >0
This implies that B*(z(t) — z(0)] = 0, or
B*z(t) =0
Hence,
z = A*z(t) + m

and

From (7-84), it can be concluded that

t
B*z(t) =0 = [ B*T*(s) m ds
o

Therefore,

B*T*(s) m =0

However, if system (7-24), by assumption (ii), is approximately controllable, then

B*T*(s)m =0 implies m =0

(7-62)

(7-64)

(7-65)

(7-66)

(7-67)

(7-68)

This indicates that every element of the invariant set M* is zero. Therefore, from the
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invariance principle, S*(t)v, — 0 as t — oo. Thus, S(t)v, — 0 weakly in V as t — oc.

0

The analysis in this chapter indicates that, unlike the case of finite dimensional
systems where controllability implies stabilizability, for infinite dimensional systems such
an implication is not appropriate. In general for infinite dimensional systems, exact
controllability provides sufficiency for existence of a stabilizing control. The special case
of an infinite dimensional dynamical system which has the characteristics of a
contraction semigroup is considered in the last section of this chapter. In this case,
approximate controllability along with compactness of the closed loop motion provided
sufficient conditions leading to the existence of a stabilizing control. It can be shown
that under the condition of contraction, the compactness of closed loop motion would
imply the close range of the control operator C,. This in turn implies that the

approximate controllability would lead to an exact controllability.
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CHAPTER 8 - SUMMARY AND CONCLUSIONS

A summary of the research presented in the previous chapters and the results are
reviewed in this section. The major conclusions drawn from the study are presented,

and some recommendations for future directions are described.

Summa

The semigroup properties of states of dynamical systems were presented. The
extension of the Lyapunov direct stability method for distributed parameter systems was
presented. It was shown that whenever the Lyapunov functional subject to the direct
method or the equilibrium point does not exist, then asymptotic behavior of the

distributed parameter systems can be predicted by extension of the invariance principle.

A simplified model of the MPD thruster using conservation laws and Maxwell’s
equations was derived. This model was used for stability and controllability analysis of
the MPD systems. The theorems and concepts of the stability of DPS was applied to a
parabolic model of a magneto-plasma dynamic system, subject to perturbations about its

null equilibrium velocity.

Asymptotic stability of the transverse and longitudinal modes of motion were
derived. Similar treatment was applied to the case of the MPD accelerator with nonzero
equilibrium flow velocity. The stability of the linearized model was derived based on an
equivalent norm. In addition, the stability of the original nonlinear DPS model was

investigated and derived.

The concepts of controllability and observability for linear time invariant DPS

were compared with the corresponding concepts for finite dimensional system.
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Fuadamental differences between these two types of systems from controllability and

observability points of view were described.

The stabilizability of DP'S in the absence of asymptotic stability was analyzed and
the resulting theorems were applied to a class of linear symmetric hyperbolic systems. It
was shown that if the system is exactly controllable, then existence of a stabilizing
distributed control can be achieved. For a special class of DPS where states of the
system form a contraction semigroup, stabilization was proven based on the invariance

principle and approximate controllability.

Conclusions
Following items are concluded from the research presented in this manuscript.

In general, Lyapunov stability theorem provides sufficient condition(s) for the
stability or asymptotic stability of systems. In the case of systems represented by a large
number of partial differential equations, Lyapunov's method provides an applicable
process for stability analysis as opposed to the spectrum analysis of high order
characteristic equations with the presence of wave number in the characteristic equation.
Moreover, in infinite dimensional systems, negative definiteness of supremum of the
spectrum provides only the necessary conditions for asymptotic stability. However, the
extra condition from the spectrum determined growth assumption should exist to

guarantee the existence of asvmptotic stability.

In a case that asymptotic stability does not exist, then exact controllability
provides a sufficient condition for the stabilizability of the system. - general, exact
controllability is very difficult to obtain and has been proven only for a few special cases.

This study has shown that the stabilization of linear symmetric hyperbolic systems with
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distributed control is plausible without the need for exact controllability.

The results of this study can be applied to more elaborate models of MPD
thrusters, and more definite answers on the subject of system observability and

stabilization can be derived.

Recommendations

The following issues are related to the materials discussed during the course of this

research and are recommended as topics for future research in continuation of this study

on distributed parameter systems:

1. determination of different types of strategic points for general classes of DPS and

their applications to sensor/actuator optimal locations,
2. closed-loop robust control of DPS with respect to noise and random excitations,
3. effects of delay in DPS and robust control design for elayed DPS,
4. stabilization of nonlinear structural systems based on DPS mode}s,
5. experimental investigation of the proposed stabilizability technique.

6. implementation of the results on an actual MPD thruster at one of the Air Force

Laboratories
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Appendix A: Proof of Theorem 3.7

Given. any € >0, and without any loss of generality, let ¢ <r. Defining
a(€) = infiy_y e, and noting that o > £(v,) + f(€), it is clear that the ball of radius €
at v, i.e., B,(v,) contains a disjoint component G, of the set {veV | £(v) < a} such that
ve € G,. Since £: V — R is continuous, G, is an open and positive invariant set and
there exists §¢) > 0 such that Bs(ve) C G,. Therefore, given any v, € Bs(v,) C G,, the
positive orbit is contained in G,, i.e., ¥(v,) C G, C B(v.). Therefore, the point v, is

stable.

With a@ and 6 defined as above, and 0 <e¢ <r, consider any fixed point
Vo € B§(ve) C Go. Theorem 3.8 implies that £(T(t)v,) is non-increasing on RT.
Therefore, as t — oo, Z£(T(t)v,) — ti(rl:t{ ZL(T(t)v,) = B(v,). Clearly, a >8> 2£(V,)
because %(v) > £(v,) for all veG, CB,(v,). Either § must be £(v,) or
¥(vo) N {veG, | L(v) < B} for B > £(v,) is empty. In the latter case, continuity of £
implies that there exists a v >0 such that ~(v,) N B,(ve) is empty, assuming that

B # £(v,) and .‘L’(v) < —g(d(v,v,)) for all veG, C B,(v). From the hypothesis, g{*) is a

monotone function, hence g(v) > 0 and
t
Z(ve) < L(T(t)vo) = L(vo) — f g(v)
[o]

<& (vo) —tg(v) = —ast — x

which is impossible. Hence, 3 = £(v,) and Z(T(t)v,) — £(v.) as t — oc. This implies
that f(d(t(t)vy,ve)) — 0 as t — oco. Since f is a monotone function, T(t)v, — v, as

t — oo and v, is asymptotically stable [26].
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Appendix B: Proof of Theorem 3.11

If V is complete and ~(v) is precompact, then {}(v) is nonempty and invariant;
moreover, d(T(t)v,(Yv)) =0 as t—oo. Assuming that ~v) C G, one has
Q(v) CA(v) CG. If y(v) is not precompact, {{v) may k2 empty. In this case, the
theorem is obviously true but meaningless. Hence, the case that {)(v) is nonempty is
considered. Since £(v) < oo and £(T(t)v) is nonincreasing, then .Sf(T(t)v). has a finite
value for teR*. This implies that & — 3 < o0 as t — oo, where 7 = inf g~ F(T(t)v).
Since {Yv) is assumed to be nomempty, (}(v) C J(v) C G, and since £(v) is continuous
from the definition of ()(v), it follows that £(z) = 3 for every z € {}(v). Furthermore,

since ()(v) is positive invariant, £(z) = 0 for every z ¢ {}(v) and proof is complete [26].
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Appendix C: Derivation of Model for MPD Systems

The piasma dynamic equations for this system consist of Maxwell’s equations,
Ohm's law, conservation of electric charge, equation of state (ideal gas law) and a set of
mass, momentum and energy equations [70]. In derivation of these equations it is
assumed that the bulk properties of the gas (plasma) are shared by all species contained

in the plasma.

Maxwell equations:

e = = &F
VX H=

X J + >
— — 8”31—{.
VX E =~

X 5
V-H=0
6'E=lpe

€

Ohm's law:
J, = O’[Ei + e o X ﬁ),] + peu*; i = direction index X,¥,Z OF X|,Xg,X3

Conservation of electric charge:

Ope , 3, 9
+ Y — =0 j 2 direction index
St =1 Ox;

Equation of state (ideal gas law):
P =RpT

P = thermodynamic pressure
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Conservation of Mass:
3 *
5 T X —— (pu¥j) =0

Conservation of Momentum:

Du’ P oo i p 4P 4F
(& TR M e L

where,

P = sum of thermodynic pressure and radiation pressure, the latter is negligible.
Fe. =pe Ei + ue(J X H) i 2x,y,zor X1,X2,X3

F,. = gravity force per volume, negliglble.

du*;
Tij = 4 Bx;

F, = collisional forces, negligible.
Energy Equation:

Ofn , 3 Ofmut __ OwP.
ot =1 8xj GXj 8)(1'

ou* 7. aQ
) J
N A

where ey, = total energy per unit mass =~ ¢, T.

Q; = heat flux in direction j.

In this model, it is assumed that the plasma is originally at rest with the pressure

P,, temperature T,, and density p,. An external uniform magnetic field ﬁo is applied to

the system, where
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There is no electric field applied to the system. Plasma is perturbed by a small
disturbance and, as a result, the state of the system is a combination of the stationary
(equilibrium) part and the perturbed portion. The velocity vector for the basic flow is

zero. Therefore,
u* =1iu(x,t) + jv(x,t) + k w(x,t)

However, an assumption is made that the variations of variables are only functions of
one spatial dimension, x, and time. Therefore, instantaneous pressure, temperature and

density can be written as

P =P, + P'(x,t)
T =T, + T (x,t)
p=po +p(xt)

Electric and magnetic fields can be represented as

E =i Ey(x,t) +j Ey(x,t) + k E,(x,t)

=i [Hx + hx(xvt)] +j [H}' + hy(x’t’)] +k hz(xat)

Current density J and net electric charge p, are

-—

J =J(x,t), Pe = pe(x,t) .

() _o 90 _
3 =0, =+ =0.

The one-dimensional assumption results in:

Inserting the above simplification into the set of general dynamic equations, the

following describing equations can be derived:

Maxwell’s equations:

_____-_-—
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JE
Jg +¢€ 8: =0 (C-1)
OE, oh, .
Jy+€3t = — e (C-2)
JE oh
dh
ﬂe &x = 0 (C-4)
ohy OE,
- = (C-5
p’e at 8)( \ 0)
Jhy OBy
—_——=— C-6
Generalized Ohm'’s law:
Iy = 0(Ex — e WHy) + peu (C-7)
Jy = G(Ey + Ue WHx) + 0V (C-S)
J, =0o(E, + teuHy — tevHy) + pew (C-9)
Conservation of electric charge:
OPe Ay
=0 C-10
% T o (C-10)
The equation of state for perturbed variables is
Pl p! TI
=— 4+ —, where P, = p,RT C-11)
P, " T Rl (
The linearized continuity equation becomes:
dp du
== -— =0 C-12
at + Po ax ( )

The linearized equations of momentum are:




F
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.
po%t“-.—.--aa—z'—+i;—u%—uehﬂy+peEx (C-13)
po%=l‘§2x'¥'+ﬂe J; Hy + pe Ey (C-14)
po%v:- =p %zx-‘} + pe(Jx Hy — Hy Jy) + peE, (C-15)
It is assumed that the nonlinear perturbation terms are negligible in comparison with

the linear terms. Therefore, the energy equation becomes

pocv%— = - poRTO% + K—aa—zx%- (C-16)

Decoupled Modes of Motion

In the case of a neutral plasma, i.e., p, =~ 0, the number of ions and electrons per

volume of plasma are nearly equal. For this case, if one considers the fact that

Ohy Ohy
=0, =

=(, then it is possible to distinguish between two modes of wave

propagation: transverse mode (z-direction) and longitudinal mode. In the transverse
mode, the states are found to be h, and w, and the state equations can be formed from
the reduction of equations (C-1), (C-2), (C-8), (C-7), (C-8), (C-10), and (C-15). The rest

of the equations can be reduced to the form state equations for the longitudinal mode.

(i) Transverse Mode

The magneto-gas-‘ynamic assumption results in an insignificant magnetic
induction effect in Maxwell’s equations from the terms carrying variations of

electric field with time. This is due to the fact that nondimensional parameters

tou*

R, =
vty

and Rg = are of the order of one or smaller, and

o
teu*H,

ﬁ—__-—d
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2
R, = u—z- = u*zu,e << 1 [70]. The resulting equations are
. [

6h %h Ow
E’— = Uy ale + Hg ax (C'17)
ow 32W Vg ahz
5t —uaxz + 0 ox (C-18)
where g = and V, = l—":i H,. The parameter V, is defined as the x-
e o

component of the speed of the Alfven wave.

(ii) Longitudinal Mode

The state equation for this mode can be reduced to

S ey By O (o)
AR A P B (20
%t—=—RTo %‘;’:—+%1:— +%ugzx;‘ _\gyy ?x’ (C-21)

: %_t"_ - _gx_u (C-22)

where o' = %, % vV, = V%-H,. The parameter V, is defined as the y-

component of the speed of the Alfven wave.




