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Preface

This book is devoted to new methods of control for complex dynamical systems and
deals with nonlinear control systems having several degrees of freedom, subjected
to unknown disturbances, and containing uncertain parameters. Various constraints
are imposed on control inputs and state variables or their combinations.

The book contains an introduction to the theory of optimal control and the theory
of stability of motion, and also a description of some known methods based on these
theories.

Major attention is given to new methods of control developed by the authors over
the last 15 years. Mechanical and electromechanical systems described by nonlinear
Lagrange’s equations are considered. General methods are proposed for an effective
construction of the required control, often in an explicit form. The book contains
various techniques including the decomposition of nonlinear control systems with
many degrees of freedom, piecewise linear feedback control based on Lyapunov’s
functions, methods which elaborate and extend the approaches of the conventional
control theory, optimal control, differential games, and the theory of stability.

The distinctive feature of the methods developed in the book is that the con-
trols obtained satisfy the imposed constraints and steer the dynamical system to a
prescribed terminal state in finite time. Explicit upper estimates for the time of the
process are given. In all cases, the control algorithms and the estimates obtained are
strictly proven.

The methods are illustrated by a number of control problems for various en-
gineering systems: robotic manipulators, pendular systems, electromechanical sys-
tems, electric motors, multibody systems with dry friction, etc. The efficiency of the
proposed approaches is demonstrated by computer simulations.

The authors hope that the monograph will be a useful contribution to the sci-
entific literature on the theory and methods of control for dynamical systems. The
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book could be of interest for scientists and engineers in the field of applied mathe-
matics, mechanics, theory of control and its applications, and also for students and
postgraduates.

Moscow, Felix L. Chernousko
April 2008 Igor M. Ananievski
Sergey A. Reshmin
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Introduction

There exist numerous methods for the design of control for dynamical systems.

The classical methods of the theory of automatic control are meant for linear
systems and represent the control in the form of a linear operator applied to the
current phase state of the system. Shortcomings of this approach are obvious both
in the vicinity of the prescribed terminal state as well as far from it. Near the terminal
state, the magnitude of the control becomes small, so that control possibilities are
not fully realized. As a result, the time of the control process occurs to be, strictly
speaking, infinite, and the phase state can only tend asymptotically to the terminal
state as time goes to infinity. On the other hand, far from the terminal state, the
control magnitude becomes large and can violate the constraints usually imposed
on the control. That is why it is difficult and often impossible to take account of
the constraints imposed when the linear methods are used. Moreover, the classical
methods based on linear models are usually inapplicable to nonlinear systems; at
least, their applicability should be justified thoroughly.

In principle, the methods of the theory of optimal control can be applied to non-
linear systems. These methods take account of various constraints imposed on the
control and, though with considerable complications, on the state variables. The
methods of optimal control bring a dynamical system to a prescribed terminal state
in an optimal (in a certain sense) way; for example, in a minimum time. However, to
construct the optimal control for a nonlinear system is a very complicated problem,
and its explicit solution is seldom available. Especially difficult is the construction
of a feedback optimal control for a nonlinear system, even for a system with a small
number of degrees of freedom and even with the help of modern computers.

There exist a number of other general methods of control: the method of systems
with variable structure [123, 116, 115], the method of feedback linearization [70, 71,
91], and their various generalizations. However, these methods usually do not take
into account constraints imposed on the control and state variables. Moreover, being
very general, these methods do not take account of specific properties of mechanical
systems such as conservation laws or the structure of basic equations of motions that
can be presented in the Lagrangian or the Hamiltonian forms. Some other control
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methods applicable to nonlinear mechanical systems were developed in [61, 62, 94,
95,59, 51, 52, 85, 90, 118].

In this book, some methods of control for nonlinear mechanical systems sub-
jected to perturbations and uncertainties are proposed. These methods are applicable
in the presence of various constraints on control and state variables. By taking into
account some specific properties inherent in the equations of mechanical systems,
these methods yield more efficient control algorithms compared with the methods
developed for general systems of differential equations.

The authors’ objective was to develop control methods having the following fea-
tures.

1. Methods are applicable to nonlinear mechanical systems described by the La-
grange equations.

2. Methods are applicable to systems with many degrees of freedom.

3. Methods take into account the constraints imposed on the control, and, in a
number of cases, also on the state variables as well as on both the control and state
variables.

4. Methods bring the control system to the prescribed terminal state in finite time,
and an efficient upper estimate is available for this time.

5. Methods are applicable in the presence of uncertain but bounded external per-
turbations and uncertain parameters of the system. Thus, the methods are robust.

6. There exist efficient algorithms for the construction of the desired feedback
control.

7. Efficient sufficient controllability conditions are stated for the control methods
proposed.

8. In all cases, a rigorous mathematical justification of the proposed methods is
given.

It is clear that the above requirements are very useful and important from the
standpoint of the control theory as well as various practical applications.

Several methods are proposed and developed in the book, and not all of them
possess all of the features 1-8 listed above. Properties 3, 4, 7, and 8 are always
fulfilled, whereas other features are inherent in some of the methods and not present
in others.

The book consists of 10 chapters.

Chapters 2, 3, 5, and 6 deal with nonlinear mechanical systems with many de-
grees of freedom governed by Lagrange’s equations and subjected to control and
perturbation forces.

These equations are taken in the form:

d oT JT
————=U;+0Q;, i=1,...,n 0.1
aiog ag U Qi (0.1)
Here, ¢ is time, the dots denote time derivatives, g; are the generalized coordi-
nates, ¢; are the generalized velocities, U; are the generalized control forces, Q; are
all other generalized forces including uncertain perturbations, » is the number of de-
grees of freedom, and 7' (g, ¢) is the kinetic energy of the system. The kinetic energy
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is a symmetric positive definite quadratic form of the generalized velocities ¢;:

1 1<
T(g,9) = 3(A(9)4:9) = 5 X apx(@)d;di- 0.2)
jik=1

Here, ¢ and ¢ are the n-vectors of the generalized coordinates and velocities,
respectively, and the brackets (-,-) denote the scalar product of vectors.
The quadratic form (0.2) satisfies the conditions

m|g)* < (A(q)¢.q) < M|4|? (0.3)

for any ¢ € R" and ¢ € R", where m and M are positive constants such that M > m.
Condition (0.3) implies that all eigenvalues of the matrix A(g), for all ¢ € R", belong
to the interval [m, M].

In Chapters 2 and 3, the coefficients of the quadratic form (0.2) are supposed to be
known functions of the coordinates: ajx = aji(q). In Chapters 5 and 6, the functions
aji(q) may be unknown but the constants m and M in (0.3) are given. Also, the case
of rheonomic systems for which T = T(g, ¢,¢) is considered in Chapter 5.

We suppose that the control forces are subjected to the geometric constraints at
any time instant:

\U;| <U?, i=1,....n, (0.4)

where Ul-o are given constants.

The generalized forces Q; may be more or less arbitrary functions of the co-
ordinates, velocities, and time; these functions may be unknown but are assumed
bounded by the inequality

0i(q,4.1)| <0, i=1,....n, (0.5)

The constants Q? are supposed to be known, and certain upper bounds are im-
posed on QY in order to achieve the control objective.
The control problem is formulated as follows:

Problem 0.1. It is required to construct the feedback control U;(g,q) that brings
system (0.1) subject to constraints (0.3)—(0.5) from the given initial state

qt0)=¢°  4lt) =¢° (0.6)

at a given initial time instant r = 7 to the prescribed terminal state with zero terminal
generalized velocities

qt)=q",  4(t.)=0 (0.7)

in finite time. The time instant ¢, is not prescribed but an upper estimate on it should
be obtained.

In some sections of Chapter 3, the case of nonzero terminal velocities ¢;(z.) # 0
is also considered.
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In many practical applications, it is desirable to bring the system from the state
(0.6) to the state (0.7) as soon as possible, i.e., to minimize ¢,. However, to construct
the exact solution of this time-optimal control problem for the nonlinear system is
a very difficult problem, especially, if one desires to obtain the feedback control.
The methods proposed in Chapters 2, 3, and 5-8 do not provide the time-optimal
control but include certain procedures of optimization of the time f,. Therefore,
these methods may sometimes be called suboptimal.

The main difficulties arising in the construction of the control for system (0.1) are
due to its nonlinearity and its high order. The complex nonlinear dynamical interac-
tion of different degrees of freedom of the system is characterized by the elements
aji(q) of the matrix A(g) of the kinetic energy. Another property that complicates
the construction of the control is the fact that the dimension n of the control vector
is two times less than the order of system (0.1).

Manipulation robots can be regarded as typical examples of mechanical or elec-
tromechanical systems described by equations (0.1). Being an essential part of au-
tomated manufacturing systems, these robots can serve for various technological
operations. A manipulation robot is a controlled mechanical system that consist of
one or several manipulators, a control system, drives (actuators), and grippers. A
manipulator can perform a wide range of three-dimensional motions and bring ob-
jects (instruments and/or workpieces) to a prescribed position and orientation in
space. Various types of drives, namely, electric, hydraulic, pneumatic, and other, are
employed in robotic manipulators, the electric drives being the most widespread.

The manipulator is a multibody system that consists of several links connected
by joints. The drives are usually located at the joints or inside links adjacent to
the joints. Relative angular or linear displacements of neighboring links are usu-
ally chosen as the generalized coordinates ¢; of the manipulator. The kinetic energy
T(g,q) of the manipulator consists of the kinetic energy of its links and also, if
the drives are taken into account, the kinetic energy of electric drives and gears.
The Lagrange equations (0.1) of the manipulator involve the generalized forces Q;
due to the weight and resistance forces; the latter are often not known exactly and
may change during operations. Moreover, parameters of the manipulator may also
change in an unpredictable way. Therefore, some of the forces Q; should be regarded
as uncertain perturbations. The control forces U; are forces and/or torques produced
by the drives.

Since the manipulator is a nonlinear multibody system subject to uncertain per-
turbations, it is quite natural to consider the problem of control for the manipulator
as a nonlinear control problem formulated above as Problem 0.1.

Let us outline briefly the contents of Chapters 1-10.

Chapter 1 gives an introduction to the theory of optimal control. Basic concepts
and results of this theory, especially the Pontryagin maximum principle, are often
used throughout the book. The maximum principle is formulated and illustrated by
several examples. The feedback optimal controls obtained for these examples are
often referred to in the following chapters.

In Chapters 2 and 3, the methods of decomposition for Problem 0.1 are proposed
and developed. The essence of these methods is a transformation of the original
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nonlinear system (0.1) with n degrees of freedom to the set of n independent linear
subsystems
Xi=uj+v, i=1,...,n. 0.8)

Here, x; are the new (transformed) generalized coordinates, u; are the new controls,
and forces v; include the generalized forces Q;, as well as the nonlinear terms that
describe the interaction of different degrees of freedom in system (0.1). The pertur-
bations v; in system (0.8) are treated as uncertain but bounded forces; they can also
be regarded as the controls of another player that counteract the controls ;.

The original constraints (0.3)—(0.5) imposed on the kinetic energy and general-
ized forces of system (0.1) are, under certain conditions, reduced to the following
normalized constraints on controls u; and disturbances v;:

|M,‘|§1, |V,’|§p,‘, pi<l, i=1,....n 0.9

By applying the approach of differential games [69, 79] to system (0.8) subject
to constraints (0.9), we obtain the feedback control u;(x;,%;) that solves the control
problem for the ith subsystem, if p; < 1.

Besides the game-theoretical technique, a simpler approach to the control con-
struction is also considered, where the perturbations in system (0.8) are completely
ignored. As the control u;(x;,%;) of the ith subsystem (0.8) we choose the time-
optimal feedback control for the system

Xi = u;, i=17...,n.

It is shown that this simplified approach is effective, i.e., brings the ith subsystem
(0.8) to the prescribed terminal state, if and only if the number p; in (0.9) does not
exceed the golden section ratio:

pi<pt= %(\G— 1)~ 0.618.

In other words, uncertain but bounded perturbations can be neglected while con-
structing the feedback control, if and only if their magnitude divided by the magni-
tude of the control does not exceed the golden section ratio p*.

Two versions of the decomposition method presented in Chapters 2 and 3 differ
both by the assumptions made and the results obtained.

The assumptions of the second version (Chapter 3) are less restrictive; on the
other hand, the time of the control process is usually less for the first version (Chap-
ter 2).

As a result of each decomposition method, explicit feedback control laws for the
original system (0.1) are obtained. These control laws U; = Ui(q,q), i = 1,...,n,
satisfy the imposed constraints (0.4) and bring the system to the terminal state (0.7)
under any admissible perturbations Q;(q, ¢,t) subject to conditions (0.5). Sufficient
controllability conditions are derived for the methods proposed. The time of control
t, is finite, and explicit upper bounds on ¢, are given.
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Certain generalizations and modifications of the decomposition methods are pre-
sented in Chapters 2 and 3. The original system (0.1) with n degrees of freedom
can be reduced to sets of subsystems more complicated than (0.8); these subsystems
can be either linear or nonlinear, and these two cases are examined. The decompo-
sition method is extended to the case of nonzero prescribed terminal velocity ¢;(%.)
in (0.7), and also to the problem of tracking the prescribed trajectory of motion.

Control problems for the manipulation robots with several degrees of freedom
are considered as examples illustrating the methods proposed. Purely mechanical
models of robots as well as electromechanical models that take account of processes
in electric circuits are considered.

Chapter 4 briefly presents basic concepts and results of the theory of stability.
Here, the notion of the Lyapunov function plays the central role, and the corre-
sponding theorems using this notion are formulated. The Lyapunov functions are
widely used in the following Chapters 5 and 6.

In these chapters, the method of control based on the piecewise linear feedback
for system (0.1)—(0.7) is presented. The required control vector U is sought in the
form

U=-Bg—q")—aq, U=(U,...,Uy), (0.10)

where o and f3 are scalar coefficients.

During the motion, the coefficients increase in accordance with a certain algo-
rithm and may tend to infinity as the system approaches the terminal state (0.7),
i.e., t — .. However, the control forces (0.10) stay bounded and satisfy the imposed
constraints (0.4).

In Chapter 5, the coefficients o and B are piecewise constant functions of time.
These coefficients change when the system reaches certain prescribed ellipsoidal
surfaces in 2n-dimensional phase space. In Chapter 6, the coefficients o and f are
continuous functions of time.

In both Chapters 5 and 6, the proposed algorithms are rigorously justified with the
help of the second Lyapunov method. It is proven that this control technique brings
the system (0.1) to the prescribed terminal state (0.7) in finite time. An explicit upper
bound for this time is obtained.

The methods of Chapters 5 and 6 are applicable not only in the case of uncertain
perturbations satisfying (0.5), but also if the matrix A of the kinetic energy (0.2) is
uncertain. It is only necessary that restrictions (0.3) hold and the constants m and M
be known.

The approach based on the feedback control (0.10) is extended also to rheonomic
systems whose kinetic energy is a second-order polynomial of the generalized ve-
locities with coefficients depending explicitly on the generalized coordinates and
time (Chapter 5). The coefficients of the kinetic energy are assumed unknown, and
the system is acted upon by uncertain perturbations. The control algorithm is given
that brings the rheonomic system to the prescribed terminal state by a bounded con-
trol force.

Several examples of controlled multibody systems are considered in Chapters 5
and 6. Some parameters of the systems, namely, masses, coefficients of stiffness
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and friction, are assumed unknown, and uncertain perturbations are also taken into
account. It is shown that the methods proposed in Chapters 5 and 6 can control such
systems and bring them to the terminal state; moreover, the methods are efficient
even if the sufficient controllability conditions derived in Chapters 5 and 6 are not
satisfied.

Note that, together with the methods discussed in the book, there are other ap-
proaches that ensure asymptotic stability of a given state of the system, i.e., bring
the system to this state as ¢t — oo. In practice, one needs to bring the system to the
vicinity of the prescribed state; therefore, the algorithms based on the asymptotic
stability practically solve the control problem in finite time. However, as the re-
quired vicinity of the terminal state decreases and tends to zero, the time of motion
for the control methods ensuring the asymptotic stability increases and tends to in-
finity. By contrast, the methods proposed in this book ensure that the time of motion
is finite, and explicit upper bounds for this time are given in Chapters 2, 3, 5, and 6.

In Chapters 1-6, systems with finitely many degrees of freedom are considered;
these are described by systems of ordinary differential equations. A number of books
and papers (see, for example, [25, 122, 86, 113, 117, 87]) are devoted to control
problems for systems with distributed parameters that are described by partial dif-
ferential equations. The methods of decomposition proposed in Chapters 2 and 3
can also be applied to systems with distributed parameters.

In Chapter 7, control systems with distributed parameters are considered. These
systems are described by linear partial differential equations resolved with respect to
the first or the second time derivative. The first case corresponds, for example, to the
heat equation, and the second to the wave equation. The control is supposed to be
distributed and bounded; it is described by the corresponding terms in the right-hand
side of the equation. The control problem is to bring the system to the zero terminal
state in finite time. The proposed control method is based on the decomposition of
the original system into subsystems with the help of the Fourier method. After that,
the time-optimal feedback control is applied to each mode. A peculiarity of this
control problem is that there is an infinite (countable) number of modes.

Sufficient controllability conditions are derived. The required feedback control
is obtained, together with upper estimates for the time of the control process. These
results are illustrated by examples.

In Chapters 8—10, we return to control systems governed by ordinary differential
equations.

In Chapter 8, we consider linear systems subject to various constraints. Control
and phase constraints, as well as mixed constraints imposed on both the control and
the state variables are considered. Integral constraints on control and state variables
are also taken into account. Though the original systems are linear, the presence
of complex constraints makes the control problem essentially nonlinear and rather
complicated.

Note that various constraints on control and state variables are often encountered
in applications. For example, if the system includes an electric drive, it is usually
necessary to take account of constraints on the angular velocity of the shaft, the
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control torque, and also on their combination. Integral constraints typically occur, if
there are energy restrictions.

The approach developed in Chapter 8 is a generalization of the well-known
Kalman’s method [72, 73]. This method, originally proposed for the control of linear
systems in the absence of constraints, is based on the representation of the control
as a linear combination of the eigenmodes of motion. In Chapter 8, this method
is extended to some cases with different constraints. Explicit control laws are ob-
tained for various oscillatory systems, in particular, a system of many oscillators
controlled by one bounded control. For certain systems of the second order, the
controls obtained are compared with time-optimal controls. The method is applied
also to systems of the fourth (and higher) order with mixed constraints. The models
considered here correspond to mechanical and electromechanical systems contain-
ing an oscillator and an electric motor. Sufficient controllability conditions derived
in Chapter 8 ensure that the control obtained brings the system to the prescribed
state in finite time, and all mixed constraints are satisfied.

Chapter 9 is devoted to several control problems for a simple dynamical system
with one degree of freedom described by the second Newton’s law and subject to
different constraints that model real constraints typical for actuators. The system is
to be brought to the origin of the coordinate system in the phase plane.

First, the time-optimal control problem is considered in the presence of mixed
constraints imposed on the control and state variables. The time-optimal feedback
control is obtained. As an example, a control problem for the electric drive is exam-
ined.

Next, a constraint is imposed on the rate of change of the control force. Such a
constraint is often inherent in various drives. The resultant equations are reduced
to a third-order system. The time-optimal control problem for this system is solved,
and the required control is obtained in the open-loop as well as in the feedback form.
The solution of this problem is based on a group-invariant approach that reduces the
number of the essential phase variables from three to two.

At the end of Chapter 9, it is supposed that the absolute value of the control force
can grow only gradually, with a bounded rate, whereas this force can be switched
off instantly. Under these assumptions, which model real drives, we find the control
that brings the system to a prescribed state and has the simplest possible structure.

In Chapter 10, two time-optimal control problems for the nonlinear pendulum
are solved. The pendulum is a classical nonlinear system that often serves as a test
model in nonlinear dynamics and control theory. We assume that the bounded con-
trol torque is applied to the axis of the pendulum. The terminal state is either the
upper unstable or the lower stable equilibrium position of the pendulum; thus, we
study the time-optimal swing-up and damping control problems, respectively. The
peculiarity of these problems is that the pendulum has a cylindrical phase space and
an infinite number of equivalent equilibrium positions which differ by 27. The feed-
back controls for both the swing-up and the dumping cases have a very complicated
structure, which is obtained numerically for a wide range of the system parameters.

Thus, a number of new methods for the control of nonlinear dynamical sys-
tems are presented in the book. The control algorithms are described, their rigorous
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mathematical proof is given, and a number of specific control problems are analyzed
and solved by these methods.

This book is mostly based on the results obtained by the authors during the last
two decades.



Chapter 1
Optimal control

In the following chapters of the book we will often use the approach and concepts
of the optimal control theory. Also, some of the proposed methods of control utilize
certain results obtained for particular optimal control problems and use these results
as integral parts of our control algorithms. Thus, it would be useful to recall the basic
concepts of the optimal control theory and describe the solution of several typical
problems.

1.1 Statement of the optimal control problem

We consider a general dynamical system subjected to control and described by the
following nonlinear differential equation

X = f(x,u,r). (1.1.1)

Here, x = (x1,...,x,) is the n-dimensional vector of state and u = (uy,...,uy) is
the m-dimensional vector of control; these vectors are functions of time ¢: x = x(¢),
u = u(t). The dot - denotes differentiation with respect to time. The n-dimensional
vector f(x,u,t) is a given function of its arguments. Equation (1.1.1) is sometimes
called equation of motion.

Control systems can also be described by more general classes of equations: dif-
ferential algebraic equations (DAE), integro-differential equations, functional dif-
ferential equations, etc. In this book, we mostly restrict ourselves to differential
equations (1.1.1).

To formulate the optimal control problem, we should, in addition to (1.1.1), im-
pose boundary conditions, constraints, and an optimality criterion, or a cost func-
tional. The control process is considered on the time interval ¢ € [t, T, the ends 7
and T of this interval may be fixed or free.

In general, the boundary conditions can be stated as follows:

11
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(IOrx(tO)) € Xo, (T7X(T)) € Xr, (112)

where Xy and X7 are given sets in the (n + 1)-dimensional (z,x)-space.

Let us restrict ourselves to the case mostly considered in this book, where the
initial data are fixed so that the set X in (1.1.2) is a given point (fy,x") in the (z,x)-
space. Hence, we have the initial condition

x(r0) = x°. (1.1.3)

Here, the time instant 7, and the vector x° are fixed.
We assume also that the set X7 in (1.1.2) is defined by r equations in the x-space

Xr={t=T,x:g(x)=0}, i=1,....r<n, (1.1.4)

whereas the terminal time 7' may be either fixed or free. Here, g;(x) are given scalar
functions of x such that the Jacobian matrix

a .
G:< g’), i=1,...r, j=1,..n, (1.1.5)
8x,~

has the maximal possible rank r on the set defined by (1.1.4).

The simplest case of the conditions (1.1.2) often referred to in this book is the so-
called rwo-point boundary conditions where both vectors x(#9) and x(7T') are fixed.
In this case, in addition to (1.1.3) we have

x(T) =x", (1.1.6)
where x! is a given vector. The terminal time 7 may be fixed or free. Note that in
the case of (1.1.6) we have

in (1.1.4) and (1.1.5), where [ is the identity matrix.
Constraints may be imposed on the control u, the state x, or both. Control con-
straints are often expressed in the form

u(t) eU, t € [to, T, (1.1.7)

where U is a given closed set in the m-dimensional u-space.
State constraints can be expressed in a similar way

x(r) eV, t € [1,T], (1.1.8)

where V is a given closed set in the n-dimensional x-space.

Both sets in (1.1.7) and (1.1.8) may depend on time so that we have U = U (¢) and
V =V(r). Note that the boundary conditions (1.1.2) can be formally considered as
a particular case of the state constraints imposed at two specific time instants ¢ =
andr=T.
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In more general [than (1.1.7) and (1.1.8)] case of mixed constraints, we have
u(t) eU(x(t),t), t€lto,T), (1.1.9)

where U (x,7) is, for all x and ¢ € [tp, T], a closed set in the m-dimensional u-space;
this set depends on x and ¢. The constraint (1.1.9) can be also expressed as follows:

(u(t),x(r)) e W (1), t € [to,T). (1.1.10)

Here, W (¢) is, for any € |19, T, a closed set in the (m+n)-dimensional (u,x)-space.

All constraints described by (1.1.7)—(1.1.10) are sometimes called geometric;
they are imposed on the values of the control and state at any given instant .

Another class of constraints are integral constraints that can be imposed on con-
trol and state variables. These constraints can be either of equality or inequality type,
and the integrals can be taken over either a fixed or variable time interval.

Integral constraints can be often reduced to the boundary conditions and geo-
metric state constraints. As an example, let us consider two integral constraints: an
equality type constraint with a fixed interval of integration and an inequality type
constraint with a variable integration interval. We have

T

/ on(x(1),u(t),1)dt = c1,
. fo (1.1.11)

/(pz(x(r),u(r),r)dr >c(t), t€lto,T],
where @ and ¢ are given functions, c; is a constant, and c¢; is a given function of
t.

We introduce additional state variables x,.; defined by the following equations
and boundary conditions

Xpyi = (p,-(x, u,t), xnﬂ-(t()) =0, i=1,2.
Then our integral constraints (1.1.11) can be rewritten as follows:
Xnp1(T) =c1,  xnp2(t) Z e2(t), 1€ 10, T].

Thus our integral constraints (1.1.11) are reduced to the boundary condition for
Xn+1(T) and the state constraint imposed on x,,42(f).

The cost functional, or the optimality criterion, is mostly given as a function
depending on the terminal values of the state variables and time

J=F(x(T),T) (1.1.12)

or as an integral functional
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T

Jz/fo(x(t),u(t),t)dt. (1.1.13)
fo

Here, F(x,t) and fp(x,u,t) are given functions of their arguments. Each type of the
functionals (1.1.12) and (1.1.13) can be reduced to the other one.

If the original functional is given in the terminal form (1.1.12), we introduce the
function

f()(x,l/t,l) =

oF <8F > (1.1.14)

W‘i’ gaf(xvuvt)

Here, d/dx denotes the vector of gradient, and brackets (.,.) denote the scalar
product of vectors.

Then, taking into account (1.1.1), (1.1.3), and (1.1.14), we reduce the terminal
functional (1.1.12) to the integral one

T
J:/fo(x,u,t)dt+const.

I

Vice versa, if we have an integral functional (1.1.13), we introduce an additional
state variable by the following equation and initial condition

Xo:fo(x,u,l), XQ(Z‘Q)ZO
and express our functional (1.1.13) in the terminal form
J=xo(T).

Also, combinations of terminal and integral functionals can be considered as the
optimality criteria; these combinations can be also reduced to one of the basic types
(1.1.12) or (1.1.13).

More complicated example of the cost functional is the minimum (or maximum)
of some given function y(x,) over the time interval [ry, T}, i.e.,

./Zrntinlll(x(t)J), 1€, T]. (1.1.15)

In general, this kind of the functional cannot be reduced to the conventional types
(1.1.12) and (1.1.13). However, this reduction is possible, if the derivative

dy dy /oy B
I - W"’_ <$7f(x7uvt)> _g(xvt)

does not depend on u, and the function y(x(¢),7) has only one minimum with respect
to ¢ € [fo, T]. Then our functional (1.1.15) can be expressed as follows:

J= W(X(T)a T)a
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where 7 is the new terminal time, and the following terminal boundary condition
8(x(1),7) =0

should be imposed on 7 and x(7).

In this book, we will not deal with cost functionals of the type presented by
(1.1.15).

Now we can formulate the optimal control problem in general terms.

For the given system, find the control u(t) and the corresponding state trajectory
x(t) such that they provide the minimal possible value of the optimality criterion J
under the imposed boundary conditions and constraints.

We will always take the system in the form (1.1.1) and impose initial and terminal
conditions in one of the forms (1.1.2)—(1.1.4) or (1.1.6). The constraints will be
imposed in one of the forms (1.1.7)—(1.1.10), whereas the cost functional J will be
given by (1.1.12) or (1.1.13).

Without loss of generality, we will always deal with the minimization of the
cost functional J. If we are interested in the maximization of the functional J, it is
sufficient just to change the sign of the functional and minimize (—J).

The control u(z) and state x(¢) as the functions of time that correspond to the
minimal possible value of the functional J are called the optimal control and optimal
state trajectory, respectively.

The problem of optimal control formulated above is very important for numer-
ous practical applications. In particular, this problem arises naturally in control of
such mechanical and electromechanical systems as various vehicles (aircraft and
spacecraft, rockets, automobiles, ships, and other transport systems), industrial and
mobile robots, motors, machines, machine tools, etc. In these applications, the state
variables x;, i = 1,...,n, are usually generalized coordinates and velocities of the
mechanical part of the system under consideration as well as electric currents in
the electric part of the system. The variables u;, i = 1,...,m, denoted usually con-
trol forces and torques, electric voltages, and other controls acting upon the system.
The boundary conditions and constraints reflect real limitations and bounds imposed
upon the system under consideration.

For example, if u is the thrust acting upon the aircraft, the constraint (1.1.7)
expresses the bounds upon the magnitude and direction of the thrust. Since these
bounds may depend on the altitude and velocity of the aircraft, we come to the
condition (1.1.9), where the set U at any instant ¢ depends on the current state x(z).
Integral constraints (1.1.11) may reflect bounds imposed upon the energy or fuel
expenditure. The cost functional (1.1.12) can be related to the desired position and
velocity at the terminal state of the aircraft, whereas the integral functional (1.1.13)
can be the measure of the fuel or energy consumption.

An important particular case of the optimality criterion J is the time of the control
process. This case can be considered, if we put F =T in (1.1.12) or fy =1 in
(1.1.13). The optimal control with this cost functional is called time-optimal.
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1.2 The maximum principle

In this section, we will formulate the maximum principle for a class of optimal
control problems. This principle was first stated and proved by Pontryagin and his
colleagues [93]. Comprehensive information and complete proofs of the maximum
principle can be found in numerous books; see, for example, [19, 24, 84, 83].

We consider the system (1.1.1) under the initial condition (1.1.3), terminal con-
dition (1.1.4), control constraint (1.1.7), and the cost functional (1.1.13). Thus, our
optimal control problem is determined by the following set of equations and condi-

tions 0
x:f(x,u,t), X(IO):X ) [G[t(),T],

(1.2.1)
r
J= /fo(x(t)7u(t),t) — min.
io
The functions f and fy as well as their first derivatives with respect to x;, i = 1,...,n,

are assumed to satisfy the Lipschitz conditions with respect to x and u. The functions
gi, i = 1,...,r, are smooth, and the rank of the matrix G from (1.1.5) at the set
defined by (1.1.4) is equal to r. The set U in (1.2.1) is a closed set in R™. We will
consider two cases: the terminal time 7 is either fixed or free.

The control u(r) will be called admissible, if it is a piecewise continuous function
of t for ¢t € [tp, T] and satisfies the constraint u(¢) € U for all ¢ € [ry, T].

The admissible control u(z) is called optimal, if it corresponds to the minimal
possible value of the cost functional J among all admissible controls.

Suppose the optimal control exists. If we substitute it into our equation of motion
and integrate this equation subject to the given initial condition [see (1.2.1)], we
obtain the optimal state trajectory x(t).

Let us introduce the additional state variable xp defined by the following differ-
ential equation and initial condition

Xo = fo(x,u,t), xO(l‘o) =0. (1.2.2)

Then our functional J from (1.2.1) can be expressed as J = xo(T').
We introduce now the (n + 1)-dimensional adjoint, or conjugate, vector with the
components

p_(t): (POaP17-~~aPn) (123)
and the Hamiltonian H defined by
n
H(p,x,u,t) =Y pifi(x,u,t) = pofo+(p,f). (1.2.4)
i=0

Here, p = (p1,...,Pn)-
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Note that our equation of motion from (1.2.1) together with (1.2.2) can be rewrit-
ten in terms of the Hamiltonian (1.2.4) as follows:
__JH
) Pi '

i=0,1,...,n. (1.2.5)

Xi

The components of the adjoint vector (1.2.3) will obey the following differential
equations

0H
pi=——, i=0,1,...,n (1.2.6)
8x,»
Hence, the variables x; and p;, i =0, 1,...,n, satisfy the system of Hamiltonian

equations (1.2.5) and (1.2.6). The components x; of the state vector and the ad-
joint variables p; play the role of the coordinates and impulses, respectively, of the
Hamiltonian system.

Now we can formulate the maximum principle that is a necessary optimality
condition. We consider both cases: of the fixed or free terminal time 7.

Theorem 1.1. Let u(t) be an optimal control for the problem defined by (1.2.1) and
x(t) be the corresponding optimal trajectory. Then there exists a nonzero adjoint
vector p(t) satisfying the adjoint system (1.2.6) and such that

1)
H(p(t),x(t),u(t).t) = sugH (P(t),x(t),u,1) (1.2.7)
uc
fort € [t,T);
2)
po = const < 0; (1.2.8)

3) the following boundary conditions hold

pi(T) = i/x,w, i=1,....n (1.2.9)
Z :

J

where 7Lj are constants,
4) if the terminal time T is free, then

H(5(T),x(T),u(T),T) = 0. (1.2.10)

The proof of Theorem 1.1 can be found in books [93, 19, 24, 84, 83]. We will
restrict ourselves only with comments on this theorem.

Conditions (1.2.9) are called the transversality conditions. They are absent in the
case of the two-point problem where the boundary conditions are given by (1.1.3)
and (1.1.6). In this case, we have r = n, and the number of unknown constants A; is
equal to the number of equations (1.2.9), so that these equations do not provide any
additional conditions.

If there are no boundary conditions (1.1.4), we have r = 0, and the transversality
conditions (1.2.9) become p;(T) =0,i=1,...,n.



18 1 Optimal control

If the closed set U is bounded, then the upper bound of H over u € U in (1.2.7)
is attained, and this equation implies

u(r) :argmezgiH(ﬁ(t),x(t),vJ). (1.2.11)

Of course, the control u providing the maximum in (1.2.11) may be not unique.
Suppose it is unique so that we can express u as a single valued function of p,x,t
by means of (1.2.11). Then we have

u="V(p,x1), (1.2.12)

where V is a given function of its arguments.

By substituting u from (1.2.12) into the Hamiltonian system formed by (1.2.5)
and (1.2.6) for i = 1,...,n, we obtain a system of 2n differential equations for 2n
variables x; and p;,i=1,...,n.

Let us consider the boundary conditions related to this system. We have # initial
(att =tp) and r terminal (att = T') conditions from (1.2.1) as well as n transversality
conditions (1.2.9). The latter conditions contain r unknown parameters A;,..., A,
that can be excluded from (1.2.9), since the corresponding matrix G defined by
(1.1.5) has the rank r. After such elimination of A; from (1.2.9), the transversality
conditions will consist of n — r equalities imposed on x(7') and p(T'). Thus, the total
number of boundary conditions for our system will be equal to the number 2n of the
variables x; and p;,i=1,...,n.

If the terminal time 7T is not fixed, we have an additional unknown parameter T
and an additional boundary condition given by (1.2.10).

Note that the Hamiltonian (1.2.4) and, therefore, the right-hand sides of (1.2.11)
and (1.2.12) depend also on pg. Since the Hamiltonian (1.2.4) does not depend on
X0, we have dH /dxyp = 0. Hence, by virtue of (1.2.6), pg is constant. Consider the
following linear transformation of the adjoint vector

pi— Upi, i=0,1,....n, u>0, (1.2.13)

where U is an arbitrary positive constant.

Under transformation (1.2.13), the Hamiltonian (1.2.4) is transformed similarly:
H — uH, whereas the equations (1.2.5) and (1.2.6) stay invariant. As a result, the
function V from (1.2.12) will also stay invariant, and the constants A; in (1.2.9) will
be simply multiplied by .

Thus, without loss of generality, we can restrict ourselves to two cases in (1.2.8).
If pp = const < 0, we normalize the adjoint vector and set py = —1; otherwise, we
have pg = 0. The first case is called regular, or normal, and takes place usually in
well-posed problems. The second case is singular (abnormal) and occurs in ill-posed
problems.

Therefore, in both cases of the fixed and free terminal time 7 and under the as-
sumptions made, the maximum principle formally reduces the optimal control prob-
lem to the two-point boundary value problem for the nonlinear system of differential
equations of the 2nth order.
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Consider now some particular cases of the general problem defined by (1.2.1).
Let the system (1.1.1) be autonomous, i.e., its right-hand side does not depend
explicitly on ¢. Instead of (1.1.1), we have

x = f(x,u). (1.2.14)
The following theorem holds for this case.

Theorem 1.2. For the optimal control problem defined by (1.2.1), where the equa-
tion of motion (1.1.1) is replaced by the autonomous equation (1.2.14), Theorem 1.1
holds and, besides,

H(p(t),x(t),u(t)) = const (1.2.15)

for the optimal control. If the terminal time T is free, then the constant in (1.2.15) is
zero, l.e.,

H(p(t),x(t),u(r)) =0. (1.2.16)

Thus, for the autonomous system, the Hamiltonian is the first integral of the
Hamiltonian system (1.2.5), (1.2.6) along the optimal trajectory. This fact can be
used in order to check the correctness of the obtained optimal solution. This is es-
pecially useful for computational methods.

In case of free time 7', we need an additional boundary condition. On the strength
of (1.2.16), we have

H(p(i0) x(10),u(t0) =0, H(p(T).x(T),u(T)) = 0. (1.2.17)

By virtue of the first integral (1.2.15), only one of the conditions (1.2.17) is an
independent one, and one of them follows from the other. Hence, any of these con-
ditions and only one of them can be imposed as an additional boundary condition in
case of free time 7.

Let us consider an important case of time-optimal control for the autonomous
system (1.2.14). In terms of (1.2.1), we have fy = 1, and the Hamiltonian (1.2.4)
can be presented as follows:

H = po+H, H(p,x,u) = (p, f(x,u)). (1.2.18)

Substituting (1.2.18) into conditions of Theorems 1.1 and 1.2 for the autonomous
system (1.2.14), we come to the following assertion.

Theorem 1.3. Let u(t) be an optimal control for the time-optimal control problem
defined by (1.2.14), (1.1.3), (1.1.4), and (1.1.7), and x(t) be the corresponding opti-
mal trajectory. Then there exists a nonzero adjoint vector p(t) satisfying the adjoint
system
. dH

Pi = ox;

where the truncated Hamiltonian H\ is defined by (1.2.18), and such that
1)

i=1,....n, (1.2.19)
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Hy(p(t),x(t),u(t)) = supHi(p(t),x(t),u), t€to,T]; (1.2.20)

uclU

2) the transversality conditions

pi(T) = E;L,M, i=1,...,n, (1.2.21)
j=1 o%i
hold, where A; are constant;
3)
H,(p(t),x(t),u(t)) = const > 0. (1.2.22)

It follows from (1.2.22) that H; = const is the first integral of our Hamiltonian
system defined by (1.2.14) and (1.2.19). One can normalize the adjoint variables
using the transformation (1.2.13) and set H; = 1 or H; = 0. If H; = 1, we have the
regular case, whereas H; = 0 corresponds to the abnormal one. The value of H; can
be fixed at one and only one time instant: for example, in the regular case we can
impose the following boundary condition

H(p(T),x(T),u(T)) =1. (1.2.23)

This additional boundary condition is necessary because of an additional unknown,
namely, terminal time 7.

The approach to the optimal control briefly described above and based upon the
maximum principle meets many difficulties and open questions. Let us mention
some of them considering the general case treated in Theorem 1.1.

1) The maximum principle is only a necessary optimality condition; if it is satis-
fied, the corresponding control can still be not optimal.

2) The maximal value of the Hamiltonian over # € U in (1.2.11) can be reached
at many values of the control. Hence, it may be impossible to express u as a single
valued function given by (1.2.12).

3) The constant py may be equal to either —1 or 0, that is, the problem may be
abnormal.

4) Equations (1.2.5) and (1.2.6) are strongly nonlinear, even if the system (1.1.1)
is linear.

5) The boundary value problem for (1.2.5) and (1.2.6) is usually very compli-
cated. It can have many solutions or no solution at all.

The maximum principle is, together with the dynamic programming [21], one of
the basic cornerstones lying in the foundation of the mathematical theory of optimal
control. This principle was generalized and applied to various classes of optimal
control problems.

It was proved that for some of these classes, including time-optimal control for
linear systems and so-called linear-quadratic problems, the maximum principle pro-
vides not only necessary but also sufficient optimality conditions, and exact optimal
solutions can be obtained by means of this principle [93, 19, 24, 84, 83]. On the
other hand, a number of efficient computational methods based on the maximum
principle [24, 84, 89, 33] were developed. Even if these methods do not always
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overcome the difficulties listed above and cannot provide the rigorous proof of the
control optimality, they make it possible to find reasonable and close to optimal so-
lutions for many practical problems. In all cases, a preliminary knowledge of the
specific properties of the engineering, technological, or economical problem under
consideration helps to choose the relevant computational algorithm and an initial
approximation and, as a result, to find a good approximation to the desired optimal
solution.

1.3 Open-loop and feedback control

Let us discuss the important notions of open-loop and closed-loop, or feedback,
control.

The optimal control u(¢) considered above is a function of time. But since it
corresponds to a certain initial condition (1.1.3), it depends also on the initial data
to and x°. Hence, it can be presented as

u=i(t;19,x°). (1.3.1)

This form of control is called open-loop, or program, control.

In practical problems, the engineers are interested usually in another form of
control called closed-loop, or feedback control. It defines the control as a function of
the current state and, maybe, also of time. The feedback control can be represented
as the following function

u=ii(x,1). (1.3.2)

The feedback optimal control (1.3.2) is sometimes called also as the synthesis of
optimal control.

The open-loop control (1.3.1) does not use measurement results, it does not take
into account possible disturbances and errors. As a result, the open-loop control can
be applied only in the ideal situation where the motion of the system is precisely
determined by the equation of motion (1.1.1), the chosen control u(t), and initial
condition (1.1.3).

In practical problems, the system (1.1.1) is usually subjected to unknown distur-
bances. Moreover, there are inaccuracies in the mathematical model of the system
and parametric errors. Hence, it is quite natural to prefer the feedback control that is
based on the current measurements of state. The feedback form of control is widely
used in applications as an on-line control.

A natural question arises: what is the relation between the open-loop (1.3.1) and
feedback (1.3.2) forms of optimal control?

To establish this relation, we consider first the case where the feedback optimal
control given by (1.3.2) is known, and we wish to find the open-loop control for the
given initial condition (1.1.3).

Let us substitute the control (1.3.2) into (1.1.1) and integrate this equation under
the given initial condition
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x = f(x,i(x,t),t), x(to) = x°. (1.3.3)

Denote the solution of the initial value problem (1.3.3) by
x = x(t;19,x°). (1.3.4)

Now we substitute the obtained optimal trajectory (1.3.4) into the feedback control
(1.3.2).

Thus, we obtain the desired open-loop optimal control for the given initial con-
dition

a(x(1:10,x°),1) = ii(t;10,x°). (1.3.5)

Consider now the inverse situation and suppose the open-loop control (1.3.1) is
known for all 7,7y, and x°. Let us set the initial time 7y equal to the current time
¢ and regard the initial state x° as the current state x in the open-loop control. In
other words, we consider that each current time instant is an initial one. Then the
open-loop control coincides with the feedback and we have

a(t;t,x) = i(x,t). (1.3.6)

Thus, the relation between the open-loop and feedback optimal control is deter-
mined by (1.3.5) and (1.3.6).

In case of the autonomous system (1.2.14), this relation is simplified.

The open-loop control for the system (1.2.14) depends on the time difference
t —tp, and we have instead of (1.3.1)

u=i(t —19;x°). (1.3.7)
The feedback control (1.3.2) here does not depend on time
u=i(x). (1.3.8)
The initial value problem (1.3.3) takes the form
i=f(xak),  x(to)=x
and its solution can be expressed as follows:
x=x(t —19:x°). (1.3.9)

By substituting the optimal trajectory (1.3.9) into the feedback control (1.3.8),
we obtain
a(x(r —10:x°)) = ii(r — 193 x°). (1.3.10)

Similarly, instead of the relationship (1.3.6), we have

i(0;x) = i(x). (1.3.11)



1.4 Examples 23

The open-loop and feedback controls in the autonomous case are given by the
respective equations (1.3.7) and (1.3.8) and satisfy (1.3.10) and (1.3.11).

The approach of the maximum principle described in the previous section is
aimed at the obtaining the optimal control for a given initial condition. Thus, the
maximum principle can provide the open-loop control in the form given by (1.3.1)
or (1.3.7), for autonomous systems.

The transformation of the open-loop control into the feedback one described by
(1.3.6) and (1.3.11) is realizable, only if the open-loop optimal control can be found
for all possible initial data. This situation occurs in rather rare and simple cases. In
the next section, we consider two such cases, where the feedback optimal control is
obtained by means of the maximum principle.

Note that the feedback optimal control can be, in principle, obtained by the
method of dynamic programming [21]. However, this method requires a great
amount of computation and needs a huge memory. Up till now, the approach of dy-
namic programming is used for optimal control problems of low dimension (n < 3).
Moreover, this method represents the feedback control only numerically, not in an
explicit form.

1.4 Examples

We consider below two examples of linear dynamical systems for which the feed-
back control will be obtained by means of the maximum principle [93].

Example 1

Consider a mechanical system with one degree of freedom controlled by a bounded
force. Let us take the equation of motion and the control constraint as follows

i=u, lu| <1. (1.4.1)

Without loss in generality, we assume that the mass of the system and the max-
imal admissible forces are equal to unity. Note that (1.4.1) describes not only the
progressive motion of a body along the x-axis but also its rotation by the angle x
about the fixed axis; the control u denotes the force or torque, respectively.

Let us rewrite (1.4.1) as a system

X1 = X3, X2 =u, |u\ <1. (1.4.2)
We impose arbitrary initial conditions
xi(to) =x),  x(to) =23 (1.43)

and zero terminal conditions
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X1 (T) = 0, )CQ(T) =0. (1.4.4)

We will find the time-optimal control for the problem defined by (1.4.2)—(1.4.4).
Using Theorem 1.3, we introduce the truncated Hamiltonian defined by (1.2.18)
as follows:
Hi(p,x,u) = p1xa+ pou. (1.4.5)

Its maximum with respect to u under the constraint |u| < 1 is attained at
u =signp;. (1.4.6)

The adjoint system given by (1.2.19) for the Hamiltonian (1.4.5) has the form

p1=0,  pr=-—p1. (1.4.7)

Integrating system (1.4.7), we get
pit)=ci,  pat)=—cit+e, (1.4.8)
where c¢; and ¢; are constants. By substituting p, from (1.4.8) into (1.4.6), we have
u(t) = sign(cy —cit). (1.4.9)

The linear function of time (¢, — ¢;7) can change its sign not more than once over
the time interval [fo, T']. Hence, the control u(z) is equal to &1 for all 7 € [ry, T], and
the switch, i.e., the change of the control sign, can happen not more than once over
the time interval ¢ € [, T).

The control that takes only the maximal and minimal admissible values is called
the bang-bang control.

Let us consider arcs of phase trajectories in the (x,x)-plane corresponding to
u=1and u = —1. By substituting # = 1 into (1.4.2), we obtain

dx1
— =x.
dJCQ 2
Integrating this equation, we get
L,
x| = Exz +A, (1.4.10)
where A is an arbitrary constant. Similarly, for the control u = —1, we obtain from
(1.4.2)
1
x| :—§x§+37 (1.4.11)

where B is an arbitrary constant.

The families of parabolas corresponding to (1.4.10) and (1.4.11) are shown in
Fig. 1.1 by solid and dashed (broken) lines, respectively. According to (1.4.2), x»
grows (decreases) for u = 1 (u = —1). Hence, we can determine the direction of
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motion, or the direction of the time growth, along the phase trajectories; this direc-
tion is shown by arrows in Fig. 1.1.

v A

Fig. 1.1 Phase trajectories for Example 1

Let us now construct the optimal phase trajectory starting at the given initial
point (1.4.3) and ending at the zero terminal point (1.4.4). We can see from Fig. 1.1
that this trajectory can reach the terminal point only along the one of two parabolas
given (1.4.10) and (1.4.11) for A = 0 and B = 0, respectively, in the directions shown
by arrows. Since our bang-bang control has no more than one switch, the phase
trajectory consists of no more than two arcs of parabolas belonging to different
families (1.4.10) and (1.4.11). The last part of the trajectory is an arc reaching the
zero point and corresponding to A = 0 in (1.4.10) or B = 0 in (1.4.11). Hence,
the first part of the trajectory should belong to the other family of parabolas. This
part starts at the initial point (1.4.3) and intersects the parabola of the other family
reaching the zero point.

Thus, we obtain the field of optimal phase trajectories shown in Fig. 1.2 by thin
lines.

The locus of states where the bang-bang control changes its sign is called the
switching curve. In our example, the switching curve consists of two semi-parabolas
of different families that reach the zero point. These semi-parabolas are optimal
phase trajectories themselves. The switching curve is shown by the thick line in
Fig. 1.2.

Since the families of optimal trajectories given by (1.4.10) and (1.4.11) corre-
spond to # = 1 and u = —1, respectively, the feedback optimal control can be easily
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Fig. 1.2 Optimal phase trajectories for Example 1

determined by Fig. 1.2. This control u(x;,x;) is equal to 1 and —1 to the left and
right of the switching curve, respectively. Along the switching curve, the control is
determined as u = signx; or u = —signxp. Thus, the optimal feedback control in
our example is determined as follows:

1
u=1 |if x1<—§x2\x2|,

1
u=—1 if x1>—§x1\x2|,

. . . 1
u=signx; = —signx, if x; = — 5% |x2].

By introducing the switching function
1
Y(x1,X%2) = —x1 — §X2|x2\, (1.4.12)

we can express our feedback control in the form

u(xy,xy) =signy(x;,xp) if w#0,

u(xlax2) =signx; = —signxy if wy=0. (1.4.13)

Thus, we have obtained the optimal feedback control for our system (1.4.2). Since
this system is autonomous, the feedback control (1.4.13) does not depend on time
explicitly, in accordance with (1.3.8).
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Example 2

Consider now the time-optimal control problem for a linear oscillator. The equation
of motion and the control constraint are given by

i+x=u, lu| <1
or, in the form of a system similar to (1.4.2), by the equations
X1 = x2, X0 = —x1 +u, lu| < 1. (1.4.14)

The initial and terminal conditions are defined again by (1.4.3) and (1.4.4).
The truncated Hamiltonian H; for our system (1.4.14) is given by

Hi(p,x,u) = p1x2+ pa2(—x1 +u). (1.4.15)

Its maximum with respect to u is attained again at u# given by (1.4.6). The adjoint
system for the Hamiltonian (1.4.15) is

p1=p2, p2=-—pi1.
Integrating this system, we obtain
p2(t) =Csin(t+ o), pi(t)=—Ccos(t+ ),

where C and o are arbitrary constants. Here, we can set C > 0, without loss in
generality. By substituting p,(¢) into (1.4.6), we have

u(t) = signsin(r + o). (1.4.16)

As in Example 1, we have again the bang-bang optimal control that takes the
values u = +1. By contrast to (1.4.9), the control defined by (1.4.16) can have many
switches.

To determine the arcs of phase trajectories corresponding to u = 1 and u = —1,
we substitute these values of control into (1.4.14) and obtain

dxl X2

— = for u==+£1.
dxy; —x1+u

By integrating these equation, we get

2

(=143 =r2 for u=1,

2 (1.4.17)

(xi4+1)2?4+x5=r> for u=-—1.

These curves are families of circles of arbitrary radii r; and r_ with centers at the
points (1,0) and (—1,0) for the controls u = 1 and —1, respectively. The families of
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circles defined by (1.4.17) are shown in Fig. 1.3 by solid and dashed lines for u = 1
and u = —1, respectively.

B 4

X

Fig. 1.3 Phase trajectories for Example 2

On the strength of (1.4.17), we can express the state coordinates x; and x» as
follows:

x1—l=rycospy, xp=rysingpy for u=1,

xi+1l=r_cosp_, xp=r_singp_ for u=-—1, (1.4.18)

where ¢, and @_ are angles of rotation about the centers of the respective circles.
Substituting (1.4.18) into (1.4.14), we obtain

¢+:_1, (P—:_l'

Thus, the direction of rotation of phase trajectories along the circles given by
(1.4.18) is clockwise. This direction is shown by arrows in Fig. 1.3. The angles of
rotation ¢4 and ¢_ change linearly with time ¢ with a unit angular velocity, so that
one revolution occurs in the time interval equal to 27.

It follows from (1.4.16) that the control u(r) changes its sign at time intervals
equal to z. Thus, the time intervals between the control switches are equal to 7,
and the phase trajectory always travels along a half-circle between the neighbouring
switches.

Taking into account the above considerations, we come to the field of optimal
phase trajectories depicted in Fig. 1.4. Here, thin lines correspond to the trajectories,
and the switching curve is shown by a thick line. This curve consists of semi-circles
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of the unit radii given by (1.4.17) for ;. = r_ = 1; the semi-circles of the first family
(1.4.7) lie in the quadrant x; > 0, x, < 0, and the semi-circles of the second family
(1.4.17) lie in the quadrant x; <0, x, > 0. The whole picture is centrally symmetric
with respect to the origin of coordinates. Only two semi-circles of the switching
curve adjacent to the zero point are arcs of the optimal trajectories; all other semi-
circles are intersected by the trajectories.

x2 A

Fig. 1.4 Optimal phase trajectories for Example 2

The feedback optimal control is equal to 1 (—1) below (above) the switching
curve.

Analytically, the feedback optimal control can be presented in the same form
(1.4.13) as in Example 1, where the switching function w(x,x;) is given by

v(x,x)=(—xt—2x)?—x; if —2<ux <0,
l[/(X1,xz) :l[/(x1+2,x2) if x; <=2, (1.4.19)
v(xy,x)=—y(—x;,—xp) if x;>0.
Here, the first expression defines the semi-circle of the second family (1.4.17) be-
longing to the switching curve and adjacent to the origin, and the other expressions

(1.4.19) define all other semi-circles of this curve.

The optimal feedback controls obtained above for Examples 1 and 2 will be
used below as integral parts of the non-optimal feedback controls for more general
nonlinear systems.



Chapter 2
Method of decomposition (the first approach)

In this chapter, we present the method of decomposition for the control design in
nonlinear dynamical systems. We suppose the system is described by Lagrangian
ordinary differential equations and subjected to controls, the number of independent
control forces being equal to the number of degrees of freedom. The material of the
chapter is based on papers [27, 28, 29, 34, 98, 102, 42, 43, 44].

2.1 Problem statement and game approach

2.1.1 Controlled mechanical system

Consider a nonlinear control system whose dynamics is described by Lagrange’s
equations

d JoT dT
_ — =U: i ':1,,,,7 . 2.1.1
a9 g i+0Qi i n 2.1.1)
Here, ¢ = (q1,---,qx) denotes the generalized coordinates of the system, n is the

number of its degrees of freedom, and a dot over a letter denotes the derivative
with respect to the time 7. The generalized forces consist of the control forces U;
to be determined and terms Q; representing all other external and internal forces,
including the uncontrolled perturbations.

The kinetic energy of the system 7 is given by a quadratic form

1 n
T(g,9) =5 2 @je(a)d;de, 2.1.2)
ji=1

where aj; are elements of a symmetric positive-definite matrix A(g) of order n x n.
Substituting (2.1.2) into (2.1.1), we write the equations of motion in the form

Alq)4§=U +5(q,q,1). (2.1.3)

31
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Here, U = (Uy,...,U,) is the vector of the control forces and S = (Sy,...,S,) is the
vector function

n
S(qvq.J):Q(‘Lq.J)* z T}'kélj‘?k’ (214)
J k=1
where T = (L T jk) are n-dimensional vectors with components
(9&,']' 1 8ajk
ijk = -3 . 2.1.5
T g 2 dg; (2.1.5)

We impose the constraints
Uil <UP, i=1,.n, 2.1.6)

on the control forces, where Ul-o > ( are given positive constants.
The initial conditions for system (2.1.3)

qt0)=¢°  4lt) =¢° 2.1.7)

lie in a given domain Q in 2n-dimensional phase space: {¢q,q} € Q.
Let us formulate the control problem:

Problem 2.1. Find a feedback control U = U(q, ¢) satisfying constraint (2.1.6) and
bringing system (2.1.3) from an arbitrary initial state (2.1.7) in domain £2 to a given
state with zero velocities

q(t.)=q",  ¢(t.)=0 (2.1.8)

in finite time (instant z, > f is not fixed).

2.1.2 Simplifying assumptions

Problem 2.1 will be solved under certain simplifying assumptions (conditions),
which are formulated below.
We represent the matrix A(g) in the form

2.1.9)
B(q) =E+[A(q) —AJA = A(g)AL Y,

where A, is some constant symmetric positive-definite n X n matrix and E is the
n x n identity matrix. Matrix B(q) is nonsingular; hence, the inverse matrix B! (g)
exists. We multiply both sides of (2.1.3) by B~!(g) and, using the relationships
(2.1.9), transform (2.1.3) to the form

Aj=U+V(q,4,1,U). (2.1.10)
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Here, we use the notation

V=V'+V" V' =B (q)S(q,q1),
2.1.11)
V" =[B"!(q) - E]U.

By virtue of this notation, (2.1.10) is equivalent to the original equation (2.1.3).
Let us suppose that the conditions

Vi =—=2(Aq)i +V;,
(2.1.12)
VE4+V! | <VP<U?, i=1,...,n,

hold for all t > 1, all {¢,g} € Q, and all U satisfying (2.1.6). Here, V.’ > 0 and
A; > 0 are constants. If all A; are equal to zero, conditions (2.1.12) become more
simple

Vil <v?<U?, i=1,....n, (2.1.13)

forallr > 19, all {g,q} € Q, and all U satisfying (2.1.6).
The following lemma allows to check whether condition (2.1.13) is satisfied.

Lemma 2.1. Suppose that, for any n-dimensional vector z, the following conditions
are satisfied for all t > 1y and all {q,q} € Q:

|Asz] > pilz|,  [[A(g) —Adz] < plzl,
1Si(g,g,1)| < VUL, i=1,...,n, (2.1.14)
O<u<pi, U>0,

where [, I, and ¥ are constants. Then, for all t > to, all {q,q} € Q, and all U
meeting (2.1.6), the components of vector'V in (2.1.11) satisfy the estimates

Vil <OUP+p(— ) 1+ 0)U°, i=1,.n,
(2.1.15)
U= (p,...,uY).

We note that, since A, is a positive-definite matrix, we can take as (L, any positive
number not exceeding its smallest eigenvalue.

Proof. From the first of inequalities (2.1.14), we have
A 2] < w7zl (2.1.16)
Here and below, z denotes any n-dimensional vector. We define
L=1[A(q) —AJA . (2.1.17)

It follows from (2.1.16) and the second of inequalities (2.1.14) that
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|Lz| < 2] (2.1.18)
By virtue of (2.1.17), we can rewrite relationship (2.1.9) for B in the form
Bz=z+1Lz. (2.1.19)
With the aid of (2.1.19) and (2.1.18), we obtain the estimate
|Bz| > |2 — |L2| > (1 — ")zl (2.1.20)

It follows from condition (2.1.14) of the lemma that (1 — uu; ') > 0. Setting z =
B~ 7 in (2.1.20), we obtain

B~ < (1—pp ). (2.121)
Inequalities (2.1.18) and (2.1.21) yield
LB~ 2| < pu(pee — )~ zl. (2.1.22)
Letussetz=B"'7in (2.1.19):
B 'Y =7—-LB7'7. (2.1.23)

Using (2.1.11) for V/ and (2.1.23) with 7/ = S, we represent the components V; of
the vector V' in the form

V/=(B7'S);=8,—(LB~'S);, i=1,...,n. (2.1.24)

The subscripts denote the components of the vectors. By virtue of the third of con-
ditions (2.1.14) and inequality (2.1.22), we obtain from (2.1.24)

\V/| < ISi| +[(LB~'S)i| < dUL + (e — )~ 'S]
(2.1.25)
<UL+ p (. —p)~10|UY, i=1,....n.

Here, we used notation (2.1.15) for UY. We substitute (2.1.23) with 7 = U into
(2.1.11) for vector V"

V=B 'U-U)i=-(LB'U);, i=1,....n (2.1.26)

1

From this equation, using inequalities (2.1.22) and (2.1.6), we obtain

V| <|(LB'U)i| < |LB'U| < p(pe — ) MU
(2.1.27)
<u(p—w) U0, i=1,.n

This and inequality (2.1.25) imply (2.1.15). This completes the proof of the
lemma. 0O
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Corollary 2.1. If, under the conditions of Lemma 2.1, & < 1 and U is sufficiently
small, then condition (2.1.13) is satisfied.

Remark 2.1. We should take for matrix A, some “average” value of the matrix A(q)
for domain . In particular, we can choose for A, the matrix A(¢*) for some value
of vector ¢*, for example, A(q*), A(¢"), or A((¢° +¢*)/2). Then, if the domain Q
is sufficiently small, the matrix A(g) will differ only slightly from A, for all the mo-
tions considered, and the number p will, under conditions (2.1.14) of Lemma 2.1,
be sufficiently small. Thus, by virtue of Corollary 2.1, condition (2.1.13) can be
ensured for a given nonlinear system (2.1.3) if, first, the possibilities of control are
increased [that is, if the constants Ui0 in (2.1.6) are increased so that the condition
¥ < 1 holds] and, second, the domain € is decreased, so that A(g) is close to A,
(that is, the number y is decreased).

We shall show in Sect. 2.5 that formulation of Problem 2.1 and condition (2.1.12)
are natural often and are satisfied for manipulation robots with electromechanical
drives.

2.1.3 Decomposition

Let us turn to the solution of Problem 2.1 with condition (2.1.12) satisfied. We
assume that all motions of system (2.1.3) considered lie in the domain €.

If condition (2.1.12) is satisfied, system (2.1.3) can, by virtue of (2.1.10)—
(2.1.12), be represented in the form

(Avg)i+2i(Aq)i = Ui+ Vi, Vi=Vi4V/' i=1,...n. (2.1.28)
In system (2.1.28), we make the change of variables
Ag—q") =y, (2.1.29)
where ¢* was introduced in (2.1.8). We obtain
Vi+Ayi=Ui+Vi, i=1,....,n. (2.1.30)

For the terms on the right-hand sides of (2.1.30), we have, by virtue of (2.1.6),
(2.1.28), and (2.1.12), the constraints

U <u?, [vi|<VP<U?, i=1,...n (2.1.31)

After the change of variables (2.1.29), the initial conditions (2.1.7) and the
boundary conditions (2.1.8) take the forms

¥(to) =Au(g” —q"), ¥(to) =A.q", (2.1.32)
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¥(t) =y(t.) =0. (2.1.33)

Thus, Problem 2.1 reduces to the construction of a control U (y,y) that brings sys-
tem (2.1.30) from an arbitrary initial state (2.1.32) to state (2.1.33) under constraint
(2.1.31). System (2.1.30) consists of n subsystems, each with a single degree of free-
dom. Each of the subsystems has its own scalar control U; that satisfies constraint
(2.1.31). In this subsystem, we treat the function V; as a perturbation subject to con-
straint (2.1.31), but otherwise arbitrary. Then the result obtained can be summed up
in the form of the following assertion.

Theorem 2.1. Suppose that condition (2.1.12) is satisfied and that all the motions
of system (2.1.3) that are being considered lie in the domain €. Then, to solve
Problem 2.1, it is sufficient to solve n control problems for the linear subsystems
(2.1.30) with a single degree of freedom. In each of these problems, it is necessary
to construct a scalar control U;(y;,y;) satisfying constraint (2.1.31) and taking the
ith subsystem (2.1.30) from an arbitrary initial state (2.1.32) to the coordinate origin
(2.1.33) in finite time for arbitrary admissible perturbations V; satisfying constraint
(2.1.31).

The described approach to the control decomposition has been first suggested in
[27] for the case A = 0 and in [29] for the general case A > 0.

2.1.4 Game problem

Let us consider the ith subsystem (2.1.30) and, in it, let us set
yi=U, U =U, V;,=U. (2.1.34)
Then, this system combined with constraints (2.1.31) takes the form
i+Ax=u+v, Ju <1, p<p<l, (2.1.35)
and the boundary conditions (2.1.32) and (2.1.33) become
x(0)=¢&, x(0)=n, x(1r)=4i(1r)=0. (2.1.36)
In (2.1.35) and (2.1.36), we used the notation

A N _ .
p=r5 <l &=U"vilw) = (U A"~
2.1.37
n = (U) yi(to) = (UY)1(Aud®)i, A=A, ( )
T=t,—ty, i=1,....n.

Without loss of generality, the initial instant of time is taken equal to zero.
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Let us consider the problem of bringing system (2.1.35) to the coordinate origin
in the shortest time, that is, for minimum 7 in (2.1.36). We treat this problem as a
differential game, in which one of the players (the controlling side) chooses a control
u, and the second player (the opponent) chooses a perturbation v. We will use the
approach of the theory of differential games [79] and construct a feedback control
u(x,x) that brings system (2.1.35) to the coordinate origin in the shortest guaranteed
time 7 for an arbitrary admissible perturbation v. We note that this differential game
(2.1.35) and (2.1.36) is a linear differential game of similar objects.
Its solution reduces [79] to the solution of the time-optimal control problem for
the system
i+Ax=(1—-pu, |u/<1, 7— min, (2.1.38)

with the boundary conditions (2.1.36). The sought control u(x,x) and the minimum
guaranteed time 7 in the game problem (2.1.35) and (2.1.36) coincide with the syn-
thesis of the optimal control and optimal time for problem (2.1.38) and (2.1.36).
We note that system (2.1.38) is obtained from (2.1.36) for a perturbation equal to

v = —pu that is the optimal control of the opponent choosing the perturbation v.
In other words, the worst perturbation in this problem can be taken in the form
V= —pu.

Thus, as a result of the decomposition, the solution of Problem 2.1 is reduced
to the construction of the time-optimal feedback control for system (2.1.38) and
(2.1.36).

2.2 Control of the subsystem and feedback control design

2.2.1 Optimal control for the subsystem

Let us rewrite the time-optimal control problem (2.1.38) and (2.1.36) in the form
X1=x, Xx=-Ax+w, w=(1-pu, |u <1, (2.2.1)
X1 (O) = év XZ(O) =n, xi (T) = XZ(T) = 0, (222)
0<p<l, A>0, T—min, (x=x, x3=2Xx%).

This problem is easily solved by means of the maximum principle, see Sect. 1.2.
Here, we present the necessary relationships.
Hamilton’s function for system (2.2.1) is equal to

H=p1x2+p2[(1—p)u—lxﬂ, |u‘§1,

where p; and p, are conjugate variables. From this we obtain, by virtue of the
maximum principle,
u=signp, = =£1. (2.2.3)
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The adjoint system has the form
p1=0, pr=-pi1+Aipa.
Integrating it, we obtain
pr=C1+Ce for A >0,

pr=C;+Cyt for A =0,

where C| and C, are arbitrary constants. It follows that p,(¢) is a monotone function
for A > 0. Therefore, control (2.2.3) has no more than one switching point.
For a constant w = const, the general solution of system (2.2.1) has the form

x1 =B+ A7 w(t —1) A7 (By — A7) [e AT ],
(2.2.4)
=A""wt By A 'w)e M for A >0,

1
x1 =By —‘y—BQ(l‘ — T) + *W(t— T)z,
2 (2.2.5)

)CQZBz—‘rW(l—T) for A=0.

Here and in what follows, all the relationships are given separately for the cases
A > 0and A = 0. We note that the case A = 0 can be obtained by taking the limit as
A — +0. The arbitrary constants B and B, in (2.2.4) and (2.2.5) are chosen in such
a way that, for By = B, = 0, the zero boundary conditions (2.2.2) hold for ¢t = 7.
Eliminating ¢t — 7 from (2.2.4) and (2.2.5), we obtain the equations for the phase
trajectories

x1 =B — A7 — A 2wlog|l —Aw x|  for A >0, (2.2.6)

x1 =B +02w)'x3 for A=0. (2.2.7)

Here, B’ is a new constant expressed in terms of By and B;. In deriving (2.2.6), we
assume that AB, # w. If AB, = w, we obtain from (2.2.4) the equation for the phase
trajectory in the form

x=A""w (2.2.8)

The phase trajectories (2.2.7) for A = 0 are parabolas that are symmetric about
the x;-axis. They can be obtained successively, one from another, by a parallel trans-
lation along the x;-axis.

Let us consider trajectory (2.2.6) for A > 0, u = 1, and B’ = 0. Using (2.2.1) with
w = 1 — p, we obtain the following properties of the curve xj (x2):

e As xp increases from —oo to 0, x1 decreases from oo to 0 and attains a zero mini-
mum at x, = 0;

e In the interval x, € (0,47 '(1 —p)), the value of x; increases from 0 to oo;

e In the interval (A~!(1 —p),oo), the value of x; decreases from oo to —co.
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Thus, the curve x(x) consists of two branches which approach the asymptote
x2 =A"'(1—p).By (2.2.8), this asymptote is itself also a phase trajectory for u = 1.
Dependence x; (x;) is shown for u = 1 and B = 0 in Fig. 2.1, where the arrows indi-
cate the direction of increasing ¢. The phase trajectories corresponding to u = 1 and
arbitrary B’ in (2.2.6) are obtained from the curve described above by a translation
along the x; axis.

\\xz

|

\ 4

Fig. 2.1 Phase trajectories for w = const and 1 > 0

If we simultaneously change the signs of x|, x2, u, By, By, and B’ in (2.2.4)—
(2.2.8), the resulting relationships remain valid. Consequently, the phase trajectories
corresponding to u = —1 are obtained by means of the central symmetry from the
trajectories described above and corresponding to u = 1.

The only phase trajectories that reach the coordinate origin as ¢ increases are
curves (2.2.6) and (2.2.7) with B’ = 0 and u = 1. Motions along these curves are
described by (2.2.4) and (2.2.5) with By = B, =0 and u = £1. These two semitra-
jectories [(2.2.4) for A > 0 and (2.2.5) for A = 0] constitute the switching curve of
the optimal control: the only possible change of sign of the control u along each tra-
jectory takes place on this curve. As a result, we arrive at the field of optimal phase
trajectories that is shown in Fig. 2.2 for A > 0. Here, the bold curves represent the
switching lines and the arrows indicate the direction of increasing ¢. For the field of
optimal trajectories for A = 0, see Fig. 1.2, Sect. 1.4.

The feedback optimal control can be represented in the form [see (1.4.13)]
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Yp >0 N T\

u=1 Yo =0

Fig. 2.2 Optimal phase trajectories

u(xy,x2) = signyp (x1,x2) for Y, #0,
(2.2.9)
u(xy,xp) = signx; = —signx, for v, =0,

where W), (x1,x2) is the switching function. It is equal to
Vp(x1,x) = —x1— 47w
+A72(1—p)log[l+A(1—p)~xy|]signx,  for A >0, (2.2.10)

Wy (x1,22) = —x1 —x2|x2|[2(1 — p)] ! for A=0.

Let us also determine the time necessary to reach the coordinate origin for the
optimal trajectory starting from arbitrary initial conditions (2.2.2). To be definite,
suppose that the initial point lies in the region y, < 0 and that the only possible
switching takes place at an instant s € [0, 7]. The point (x;(s),x2(s)) lies, on the
one hand, on the phase trajectory corresponding to u = —1 that passes through the
initial point and, on the other hand, on the switching curve for u = 1. Equating the
corresponding expressions (2.2.5) (we have B; = B, = 0 on the switching curve),
we obtain, for A =0,
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1 1
xi(s) = B1 = B26 — (1 —p)o* = (1 —p)6?,
(2.2.11)

x(s)=B+(1-p)6=—(1—p)6, 6=71—5>0.

Let us also write down condition (2.2.2) determining that the phase trajectory
(2.2.5) with u = —1 passes through the initial point:

1
§=B1—Byt— 5(1 -p)7,
(2.2.12)

n=B+(1-p)rt.

Eliminating constants B; and B from (2.2.11) and (2.2.12), we obtain two equa-
tions for 6 and 7. Solving them, we find

12
T(é,n)=l{2[;n2—(l—p)éy} —ny},

I=p (2.2.13)

y=signy,, (A =0).

Here, we take into account the symmetry of the phase trajectories. Function y,
is defined in (2.2.10). On the switching curve, that is, for y, = 0, we can take for
Yin (2.2.13) any of the numbers y = +1: the value of 7(&,7) is the same in both
cases.

The optimal time for A > 0 is obtained in an analogous manner. Here, instead of
(2.2.5), we use formulas (2.2.4). We have finally (see [2])

©(&,n) =24 og{M'? +[M —1+Any(1—p)~"]"/?},
M = exp[—(An+A%E)y(1—p)~"], (2.2.14)

y:SignVlfh (A’>0)7

where ), is given by (2.2.10) for A > 0.

Equations (2.2.9), (2.2.10) and (2.2.13), (2.2.14) determine the synthesis of the
optimal control and the minimum guaranteed time 7 in the game problem (2.1.35)
and (2.1.36). If the perturbation v is different from the worst one (v # —pu), then
the phase trajectories will differ from the optimal ones. However, the time needed
to get the system to the coordinate origin will not exceed 7 given by (2.2.13) and
(2.2.14). We note that, when the motion has arrived on the switching curve, it will,
for arbitrary admissible perturbations, proceed along that curve until it gets to the
coordinate origin. If v # —pu, a sliding regime of motion along the switching curves
is realized. Thus, if v = 0 on the switching curve, the control assumes the values
u = £1 with infinitely many changes of sign, so that we have “on the average”
u=1—poru=—(1-p) on the corresponding branches of the switching curve.
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2.2.2 Simplified control for the subsystem

With the method of control proposed in Sect. 2.2.1, we did not assume the pertur-
bation, that is, the function v in system (2.1.35), to be known. However, we did
assume its maximum possible value [p with constraint (2.1.35)] to be known, and
the control synthesis given by (2.2.9) and (2.2.10) depends on this maximum value.

There is another possible approach to determine the control in a system with per-
turbations. In it, the perturbations are completely ignored at the stage of the control
design and are taken into account only in the modelling and processing of the con-
trol. This approach, which is completely natural in the case of small perturbations,
we shall call the simplified approach.

Below, we compare the two approaches, and determine to what extent ignoring
the perturbations in the control design is justified.

By Theorem 2.1, if condition (2.1.12) holds, the system in question in the form
(2.1.3), (2.1.10), or (2.1.30) is broken down into n subsystems of the form (2.1.35).
Therefore, a comparison of the two approaches needs to be made only for system
(2.1.35).

If we neglect perturbation v in system (2.1.35), it takes the form

it Ai=u, |u<1. (2.2.15)

Let us write down the time-optimal control for system (2.2.15) with the boundary
conditions (2.1.36). Since system (2.2.15) coincides with system (2.1.38) at p =0,
the desired control is determined by (2.2.9) and (2.2.10) in which we set p = 0. We
obtain

Lt(xl,)Q) = sign Wo(xl,xz) for Yo 75 0,

u(xy,xy) = signx; = —signx, for yp =0,

| i , (2.2.16)
Vo (x1,x2) = —x1 — A~ 'xg + A = log[l + A|xy || signxp, (A > 0),

1
Vo(x1,x2) = —x1 — Elele, (A =0).

The switching curve yy = 0 for the feedback control (2.2.16) is the dashed curve in
Fig. 2.3. For comparison, the solid curve in Fig. 2.3 shows the switching curve y, =
0 for control (2.2.9) and (2.2.10) with 0 < p < 1. Both these curves are symmetric
about the coordinate origin. The equation of the curve Wy = 0 can be represented in
the form

x1 =0 (x2), (2.2.17)

where ¢ (x;) is a monotonically decreasing odd function of its argument.
In the case of the control law (2.2.16), system (2.1.35) takes the form
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X2 A
u=-—1
~
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< (&.m)
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{ X1
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N vp =0
~
~
~
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Yo =0

Fig. 2.3 Switching curves forp >0and p =0

X1 =X, Xp = —AXky +u(x;,x)+v, A >0,
(2.2.18)
v <p<l, x1=x, xx=Xx).

To estimate the possible influence of the perturbations on the motion of system
(2.2.18), we pose the problem of finding the “worst” perturbation.

Problem 2.2. Find the optimal feedback control v(x;,x;) for system (2.2.18) satis-
fying the constraint |v| < p and having the property that the phase trajectory of that
system first intersects the switching curve [y = 0 or x; = ¢(x2), see (2.2.16) and
(2.2.17)] as far as possible from the coordinate origin, that is, for as large |x;| as
possible or, what amounts to the same thing, for as large |x;| as possible.

To be definite, we assume that the initial point (§,7) lies in the region yp < 0.
Then, by (2.2.16), we have u = —1 on the entire trajectory in question. Then, the
phase trajectory of system (2.2.18) first intersects that branch of the switching curve
on which x; > 0 and x, < 0, see Fig. 2.3. As a result, Problem 2.2 is described by
the following relationships:

X1 =x3, Xo=—Axp—1+v, |v|§p<1,

220, 0<i<t, x(0)=E& x(0)=n, (2.2.19)

x1(1) =0 (x2(7)), x1(t) >0, x(7)<0, x(r)— max.
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Here, 7 is the terminal instant of the process that is not fixed. Function ¢(x;) in
(2.2.17) and (2.2.19) is obtained from the equation yy = 0 [see (2.2.16)] withp =0
and x» < 0. We obtain

d(x) = A7 x —lleog(l —Ax), (A>0),

0(2) =38, (L=0),

It follows from these relationships that
d(x2) >0, ¢'(x2) =x2(1—Ax2)"' <0, (x2<0). (2.2.20)

We note that maximization of x;(7) in (2.2.19) is equivalent to minimization of
the following integral functional:

/(fxz)dt — min. (2.2.21)
0

Let us apply the maximum principle, see Sect. 1.2, to Problem 2.2. The Hamil-
tonian function for problem (2.2.19) and (2.2.21) has the form

H=pix+p(v—»~Axa—1)+x, |v|<p, (2.2.22)

where p; and p, are conjugate variables. They satisfy the following adjoint equa-
tions
p1=0, pp=Apr—pi—1 (2.2.23)

and the transversality conditions
p1(7)¢' (x2(7)) + pa(7) =0, H(t)=0. (2.2.24)

We find p; () from the first of conditions (2.2.24) and substitute it into the sec-
ond one, using expression (2.2.22) for the Hamiltonian H. We obtain

Pal(v—2Ax — 1) (x2) —x2] + 20" (x2) =0, (t=71). (2.2.25)

Substituting ¢’ (x,) given by (2.2.20) into (2.2.25), we get, after some simplifica-
tions,
x[p2(v—=2)+x]=0, (t=1). (2.2.26)

Since, by (2.2.19), we have |[v| < p < 1 and x2(7) < 0, it follows from (2.2.26) that
pa(17) <O0. (2.2.27)

It follows from the maximum principle and (2.2.22) that the optimal control is
expressed in the form

v(t) = psignpa(1). (2.2.28)
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Integrating system (2.2.23), we obtain

p1=Ci, pr=A"YCi+1)+Ce¥, (A >0),
(2.2.29)
p1=C;, pp=C—(Ci+1)t, (A=0),

where C; and C, are constants. It follows from (2.2.29) that p,(¢) is a monotone
function. Consequently, the optimal control (2.2.28) has no more than one switching
point.

Since system (2.2.19) is autonomous, its Hamiltonian H is constant along the
optimal trajectory and, by virtue of (2.2.24), equal to zero. Then, by (2.2.22), we
obtain

H(t)=(p1+1x+p2(v—2Ax—1)=0. (2.2.30)
At the instant of switching, we have, by (2.2.28), p» = 0. Then it follows from
(2.2.30) that at that instant either p; = —1 or x, = 0.

Let us consider the first possibility. It follows from (2.2.29) that, if p; = —1,
p2(t) does not change sign along the trajectory and hence a switching cannot take
place for p; = —1.

The second possibility x, = 0 means that the control is switched when the trajec-
tory crosses the line x, = 0. Since p(7) is, by (2.2.27), negative, the optimal control
(2.2.28) is negative for xo < 0 and positive for x, > 0. Thus, the feedback optimal
control has the form

v(x1,x2) = p signx,. (2.2.31)

The optimal control in the region yp < 0 is constructed. We note that system
(2.2.19) is, along with relationships (2.2.16), invariant with respect to the trans-
formation x; — —xy, x — —x, and v — —v. Consequently, the optimal feedback
control v(xy,x;) possesses the property of central symmetry, and synthesis (2.2.31)
satisfies that condition. Thus, (2.2.31) provides the solution of Problem 2.2 formu-
lated above in the whole phase plane (xq,x).

2.2.3 Comparative analysis of the results

Let us use solution (2.2.31) of Problem 2.2 obtained above to analyze possible mo-
tions of system (2.2.18) for the case of the simplified control (2.2.16). We first as-
sume that perturbation v is given by (2.2.31). For u given by (2.2.16) and v given by
(2.2.31), all trajectories of system (2.2.18) consist of arcs of curves corresponding
to constant # = £1 and v = £p. The equations of these curves are determined by
(2.2.4)—(2.2.7), in which, according to (2.2.16) and (2.2.31), we set

w=u-+v=signyp -+ psignx,. (2.2.32)

One of the trajectories for the control law (2.2.16) in the case of perturbation
(2.2.31) is shown in Fig. 2.3 by the thin dashed curve. The solid curve represents the
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optimal trajectory for control (2.2.9) and v = —pu. The arrows indicate the direction
of increasing time. We note that the arcs of the optimal trajectories for the two
control laws coincide in regions where the three functions yp, ¥, and (—x2) have
the same signs. The heavy solid and the dashed curves in Fig. 2.3 represent the
switching curves y, = 0 and y = 0 for controls (2.2.16) and (2.2.9), respectively.

To be definite, we construct the optimal phase trajectory for control (2.2.16) that
begins at the point (&,7) on the switching curve yo = 0 for 1 > 0 and ends at
the point (£*,1*) on the other branch of the switching curve, that is, for £* > 0
and n* < 0. This trajectory lies in the region Yy < 0 and consists of two sections
that meet at x, = 0. On the first section, where x, > 0, we have, by (2.2.16) and
(2.2.31), u = —1 and v = p. On the second section, x, < 0. Therefore, by (2.2.16)
and (2.2.31), we have onitu = —1 and v = —p.

The first section of the trajectory passes through the initial point (£,1) and, on
this section, we have, by (2.2.32), w = u+v = —1 + p. Consequently, its equation
is, by (2.2.6) and (2.2.7), represented in the form

x1 =B~ A" +A72(1-p)log[l +A(1—p)~"x2],
Bi=E+A 'n—A2(1-p)log[l +A(1—p)~In] for A>0;
x; =B —2(1-p)]~'x3, (2.2.33)
By =(+[2(1—-p)] 'n? for A=0;
0<x<n.
The second section of the trajectory passes through the final point (£*,1*), and,

onit,w=u-+v= —1—p. Therefore, for the second section, we obtain from (2.2.6)
and (2.2.7)

X1 =By —A "+ A2 (1+p)log[l +A(1+p) 'xal,
B, =E*+A7" " =17 2(1+p)log[l+A(1+p)~'n*] for A >0;
x; =By —2(1+p)]~'x3, (2.2.34)
By =&+ [2(1+p)]"'(n*)* for A=0;
n* <x <0.

At the joining point of the sections, we have x, = 0, and the values of x; for the
two sections coincide. We then obtain from (2.2.33) and (2.2.34)

B, =B). (2.2.35)



2.2 Control of the subsystem and feedback control design 47

The points (&,71) and (£*,1n*) belong to two branches of the switching curve
Wy = 0; also, 1 > 0 and n* < 0. Consequently, on the basis of formulas (2.2.16),
we obtain

E=—-A2""n+A12log(14+An),

Ef=—-A"n* =2 %log(1—An*) for A >0; (2.2.36)
7_1 2 *71 *\2 _
&= 51 g _2(") for A =0.

We substitute into (2.2.35) expressions (2.2.33) and (2.2.34) for B} and B} and
also formulas (2.2.36) expressing & and £* in terms of 1) and N*. As a result, after
some simplification, we obtain the relationships

[+ —=p) ' An]'P(1+2An)~"
=[1+0+p) "An* ' P(1-2An*) for A >0, (2.2.37)

p(l—p)~'n*=(2+p)(1+p)~'(n*)* for A =0,

where 7 > 0and n* < 0.
Equations (2.2.37) connect the values of 1* and 1. Let us first consider the case
A = 0. Here, the relationship (2.2.37) takes the form

e [ p(1+p) )]1/2,

‘n* _
(I-p)2+p

(2.2.38)
0<p<l.

One can easily see that k¥ increases monotonically from O to o as p increases
from O to 1. In particular, k = 1 for p equal to

p*= %(\TS—]) ~0.618. (2.2.39)
The number p* is the “golden-section” ratio. Thus, if A = 0, then, for p < p*,
we have, on the basis of (2.2.38), |n*/n| < 1; for p = p*, we have |[n*/n| = 1; and
for p > p*, we have [n*/n| > 1.
In the case A > 0, relationship (2.2.37) defines an implicit dependence of n* on
n. To investigate this connection, we set

AN=X>0, —An*=Y>0 (2.2.40)

and represent dependence (2.2.37) in the form
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D, (X)=¥(Y), X>0, Y>0, 0<p<l,
D,(X)=[1+(1-p) ' X" P(1+X)"", (2.2.41)

(1) = [ (1+p) Y] (1 +¥).

We note certain properties of the functions @, and ‘¥, in (2.2.41). The function
@, is defined for all X > 0 and approaches zero as X — oo; the function ¥}, is defined
in the interval [0, 1+ p] and vanishes at Y = 1+ p. Both functions are equal to unity
for X =Y = 0. By direct differentiation of functions (2.2.41), we see that @}, (X) <0
and ¥ (Y) < 0, so that both @, and ‘¥, are monotone decreasing functions. Let us
also calculate the following derivative:

[lPP(X)
Dy (X)

]/=2[1+<1—p>1X}PZ[1—<1+p>1x1P
(2.2.42)

x(1+X)(1-p?) "' X[p —14+p* = (1 +p)X].

We note that the expression p — 1+ p? in (2.2.42) is nonpositive for p < p* and
positive for p > p*. Consequently, for p < p*, the ratio ¥}, /@, decreases monoton-
ically in the interval [0, 1 4- p]. Therefore, ¥, (X ) < @, (X) for 0 <X < 14-p. On the
other hand, if p > p*, we have ¥, (X) > @, (X) in some interval 0 <X < X* < 14p.
However, ¥, (X) < @, (X) close to X = 1+ p since

¥ (14+p)=0<Dp(1+p).

Figures 2.4 and 2.5 show graphs of the functions @, (X) and ‘¥, () for the cases
p < p*andp > p*, respectively. These figures illustrate graphically the relationship
between X and Y that is established by (2.2.41). These equations and the properties
mentioned for the functions @, and ‘¥, lead to the following conclusions for the
case A > 0:

o If p < p*, we always have Y < X and, by (2.2.40), [n*/n| < 1.

e If p > p*, then, for sufficiently small X, we have ¥ > X (that is, [n*/n| > 1),
whereas, for sufficiently large X, we have ¥ < X (that is, |n*/n| < 1). Here, we
always have Y < 1+ p; thatis, [n*| < (1+p)A~".

The trajectory that begins at an arbitrary point (&, 7) in the phase plane can be
continued indefinitely even after its intersection with the switching curve yp = 0 at
the point (£*,n*). For this, we need to take the point ({*,1*) as the initial point
and continue the motion on the basis of system (2.2.18), substituting into it control u
defined by (2.2.16) and the optimal perturbation v defined by (2.2.31). The trajectory
obtained in this way intersects both branches of the switching curve infinitely many
times. The values of ordinates x; at two successive points of intersection of the
switching curve yp = 0 are in the ratio |n*/n| that is given by formula (2.2.38) for
A =0, and is given by (2.2.40) and (2.2.41) for A > 0.

The nature of the motion is quite dependent on the parameters p and A.
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Fig. 2.4 Functions @, (X) and ¥, (Y) for the case p < p*
A
A
l *
p>p
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¥
0 X Y I+p XY

Fig. 2.5 Functions @, (X) and ¥, (Y) for the case p > p*



50 2 Method of decomposition (the first approach)

Let us first set A = 0. If p < p*, where p* is defined by (2.2.39), then k¥ < 1 in
(2.2.38). Here, the values of |x,| at the instants of intersection of the switching curve
Yo = 0 by the trajectory decrease in a geometric progression with the denominator
k < 1. Therefore, the phase trajectory approaches the coordinate origin and reaches
it in finite time, though after an infinite number of switchings.

If p = p*, then k = 1 in (2.2.38) and the phase trajectory is periodic. At equal in-
tervals of time, it passes through the same points in the phase plane. In this case, the
trajectory remains in a bounded region though it does not approach the coordinate
origin.

If p > p*, then ¥ > 1 in (2.2.38). Here, the phase trajectory moves to infinity
along a spiral path.

The behavior of the phase trajectories is shown in Figs. 2.6, 2.7, and 2.8 for the
cases p < p*, p =p*, and p > p*, respectively.

p<p

()

NN

v =0

Fig. 2.6 Phase trajectory for p < p*

Let us turn to the case A > 0. If in addition p < p*, then, by the analysis that
we made, |n*/n| < 1. In this case, the phase trajectory approaches the coordinate
origin and reaches it in a finite time for p < p*. One can show that, for p = p*, the
phase point approaches the coordinate origin as r — oo,

For p > p*, the phase trajectory does not approach the coordinate origin but
remains in a bounded region. From some instant on, we have |x2| < A~'(1+p) (as
a consequence of the inequality ¥ < 14 p).

Let us now characterize the possible motions of system (2.2.18) for the control
law (2.2.16) and an arbitrary perturbation |v| < p.
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Fig. 2.7 Phase trajectory for p = p*

Yo =0

p>p

\

Fig. 2.8 Phase trajectory for p > p*

Yo =0
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If the ratio of the maximum possible value of the perturbation to the maximum
possible value of the control is less than the “golden-section” ratio (2.2.39), namely,
if p < p*, then, for any admissible control and any nonnegative A, the control law
(2.2.16) ensures that system (2.2.18) will move to the coordinate origin in finite
time. This follows from the fact that the origin is reached even for the “worst” per-
turbation (2.2.31) that tries to takes the system as far as possible from the coordinate
origin.

If p = p*, then, for A = 0, the control law (2.2.16) ensures that the system will
be kept in a bounded region and, for A > 0, it ensures that it will approach the
coordinate origin as f — oo.

On the other hand, if the ratio of the maximum possible perturbation to the max-
imum possible control exceeds the “golden-section” ratio (p > p*), then there exist
perturbations for which it is impossible to move the system to the coordinate ori-
gin. In the case A > 0, perturbation (2.2.31) takes the system arbitrarily far from the
coordinate origin, whereas in the case A = 0 it takes the system out of some neigh-
borhood of the coordinate origin though the system remains in a bounded region.

Thus, the simplified control law (2.2.16), which does not take into account the
presence of perturbations, achieves the control purpose and brings the system to the
coordinate origin, only if the perturbation level is sufficiently low. Specifically, the
ratio of this level to the maximum level of control must not exceed the “golden-
section” ratio (p < p*).

In other words, one can ignore the presence of perturbations in constructing the
control, only if the ratio of the maximum level of the perturbation to that of the
control does not exceed the “golden-section” ratio p* =~ 0.618.

We recall that the optimal control law (2.2.9) and (2.2.10) is based on the game
approach and guarantees that system (2.1.35) will move to the coordinate origin in
a finite time for any admissible perturbation, if p < 1. Thus, in comparison with the
simplified control of Sect. 2.2.2, the control law described in Sect. 2.2.1 has a wider
field of applicability. Furthermore, the game approach ensures the minimum guar-
anteed time for bringing the system to the coordinate origin because it is based on
the time-optimal feedback control. However, the game approach, unlike the simpli-
fied approach, needs the knowledge of the maximal level of possible perturbations,
i.e. the parameter p. In their structure, the two methods are similar, of a bang-bang
type, and differ only in the switching curves, see Fig. 2.3.

2.2.4 Control for the initial system

Let us turn to solution of the original Problem 2.1. We obtain the feedback control
in this problem on the basis of (2.1.34) and (2.1.29) in the following form:

Ui(q7 q) = UI-OM(_X] a-x2),

x1=x=U)"lyi=U""A(g— )i (2.2.43)
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x=x= Uy = U Aq)i, i,...,n.

Here, in the case of the optimal control of Sect. 2.2.1, function u(xy,x;) is defined
by (2.2.9), in which y, is given by (2.2.10). Parameters A and p in formulas (2.2.10)
are expressed by (2.1.37); that is

Vo ,
A=A p:ﬁ<l, i=1,...,n. (2.2.44)
14

Control (2.2.43) is a bang-bang control, and it assumes the limiting admissible
values: U; = :I:Uio, i=1,...,n. Let us describe the nature of the motion in the case
of this control. We first suppose that perturbations V; in system (2.1.28) or (2.1.30)
assume at every instant the optimal (“worst”) values. In terms of system (2.1.35),
this means that v = —pu. In terms of system (2.1.28), we have, by virtue of (2.1.34),

(2.2.43), and (2.2.44),

Vi=—pUlu=-V2U" ilq,q), i=1,....n. (2.2.45)

In the case of perturbation (2.2.45), the motion of system (2.1.30), for the coordi-
nate y;, takes place along the time-optimal trajectories of system (2.1.38) or (2.2.1),
that is, along the trajectories of Fig. 2.2 for A; > 0 or Fig. 1.2 for A = 0. The re-
lationship between the original coordinates g, the variables y;, and the variables x;
and x; is given by (2.1.29) and (2.2.43).

Now, if the perturbations V; differ from the worst ones (2.2.45), as is usually the
case, then the phase trajectories for each ith degree of freedom in the plane (x;,x;)
deviate from the optimal ones. Here, the motion along the switching curves takes
place in a sliding regime.

Time t, needed to bring system (2.1.3) [or (2.1.10), (2.1.28), (2.1.30)] to the
given state (2.1.8) does not exceed the maximum of the optimal times for each of
subsystems (2.1.30) [or (2.1.35), (2.1.38), (2.2.1)]. We have

. <ty+ fg?gnf(gi,ni% &= (Uio)_l[A*(qO -9,
- (2.2.46)
ni=U""1A4"), i=1,...,n

Here, we used (2.1.29) and (2.1.37) for £ and 7. The function (&, n) is defined
by (2.2.13) for those i for which A; = 0 and by (2.2.14) for those i for which A; > 0.
We summarize the results in the form of a theorem.

Theorem 2.2. Suppose that conditions (2.1.12) are satisfied, and that all the trajec-
tories considered lie in domain Q. Then, the feedback control U(q,q) that solves
Problem 2.1 is given by (2.2.43), where the function u(x,x;) is defined by (2.2.9)
and (2.2.10). This control brings system (2.1.3) to the terminal state (2.1.8) no later
than at time t, defined by (2.2.46), (2.2.13), and (2.2.14). Parameters A and p in
these formulas are given for each degree of freedom by (2.2.44).
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The control constructed can be called suboptimal, since it is close to the time-
optimal one and becomes optimal in the case of the “worst” perturbations.

Using the simplified approach described in Sect. 2.2.2, one should replace the
function u(x;,x;) in relations (2.2.43) by its expression from (2.2.16). Otherwise,
the procedure for the control design for the original system remains the same as for
the game approach.

2.3 Weak coupling between degrees of freedom

The first method of decomposition presented in Sect. 2.1.3 leads to the control that
solves Problem 2.1. This control is given in explicit form in Sect. 2.2.4. The main
assumption that made it possible to carry out the decomposition was the existence
of a domain  in the 2n-dimensional space (g,¢) in which all the motions being
considered lie and in which inequalities (2.1.12) are satisfied.

By virtue of (2.1.11) for V, inequalities (2.1.12) and (2.1.13) impose constraints
on the uncontrolled forces Q and the inertial terms S. We can see from (2.1.4) that
the inertial terms depend quadratically on the generalized velocities ¢. Therefore,
inequalities (2.1.12) and (2.1.13) limit somehow the domain €2 with respect to ¢,
whereas the obtained control can carry the system to the region with large ||.

It is clear, on the one hand, that to solve Problem 2.1 it is necessary to impose
constraints on the uncontrolled forces Q, otherwise the bounded controls U will not
be able to overcome these forces Q. On the other hand, it follows from what was said
above that it is expedient to impose constraints on quantities S; during the control
process. These considerations served as the basis for the modification of the first
method of decomposition suggested in [98, 102].

2.3.1 Modification of the decomposition method

Let us turn again to the system described by relations (2.1.1)—(2.1.8).

The domain D in the n-dimensional g-space, where the motions of the system
being considered can occur, is specified in the form of independent constraints on
the coordinates g;

D={q: qi <qi<q'}. (2.3.1)

We will make certain simplifying assumptions concerning the kinetic energy and
the generalized forces Q;. Suppose that matrix A(q) from (2.1.3) can be represented
in the form

Alq) =J+A(q), J=diag(Jy,...,J,), J;=const>0, (2.3.2)

where A(g) is a symmetric matrix such that, for any n-dimensional vector z, the
inequality
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[A(q)zl <ulel, p>0, VYgeD (2.3.3)

is satisfied. Here, u is a sufficiently small parameter, its possible values are specified
below.
Furthermore, we assume that

<C, C =const > 0, i,j,k=1,...,n, 2.3.4)

8ajk
aqi

and that the generalized forces Q; can be represented in the form
0i=Gi+F (2.3.9)
where G;(q,q,t) are restricted forces satisfying constraints
|Gi| < G, i=1,....n. (2.3.6)

The magnitudes of constants G? do not exceed constants U} in constraints (2.1.6)
for the permissible values of the control forces, that is

GY<U?  i=1,....n (2.3.7)

Note that, if the inequality G? > Ul-0 that is the inverse of (2.3.7) holds for certain i,
then the system can be uncontrollable.

The forces denoted by F; in (2.3.5) are sufficiently small at low velocities and
satisfy the constraints

Fi=Fl(q,q.1),  |[EI<F°(ldl), i=1,....n. (2.3.8)

Here, F°(¥9) is a monotonically increasing continuous function defined for ¥ > 0
and such that F°(0) = 0. The exact form of functions G;(g,4,t) and F;(q,q,t) in
(2.3.5) may be unknown.
We multiply both sides of (2.1.3) by JA~! [matrix J has been introduced in
(2.3.2)] and obtain
Jigi=U;+V;, 2.3.9)

V=S8, — [AA"Y(U +9)].. (2.3.10)

System (2.3.9) and (2.3.10) is equivalent to the initial equation (2.1.3). Relations
(2.1.4), (2.3.4)—(2.3.6), and (2.3.8) yield the constraint on the components of vector
S

2

J

2
- - 3 1
1S:(q.¢.1)| < G?+58°(g), SO(q)FO(q|)+C< q.,-|>. (2.3.11)
=1

We assume that the inequalities

vil<pU?,  pi<l (2.3.12)
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hold, where p; are constants to be specified below. We shall treat the functions V;
in (2.3.9) as independent restricted perturbations not exceeding the permissible val-
ues of the controls. In this case, the initial non-linear system is decomposed into n
linear subsystems [the ith subsystem is described by the ith equation (2.3.9)] sub-
jected to perturbations, and each subsystem has a single degree of freedom. To solve
Problem 2.1, it is therefore sufficient to solve n simpler control problems for the
second-order subsystems.

2.3.2 Analysis of the controlled motions

As has been done previously, we shall specify the scalar control U; which trans-
fers the ith subsystem (2.3.9) in finite time from an arbitrary initial state (q?,q?)
to the terminal state (g;,0) for any permissible perturbation V; satisfying condition
(2.3.12). We will again define the feedback control by (2.2.43), (2.2.9), and (2.2.10).
Here, one should substitute matrix J instead of matrix A, in (2.2.43) and set A =0
in (2.2.10). After these transformations, we obtain

Ui=—Usign(gi— ;) for g7 vy,
U;=—U'signg; for ¢ =y, (2:3.13)

v (q1) = — (2Xi|qi — gt )" *sign(gi — q}).-

Here, X; is a positive control parameter connected with constant p; from (2.3.12) by

the relation 0
01 —p;
x, = Ji=pi) (2.3.14)
Ji
In inequalities (2.3.12), we express p; in terms of the control parameters X; using
(2.3.14). We obtain

Vil <U?—JX;, i=1,...,n. (2.3.15)

In order to specify the control law (2.3.13), it is necessary to choose the values of
parameters X; > 0, so that inequalities (2.3.15) are satisfied.

Remind that the above-mentioned control was obtained as the time-optimal con-
trol in a game problem in which U; and V; are considered as the controls of two
players [79]. This control is a bang-bang control and takes its limiting permissible
values:

Ui ==xU l_().
The switching curve
4i = v; (qi)
consists of two parabolic branches which are symmetric about the point (g;,0).

We will now specify the set €2; in the two-dimensional phase space of the ith
subsystem (Fig. 2.9):
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Qi ={(g,4): ai <ai<q’, v <da<y'},
(2.3.16)
Vi (@) =v (qi+tq —q7), W (a)=v(g+q —q)

gi

\ v (a)

\ v (q1)
(4.4)) \

q (4;,0) ai ai

Fig. 2.9 Set €2; and the switching curve

We will describe the motion of subsystem (2.3.9) in the case where the control
U, is specified by (2.3.13), the disturbance V; satisfies constraint (2.3.15), and the
initial point (¢?,4?) lies in €;:

(47,40 € Q. (2.3.17)

The control process is divided into two main stages. In the first stage, the motion
is performed with a constant control until the phase point of the subsystem reaches
the switching curve. To fix our ideas, we assume that ¢; > W (g;); then, according
to (2.3.13), we have U; = —UZ-O. In this case, from (2.3.9) and (2.3.15), it follows that

Gi < —X;. (2.3.18)
Note that, by virtue of (2.3.16) and (2.3.13), the following equality holds

dy _ X

(2.3.19)
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Along the trajectory of the subsystem in the domain £2;, we have, according to
(2.3.16), ¢; < l,l/l-+. Therefore, taking into account (2.3.18) and (2.3.19), we obtain
forg; >0

dgi G _ X _dy

- < —— , gi > 0. (2.3.20)
dgi ¢~y dg ’
For ¢g; < 0, we have, in accordance with (2.3.18)
dai i
Qi _di o g4<o. 2.3.21)
dgi g

From inequalities (2.3.20) and (2.3.21) it follows that, for any perturbations, the
phase trajectory of the subsystem under consideration does not intersect the curve
gi = 1//;r (¢i) and, due to (2.3.18), reaches the switching curve in finite time without
going out beyond the limits of the domain €2;. This fact is proved in a similar way
also for ¢; < y.

On reaching the switching curve, the phase point continues to move along it
to the terminal state. The parabolic branches of the switching curve coincide with
the phase trajectories of subsystem (2.3.9) in the case of the control U; chosen in
accordance with (2.3.13) and (2.3.14) and for V; = —p;U;. If, however, V; # —p;U;,
then the motion occurs along a parabolic arc in a sliding mode. In this case, control
U; takes the values :l:Ul-O with infinitely frequent changes of sign so that “on average”
gi = X; or g; = —X; for the corresponding branches of the switching curve.

Hence, if conditions (2.3.16) and (2.3.17) are satisfied for all subsystems (2.3.9)
at the initial instant of time, then their phase trajectories as a whole lie in the corre-
sponding domains £2;. In this case, constraints (2.3.1) are satisfied, and the inequal-
ities

4l < —wi (a) = v (q;) = vi'(q; —4) (2.322)
following from (2.3.16) and (2.3.13) also hold. Introducing new notation

Y, =y (—d), di=q —q;, (2.3.23)
we rewrite inequality (2.3.22) in the form
|gi| <Y;. (2.3.24)
Using expression (2.3.13) for y;", we obtain
Y, = (2X;d;)'/2. (2.3.25)

A possible phase trajectory of subsystem (2.3.9) is shown in Fig. 2.9. The direc-
tion of motion is indicated by the arrows.

It has been shown in Sect. 2.2.1 that the time for the motion of the ith subsystem
(2.3.9) is maximal in the case of the “worst” perturbation V; = —p;U; and, on the
strength of notation (2.3.14), is equal to [see (2.2.13)]
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o B 1 G

7 (q).4)) = X! {2 [2(61?)2 ~Xi(q) — g )%} —q?%},
(2.3.26)

v=—signlg) -y (g))], @#vs  n=%1, =y

Since time 7 required to bring the original system (2.1.1) to the terminal state
(2.1.8) is defined as the greatest of the control times for each of subsystems (2.3.9),
we obtain the estimate

T<tt=max(t}), i=1,..n (2.3.27)

2.3.3 Determination of the parameters

Control (2.3.13) can only be used when inequalities (2.3.15) [or (2.3.12)] are satis-
fied throughout the whole control process. We shall now find those control parame-
ters X; for which the above-mentioned relations are, in fact, satisfied.

We will first estimate the moduli of the quantities V; from (2.3.10). Using rela-
tions (2.3.3), (2.3.11), and (2.3.24), we obtain

Vil <GP +8°(Y) +ulaA (U +S)],  Y=(,....Y,). (2.3.28)
From (2.3.2) and (2.3.3), we have for any n-dimensional vector z
Az=Jz+Az,  |Az| > Jminlz] — w2 = (Jmin — 1) |2]- (2.3.29)

Here, Jin is the least of the quantities J;. Let us set z = A~'Z’ in inequality (2.3.29).
Then for u < Jyi, we obtain

7|

ATl < ——. (2.3.30)
| ‘ Jmin —Hu
Using (2.1.6), (2.3.11), and (2.3.24), we obtain the relations
(U +8)il < Ul +[8i] < U+ G +8°(Y) = (U° + G°)i +8°(Y),
(2.3.31)

Ul = (y,...,uY), G’ =(GY,...,GY).

Combining (2.3.28), (2.3.30), and (2.3.31), we find the final estimate for the distur-
bances:
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u

Vi< G +8°(v)+ U+
Jmin_
(2.3.32)
<G+ 1+L1/2 )+ —E U0+ 6|
- Jmin_,u Jmin_ ’

In inequalities (2.3.15), instead of the quantities |V;|, we substitute their estimates
from (2.3.32). After transformations, we obtain
“nl /2

u 0 0
2 v+ 6. (2.3.33)
Jmin_.u ‘ ‘

Jmin -

JiX; + <1+ )ﬁo(y) <U?-GY -

System of inequalities (2.3.33) determines the permissible parameters X;. It is a
nonlinear system because the values Y; are connected with X; by (2.3.25).
If parameter u is sufficiently small, such that the condition

min;(U? — G?)Jmin
min; (U? — G¥) + |U° + GO

(2.3.34)

is satisfied, the expressions on the right-hand sides of inequalities (2.3.33) are pos-
itive. Since §°(Y) — 0 as X; — 0 due to (2.3.11), positive values of X; can always
be found, for which inequalities (2.3.33) and, consequently, inequalities (2.3.12) are
satisfied.

We will sum up the results obtained in the form of a theorem.

Theorem 2.3. Suppose that condition (2.3.34) is satisfied. Then the feedback control
Ui(qi, i) that solves Problem 2.1 in domain (2.3.16) is specified by relations (2.3.13)
in which parameters X; must be chosen in such a way that inequalities (2.3.33) are
satisfied. This control transfers system (2.1.1) from the initial state (2.1.7) to the
specified terminal state (2.1.8), if, at the initial instant of time, constraints (2.3.17)
are satisfied. In this case, motion q(t) of the system lies in domain D from (2.3.1),
and the time of the control process T does not exceed T* determined by expressions

(2.3.26) and (2.3.27).

We will now describe a method of selecting the permissible values of X;. We shall
seek these values in the form
X; = Z%d;, (2.3.35)

where d; is defined in (2.3.23), and the magnitude of Z is still unknown. We sub-
stitute (2.3.35) into inequalities (2.3.33) taking into account (2.3.25) and (2.3.11).
Selecting the maximum value of Z

Zop = maxZ (2.3.36)

that satisfies the inequality obtained, we calculate the control parameters X;, using
formulas (2.3.35). In this case, at least one of inequalities (2.3.33) is transformed
into the equality.
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Suppose, for example, constraint (2.3.8) has the form
0/ - . .12
il < F7(lg]) = alg] +bl4l",

where a and b are positive constants. Then inequalities (2.3.33) can be reduced to
the form
72 427 < h;, (2.3.37)

where g; and h; are positive coefficients that can be found from (2.3.25), (2.3.11),
and (2.3.33). The solution of the system of inequalities (2.3.37) can be written in
the form

zgzozxxlljn[(g,?+hi)1/2—gi], i=1,....n. (2.3.38)

Conditions (2.3.33) for determining the set of permissible values X; together with
constraint (2.3.34) imposed on parameters of system (2.1.1) are sufficient conditions
that differ from the necessary ones. For specific systems, it is possible to obtain more
precise estimates than (2.3.32). Substituting such estimates into inequality (2.3.15)
instead of V;, one can obtain a more broad set of permissible control parameters. As
a result, increasing of X; allows one to widen domains £2; from (2.3.16) that bound
initial velocities for the subsystems [see (2.3.17)] and, thus, significantly shorten the
time of motion 7. In some instances, this allows one to relax restrictions imposed
upon parameters of the system.

The control method proposed is quite simple and does not require an exact
knowledge of the nonlinear terms and perturbing forces in the equations of motion.
The method is not overly sensitive to slight variations in the system parameters or to
additional perturbations: to take such factors into consideration, one needs only to
decrease parameters X;, leaving a sufficient “safety margin” for the controls of the
corresponding subsystems.

2.3.4 Case of zero initial velocities

While solving Problem 2.1, we assumed that the initial state of the system is an
arbitrary point in the domain £2;, see (2.3.17). Consider a special but important case
of the zero initial velocities ¢° = 0.

Under control (2.3.13), the coordinates ¢; of all subsystems are bounded by the
inequalities min(q?,¢;) < ¢:(t) < max(q?,q;). Therefore, it is possible to restrict
the domain of the possible motions, setting

g =min(q),q}), ¢ =max(q},q;) (2.3.39)
in (2.3.1) for all i = 1,...,n. For such presetting of the domain D, the magnitudes
d; = g —q; are minimal, and hence the estimates obtained in (2.3.24) for the gen-
eralized velocities and in (2.3.32) for the disturbances are of the maximum accuracy.
We suppose that the boundaries g;” and q;r of the domain of motion are given in the
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form (2.3.39). Estimates (2.3.26) and (2.3.27) in this case take the form

T < 7" =max(1/), T =2 %, i=1,...,n (2.3.40)
i i

In accordance with (2.3.35), (2.3.36), and (2.3.40), we have the equal estimates

on times needed for steering each of subsystems (2.3.9) to the terminal state:

=1 =1, 5 =27y", (2.3.41)
where Zj is defined by (2.3.36). Let us demonstrate that for control (2.3.13) with any
other permissible parameters X;, satisfying (2.3.33), but not related to each other by
equalities (2.3.35) and (2.3.36), the estimate for the motion time 7%, calculated by
using (2.3.40), will be greater than ;.

Really, in order to reduce 7%, it is required, according to (2.3.40) and (2.3.41),
to increase X; for all i = 1,...,n. Then, due to the strict monotony of the left-hand
sides of inequalities (2.3.33) with respect to X;, all the left-hand sides will grow up,
and at least one of inequalities (2.3.33), which was transformed into the equality
while choosing Z = Z; according to (2.3.36), will fail. Thus, the magnitude 7* = 1,
obtained in (2.3.41), is minimal for ¢° = 0 and control (2.3.13).

Modified control law

In the case ¢ = 0, it is possible to modify the control law (2.3.13) so that the new
(corresponding to the modified control law) estimate of the motion time will be less
than the estimate obtained in (2.3.41). To this end, let us re-define functions y; in
(2.3.13) so that the switching curve ¢; = y;(g;) (see Fig. 2.10) will consist of the
parabolic arc (for |g; — g}| < d}) and straight-line section (for d} < |¢; —q;| < d;).
Here, d; is some positive constant that will be determined. We impose the only
constraint upon this constant

1
d; < 3d;, (2.3.42)

where d; is defined by (2.3.23) and (2.3.39). Thus, we define functions ;" in the
form:

i (i) = — (2Xilgi — g7 ) sign(qi —q7) for |gi—q;] < df,
(2.3.43)
Vi (qi) =Y;sign(qi —qf) for df <|qi—q}| <d;,

Here, X; and Y; are positive parameters for the new control law; they are not already
related to each other by (2.3.25) but subjected to the additional contraints

Y; < (Xid;)'/?. (2.3.44)

Parameters d; are expressed through X; and Y; by the following formula
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Fig. 2.10 Modified switching curve and the trajectory
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Due to (2.3.44) and (2.3.45), constraint (2.3.42) is satisfied.

If conditions (2.3.15) [or (2.3.12)] hold during the motion, then the control de-
fined by (2.3.13) and (2.3.43) surely steers the system to the terminal state. Herein,
the velocities of the subsystems are bounded and the inequalities |¢;| < ¥; hold.
Hence, the estimate (2.3.32) for the maximal absolute values of the disturbances
|V;| is also true. Substituting (2.3.32) into (2.3.15), we obtain inequalities that com-
pletely coincide with (2.3.33). Hence, if X; and ¥; obey inequality (2.3.33), then the
control defined by (2.3.13) and (2.3.43) solves Problem 2.1 for ¢° = 0.

The following estimates of the motion time are true:

d Y
1<t =max(t’), T =—+— i=1,...,n, (2.3.46)
1

CYX
where 7" is the estimate of the motion time for the ith subsystem. Let us prove these
relations.

Proof. The motion time for the ith subsystem is maximal under the worst distur-
bance V; = —p;U;. The motion consists of three stages, see Fig. 2.10. First, according
to (2.3.9), (2.3.13), (2.3.14), and (2.3.43), the motion has the constant acceleration
Gi = —X;sign(q} —q;)
until the phase point reaches the switching curve ¢; = y;(g;). Further, the phase
point moves along the straight-line section of the switching curve with the constant
velocity

gi = ~Yisign(q} —q;),
and then, along the parabolic section of the switching curve, with the constant ac-
celeration

i = Xisign(q; — q;)-

The durations of the first and the final stages are the same and equal to ¥;/X;. The
duration of the second stage is equal to (d; — 2d;) /Y;. Summing up the durations of
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all three stages and taking into account (2.3.45), we come to the estimate (2.3.46)
fort. O

Let us demonstrate that the modified control law (2.3.43) allows one to reduce
the estimate of the motion time (2.3.41).

Proof. To this end, consider the concrete choice of the parameters X; and Y; in
(2.3.43), supposing that each ¥; depends on the corresponding X; so that constraints
(2.3.44) are trasformed into equalities

Y = (Xid)'/?. (2.3.47)

Note, that (2.3.47) differs from (2.3.25) used earlier. From (2.3.45) and (2.3.47), we
have

In this case, under the worst disturbances, the strait-line stage of motion is missing
and relations (2.3.46) are transformed into (2.3.40). We will seek for the parameters
X; in the form of (2.3.35), as it has been done earlier, and express the parameters Y;
according to (2.3.47). Choose the maximal value of Z:

Zy = maxZ (2.3.48)

satisfying (2.3.33). Due to the monotone dependence of the left-hand side (2.3.33)
on parameters ¥; and to (2.3.47), value Z{) is greater than Z, from (2.3.36). Therefore,
we obtain a new upper estimate of the time of motion that is lower than the estimate
given by (2.3.40) and (2.3.41):

=t =1,  tr=22z)". (2.3.49)
Thus, the modified control law really allows one to reduce the motion time estimate.
O

Optimization of the control parameters

For the modified control law defined by (2.3.13) and (2.3.43), we suggest below a
numerical procedure for finding the optimal permissible parameters X; and Y; satis-
fying inequalities (2.3.33) and (2.3.44) [but not connected by relations (2.3.47) and
(2.3.35)], for which the motion time estimate T* given by (2.3.46) is minimal.

If parameters X; and Y; are optimal, then the quantities 7;" in (2.3.46) are equal,
ie.,
Al i=1,...,n, (2.3.50)

and inequalities (2.3.33) are transformed into the exact equalities

X+ KS°(Y)=A, i=1,....n, (2.3.51)
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1/2
Hn -1
Ki=|1+-——)J",
( Jmin_“> !

A,-_<U,°G? K |U°+G°|)J;1.

Jmin -

where

This fact is proved by the reasoning analogous to that have been used earlier and
given after (2.3.41). We assume that inequality (2.3.34) holds, so that A; are positive.

The procedure for finding the optimal parameters X; and ¥; of the modified con-
trol law is as follows. In accordance with (2.3.46) and (2.3.50), we set

X, =YYt —d;)"! (2.3.52)
in system (2.3.33). We obtain
R +K8°(Y) < A (2.3.53)
v —a T <A 3.

Let us choose some initial value 7* [for example, 7% = 7/ from (2.3.49)] and find
numerically some values of parameters Y¥; satisfying (2.3.53). The set [Y,", Y], i =
1,...,n, in which it is possible to make this search, can be easily obtained by setting
§9=0in inequalities (2.3.53). As a result, we obtain

| 2 1/2
<2T*Ai) — diAi] .

If any solution ¥; of inequalities (2.3.53) is found, then we decrease the value 7* in
(2.3.53) by some increment 6 T* and repeat the search of the permissible parameters
Y; corresponding to the new value of 7*. The minimal value of 7* for which in-
equalities (2.3.53) have the solution ¥; > 0 for all i = 1,...,n, defines together with
(2.3.52) the optimal parameters X; and Y;.

Let us show also that the motion time estimate r(’)* [see (2.3.49)] obtained ana-
Iytically earlier for the modified control law defined by (2.3.13) and (2.3.43) is not
minimal and can be improved by using the suggested numerical procedure.

1
YE = ST A

Proof. 1t is sufficient to show that, if ’C(')* is chosen as the initial estimate 7%, then,
for the sufficiently low step size 61", the suggested algorithm surely finds, during
the second iteration, the values of the parameters X; and Y; providing even less the
motion time estimate

T =) - 61"

Suppose the contrary. Let 7% = 7)* from (2.3.49) is the minimal motion time esti-
mate. Then, as it has been pointed above, (2.3.50) and (2.3.51) should be satisfied.
Let us choose some value i (1 <i < n) and, by using (2.3.46), find the derivative
dt;/dY;, assuming that parameter X; is connected with ¥; by the ith equality in
(2.3.51):



66 2 Method of decomposition (the first approach)

ot d; 1 Y; 0X;

!

= —|———7 .
aY; Y? X, X?oY

(2.3.54)

For the given i, due to the monotony of $°(Y) with respect to ¥;, see (2.3.11), we
have from (2.3.51)

E) )7
Values X; and ¥; providing the estimate 7} = 7" are connected by (2.3.47). There-
fore, the sign of the derivative (2.3.54) is positive

oX; 98°(y)

<0. (2.3.55)

81’,.* _ E&X,
Y  X? Y

> 0. (2.3.56)

Let us decrease the parameter Y; for the given i by a sufficiently small value 0Y; (all
Y;, j # i, are fixed) and, at the same time, increase parameters X;, i = 1,...,n, for
all subsystems, without violating equations (2.3.51). Obviously, for such variations,
the new values of the parameters will satisfy constraints (2.3.44). Herein, due to
(2.3.46) and (2.3.56), the motion time estimates for all subsystems decrease. Thus,
we come to the contradiction, and ‘L'(’)* cannot be the minimal estimate for 7*. O

Note that control (2.3.13) with the modified switching curve (2.3.43) can be used
also in the case where ¢° # 0. The corresponding domain £; that contains possible
initial states for the ith subsystem is described by relations (2.3.16) and depicted in
Fig. 2.11.

qi

(4?49

7

a; (4;,0) q; qi

v (i)

Fig. 2.11 Domain £2; for the modified control law
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2.4 Nonlinear damping

The method of solving Problem 2.1 that we have presented in Sects. 2.1.3-2.2.4
consists of two stages: 1) the decomposition of the original nonlinear system (2.1.3)
into subsystems (2.1.30) with one degree of freedom each [see (2.1.35)]; 2) the use
of the game approach to construct a control for the subsystems.

Certain modifications of the suggested approach are possible at both stages. At
the first stage, a system can be reduced to a collection of other subsystems, either
more simple or more complicated than (2.1.35). System (2.1.35) with A = 0 is ev-
idently the simplest subsystem with one degree of freedom. In the case A = 0, the
imposed constraint (2.1.12) is replaced by a more simple condition (2.1.13) that can
be immediately verified by means of Lemma 2.1 from Sect. 2.1.2.

At the second stage, it is not necessary to use the game approach in order to
construct a control for the subsystems (see Sect. 2.2.2).

Let us consider in greater detail the modification of the described approach, in
which a system with a nonlinear resistance is considered as a subsystem with one
degree of freedom [28].

2.4.1 Subsystem with nonlinear damping

Let the dynamics of a system with one degree of freedom be described by the equa-
tion
m§=R(¢)+U+V(q,q,1). (2.4.1)

Here, ¢ is the generalized coordinate of the system, m > 0 is a constant inertial
coefficient (the mass), R(¢§) is the resistance, U is the control, and V(g,q,?) is the
disturbance.

We will assume that the resistance R(q) is directed opposite to the velocity, and
its magnitude increases with the velocity; it is zero in the state of rest. Also, R(q) is
a smooth function. Hence, we have

JR(d) <0, dfi(;’) <0 (4#0), R(0)=0. (2.42)

The control and the disturbance are assumed to be bounded by geometric con-
straints, and the maximum disturbance is strictly less than the maximum control.
We have

U|<Us, [V(g,4.0)| <plo. p<1, (2.4.3)

where Up > 0 and p < 1 are constants. In all other respects, the disturbance V (g, ¢,t)
may be an arbitrary function of its arguments.

It is required to construct a feedback control U(g,q) that takes system (2.4.1)
from an arbitrary initial state
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_ 0 . _ 0
q(to) =q", q(to) =g (2.4.4)
to the prescribed terminal state with zero velocity
q(t:)=4q", 4(t.)=0 (24.5)

in finite time. Here, 1y, qo, qo, and ¢* are some given values, time 7, is not fixed.
Let / > 0 be a quantity of the same dimension as coordinate g. We introduce the
dimensionless variables

J— * —
x:q qv t/:ﬂa uzga f:,E’
l To Uy Uy
(2.4.6)
14 mi\ '/
V= U ) 0 — (l]())
Making the change of variables (2.4.6) in (2.4.1), we obtain

X4+ f(%) =u+v(x,x1). (2.4.7)

Here and in what follows, dots denote derivatives with respect to the dimensionless
time ¢’; in (2.4.7) and below ¢’ is replaced by ¢. According to (2.4.2) and (2.4.6), the
smooth function f(z) has the following properties:

2f(2) >0, f(z)>0 (z#0), f(0)=0. (2.4.8)
The variables u and v in (2.4.7) are constrained by [see (2.4.3) and (2.4.6)]
| <1, p[<p, p<l. (2.4.9)

After the change of variables (2.4.6), the initial conditions (2.4.4) and the final
conditions (2.4.5) take the form

x(0)=¢&, x(0)=n, (2.4.10)
x(t)=0, x(t)=0. (2.4.11)
Here,
0 * -0
4 —q _ 4 _L—l
<§ - / ’ n= / ’ T= T .

Our control problem can now be stated in the following form.

Problem 2.3. Construct a feedback control u(x,x) that satisfies constraint (2.4.9)
and takes system (2.4.7) with an arbitrary disturbance v constrained by (2.4.9) from
any initial state (2.4.10) to the prescribed terminal state (2.4.11) in finite time.

The formulation of the problem and the approach applied below for its solution
are analogous to those described in Sects. 2.1.3-2.2.3 and are their generalization.
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2.4.2 Control for the nonlinear subsystem

The game-theoretical approach

Let us consider (2.4.7) from the point of view of the differential games theory, as-
suming that # and v are the controls of two opponents constrained by (2.4.9). We
will seek a feedback control u(x,x) that takes system (2.4.7) from state (2.4.10) to
state (2.4.11) in the shortest guaranteed time 7 for any admissible disturbance v.
Control u(x,x) obtained by solving the differential game produces, as is easily seen,
a solution of Problem 2.3. On the other hand, the solution of the differential game
reduces [79, 80] to the solution of the time-optimal control problem for the system

i+f)=>0-pu; |u<1,0<p<1,7—min (2.4.12)

with the boundary conditions (2.4.10) and (2.4.11). Equation (2.4.12) is obtained
from (2.4.7) for v = —pu that corresponds to the worst (for u) opponent control: the
optimal controls of the players are such that u = +1, v = Fp at any instant.

Control u(x,x) required in Problem 2.3 and the corresponding time 7 can be
found by obtaining the time-optimal control for (2.4.12) with boundary conditions
(2.4.10) and (2.4.11). The corresponding time-optimal control problem is written in
the form

Y1=x, h=—flo)+(1-pu [u<1, 0<p<I,
X1 (O) = é, )CQ(O) =1, xl(T) Z)CQ(T) =0, T — min, (2.4.13)

(xi=x, x=x).

Time-optimal control

We will solve problem (2.4.13) by the maximum principle. The Hamiltonian for
problem (2.4.13) has the form

H=pix+p(l—plu—f(x)], |ul <1, (2.4.14)

where p; and p; are conjugate variables.
The conjugate system has the form

p1=0, pr=—pi+f(x)ps. (2.4.15)

Since (2.4.13) is an autonomous system, we have the first integral for our time-
optimal control problem

H = pixa+pal(1—pu—f(x2)] =h >0, (2.4.16)
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where £ is a constant.
By the maximum principle, we obtain from (2.4.14)

u=signps. 2.4.17)

Let us consider the possibility of the existence of singular sections of the opti-
mal trajectory on which p, = 0. On such a singular section, by the second equation
in (2.4.15), we have also p; = 0. Therefore, if a singular section exists, we have
p1 = const = 0 on the entire trajectory. But then the second equation in (2.4.15) is
homogeneous with respect to p, on the entire trajectory, and since p, = 0 on the
singular section, we have p, = 0 on the entire trajectory. However, by the maximum
principle, the conjugate vector does not vanish identically on the optimal trajectory.
The contradiction proves that the optimal trajectory is free from singular sections.
Thus, the equality p» = 0 may be observed only at isolated instants of time (switch-
ing points) and, by (2.4.17), we have u = £1 almost everywhere.

Let us first consider the sections of the optimal trajectory where p» > 0and u = 1.
From (2.4.13), we obtain for these sections

dx1 _
S =nll-pu-f) (24.18)
X2
It follows from (2.4.18) that, in the (x;,x;)-plane, the sections of the optimal
trajectory with p, > 0 are arcs of the curves

x1 =0, (x2) +c*, (2.4.19)
where ¢ is an arbitrary constant and the function ¢’;r (x7) is defined by the equality

,
fyy= [
¢p(y)_0/1—p—f(z)’ 0<p<l. (2.4.20)

Let us note some properties of the function q)I;L () that follow from (2.4.20) and
(2.4.8) and are needed in the sequel. As y varies from —eo to 0, the function (1)5r is
positive and strictly decreasing, vanishing for y = 0. The point y = 0 is the unique
extremum of the function ¢ (y) (its minimum). If the transcendental equation for

+
z
fzH)=1-p (2.4.21)

is unsolvable, i.e., if f(z) < 1 —p for all z, then the function ¢, (y) is strictly in-
creasing for all y > 0. In this case ¢ (y) > 0 for all y # 0.

If, however, z* is a root of (2.4.21), then this root is positive and unique by
conditions (2.4.8). In this case, the function (Z)p+ (y) is strictly increasing from 0 to
oo in the interval y € (0,z1) and strictly decreasing for y > z*. A typical curve of
the dependence (2.4.19) in the (x;,x;)-plane for ¢ = 0 is shown in Fig. 2.12 for
the case where (2.4.21) has a root z© > 0. The direction in which time ¢ increases
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along the trajectory according to the first equation in (2.4.13) is shown by arrows in
Fig. 2.12.

o A

\

Fig. 2.12 Phase trajectory for ¢t =0and z* >0

We similarly consider the sections of the trajectories with py < 0. These sections
are arcs of the curves
X1 =0, (x2)+c . (2.4.22)

Here, as in (2.4.19), ¢ is an arbitrary constant and the function ¢, is defined by an
equality similar to (2.4.20):
y

zdz

¢p‘(y):0/_(1_p)_f(z), 0<p<l. (2.4.23)

We introduce a transcendental equation for z~ similar to (2.4.21):

fz)=—(1-p). (2.4.24)

If (2.4.24) does not have a solution z 7, i.e., if f(z) > p — 1 for all z, then the
function ¢, (y) from (2.4.23) is strictly increasing for y < 0 and strictly decreasing
for y > 0. Here, ¢, (v) <0 for all y # 0.

If z7 is a root of (2.4.24), then it is unique and negative (z~ < 0) by condi-
tions (2.4.8). In this case, the function ¢, () is strictly decreasing fory € (—eo,z27),
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strictly increasing for y € (z7,0), and again strictly decreasing for y € (0,0). As
y — 7, this function tends to —ee, and for y = 0 it has a local zero maximum. A
typical graph of the function ¢, (y) can be obtained from the graph of the func-
tion ¢p+ (y) in Fig. 2.12 by a central symmetry transformation (or, equivalently, by
simultaneously reversing the directions of both axes x; and x3).

The curves described above are the trajectories corresponding to p» > 0 and p, <
0 that pass through the origin in the (x;, x;)-plane. Other curves whose arcs may
be sections of the optimal trajectories are obtained from these curves by parallel
translation by ¢t and ¢~ along the x; axis [see (2.4.19) and (2.4.22)].

Note that if the transcendental equations (2.4.21) and (2.4.24) have solutions,
then system (2.4.13) has the corresponding solutions

x=z" (pp>0), xo=2z (pp<0). (2.4.25)

In the (x,x;)-plane, solutions (2.4.25) correspond to the phase trajectories in the
form of straight lines parallel to the x;-axis. These lines are the asymptotes of curves
(2.4.19) and (2.4.22), respectively (see Fig. 2.12).

Thus, the required optimal trajectories consist of sections of curves (2.4.19) and
(2.4.22) with various ¢t and ¢~ and also, possibly, segments of the straight lines
(2.4.25), if the corresponding equations (2.4.21) and (2.4.24) are solvable.

We will now show that each optimal trajectory has at most one control switching
point, i.e., the function p;(r) vanishes at most once.

Suppose that this is not so, and the function p,(¢) vanishes at two instants 1" and
¢, being positive between them. Then

pa(t) >0, 1€ 1"); pat') =pa(t") =0. (2.4.20)
From the first integral (2.4.16) for ¢’ and ¢, we obtain by (2.4.26)
ple(t/) = ple(l”) =h>0. (2.4.27)

If p; = const = 0, then, from (2.4.15), we obtain for p,(¢) a linear homogeneous
equation, which with zero conditions (2.4.26) at ¢’ and ¢” has an identically zero so-
lution ps(¢) = 0. But this contradicts to the maximum principle that asserts the exis-
tence of a nonzero conjugate vector. Therefore, p; = const # 0, and, from (2.4.27),
we obtain x, (') = x,(¢""). However, on all phase trajectories except the straight lines
(2.4.25) the variable x; is either strictly increasing or strictly decreasing as time ¢
increases. This follows from the previous analysis of the phase trajectories and is
clear from Fig. 2.12. The equality x,(¢") = x(¢") is therefore possible only if the
relevant section of the trajectory is a segment of the straight line (2.4.25), i.e.,

nt)=z" te ). (2.4.28)

Substituting (2.4.28) into the second conjugate equation (2.4.15), we obtain a linear
equation with constant coefficients
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pa(t) =—p1+kpy, k=f'(z") >0,
where k > 0 by (2.4.8). The general solution of this equation has the form

_n

- +CeM, (2.4.29)

pa(?)
where C is an arbitrary constant. But solution (2.4.29) is monotone in # and cannot
satisfy conditions (2.4.26) for any p; # 0 and C. Thus, the section of the optimal
trajectory, where conditions (2.4.26) hold, cannot be a straight segment of the line
(2.4.28). We have thus shown that an optimal trajectory may not include sections of
the form (2.4.26).

We can similarly prove that an optimal trajectory may not include sections such
that the function p, () is negative inside the section and vanishes at its endpoints.

Therefore, on each optimal trajectory the function p(¢) vanishes at most once,
i.e., the control may have at most one switching point.

The only phase trajectories that reach the origin as the time increases are the
branch of curve (2.4.19) with ¢t = 0 which lies in the quadrant x; > 0, x, <0
(Fig. 2.12) and the branch of curve (2.4.22) with ¢~ = 0 which lies in the quadrant
x1 <0, xp > 0. These curve branches correspond to the controls ¥ = 1 and u =
—1, respectively. The collection of these branches form the switching curve, whose
equation is written as

X1 = Yp(x2). (2.4.30)

Here, we have introduced the notation

V() =9y (), y<0: () =9, (), y>0. (2.4.31)

By the properties of functions (2.4.20) and (2.4.23), the function v, (y) defined
by (2.4.31) is strictly decreasing for all y and vanishes for y = 0, where it has a point
of inflection.

We can now easily describe the entire field of optimal trajectories. An optimal
trajectory originating from any point of the phase plane (x,x;) consists of a segment
of one of the families (2.4.19) or (2.4.22) and a section of switching curve (2.4.30).

The field of optimal trajectories is qualitatively shown in Fig. 2.13 for the case
where (2.4.21) and (2.4.24) have roots. The thick curve in Fig. 2.13 is the switching
curve (2.4.30), and the arrows indicate the direction of increase of the time ¢. Note
that this picture of the field of optimal trajectories is similar to the picture observed
for the linear resistance, see Sect. 2.2.1, Fig. 2.2.

The optimal control corresponding to this field of phase trajectories may be rep-
resented in the form

up(x1,x2) = sign[yp (x2) —x1]  for x1 # yp(x2),
up(x1,x2) = signx; = —signxy for x; = yp(x2), (2.4.32)

(xl =X, x2:x)7
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X2

X1

Fig. 2.13 Optimal phase trajectories

where the function y, is defined by relationships (2.4.31), (2.4.20), and (2.4.23).
The control law (2.4.32) solves Problem 2.3. This solution may be called sub-
optimal, because it is time-optimal (unimprovable) when v is the “worst-case” dis-
turbance, as assumed in the game-theoretical approach. With the worst-case distur-
bance v = —pu, the system moves along optimal trajectories, see Fig. 2.13. If the
disturbance deviates from the worst case (v # —pu), which is usually so, the trajec-
tories deviate from the optimal trajectories. The motion along the switching curve
occurs in the sliding mode, and the time taken to reach the origin only diminishes.

2.4.3 Simplified control for the subsystem and comparative analysis

So far, we have assumed that the disturbance is unknown, but its maximum attain-
able value is known and essentially affects the feedback control. In dimensionless
variables, the disturbance bound has the form |v| < p, see (2.4.9), and the feedback
control (2.4.32) depends on the parameter p.

We can use a different approach to the control synthesis in the presence of dis-
turbances, which simply ignores the disturbances (see Sect. 2.2.2).

In our case, this simplified approach means that the parameter p is set equal
to zero during the control synthesis, and the disturbances are ignored. The control
uo(x1,xy) obtained in this way is defined by relationships (2.4.32), (2.4.31), (2.4.20),
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and (2.4.23) with p = 0. The switching curve for the simplified control is given by
(2.4.30) with p = 0. It is represented in Fig. 2.14 by the thick curve.

X2

)

(&*.n")

XT \ X? XI

&.n")

x1 = Yo (x2)

Fig. 2.14 Switching curve with p = 0 and a trajectory for simplified control

Let us compare the two control synthesis techniques — the game-theoretical and
the simplified method. To this end, we will examine the dynamics of system (2.4.1)
for some p € (0,1) under the action of the simplified control ug(x1,x2). We will
represent this system in the form

X|=x3, Xo= —f()Q) —|—u0(x1 ,xz) +v, (2.4.33)

pl<p<l, (x1=x,x=2x).

For system (2.4.33), we consider the following auxiliary problem of finding the
worst-case disturbance (see analogous Problem 2.2 in Sect. 2.2.2).

Problem 2.4. Find the optimal control v(x;,x) for system (2.4.33) that satisfies the
constraint |[v| < p and such that the first intersection of any phase trajectory of this
system with the switching curve x; = yy(x;) lies as far as possible from the origin,
i.e., at the maximum possible |x;| or, equivalently, the maximum possible |x;|.

First assume that the starting point is in the region x; > y(x2). Then, by (2.4.32),
we have ug = —1 for the given trajectory. The phase trajectory of system (2.4.33)
first crosses that branch of the curve x; = W (x2), where x; >0, x, < 0 [see Fig. 2.14,
where it is assumed that the initial point (§,7) lies on the curve x; = yp(x2)].
Problem 2.4 is described by the relationships
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X1=xy, Xo=—f(x)—1+v, v <p<I,
x(0)=¢&, x0)=n, &>w(n), (24.34)

x1(7) = ¢o(x2(7)), x1(7) >0, x(7) <0, x(T)— max.

The instant T when the process terminates is not fixed. Maximization of x| (1) is
equivalent by (2.4.34) to the minimization of the integral functional

/ (—x2)dt — min. (2.4.35)
0

Applying the maximum principle to our problem defined by (2.4.34) and (2.4.35),
we form the Hamiltonian

H=pxa+palv—1- f(x)] +x2, (2.4.36)

where p; and p, are the conjugate variables. They satisfy the conjugate system
pr1=0, pr=f(x)p—p1—1 (2.4.37)
and the transversality conditions corresponding to the boundary conditions (2.4.34):
poo(x2)+p2=0, H=0, t=1. (2.4.38)

From the first condition in (2.4.38), applying relationships (2.4.31) and (2.4.20)
for p = 0 and noting that x»(7) < 0 by (2.4.34), we obtain

1—f(x)
2

X2

pP1=-—p , =T (2.4.39)

Substituting (2.4.39) into (2.4.36) and using the second transversality condition
in (2.4.38), we obtain after simplifications

H=p(v=2)+x=0, t=r1.
Since x2(7) < 0 and |v| < p < 1, we obtain from this equality
(1) < 0. (2.4.40)
We find the optimal control by maximizing H from (2.4.36) over |v| < p:
v = psignp,. 2441

Singular sections of the trajectory are ruled out. Indeed, if p» = 0 in some time
interval, then in this interval p; = —1 by the second equation (2.4.37). But p; =
const, and therefore p; = —1 on the entire trajectory. Then the second equation
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in (2.4.37) becomes linear and homogeneous for p;, and its solution with initial
condition (2.4.40) does not vanish.

Thus, there are no singular sections, and (2.4.41) implies that control v(¢) has
switching points when p, (1) = 0.

Let us find the switching curve in the (x;,x;)-plane. Since system (2.4.34) is
autonomous, its Hamiltonian (2.4.36) preserves a constant value along the optimal
trajectory, and by (2.4.38) this constant value is zero:

H=(p1+1)xa+p2[v—1—f(x2)] =0.

Hence, it follows that at the switching point, i.e., for p» = 0, we have either
p1 = —1 or x; = 0. But the equality p; = —1, as we have shown, implies that p;
never vanishes. We thus have x, = 0 at the switching point, and the switching curve
in this case is the ray x, =0, x; > 0.

In order to determine the sign of the control for x, < 0 and x, > 0, it suffices to
determine its sign at a single point. At the terminal time T we have x,(7) < 0 by
(2.4.34) and p,(7) < 0 by (2.4.40). Thus, v = —p for x, < 0.

As a result,

v(x1,x2) = p signx;. (2.4.42)

We have obtained the optimal feedback control in the region x; > yp(x2). To
obtain the control in the region x; < Wp(x2), we note some symmetry properties.
When f(z) is replaced by g(z) = — f(—z), we have by (2.4.20) and (2.4.23)

Op (V) = =5 (=); 95 () = =8 (—¥). (2.4.43)

From (2.4.31) and (2.4.43), it follows that after this change

Vo (¥) = —¥p (=) (2.4.44)

Let us now make in (2.4.33) the change of variables
Xy — —Xx1, X2——x3, v——v, f(z) = —f(-2). (2.4.45)

By (2.4.44) and (2.4.32), ug is changed to —ug, and system (2.4.33) remains
invariant. Hence, it follows that in the region x; < yy(x2) the field of optimal tra-
jectories and the optimal control are the same as in the region x| > yp(x2), but with
f(z) replaced by g(z) = — f(—z). Since synthesis (2.4.42) is independent of the spe-
cific form of function f(z), it also applies in the region x; < Wy(x2). Thus, (2.4.42)
defines the solution of Problem 2.2 in the entire (x;,x;)-plane.

Analysis of the phase trajectories
Consider the motion of system (2.4.33) under the action of the simplified control

uo(x1,xz) defined by relationships (2.4.32), (2.4.31), (2.4.20), and (2.4.23) forp =0
and the worst-case disturbance v from (2.4.42). Assume that the initial point &,n
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lies on the branch of the switching curve x; = yy(x2), where x; < 0 and x, > 0 (see
Fig. 2.14). Let us investigate the phase trajectory until its next intersection with the
same branch of the switching curve. This piece of the trajectory consists of four
sections, each with constant uy and v. These sections have the following endpoints
and controls (see Fig. 2.14):

(&)= (4.0), w=—1v=p:
L (E m! _ — -
(xl,O) (‘g | )7 Uo Lv P (2.4.46)
) Lt()Zl, V=—p;

(1,0) = (&n"), uo =1, v=p.

The parameters of endpoints (2.4.46) satisfy relationships that reflect their posi-
tion on the switching curve and on the coordinate axes (see Fig. 2.14):

E=w(n), n>0, &<0; x}>0;
g=wm), n'<0, &>0 x<0; (2.4.47)

" =w(n*), n">0, &"<O0.

Substituting uo and v from (2.4.46) into (2.4.33) and integrating along the corre-
sponding sections of the trajectory, we have

!/

0
zdz zdz
‘5:n/—1+p—f<z>+0/—1—p—f<z>’

§1-¢'= /1 pf /H—pf

Replacing &, &', and &* by their expressions from (2.4.47) and using formulas
(2.4.31), (2.4.20), and (2.4.23) for p = 0, we obtain

n’ n
0/1 f(2) /—1— /1 p+f /1+p+f()

" n, 1‘1) (2.4.48)
0/ 0/lf 0/1+p+f /1+p f@)

Recall that n’ < 0, 7 > 0, and n* > 0 by (2.4.47). Set n’ = —n°, n° > 0 and
transform relationships (2.4.48) so that they contain integrals only over intervals
lying on the positive half-axis. Simplifying, we obtain

@4(n°) = *(p)@1(n), D(n*) =K (p)P3(n°). (2.4.49)
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Here,

%(y)=‘1>+y ) Du(y) = D (y:8),

y

0/ o ]Fp) R (2.4.50)
f=f(z)>0, g=—f(-z2)>0,

(1-p)2+p

Consider the transcendental equations (2.4.49) that determine n° and n* for
given 1 > 0 and p € (0,1). To this end, we will note some properties of func-
tions @;, i = 1,2,3,4, from (2.4.50). Recall that by (2.4.8) f(z) > 0 for z > 0 and
f(z) = 0asz—0.

The denominators in the integrands for functions @; and @5 in (2.4.50) are pos-
itive for all z > 0. Therefore, functions @; and @3 are defined and bounded for all
y=>0.

If the equations

K(p)_{ p(1+p) )}”2.

f)=1+p, glza)=—f(~za)=1+p (2.4.51)

have solutions for z; and z4, then the denominators of the integrands of the corre-
sponding functions @, and @y in (2.4.50) vanish for finite z, and z4 equal to the
roots of equations (2.4.51). In this case, @, and @, are monotone increasing and go
to infinity at y = z» and y = z4, respectively. If (2.4.51) have no solutions, then the
functions @, and @, are defined for all y > 0. In both cases, the denominators of the
integrands for the functions @, and @4 have maxima over f > 0 and g > 0, which
are both equal to (2+p)?(1+p)~! /4. We thus have the inequalities

1 1
d’z(y)ziﬂyz, @4Z§0y2, O=4(1+p)2+p)?

The functions @, and @, are thus always positive and strictly increasing, taking
all values from 0 to e for y > 0.

Hence, it follows that the transcendental equations (2.4.49) for any n > 0 and
p € (0,1) have unique positive solutions n° > 0 and n* > 0. These solutions are
continuous and monotone functions of 7.

Let us differentiate equalities (2.4.49) with respect to 1. After simple reductions
we obtain

dn* _ (p)®i(n°) dn® _ *(p)Pi(n°)®{(n)
dn Py(n*)  dn 5 (n*)P4(n°)

From relationships (2.4.50) and properties (2.4.8) of the function f(z), we obtain
the inequalities

(2.4.52)
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o), B0
5(y) ,(y)
Using the second inequality, we obtain from (2.4.52)

@i (n)
@5 (n*)’

<1, y>0.

an*
dan

<x*(p) n > 0. (2.4.53)

We can verify that the function x?(p) from (2.4.50) is strictly increasing from 0
toeoon p € [0,1], and ¥ = 1 for p equal to (see Sect. 2.2.3)

p*= %(\G—l) ~0.618. (2.4.54)

First assume that p < p* and therefore k?(p) < @, where & < 1 is a positive
number. Then, from (2.4.53), we have

n>0, (2.4.55)

and hence
D (n*) < ?@i(n), n>0. (2.4.56)

We will show that n* < 1. Assume that this is not so, specifically n* > 1. From
(2.4.50), we obtain @,(y) > @;(y) for all y > 0. Then, by the monotonicity of the
function @, (y), we obtain the chain of inequalities

Dy(n%) = D2(n) > Pi(n),

which leads to the contradiction with inequality (2.4.56). Thus, n* < 7.
Let us transform inequality (2.4.55), substituting the expressions for the deriva-
tives @| and @} from (2.4.50) and using the positivity of the function f(z):

dn’ _ o1+ ()1 —(1+p)"'f(n")] _ o’ n[l+f(n*)]
dn n*[L+f(m)][1+(1—p)~1f(n)] n*[1+f(m)] ’

We can simplify the last inequality, noting that f(n*) < f(n) by the monotonic-
ity of f(z) and by the inequality n* < 1. We obtain

n > 0.

2

d*
n <0577

, n>0.
dn n*

Integrating this inequality with n* = 0 when 17 = 0, we obtain (n*)?> < a’*n? or
n*/n<o.

Thus, if p < p*, where p* is defined in (2.4.54), then n* /1 < «, i.e., the phase
trajectory approaches the origin. The distance from the origin diminishes at a rate
not slower than geometric progression. The system, therefore, reaches the prescribed
state in finite time, although after infinitely many control switchings.
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Suppose that the system has reached a small neighbourhood of the origin, so that
n is sufficiently small. Here, n° and n* are also small in view of their continuous
dependence on 7. Since f(z) — 0 as z — 0 by (2.4.8), terms f(z) and g(z) can be
omitted in integrals (2.4.50) for small y, and we have

1
@;(y) ~ Eyz, y—0, i=1,2,34.

The transcendental equation (2.4.49) for small 7 thus takes the form

Hence, we obtain
i* =
n
Let p > p* and, therefore, k° (p) > 1. Then, by (2.4.57), we obtain n* > n,
and the phase trajectory, even if it has reached a small neighbourhood of the origin,
eventually moves away from the origin. The system does not come to the prescribed
state.
Thus, with an arbitrary function f(z) that satisfies condition (2.4.8), the simpli-
fied approach produces control ug(x;,x2) that is defined by relationships (2.4.32) for
p = 0 and has the following properties:

K2 (p). (2.4.57)

e If p < p* = 0.618, then, for any admissible disturbance |v| < p, the system
reaches the origin. The time to reach the origin is finite, although the number
of switchings in general is infinite.

e If p > p*, there exists an admissible disturbance v defined by (2.4.42) for which
the system never reaches the origin.

Therefore, simplified control guarantees a solution of Problem 2.3 only for
p < p*, ie., when the ratio of the maximum allowed disturbance to the maximum
allowed control does not exceed the golden section.

Specifying the form of the function f(z), we can construct a more detailed picture
of the phase motion. Note that the results presented here and obtained first in [28]
generalize the results of [27] and [29], where the cases of zero and linear resistance,
respectively, have been previously considered in detail, see Sects. 2.2.1-2.2.3.

Conclusions

The proposed control law (2.4.32) based on the game-theoretical approach takes the
given system (2.4.7) to the origin in finite time for any non-linearity f(z) and any
uncertain disturbance, if p < 1. This control law does not require a knowledge of
the disturbance; we only need to know the maximum allowed disturbance, which
must not exceed the maximum control.

Let us stress the difference in the requirements imposed on functions f(z) and
v(x,%,1). Both these functions may be arbitrary in the framework of the correspond-
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ing conditions: (2.4.8) for f(z) and (2.4.9) for v. However, the non-linear resistance
function f(z) should be known in order to construct the control, while the distur-
bance v(x,x,7) is not needed.

The simplified approach to the control synthesis, which totally ignores the dis-
turbances, is less effective. It a priori takes the system to the origin only for
p < p*~0.618. If p > p*, then there exists a disturbance for which the system
never reaches the origin.

Yet both approaches have a similar structure and differ only by their switching
curves.

The proposed control technique is robust with respect to various disturbances
and parameter variations. These factors can be easily incorporated in the analysis, if
we increase the assumed level of allowed disturbances, i.e., parameter p, creating a
certain safety margin by this parameter.

Note that the obtained feedback control is suboptimal in the sense that it is time-
optimal for the worst-case disturbance.

Our results can be applied to various dynamic systems, e.g., to control the elec-
tric motors of robotic systems. This opens up the possibility of taking into account
various resistance laws that are often encountered in practice.

2.5 Applications and numerical examples

2.5.1 Application to robotics

Let us consider applications of the results obtained to problems of robot dynam-
ics. For this, we will see that the formulation of Problem 2.1 as well as conditions
(2.1.12) and (2.1.13) are typical and are often satisfied for robots.

Let us consider a manipulation robot that has n degrees of freedom and consists
of n links connected by cylindrical or prismatic joints. Each link of the robot is an
absolutely rigid body. The position of the ith link relative to that of the (i — 1)st one
is characterized by the relative angle of rotation (in the case of a cylindrical joint)
or by a relative displacement (in the case of a prismatic joint). We take these angles
and displacements as generalized coordinates (¢, ...,q,) determining the position
of the robot. The equations of motion of the robot can be represented in the form
of Lagrange’s equations (2.1.1), where the kinetic energy has the form (2.1.2). The
role of the generalized forces is played by the torques about the axes of cylindrical
joints and by the forces in the directions of displacements in the case of prismatic
joints. Here, the forces U; in (2.1.1) are the control torques or forces caused by the
motors (drives), and Q; include all the other external and internal forces and torques:
gravity, resistance, friction, various perturbations, etc.

Let us now look at the dynamics of the robot together with its drives. We sup-
pose that each control torque or force U; is produced by a separate direct-current
electric motor, i = 1,...,n, and forces Q; can be represented in the form (2.3.5)—
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(2.3.8). The kinetic energy of the robot 7 is made up of the kinetic energy of its
links 7' (g, ¢) and the kinetic energy of the rotors of the electric motors 72(g,q,N).
Here, N = (Ny,...,N,) are the gear ratios of the reduction gears, which are treated
as parameters. We shall assume that N; > 1 and neglect the inertia of the moving
parts of the reduction gears. According to Konig’s theorem, the kinetic energy of
the ith rotor is equal to the sum of two terms: the kinetic energy of a point mass
equal to the mass of the rotor and located at its center, and the kinetic energy of
rotation of the rotor, that is

T3(q.4.N:) = T} (4.9) + T (q,4, Ny).

Suppose that J; and J] are the moments of inertia of the ith rotor about its axis of
rotation and an axis passing through the centre of inertia perpendicular to the axis
of rotation. Then, if the angular velocity vector of the stator of the ith electric motor
has a projection on the axis of rotation of the rotor equal to @; and a perpendicular
component equal to @/, we have

1
T,”(q,4,N;) = 3 [Ji(Nigi + o) + T} 0f] .
The angular velocities @; and @/ are linear combinations of the generalized veloci-
ties ¢1, . . ., g, with coefficients depending on ¢g. The kinetic energy of the robot can
therefore be represented in the form

1

1
=3 Jj(N;4;)* + 5 Numax (B4, ), (2.5.1)
j

2

M=

T
1

where B(g,N) is a bounded matrix such that the inequality
|B(q,N)z| < 4|z, A = const, (2.5.2)

is satisfied in the case of an arbitrary vector z.

The largest and smallest of the gear ratios Ni,...,N, are henceforth denoted by
Nmax and Npin, and A is independent of N;.

We substitute (2.5.1) into Lagrange’s equations in the form of (2.1.1) and obtain

le‘]lql +NmaX[B(q7N)q]l = Ui +Si(‘]7‘]7faN)- (253)
We divide the ith equation of (2.5.3) by N; and make the change of variables
pi = Nigi. (2.5.4)

As a result, we obtain

Jipi+ NumaxN; ' Y BijN; ' pj = N7 Ui+ S)). 2.5.5)
j=1
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Allowing for the fact that Ni_lU,- = M;, where M; is the electromagnetic torque
produced by the electric motor, we reduce system (2.5.5) to the form

(J+B)jp=M+S* (2.5.6)
Here,
J=diag(J1,...,Jn), B=NmpaxH 'BH™', M= (M,....M,),

(2.5.7)
S*=H'S, H = diag(Ny,...,N,).

Consequently, when account is taken of the change of variables (2.5.4) and no-
tation (2.5.7), the equations of motion can be represented in the form of (2.1.3) and
(2.3.2), and, by (2.5.2) and (2.5.7), we have the inequality

Bzl < plzl, 1 =NmaxNpi, 2.5.8)
that is analogous to constraint (2.3.3). The initial and terminal conditions can be
represented in the form (2.1.7) and (2.1.8).

We will now consider different ways of formulating control problems.

1° Suppose that the constraints

|M;| < M? (2.5.9)

are imposed on the control torques M; produced by the electric motors. In this case,
the results obtained in the preceding sections and summarized in Theorem 2.3 can
be used to construct the control. Inequality (2.3.34), rewritten in the notation of
system (2.5.6), defines the permissible values of parameter . On substituting its
value from (2.5.8) into this inequality instead of (i, we obtain a constraint on the
possible values of the gear ratios of the reduction gears

%> A (1 |M° 4+ H~1GO| )
Nmax ~ Jmin min;(M? —N-1GY) )’ (2.5.10)
MO =(MY,....MD), G’ =(GY,....GY).
Here, Jini, is the least of the moments of inertia of the rotors Jy,...,J,, constants G?

are introduced in (2.3.5)—(2.3.7); besides, we assume that
G < NM?

foralli=1,...,n.

2° Suppose that the voltages applied to the windings of the electric motors play
the role of controls. We augment the equations of motion (2.5.6) with the balance
equations for the voltages in the rotor circuits and relations associating torques M;
with the currents [50]:
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dji , . : :

Lt +Riji+ ki pi =i, Mi=k"ji—bipi. (2.5.11)
Here, L; is the coefficient of inductance, R; is the electrical resistance, k* and kM
are constant coefficients, u; is the voltage in the rotor circuit of the ith motor, term
b;p; is the moment due to mechanical resistance, and b; is a positive constant coeffi-
cient. The first term in the first equation (2.5.11) is usually small compared with the
remaining terms. Therefore, the expression

M; = k'R (ui — ki pi) — bipi

1

is obtained from (2.5.11); when this is substituted into (2.5.6), we obtain
(J+B)p=U"+5",
§* =8 —Ap, A =diag(l}TkER +by,... KMKER, 4 b,), (2.5.12)
U* = (kjleflu],...,kyR;lun).

Suppose that the constraints
i < uf (2.5.13)

are imposed on the control voltages. Constraints (2.5.13) are transformed into con-
straints on the components of vector U* from (2.5.12):

U7 < U7 = KRl (2.5.14)

The equations of motion (2.5.12) are again reduced to the form (2.1.3) and
(2.3.2). Inequalities (2.5.14) are of the same form as relations (2.1.6). It is obvi-
ous that in this case we can use the method of control considered above in Sect. 2.3.
By Theorem 2.3, we obtain a constraint which is analogous to (2.5.10):

N2 A U+ H'GY
—min > 2 (1 .| +0 ; |0 . U= °,...,u). (25.15)
Nmax Jmin mlH,‘(Ui* _Ni_ Gi)

Thus, if the gear ratios of the drives and the parameters of the robot are such
that inequalities (2.5.10) and (2.5.15) are satisfied, then it is possible to construct
a control which transfers the system under consideration from an initial state to a
specified state in finite time. The control takes account of the existence of perturba-
tions and structural constraints.

Remark 2.2. Considering system (2.5.3) and rewriting in its terms condition (2.3.34),
one can obtain constraints imposed on parameters of the system in another form. We
have
min; (N2J;) |HM® + G|
Nmaxl mini(NiM? - G?)

for the case 1° of the bounded electromagnetic torques and
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min; (N2J;) . |HU*? + G|
NimaxA min; (N;U;% — GY)

for the case 2° of the bounded electric voltages. It seems that these sufficient condi-
tions for the method of control decomposition are more efficient in the case, where
moments of inertia of the rotors J;, i = 1,...,n are essentially different from each
other, but the difference between the effective moments of inertia Nl-zji is not very
large.

Remark 2.3. If the elements of the matrix A are sufficiently large, then, in order to
shorten the motion time, it is advisable to reduce system (2.5.12) to the form of
(2.1.28). In this case, one should set matrix A, equal to matrix J, and coefficients
A; should be made equal to the corresponding elements of matrix A. After that, the
approach described in Sects. 2.1.3-2.2.3 can be applied to the obtained subsystems
with linear resistance.

3° Recently, direct drives without gears are often used in robots. For such drives,
we have NV; =1 and J; =0, so that we set J/ =0 and H = E in (2.5.6) and (2.5.7). The
equations of motion and the constraints are again reduced to the forms (2.1.3) and
(2.1.6). However, it is no longer possible to choose matrix A, in the form (2.3.2) and
(2.3.3), since J = 0. This matrix must be chosen differently, for example, in the form
A, =A(q") [see Remark 2.1 at the end of Sect. 2.1.2]. To apply the results obtained,
it is necessary to verify conditions (2.1.12) or (2.1.13), and this has to be done in
each specific case. In order to demonstrate this proposition, in the next subsection,
the problem of the feedback control design for the two-link manipulator with direct
drives is considered.

Thus, the results obtained can, under certain conditions, be used for constructing
control for manipulation robots.

2.5.2 Feedback control design and modelling of motions for
two-link manipulator with direct drives

The system considered in this subsection is a simplified model of a mechanical ma-
nipulation robot with two absolutely rigid links. The system can perform motions in
a horizontal plane and is controlled by two torques produced by drives installed at
its joints. Geometric constraints are imposed on the control torques. Using the de-
composition method described in Sects. 2.3 and 2.5, we will construct the feedback
control that brings the system to the prescribed terminal position.

Problem statement

Consider a mechanical two-link system (see Fig. 2.15) that consists of a stationary
base Gy and two absolutely rigid links G; and G;. The elements of the system are
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connected by two revolute joints O; and O; such that both links can move only in
horizontal plane.

s

Fig. 2.15 Two-link manipulator

Lagrange’s equations that describe the motion of this system are obtained are
[41]:

(molf + 1 + b+ 2mal L cos q2) G + (b +malilgr cosqn) Ga
—2myl1lgp sings 1G> —malilg sing, q% =M+ 0y, (2.5.16)
(b +malilyc08q2) i + b Gr +malilg sings ¢ = Ma + 0s.

Here, g is the angle of rotation of link G relative to base Gy, and ¢ is the angle
between the straight lines OO0, and 0,C5; C; is a center of mass of link G,. Angle
q> defines the position of link G, relative to link Gy; [; is the length of segment
0103; Iy is the length of segment OC;; my is the mass of link G»; /; is the moment
of inertia of the ith link relative to the axis of joint O;; and M; and Q; are the control
torque and moment of other forces applied at the joint O;, respectively; here and
below i =1,2.
The constraints
|M;| < M (2.5.17)

are imposed on the control torques. Here, MlQ are given constants.
Let us turn to dimensionless variables
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1/2
malilyn ’ ! Mg7 ! Mg,
(2.5.18)
oL G _htmli o b
! Mg’ mzlllgz ’ n’lzlllgz

If we now drop the primes at #" and Q/, then relations (2.5.16) take the form

(a+ B +2cosqa) G1 + (B+cosqz) G2 — (24162 + ¢3) singa = Uy + 0y,
(2.5.19)

(B +cosq2) g1 + B G2+ ¢t sings = Up + Qa,

and inequalities (2.5.17) coincide with (2.1.6). Note that the conditions a8 > 1 and
UzO = 1 are fulfilled due to notation (2.5.18).

Next, we consider Problem 2.1 (see Sect. 2.1.2) for system (2.5.19) with con-
straints (2.1.6) imposed on the new controls U;. We suppose that the domain of
possible motions is given by (2.3.1). In this subsection, we assume that all external
forces and disturbances are missing, i.e.,

Simplifying assumptions and decomposition of the system

Let us resolve system (2.5.19) with respect to the second derivatives ¢; and ¢, and
multiply the left-hand sides of the obtained relations by some positive coefficients
Ji and J>. Then the system takes the form (2.3.9), where the functions V; are equal

to
cos
Vi=U <J1ﬁ2 — ) _lezL;D
aff —cos*qr off —cos® ¢
ny B(g1+ ¢2)?singz + 3 singz cos g
: off —cos? g, ’
(2.5.20)
o 2cos cos
Vo =U, J2+ﬁ+—2q2 —1 —JQUIL?
of —cos?q> off —cos?q

(B +c0sq2)(g1+¢2)*sings + (¢ +cosq2) 47 singa

—J
2 off —cos? g,

Suppose that the inequalities (2.3.12) hold. If we treat V; as independent restricted
disturbances, then the original nonlinear system is divided into two linear subsys-
tems with one degree of freedom each.

Control for each of these subsystems can be given by relations (2.3.13) and
(2.3.14). In what follows, we show that conditions (2.3.12) are really fulfilled under
some restrictions on the parameters of the system and constants J;.
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Determination of the control parameters X1 and X

Let us impose certain restrictions on the parameters of system (2.5.19) and show
that there exist X; entering control law (2.3.13) such that relations (2.3.12) are really
fulfilled.
(a) Suppose the inequality
B<1 (2.5.21)

is true. For example, if link G, is a thin rod of length I, < I} with an arbitrary
distribution of density p(x), then

1 b | b X
B [ plowx= [ [ptiyay
mzlllgz m2111g2
0 0 0
1 P
= mzlzlgz—//p(y)ydydx <1
malylgn 24

(b) Let us require that the magnitudes of the angles g, and q; in (2.3.1) are
restricted:
—arccos(—f) < ¢y, g5 <arccos(—f). (2.5.22)

From (2.5.22) and inequalities g, < g2 < c12+ that are satisfied under control (2.3.13)
(see Sect. 2.3), it follows that
cosqy > —f (2.5.23)

during the whole control process.
(c) Suppose that the value U{) that restricts control U satisfies the inequalities

Bl

o+p+2
5 _— .

<U < B

(2.5.24)

Since
a+p+2 B+l of-1 -0
B+1 B BBrD
one can always ensure the fulfillment of relations (2.5.24) by imposing more rigid
restrictions on one of torques M; in (2.5.17). We point out that in view of (2.5.21)
and (2.5.24), U} > 2.
(d) We choose constants J; in system (2.3.9) so that the following inequalities
hold:

B o+p+2

JI—<1 J————

YaB—1 <5 TaB—1

Let us estimate magnitude of V; from (2.5.20) using assumptions (a)—(d). On the
strength of inequalities (2.1.6), (2.5.23), and (2.5.25), we obtain

< 1. (2.5.25)
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B

1 e B eosas
2
off —cos?qn

Vi| <U|J

Vil =t 2 aB —cos2gs

B(g1+d2)*+4d3
off —1

B +cosqy —UPB
off —cos? g,
B(d1+¢2)* + 43
off —1 '
Now, using inequalities (2.3.24) and (2.5.24), we get

+J1 =U+J,

+J1

B+1-UB YV +B(Vi+h)
+J; .
of oaff —1

In a similar manner, we can obtain the following estimate on V;

Vil <UP +41 (2.5.26)

BUY + (U —2)cosqy —at—

B <1+J
Vol s 1402 off —cos? g,

(B+1D(q1+¢)*+ (@ +1)¢
off—1 '
By virtue of relations (2.3.24), (2.5.24), and Uf) > 2, we have

+J>

UB+1)—a—B—2
aff

(a+ D)V +(B+1) (1 +1)°
off —1 '

Let us replace values |V;| by their estimates (2.5.26) and (2.5.27) in inequalities
(2.3.15). We obtain

|V2| <1+
(2.5.27)
+Jo

GAB(i+Y) _UJB-—B-1
off —1 - of ’

@+ D2+ B+ D) (1 +1)° _atB+2-UB+1)
af—1 - afl

By virtue of (2.5.24), the expressions in the right-hand sides of inequalities (2.5.28)
are positive. Let us choose ¥; according to (2.3.25). Then Y; — 0 as X; — 0. Hence,
there always exist positive X; and X, that satisfy inequalities (2.5.28) and, thus,
inequalities (2.3.12). Note that constants J; do not appear in restrictions (2.5.28)
directly; therefore, their specific values are not essential.

To sum up, we may state the following.

Let conditions (2.5.21), (2.5.22), and (2.5.24) be fulfilled. Then, the feedback
control U;(g;,q;) that solves Problem 2.1 for system (2.5.16) is given by relations

X+
(2.5.28)
X5+




2.5 Applications and numerical examples 91

(2.3.13). In these relations, parameters X; are chosen so that inequalities (2.5.28)
should be fulfilled. This control carries system (2.5.16) from the initial position
(2.1.7) to the terminal position (2.1.8), if, at the initial instant, restrictions (2.3.17)
are satisfied. The trajectory of the system lies in the domain D defined by (2.3.1);
time 7 of the control process is not greater than value 7* that is defined by expres-
sions (2.3.26) and (2.3.27).

Let us show the way to choose admissible values X;. We search for them in the
form (2.3.35). In this case, inequalities (2.5.28) become

SU%;;_]

d? di+dr)?
722 |y 2 5+ B (di +da)
oaf —1

oo 0tBr2-00BEY) [ (et Ddi (B 1) (d +dy)’
- of : oaf —1

Now, we find the maximum value Z that satisfies the both inequalities obtained and
then determine the parameters X; by formulas (2.3.35).

Note that the set of possible values X; may be significantly extended. For this pur-
pose, it is necessary to obtain more precise estimates of |V;| in (2.5.26) and (2.5.27).

Computer simulation

Calculations were carried out for the following dimensional characteristics of sys-
tem (2.5.16):

li=1m, lp=05m, I =5L=2333kg -m?
(2.5.29)
my =10kg, M?=29N-m, MJ=1N-m.

For this example, we suppose that Q1 = Q> = 0 (see Sect. 2.5.2). The initial and
terminal conditions, and also values qfc defining the permissible domain of motion,
are given by:

q; =¢)=—-0.1rad, ¢, =¢5=—0.05rad,
(2.5.30)

In this case, oo = 2.66 and § = 0.66 < 1; inequalities (2.5.22) and (2.5.24) become
—23< qg,q; <23and 2.5 < Ul0 < 3.2. Obviously, the parameters of the system
(2.5.29) and (2.5.30) satisfy these restrictions. Let us choose dimensionless values
for X; that satisfy inequalities (2.5.28). For X; = 1.82 x 1072 and X, = 9.13 x 1073,
the dimensional estimate 7° = 4.68 s of the time of control and the real time of the
process T = 3.64 s are obtained. Figure 2.16 demonstrates the time histories of an-
gular velocities g; and ¢». At the final stage, g; and ¢, vary linearly that agrees with
the motion of the phase points of subsystems (2.3.9) along the parabolic sections
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of the switching curves. The phase trajectories of the subsystems are depicted in
Figs. 2.17 and 2.18. The termination of the motion occurs at different instants for
two degrees of freedom.

0.06 — 41.42,87!

0.04 —

0.02 —

0 1 2 3 4
Fig. 2.16 Time history of the angular velocities

2.5.3 Modelling of motions of three-link manipulator

The three-link mechanism shown in Fig. 2.19 is chosen as an example of the control
design by the method described in this chapter. This mechanism models the arm of
the manipulation robot consisting of the upper and lower arms. The arm lies in the
vertical plane and is connected to the vertical column supported by a fixed base.

The moment of inertia of the vertical column with respect to its axis of rotation
is equal to IIZ. The links of the arm are the rods of the masses my, m3z and lengths 0>,
I3, respectively. The centers of mass of the upper and lower arms are located exactly
in the middle of the corresponding links. The principal central moments of inertia of
the links with respect to the axes that are perpendicular to the rods and with respect
to the longitudinal axes are equal to Il-S and IIN ,1=12,3, respectively.

The vertical column as well as the upper and lower arms are supplied by the ac-
tuators that include DC motors and reduction gears. For the sake of simplicity, we
suppose that the axis and direction of rotation of the rotor in each electric drive co-
incide with the axis and direction of rotation of the corresponding joint. The masses
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0.08

0.04

—0.04

—0.08

q1,s

1

Q)

q1

—0.12 —0.08 —0.04 0
Fig. 2.17 Phase trajectory of the subsystem 1
004 /T gos!
0.02 —
0
—-0.02  — Q
92
004 T . 1
—0.06 —0.04 —0.02 0.02

Fig. 2.18 Phase trajectory of the subsystem 2
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Fig. 2.19 Three-link manipulator

of the rotors of the motors are equal to mfe ,1=1,2,3. We neglect the inertia of the
rotational parts of the reduction gears. The generalized coordinates g, g2, and g3
are the angles of rotation in the three cylindrical joints of the manipulator: angle g
of rotation of the vertical column about the vertical axis, angles ¢ and g3 of rotation
of the upper and lower arms about the corresponding horizontal axes (Fig. 2.19).

Under the assumptions made, let us obtain the elements of the matrix of the
kinetic energy A(g) from (2.1.2)

aill 0 O
Alg)=| 0 ax ax
0 az azz

We have
aj = J]N]2 -‘rJé—FJg +I]Z
1
+§{(m3l%+125 flé\]) cos2qs + (Ifflév) cos2(qa2+q3)

+m3hl3[cosqs +cos (g3 +2¢2)| + 15 + 15 + 1 + 15 —|—mgl%}

1
+§{mzl%(l +¢082g2) +m3l3[cos2(ga + q3) + 1] },



2.5 Applications and numerical examples 95
ay = JQN22 +J3 +1§g +I3S

1 1
-H% (m'; +m3 + Zmz) + mzl3 (12 cosq3 + Zlg) ,

1 1
ary = azp = J3N3 —|—]§ + §m3l3 (lz cosg3 + El_g),

1
azz = ]3N32 +I§—‘r Zmﬂ%.

Here, the notation for the moments of inertia J; and J{ of the rotors and gear ratios
N; of the reduction gears introduced in Sect. 2.5.1 is used.

As the generalized forces Q; in (2.1.1), we will consider only torques due to
the gravity in the joints (the forces of viscous and dry friction are not taken into
account):

Ql :07

1 1
0, =-981h (Emz +m§ +m3) cosgqr —9.81- §m3l3 cos (qz Jrqg),

1
03 =-9.81- §m3l3 cos (g2 +q3).

We will consider the case, where the constraints are imposed on the magnitude
of the control electric voltages (see Sect. 2.5.1, case 2°).

Below, four variants of the simulation results (1-4) for the control of the con-
sidered system are presented. Input data for each case are shown in Tables 2.1-2.7,
including the parameters of the links and electric drives, initial and terminal condi-
tions, and domains of the possible motions. Output data are presented in Tables 2.3—
2.7 and Figs. 2.20-2.24, including the control parameters, estimates of the motion
time for each of three subsystems, real values of the motion time, time histories of
the generalized velocities ¢, g2, and ¢3, and phase trajectories of the subsystems.
In addition, for the first set of the manipulation robot parameters, we give three vari-
ants of the simulation results (1a, 1b, and 1c) obtained by using the control method
described in Sect. 2.3.4. While implementing the numerical simulations la, 1b, and
Ic, the current states of the subsystems are determined at the discrete time instants
(with finite time step). As a result, the motion along the switching curve takes place
with a finite frequency of the sign change of the control; this motion approximates
the sliding regime along the switching curve.
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Table 2.1 Parameters of the links (variants 1-4)

2 Method of decomposition (the first approach)

i mi, li, Lgi, I, v, 7,
kg m m kgxm? kgxm? kgxm?
1 - - - - - 0.2
2 5 0.8 0.4 0.25 0.01 -
3 5 0.8 0.4 0.25 0.01 -
1 - - - - 0.2
2 5 0.8 0.4 0.25 0.01 -
3 4 0.64 0.32 0.20 0.01 -
1 - - - - - 0.2
2 5 0.8 0.4 0.25 0.01 -
3 4 0.64 0.32 0.17 0.086 -
1 - - - - - 0.2
2 5 0.8 0.4 0.25 0.01 -
3 4 0.74 0.37 0.18 0.009 -
Table 2.2 Parameters of the actuators (variants 1-4)
A A
J/A J/A Q \Y kg kgxm?  kgxm?
1 0.04 0.04 1 27 0.5 0.00079 0.00041 160
2 0.04 0.04 1 27 0.5 0.00079 0.00041 250
3 0.04 0.04 1 27 0.5 0.00079 0.00041 150
1 0.04 0.04 0.7 27 0.4 0.00069 0.00036 120
2 0.04 0.04 0.6 27 0.25 0.00039 0.00022 180
3 0.04 0.04 0.6 27 0.25 0.00039 0.00022 150
1 0.113 0.109 0.7 42 0.4 0.00069 0.00036 150
2 0.1 0.09 0.6 36 0.25 0.00039 0.00022 250
3 0.1 0.09 0.6 36 0.25 0.00039 0.00022 200
1 0.08 0.07 0.7 27 0.4 0.00039 0.00022 120
0.06 0.06 0.6 27 0.25 0.00039 0.00022 180
3 0.06 0.05 0.6 27 0.25 0.00039 0.00022 150
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Table 2.3 Variant 1: initial (q?, q'?) and terminal (g;) conditions, domain of possible motions
(a7 ,q;r]), control parameter (X;), estimated (7;") and real(7;) motion times for the ith subsystem

i q st g a; a Xos7? o Ts s
1 -1 1 0 -1 0 1.060 1.413 1.382
-0.3 0 0 -0.35 0.05 0.424 1.682 1.263
3 -1 0 0 -1 0 1.060 1.942 1.467
L6 41,492,435 29 qi,s7!
12 1 T\
1
0.8 A 3 0
0.4+ 2 —1 \l
t,s q1
T T T T T -2 T T T T T T T ]
0 0.4 0.8 1.2 1.6 —1.2 —0.8 —-0.4 0 0.4
087 ¢o,s7! 27 ¢35
0.4 1 %
0 0
—0.4 4 Q) —1 \‘
a2 q3
-0.8 —7 2 —
-04 -03 -02 -0.1 0 0.1 —1.2 —0.8 —-0.4 0 0.4

Fig. 2.20 Time histories of the generalized velocities and phase trajectories of the subsystems
(variant 1)
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Table 2.4 Variants la—1c: domain of possible motions ([g; ,¢;"]), initial (q?, q'?) and terminal (g;)
conditions, and real motion time (7;) for the ith subsystem

i a; ai @l Qs q; T,
1 -1 0 -1 0 0 1.22
2 0.3 0 0.3 0 0 1.35
3 0.9 0 0.9 0 0 1.27
1 -1 0 -1 0.5 0 1.27
2 -0.35 0.05 0.3 0 0 0.97
3 -1 0 -1 0 0 1.07
1 -1 0 -1 0.5 0 1.18

-0.35 0.05 0.3 0 0 1.01
3 -1 0 1 0.3 0.1 1.20

12 5 41,42,43,87" 12 o 41,492,435

1

1.5 9 41,42,493,5

1 1
0.5 2
04
—0.5
) 3
-1
) t,s
-1.5 : T : T : T T !
0 0.4 0.8 1.2 1.6

Fig. 2.21 Time histories of the generalized velocities (variants la—1c)
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Table 2.5 Variant 2: initial (q?, q'?) and terminal (g;) conditions, domain of possible motions
(a7 ,q;r]), control parameter (X;), estimated (7;") and real(7;) motion times for the ith subsystem

i q st g a ar Xos2  T,s s

1 -0.8 1 0 -0.85 0.05 1.392 1.145 1.109
-0.3 -0.2 0 -0.35 0.05 0.619 1.788 1.023

3 -1 0 0 -1 0 1.547 1.607 1.172
29 41,4243, 294,57

1.5
14
1 1 3 1
1 0
0.5 ]
4 2
—14
0 Q

1
t,s q1
-0.5 , ‘ , ‘ , . 2 —
0 0.4 0.8 12 —12 -08 —04 0 0.4
0.8 7 g5~ 29 g3,s7!
0.4 L V\
0 0
—0.4 4 —14
Q 2
e @
-0.8 —7 2 —
-04 -03 -02 -01 0 01 —12 —08 —04 0 0.4

Fig. 2.22 Time histories of the generalized velocities and phase trajectories of the subsystems
(variant 2)
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Table 2.6 Variant 3: initial (q?, q'?) and terminal (g;) conditions, domain of possible motions
(a7 ,q;r]), control parameter (X;), estimated (7;") and real(7;) motion times for the ith subsystem

i g st gt a a Xips™?  Ts o Ts
1 1 0 -0.2 -0.4 1.1 0.413 3.407 2.413
2 3 0 2 2 3 0.275 3.809 2.697
3 -0.25 0 0.3 -0.5 0.5 0.413 2.825 1.994
0.8 41,92,43,5 " 154 ¢y,s7!
14
0.4 -
e 3 1 Ql
0.5 -
0 ]
E 0
—0.4 1
] 1 —0.5 -
—0.8 - 5 1
1 1,8 i q1
—1.2 ‘ ‘ . —15 . : . : . \
0 1 2 3 —0.6 0 0.6 1.2
0.8 4 (h,871 14 437871
] o ]
0.4 - 0.5 -
0 0 1
—0.4 \\1 o \‘
q2 e
708 T ‘ T ‘ T ‘ T ‘ 71 T ‘ T ‘ T [ T ‘
1.6 2 24 2.8 32 -0.8 —0.4 0 0.4 0.8

Fig. 2.23 Time histories of the generalized velocities and phase trajectories of the subsystems

(variant 3)
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Table 2.7 Variant 4: initial (ql, ] ) and terminal (g;) conditions, domain of possible motions
(q; »q; ]) control parameter (X;), c%tlmated (7;") and real(t;) motion times for the ith subsystem
i g Qs g a ai Xos?  Ts Ts
1 -15 0.7 -1 -1.6 -0.7 0.317 4.052 1.766
-0.3 -0.2 -0.2 -0.5 0 0.176 3.332 1.071
3 -05 0 -1 -1.3 -0.3 0.352 2.380 1.683
0.8 ¢1,42,G3,5~" 4 qi,s7!
y \ a ’\
0
—0.4 H —0.4 -
Q
q1
-0.8 : . 08 —
0 1 2 —-1.7 —1.3 -0.9 -0.5
0.6 7 ga,s™! 19 ¢3,s7!
J j o
0.3 0.5
0 \’\\ 0 ]
—-0.3 4 \l —0.5 \‘
q3
70.6,,,X, St
—-0.6 —-0.4 —-0.2 0 0.2 -1.6 —-1.2 —0.8 —-0.4 0

Fig. 2.24 Time histories of the generalized velocities and phase trajectories of the subsystems
(variant 4)



Chapter 3
Method of decomposition (the second approach)

This chapter describes another approach to the method of decomposition for the
construction of the feedback control for nonlinear Lagrangian systems. The chapter
is based, mostly, on papers [31, 32, 14, 15, 54, 100, 103, 45].

3.1 Problem statement and game approach

3.1.1 Controlled mechanical system

Let us return to the system described in Sect. 2.1.1 but make a different set of as-
sumptions. Consider a non-linear dynamical system described by Lagrange’s equa-
tions

d JT dT

———-—=U; , i=1,...,n. 3.1.1

d19d; g i+0i, i IRERRY (] ( )
Here and below, the dot stands for differentiation with respect to time ¢, g =
(q1,---,qn) is the vector of generalized coordinates, T is the kinetic energy of the

system, Q; are uncontrollable generalized forces, and U; are control forces. We shall
assume that all relevant motions of system (3.1.1) take place in a domain D in n-
space R", so that g € D always. In particular, D may coincide with R".

We will now state our basic assumptions concerning the kinetic energy

1 1 &
T(g,9) = 5(A@)4:9) = 5 X aj(@)djd (3.1.2)
jk=1

of the system and the generalized forces. Here, A(g) is a symmetric positive-definite
(n x n)-matrix with elements a ; that are continuously differentiable functions of ¢
for ¢ € D. Throughout this chapter, (-, -) stands for the scalar product. It is assumed
that, for any ¢ € D, all the eigenvalues of A(g) lie in an interval [m,M], where M >
m > 0. Thus, for any n-vector z

103
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m(z,z) < (A(q)z,2) < M(z,z), Vg € D. (3.1.3)

In addition, we will assume that
|dajx/dqi| < C, VYq € D, C = const > 0, (3.1.4)

and that the uncontrollable generalized forces Q; in (3.1.1) consist of three terms,
each subject to different restrictions:

Qi =P +R:+G;. (3.1.5)

The forces P;(q,q,t) are given functions of the generalized coordinates and time.
The terms R;(q,q,t) in (3.1.5) represent dissipative forces. The exact form of
Ri(q,q,t) may be unknown. Our only requirement is that these forces possess the
property of dissipativeness, and that they be sufficiently small at low velocities. The
former property means that the power of the dissipative forces is non-positive:

n
Y Rigi <0 (3.1.6)
i=1

for all g € D, all ¢, and all ¢ > 1y, where t; is the initial time instant. The second
property may be stated as follows: there exists a sufficiently small number ¥y > 0
such that, if |¢;| < ¥ < ¥ for all i, then

Rl <RY(D). (3.1.7)

Here, R?(ﬁ) are certain continuous monotone increasing functions defined for ¥ €
[0, %] and such that RY(0) = 0.

The terms G;(g,q,t) in (3.1.5) represent uncertain external perturbations, the
only restriction being that they are bounded

Gi| <G} (3.1.8)

forall ¢ € D, all ¢, and t > ty. Here, G? > 0 are specified constants.

As for control forces U; in (3.1.1), we will assume that they are large enough to
balance the given external forces P;, and the remaining part of the control may be
chosen from a certain domain. Thus, we assume that U; can be written as

Ui = —Pi(q,4,t) +wi. (3.1.9)

The vector w = (wy,...,w,) may be chosen from some set W that will generally
depend on ¢, ¢, and ¢, i.e.,

weW(q,q,t) CR". (3.1.10)

We will assume that, for all ¢ € D, all ¢, and all r > t;, the set W contains a
neighbourhood Wy of the origin:

W(g,q,t) D Wo, 0€Wp. (3.1.11)
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We will assume that Wy is either a sphere of radius r > 0:
Wo ={w:|w|<r}, (3.1.12)
or a rectangular parallelepiped corresponding to independent constraints on w;:
Wo = {w: |wi| <w?}. (3.1.13)
In the case of constraints (3.1.13), we define

i

r = minw? (3.1.14)

3.1.2 Statement of the problem

Substituting (3.1.5) and (3.1.9) into system (3.1.1), we get

d oT JT
— = =R +G; i 3.1.15
dr aql (9611' +Gi+w; ( )
Suppose we are given initial conditions
q)=4", (o) =¢’ (3.1.16)

and terminal conditions corresponding to the state of rest

qt.)=q",  4(t.) =0, (3.1.17)

where ¢° € D, ¢* € D, and t, > ty. The control problem may be formulated as fol-
lows.

Problem 3.1. It is required to find a feedback control w(g,q) that satisfies the con-
dition

we Wy (3.1.18)
and steers system (3.1.15) from any initial state (3.1.16) to a given terminal state
(3.1.17) in finite (but not fixed) time. The set Wj is given as (3.1.12) or (3.1.13) and
in either case, by (3.1.14), contains the sphere |w| < r. The kinetic energy of system
(3.1.15) is defined by (3.1.2) and satisfies conditions (3.1.3) and (3.1.4), while the
forces R; and G; in (3.1.15) satisfy constraints (3.1.6)—(3.1.8).

Note that if the control w satisfies constraint (3.1.18), it follows from (3.1.11)
that it also satisfies the initial constraint (3.1.10).

We will first construct a solution of Problem 3.1 on the assumption that system
(3.1.15) involves no dissipative forces or perturbations, that is, R; = G; = 0. The
general case will be considered later.
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3.1.3 Control in the absence of external forces

If R; = G; =0, system (3.1.15) becomes

dor ar

—_——— i 3.1.19
dt dq; dq; " ( )

Let € > 0 be some given positive number and let £2; denote the set of all points
of the 2n-dimensional phase space (g,¢) where ¢ € D and |¢;| > ¢ for at least one i.
Let £, denote the set of all points (¢,q) where g € D and |¢;| < € for all i. Thus,

Q1 ={(q.9): g D;3i, |gi| > €}

j 1 3.1.20
Q={(q,9): g€ D:Vi, |¢:| < €} (3.1.20)

We will construct the control w(q, ) separately for each of the domains €2; and
£2,, and also specify the number €. By the theorem on the variation of kinetic energy,
applied to system (3.1.19), we have

dT &
T Y wigi = (w,4). (3.1.21)
i=1

Let us choose a control w in €2; so as to satisfy constraints (3.1.18) and so that
derivative (3.1.21) is negative. To that end, we define

w:—rq|q|7l; wl-:—w?sign|qi|7 i=1,...,n, (3.1.22)

for cases (3.1.12) and (3.1.13), respectively. Substituting (3.1.22) into (3.1.21), we
obtain, respectively,

aTr dT S0

—_— = — y —_— = . 7 il. . 1 .2

ar = 'l G == 2wl (3.1.23)
In view of notation (3.1.14), we see that, in both cases (3.1.12) and (3.1.13),

1/2
ar = 2T1/2ﬂ

< —rldl. 3.1.24
7 7 = rlg| ( )

The upper bound (3.1.3) for the kinetic energy (3.1.2) gives

‘ 2T\ /2
|qZ(M) . (3.1.25)

Substituting (3.1.25) into the right-hand side of inequality (3.1.24) and noting that
T > 01in Q [see (3.1.20)], we obtain

dTl/Z
dt

< —r(2m)~ 12, (3.1.26)
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Integrating inequality (3.1.26), we have
T2 1) < —r2M) V(1 — 1), (3.1.27)

where Ty is the kinetic energy at the initial instant #y. It follows from (3.1.27) that
in finite time the kinetic energy will become as small as desired. Consequently, at
some time 1, the system will reach the border between €2; and €2;.

We shall need bounds for the time #; and generalized coordinates ¢(f; ). By (3.1.3)
and (3.1.20), if T; is the kinetic energy at time #;, then

1 1
T > Sm(g,g) > Sme’. (3.1.28)

Inequalities (3.1.27) and (3.1.28) yield the required bound for #;:
n—to<t, T =M 2T = (m/2) ). (3.1.29)

To estimate ¢(#; ), we write the obvious inequalities
1 I3}
@) —afl < [ lalde < [ glar (3.130)
0 1o

We will use the following inequalities that arise from (3.1.3) and (3.1.27):
27\ 1/2 2\ /2 12
<(=) <(= T,/% —r2M) "2 (t —19)]. 3.1.31
i< (3) <(2) m-rem e e-a) (13D
Substituting (3.1.31) into (3.1.30) and integrating, we obtain
lgi(11) — )| < ¢(11 —19),
3.1.32)
T N/2 (
o(7) = (0) ’C—Er(Mm)_l/z‘Cz.

m

A direct check will show that ¢ (7) is a strictly increasing function in the interval
[0, 7], where 1) is defined in (3.1.29). Since 71 — 19 < 77 [see (3.1.29)], it follows
that ¢ (1; —19) < ¢(71), and therefore, using (3.1.29), we deduce from (3.1.32) that

1/2 |
) ~afl < oo = ()t (7= gme?). 6139
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3.1.4 Decomposition

Thus, at the instant 71, the system is on the boundary of €2; and £2,. We construct the
control in £2; so that the system, having once entered £2,, will never leave it again
but will reach the terminal state (3.1.17) in finite time.
We will write Lagrange’s equations (3.1.19) in expanded form substituting T
from (3.1.2):
n n

Daijgi+ Y, Gudjdge = wi. (3.1.34)

j=1 k=1
Expression for I;j; is given by (2.1.5), and I;;; may be regarded as the components

of n-vectors
Ty = (FUk, ... ,Fnjk). (3.1.35)

We rewrite (3.1.34) in vector notation and solve it for . This gives

G=U"+V', (3.1.36)
where .
U'=A"w, V== A 'Tigg. (3.1.37)
Jk=1

It follows from condition (3.1.3) that the eigenvalues of the inverse A~! lie in the
interval [M~',m~!]. Consequently, for any n-vector z,

Azl <Mlz|, A"l <m7'[2). (3.1.38)
We subject the components U, of the vector U’ to the constraints
U/| <Up, Up=rM 'n "2 (3.1.39)

The truth of constraints (3.1.39) implies that of the inequality |U’| < rM~! that,
in turn, by (3.1.37) and (3.1.38), implies |w| = |AU'| < M|U’| < r. Consequently,
w satisfies (3.1.18) whether Wj is taken to be (3.1.12) or (3.1.13). Thus, constraint
(3.1.39) implies the truth of condition (3.1.18).

To estimate the vector V’ in (3.1.37), we use the second inequality of (3.1.38)

n
WV <m™ Y [Tielld ]l (3.1.40)
Jik

Inequalities (3.1.4) imply estimates for the quantities I7j; introduced in (2.1.5):
ITijk| < (3/2)C. Hence, using (3.1.35), we have

12
2
Tk = ( ijk) <
-1

cn'/?,

D=
N W
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We substitute these bounds for I'j; and also the inequalities |g;| < e—that are
true in £, by virtue of (3.1.20)—into (3.1.40). This gives |V’| < (3/2)Cn®/*m~ €2,
Consequently, we have the following bounds for the components V/ of vector V'

3
Vi <Vo, Vo= ECnS/szlez. (3.1.41)
Equations (3.1.36) and constraints (3.1.39) and (3.1.41) may be rewritten as
Gi=Ui+V/, |U]|<U, [V/[<W, (3.1.42)

where Uy and Vj are defined in (3.1.39) and (3.1.41).
Assuming that

p=-"2<1, (3.1.43)

we will construct a control U] separately for each degree of freedom of system
(3.1.42).

To do this, we will admit that V/ may be arbitrary functions satisfying constraints
(3.1.42). We will use the minimax (guaranteed) approach that is characteristic of the
theory of differential games.

Considering the ith equation of (3.1.42), we define

gGi—q=x, ¢g=x=y, U=u V/ =v (3.1.44)

and rewrite (3.1.42) and (3.1.43) as
x=y, y=u+v, |ul<Uy, | <ply, 0<p<l. (3.1.45)

At time 71, by assumption, the system is at the boundary of the domains €2,
and €2, [see (3.1.20)]. Taking (3.1.44) into account, we have the following initial
conditions for system (3.1.45):

x(t)=x'=qi(t)—q;, yn)=y'=an), p'|<e (3.1.46)
The terminal conditions (3.1.17) become
x(t.) =0, y(t.)=0. (3.1.47)

To ensure that the system, having reached €2, at the instant 7;, will not leave the
domain again, we require that

() <e, t>n. (3.1.48)

System (3.1.45) is similar to system (2.1.30) for A = 0. The only distinction is
an additional phase constraint (3.1.48).

Thus, we have the following decomposition of Problem 3.1 in £2,: instead of the
problem for the initial system with n degrees of freedom, we obtain n analogous
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problems for systems with one degree of freedom each. To solve Problem 3.1 in £2,,
therefore, we need only solve the following problem.

Problem 3.2. Find a control u(x,y) for system (3.1.45) that satisfies constraints
(3.1.45) and (3.1.48) and will steer the system from the initial state (3.1.46) to a
terminal state (3.1.47) in finite time for any admissible v satisfying (3.1.45).

To construct the control, we can, just as in Sect. 2.2.1, use the game approach
and find the solution of the corresponding differential game with phase constraints.
Instead, we suggest a simpler, though not optimal, control of the form

u(x,y) = Upsign[y(x) =y, y# w(x);

(3.1.49)
u(x,y) = Upsignx = —Upsigny, y= y(x),
where the function y(x) is defined by the relations
v(x) = —[2Uo(1 — p)|x|]'/?signx, |x| <x*;
(3.1.50)

y(x) = —8signx, |x| > x*.

Here, 6 > 0 is any number from the interval 0 < § < €, and the parameter x* is
defined by the condition of continuity of the function y(x). According to this con-
dition, (3.1.50) yields

X =8 2Up(1—p)] L. (3.1.51)

The switching curve y(x) for control (3.1.49) and (3.1.50) is symmetrical about
the origin and is the union of two arcs of parabolas and two rays. It is depicted by
the thick curve in Fig. 3.1. Note that the parabolic arcs of the switching curve are
identical with those of the switching curve constructed in Sect. 2.2.1, see (2.2.10)
for A = 0. Since 6 < &, this curve lies within the strip |y| < € and divides it into two
symmetrical parts: the domain X, where y < y/(x) and u = Uy, and the domain X,
where y > y(x) and u = —Uj [see (3.1.49)].

We shall prove that control (3.1.49) and (3.1.50) solves Problem 3.2.

The initial conditions (3.1.46) hold at the instant ¢;.

According to (3.1.45) and the control law (3.1.49), we have

yZUO(lfp)a (x,y)€X+;
(3.1.52)
YS_UO(l_p)7 (x,y)eXf.

The width of the domains X and X~ in the y direction is at most € + & (see
Fig. 3.1), while the velocity of motion in that direction is finite and directed toward
the switching curve according to (3.1.52). Consequently, the phase point will never
leave the strip |y| < € but at a certain time #, > 7; will be incident on the switching
curve y = y(x).

Suppose that at time 7, the phase point has hit the straight part y = +0 of the
switching curve y = y(x). After that, the point will move along the straight part of
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y

\ €

Fig. 3.1 Switching curve and phase trajectories

the curve in a sliding regime. This follows from the fact that the phase velocities on
both sides of this part of the curve are finite and directed toward the switching curve.
The motion will take place along these parts of the curve at an appropriate constant
velocity y = x = +0 in the direction of decreasing |x|. Consequently, at some time
t3 > 1y, the phase point will reach one of the points (+x*,F0) at the junction of the
straight and curved parts of the switching curve. The curved (parabolic) parts are
the phase trajectories of system (3.1.45), if u is selected in accordance with (3.1.49)
and v = —pu. If v # —pu, the motion induced by control (3.1.49) will nevertheless
take place along these parts of the parabolas, but in a sliding regime. Therefore, at
some time ¢, the phase point will reach the origin.

The thin curves in Fig. 3.1 represent some possible phase trajectories. The arrows
indicate the direction of increasing time ¢.

The entire motion, from time | to time ¢,, is divided into three stages: motion in
the domain X+ or X, motion along the straight lines y = 4-8, and motion along the
parabolas. Some of these stages may be missing. For example, at the initial time #;
the phase point may either lie on the switching curve or proceed directly from X
or X to the parabolic part of the curve. In all cases, however, the duration ¢, —#; of
the motion is finite.

To estimate this total time, let us assume that all three stages actually occur—this
will lead us to an upper bound. The length t, —t; of the first stage (motion in X ™ or
X7) is estimated by dividing the maximum width € 4 6 of the domains along the y
axis by the velocity y of minimum absolute value as in (3.1.52). This gives
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n—t < (e+8)[Us(1—p) " (3.1.53)

To estimate the coordinate x(,), we will use constraint (3.1.48) and the initial
condition (3.1.46):

5]
o) ~'| < [ yldr < e 10).
n

Hence, using (3.1.53), we get
x(t2)| < x| + (e +8)[Uo(1—p)] " (3.1.54)

The length 3 — 1, of the second stage (motion along straight lines y = £0) is
obtained by dividing the distance along the x axis by the velocity that is 0 in absolute
value

—1 = [|x(t2)| —x*]6*‘.

Substituting (3.1.51) and (3.1.54) into this equality, we obtain
Bn—t <|x'|67 +e(e+8)[Us(1—p)8] ™' = 8[2U(1—p)] " (3.1.55)

The length t* — t3 of the third, last stage (parabolic motion) may be estimated by
dividing the velocity 6 of maximum absolute value at the beginning of the stage by
the acceleration of minimum absolute value defined by (3.1.52). This gives

t.—13=38[Up(1—p)] . (3.1.56)

Adding together (3.1.53), (3.1.55), and (3.1.56), we obtain an upper bound for
the total duration of motion in Problem 3.2:

to—t < x84 (262 +4e6 +38%)6 ' 2U0p(1—p)] " (3.1.57)

The result may be summarized in the form of a theorem.

Theorem 3.1. The control u(x,y) determined by (3.1.49) and (3.1.50) in which the
number x* is defined by (3.1.51) and & by any number in the interval (0,€) is a
solution of Problem 3.2, i.e., it satisfies constraints (3.1.45) and (3.1.48) and steers
system (3.1.45) from the initial state (3.1.46) to the terminal state (3.1.47) in finite
time t, — t| that is bounded as in (3.1.57).

3.2 Feedback control design and its generalizations

3.2.1 Feedback control design

We now turn to the solution of the original Problem 3.2 in the case R; = G; = 0.
The required control w(q,q§) in £2; is defined by (3.1.22); the control in £2, may be
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obtained from the solution u(x,y) of Problem 3.2. To that end, it is sufficient to use
the relations w = AU’ of (3.1.37) and notation (3.1.44). The result is

w(q,q) =A(Q)U'(q,9), Uj(qi,di) = u(qi —q; ,Gi)- (3.2.1)

We recall that the solution u(x,y) of Problem 3.1 was obtained on the assump-
tion that p < 1 [see (3.1.43)]; with notation (3.1.39) and (3.1.41), this leads to the
following restriction on €:

2mr \ /2

To estimate the total duration 7, — fy of the motion, we must add the times of
motion in the domains €2; and €2,. When evaluating 7, —t;, we take into consid-
eration that |x'| in (3.1.57) should be replaced by the maximum over i difference
lgi(r1) — g} | [see (3.1.46)], since the system will reach the terminal state when all
coordinates take their terminal values. Using estimate (3.1.33), we obtain

! = max|gi(r) — g7 < max(lgi(n1) — q}| + |4} — ;1)

1/2

M 1

gmax|q?—q;‘|+ <> rl {To—msz] .
2 m 2

This expression is substituted into (3.1.57) that we then add to inequality (3.1.29):
2

+(M) 1/2}’71671 (To_lmSZ) (323)
2

m

1/2
t.—to < 8 "max|qi(n) —q;| + (2M)" /2! [Tol/z a (T) g]

+(262 4+ 4e8 +38%)8 ' [2Up(1 — p)] "

The parameters Uy and p are defined by (3.1.39), (3.1.41), and (3.1.43) with
p < 1 by condition (3.2.2).
The result may be stated as the following theorem.

Theorem 3.2. Problem 3.1 for system (3.1.19), i.e., when R; = G; = 0, is always
solvable. For any € € (0,¢&y) with &y given by (3.2.2), the control w(q,q) defined by
(3.1.22) in € [for cases (3.1.12) and (3.1.13), respectively] and by (3.2.1) in £,
solves the problem, i.e., it steers system (3.1.19) from any initial state (3.1.16) to a
given terminal state (3.1.17) in finite time t, — to that satisfies inequality (3.2.3). Un-
der these conditions, the function u(x,y) in (3.2.1) is defined by (3.1.49) and (3.1.50)
in which the parameters Uy, p, and x* are given by formulas (3.1.39), (3.1.41),
(3.1.43), and (3.1.51) and & is any number in the interval (0, €).
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We observe that, in order to reduce the duration of the motion, é should be cho-
sen as close as possible to €. If § = €, however, one can no longer guarantee that the
system will remain in €2, after reaching the boundary of €2 and £2,. For that reason,
0 should be chosen in the interval (0, ). Our solutions to Problems 3.1 and 3.2 are
naturally not unique. In particular, there are other possible ways to synthesize con-
trols in the one-dimensional system (3.1.45) obtained by the above decomposition.

3.2.2 Control in the general case

We now proceed to solve Problem 3.1 for system (3.1.15) in the general case. The
approach is largely the same as in Sects. 3.1.3-3.2.1.

Letting € > 0 be given, we again introduce the domains £2; and €2, defined by
(3.1.20). By the dissipative property (3.1.6) of the forces R;, the theorem on the
variation of the kinetic energy of system (3.1.15) yields a relation similar to (3.1.21)

T n
‘fi < ; wi+ G;)gi. (3.2.4)

The control w in ; will be chosen so as to minimize the scalar product (w,q)
subject to constraint (3.1.18). Whether Wy is defined by (3.1.12) or (3.1.13), we
again obtain the appropriate expression of (3.1.22). We now substitute these ex-
pressions into inequality (3.2.4) and use constraints (3.1.8) as well as the Cauchy
inequality. If W; is a sphere (3.1.12), we obtain

dr . &0l .
= < rlal+ 2 Gllail < —nildl, (3-2.5)
where
}"1:7'—|G0|>0, GOZ(G(I)avGS) (326)

If Wy is a rectangular parallelepiped (3.1.13), we obtain

n
W JrG Ngil < —ralql. (3.2.7)
i=1
Here,
= w’ -G, wl =, ... WD), (3.2.8)
and it is assumed that
w)>GY i=1,....n (3.2.9)

Thus, if inequalities (3.2.6) hold for the sphere (3.1.12), or inequalities (3.2.9)
for the parallelepiped (3.1.13), then inequalities (3.2.5) and (3.2.7) lead directly to
inequality (3.1.24) with the constant » > 0 replaced by 7, > 0. Here and below, the
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indices o0 = 1,2 correspond to cases (3.1.12) and (3.1.13), respectively. Hence, all
the formulas of Sect. 3.1.3 relating to €2; remain valid with the above reservation.
We will now consider £2,. We impose the condition

£ < v, (3.2.10)

under which estimates (3.1.7) will hold in the domain €2,. Lagrange’s equations
(3.1.15) may again be converted to the form (3.1.36) by solving them for the deriva-
tives

G=U+V* (3.2.11)

with the same relation (3.1.37) holding for U’ as before. The vector V* in (3.2.11)
is given by
V=V +A Y(R+G). (3.2.12)

The vector V' is defined by (3.1.37); R and G are the vectors with components R;
and G;, respectively.
Using inequalities (3.1.38) for A~', (3.1.7) for R;, and (3.1.8) for G;, we obtain
the estimate
AN (R+G)| <m™'|R(e) + G|,
(3.2.13)
R(e) = (R)(e),....R)(€))-

In accordance with the assumptions made in Sect. 3.1.1 about the functions R?
[see (3.1.7)], RY(¢) is a continuous monotone increasing function of & with R?(0) =
0.

Inequalities (3.1.41) and (3.2.13) imply the following bound for the vector V* in
(3.2.12):

VI < Vg =Vo+m'|R(e) + G|

3 (3.2.14)
=m! ECnS/st‘ +|R%(e)+ G| .
We impose on V{;' the following analogue of condition (3.1.43):
Yo
= <. 3.2.15
P =Ty ( )

The procedure for constructing the control in €2, and all the subsequent estimates
in that domain remain the same as in Sects. 3.1.4 and 3.2.1. The only changes are to
replace p by p* and r by ry, in estimates (3.2.3) for the time. In formula (3.1.39) for
Uy, the parameter » must be retained without change: here, it is defined by (3.1.12)
and (3.1.14) for cases (3.1.12) and (3.1.13), respectively. In addition, the restrictions
on the choice of € are changed: instead of (3.2.2), we now have two conditions:
(3.2.10) and (3.2.15). In developed form, using (3.1.39) and (3.2.14), we obtain

3
£ < Oy, 5Cn5/2s2 +|R(e) + G| < mM ' rn /2, (3.2.16)
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Thus, our procedure for the control synthesis will produce a solution of Prob-
lem 3.1 provided the following conditions are satisfied: inequalities (3.2.6) or (3.2.9)
in cases o = 1,2, respectively, and both inequalities (3.2.16) for €. A number € sat-
isfying (3.2.16) will always exist if there are no perturbations (G° = 0) or if the
perturbations are sufficiently small

G| < mM~'rn /2, (3.2.17)

This follows from the continuity of |R%(¢g)|: |[R°| — 0 as € — 0. We note that, in the
case of dissipative forces proportional to the velocities, the functions R? in (3.1.7)
and R in (3.2.13) are linear in €.

We summarize the results.

Theorem 3.3. Let o be 1 or 2 depending on whether Wy is a sphere (3.1.12) or a
parallelepiped (3.1.13), respectively. Assume that conditions (3.2.6) and (3.2.9) are
satisfied for o = 1,2, respectively, and that there exists € > 0 satisfying both condi-
tions (3.2.16). Then, the control w(q,q) defined by (3.1.22) in | (for a = 1,2, re-
spectively) and by (3.2.1) in €2, solves Problem 3.1 for system (3.1.15), i.e., it steers
the system from any initial state (3.1.16) to the given terminal state (3.1.17). Under
these conditions, the function u(x,y) in (3.2.1) is defined by (3.1.49) and (3.1.50) in
which the parameters Uy and x* are given by (3.1.39) and (3.1.51). The parameter
p in formula (3.1.51) should be replaced by p* as in (3.2.15) and (3.2.14); under
these conditions, we have p* < 1. The number 8§ may be chosen anywhere in the
interval (0,€). The duration t, — ty of the motion is finite and satisfies inequality
(3.2.3) with r replaced by r, [see (3.2.6) and (3.2.8)] and p by p*.

Let us note that the full duration of time depends on the value of €. First, an
increase of the number € results in a decrease in time for reaching by the trajectory
of the set £2,. Second, in the set €2, the system goes through the straight-line tra-
jectory segments along the rays y = 8 in (3.1.49) and (3.1.50) at the velocity with
|g] = 8 < €. Consequently, the greater €, the greater the number 6 can be, and the
higher will be the velocity of motion along these segments. According to (3.2.16),
the selection of € is determined, in particular, by the constants M and m that bound
in (3.1.3) the maximal and minimal eigenvalues of the matrix A(g), and the constant
C from inequalities (3.1.4). Thus, as region for change of the vector of generalized
coordinates ¢, it is reasonable to use, not the entire region D, but some subregion
D’ C D in which the trajectory of motion will lie. The region D' depends on the
initial and terminal conditions in the problem. A decreasing region D’ in general
causes the constants M and C to decrease, and the constant m to increase, which
allows the parameter € to be increased.

Remark 3.1. In this approach, the values m, M, C, €, 8, p, and x* are selected earlier;
they are general for the entire motion process. Nevertheless, it is clear that in real
mechanical systems the eigenvalues m(q), M(q) and the derivatives da;;(q)/dqx of
the elements of the matrix A(qg) by far do not always reach the boundaries of in-
equalities (3.1.3) and (3.1.4). For this reason, the modified control law according
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to which values m, M, and C are selected at each instant, depending on the cur-
rent condition of the matrix A(g), becomes of interest. Thus, if at time ¢ the vector
of phase coordinates for the system is ¢, then the control is formed according to
law (3.1.22), where m = m(q), M = M(q), C = max; j x| da;;(q)/dq|, and the num-
bers €, 8, p, and x* are selected in accordance with (3.1.39), (3.1.51), (3.2.15), and
(3.2.16). Modelling described in details in Sect. 3.3.2 has shown that the system
controlled according to this modified law reaches the terminal state more quickly;
nevertheless, to determine the region of applicability of such an approach, further
studies are needed.

3.2.3 Extension to the case of nonzero terminal velocity

Let us generalize the suggested approach to the case of nonzero terminal velocities.

Problem 3.3. We want to construct a control w(g, ¢) that satisfies constraints (3.1.18)
and transfers system (3.1.15) from the arbitrary initial state (3.1.16) to the assigned
terminal state

qt.)=q €D, q¢t.)=4q¢", t.>1 (3.2.18)

in finite nonfixed time.

Without loss of generality, we can say that, in the end state (3.2.18), of all phase
coordinates ¢; and ¢; only one, ¢, the first component of the velocity vector, is
not equal to zero. To see this, we note that there exists an orthogonal matrix B,
BT B =E (E is the identity matrix), such that the linear transformation g +— B(q—q*)
transforms conditions (3.2.18) to the form

¢ =0, ¢ =|g"|, =0, i=2,....n (3.2.19)

The constants that bound the components of the matrices dA/dgy and the vectors
G and w as well as function R? that bounds the components of the vector R do not
change more than by a factor n'/2. For simplicity, we will assume that inequalities
(3.1.4), (3.1.6)—(3.1.8), and (3.1.12) refer to the system of coordinates obtained after
the transformation made.

Let us assume at the outset that the parameters of the problem satisfy (3.2.17),
and the absolute value of the terminal velocity ¢* is sufficiently small so that the
number ¢ is selected on the basis of the condition

lgi] < e. (3.2.20)

Following Sects. 3.1.3-3.2.2, the solution of Problem 3.3 will be split into two
stages.

The purpose of the first stage is to lower the phase velocity to values at which the
decomposition of the system is possible, namely |¢;| < €. In order to attain the goal
of the first stage, we will use the control constructed in Sects. 3.1.3 and 3.2.2 in the
domain €2 defined by (3.1.20).
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In the region €2, of small velocities in the phase space (g,¢), the original non-
linear system (3.1.15) of order 2n reduces to a set of n controllable subsystems
(3.2.11) of second order in which the nonlinear terms are treated as perturbations.
The purpose of the second stage is to construct for each subsystem (3.2.11) in the
domain |¢;| < € of the phase space (g;, §;) a feedback control U; satisfying the con-
straint |U/| < Uy that brings the corresponding subsystem from a certain initial state
(q},4}) att =1 to the assigned terminal state (¢}, ¢7) in finite time. The initial
state and the entire trajectory here should belong to the set |¢;| < €. In Sects. 3.1.4—
3.2.2, this problem is solved for the case of zero terminal conditions. The control
proposed there brings each subsystem (3.2.11) with indices i = 2,...,n to the origin
of coordinates and keeps it there.

We will construct the desired control for the first equation of (3.2.11) correspond-
ing to the component ¢ of the vector g. The terminal value for the velocity of this
component is not zero. Let us designate

X =41, y:x:qla u:Ul/a V:VI*

and reduce the considered equation to the form of (3.1.45). Concerning finding the
constants Uy and p that figure in the constraints imposed on the functions # and v in
(3.1.45), see Sects. 3.1.3-3.2.2. Let us examine there an additional problem.

Problem 3.4. Construct a control u(x,y) that brings system (3.1.45) from the initial
state

xt)=qi(t1), yn)=qt), Iyn)<e (3.2.21)

to the terminal state
x(t) =0, yt.)=y" (3.2.22)

in finite time with any allowable v [the phase limits (3.1.48) are ignored for the time
being].

Let us solve Problem 3.4 as a differential game using the mini-max approach. In
this game, the side selecting the control u strives to reduce the time 7, for reaching
the terminal state, and the second side strives to increase this time with the help of
control v. The optimal control « in this game coincides [79] with the minimum time
control for the system:

x=y, y=(1-pu, |ul<Up. (3.2.23)

System (3.2.23) is obtained by substitution of the control v = —pu optimal for
the second player (and the worst for the first player) into system (3.2.11). Let us syn-
thesize a time-optimal feedback control for system (3.2.23) with terminal condition
(3.2.22). In the phase space (x,y), the time-optimal trajectories for system (3.2.23)
consist of segments of two families of parabolas (see Chapter 1)

y2 2
Xx=—2—4bh  x=——> b, (3.2.24)
2(1=p)Us
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where b is an arbitrary constant. Motion along the parabolas of the first family occurs
in the (x,y)-plane upward in the direction of increasing y, and along parabolas of
the second family, downward in the direction of decreasing y [see Fig. 3.2]. It is
not difficult to see that only two parabolas pass through the point (0,y*), the final
state of the system. Consequently, the switching curve consists of segments of these
parabolas and is described by

2 *2 2 *2
y =y ® y =y ®
PR st I AN s MNP RS (3.2.25)

21-p)Uy 777 20—p)ty 77

,

\ —
i
\ ;
o \

Fig. 3.2 Switching curve and phase trajectories

Since on every optimal trajectory there is no more than one control switching, the
feedback optimal control is as follows: to the right of the switching curve (3.2.25)
and on its upper segment (where y > y*), we have u(x,y) = —Uj and at all remaining
points of the phase space u(x,y) = Up. Each optimal motion of system (3.2.23) con-
sists of two stages: at first the representative point moves along one of the parabolas
(3.2.24) to the switching curve (3.2.25), then along this curve to the point (0,y*). If
in the initial position the system is located on curve (3.2.25), then the first stage is
missing.

Let us remember that motion of system (3.1.45) is subject to (3.2.23) in the case
v = —pu, i.e., if the second player acts in a manner optimal for him. If, however, the
control v is selected in some other way, then the motion along the switching curve
(3.2.25) also occurs along different trajectories, while on segments of this curve
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where y > y* or y < 0, sliding regimes appear. In addition, on the segment of the
switching curve where 0 <y < y*, the trajectory can leave the curve returning to it
again when y > y*. Then, the system will come to its terminal state (3.2.22) along
the upper segment of curve (3.2.25). We point out that, if the second player uses
a nonoptimal method (v = —pu), the time of motion to the terminal state can only
decrease.

Using the solution to Problem 3.4, we will synthesize a control (already nonopti-
mal) for system (3.1.45) taking into account the phase limits (3.1.48). Let the num-
bers 6 and x* be such that

. . 52 _ y*2
yi<d<e, «x 0= P00 (3.2.26)
Let us designate by K the continuous curve located in the strip Q¢ = {(x,y) : [y| < €}
of the phase space (x,y) and passing through point (0,y*). Curve K consists of two
rays

Li={(xy)x<—x"y=8},  L={(y):x>x"y=-8},

and also the segment of curve (3.2.25) enclosed between the lines y = +0 (see
Fig. 3.3).

Fig. 3.3 Modified switching curve



3.2 Feedback control design and its generalizations 121

Let us split the strip Q¢ into two sets. The part 2~ will represent the set of points
of Q¢ lying above and to the right of the curve K or on that segment of it, where
y > y*. The symbol 27 will be used to designate the supplement of the set £~ in
QEF . In the strip Q¢, we will define the control u(x,y) as follows:

( ) {UOa (x,y) G'Q_v (32.27)
u(x,y) = 2.
U07 ('xay) €Q+'

On the strength of (3.1.45) and (3.2.27), the derivative y on 2~ satisfies the
inequality
y<—(1-p)Up <0, (3.2.28)

and on QF,
¥> (1—p)Uy > 0. (3.2.29)

Inequalities (3.2.28) and (3.2.29) are analogous to inequalities (3.1.52).

Consequently, the value of y on the line y = € is negative, and, on the line y = —¢,
it is positive. Thus, the trajectory, having fallen into the set Q2¢, will not leave it, and
condition (3.1.48) will be fulfilled.

We will show that control (3.2.27) brings system (3.1.45) to the terminal state in
finite time, and we will estimate this time. At the instant 7 = ¢, let the trajectory of
system (3.1.45) be located on the set Q= (or Q7), i.e., (x!,y') € Q7 [or (x!,y') €
Q7). Taking into consideration inequality (3.2.28) [or (3.2.29) for set Q7], we can
conclude that the trajectory reaches the curve K in time 7; that does not exceed the
ratio of the maximum width of the set 2~ (or ) along the y axis and the minimal
derivative y in absolute value:

e+6
T< —.
L= (1=p)Uo

In this time, the x coordinate changes no more than by €7y, since || = |y| < €. Thus,

(3.2.30)

e(e+9)
(1=p)lo’

where (x(12),y(f2)) is the point at which the trajectory first reaches the switching
curve. Estimates (3.2.30) and (3.2.31) are analogous to (3.1.53) and (3.1.54).

If [x(z2)| > x*, i.e., if the point (x(2),y(t2)) lies on one of the rays L; or Ly,
then further motion will occur along this ray in the direction of decreasing |x| with
the constant velocity X = +0. The system will pass this segment of the trajectory
in a sliding regime because on both sides the phase velocities are finite and di-
rected toward the switching curve. The motion time 7, along the ray from point
(x(r2),y(r2)) to point E; (or E;) with the abscissa +x* (see Fig. 3.3) is equal to
T = (|x(t)| —x*) /0. Taking into account (3.2.31), we get the estimate

x(02)] < ||+ (3.2.31)

ele+o6) L]1

< e 2222 2
2= |x|+(1—P)Uo s

(3.2.32)
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that is analogous to (3.1.55). The described stage of motion along rays L; and L,
is absent if |y(r;)| < 8, i.e., if the point (x(t2),y(#2)) lies on the segment of curve
(3.2.25) between the lines y = +0.

From point £, the system moves, possibly in a sliding regime, along the segment
y* <y < 0 of curve (3.2.25). The time T3 of passing this segment will be defined as
follows:

o—y*
(1=p)lo

From point E,, the motion occurs in time 74 along curve (3.2.25) to point E3
lying on the x axis, and

= (3.2.33)

13}
= (3.2.34)
(1=p)Uo
Finally, from point E3, the system can move along curve (3.2.25) to the terminal
state (if v = —pUp), or it can move off it (if v # —pUp). In the second case, the

trajectory falls on the switching curve at some point Ey4 [that lies either on the ray L,
or, as shown in Fig. 3.3, on the segment y > y* of curve (3.2.25)], after which, along
the switching curve, it will come to the terminal state. The time 75 of motion on this
segment of the path reaches the maximum if control v is optimal from the point of
view of the second player, i.e., if v = —pUp. Then, on the strength of (3.2.29), we
get

y*

. —
B0t

From (3.2.33) and (3.2.34), it follows that 73 < 74 and, hence, from point E1, the
trajectory reaches the terminal state clearly more quickly than from point E>. Thus,
to obtain the estimate 7} for the complete time of motion of system (3.1.45) from
the initial point (x',y!) to the terminal state (0,y*), it is sufficient to sum up the
right-hand sides of inequalities (3.2.30), (3.2.32), (3.2.34), and (3.2.35). After some
transformations taking into account (3.2.26), we obtain

(3.2.35)

) F LS4 2(et5) 1
= U L =) (3239

We note that the control constructed above can be used to bring the ith subsystem,
i > 2, to the zero terminal position and keep it there. In order to do this, we need
to assume that y* = 0 and u(0,0) = 0 (we will then get the control presented in
Sect. 3.1.4). The time estimate ;" for motion of the ith subsystem (3.2.11) or (3.1.45)
to zero can be obtained by assuming y* = 0 and x' = ¢;(;) in (3.2.36):

L 8°+2(e+8) | lai(n) -
= S 006 5 22 (3.2.37)

Let T¥ = max; 7, i = 2,...,n. Then

*_ 62+2(8+6)2 max,-\q,-(tl)\

T pIUss 5 iz2 (3.2.38)
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In bounds (3.2.36)—(3.2.38), the values of coordinates ¢;(;) enter into the time
11 for emergence of the system onto the boundary between sets €2; and €2,. These
coordinates can be estimated analogously to (3.1.33). We will get

2
1 [MM(§°)" —me?
lgi(1)] < |qf| + 2\/7(). (3.2.39)
m r

Estimate (3.2.39) can be substituted into inequalities (3.2.36)—(3.2.38).

In contrast with other subsystems, the subsystem corresponding to the first com-
ponent of the vector ¢ cannot be maintained constantly in the terminal state (0,y*).
Thus, for i = 1, system (3.1.36) will not stop; nevertheless, its trajectory will return
to the point (0,y*) in a time not exceeding 7;.

Let us return to the solution of Problem 3.3. From the above considerations, it
follows that the control given in the form (3.1.22) in set €2 brings system (3.1.15)
from the initial state (3.1.16) to the boundary separating the sets €2 and €2, in a
certain time #; for which estimate (3.1.29) is valid. Sets €2 and €2, are determined
in (3.1.20), and the number ¢ is specified by (3.2.16).

In the set €2, the system splits into n separate subsystems (3.2.11) or (3.1.45).
Using the control of the form (3.2.27), each of these subsystems (3.1.45) having i
greater than one is brought to the origin of coordinates no later than in time | + 7*
and is kept there. Let us note that, for i > 1, during construction of sets 2~ and Q™
it must be assumed that y* = 0.

Subsystem (3.2.11) with i = 1 will be brought to the terminal state (0, y*) for the
first time no later than in time #; 4 7{. If 7% < 7}, then the entire system as a whole
at this time will turn out to be in the given terminal state. If, however, 7% > 7}, then
the first subsystem will come out of the terminal state, and it will again be brought
to this state with the same control (3.2.27). Thus, for the time 7, necessary to bring
the entire system to the given terminal state, we have the estimate

t. <t +1°+1], (3.2.40)

where 7 and 7" are subject to inequalities (3.2.36) and (3.2.38), respectively.
Thus, if the parameters of the original system (3.1.15) satisfy the limitations
(3.1.3), (3.1.4), (3.1.6)—(3.1.8), (3.1.12), and (3.2.17), then in finite time the system
can be brought from an arbitrary initial state (3.1.16) to the nonzero terminal state
(¢*,4"*), if conditions (3.2.16) and (3.2.20) are satisfied. These conditions restrict
the choosing of the parameter €: on the one hand, it should be sufficiently low so
that inequalities (3.2.16) are satisfied, on the other hand, the fulfillment of inequal-
ity (3.2.20) is required. Thus, the realization of the suggested control approach is
possible only in the case of the sufficiently low terminal velocity ¢7. The feedback
control law for solving the stated problem is determined by formulas (3.1.22) in the
set 21 and by (3.2.1) and (3.2.27) in the set £2,. This control law ensures, under
conditions mentioned above, the steering of system (3.1.15) to the terminal state at
the instant #,, for which estimate (3.2.40) holds. Remarks concerning the choosing
of the parameter &, given at the end of Sect. 3.2.2, remain valid also for the case
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of nonzero terminal velocity, under a restriction: here, condition (3.2.20) should be
satisfied.

3.2.4 Tracking control for mechanical system

Statement of the problem

Following [15], we apply the decomposition method to the problem of tracking the
given trajectory of mechanical system. Consider a system whose dynamics is gov-
erned by (3.1.1) and (3.1.2), where forces Q; consist of the given generalized forces
P;() and the unknown generalized forces G;(q,§,t) called hereafter perturbations:

0i=PF+Gi (3.2.41)
We assume that the perturbations G;(z, ¢, ) satisfy the conditions
Gi(t,9,49)| < G, (3.2.42)
while the control forces U; are subject to the constraints
\U;| <U?, i=1,...,n, (3.2.43)
where Uio and G? are given constants such that
Ul >GY>o0. (3.2.44)

It is assumed that, for any g € R", the eigenvalues of the positive definite symmet-
ric matrix A(g) lie on the segment [m, M], where 0 < m < M, i.e., condition (3.1.3)
holds. We also assume that the matrix A(q) is twice differentiable and its partial
derivatives of the first and second order are uniformly bounded in the norm, i.e.,

%A
dqidq;

@] <an [so@]<en o it 624

By ||Z]|, we denote the induced norm of a matrix, i.e., the norm of the corresponding
linear operator in the Euclidean space:

1Z]] = max |Zz],
lz|=1

where z is a vector of the appropriate dimension. If the matrix Z is symmetric then
its norm is equal to the maximal absolute value of all eigenvalues of the matrix. If
the matrix Z is not symmetric then its norm is equal to the square root or maximal
eigenvalue of the symmetric nonnegative definite matrix Z ' Z.
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Since the matrices mentioned in (3.2.45) are symmetric, the constants C; and C;
may be chosen as the maximal absolute value of eigenvalues of the matrices dA/dg;
and 9%A/9qidq;.i,j=1,...,n, respectively.

Suppose that the vector functions §(t) and §(¢) define the motion trajectory that
starts at the moment ¢ = £ at the point

~0 ~ =0 %
q =4q), g =4qo)
and is realized under the action of generalized forces P;(¢) on the unperturbed system

for
Ui(t) =0, Gi(t) =0, t>1

Henceforth, we call such a trajectory nominal.
Denote by x and X the deviations of the phase coordinates and velocities of the
perturbed trajectory from the nominal one, i.e.,

x(t) =q(0)—q(),  x() =q(t) —4(t), (3.2.46)

and let

O = x(tp) = @ -3, D= x(t) = q’ — é]o (3.2.47)

be the initial deviation of the trajectory of the system from the nominal one, where
4" = q(t0) and ¢° = ¢(10).

Problem 3.5. Construct a control U = (Uy,...,U,) as a vector function of the phase
variables g and ¢ that satisfies condition (3.2.43) and find a domain Q* C R?" of
admissible initial deviations x° and x° such that any trajectory of the perturbed con-
trol system (3.1.1) starting in this domain reaches the nominal trajectory in finite
time and will move along this trajectory under any perturbations G = (Gy,...,G,)
subject to constraints (3.2.42).

Equations in deviations

Let us write the equation of motion along the nominal trajectory as
1! .. 1 . .
> aij(@d; =~ Y, T(@d;d+P(1) (3.2.48)
j=1 Jok=1

and the equation of motion along the perturbed trajectory as

n
Y aij(G+x)(G;+%) = —
Jj=1 Js

e

Li(G+x)(G; + %) (G +ix)
1 (3.2.49)

w-
Il

+P(t)+U;+G;, i=1,...,n.
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Here, the functions I are defined by (2.1.5). Applying the Taylor formula with the
remainder term in the Lagrangian form:

da;(
aij(§+x) = aij(q +Z 812 e
m

where g =g+ 0x,0 < 6 < 1, we transform the left-hand side of (3.2.49) to

Y aij(@+0)@E;+5) = 3 a(@+ 0

j=1 j=1
(3.2.50)
S 94ij(q)
+ z aij (q)q] + Z 811 mq]
=1 jm=1%4m
Using the equality
L w 9Tix(g) - .7 =
F:Jk(CI'HC) Ejk(q)+ 2 61 Xm q:q+9x7 O<e<l7
m=1 dm
we reduce the expression on the right-hand side of (3.2.49) to
1l . . . . 1
> GielG+x) (G4 + G %+ Gty +%%5) = Y, Tie(@)dnd
J k=1 Jk=1
(3.2.51)
L ~ VRN ~ . .. z ar k(é oo
+ Z Ejk(q—i-x) (qjxk + g Xj +xjxk) + Z #xm%%-
m

Jjk=1 Jikm=1

Taking into account relations (3.2.48)—(3.2.51), we write the equations in deviations

as
S e < 0aij(q) . & L) . .
Y aij(G+x)x=— a” Xmdj— Y, é’ Xmd G
jm=1 m Jkm=1 m

j=1
1 . .
= Y GiG+x) (G5 + Gt +1%) + Gi+ Ui
k=1

and, then, in the vector form
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m=1 k,m=1 aquqm
19 LOOAQG) N . . - OA(G+x) )«
+-= m ) -
s (8 5} (8242
(3.2.52)
[ 9AG+N) . [~ dA(G+Y)
(,;’1 Iqk qk>x (,;’1 da )"

+§q ((A(c7+x)c'7,x> + ;<A(q+x)x,x>> +G+U.

Let us estimate the individual terms on the right-hand side of (3.2.52). We assume
that the phase coordinates, velocities, and accelerations along the nominal trajectory
are subject to the following constraints:

gl <01, 1§ <0 (3.2.53)

In view of (3.2.45), (3.2.53), and the inequality

lem|<\f|z|, ZER", (3.2.54)

m=1

the following estimates hold:

j|<cC Z |G| < V/nC1Qalx],

m=1

=

j| <C Z)Ckl\61|<\fC1Q1|X|7

k=1 96]k —1
(3.2.55)
L JA(G+x) .
ZT X <Ci 2|4k“x|<\[C1Q1|x\
=1
n aA ~_|_ n
(Z f;’>k) { <ai 3 il < vaci P
k=1 qk k=1

Conditions (3.2.45), inequality (3.2.54), and the Cauchy inequality imply the

relations
0 (@ N\ |/ [wPA@ - .
%4 <<mz=:1 I x’”) q7q>| N ‘<<m§’1 aqiaqum 44
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n
<0 Y |xal g < VG203 ],

m=1
d
8q < (q+x qax> <C1’¢]‘ |x|<C1Q1|x\
J 2
aq <A(q—|—x)x x> SC]‘X‘ ) 1217...,1’17
i

whence we obtain

19 < 0A@) -
58761 < (,,,2:'1 &Qm xm) Q7Q>

o (a2 + g @0 )| < va (il + Jalit ).

n
< ECZQ%|x|a

(3.2.56)

Here, we used the following assertion that is valid for an arbitrary vector z € R": if
lzi| <h,i=1,...,n, then |z] < \/nh.

Applying again relations (3.2.45) and (3.2.54), we estimate the remaining term
in (3.2.52) as follows:

(km laq aq xm k>q

<G4 21 |xm\kz |Gi| < nColx| \6]| < nG, x| Q7.

n
<[dl X Colrndi|
k,m=1

(3.2.57)

Let us denote by v the sum of all terms on the right-hand side of (3.2.52) except
for the control forces U and perturbations G and rewrite the equations in deviations
as

A(G+x)i=v+G+U. (3.2.58)

Formulas (3.2.55)—(3.2.57) yield the following estimate:

3
v <0 (x,4) = (\/ﬁlez + ;CzQ%) ||
(3.2.59)

3
+3V/nC1 Q1] + 5 V/nCi 4.

Decomposition of the system

Let us resolve (3.2.58) for X. We obtain

i=U"+V. (3.2.60)
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Here,
U=A"U, V=4A"0+0G). (3.2.61)

We will interpret U’ as a new control vector and impose the following constraints
on its components:
U/|<Us, Up<rM 'n7/2
(3.2.62)
r:minUl-O7 1<i<n.
l

Constraints (3.2.62) guarantee that the original constraints (3.2.43) are fulfilled.
We define control U’ satisfying (3.2.62) in the same way as before in Sect. 2.3.2
in the feedback form (2.3.13):

U = —Upsign(x; — yi), % # ¥is
U! = —Upsigni;, Xi=; (3.2.63)
llfi(xivxi):7(2Xi|xi|)1/2Signxi7 i= 17"'5”'

Here, X; are positive control parameters to be identified.
Let us define a set £2* in the form analogous to (2.3.16):
Q=08 x ... xQF, QF ={(x;, %) x;7 <x;<x]",
(3.2.64)
Vilxi —x; X)) <X < yilxi —x, Xi)}

Here, the values of x;7 < 0 and x > 0 are unknown and also to be found. We note
that the terminal state x =X =0 hes in the domain Q" so thatx; =0 € [x; ,x;].
If, at the intitial instant, conditions ( XX ) € Q7 hold for all i, then during the
control process the following relations are true:
Ixi| < dj, bl <l di=x—x;, vl =vyi(—di,X;). (3.2.65)
Using the technique of Sect. 2.3.3, we obtain the system of inequalities [anal-
ogous to (2.3.33)] for finding admissible parameters X; and d;, i = 1,...,n, in the

form
Xi+m~ 10 (dﬂ//d) <Uy—m7 G|, i=1,...,n,

d=(dy,....dy), w'=(y, . . yd), (3.2.66)

X=X....X:), G’°=(G),....,GY).

Note that for a fixed d;, the values x; and x; may be chosen arbitrarily; it is only

needed that conditions x;” < 0, x;* > 0, and x;* —x; =d;,i=1,...,nare satisfied.
The expressions on the left-hand side of the system of inequalities (3.2.66) in-
crease monotonically with d; and X; and vanish when d; = X; = 0. Therefore, a

solution d; > 0 and X; > 0 exists, if the capabilities of the correcting control are
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sufficiently large and if the following condition holds:
U >m G, i=1,....n (3.2.67)

Let us summarize the results obtained. Suppose that condition (3.2.67) holds and
that we have found positive parameters d; and X;, i = 1, ..., n, that satisfy inequality
(3.2.66). Then, the feedback control U(q,q) that solves our problem is defined by
the relations U(q,q) = A(§+x)U’ (x,%), (3.2.46) and (3.2.63). This control steers
system (3.1.1), (3.1.2), and (3.2.41) to the nominal trajectory in finite time provided
that the initial deviations (x°, %) lie in domain Q defined by constraints (3.2.64).

Note that, if the lower boundary m of the eigenvalues of the matrix A(g) is small,
then constraint (3.2.67) may prove to be too stringent. In this case, it is expedient
to apply another modification of the suggested control method. Let us introduce the
notation

y=A(G)x (3.2.68)

and represent system (3.2.58) as

y=U+V, V=G+v—I[A(G+x)—A@]A " (G+x) (U+G+v)

n n . n 8 (3.2.69)
( D ng m+ Y, 8§;q)5m>x+2 (2 9A( )éjm> X.

k,m=1 m=1

Taking into account that

1A(G+2x) = A(@)]| < Civ/nlx,
we obtain analogously to (3.2.59)

[Vi| < GY+V0(x, %) + C1/nm x| (vo(x,X) +|U° + \GO\)
(3.2.70)
+ (nC,0% +/nC 1 Q2) |x| +2C1 Q1 /4]

Here, U = (U},...,UY) and G* = (GY, ..., GY) are vectors with the components in-
troduced in (3.2.42) and (3.2.43). In view of notation (3.2.68) and constraint (3.1.3),
the following relations hold:

x| =A@yl <m~ ']yl

(3.2.71)

m=1

AT @y -4 (Z afq(q) q> A @)y

<m7y|+ /nm2C1 01 y.

Let us replace |x| and |%| in inequalities (3.2.70) by their upper bounds (3.2.71).
We obtain
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Vil < G+ (v, y).

The specific form of the function #°(y,y) is determined from (3.2.70) and (3.2.71).
Let us apply the control law (3.2.63) to system (3.2.69) replacing x; and U] in
it by y; and U, respectively. To determine the admissible control parameters X; and
di=y/ —y;,i=1,...,n, we obtain the following system of inequalities, analogous
to (3.2.66):
Xi+7d, vy <U’—GY, i=1,....n (3.2.72)

The expressions on the right-hand sides of inequalities (3.2.72) are positive, while
the function #°(d, y?) increases monotonically with in the variables d; and X; and
vanishes when d; = 0 and X; = 0. Therefore, a solution d; > 0 and X; > 0 to the
system of inequalities (3.2.72) always exists.

After choosing parameters X; > 0 and d; > 0 that satisfy (3.2.72), we find the
corresponding values of y; < 0 and y;” > 0 and admissible set ¥ of initial values
(y?, y?). Note that, for a fixed d;, the values y;” and yl-Jr may be chosen arbitrarily; it is
only needed that conditions y;” < 0, y;r > 0, and yi+ -y, =d;,i=1,...,n are satis-
fied. Now, the set €27 is defined by relations (3.2.64), where x should be replaces by
v. Further, using change of a variable (3.2.68) and returning to the original variables
x, we obtain the set Q* of the admissible initial deviations (x?,1?) from the nominal
trajectory.

3.3 Applications to robots

3.3.1 Symbolic generation of equations for multibody systems

Control methods proposed above can be applied to various controlled mechanical
systems. The most interesting application of these methods is that to the robotic
systems and, primarily, to the manipulation robots. The manipulator has several
degrees of freedom, each of which is controlled, as a rule, by its own motor. There-
fore, the number of the control functions here is equal to the number of degrees
of freedom as assumed in system (3.1.1). The motion equations of the manipula-
tion robot may be generated by different ways, in particular, using Lagrangian or
Hamiltonian equations. Composing the system of equations by hand implies cum-
bersome calculations requiring considerable time and efforts, and this way is also
not guaranteed from mistakes. That is why the symbolic generation of equations for
multibody systems is widespread [76]. A series of software tools are developped
allowing one automatically generate the motion equations for multibody systems
[121, 120, 108, 109].

The description of the scheme for forming the motion equations of the holonomic
systems [54] is given below. Note that for its realization it is not required to write
programs on the special-purpose language of symbolic computation. It is sufficient
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to use any universal software tool, which allows one to create significantly more
simple user interface, often not assuming the special experience in programming.

Kinetic energy

Let the state of the mechanical system with n degrees of freedom be described by
the generalized coordinates ¢;, i = 1,...,n.

Motion of the system of N rigid bodies is considered with respect to the fixed
coordinate system OXYZ. Let us introduce successively N local coordinate systems
O;x;yizi, the ith of which is rigidly connected with the ith body so that axes O;x;,
O;yi, and O;z; are the main axes of inertia of the ith body, i = 1,...,N. Position of
the trihedron O;x;y;z; in the cordinate system OXY Z is defined by the following way.

The pair {ro,, NUM} gives coordinates ro, = (xo,,Y0,,z0,) of the point O; in the
system OnymxyumYNUMINUM, Where NUM < i,i=1,...,N, i.e., in the preceding
local system. The case NUM = 0 corresponds to the assignment of the coordinates
of the point O; in the fixed system OXYZ.

Orientation of the trihedron O;x;y;z; relative to OyypmXNumYNUMZNUM 18 glven by
the sequence of the pairs {y1,K1}, {12, K2}, {3, K3}, which determines the sequence
of the rotations of the trihedron OnyyxnumyYnumzZnum bringing it to the position
where its axes become parallel to the axes of O;x;y;z;. Parameter K;, j =1, 2, 3,
takes the values 1, 2, 3, which conventionally designate the axis with respect to
which the rotation occurs. Axes Onumxvum, ONumYNUM> OnumzZnum correspond
to the values K| = 1, K» = 2, K3 = 3, respectively. The first turn occurs relative to
the axis K| by angle 1, the second turn—relative to the new position of the axis K;
by angle 9, and the third—relative to the new position of the axis K3 by angle ;3.

The matrix of transition from the coordinate system O;x;y;z; to the coordinate
system OXYZ is formed for every ith body:

&i11 8i12 8i13
Ii= | g1 822 823
8i31 8i32 8i33

Finding the matrix I;, and also the absolute angular velocity of the trihedron O;x;y;z;,
is performed gradually for the given triplet of the parameters {y;, K;, NUM}, j=1,
2,3:

Step 1. K1 = 1. The auxiliary variable A is assigned to

1 0 0
A= 0cosy —siny
0 siny;  cosy

The auxiliary variable @, is assigned to

O‘)r = (/}./17070)7
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where 71 means the derivative of y; with respect to time. Go to Step 4.
Step 2. K» = 2. The auxiliary variable A is assigned to

cosy 0 sinp
A= 0 1 0
—siny, 0 cosp

The auxiliary variable @, is assigned to

o, = (0,7,0).
Go to Step 4.
Step 3. K3 = 3. The auxiliary variable A is assigned to
cosy; —siny; 0
A= | siny3 cospy 0
0 0 1

The auxiliary variable @, is assigned to
)y = (0,0, ')/3)

Go to Step 4.
Step 4. New values of I; and w; are determined:

Ii:=TA,

w; .= w; +1;0,.

Assign I; = Iyyy in the case of the first calling the procedure.
Find the absolute velocity of the center of mass of the ith body by the formula

d d
ve, = —Inumro, + —Iirc 3.3.1
¢ = g Ivumro; + 2 Tirc, ( )
where the vector r¢, defines the coordinates of the center of mass of the ith body in
the coordinate system O;x;y;z;.
Assuming that the moments of inertia of the ith body in the coordinate system
O;x;yiz; are known:

b= [OF+ddm, b= [(F+dm, 1= [ +ddm, (32
m; m; m

we obtain elements of the matrix of the inertia tensor in the coordinate system
OXYZ. 1t follows from (3.3.2) that

1
/xizdm,- = E(IYI' +1; — Iy),

m;j
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1
/yizdm,- = E(lxi +1, 71}’:‘)’

mj

1
/Zizdmi = E(lxi +1, 711;')'

mj

Taking into account that

Xi = ginXi + gi2yi + &i13zi,

Y = gnixi+ ginyi + 83z,
Z; = gi31xi + gis2yi + 8i33%i,

where g;jk, j,k = 1,2,3 are elements of the transition matrix I; for the ith body, we
obtain

1
lix = 5[(8%1 +g§l)(1)’i L — 1) + (85 + 83) (I + I, _I)’i)z
+(g%3 +g%3)(]xi +1 i _IZi)2]7

1
IiY = 5[(8%1 +g%l)(1yi +Izz‘ 71}6;‘)2 + (8%2 +g%2)(1xi +Izi 71”)2
+(g%3 +g%3)(lxi +Iyi _IZi)2]7

1
liz = 5[(8%1 +830) (I + L, — L) > + (812 + 852) (L + I, — 1,)*
+(g%3 +g%3)(1xi +I'i _IZi)2]7

(3.3.3)
1
lixy = E[g%Qg%l (Iyi +IZ1‘ _Ixi)z +g%2g%2(lxi +IZi _Iyi)2
+g%3g%3 (Ixi +1 i IZi)za
1
lixz = D) [8%28%1 (IYi +1I, — Ix,‘)z Jrg%zg%z(lx,- +I, — I)’i)z
+g%3g%3 (IX:' + Iyi - IZi)z’
1
liyz = 5 [g%Zg%I (I)’i +Iz1' - Ixi)z +g%2g%2(1xi +Izi - Iyz')z
+g%3g%3 (Ixi +I'i - IZi)z'
The kinetic energy of the ith body is obtained by the formula
1 2 1
T; = 5Mive, + E(wi,liwi)7 (3.34)

where m; is the mass of the ith body, vc, is the absolute velocity of the center of
mass of the ith body determined by (3.3.1), w; is the absolute angular velocity of
the trihedron O;x;y;z;, and [; is the matrix of the inertia tensor of the ith body in the
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coordinate system OXYZ:

Iix Iixy Iixz
L=\ Ixy Ly Lyz |,
Iixz Liyz Iiz

the elements of which are presented in (3.3.3).
The kinetic energy of the system of N bodies is equal to

T=YT. (3.3.5)

Thus, the procedure of finding the total kinetic energy is subdivided into several
steps.

At the first step, the matrix of transition from the local coordinate system O;x;y;z;
to the fixed one OXYZ is found for every body. Then, the kinetic energy of the ith
body is obtained by (3.3.4).

At the last step, the kinetic energy T of the system is determined in accordance
with (3.3.5).

Forming the Lagrangian equations of the second kind

Motion of the multibody system can be described by the Lagrangian equations:

dor _oT _
dtdg; dqi

i=1,....n, (3.3.6)

where generalized force Q; is defined by the following expession:

ko or
Qi = Fj TJ
j=1 qi
Here, Fj, j=1,...,k are forces acting upon the system; these forces are applied at

the points 7y, ..., 7.
Finding the derivatives

o aT T (a2 T,
dgi’ 94 didg = \Ig; 04" " 94;04: )

we form the Lagrangian equations. Algorithm for obtaining the expression of the
kinetic energy T is given above.
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3.3.2 Modelling of control for a two-link mechanism (with three
degrees of freedom)

Description of the dynamical system

Let us apply the control law proposed in Sect. 3.2.3 to the system describing the
dynamics of a two-link mechanism that models transport motions of a manipula-
tion robot. The elements of the two-link mechanism are connected by a cylindrical
joint , while the two-link mechanism itself is fastened to an immovable base by a
two-degree joint (see Fig. 3.4), whose movable axis is parallel to the axis of the
joint connecting the links. It is assumed that the links are homogeneous thin-walled
straight rods with a round cross section. The links have the following parameters:
masses of the rods m; and mj, lengths of the rods /; and l», and the radii of the round
cross sections Ry and R;. The principal central moments of inertia of the links with
respect to their longitudinal and transverse axes are equal to Jyi, Jy» and Ji, Jo,

respectively.
\
¥

B

Fig. 3.4 Two-link mechanism with three degrees of freedom
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Kinetic energy and equations of motion

The system has three degrees of freedom. For the first two generalized coordinates
g1 = v and ¢g» = 0, the angles of rotation around the axes of the two-degree joint
are selected while the third coordinate g3 = 3 is the angle between the axes of the
links. The control is effected independently for each degree of freedom; the control
torques are applied to the appropriate axes of the links. In addition, certain moments
Gi,i=1,2,3, of the force of gravity and uncertain external perturbations act on the
two-link mechanism.

For establishing the matrix A of the kinetic energy, the eigenvalues A; of the
matrix A, and Lagrange’s equations for the two-link mechanism, MAPLE computer
algebra system was used. The procedure to obtain these equations is presented in
Sect. 3.3.1.

The matrix A has the form

all 0 O
A= 0 axpaxy |,
0 a3 a3

where

ay = % {(mzllz—l-J] —Jy1)c0820 + (J, —Jn)cos2(6+ B)
+maly b [cos B+ cos(20 + B)] +Jy +J2 + Syt + T2 +malf }
+% {m17(1+cos20) +myl3 [cos2(0+ B) + 1]},

an =J; +J2+llz (m2+ %m1) +moly (ll cosf + %lz) ,

ay =Jr+ %mzlz (ll cosf3 + %lz) ,
azy = aps,

_ 1.
ayy = Jr+ 4m212.

The eigenvalues of the matrix A are equal to
A= % (11 —Ja —|—m2112 + }tmll%) cos260

+ J2—Jx2+%mgl%) c0s2(0 + B) +myli1p [cos B+ cos(26 + B)]
+ 1+ +J +Jx2+m2112+%(m1112+m21%)},
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Ko = 5[0 +20 4 maly (1 + hcos B) + Smal3 + %mllﬂ
+5 [(J1 +malylycos B)? + (2> +malilrcos B)?
+Ami 112(.]1 +m2112 +mplilpcos B) 4 2maly (I Jr + mzl cosf3)

+ 2myly +16m30 4+ 33 4 w3 (15 + 3 cos B )]

=1 [Jl +202+ maly (I + o cos B) + ymal? + 13|

s [(Jl +malylycos B)? + (2> +malilr cos B)?

+§m1112(J1 +mal? +malilh cos B) + 2mals (lJs + mzl cos fB)
+ 2mal2y + 16m3 1 + S m3i3 4 midi (1 + 15 cos ﬁ)}

Lagrange’s equations for the system under consideration have the form:

Ig{Jl + 4 Ja +Jo +malf + (m112+m212)

+ (Jz —Jo+ Zmzlz) COSZ(G —‘rﬁ)

+mpli 1l [cos B +cos(20 + B)] + <J1 —Ja +mzl% + %mll%) cos 26}
—91[/{ (jz —Jo+ %mzlg) sin2(0 + )

+mpli Sin(ze —|—ﬁ) (J —Ju +mzl]2 %mﬂ%) sin26}

fﬁl//{ (J2 —Jo+ él‘mzlz) sin2(6 + B)

+ 7m2l112 [smﬁ +sm(26 —‘rﬁ)]} = M‘l/ + Gy,

{Z m112+mzl§) +moly (ll —|—lzCOSﬁ) +J1 +Jz}

+B [Jz + 2m212 (%lz + 1 cosﬂ)} — (Gﬁ - Bz) mylilysin B
II'IZ

I { (./2 —Jo+ Zmzl%) sin2(6 + B) +mylilsin(20 + )

I — T +mol? + %mllf) sinZQ} — Mg +Go,

(3.3.7)

B <J2+ %mzlg) +0 {Jer %mzlz (%lzﬂl cosﬂ)]

. i 2
+6 Jmalilosin B+ Y- { (2= Jia + fmai3) sin2(6 + B)
+ %mzlllz [sinﬁ +sin(26 +ﬁ)]} = Mﬁ + G3.
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Results of modelling for a nonzero terminal state

The modelling is carried out for the following parameters of the system: masses of
the rods m; = 8 kg and my = 2 kg, lengths of the rods /{ = 0.4 m and [, = 0.5 m,
and the radii of the round cross sections R; = R, = 0.05 m.

Consider one of the variants of the initial and terminal states:

q° = (45°; —30°; —100°), ¢°=(57.3°/s; —40°/s;30°/s),

g =(0;0;-80°), ¢*=1(5.73°/s;0;0).

The perturbations G; are taken in the form:
Gi(t) =cos(10mt), Ga(t)=2cos(8xt), Gi(r) =3 cos(6mt),

(dimensions of the torques G;(¢) are N-m).
The region D of change of the generalized coordinates in this case is:

0<gq <180°, —90°<g, <90°, —180°< g3 < 180°.

We remind that
q1 =V, q2:63 613:[3

The eigenvalues of the matrix A(g) with ¢ changing in the entire region D lie
between
m=25-10"2kg-m> and M=14kg m’.

The derivatives da;j(q)/dqx of the elements of the matrix A(g) in the region D sat-
isfy inequality (3.1.4) for C = 1.3 kg -m”. The number r in bounds (3.1.39) and the
parameters € and & are selected taking into account (3.2.16), (3.2.20), and (3.2.26).
We have

r=65-10>N-m, £=0.19s"", §=0.17s"".

According to (3.1.39), (3.2.14), (3.2.15), and (3.2.26), for these values for m, M, C,
r, and €, we get
p=096, x*=14-10"3

Figures 3.5 and 3.6 illustrate the behavior of the phase trajectories of system
(3.3.7) controlled in the set £2; according to law (3.1.22) and in the set €2, accord-
ing to law (3.2.27). Figure 3.5 shows the behavior of all phase coordinates on the
entire interval of motion ¢ € [0, £.], and Fig. 3.6, using a different scale, shows their
behavior near the terminal state. For each generalized coordinate, there is a corre-
sponding curve designated with the number of the coordinate. From Fig. 3.5, it is
clear that, in the set €21, the components of the phase velocity vector ¢ quickly drop.
The absolute value of the velocity || = |y/| reaches the value € last of all velocities,
after that the trajectory enters the set €2, and the control law (3.1.22) changes to law
(3.2.27). Further, each of the curves represents a phase trajectory appropriate to a
subsystem of type (3.1.45) and behaves as described in Sect. 3.2.3 (see Fig. 3.6).
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The first coordinate ¢ reaches the final state in 4.67 s; the second arrives at 3.12 s,
and the third at 2.07 s. Thus, the duration of the process is 4.67 s.

41,492,493

1

Y

0.5 4

1 4 91,492,943

Fig. 3.5 Projections of the phase trajectory of the system onto the planes (g;,¢;), i = 1,2,3

The modelling of the dynamics for the two-link mechanism controlled according
to the law presented above is carried out also for the case, where the parallelepiped

—35°<gp <5°, —105°<q3 <=75°, 0<q; <180°

was chosen as region D [the eigenvalues of matrix A(¢) do not depend on the vari-
able g1 = y]. In this parallelepiped, inequalities (3.1.4) and (3.1.3) are fulfilled with

m=0.12kg-m*>, M=108kg-m?>, C=0.84kg -m>.

The number € is taken equal to 0.34 s~ and it turned out that it is possible to reduce
the constant r to 1.3 - 10> N-m.

For such values of parameters, the behavior of the trajectory of the system does
not change drastically; nevertheless, the time of transition from the initial state to
the terminal state reduces to 2.63 s.

Figure 3.7 shows the results of modelling for the motion of system (3.3.7) con-
trolled by the modified law (see Remark 3.1 in Sect. 3.2.3). In contrast to Figs. 3.5
and 3.6, straight-line segments of motion are absent here, which is due to the depen-
dence of the value 6 on time. As to be expected, the given control method reaches
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q1,92,43
05 T
£
2,3
q91,92,93 — 43
| 1
T |
—0.005 \ 0 0.005
\\ :
—&
-0.5 <+

Fig. 3.6 Behavior of the phase trajectory near the terminal state

the target faster than the preceding ones: the complete time for moving the two-link
mechanism from the initial to the terminal position is 1.8 s.

Results of modelling for the zero terminal state

In this case, the following parameters of the system are chosen:
Lh=h=1m, m =m=20kg, R =Ry=5-10"2m,
My, = Mg = Mg =r=200N-m.
The moments of inertia and variables entering the expressions for the control are
Ji=h=167kg-m*  Jg=Jo=25kg-m?
m=75-10"2kg-m?>, M=5867kg-m>, C=5326kg-m?
£=9.8-10"3s7", 5§=28.82-103s7", Up=1.97s2,
p=081, x*=1.04-10"%

The identical values of parameters 6 and x* are chosen for all three degrees of
freedom. Therefore, the switching curves for all control torques in the domain £2;
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q1,92,493

=5 ql

491,492,493

Fig. 3.7 Projections of the phase trajectory of the system under the modified control law

are also identical, and the final sections of the phase trajectories for all three degrees
of freedom lie on these switching curves.

Some typical phase trajectories of the system are shown in Figs. 3.8 and 3.9,
where solid, dashed, and dot-and-dash lines correspond to different degrees of free-
dom (angles v, 6, and J3, respectively). Here, the final sections of the trajectories—
inside the domain £2, and alongside it—are shown.
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Fig. 3.8 Projections of the phase trajectory of the system in the case of zero terminal state
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Fig. 3.9 Projections of the phase trajectory of the system in the case of zero terminal state

o 0.159  0.212

1
1
1
1
1
1
1
LA

143

The time histories of the angular velocities V, §, and f are presented in Fig. 3.10
for one of the variants of simulations. At the final stage, the angular velocities vary
linearly, which agrees with the motion along the parabolic sections of the switching
curves in the domain €2,. The terminal states for different degrees of freedom are

reached at different times.
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Fig. 3.10 Time history of the angular velocities



144 3 Method of decomposition (the second approach)

3.3.3 Modelling of tracking control for a two-link mechanism (with
two degrees of freedom)

The modelling is carried out for system (2.5.16) with the characteristics used earlier
and given in (2.5.29). For this example, we suppose Q = P(t) + G, where P(t) are
given forces, and G are unknown forces and disturbances (see Sect. 3.2.4). After the
transition to the dimensionless variables (2.5.18), the original system (2.5.16) takes
the form of (2.5.19).

The nominal trajectory (§;,§;) is obtained by the numerical integration of system
(2.5.19) for

U =U,=0, G =G,=0,

P(t)=1=4i(t)=qi(1),  P(t)=1-q(t) =4 (1),
71(0)=g2(0)=038,  4,(0)=045,  §,(0)=0.15.

We determine particular values of the constants introduced in (3.1.3), (3.2.45), and
(3.2.53). It turns out that

m=0.13, M=587, C =0 =241,

G| <01=047, |G| <0,=0.28

for such a trajectory.
Then, we set the following initial values of the generalized coordinates and ve-
locities:

01(0)=g2(0)= 18, G1(0) =145, 2(0) = L.I5.

System (2.5.19) is integrated with the control designed in accordance with the
method suggested at the end of Sect. 3.2.4 with X; = Uio. Under such a simplified
control, the nonlinearities and the perturbations

Gi=—(1—q1)— (@1 —q1), Go=—(92—4)— (42— 4)

in the system are completely ignored. Nevertheless, the application of such a sim-
plified approach is justified, since, in many cases, it enables one to steer the system
to the nominal trajectory.

Figure 3.11 shows the graphs of the time history of the generalized coordinates
of the system, and Fig. 3.12 represents similar graphs for the generalized velocities.
The dashed curves correspond to the motion along the nominal trajectory, and the
solid curves correspond to the motion of the perturbed system. One can see that,
approximately 7 s after the beginning of the process, the system reaches the nom-
inal trajectory and then moves along it in the sliding mode. Thus, the algorithm
described allows one to reach the control objective also in the cases, where the suf-
ficient conditions (3.2.72) are not fulfilled.
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Chapter 4

Stability based control for Lagrangian
mechanical systems

Two general approaches to the synthesis of control laws for nonlinear dynamical
systems are discussed in this book. One of them, based on the decomposition of
a Lagrangian system, is considered Chapters 2 and 3. This approach is associated
with the theory of optimal control.

Another approach is based on the methods of the theory of stability of motion. In
Chapters 5 and 6, this approach will be utilized for designing control algorithms for
various mechanical systems. Both scleronomic and rheonomic systems will be con-
sidered. In the present chapter, we recall the concepts of scleronomic and rheonomic
mechanical systems, as well as some notions of the theory of stability of motion.

4.1 Scleronomic and rheonomic mechanical systems

In classical mechanics, a system is said to be holonomic if all constraints of the
system can be expressed as functions of the coordinates and time only. They do not
depend on the velocities.

A holonomic mechanical system is called scleronomic, if the equations of the
constraints imposed on it do not contain time as an explicit variable; otherwise it is
said to be rheonomic.

In our book, we deal with holonomic mechanical systems whose dynamics is
described by Lagrange’s equations of the second kind

dJT JT
i e 4.1.1
9] aq 2 @D
where ¢, g are the generalized coordinates and velocities, T is the kinetic energy of
the system, Q is the vector of generalized forces acting upon the system.

In the scleronomic case the kinetic energy of the system is a quadratic form of
the generalized velocities ¢ with coefficients depending on the generalized coordi-
nates ¢, i.e.,
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T(4,4) = 5 (A@)dr4). @12)

where A(g) is a symmetric positive definite matrix called the matrix of the kinetic
energy or the matrix of inertia.

A two-link manipulator on a stationary base represents an example of a sclero-
nomic system (see Fig.2.15).

In the rheonomic case, the kinetic energy of the system has the form of a full
quadratic polynomial

T = LA 0)drd) + (a1 (,9),d) + ao(t,), 4.13)

2
where the matrix of the kinetic energy A(t,q), the vector-valued function a; (¢, ¢),
and the function a(z,q) depend on time explicitly.
A body with a moment of inertia depending on time provides an example of the
rheonomic system.

A body with a variable moment of inertia
Let us consider a system consisting of a weightless bar and a particle of mass my that

can slide along the bar (see Fig. 4.1). We assume that the bar rotates in a horizontal
plane about one of its ends under the action of a torque Q.

Fig. 4.1 A bar and a particle

We denote the angular coordinate and the angular velocity of the bar by ¢ and ¢,
respectively, and the distance from the axis of rotation to the particle by /(7). With
this notation, the individual terms in expression (4.1.3) for the kinetic energy of the
system take the form

A(t) =mol(t), a1 =0, ag(t) = mpl*(1)/2,
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and the equation of motion can be written as follows:
mol*(1)é + 2mol (1)I(1)g = Q. (4.1.4)

Here, the moment of inertia (which is the matrix of inertia of the dimension 1 x 1)
equals mol*(t) and depends on time.

Another example of a rheonomic system is a two-link manipulator on a mov-
able base (see Fig. 4.2). In Chapters 6, the dynamics of such a manipulator will be
simulated numerically.

A two-link manipulator on a movable base

g2

q1

X2 (t) I

xi (1)

Fig. 4.2 Two-link manipulator on a movable base

We assume that the manipulator moves in a horizontal plane, and the base per-
forms a translational motion. Denote by x; and x, the coordinates of the base, and
by g1 and ¢ the angular coordinates of the links.

At first, let us note that such a manipulator can be described as a scleronomic
mechanical system with four degrees of freedom. Its kinetic energy (4.1.2) has the
form

m m
T— (mo 4 ?1 +m2) 1233 + (mo n ?2) 126

m
+ (2mo + 72> Lilcos(qi —q2)414>

+ Mo +m; +
10 02m1 M2 (B() + (1)) (4.1.5)

mj . . . .
+ (mo + > —|—m2) Iy (% (1) cosgr — %1 (¢) sing1 ) g1

m . .
+ (mo + 72) L (%2 (1) cos g — %1 (1) sing ) g2,
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where m; and m; are the masses of the links, /; and /, are the lengths of the links,
My is the mass of the base, and my is the mass of a load into the gripper of the
manipulator. The motion of this system is governed by the equations

d oT JT d oT oT

——=-— = =0, Eg*ngz; (4.1.6)

where O and Q; are the projections of the vector of generalized forces Q onto the
subspaces ¢ = (¢1,42) and x = (x1,x2).

Since the motion of the links affects the dynamics of the base and vice versa, in
order to investigate the dynamics of the links, it is necessary to consider equations
(4.1.5) in the aggregate. However, in some cases, for investigating the dynamics of
the links, it suffices to take into account only the first group of equations (4.1.5).
For instance, if the mass of the base is much bigger than the mass of the links (the
manipulator performs its operations onboard a rolling ship), then the influence of
the links on the base may be neglected. Another such possibility happens if the base
moves according to a certain fixed law, independent of the motion of the links. Then,
the law of motion of the base can be considered as constraint imposed on the system
and the functions x; () and x,(¢) may be regarded either as known (if the dynamics
of the base is given or if the position of the base in the space is measured) or as
unknown.

Consequently, such a manipulator can be described as a rheonomic system with
two degrees of freedom corresponding to the joint angles g1 and ¢». In this case, the
kinetic energy of the manipulator can be represented as a full quadratic polynomial
of the generalized velocities ¢ and ¢, with coefficients, depending on the functions
x1(r) and x(r). Regarding these functions as arbitrary functions of time, we come
to the following expressions for the inertia matrix A(z, q), the vector-valued function
a(t,q) and the function ay(z,q) in (4.1.3):

(mo+ 5t ma) i} (mo+ 22 ) hiacos(ar — g2)
A= 3 .

m m )
(mo—i-?z) lilrcos(q1 —q2) (mo-l-?z)l%
(mo-+ = +m2) 1 (2(0) cos gy — 1 (1) singy)
ay — 2 _ , (4.1.7)
(l’l’lo + 7) lz(Xz(t)COqu — X1 (t) squ)
mo+Mo+my+my . .
ag = 0 0 5 ! 2 (x%(t)—i—x%(t)).

Let us note that, in this particular case, the matrix A does not depend on time
but in the case of a generic rheonomic system it does, and so do the vector-valued
function a; and the function ag.

In Chapters 6, we will investigate the problem of control of mechanical systems
with respect to some part of the variables; hence, we will consider the first group of
equations (4.1.5) only. In our consideration, we will assume that the functions x (¢)
and x,(¢) are unknown and so are the coefficients of polynomial (4.1.3).
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4.2 Lyapunov stability of equilibrium

The state (q,g) € R*" is called a state of rest (or an equilibrium point) of system
(4.1.1)if g(r) = g, ¢(¢t) = 0 is a solution of system (4.1.1).

Lyapunov stability of an equilibrium point means that, if solutions of system
(4.1.1) start close enough to the equilibrium, than it remain close enough for-
ever. Asymptotic stability means that all solutions of system (4.1.1) that start close
enough to the equilibrium remain close enough to it and, furthermore, tend to the
equilibrium as time goes to infinity. This properties can be formalize in the follow-
ing definitions [88].

The state of rest ¢ = g, ¢ = 0 of system (4.1.1) is called stable if for every € > 0
there exists § > 0 such that (|g(to) — G| + |g(t0)[*)"/*> < & implies (|g(t) —G|*> +
14(2)[})V/? < g for all t > 1.

The state of rest ¢ = g, ¢ = 0 of system (4.1.1) is called asymptotically stable if it
is stable and, in addition, there exists 8; > 0 such that (|¢(to) —G|*>+|4(t0)[*) /> < &
implies

tlLr?oq(t) =4, }Lr?oq(t) =0. (4.2.1)

The initial states (g(f0),q(f9)) of the trajectories with property (4.2.1) make a
domain of attraction G C R*" of the state of rest g = G, ¢ = 0.

The state of rest ¢ = G, ¢ = 0 is called globally asymptotically stable if G = R*".

Lyapunov’s direct method (also called the second method of Lyapunov) provides
us with a powerful tool for investigating the stability in nonlinear dynamical systems
without solving them [88, 77, 107]. The method is based on the use of Lyapunov
functions. The idea of this method is to find a function that does not increase along
solutions if the system is stable.

4.3 Lyapunov’s direct method for autonomous systems

At first, we present the basic theorems of Lyapunov’s direct method for autonomous
systems, i.e., for the systems the equations of motion of which do not contain time
as an explicit variable. An example of such a system is scleronomic mechanical
system (4.1.1) with the kinetic energy (4.1.2) and the time-independent vector of
the generalized force Q(q,q).

Let Q C R”" be an open neighborhood of the state of rest ¢ = g, ¢ = 0 of system
(4.1.1). A continuous scalar function V : Q — R is called positive [negative] definite
if V(g,0) = 0and V(q,q) > 0 [respectively, V(g,¢) < 0] in 2\ {(7,0)}.

Theorem 4.1. Suppose that there exists a continuously differentiable positive defi-
nite function V in  such that its derivative calculated by virtue of system (4.1.1)
satisfies the inequality V < 0. Then the state of rest ¢ = §, ¢ = 0 is stable.
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Theorem 4.2. Suppose that there exists a continuously differentiable positive defi-
nite function V in £ such that its derivative calculated by virtue of system (4.1.1) is
negative definite. Then the state of rest ¢ = g, ¢ = 0 is asymptotically stable.

Theorem 4.3. Suppose that there exists a continuously differentiable positive defi-
nite function 'V in Q such that its derivative calculated by virtue of system (4.1.1)
satisfies the inequality V < 0. Suppose, in addition, that the set

{(¢.9) € 2\{(3.0)}: V(4.9) =0}

does not contain positive semitrajectories of (4.1.1). Then the state of restq =g, ¢ =
0 is asymptotically stable.

Theorem 4.4. Let Q = R*". Suppose that there exists a continuously differentiable
positive definite function V in Q such that V(q,q) — o as |q|*> +|q|*> — . Sup-
pose also that the derivative of the function V calculated by virtue of system (4.1.1)
satisfies the inequality V < 0 and the set

{(q,9) € 2\{(,0)} : V(q,4) =0}

does not contain positive semitrajectories of (4.1.1). Then the state of restq =g, ¢ =
0 is globally asymptotically stable.

The functions V (g, q) that appear in the theorems presented are called Lyapunov
functions of system (4.1.1).

The classic example of a Lyapunov function is the total energy of a conservative
mechanical system. The total energy of a system without any external energy source
does not increase. Such a system remains in a neighborhood of an equilibrium point
as it illustrates the following Lagrange—Dirichlet Theorem.

Theorem 4.5. Let 9P
0(q) =— % (4),

where P(q) is a continuously differentiable, in a neighborhood of g, function of the
potential energy. Suppose that g = q is the point of a local strict minimum of P(q).
Then the state of rest g = g, ¢ = 0 of the scleronomic system (4.1.1) with the kinetic
energy (4.1.2) is stable.

Proof. Without loss of generality one may assume that P(g) = 0. The total energy
E(q,q) = T(q,q) + P(q) may be chosen as a Lyapunov function of system (4.1.1).
The function E is, obviously, positive definite in a neighborhood of the state of rest
q =@, ¢ = 0. Its derivative along the solutions of system (4.1.1) equals zero. Hence,
by virtue of Theorem 4.1, the state of rest ¢ = g, ¢ = 0 of system (4.1.1) is stable.
O



4.5 Stabilization of mechanical systems 153

4.4 Lyapunov’s direct method for nonautonomous systems

Since the kinetic energy (4.1.3) of the rheonomic mechanical system depends on
time in an explicit form the dynamics of such a system is described by nonau-
tonomous differential equations (4.1.1). In this section, we present Lyapunov func-
tion method technique conformably to nonautonomous systems. Now, Lyapunov
functions depend on time explicitly.

As above, let Q C R*" be an open neighborhood of the state of rest g = G, ¢ = 0
of system (4.1.1).

A continuous scalar function V(z,q,q) is called positive [negative] definite if
V(t,4,0) = 0, for any ¢ > 1y, and there exists a positive [negative] definite function
Wi(q,q) such that V(z,q,4) > Wi (q,q) [respectively, V(t,q,4) < Wi(q,q)], for any
t =1 and (¢,9) € 2\{(4,0)}.

A positive definite function V(z,q,¢) is said to have an infinitesimal upper limit
if there exists a positive definite function W»(g,¢) such that V(z,q,q) < Wa(q,q), for
any t >t and (q,q) € 2\ {(g,0)}, i.e., the function V(¢,q,q), uniformly in ¢ for
t > 1y, tends to zero as (¢,4) — (g,0).

Theorem 4.6. Suppose that there exists a continuously differentiable positive defi-
nite function V (t,q,q) such that its derivative calculated by virtue of system (4.1.1)
satisfies the inequality V (t,q,q) < 0. Then the state of rest ¢ = §, ¢ = 0 is stable.

Theorem 4.7. Suppose that there exists a continuously differentiable positive defi-
nite function V (t,q,q) that has an infinitesimal upper limit and such that its deriva-
tive calculated by virtue of system (4.1.1) is negative definite. Then the state of rest
q =g, q =0 is asymptotically stable.

Theorem 4.8. Let Q = R*". Suppose that there exists a continuously differentiable
positive definite function V (t,q,q) that has an infinitesimal upper limit and tends to
infinity, uniformly in t fort > to, as |q|* +|g|> — co. Suppose also that the derivative
of the function V calculated by virtue of system (4.1.1) is negative definite. Then the
state of rest ¢ = 4, q = 0 is globally asymptotically stable.

4.5 Stabilization of mechanical systems

Very often, in control theory and in applications, the objective of control design is
to stabilize a system, i.e., to design a control that makes the motion of the system
(asymptotically) stable. The stability theory based approach to designing control al-
gorithms has being developed, for instance, in the framework of the classical theory
of automatic control and consists in constructing simple regimes of feedback con-
trol which ensure the asymptotic stability of the required motion (in particular, the
terminal state). In so doing, the form of the feedback is given in advance, most often
in the form of a linear function of phase variables.
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Let us consider a scleronomic mechanical system subjected to PD-controller, i.e,
the control vector-function chosen in the form of a linear feedback

U(q,q) = —aq—Bq, 4.5.1)

where the feedback factors o and 3 are some positive real constants. It is not diffi-
cult to prove that, for such a system, in the absence of other forces, the origin of the
phase space is globally asymptotically stable. Really, in this case the equations of
motion can be written as follows:

d JoT JT
_—— = —0og— 452
TRrRT q—PBaq, 452)
where the kinetic energy T'(q,q is given by (4.1.2). The first term of the right-hand
side in (5.1.12) is a dissipative force, and the second term plays the role of the

potential force, i.e.,
0P B 5
Bq 4 (@), Pla)=7q

The total energy of system (5.1.12)

E(q,9) =T(q,9) +P(q)

is a positive definite Lyapunov function whose derivative along the trajectory of the
system satisfies the inequality

E=—04¢><0,

and the set
{(¢,4) € R*": E(q,9) = 0}

does not contain entire positive semitrajectories (with the exception for the trivial
solution). By Theorem 4.4, this implies the asymptotic stability of the state of rest
g=¢=0.

Aside from simplicity, the PD-controller has some other important advantages.
It has a closed loop form, does not depend on the parameters of the system, and can
be applied for stabilizing the state of rest of system (5.1.12) with an arbitrary matrix
of the kinetic energy A(q). To utilize this control, it is sufficient to know the current
phase state only.

However, the above linear feedback control has some disadvantages. First, the
control force is not bounded and does not meet constraint which is present, as a
rule, in practice. The control generated by the PD-controller is too large when the
current state of the system is far away from the origin of the phase space.

Second, the asymptotic stability of the state of rest of system (5.1.12) means that
it takes for the system infinite time to approach this state. The closer the system to
the terminal state, the smaller the control force. The control force tends to zero as the
trajectory tends to the origin of the phase space, therefore, in a small neighborhood
of the origin, the PD-controller does not use the control possibilities to full extent,
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which implies infinite time of steering. In addition, in the presence of even small
final force disturbances in the system, such steering becomes impossible because,
in a small neighborhood of the origin of the phase space, the disturbances exceed
the control.

4.6 Modification of Lyapunov’s direct method

As we already mentioned, in our book, we are searching for the control algorithms
which are bounded, capable of coping with uncertain bounded disturbances, and
steer the system to the prescribed terminal state in finite time. For this purpose, we
use a modification of Lyapunov’s direct method.

In Chapters 5 and 6 the stability theory based control laws are presented that
can be treated as linear feedback control (4.5.1) with variable feedback factors o
and f3. To make the control bounded and more effective, and to speed up steering,
in Chapters 5, we change the feedback factors in a jump-like manner while the
trajectory approaches the terminal state. In Chapters 6, we specify the feedback
factors o and 8 as continuously differentiable functions of the phase variables g
and ¢, and time 7. In both cases, the feedback factors increase and tend to infinity as
the trajectory approaches the terminal state; nevertheless, the control force remains
bounded and meets the imposed constraint.

Below, the following theorem will be applied for justifications of the controls to
be design.

Theorem 4.9. Let Q C R*" be an open neighborhood of the state ¢ = G, ¢ =0,
and V(t,q,q) be a positive definite scalar function, (q,q) € Q, t > to, which is
continuously differentiable, for all (q,q) € Q\ {(g,0), t > to, has an infinitesimal
upper limit, and tends to infinity, uniformly in t fort > to, if |q|> +|g|*> — . Suppose
that the derivative of the function 'V calculated by virtue of system (4.1.1), along the
trajectory starting at the point (ty,qo,qo), satisfies the inequality

V< -8V

where 0 is a positive real constant. Then this trajectory approaches the state q =
q, ¢ = 0 in finite time.

This theorem concerns both scleronomic and rheonomic cases and is an obvious
modification of the theorems of Lyapunov’s direct method stated above.



Chapter 5

Piecewise linear control for mechanical systems
under uncertainty

In the fifth chapter, we consider a Lagrangian mechanical system (2.1.1) under the
assumption that the kinetic energy matrix A(g) of the system is unknown and the
system is subject to uncontrollable bounded external forces. A control law is pro-
posed that transfers the system from an arbitrary initial state to a given terminal
state in finite time by a bounded force. In the algorithm proposed, a linear feedback
control is used with piecewise constant coefficients: the coefficients increase and
tend to infinity as the system approaches the terminal state. Nevertheless, the con-
trol force is bounded and meets the imposed constraint. The algorithm is based on
the Lyapunov’s direct method.

By an example of two-mass oscillatory systems, it is shown that the proposed ap-
proach can be used for control of underactuated systems, that is, in the case where
the number of degrees of freedom exceeds the dimension of the control force vec-
tor. In the final part of Chapter 5, piecewise linear feedback control is applied to
rheonomic systems.

The results presented in this chapter were published previously in [4, 5, 6, 8, 9].

5.1 Piecewise linear control for scleronomic systems

5.1.1 Problem statement

In the first section of this chapter, we consider, as before, a controlled scleronomic
mechanical system whose kinetic energy has the form of a quadratic polynomial of
the generalized velocities ¢ with coefficients depending on the generalized coordi-

nates ¢ .
T(q,9) = §<A(Q)6L62>, (.11

where A(g) is a symmetric positive definite matrix of the kinetic energy.
The system dynamics is described by Lagrange’s equations of the second kind

157
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d JT dT

————-=—=U+0, 5.1.2

dt dg dq Q ( )
where U is the vector of control forces, Q is the vector of all other forces acting on
the system. The vector of generalizes forces Q(t,q,¢) may be an arbitrary vector-
valued function, including a discontinuous one, satisfying some existence conditions
for the solution of system (5.1.2) and meeting the constraint

10| < Qo, Qo >0. (5.1.3)

The vector of control forces U is also bounded
|U| < Uy, Up>0. 5.1.4)

The vector of the forces Q is considered to be unknown and treated as an un-
certain disturbance. Along with them, other specified forces may act on the system.
However, we assume that the control possibilities are large enough to compensate
these specified forces. Let Uy be the maximum admissible control magnitude re-
maining after such compensation.

We assume that the kinetic energy matrix A(g) is continuously differentiable and
unknown, its eigenvalues belong to the interval [m,M], 0 < m < M for any g, and the
partial derivatives of A(g) are bounded uniformly in ¢ with respect to the Euclidean
norm, that is,

mz* < (A(q)z,z) <MZ*, z€R", (5.1.5)
IIwHSD, D>0, i=1,....n (5.1.6)
1

The phase variables ¢ and ¢ are assumed to be available for measuring at every

time instant.

Problem 5.1. For given initial state ¢(0) = g, and ¢(0) = ¢, and constants m, M, D,
Uy, and Qy, it is required to construct a control that satisfies (5.1.4) and steers system
(5.1.2) to a prescribed terminal state (g, 0) in finite time.

Let us note that in case of U = Q = 0 the terminal state is a rest point of system
(5.1.2). Without loss of generality, we assume that § = 0, i.e., the terminal state
coincides with the phase space origin. Otherwise, we can take g — g as a vector of
generalized coordinates.

The problem of control for a system of connected rigid bodies whose precise
mass-inertial characteristics are unknown gives us an illustrative example of the
formulation of the above problem. In this case, not only the inertia matrix of the
system, but also the forces acting on the bodies remain unknown. Apart from these
forces, the system may be subject to other external perturbations.

The problem of transporting a load of unknown mass by a manipulator is a special
case of this problem.
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5.1.2 Description of the control algorithm

We will construct the desired control on the base of liner feedback control (4.5.1).
In Chapter 4, we have already mentioned the merits of such PD-controller which
are the simplicity of its implementation and the robustness with respect to the dis-
turbances of parameters of a dynamical system over a wide range. Control (4.5.1)
guarantees asymptotic stability of the phase space origin, i.e., steers the system to
the terminal state in infinite time. Besides, control (4.5.1) is neither bounded and nor
capable of coping with disturbances in a small neighborhood of the terminal state.

To meet the constraints imposed and to use the control possibilities to full extent
we will change the feedback factors o and B in a jump-like manner during the
motion. Therefore, the control law proposed below uses linear feedback (4.5.1) with
the feedback factors o and f3 as step-functions of time.

Now, we reformulate the original problem as follows.

Problem 5.2. For given initial state ¢(0) = ¢, and ¢(0) = ¢, and constants m, M, D,
Uy, and Qy, it is required to specify how the feedback factors o and 3 in the control
function (4.5.1) should be varied so that for any disturbances Q that satisfy (5.1.3)
the trajectory of system (5.1.2) and(4.5.1) arrives at the state (0,0) in finite time and
the control U meets constraints (5.1.4) along the trajectory.

Consider the function
U2 1/2
W(q,9) = Mq*+ (M2q4 + 2°q2> . (5.1.7)

The quantity W (q,q) has the dimension of energy and characterizes the distance
between the point (¢,¢) and the terminal state (0,0). The level set W(q,q) = C of
the function W in the phase space R*" is an ellipsoid 4CM¢> + qu2 = 2C?, that
collapses to the phase space origin (0,0) as C — 0.

We put

_ VD M W (5.1.8)

D =
1 D) ) 0 2\/§D1 k 21{ ’

and define a set of ellipsoids

{(g,9) € R¥: W(q.q) = Wi},

where k runs through the set of integers (see Fig. 5.1). Suppose that the point (g.,§)
corresponding to the phase state of the original system at the initial instant of time
t = 0 lies on the ellipsoid {(g,¢) € R**: W(q,§) = W, } or inside it, but outside the
ellipsoid {(¢,4) € R*": W(q,9) = Wi 11}, ie.,

Wio+1 < W(gx,q+) < W,

Let ;41 be the first instant of time when the trajectory of the system hits the
ellipsoid {(¢,4) € R : W(q,4) = Wi_11}. Below, it will be shown that, for the
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Fig. 5.1 The set of ellipsoids and the trajectory of the system

chosen control algorithm, the trajectory of the system tends to the origin, which
means that such an instant of time exists.

We denote q(tx, 1) = Gk, +15, ¢(tx,+1) = Gk, +1- Let fx, 12 be the first instant of time
when the trajectory of the system hits the ellipsoid {(g,q) € R*": W(q,q) =W, 12}
We denote ¢(tx, +2) = qr.+2, §(tk.+2) = k. +2, and so on.

The sequence {f;},k = k. + 1,k« +2,..., defines the instants of time when we
change the feedback factors o and 3 in (4.5.1). We specify the values of these
factors in the time half-interval [t 1) as follows:

Ug

= o = mpy. (5.1.9)

Bk
The initial values of the factors are defined by formulas (5.1.9), where k = k..

In the phase space (q,q), the trajectory of the mechanical system under con-
sideration, therefore, consists of segments of trajectories of different systems of
differential equations (see Fig. 5.1): the kth segment connects points (g, ;) and
(qk+1,Gr+1) and corresponds to a system of the form (5.1.2) and (4.5.1) in which
the gains o = ay and 3 = P are constant and given by (5.1.9). All points (gx,qx)
lie on the corresponding ellipsoids {(g,4) € R*": W(q,q) = Wi}, k > k..

Remark 5.1. The trajectory of the system tends to the space origin (0,0), but the
function W is not, in general, a decreasing function along the trajectory. Therefore,
along with the points (g, g ), the trajectory can also have other points of intersection
with the ellipsoids from the above set. Suppose, for example, that once the new
feedback factors are assigned at time f;, the trajectory of the system starts “moving
away” from the terminal state (0,0) and intersects the ellipsoid with number k — 1
again at some instant of time ¢’ > #;. At the instant ¢/, the index k and the gains o
and f not vary. They take new values only when the trajectory reaches the ellipsoid
W(q,q4) = Wiy1. The index k increases by one and, in an accordance to formulas
(5.1.8) and (5.1.9), the gain « increases by a factor of /2 and the gain f3 by a factor
of 2.

Remark 5.2. The proposed control law is not, strictly speaking, a feedback one. To
determine the control force, besides the current phase state of the system, one must
know also the time history of the trajectory. For a given matrix of kinetic energy A(g)
and the proposed algorithm of specifying feedback factors in control law (4.5.1),
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the trajectory of the system is defined by the initial state (g, ) and the disturbance
Q(t,q,q). However, to calculate the control force at any instant of time, it is suffi-
cient to know the current value of index k. Having known k, one can find the gains
oy and B through formulas (5.1.8) and (5.1.9) and, then, the control force U ac-
cording to (4.5.1). Thus, the control is a function of the phase variables ¢ and ¢ and
the integer k:

U<q7q'7k):_akq_ﬁkq' (5.1.10)

To implement the proposed control, it is sufficient to measure the phase state of
the system and keep in store of the computer the current value of index k. At each
instant of time, the index k is equal to the number of the minimum ellipsoid that
has already been visited by the trajectory of the system. Every time when the gains
change, the index k increases by unity.

5.1.3 Justification of the algorithm

We shall study the behavior of the trajectory of the kth system for some k > k.. The
segment of the trajectory that is of interest to us starts at the point (g, qy) at instant
of time #; and ends, in accordance with the algorithm, at time #;, | on the ellipsoid
W(q,q) = Wiy1. Since the existence of an intersection of the trajectory with the
(k+ 1)st ellipsoid has not been shown so far, we shall assume that 7| | = oo, if there
is no such intersection. Below it will be shown that 7, | < co.

We introduce a family of the Lyapunov functions

V8q.9) =T(q,9)+ ﬁqu +&(A(9)q,9), (5.1.11)

where £ is an integer, the number &, > 0 is specified below.

The expression for the function V¥(g,4) contains the inertia matrix A(g), that is
assumed to be unknown. We shall estimate the value of this function at the point
(¢,¢) in the phase space by means of known quantities.

Suppose that & satisfies the condition

mpBy
— .12
< 4M2?° G )

We estimate the function V¥(g,q) from below using (5.1.5) and the inequality

2102
) e§M m
eM|qllg| < *—q* + —¢°
m 4
as follows:
vk = M > S Z 42
(9:9) = 54 +2q —aMlqllgl = (5 - = — )+ 74
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This together with (5.1.12) yields

1
VE(g.9) <Vi(a.9). VE(g.9) = 7 (Bea® +md?). (5.1.13)

We now estimate the function V¥ (¢,4) from above using (5.1.5) and the inequal-
ity
2
€ 1
elallal < X4+ Z 42
dlalldl < 4"+ 54

as follows:

o B M (Bt etM) .
VE(q,9) < 7q2+ 3qz+8leq||4| < f"qzﬂLqu-

Since m < 4M, inequality (5.1.12) implies that EI?M < B, from whence we come to
the inequality

Vi(q.9) <Vi(q.q9), Vi(g,9) = Bg* +Md*. (5.1.14)

We shall establish relations between the quadratic forms ij(q,q) and the func-
tion W(q,q), whose level sets generate the family of ellipsoids defined above. Let
us show that, for any integer k, the equality

2VE (i, i) = Wi (5.1.15)

holds.
For the proof, we substitute the expression for f3; given by (5.1.9) into expression
(5.1.14) for the function Vf. We obtain

U3q? +4WMg?
VE(qro i) = 2 ————k, 5.1.16
(qx,dx) W (5.1.16)
By construction, the point (g, g ) lies on the ellipsoid with the number k. Hence,
by the definition (5.1.7) of the function W, it follows that

U2 1/2
We =W (qi.de) = Mgi + (qu‘i + 2%%)

and
Udqr +4WMq; = 2W.

The latter equality and (5.1.16) yield (5.1.15).

Equality (5.1.15) means that, for any k, the ellipsoid with the number & is a level
set of the quadratic form V4 (g, ¢) corresponding to Wy /2.

Suppose that the system is in a state (g,4§) at an instant of time #, # <t <ty 1.
We shall estimate know the value of the quadratic form Vf (¢,¢) at time ¢ through
its value Vf(qk,qk) at time f#;, i.e., when the trajectory hits the kth ellipsoid for
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the first time. Let us recall that, due to the function W being nonmonotone along
the trajectory, the point (g, ) may lie either inside or outside the kth ellipsoid (see
Remark 5.1 in Sect. 5.1.2). Anyway, according to the algorithm and by virtue of
condition 7 < #;1, the point (g,¢) lies outside the (k+ 1)st ellipsoid whereas the
point (gx+1,gk-1) belongs to it. Therefore, taking into account (5.1.15), we obtain

. . Wit
VY g,9) > VT (qerr, i) = T+

By (5.1.8), (5.1.9), and definition (5.1.14) of the function V¥, the equalities

Wert = == Ber1 = 2Bk, V¥ (q,q) = Beiq® +Md?

hold. Hence,
. . Wi
Vit (g.q) =2Big’ + MG > =

and, consequently,

Vk+‘(q,q) > % (5.1.17)

. M.
VE(@.d) > B+ 54 =5 >

From here and using (5.1.15), we draw the following estimate for quadratic form
Vfﬁ (¢,4) at time ¢ through its value Vfﬁ (g, Gr) at time fz:

1
Vi(g.9) > 7Vi(qd0)- (5.1.18)

We now proceed to calculating the derivative V¥. By differentiating V¥ according
to (5.1.2) and (5.1.10), we obtain

n

Vk(g,9) = —eBra® — (| oul — &A(q Z qz

(5.1.19)
—8kOCk<q, > <Q78k€7+61>

where [ is the identity matrix. Let us estimate the individual terms in expression
(5.1.19). By virtue of (5.1.5), (5.1.6), and (5.1.8, the inequalities

8
l&A(q)| < aM, || = Zq, H < &D1q| (5.1.20)

hold.
Using relationships (5.1.3), (5.1.12), (5.1.14), (5.1.15), and (5.1.18), we estimate
the last term in expression (5.1.19) as follows:

5 1/2
(0. &q+4)| < Qolexg+4| < Qo (561342 + 4q2>
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1/2
< V50 (mﬁquwz) <QO\/E(ﬁkq2+M42)l/2 (5.1.21)

2 M? -2
_ V500VE(g.9) _ V5QuVi(g.9) _ V1000
2/MVE(g.q)  \MVE(ged VM

Substituting (5.1.20) and (5.1.21) into (5.1.19) and using the inequality

. O .
lexou(q,9)| < gt oug” + Ztﬁ

we arrive at the estimate

. V' 10Q0 B
Vk(q,9) < —¢ — oy — ———% |
(¢,9) < k(ﬁk K= )4
(5.1.22)
30 Vv 10M .
= —SkM—SkD1|q‘ — 7Q0 q2.
4 VWi
We define the parameter g by the formula
U2
& = min{ vmo , v } (5.1.23)
SM /Wy, 16D Wj/2W,
and introduce the domain
. 2V2W;
G={(g.4): lal < =}
0
Lemma 5.1. Let the condition
VM
Qo < min{ Vmlo_ & Wy (5.1.24)

16V/10M° 23/10

be satisfied. Then, at those points of the trajectory that lie in the domain G, the
derivative V¥(t) = V¥ (q(t),4(t)) calculated by virtue of system (5.1.2) and (5.1.10)
satisfies the inequality

. S (04
VHgg) < -HPhp %p (5.1.25)

Proof. Definition (5.1.23) of the parameter & yields (5.1.12). Therefore, relation-

ships (5.1.13), (5.1.14), (5.1.21), and (5.1.22) are valid.
Using (5.1.9) and (5.1.23), we obtain

£e0y < mUo/Be _ mBr _ Br
= 127 4M — 47
SMW,
k (5.1.26)
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\F Uo _ V/mPre _ o

- 8vW, 4 4
Relationship (5.1.24) and formulas (5.1.9) imply that

fQoﬁk ﬁk VIOMQo _ on_Otk

—. 5.1.27
&M v Wi 16\/ 8 ( )
From (5.1.23) and the definition of G, it follows that
\/> 0 vmUyp O
&D = —. 5.1.28
k1|q‘_16W\/7||_8\/Wk 1 ( )

Substituting inequalities (5.1.26)—(5.1.28) into estimate (5.1.22), we obtain (5.1.25).
This completes the proof of the lemma. O

Lemma 5.2. Suppose that conditions (5.1.24) are satisfied. Then the part of the tra-
Jectory corresponding to the time interval [ty ty1) lies wholly in the domain G.

Proof. We shall verify that the initial point of the trajectory (gx,qx) belongs to the
domain G. By construction, the point (g, i) belongs to the ellipsoid with number
k,i.e.,
U2 1/2
M+ <M242 + 2°q,%> =We.
Therefore, g7 < 2W2/UZ, that implies (qx,qx) € G.
Suppose that the assertion of the Lemma does not hold and let ' be the first
instant of time when the trajectory reaches the boundary of G, ' > t;. By Lemma

5.1, the function V* is strictly decreasing in G along the solutions of system (5.1.2)
and (5.1.10). Whence, by (5.1.14) and (5.1.15), we obtain

. : . . Wi
VE(g(t),4() < V¥(gk-d0) = V¥ (9(1),4() < VE(qiodi) = =
On the other hand, relationship (5.1.13) yields the inequality

By,

VE(q(r'),q(1")) = VE(q(t").4(t") =
By supposition, the point g(') lies on the boundary of G. By definition of G, we
have ¢*(¢') = 8W2 /U3. From whence, formulas (5.1.9), and the latter inequality, it

follows that
We

VE((r),a() = 5

This contradiction completes the proof of the lemma. 0O

By inequality (5.1.13), for any k, Lyapunov’s function (5.1.11) is positive def-
inite, while inequality (5.1.25) implies that its derivative is negative and non-zero
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outside the (k+ 1)st ellipsoid. Hence, we can conclude that there exists an instant
of time 73| < o, when the trajectory reaches the ellipsoid with number k + 1.

We shall verify now that control forces (5.1.10) meet constraint (5.1.4) on the
segment of the trajectory corresponding to the half-interval of time [fy,#;11). Let us
estimate from above the norm of the vector U using formula (5.1.9) for the gain ¢
and inequality (5.1.13) as follows:

U(9,4,0)* = |Beg + oad|” < 2(Biq” + 05 ¢%)

=2Bc(Beq” +md*) = 8BV* (q.9) < 8BV*(q,4).

As it has been already shown, the function V¥ does not increase along this part of
the trajectory, therefore, we have V*(q,§) < V*(qy, ¢ ). Taking relationships (5.1.9),
(5.1.14), and (5.1.15) into account, we obtain

U(q.q.5)1* < 8BV (qr.ax) < 8BV (qk.dx) = 4BWi = Ug -

Thus, condition (5.1.4) is fulfilled.

5.1.4 Estimation of the time of motion

It follows from (5.1.9) and (5.1.23) that

[(07% - ﬁUo > Megy

8 16yW, — 2 °

Using this estimate, we continue inequality (5.1.25) as follows:

&rPr Mey & . & .
_EPe o Ma o — V@9 < -V a.9)-

VE(g.q) <
(g,9) < ) > )

We integrate this inequality over the half-interval [f,#;; 1) to get

V*(qx, qx)

—_— (5.1.29)
V"(qu , 61k+1)

tir1 —t < —log
€k
Let us estimate the expression under the logarithm sign. The numerator of this
expression, obviously, satisfies the inequality

. . Wi
VE(qr.dk) < VE (g ) = —-

2
By definition, the quadratic forms (5.1.13) and (5.1.14) are connected by the
relationship

. m .
vE(g,9) > me(q,q),



5.1 Piecewise linear control for scleronomic systems 167

whence, using (5.1.15) and the equalities Sy = B4 1/2 and Wy; = W;/2, we obtain
the following estimate for the denominator:

. . m
VE(Gkr1,Ge1) = VE (G, den) > ' VE(qrst, Gest)
m B o k+1 . mWj
= 4M( 5 k+1+MCIk+1) 2 8MV++ (Gk+1,Gk+1) = R

Using the obtained estimates of the numerator and denominator, the inequality
(5.1.29) can be transformed as follows:

4 16M
ter1 —ty < —log——, (5.1.30)
Ek m

& being given by (5.1.23). It is easy to see that the expressions under the min sign
in (5.1.23) are identical for k = 0. If the point (g, g ) lies outside the ellipsoid with
number 0, i.e., k < 0, then

VmUy - VmUg
8M /W, 16D W /2W, '

and if (g, ¢k ) lies inside or on the null ellipsoid, i.e., k > 0, then the reverse inequal-
ity holds.

Let us suppose first that k < 0. We substitute the expressions for & and W, into
(5.1.30) to obtain the following estimate for the time of motion along the kth seg-
ment of the trajectory:

16\4@M\/M1 16M
= (0] .
vmD1Uy £ m

Therefore, the time of motion 7; of the system from the state (g,¢x) to the state

(40,490), i. e. from the ellipsoid with number & to that with number zero does not
exceed

fepr — 1 < T273K2, (5.1.31)

—1
11:12;(2*3"/2 2f(2‘(/)§1 . (5.1.32)

Let us suppose now that £ > 0. In this case inequality (5.1.30) takes the form

tept —t < 127K, (5.1.33)

and the time of motion 7, from the ellipsoid with number O to the terminal position
(0,0) does not exceed the sum of the series

— V2
_ i/2 _
Tz—Ti:§02 _r(\ﬁ—l)’

We have assumed until now that k > k., and the segment of trajectory whose
end-points lie on two nearby ellipsoids from the the family of ellipsoids specified

(5.1.34)
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above was considered. Inequalities (5.1.33) and (5.1.34) provide an estimate for the
time of motion of system (5.1.2) and (5.1.10) along such a segment. Now, let k = k..
At the point (g, ¢.) corresponding to the initial state of the system, the function W
satisfies the inequality

Wi 1 <W(qs,gs) < W, .

Therefore, the point (gs,¢§.) does not, in general, lie on the ellipsoid with number
k.. Nevertheless, at the initial instant of time # = 0, we determine the gains o4 and
B in control (5.1.10) according to formulas (5.1.9) for k = k.. Using the reasoning
similar to the used above, it can be shown that the trajectory of system (5.1.2) and
(5.1.10) reaches the ellipsoid with number k. + 1, and the time of motion towards
this ellipsoid either satisfies inequality (5.1.31) if k. < O or inequality (5.1.33) if
ki > 0. The total time 7, of motion of the system from the point (g.,q.) to the
terminal state (0,0) satisfies the inequality 7. < 7| + T», where 7; and T, can be
computed from (5.1.32) and (5.1.34) for k = k..

5.1.5 Sufficient condition for steering the system to the prescribed
state

We now consider the restrictions imposed on the external perturbations Q. One can
see easily that for £ > 0, i.e., inside the ellipsoid with number 0, condition (5.1.24)
is equivalent to the enequality

VmUy

< , 5.1.35
Q0= 1o y/T0M 6139
and outside the null ellipsoid (5.1.24), i.e., for k < 0, it is equivalent to the enequality
2k /mU;
Qo< Y0 (5.1.36)
16/ 10M

The least value of index k along the trajectory starting at the point (g, g ) is equal
to k. Thus, if the point (g, ) lies inside or on the null ellipsoid, then k. > 0 and
inequality (5.1.35) provides a sufficient condition for the system under consideration
to be taken from this point to the phase space origin in finite time using the above
control law. But if (gs,¢s) lies outside the null ellipsoid and k. < 0, then such a
sufficient condition is provided by inequality (5.1.36) for k = k..

The proposed sufficient conditions for the system to be taken to the phase space
origin are such that the maximum admissible magnitude Q of external perturbations
depends on the initial state of the system: the further away (g, ¢.) is from (0,0),
the smaller should the value Qy be. However, these conditions may be weakened,
if the control law is modified. We will show that condition (5.1.35) is sufficient for
steering the system from (gx, ¢ ) to the origin (0,0).
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It has been mentioned above that any point of the form (g,0) in the phase space
of the system can be chosen as the terminal state. Then the family of ellipsoids
on which the gains are changed turns out to be shifted by the vector g, while the
parameters of the ellipsoids remain the same. Let us assume first that at the initial
instant of time the velocity of the system satisfies the inequality

Uy
4v2D,’

that is, the point (g,¢.) lies on or inside the ellipsoid W(q — ¢.,q) = Wy [this is
the null ellipsoid with the centre moved to (g.,0)]. We apply the control algorithm
presented and transfer the system to the state (g.,0). It follows from the above
reasoning that condition (5.1.35) is sufficient for such transferring.

We choose a finite sequence of points (g;,0) such that gy = ¢, g; =0, and

¢ < (5.1.37)

o Mo
|qj_qj,1|§ﬁ7 j=1,...J. (5.1.38)

We transfer the system from the state (¢.,0) to the phase space origin in J steps
applying the above control algorithm again each time. At the jth step, the point
(g@j—1,0) corresponds to the initial state and (g;,0) to the final state of the system
(see Fig. 5.2). Inequality (5.1.38) means that for any j the point (§;—1,0) lies on
or inside the null ellipsoid with the centre at (g;,0). Consequently, the value Qg
satisfying (5.1.35) is sufficient for transferring the system from (g;—1,0) to (g;,0).

-
A

Fig. 5.2 Step-by-step transferring of the system

Let us assume now that (5.1.37) is not satisfied at the initial instant of time. We
supplement the control algorithm by one more stage preceding all the others. The
purpose of this preliminary stage is to reduce the velocity of motion of the system
to the value satisfying inequality (5.1.37).

We introduce the domain

Gi={(q.9: ¢ }

> Yo
4/2D,

and define the control in it as follows:
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By the theorem on the variation of the kinetic energy of the system, conditions
(5.1.35), and the definition of the domain G, it follows that the estimates

mU()

8v2D;’

T(q,9) = (U +Q,4) < —(Uo — Qo)ld|

= (1 16\/\/%) (2¢UigD1>l/2 <0

hold in G1. Therefore, the system leaves the domain G in finite time. As soon as the
trajectory reaches the boundary of Gy, the preliminary stage of control is completed,
and the realization of the above algorithm of the step-by-step transferring of the
system to the terminal state begins.

Thus, inequality (5.1.35) provides a sufficient condition for steering the system
from an arbitrary initial state (g.,¢x) to the phase space origin (0,0).

. m .
T%®2§f>

Remark 5.3. The control law proposed does not depend on the value Qp and can
therefore also be formally applied in cases where constraint (5.1.35) does not hold.
Computer simulation of the dynamics of various mechanical systems shows that
the control law is also effective far beyond the limits of the sufficient condition
stated. To explain this phenomenon, let us note that the sufficient condition (5.1.35)
guarantees monotone decrease of the Lyapunov functions V¥ along the trajectory of
system (5.1.2) controlled by law (5.1.10). However, it may happen that the functions
VK are not monotone while the trajectories tend to the terminal state. The results of
the computer simulation presented below show such behavior of the system.

5.2 Applications to mechanical systems

5.2.1 Control of a two-link manipulator

The control law proposed will be used for the numerical simulation of the controlled
motion of a two-link manipulator on a fixed base (see Fig. 2.15). The manipulator is
assumed to move in a horizontal plane, hence, it is not subject to gravity. The hinge
angles of the links in the stationary reference system are chosen as the generalized
coordinates of the system. The matrix of the kinetic energy of the manipulator has

the form
Ay Az cos(q1 —q2)
A = .
(9) <A3 cos(q1 —¢q2) Ap

Calculations are performed for the following parameter values:
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A; =13.9kg-m?, Ay =2.1kg-m?, A3 = 4kg-m°.

The eigenvalues of the inertia matrix lie between constants m = 1.8kg - m? and
M = 14.2 kg -m?. The norm of the partial derivatives of the matrix is bounded
by D = 3. The maximum admissible magnitude of the vector of control torques is
chosen to be equal to Uy = 500 N - m. When modelling, we specify the disturbances
by the constant vector-function Q(¢) = (0; 30) N - m. The manipulator moves from
the initial state

g+, =0.5rad, ¢., = lrad, ¢.| = G« = Orad/s
to the “stretched arm” position
N =q9p=q=q¢=0.

The value of W at the initial state of the system is equal to W(g.,q«) = 395,
and the quantity determining the null ellipsoid is equal to Wy = 837. Since Wy /4 <
W(qx,qs) < Wp/2, the first value of index k is equal to 1. The initial point of the tra-
jectory lie inside the null ellipsoid, so the preliminary stage of the control (slowing
down and step-by-step transferring the system into the null ellipsoid) is absent. Suf-
ficient condition (5.1.35) in the case in question takes the form Qg < 3.47 and does
not hold for the chosen vector of the disturbances. Nevertheless, the manipulator
reaches the terminal state in finite time (see Remark 5.3 in Sect. 5.1.5).

System (5.1.2) was integrated by the Runge — Kutta method. Integrating was
stopped, when, in phase space (g, ¢), the Euclidean distance

p(t) = () +@(0) +G1) +a30))

between the current state of the system and the terminal state became less than 0.01.

0.5t P

-0.5
71 \ II

~15 . 1

Fig. 5.3 The first link

Figures 5.3 and 5.4 depict the graphs of the time histories of the phase variables
of the system. The solid lines correspond to the generalized coordinates (rad), and
the dashed lines correspond to the generalized velocities (rad/s). Figure 5.3 describes
the motion of the first link, and Fig. 5.4 the motion of the second link.
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-4 0.5 i L5 2
Fig. 5.4 The second link
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Fig. 5.5 The function W

The solid line in Fig. 5.5 shows the behavior of the function W along the trajec-
tory. One can see that the function W does not depend monotonically on time.

500

250 4,

0;

Fig. 5.6 The absolute value of the control torque and the gain o

Figure 5.6 shows the time history of the absolute value of the vector of control
torques (the thin line) and the magnitude of the gain « (the step function). During
the time of integration of the equations, the gains in (5.1.10) changed 12 times.

In accordance with the algorithm, the feedback factors o and B are chosen in
such a way that for any admissible values of the unknown parameters, that is, the
elements of the inertia matrix and the components of the vector of disturbances,
the control constraint (5.1.4) holds along the resulting trajectory of motion. For a
specified mechanical system, the domain of variation of these parameters contracts
significantly and the choice of the gains may turn out to be unnecessarily conserva-
tive. One can see that, in the case under consideration, the control torques obtained
are much smaller than the maximum allowed magnitude Uy equal to 500. This is
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why we could simulate the motion of the two-link manipulator controlled by the
same law, but with gains oy and f3; twice as large as those prescribed by the algo-
rithm. The results of such simulation are depicted by dashed lines in Fig. 5.5 and
5.6.

In Fig. 5.5, the dashed line represents the time history of W, and in Fig. 5.6 it
represents the absolute magnitude of the vector of control torques for this control
method. The time it takes to bring the system to the terminal position has been
reduced by a factor of two, while the control satisfies (5.1.4) as before, with a sub-
stantial margin.

5.2.2 Control of a two-mass system with unknown parameters

Control of mechanical systems with so-called structural perturbations is an impor-
tant area of control theory. The term ’structural perturbations’ implies the appear-
ance of additional degrees of freedom that are not controlled directly but affect the
motion of the system and its controlled part. The aim of the control, as a rule, is
to bring controlled coordinates to a given terminal set, whereas the values of the
variables corresponding to these additional degrees of freedom are not important.

Below, we consider some simple systems of this kind. The first system consists
of two concentrated masses (bodies) placed on a horizontal plane and connected by
a spring (see Fig. 5.7). Both bodies are subject to dry friction forces with varying
coefficients (depending on the position of the bodies). The masses of the bodies,
the spring stiffness, and the coefficients of friction are assumed to be unknown but
belong to certain, a priori specified, intervals. The first (controlled) mass is subject
to a bounded control force. The controlled mass must be brought to a given terminal
state in finite time (the state of the other mass at this moment is of no importance).

What distinguishes the second system from the first one is that one body rests on
the other (a load on a cart, Fig. 5.8).

Fig. 5.7 A two-mass elastic system

nyp

Fig. 5.8 A load on a cart
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The third system under consideration also consists of two masses: a body is sus-
pended from another one moving along a horizontal plane (a pendulum on a cart, see
Fig. 5.9). The initial assumptions and the aim of the control are the same as in the
previous cases. In all cases under consideration, there are “’stagnation” regions be-
cause of dry friction. Hence, there exist segments of trajectories where the original
system can be viewed as a system with only one degree of freedom.

Fig. 5.9 A pendulum on a cart

We will apply the control laws based on the algorithm developed in Sect 5.1 that
utilize a linear feedback with piecewise constant gains.

Consider a system consisting of two bodies placed on a horizontal plane and
connected by a spring. Masses m and my of the bodies and the spring stiffness cg
are assumed to be unknown but belong to the given intervals:

m<mp,my <M, (5.2.1)

c<co<C. (5.2.2)

The first body of mass m; and the second body of mass m, will be referred to
as carrying and carried bodies, respectively. A control force u is applied to the first
body. Let us choose an immovable frame of reference on the horizontal line and
denote a coordinate of the first mass in this frame by x. Let the variable ¢ describe
the position of the second mass with respect to the first one so that ¢ = 0 corresponds
to the undeformed spring. Thus, ¢ is the extension of the spring.

Suppose that coefficients of the dry friction forces acting on both bodies are not
constant and depend on the positions of the bodies (the “roughness” of the plane
is different in different segments). Denote the friction forces acting on the carrying
and carried bodies by f; and f>, respectively.

In terms of the generalized coordinates x and y, the equations of the motion of
the system are given by

mix=cod +u+fi,
. (5.2.3)
my(X+9) =—cod + fo.

Here,
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fi = —sign(x)y1(x)m g,
fo = —sign(i+9¢)p(x+ ¢)mag,

and g is the acceleration of gravity. The friction coefficients y; (x) and 1> (x + ¢) are
assumed to be unknown but satisfy the conditions

0<y<nkx),pkx+¢)<TI.

Hence, it follows that
\fil,|2l <F, F=TIMg. (5.2.4)

We assume that the control force u satisfies the inequality

lu] < U, (5.2.5)
and

Uy > 3F. (5.2.6)

We also assume that the phase coordinates x, ¢ and velocities X, ¢ are available
for measuring.

Problem 5.3. At the initial instant of time # = 0, let the system be at the state
x(0) = xo, £(0) = o, ¢(0) = o, $(0) = do.
It is required to bring system (5.2.3) to the prescribed terminal set
X=2X4, X=0

in finite time; i.e., the carrying body is to be brought to the state (x.,0).

Without loss of generality, we can assume that x, = 0, because the origin can be
placed at the point the first mass should be brought to.

The required control will be constructed on the basis of a linear feedback with
respect to the generalized coordinates and velocities (PD-regulator):

u=—oxi— Px, (5.2.7)

where the coefficients o, B > 0 are considered, for now, to be constant. This control
is equivalent to the incorporation of a spring of stiffness 8 and viscous damping
with coefficient ¢ into the system. This spring connects the carrying body with the
immovable foundation, and the spring is undeformed when x = 0.

The total energy of the system inclusive of the elastic energy of this “fictitious”
spring is given by

E(x,%,0,0) = % (M +my (i + )* + Bx* +cod?) .

For brevity, we will denote the total energy at the moment ¢ along the trajectory
under consideration by E(¢). Differentiating E(¢) by virtue of (5.2.3) and (5.2.7),
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we obtain .
E=—ox’+ fii+ fr(i+¢)

=~ = Y ()migli| =y (x+ @)magli+ 6.

It is easy to see that the total energy is not negative and does not increase along
the trajectory. Because of the dry friction forces, the system can have stagnation
regions, that is, the states at which both masses are at rest while the springs are
deformed. The total energy E(t) of the system at these states is positive, and its
derivative E(t) is zero. Hence, it follows that

imE(t) = E., E,>0. (5.2.8)

[—o0
Let us prove some auxiliary propositions.

Lemma 5.3. The following relationships are valid:

,lil?ox(t) =0, ZILI?O¢(t) =0. (5.2.9)
Proof. Note that the second derivatives & and ¢ are bounded along the trajectory
that starts at the point (xo, X, ¢o, @0 ). Indeed, the total energy of the system satisfies
the inequality E(¢) < E(0), t > 0. Thus, the trajectory of the system lies inside the
ellipsoid E (x,%, ¢,¢) = E(0), and the phase coordinates and velocities are bounded.
This means that the right-hand sides of equations (5.2.3), and, hence, the second
derivatives X and q) are bounded, that is, there exists a number D > 0 such that

%], [¢] < D. (5.2.10)

Let us prove that the first of equations (5.2.9) is valid. Assume the contrary.
Let there exist a number & > 0 and a sequence {f}, fy — oo as k — oo, such that
|%(tx)| > 6. This, together with (5.2.10), implies that, on the time intervals [ =
[tk tx +0/(2D)], k= 1,2,..., the inequality |x(r)| > & /2 holds, and the derivative
of the total energy satisfies the inequality

E(t) < —ym1g6/2.

Hence, the total energy infinitely decreases, which contradicts (5.2.8). The first of
equations (5.2.9) is proved; the second equation can be proved in the same way. O

Lemma 5.4. The following inequality is valid:

J— F
li ] < —
Tim|g(1)| < .

where F is defined in (5.2.4).

Proof. Assume the contrary. Let there exist a number 6 > 0 and a sequence
{tx}, tx — oo as k — oo, such that
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F
9 (t)] > — +28.
€0

Let v > 0 be an arbitrary number. In view of Lemma 5.3, there exists ¢’ > 0 such
that |¢(¢)| < v fort > ¢'. Then, for ;, > 1', the inequality

O §0+5 5.2.11)

holds on the time intervals I = [t,#; + & /v]. From this inequality and conditions
(5.2.2) and (5.2.4), it follows that the inequalities

F
| —cod + f2| = cold| —|f2] = co (C()+3>—cm05 (5.2.12)

hold for sufficiently large k and for ¢ € I.

The force f> and, hence, the right-hand side of (5.2.3) are not continuous func-
tions of time whereas the function ¢(r) is. By virtue of (5.2.11), for sufficiently
large k, the sign of the function ¢(¢) is constant on any interval J;. It follows from
(5.2.12) that the sign of the right-hand side of the second equation (5.2.3) coincides
with the sign of the function ¢(7) and, hence, does not change on any of these in-
tervals. Therefore, the sign of the derivative i(t) + ¢(¢) also does not change (this
derivative is, generally speaking, a discontinuous function of time).

Relationships (5.2.3) and (5.2.12) imply

Imy (£(t) + ¢ (1)) | > cob, t€k, t>1. (5.2.13)

Therefore, for sufficiently large k, the variation of the velocity x(¢) + ¢ (¢) on the
interval I; is not less than co&2/(myv). Choosing v to be sufficiently small, we see
that inequality |%(t) + ¢ (¢)| holds for an arbitrary large interval of time, and the
magnitude of the velocity |x(¢) + ¢ (¢)| of the second mass can be arbitrarily large.
This contradicts the fact that the total energy of the system is bounded. 0O

Lemma 5.5. The following inequality is valid:

Tim|x(r)] < %F

[—>00

Proof. Assume the contrary. Let there exist a number 0 > 0 and a sequence
{t}, tx — oo as k — oo, such that

x(t)| > %F 48,

Let v satisfy the inequality 0 < v < /. In view of Lemmas 5.3 and 5.4, there
exists an instant of time ¢’ > 0 such that the inequalities

k() <v< P2 o < TEPO

52.14
o % ( )
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hold for ¢ > ¢'. Then, for #; > ¢/, the inequality

2F
|x(2)] > F +306 (5.2.15)
holds on the intervals I = [f,f; + 6 /v]. Using (5.2.4), (5.2.14), and (5.2.15), the
right-hand side of the first of equations (5.2.3) at the instant of time # € I, #; >/,
can be estimated as follows:

lco9 +u+ fi| = |cod — ok — Bx+ f1]| >

(5.2.16)
> Blx| — alx| —col¢| - |fi] = BS.
Hence, the inequality
0] = 22 (5.2.17)
mi

holds for #;, > ¢’ on any intervals I;.

The force f; and, hence, the both sides of the first equation (5.2.3) are not con-
tinuous functions of time whereas the function x(¢) is. By virtue of (5.2.15), for
sufficiently large k, the sign of the function x(r) is constant on any interval I. It
follows from (5.2.16) that the sign of the right-hand side of the first equation (5.2.3)
coincides with the sign of the function x(7) and, hence, does not change on any of
these intervals. Whence and by (5.2.17), we obtain that variation of the velocity x
on any of the intervals I, is not less than 32 /(m;v). Choosing v to be sufficiently
small, we see that the velocity of the first mass can be arbitrarily large, which con-
tradicts the fact that the total energy of the system is bounded. O

We will bring the system to the prescribed terminal set in two stages. First, the
carrying mass will be brought to a neighborhood of the point x = 0 on the horizontal
line; simultaneously, the total energy of the system will be reduced to a sufficiently
small level. Then, considering only the first of equations (5.2.3), where the elastic
force co¢ is treated as a perturbation, we will bring the carrying mass to the point
x = 0. At that, on each of the stage the gains o and 3 in control (5.2.7) are chosen
as piecewise constant functions.

5.2.3 The first stage of the motion

Let us carry out some auxiliary construction. We put
G(%,9,0) = M<* + M(i+¢)* +C9?
and consider the function

H(x, % ¢,0) = G+ (G* +2U3x)"/2. (5.2.18)
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The function H plays the same role as the function W in the control design earlier
in this section. The value of H is calculated along the trajectory of the system,
and when the function H achieves certain preset values Hy, the feedback factors in
control change. The difference from the described above procedure of change of
these factors is that the sequence H; does not tend to zero, as k — oo, whereas it did
with sequence W.

Let

HO = H(XOaXOa ¢0) ¢0)

Let us introduce the notation

ézccfiz, n:i]—i, H*_1i€172' (5.2.19)
By virtue of (5.2.6), the number 1 satisfies the inequality 1 < 1.
We will suppose at first, that at the instant of time = 0 the condition
Hy > H. (5.2.20)
holds. We introduce the sequence Hj:
He=E+(E2+n2H2 )2, k=12,.... (5.2.21)

Lemma 5.6. The sequence Hy, satisfies the conditions

Hy>Hy>Hy>..., limH,= 5-
k—so0 1—n
Proof. We put
_ 2%

and consider the function
h(z) =&+ (E7+ %)/

on the half-line {z € R: z > z,}. It is easy to see that /(z,) = z.. By definition
(5.2.19) of the number H, and by condition (5.2.20), the inequality Hy > z, holds.
Using definition (5.2.19) of 1, condition (5.2.6), and the inequality (£2+n2z%)/2 >
7Nz, we estimate the derivative of the function A(z) as follows:

H(z)=n?2(E2+n*?) VPP <n<1.

Therefore, /(z) is a contractive mapping, and the sequence Hy, Hy = h(Hp), Hy =
h(Hy), ... tends monotonically to the fixed point z, of the mapping A(z). O

Let us describe an algorithm of changing the gains in control (5.2.7) on the first
stage of motion. At the initial time instant 7 = 0, we specify the gains o and Sy as
follows:
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_Us

Bo = Ho %0 mpBy. (5.2.22)

Denote L .
imH (1) = Hy, H(t)=H(x(1),%(),0(t),0(1)).

t—oo

Here, the limit is calculated along the trajectory of system (5.2.3) governed by con-
trol law (5.2.7) with gains (5.2.22), starting at the point (xo, X0, ¢, §o ).

Lemma 5.7. The following relationship is valid:
Hg < Hj.

Proof. By definition of the function G(t) = G(x(t),¢(t),d(t)), assertions of Lem-
mas 5.3-5.5, condition (5.2.2), and notations (5.2.19), the inequality

IimG(r) <&, G(t) =G(x(r),0(1), d(1))

[—o0

holds. Whence, by the definitions of By and 7, and also in view of assertion of
Lemma 5.5, we obtain

8F2U}
B

1/2
i~ < 6+ (4 08) T < gt -,

t—o0

a

Let us prove that condition (5.2.5) is fulfilled along the trajectory of system
(5.2.3) and (5.2.7) with gains (5.2.22) that starts at the point (xo,%o, @0, ). to that
end, let us introduce the notation

EY(x,%,0,0) = = (M&*+M(x+ )%+ ox* +C¢?),
(5.2.23)

E° (x,%,0,0) = = (m&® +m(i+§) + Pox* +co?) .

N = I =

In view of (5.2.1) and (5.2.2), the total energy E° of the system (inclusive of the
elastic energy of the “fictitious” spring of stiffness f3y) satisfies the inequalities

E% (1) <E°(r) <EY(r). (5.2.24)

We put Gy = G(xo, ¢, ¢ ). By definitions of the function H and the number Hy, we

have
Hy = Go+ (G} +2U3x3)"2,

that is, the number Hj is a root of the equation 22 —2Goz— 2U§x02 = 0 being con-
sidered with respect to z. Hence, the equality

H} —2GoHy —2U3x¢> =0
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is valid. We divide this equality by Hy and transform it with the help of formula
(5.2.22) for the gain B to get

2Go 4 2Boxo> = Ho.
Whence, and by definitions of functions G and Eg, we obtain

4E3(x07x07¢07¢0) :HO- (5225)

Using relationships (5.2.22), (5.2.23), and (5.2.24), we estimate the control force
as follows:
ul? = |owx + Box|* < 2(0g + Bix?)

= 2P0 (mi* + Box?) < 4BoE (x,%,¢,0) < 4BoE° (x,%,0,9).

Taking into account the fact that the total energy E°(¢) of the system does not in-
crease along the trajectory under consideration, we can further extend the sequence
of inequalities by means of (5.2.24) and (5.2.25):

4PoE’ (1) < 4BoE°(0) < 4BoE? (0) = PoHo = Us -

Thus, condition (5.2.5) is fulfilled.

The function H (x,%, ¢, ¢) defined by (5.2.18) is expressed in terms of the known
parameters only, and all phase coordinates and velocities can, by assumption, be
measured. Hence, H(¢) can be calculated at any instant of time. Denote by 7, the
first instant when the value of the function H(¢) on the trajectory under consideration
becomes equal to H;. It follows from the definition of number H; and the assertion
of Lemma 5.7 that such a moment exists.

Let

x(t) =x1, X(n) = x1, 0(t) = o1, (1) = 1.

At the moment ¢1, we change the gains in the control law (5.2.7):

Bi o = /mp. (5.2.26)

2

_Y%

H,’
Introduce the notation L

tlimH (r) =Hj.

Applying similar arguments, we can show that, on the trajectory starting at the point
(x1,%1, 01, ¢1) of system (5.2.3) that is subject to control (5.2.7) with gains (5.2.26),
condition (5.2.5) is fulfilled, and

Hi < H,. (5.2.27)

Remark 5.4. The numbers H; and H}, generally speaking, do not coincide because
they are defined as limits of function H(r) along the trajectories with the different
initial conditions and different gains in the control law.



182 5 Piecewise linear control for mechanical systems under uncertainty

In view of (5.2.27), there exists a moment #, when the value of the function H (r)
becomes equal to H, for the first time. At the moment #,, we redefine the gains in
control law (5.2.7) as follows:

2
B> = %, o = /mp,
2
and so on.

Thus, the trajectory of the motion consists of segments of the trajectories corre-
sponding to different systems of differential equations: the kth segment connects the
points (xg,Xt, O, o) and (X1, %% 1, s 1, s 1) and corresponds to system (5.2.3)
subject to control (5.2.7) with the gains given by

U2
Be==2, o =+/mpy.

Hy
The numbers H;. are defined recursively by formulas (5.2.21), and
Hk:H(Xk,Xk,(])k,(]Sk):H(lk), k=0,1,....

Repeating the arguments given above for the case of kK = 0, we can show that, for
any k on the kth segment of the trajectory, the control force meets constraint (5.2.5).

Theorem 5.1. Let condition (5.2.20) be fulfilled. Then, there exists an instant of time
Ty when the function H(t) on the trajectory of system (5.2.3) controlled by means of
the algorithm described above becomes equal to H,.

Proof. Condition (5.2.20) implies that, at the initial instant of time ¢t = 0, the in-
equality H, < Hp holds. In view of Lemma 5.6, the relationships

klimHk<H*7 Hy>H| >H, > ...

are valid. Therefore, there exists such integer k that H(tx) > H. > H(f;+1), and the
continuous function H (7), on the kth segment of the trajectory, becomes equal to H..
O

We denote by Ty the first instant of time when the function H () becomes equal
to H,. The first stage of the motion is completed at 7. If condition (5.2.20) is not
fulfilled at the initial instant of time, then there is no first stage. In this case, we have
H (1)) < H, and, putting 7o = 0, we turn to the second stage.

5.2.4 The second stage of the motion

At the second stage, we apply the control law put forward in Sect. 5.1, that brings
a general-type Lagrangian system with an unknown matrix of kinetic energy to a
given state.
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Consider the motion of the first mass only that is governed by the equation
mi=u+Q, Q=cod+fi, (5.2.28)

where Q is treated as a perturbation.

As before, the first mass is subject to the control law (5.2.7) with the gains be-
ing piecewise constant functions. Let us describe an algorithm of changing these
coefficients.

We introduce the function

W (x,%) = M2 + (M*5* +203x%) /2

and the notation

Wo

Wo = W(x(To),X(To)), Wi = DT

k>1,2,....

Let the gains o and f3, at the initial instant 7, be

Ug
Bo= Wy = mpo.
Let 7; be the first instant when the value of the function W (¢) calculated along the
trajectory becomes equal to W;. We set

U2
ﬁlzfo, oy =~/ mpy.

Wi

Denote the first instant of time when the function W () is equal to W> by 1,, and so
on.

Thus, the sequence 1, k =0, 1,..., specifies the moments when the coefficients
are switched. At the moment 7y, the function W (r) becomes equal to Wy, for the first
time, and the gains are defined as

U2
ﬁk:Wi7 ak:\/mﬁlﬁ k:O717'”7

that is, each time, the gains 8 and o are increased by the factors 2 and /2, respec-
tively.

Remark 5.5. In Sect. 5.1.2, in the description of the control law, the sequence Wy
defined by relationships (5.1.8) depends only on parameters of the problem D, M,
and Uy. Therefore, the set of ellipsoids on which the gains switches, also depends
only on these parameters. In the present case, the modified control law is applied.
The difference is that now the ellipse with index O coincides with the level set of
the function W corresponding to value of this function at the initial instant of time.
Thus, the set of ellipsoids on which the feedback factors change is defined by the
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initial state of the system, and the trajectory of the controlled motion on the second
stage always starts on the ellipsoid with index O.

According to Sect. 5.1.5, the condition

VmUy
16/ 10M

is sufficient for the first mass to be brought to the origin in finite time by means of
this algorithm. Note that, in this case, condition (5.2.5) holds on the trajectory.

Let us prove that inequality (5.2.29) is satisfied. To do this, let us estimate the to-
tal energy EX of system (5.2.3) on each interval of the second-stage motion. Denote
by E* the energy of the first mass on the kth interval of the trajectory inclusive of
the elastic energy of the “fictitious” spring of stiffness f:

0] < (5.2.29)

_ 1
EX(x,x) = E(mlx2 + Bix?).
Using algebraic transformations, it is not difficult to find that

E*(x,%) < EX (x,%), 4EX (%) =W,
| (5.2.30)
EX (x,0) = E(sz—kﬁkxz), k=0,1,....

In view of definition (5.2.18) of the function G and conditions (5.2.1) and (5.2.2),
the energy of the system at the beginning of the second stage (except the elastic
energy of the “fictitious” spring) satisfies the inequalities

—_—

(m1i? (1) + ma (£(T0) + 0(10))* + c09* (10))

2
< G(x(),9(10). #(10)) /2 < H(10) /4 < H. /4.

In view of (5.2.30), the elastic energy of the “fictitious” spring satisfies the inequal-

ities 5 W
0 2 0 0
Ex (TO) < E+(T()) = T
Hence,
H, + W
E%1) < ZO (5.2.31)
On each time interval [T, 7411 ), k =0, 1,..., the gains in the control law (5.2.7)

are constant; therefore, the total energy of the system does not increase. At the
moment Ty 1, the stiffness 8 of the “fictitious” spring is doubled; hence, the elastic
energy of the spring is increased by

Brs1

M1 = %(ﬁkﬂ — B)X (Ter1) = = (T
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By the definition of the total energy E* and by virtue of (5.2.30), the quantity
M.+ satisfies the inequality

Wir1 ~ Wo
8  k+4r

1._
M1 < EETI(THI) =

The total increment of the elastic energy of the “fictitious” spring due to the instan-
taneous variation of the spring stiffness does not exceed the sum of the series

5
= 2k+4 16
Whence and by (5.2.31), for any ¢ > 1, the total energy E(t) of the system is
bounded: W H SW
E(t)<E° 202 200
() <Em)+7g <7+ 76

By definitions of the functions W and H, we have
Wo =W (1) < H(t) = H,.

Taking this into account and using condition (5.2.2), we arrive at the conclusion
that the deformation of the spring connecting the masses m; and m, satisfies the

inequality
¢ (r)] < 2E(@) _ (4H.+5Wo 1/2<3,/H’“ 1> 1
¢ - co 8c —2V 2’ =

Hence, the value of the perturbation Q in equation (5.2.28) is bounded during the
second stage:

3¢, 3E \12
<Clp|+F<F+——— .
0l <Clol+F<F+ (1)

Taking into account expressions (5.2.19) for £ and 1, the latter can be written as

3¢\ U
‘Q|SQO, QO:F<1+<2C> (U()2—97Fz)1/2 .

Substituting Qy for |Q| into (5.2.29), we obtain the following sufficient condition
for bringing the first mass to the origin:

30\ 2 Uo VmU
Fll+ (= < . 5232
[ + (20) (U§—9F2)1/2} ~ 16V10M ( )

Thus, the following theorem is valid.
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Theorem 5.2. Let the parameters m,M,c,C,F, and Uy of the problem satisfy con-
dition (5.2.32). Then, the suggested control algorithm brings the first mass to the
origin in finite time.

5.2.5 System “a load on a cart”

Consider the mechanical system consisting of two bodies connected by a spring.
The first body moves along the horizontal line; the second body is placed on the
first body and can also move in the horizontal direction (see Fig. 5.8). The equations
governing the motion of this system have the form

mx=cop+u+fi—fr, m(¥+¢)=—cod+ fo.

Here, x is the coordinate of the first mass, and ¢ is the coordinate of the second mass
with respect to the first body, so that ¢ = 0 corresponds to the undeformed state of
the spring. Denote the friction forces between the carrying body and the foundation
and between the bodies f| and f>, respectively:

fi = —sign(x)yi (x)(m1 +m2)g,

fo = —sign(¢) 1 (d)mag.

Restrictions imposed on the values of the masses, spring stiffness, and the coeffi-
cients of friction are assumed to be the same as before. Restriction (5.2.5) on the
control force remains the same; however, now we assume that

Uy > 2V/5F. (5.2.33)

It is required to bring the carrying body to the state x = X = 0 in finite time.
Applying the same reasoning as in the previous case, one can prove the following
relations:
limi(r) =0, lim¢(r) =0,

[—00 [—00

_ F J— 3F
i <=, 1 <.
Fm(o()] < =, Tmp(o)] <

Let us apply the control algorithm described above to this system. In view of the
new restriction (5.2.33) on the value of F, we take

~ 2V5F
=

The formulas for £ and H, remain the same. At the first stage, the system is brought
to the set

{(x,%,0,0) €eR*: H(x,%,0,0) <H.}.
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At the second stage, the carrying body reaches its terminal state. The dynamics of
the carrying body at the second stage is described, as before, by equations (5.2.28);
however, the perturbation Q takes the form

Q=cop+fi—fa
The value of Q can be estimated as follows:
3C 36 12
<clgl+2F <2F+ ——( )
ol <clo Nt

The sufficient conditions for bringing the carrying body to the terminal state take

the form
2+ <3C)3/2 i < VMo
(

F .
2¢ Ug —20F2)1/2 | = 16/10M

5.2.6 System “a pendulum on a cart”

Now, we consider the control problem for the mechanical system consisting of a
mass m; moving along a horizontal line and a mass m, suspended from the first
mass (see Fig. 5.9). We will consider the motion of the system in the vertical plane.

Let us introduce a rectangular frame of reference with the abscissa axis directed
along the horizontal line. The dynamics of the system is described by the equations

(my +mp)k+malcosd ¢ = u+mylsing §* + f(t,x),
) (5.2.34)
mylcos ¢ i+ (mal?> +J)§ = —moglsing + u(z, ¢).

Here, x is the coordinate of the first mass on the line, ¢ is the angle between the
vertical line and the line connecting the suspension point and the center of inertia
of the second body, [ is the distance between the suspension point and the center of
inertia, J is the moment of inertia of the second body with respect to its center of
inertia, f(¢,x) is the dry friction force acting on the first body from the immovable
foundation, and (L (¢, ¢) is the moment due to the dry friction at the suspension point.
We assume that f and u are unknown and satisfy the inequalities

0<[ft,x)|<F, f(t,x)x<0,

' (5.2.35)
0<py <[ @) <, u,¢)¢o<0.

As before, we assume that masses m; and m; of the bodies are unknown but
belong to given intervals (5.2.1); the control force u is subject to restrictions (5.2.5)
and (5.2.6); and all phase variables x,%,¢, and ¢ can be measured. The carrying
body must be brought to the state x = x = 0 in finite time.

At the initial instant of time 7 = 0, let the system be at the state
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x(0) = xo, £(0) = o, ¢(0) = ¢o, ¢(O) = ¢0-

As in the previous case, the control is sought in the form of a linear feedback (5.2.7)
with piecewise constant gains. Let us introduce a “fictitious” spring of stiffness 8
that connects the first body and the immovable foundation with the position x = 0
corresponding to its undeformed state. The total energy of the system inclusive of
the elastic energy of the “fictitious” spring is

E= % ((m1+mp)i® + (mal? +J)§* + 2molid cos ¢ + Bx*) +magl(1 —cos §),

and the derivative of E calculated by virtue of system (5.2.34) is given by
E = —ax’ —|fi] - |ug|.
Using arguments similar to those in Sect. 5.2.2, we can prove the following rela-
tionships:

imE(t) =E,, E.>0,

{—00 -

limx(1) =0, lim (1) = 0.

f—o0

(5.2.36)

Lemma 5.8. The following inequality is valid:

Tim|x(r)| <

f—o0

™|

Proof. Let us assume the contrary. Let there exist a number § > 0 and a sequence
{t}, tx — oo as k — o such that

(1) > g+45. (5.2.37)

Denote the left-hand side of the first equation in (5.2.34) by ¥ (t)
Y(t) = (my +mo)x+mylpcos .
Let a number v satisfy the conditions

0<v<@, v2<@.
o mzl

In view of (5.2.36), there is #' > 0 such that |¢(¢)], |%(t)| < v for¢ > t'. Let us substi-
tute expression (5.2.7) for the control u into the first of equations (5.2.34) and, taking
into account (5.2.37), estimate the terms in the right-hand side of the equation thus
obtained on the intervals

5
L= [t te+ =], t>1,
v
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as follows:
|Bx| > F+3B6, |ox| <ov<pB8, |myld*sing|<mylv’* <pBs.
It follows from these inequalities and from (5.2.35) that
|W(t)|>BE>0,tel, t;>1.
Hence,

2
/ W) > PO (5.2.38)

The function ¥(z) is not continuous; however, on each of the intervals I, #; > ¢/,
the sign of the function ¥ (¢) does not change, because it coincides with the sign of
the variable x(#), that is continuous and, in view of the condition

|Bx| > F +3pB6,

does not vanish. Therefore,

/Ik (1) |di — ‘/Ik W (1)dt

= ‘/Imgl¢2sin¢dt+((m1+m2)x+mzld5cos¢) ::+8/v .
vk

We estimate the summands in the expression for the integral of ¥(r) as follows:

\(m1 o)l Ol

< 4Mv, ’mzl(ﬁcos(p\:f(s/v

<2Mly,

‘/mzld)zsin(bdt < Mlov.
I

Hence,
/ W (0)[dt < 2M(2+1+ 61,
I

which contradicts inequality (5.2.38) for sufficiently small v. O

We will transfer the carrying body to the prescribed terminal state in two stages.
Introduce the notation

G(x,9,0) = % (M3> + M (|5 +1|$])* +J?) +Mgl(1 —cos §)

and consider the function

. v \'?
H(x,%,0,0) =G+ <G2+20x2> . (5.2.39)
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Let
H (x0,%0, $0,90) = Ho, G0, 90, o) = Go.

We define the gains o and 3y in the control law (5.2.7) at the initial instant of time
by the formulas
Ug
Bo = 271-107 oo = /mpy.
We introduce the notation

Bo

Eg(x7x7¢a¢) = G('x7¢a¢) =+ ?xzv

(5.2.40)

E%(x,%,9,0) = 5 (mi® +J97) +mgl(1 —cos¢) + %xz.

N =

It is not difficult to see that the total energy E° of the system, inclusive of the
elastic energy of the “fictitious” spring of stiffness f3y, satisfies the inequalities

E% (1) <E°(t) <EY(1). (5.2.41)

In view of (5.2.39), the number Hj) is a root of the quadratic equation

UZ
H} —2GoHy — 7x§ =0,
being considered with respect to Hy. Dividing this equation by Hy and making use
of the formula for f3y and expression (5.2.40) for E?, we obtain

2EY (x0,%0, $0, o) = Ho. (5.2.42)

Using (5.2.40)—(5.2.42) and the above reasoning, let us show that restriction
(5.2.5) holds on the trajectory of system (5.2.34) and (5.2.7) with the gains o and
Bo that starts at the point (xo, %o, @, do):

u? < 2(032 + BA) = 2Bo (mi> + Pox®) < ABoE° (x,%,0,0)

<ABE°(r) < 4BoE°(0) < 4BoEY(0) = 2BoHo = U3 .
Let us introduce the notation:

H, = 3 (5.2.43)

— 2Mgl
3 gl, T

_3F
n= Uo’
In view of (5.2.6), the number 7 satisfies the inequality 17 < 1. Assume first that, at

the initial instant, the condition
Hy > H., (5.2.44)

holds. It follows from expression (5.2.39) for the function H (x,%, ¢, ¢), Lemma 5.8,
the formula for the gain fy, and relationships (5.2.36) that
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_ F2U2 1/2
TmH (1) < &+ (52+ mf) <EH(EHn’H;)' .
0

We put
Hy =&+ (E*+n’Hp)' 2.

Let 71 be the first instant of time when the value of the function H(¢) on the trajectory
under consideration becomes equal to H;. We change the gains in the control law
(5.2.7) at the moment #; for

Us
= — o =
Bi s ™ Vmpi,
and so on, forr,,...

As in the case of the two-mass elastic system, the trajectory of this system con-
sists of segments of trajectories of different systems of differential equations: the kth
segment corresponds to system (5.2.34) subjected to control (5.2.7) with the gains
given by the formulas

Us
= — oy = .
Be=5 Ho TV mpy
At that, on each segment constraint (5.2.5) holds. The numbers Hj are defined re-
cursively by the formulas

Hy=E+(E+n’HE ) 2 k=1,2,...,

and satisfy the inequalities

Ho>H >Hy> ..., gimHk: < H.,.

1-n2
This implies that the following theorem is valid.

Theorem 5.3. Let condition (5.2.44) be fulfilled. Then, there exists an instant of
time Ty such that the value of the function H(t) on the trajectory of system (5.2.34)
controlled by means of the algorithm discussed above is equal to H,.

At the instants Tp, the second stage of the motion begins. If condition (5.2.44) is
not fulfilled at the initial moment, then we set 7o = 0 and go directly to the second
stage.

Let us extract the equation of motion of the first mass from set (5.2.34). To do
this, we multiply the second of the equations by mylcos ¢ /(myl?> 4 J) and subtract
the resulting equation from the first one:

12 2
m’jc':u_A'_Q7 m’:m]+m2_m2w’
(m212+J)
’ ; (5.2.45)
_p_ Ml i j2 4 M8t
o=f (2 +7) cos¢+m2151n¢<¢ + (2 +7) cosq)).
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The quantity Q will be treated as an unknown perturbation.

At the second stage, we use the algorithm proposed in Sect. 5.1.2 for the con-
trol of a scleronomic mechanical system. In contrast to the system considered in
Sect. 5.1.2, the coefficient m’ in (5.2.45) that plays a role of the kinetic energy ma-
trix depends on ¢ (7). The quantity ¢(z) is a phase variable for the original system
(5.2.34) but not for system (5.2.45). Therefore, the applicability of the algorithm
needs additional justification. We will briefly give this substantiation.

Since, by our assumptions, the quantity ¢ can be measured at every time instant,
we consider ¢(¢) to be known.

In view of (5.2.1), m’ satisfies the inequalities

m<m <2M.

We introduce the function
U2 1/2
W (x, %) = 2Mx> + (4M2x4 + 20x2)

and put

Wo

?7
Let 7; be the first instant of time when the function W (¢) calculated along the

trajectory becomes equal to W;. We define the gains o and 3 at the moment T by

the formulas )
U,
Be=-—2, o=+mP, k>0.
4w,
k

In the phase space (x,x), the level sets W (x, x) = W, of the function W are ellipses
contracting to the origin (0,0) as k — oo.

We set x(17;) = x and %(7;) = %. Let us show that the trajectory starting at the
point (x;, %) at the instant 7; will reach the (k+ 1)st ellipse.

Consider the Lyapunov function

Br » VmUj

Vk(x,X) —er 5 +egm'xx, g,

2 BN

For 17 <t < 741, we have the following relations:

Wo = W (x(19),%(10)), Wi = k=1,2,....

Vk(x %) < VK, %) < VE(x, %),
VE(x,%) = (ka +mi?),  VE(x,x) = B +2Mi%; (5.2.46)

4
k K k(v oy — _
Vi(x,x) > g 2V (ks X)) = Wi, k=0,1,...

To prove the latter relationship, let us note that the value
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U2 1/2
Wi =W (o, 2¢) = 2M5; + (4M2xi + 20)61%) ;

is obviously a root of the quadratic equation
2 2 Ug >

being considered with respect to W;.. Dividing this equation by W, and making use
of the formulas for B, and V¥, we obtain the desired equality.

The derivative of the function V¥ calculated by virtue of system (5.2.45) and the
control law (5.2.7), is given by the formula

vk (x,%) = —8kka2 + (Skl’i’l/ — &0y ) X%
, (5.2.47)
— <Olk —gm' — n;) 2+ O(gx+x).
The following inequalities are valid:
o 1
|lecoyxx| < &7 ogx® + Z"xz, |erit xx| < |t | <4s,§x2 + 16x2> . (5.2.48)
Let Q satisfy the inequality
VmUy
<Qp= . 5.2.49
0] < Qo BN, ( )

Let us estimate the last summand in (5.2.47) as follows:
5
|0(ex+%)| < Qolerx +%| < Qo[5e2x* + sz] 1/2

1/2

= M 22 < > (Bl +2M?
=0 16M2 kX ZX < Qo 87M( kX x)

_ V500 VE(xX) _ mUo(B® +2Mi%)
VM k() RMVWe

Substituting the inequality obtained and inequality (5.2.48) into (5.2.47), we find

that JUoB
. ) mUo P Y\ 2

vk ,X) < —¢g — oy — —————— — 4§
(x,%) < k<l3k k Ok oM/ W, k| |>x

_(?’O‘k_gm/_ \/’71U0 9|m,|>)€2.

R TN A

Let the derivative 77’ be bounded:



194 5 Piecewise linear control for mechanical systems under uncertainty

0o

il < 2.

(5.2.50)

Since oy < oy, k=1,2..., then || < 04 /8. Taking into account (5.2.46) and the
relationships
mUg < B

O
Pr < ogM =2
oW, = 4 &l =28M =,

\/I/T/lU() - 1 \/171U0 Ol

E O =

DM W, 4 16yW, 8

we arrive at the estimate

. 3 7
VE(x,x) < — &éﬁkxz - %xz
7€y 2 2 k T€ i
< -1 (B +2M3%) = 64\/()_ 2V
Hence,
Vi)

T T < — 64 lo
k+1 k> 7 ng(TkH)'

Let us estimate the expression under the logarithm sign. By (5.2.46), the numer-
ator under the logarithm sign, satisfies the inequality

W,
V() < VE(5) = VE (i) = 7"

Using the equality .1 = 2 and relationships (5.2.46), we estimate the denomi-
nator as follows:

1 ) 1 )
VE(tig1) 2 VE(rg) = 1 (Bixisr +migsy) = 3 (Bey 121 +2miz )
= SM (ﬁk+1xk+1 +2Mxk+1) 8MVk+1(Tk+1) = WWI{

Therefore, the time of motion from the kth ellipse to the (k+ 1)st ellipsoid satisfies
the inequality

Tep1 — T < %logl%‘/[ ;‘fﬁon 207420 0g167M7
and the total time of the motion of the system to the origin does not exceed the
sum of the series of the right-hand sides of these inequalities. This series converges;
hence, the time of the motion is finite.

Let us find the conditions that guarantee inequality (5.2.49) during the whole sec-
ond stage of the motion. By the definition of the function G and condition (5.2.1), at
the initial moment 7 of the second stage of the motion, the energy of the whole sys-
tem not including the elastic energy of the “fictitious” spring satisfies the inequality
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((my +m2) i (70) + (mal® + )2 (70) + 2mali (7o) § (7o) cos ¢ (79))

| =

+mpgl(1—cos9(1)) < G(10) < H(7)/2 < H./2,

and, in view of (5.2.46), the elastic energy of the “fictitious” spring satisfies the
inequality

ﬁo 2 Wo
< .
() < 3V2(w) =
On each time interval [y, Tjy | ), k=0,1,..., the gains in the control law (5.2.7) are

constant; therefore, the total energy of the system does not increase. At the moment
Tt 1, the stiffness B of the “fictitious™ spring is doubled; hence, the elastic energy
of the “fictitious” spring is increased by

M1 = %(ﬁkﬂ — B (Tr) = %xz(fkﬂ)-

In view of (5.2.46), the quantity 7, satisfies the inequality

Werr ~ Wo

1_
*Vfrl(fkﬂ) =g T ok

1 < 1

The total increase of the elastic energy of the “fictitious” spring due to the instanta-
neous change of the spring stiffness does not exceed the sum of the series

« Mo W
;2k+4 16

Hence, for any ¢ > Ty, the total energy of the system E(¢) is bounded

H W
<= 4220
e T

By the definition of the functions G, W, and H, we have

2 1/2
sz < G(xv(quS)a W(X,X) < 2G+ (462 + ljz()XZ) < 2H(X,X, ¢>¢)

At the initial moment 7 of the second stage, the inequality H (7)) < H, holds, hence,
Wo <2H(10) < 2H.,,

which implies that, for any r > 17y, the total energy of the system E(¢) satisfies the
inequality E(r) < 9H, /8, and the angular velocity ¢ satisfies the inequality
2 o 2E(r) - 9H, .
T mpl24+J T 4(mzl2+J)

(5.2.51)
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Let us estimate the summands in the formula for the perturbation Q in equation
(5.2.45) as follows:

OmylH, 9H,
<

l - < -
Imal4?sing| < Amy2+7) = 4l
272 :
m5l-gcos ¢ sin¢ maliLcos @ 2
2o PV < mpg <M, D2E Y < 2
=y SmssMe IS ls T

Substituting the inequalities obtained and formula (5.2.43) for H, into the formula
for Q and transforming it, we find that

o 29U2 — 18F?
<=F+52= + ST o
ol = I 2(U3—9F?)

Comparing this inequality with (5.2.49), we conclude that, if the following inequal-
ity

29U; — 18F? U

Fa H L2270 VmUp

M 5.2.52
I 2(U3—9F?) 8= 32v5M ( )

is true, then (5.2.49) holds.

Now, let us find the conditions that guarantee the fulfillment of inequality
(5.2.50). To do this, we estimate the value of the derivative 72’ by means of (5.2.45)
and (5.2.51), and the value of o /8 using the formulas for the gains o and 3y and
the inequality Wy < 4H,:

i (1)| =2

m31%| ¢ cos g sing| - 7H, 12
myl2 +J - 2(ml2+J) ’

%_\/mﬁo \FU() \/>U()
8 8 16W 32VH,

The sufficient condition for the fulfillment of (5.2.50) is

TM*H, mUg
2(mi2+J) ~ 219H,"

Substituting formula (5.2.43) for H, into this inequality and transforming it, we
obtain the relation
us - m(ml*+1J)
(U§ —9F2)2 — 217 MAg212 7
which guarantees the fulfillment of (5.2.50).
Thus, the following theorem is valid.

(5.2.53)

Theorem 5.4. Let the parameters of the problem satisfy conditions (5.2.52) and
(5.2.53). Then, the suggested control algorithm brings the carrying mass to the pre-
scribed terminal state in finite time.
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Remark 5.6. Inequalities (5.2.52) and (5.2.53) (sufficient conditions for bringing the
system to the prescribed terminal state) impose rather strong restrictions on the pa-
rameters of the original problem. This can be explained by the fact that some bounds
used for the justification of the algorithm are fairly rough; besides, we always sug-
gested the “worst” behavior of the system subject to the restrictions imposed. In
addition, inequalities (5.2.52) and (5.2.53) guarantee monotone decrease of the Lya-
punov function V¥ along the trajectory. However, it may happen that the function
V¥ is not monotone, while the trajectories reach the terminal state. Let us note, how-
ever, that the control algorithm itself does not contain these sufficient conditions and
can be formally applied to problems for which these restrictions on the parameters
are not satisfied. The results of the computer simulation show that this control law
is efficient far beyond the sufficient conditions derived.

5.2.7 Computer simulation results

Let us illustrate how the suggested control algorithm works.

At first, we present the results of the computer simulation for the dynamics of the
system depicted in Fig. 5.7. The equations of its motion (5.2.3) were integrated by
the Runge — Kutta method for the following values of the parameters:

M:m1:10kg, m:m2:5kg, C:c0:10N/m, ’)/Z‘)/[Z)/zzoz

The quantity Uy was chosen to be equal to 100N. The system was transferred from
the initial state
xo=1m, ¢p=-0.5m, % =¢y=0m/s

to the terminal set x = x = 0, that is, the first mass had to be brought to the origin. In-
tegrating was stopped when the quantity (x> +x2)!/2, that is the Euclidean distance
between the projection of the current state of the phase trajectory onto subspace
(x,x) and the origin, became less than 0.001.

It is not difficult to see that conditions (5.2.29) (sufficient conditions for bringing
the system to the terminal state) are not fulfilled for the above values of the pa-
rameters. Nevertheless, the trajectory of system (5.2.3) controlled by means of the
proposed algorithm comes to the terminal set in finite time.

The main characteristics of the motion were as follows:

Hy = 143.9kg-m?/s*, H, = 706.8kg-m?/s>.

Since Hy < H., there is no the first stage of the motion.

Figure 5.10 describes the behavior of the phase variables of the system. The thick
and thin lines correspond to the first (carrying) and second masses, respectively. The
solid lines represent the time history of the coordinates x and ¢ of the masses, the
dashed lines show the time history of their velocities. One can see that the graphs of
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1.5 1

Fig. 5.10 The time dependance of the coordinates and velocities

80 1 -
N -
y 0'5<Y\vi// :

Fig. 5.11 The control force and the gain o

the velocity x of the first mass and the velocity ¢ of the second mass with respect to
the first one are broken lines due to the discontinuity of the control force.

The thin line in Fig. 5.11 shows the dependence of the control force on time, and
the thick line depicts the behavior of the gain « (a step function). Although the gains
o and f in the control law (5.2.7) increase (during integration of the equations the
gains in the control have changed 16 times), the value of the control force u, as can
be seen from the figure, satisfies condition (5.2.5) and has a substantial margin.

Figure 5.12 shows the results of the computer simulation for the system “a load
on a cart”. As before, the solid lines correspond to the coordinates x and ¢ of the
masses, the dashed lines correspond to the velocities x and ¢, the thick and thin lines
correspond to the first (carrying) and second masses, respectively.

As we have already mentioned, the system under consideration has “stagnation”
regions because of dry friction. One can see in Fig. 5.12 that, in the process of
motion, the second mass sticks and remains motionless with respect to the first mass,
again coming in motion on the final stage.
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Fig. 5.12 The system “a load on a cart”: coordinates and velocities

5.3 Piecewise linear control for rheonomic systems

5.3.1 Problem statement

In the following subsections a theonomic mechanical system is considered, that is,
the system whose kinetic energy is represented by expression (4.1.3).

We assume that the symmetric positive definite matrix A(¢,q) € C! is unknown,
its eigenvalues for any ¢ and ¢ belong to the interval [m,M], 0 < m < M, and the
partial derivatives are uniformly bounded with respect to the norm, that is,

mz® < (A(t,q)z,7) <MZ?, VzeR"
(5.3.1)
JdA

0A '
HTqHSDl’ HEHSD% i=1,...,n, Dy,Dr>0.
1

The vector function a(t,q) € C' and the function ay(t,q) € C! are also assumed to
be unknown and to satisfy the conditions

Ba T 8a1
52 ) —5-1<Ds, |
dq dq
The dynamics of the system under consideration is described by equations
(5.1.2).

We still assume that the system is directly controlled with respect to each degree
of freedom, the constraint

0o da

d
al; 3 | <D4, D3,D4>0. (5.3.2)

|U| < Uy, Uy >0, (5.3.3)

is imposed on the n-dimensional control forces vector U, and the generalized forces
Q are unknown and satisfy the condition
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10| < Qo, Qo > 0. (5.3.4)

The phase variables ¢ and ¢ are assumed to be available for measuring at every time
instant.

Problem 5.4. Suppose the constants m,M,Uy, and D; (j = 1,...,4) are given. It
is required to construct the control that meets constraint (5.3.3) and to specify the
domain of admissible initial states from which system (5.1.2), under the action of
this control, reaches the prescribed terminal rest state (g,0) in finite time, what-
ever the matrix A, the vector a, the function ay, and the perturbations Q that satisfy
conditions (5.3.1), (5.3.2), and (5.3.4) be.

5.3.2 Control algorithm for rheonomic systems

Without loss of generality, we shall assume that the final state coincides with the
phase space origin, that is, g = 0 (this can be achieved using an appropriate variables
transformation).

We will construct the control in the form of a linear feedback with respect to the
generalized coordinates and velocities

U= _akq_ ﬁk% akaﬁk > 07 (535)

with the gains in the form of piecewise constant functions. To describe the algorithm
for changing these gains, we will set the sequence of numbers oy and f.
Let go = ¢(0) and o = ¢(0) be the initial state of the system. We introduce the
function
W(q.q) = M@+ (M*¢* + U3q?)"”. (5.3.6)

The quantity W(qg,q) has the dimension of energy and characterizes the distance
between the point (g,¢) and the terminal state (0,0): the level set W(q,q) = C of
the function W in the phase space (g,g) € R*" is the ellipsoid 2CM¢* + U3 q* = C?,
that contracts to the phase space origin (0,0) as C — 0.

We put
Wo
2k

The level sets of the function W (g, ¢) corresponding to the constants W, represent
a family of ellipsoids that contract to zero as k increases. We will denote by #; the
instant of time when the trajectory hits the ellipsoid W (g, q) = W for the first time,
and we put ¢; = ¢(#1) and ¢; = ¢(#;). It will be shown below that, in the case of
the chosen control algorithm, the trajectory of the system tends to the phase space
origin and, therefore, such an instant of time exists. We will denote by 7, the instant
of time when the trajectory of the system hits the ellipsoid W (g,q) = W, for the first
time and we put ¢» = ¢(t2) and ¢2 = ¢(12), and so on.

Wo =W(qo,q0), W= k=1,2,.... (5.3.7)
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The sequence {7 } defines the instants of time when the coefficients oy and f; in
control (5.3.5) are changed. We will specify the values of these coefficients in the

half-interval of time [ty,#+1), k =0, 1,..., as follows:
Uz 5
=— of =mpy. (5.3.8)
b=y e =mbe

In the phase space R%", the trajectory of the mechanical system under considera-
tion comprises segments of the trajectories of different systems of differential equa-
tions: the kth segment joins the points (g, ¢x) and (gx+1,¢x+1) and corresponds to a
system of form (5.1.2) and (5.3.5) in which the feedback factors oy and f; are con-
stant and are defined by formula (5.3.8). All the points (g, §x) lie on the respective
ellipsoids W(q,q) = Wi, k=0,1,..., (see Fig. 1).

Remark 5.7. As we have already seen before, the function W may not be a monoton-
ically decreasing along the trajectory of the system, despite the fact that the trajec-
tory tends to the phase space origin. Hence, the trajectory may have more than one
point of intersection with some ellipsoids (see Remark 5.1 in Sect. 5.1.2). Besides,
unlike the approach used above for scleronomic systems, the family of ellipsoids in
this case is chosen from the very beginning, so that the initial state of the system lies
on the ellipsoid with an index 0.

Thus, when implementing the algorithm, it is sufficient to measure the actual
values of the phase variables of the system ¢ and ¢ and to store in the memory the
actual value of the index k, i.e., equal to the number of the smallest ellipsoid already
visited by the trajectory of the system. Since, in expression (5.3.6) for the function
W, only the known parameters of the problem appear, the value of the function
W(q(t),q(t)) can be calculated at any instant of time. As the index k increases by
unity, the value of W decreases by a factor of two, the gain « increases by a factor
of v/2, and the gain B increases by a factor of 2.

5.3.3 Justification of the control

We will use Lyapunov’s direct method to validate the algorithm. Consider the kth
segment of the trajectory for a certain fixed k > 0. This segment starts at the point
(qk,qx) at the instant of time #; and corresponds to system (5.1.2) and (5.3.5) with
constant feedback factors specified by formulas (5.3.8). We will now show that there
is such an instant 7} when the trajectory of the system hits the ellipsoid W (q,¢) =
Wit 1.

The Lyapunov function

We put
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VP (5.3.9)

4M

& =

and introduce the Lyapunov function

VE(1..4) = 5 (AlL9)0nd) + P2 + (A 0)d.0) (5:3.10

N =

The expression for the function V¥ contains the kinetic energy matrix A(z,q) that
is assumed to be unknown. We estimate the value of this function at an arbitrary
point (¢,q,¢) of the augmented phase space in terms of the known quantities. The
relationships

0.0+ 25 00.0) = g (40.0+ 205 0.0 )

‘8k<Aq,C]>‘ < ]

O —

hold by virtue of the Cauchy inequality and expression (5.3.9), and it follows from
condition (5.3.1) that
mPy

m By
22 A4 < 7612 < Bid*.

Substituting the inequalities obtained into relationship (5.3.10) and again using
condition (5.3.1), we get the following estimates for the function V*:

Vi(g,4) <VX(t,q.9) <VE(g.9), (53.11)
where
N3 .5
Vi(.9) = Gmd* +Bi®), VE(q.4) = 5 (MG + Bid’). (53.12)

We will now establish some relations connecting the functions Vfﬁ(q,q) and
W(q,q). Substituting the formula for the gain f; from (5.3.8) into expression
(5.3.12), we obtain for the function Vf:

10M G W+ 5U3 g7
16W;

VE(qrrdi) = (5.3.13)

By construction, the point (g, i) lies on the ellipsoid with number k. This and
definition (5.3.6) of the function W yield

Wi = W (qx,dx) = Mdi + (MG} + Ugqp) '/

Using this equality, the numerator in expression (5.3.13) is reduced to SWkZ, which
yields the relationship

5
Vi (giodi) = 1 Wi (5.3.14)
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connecting the functions V¥ (g,¢) and W (g, ¢). This relationship means that, for any
k, the ellipsoid with number k is the level set of the quadratic form ij (¢,q) that
corresponds to the value 5W;./16.

In accordance with the control algorithm, the point (g(¢),¢(¢)), fort € [tx,tx+1),
lies outside the ellipsoid with number (k+ 1), that is, outside the level set

. . 5
{(@:4): Vi (g.9) = 1 Wen}
hence 5
V—&IiJrl (Q(t>7q'(t)) > RWkJrl = 3*2Wk, h<t< Trt1-

The equality B = 2 holds by virtue of formulas (5.3.7) and (5.3.8), and the
relationship

1
M+ Beg® > 5 (MG + B )
follows from this. Consequently, the estimates

VEa(0.4(0)) = 3V al0).400) = W 65315

hold along the kth segment of the trajectory.

The derivative of the Lyapunov function

To calculate the derivative V¥, let us introduce the notation

T
8a1 . 800 ai

da 0
B = = b = - — 5.3.16
0= (5000) ~Sta), ba) =520 - G0 65316
and differentiate the function V¥ according to (5.1.2) and (5.3.5). We obtain

. 1 0A Ek L 0A

Vi, q,q) = —(|opl —gA+ = =— — =Y gi=—| 4,4
(t,9.4) <[ d-ad+ 3507 K5, 4.4)

(5.3.17)
—&Bid” — &c0u(d, q) +(Q+b,q+eq) — e (Bd.q),

where [ is the identity matrix.
We will now estimate the individual terms in expression (5.3.17). Using the

Cauchy inequality and relationships (5.3.2) and (5.3.16), we obtain

8,3D3
2

Ds

. o | .
lexou(g, q)| < ;kq%re/faqu, lec(Ba,q)l < 54"+ . (53.18)

Using the inequality
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12ec(q,q)| < *6q *+16e¢q°,

for & and relationship (5.3.15), we estimate the quantity |§+ &g as follows:

17 , 17 17
g — 17¢2 Mg —V
(G+&q)* < 4 ¢ +17g0q” < 16M( 7 +Bg’) = o t(q,9)

17 2 1088 2
e — Vk 5 < Vk .
10MV¥(q,4) ( +(q"I)> = SOMWk( +(W)> ’

whence, taking into account the second expression in (5.3.12), we obtain

17
b,q <|Q+b|\/ 5 (MG 2). 53.1
{O+b,q+eaq) <0+ |\/%( i’ +Ba’) (5.3.19)
The relationship
& & dA nD
\Zquia—lg \/; elql (5.3.20)

i=1 i

holds by virtue of (5.3.1) and the inequality >, |¢;| < v/n|q|.

Substituting inequalities (5.3.18)—(5.3.20) into expression (5.3.17) and making
use of conditions (5.3.1), (5.3.2), and (5.3.4), we arrive at the following estimate for
the derivative of the function V¥ along the kth segment of the trajectory:

) 7 2
Vk(t,q,é) <- (Ekﬁk—&‘,fock ﬁkr@m— ) — Skz 3) 7

(5.3.21)

30y D, + Ds 17M \/ﬁDl .0
—| — — M- — Dy) — g
<4 k 3 2w, Qo+ Da) = = —addl )4

We will now show that, under certain additional assumptions, the derivative yk
will be negative definite. We put

.| V1sMUy mU; mU}
Q = min , > 5
8y/nDy ' 32D3’ 32D}

and introduce the sets

G ={(q.9) R : W(q,9) < 2},

5W,
Gi=4{1(q,9):lg</>=2%Y k=0,1....
X {(M) g \/;Uo}

3q2UE < 5W2(qx, )

The inequality
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results from the definition (5.3.6) of the function W. From this and by virtue of
relationships (5.3.7), it follows that the point (g, gx) lies in the domain Gy.

Lemma 5.9. Suppose the initial point (qy,qy) of the kth segment belongs to the set
G, the matrix A, the vector functions Q and a, and the function ag satisfy conditions
(5.3.1), (5.3.2), and (5.3.4), and

Uo

Dy <
Qo+Dy = 17 8

(5.3.22)
Then, on the part of the trajectory that starts at the point (qy,qy) and lies outside
the ellipsoid W (q,q) = Wit and in the set Gy, the derivative of the function V¥
calculated by virtue of system (5.1.2), (5.3.5), and (5.3.8) satisfies the inequality

VE(t,q,q) < — ka(’ 4,4). (5.3.23)

Proof. By the condition of the lemma, W (gy,qx) < Q and, consequently,

ng 2 mUg

D3 .
2 S 32W T 02w,

These inequalities and definitions (5.3.8) and (5.3.9) of the numbers &, 04, and By
yield
Dy+Ds _ o €Dz _ ouf
< — - < ——. 3.
2 — 47 2 T 64M (5.3.24)
From condition (5.3.22) and formulas (5.3.8), we obtain

17M 17 Otkﬁk
< — . 3.
W (Qo +Dy) < 8 Br MW (Q0+D4) i (5.3.25)
By virtue of relationships (5.3.8) and (5.3.9), we have
_ % ) 70‘kﬁk(7m)>3akﬁk
gM = 1 8]([3]( & O = aM 1 M) = T6Mm (5.3.26)

The inequality W (g, gx) < Q yields

D \/ SM U()
1S 8\[ Wy
Since the section of the trajectory under consideration lies in the set Gy, we have
V50 Wy
elgl < —="~
4V/3MUy
and, consequently,
\/ﬁDl S0y
-— —. 53.27
5 elal < 7 (5.3.27)
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Substituting inequalities (5.3.24)—(5.3.27) into (5.3.21) and using equalities (5.3.12),
we arrive at the relationships

) ) 3o, 3oy .
Vk(taQ7Q) = 7647M(Mq +ﬁkq ) 7407MVJ£(qaq)a

whence the assertion of the lemma follows by virtue of estimates (5.3.11). O

Lemma 5.10. Suppose the matrix A, the vector-functions Q and a, and the function
ap satisfy conditions (5.3.1), (5.3.2), (5.3.4), and (5.3.22), and that (qy,qx) € G.
Then, inequality (5.3.23) holds along the kth segment of the trajectory.

Proof. Tthas already been established above that (g, §x) € Gi. By virtue of Lemma 5.9,
to prove Lemma 5.10, it is sufficient to show that the kth segment of the trajectory
lies wholly in the domain Gy.

Let us assume the opposite. Suppose ¢’ is the first instant when the trajectory
leaves the domain Gy, that is, ,
2() =20k

0

On the other hand, it follows from definition (5.3.9) of the coefficient &, and from
relationships (5.3.11) and (5.3.12) that

(5.3.28)

gq’ (') = 16M2ﬁk61 (f') < 16M2( @ (") + B’ (1))

= VA d(1) < VA (). ale))

Since the trajectory segment under consideration lies in the domain G; when
t <t < t', the function vk, by virtue of Lemma 5.9, decreases along this segment.
Hence, using relationship (5.3.14), we continue the latter estimate as follows:

Sm

T VE(@(10),4000)) = s W

et () < —Vk(lk, (t),q(t)) <

6M? 6M

Consequently,
SmW, S5W2
204 k k
)< ———5=—5-
7)< Serpe? = 302
This inequality contradicts condition (5.3.28). O

It follows from the assertions of Lemmas 5.9 and 5.10 that, outside the ellipsoid
W(q,q) = Wiy1, the function V¥ strictly decreases along the trajectory of system
(5.1.2), (5.3.5), and (5.3.8), and, by virtue of relationships (5.3.11)—(5.3.14), there
exists an instant of time ;| when the trajectory hits the ellipsoid with number k+ 1.

It is clear that, if the initial state of the system (go, go) belongs to the set G, then
the null ellipsoid W (g,¢) = Wp and, together with it, all the ellipsoids W (g,q) = Wg,
k=1,2,..., lie entirely in this set. Consequently, all the points (g, ) also belong
to G and the assertions of Lemmas 5.9 and 5.10 are applicable to any of the segments
comprising the trajectory of the system.
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Estimation of the time of motion

We will now show that the system reaches the phase space origin in finite time.
In order to estimate the time of motion along the kth segment of the trajectory, we
integrate inequality (5.3.23) and obtain

40M Vv, 7
lk+1—tk§ Io (kvquqk)

30y VKt Gt Grs1)

(5.3.29)

By virtue of relationships (5.3.8) and (5.3.11)—(5.3.14), we have
k . 5
14 (tkvquqk) < T6Wk7

3,
VE(tit, qeet, diesn) = VE (@, disr) = 3 (mdisy + Bedis)

S 3m 3m ( 3m 3m

—16M 10M 64M

Substituting these relationships and expression (5.3.8) for oy into inequality

(5.3.29), we obtain the following estimate for the time of motion from the point
(qk, k) up to the point (g1, Gk+1):

Mg+ Bendi1) = o VE N (ot dirr) = Wi.

lk+1—lk§T27k/27 k=0,1,...,

40M\/
- 3fu0 log - m'

The total time 7, of motion of the system up to the terminal state does not exceed

the sum of the series
T*STZZ"‘/Z: ™2 .
&0 V2-1

Consequently, the proposed control algorithm brings system (5.1.2) to the phase
space origin in finite time.

We will now verity that condition (5.3.3) is satisfied along the trajectory of the
motion. to that end, we estimate the modulus of the control force vector along
the kth segment of the trajectory using the Cauchy inequality and relationships
(5.3.5),(5.3.8),(5.3.11), and (5.3.12) as follows:

(5.3.30)

UP <2(0¢d* + Biq*) = 2Bi(mg* + Peg®) = —ﬁkvkw, >§fﬁkv (t.9,9)-

Since the function V¥ decreases in the half-interval [tk tkt1), we can use relationship
(5.3.14) to continue the estimate as follows:

5
,UOZ,

16 16 5
U)* < ?ﬁka(tkM]k,q'k) < ?ﬁkvf(Qkan) = gﬁka =
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whence inequality (5.3.3) follows.

Modification of the algorithm

It follows from the above consideration that the system reaches the point (0,0) in
finite time if the initial state belongs to the ellipsoid G. Let us note that any point of
the form (g,0) in the phase space of the system can be chosen as a terminal state.
Then, the set of ellipsoids on which the feedback factors change should to be shifted
by the vector g while the parameters of the ellipsoids remain as before. We will now
show that, using this fact and modifying the proposed algorithm, it is possible to
extend the set of permissible initial states considerably.
Suppose that

Q
(90,d0) € Go, Gu=1(q:9) ER™: ¢* < - 0. (5331
2M
We first transfer the system to the point ¢ = qo, ¢ = 0. to that end, we make the
change of variables ¢’ = g — qo. In the new variables ¢’ and ¢’ the set

G ={(d.q):W(qg,q) <Q},

that is analogous to the set G considered above, is an ellipsoid with its centre at
the point ¢’ = ¢’ = 0. The initial state of the system, that is, the point g, = 0,4(, =
4o, belongs to this set by virtue of inclusion (5.3.31) and definition (5.3.6) of the
function W. Consequently, the control law

U=—0q — g’

with the above algorithm for changing the coefficients oy and fB; brings the system
in finite time to the centre of this ellipsoid, that is, to the point ¢ = go,q = 0.

In the phase space (g,¢) we choose a finite sequence of points (g/,0), j =
1,2,...,J,such that g' = go, g’ =0, and

A A Ie)
lg/—gq’ 7' < o (5.3.32)
0

We transfer the system from the point (g',0) = (go,0) to the point (g’,0) =
(0,0), that is, to the phase space origin, in J — 1 steps applying the control algorithm
again each time. The point (g/,0) corresponds to the initial state of the system at
the jth step and the point (G/*!,0) corresponds to the terminal state. It follows from
inequality (5.3.32) and definition (5.3.6) of the function W that, for any j, the point
(G7,0) belongs to the ellipsoid

G ={(q.9): W(qg—q'"",4) < Q}.
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This ellipsoid is the set of admissible initial states of the system that will reach to
the terminal state (g/*!,0) at the jth step.
Consequently, the control law

U=—og—Pelg—q'"")

with the presented above algorithm for changing the gains oy and f3; transfers the
system from the point (/,0) to the center of this ellipsoid, that is, to the point
g =g’*', ¢ =0, in finite time. Hence, after J — 1 steps, system (5.1.2) reaches the
final state (0,0)).

The following theorem sums up the above reasoning.

Theorem 5.5. Suppose the matrix A, the vector functions Q and a, and the function
ag satisfy conditions (5.3.1), (5.3.2), (5.3.4), and (5.3.22), and (qo,qo) € G+. Then,
the proposed control law transfers system (5.1.2) from the initial state (qo, o) to the
phase space origin in finite time and meets constraint (5.3.3).

Remark 5.8. As has already been mentioned, the approach used here is an exten-
sion on the rheonomic systems of the approach developed above for scleronomic
systems. In the scleronomic case, the set of admissible initial states coincides with
all phase space, that is, the system is brought from an arbitrary initial state to the
prescribed terminal state. In the rheonomic case, the set of admissible initial states
(5.3.31) is a bounded set in the phase space R*" because the condition

Q
.2

< —
510_2

is imposed on the initial velocities.

Remark 5.9. One can note that only the known parameters of the problem appear
in the definition of the set G, and in the expressions for the function W and the
feedback factors oy and f. To implement the algorithm, it is sufficient to know
the values of m, M, Uy, and the phase variables of the system at each current instant
of time. The constants D1,D,, and D3 appear only in the conditions determining
the set of permissible initial states G.. These conditions, as well as the constraints
on the vector function a(z,q), function ao(t,q), and disturbances Q in relationships
(5.3.22), are only sufficient conditions for transferring the system to the terminal
state and guarantee monotone decrease of the Lyapunov function V¥ along the tra-
jectory. However, it may happen that the function V¥ is not monotone and tends
to zero, as the trajectories tend to the terminal state (see Remark 5.3 in Sect. 5.1.5).
The algorithm proposed can, therefore, be practically applied also in the cases where
constraints (5.3.22) are not satisfied and the initial state of the system does not be-
long to the set G,.. The computer simulation of the dynamics of various mechanical
systems shows that the algorithm is also effective beyond the limits of the sufficient
conditions that have been presented.
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Fig. 5.13 The angular coordinate of the rod

5.3.4 Results of simulation

We will illustrate the work of the algorithm through numerical simulation of the
rotation of a body with the moment of inertia depending on time. Let us consider
a system consisting of a weightless bar and a particle of unknown mass mg that
moves uncertainly along the bar (see Fig. 4.1). We assume that the bar rotates in a
horizontal plane about one of its ends under the action of a control torque U and an
uncertain perturbing torque Q. With the notations accepted in Sect. 4.1 the equations
of motion of such a system can be written as follows:

mol® ()G +2mol (1)i(1)g = O+ U. (5.3.33)

In this case, the moment of the dry friction forces that acts on the bar serves as
the unknown generalized force Q. In the simulation, the constants m, M, and U, the
mass my, the perturbation Q, and the law of motion of the point mass along the bar
I(t) are taken as follows:

m=0.25kg, M =2.25kg, Uy = 10N -m,

1
Q= —0.1sign(¢)H-m, mp = lkg, I(t) = 1—|—§sin(ot m.

Using the proposed control law, the bar is transferred from the initial state gop =
Irad and ¢o = 1rad/s into the terminal state ¢ = ¢ = 0. Integration of (5.3.33) was
stopped when the Euclidean distance from the actual point of the trajectory to the
terminal point in the phase space (¢,q) € R> became less than 0.01.

The results of the simulation for the case where @ = 1s~! are shown in Figs. 5.13
and 5.14. The solid curves correspond to the time histories of the angular coordinate
in Fig. 5.13 and the absolute value of the control torque |U| (the discontinuous line)
in Fig. 5.14. The total time of motion is found to be equal to T}, = 3.98s.



5.3 Piecewise linear control for rheonomic systems 211
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Fig. 5.14 The absolute value of the control torque
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Fig. 5.15 The time of motion and the maximum magnitude of the control torque

Figure 5.14 shows that that constraint |U| < 10 is satisfied with a considerable
margin. Therefore, it is reasonable to simulate the motion of the system controlled
by law (5.3.5) with the feedback factors oy and f; twice than those prescribed by
algorithm (5.3.8). The time history of the angular coordinate of the bar and the
absolute value of the control torque |U], for such control law, are represented by the
dashed curves in Figs. 5.13 and 5.14. In this case, the time of motion was reduced
to T, = 2.53s and, as previously, the control satisfies constraint (5.3.3).

In order to estimate the efficiency of the control algorithm when condition
(q0,40) € G- of the above theorem is violated, we simulated the dynamics of system
(5.3.33) for different values of w. The solid curve in Fig. 5.15 depicts the depen-
dence of the overall time of motion T up to the terminal state on the parameter @
for w € [0,20]. In this case,

. 1
A(t) =moo(1+ 3 sin @t) cos ot
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and the constant D, from constraints (5.3.1) satisfies the inequality @ < D,. Con-
sequently, Q < ng / 32w? and, in the case of the chosen values of the system
parameters, for a large part of the interval 0 < @ < 20s~!, the initial state go = 1rad
and ¢o = 1rad/s does not lie in the domain G.. Nevertheless, the proposed control
law does bring the system to the terminal state.

The dashed curve in Fig. 5.15 depicts the dependence of the maximum magni-
tude of the control torque U that is realized when the algorithm is applied, on the
parameter @. One can see that constraints (5.3.3) are satisfied for all values of @
considered.



Chapter 6

Continuous feedback control for mechanical
systems under uncertainty

In the aforegoing chapters, two approaches to constructing control algorithms have
been elaborated that enable a Lagrangian mechanical system to be steered to a
given terminal state in finite time, on the assumption that the control forces are
bounded and the system is subject to uncontrollable perturbations. The steering may
be achieved through approaches based on decomposition methods, as well as on a
linear feedback with piecewise constant coefficients. By using these and some other
methods [95, 96], one obtains control laws that are described, in general, by discon-
tinuous functions of time.

In this chapter, an approach to constructing continuous feedback control laws is
proposed that may be used to steer a mechanical system to a terminal state in finite
time. The control law proposed may be interpreted as a linear feedback with the
gains being continuous functions of the phase variables. The gains increase to in-
finity as the trajectory approaches the terminal state, nevertheless the control forces
remain bounded and satisfy the imposed constraint.

The results presented in this chapter were published previously in [10, 11, 12,
13].

6.1 Feedback control for scleronomic system with a given matrix
of inertia

6.1.1 Problem statement

We return now to the consideration of a scleronomic mechanical system governed by
Lagrange’s equations (5.1.2). As before, the kinetic energy of the system is given
by (5.1.1). We keep also the main assumptions of Sect. 5.1.1. Namely, the vector
of unknown disturbances Q(g,q) is an arbitrary vector-valued function satisfying
some existence conditions for the solution of system (5.1.2) and meeting constraint
(5.1.3). The vector of control forces U is also bounded and satisfies (5.1.4). The
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matrix A(q) is a continuously differentiable symmetric positive definite matrix of
the kinetic energy, its eigenvalues and partial derivatives are constrained by (5.1.5)
and (5.1.6). The phase variables g and ¢ are assumed to be available for measuring
at every instant of time.

Let us suppose, at first, that the matrix of inertia A(g) is given.

Problem 6.1. Construct a control U(g,q) as a continuous vector-valued function of
the phase variables (¢,¢) € R**\ {(g,0)} that satisfies condition (5.1.4) and specify a
domain of admissible initial states such that any trajectory of system (5.1.2) starting
in that domain reaches a prescribed terminal state (g,0) in finite time, whatever the
perturbations Q(q, ¢) satisfying condition (5.1.3) be.

Let us note that the terminal state is a state of rest of the unperturbed system
(5.1.2), i.e., in case where U = 0 and Q = 0. Without loss of generality, we assume
that § = 0, that is, the terminal state coincides with the origin of the phase space.
This may be achieved by a suitable choice of the generalized coordinates.

6.1.2 Control function

We define the control as follows:

Ul(q,9) = —(q,9)A(q)q — B(q,9)q, (6.1.1)
where ,
N ﬁ(QaQ) N 3U() 6.1.2
a(q,q) 7 B(g,4) 5 (0.q)’ (6.1.2)
1 1
Vig,q) =T+ Eﬁ(q,v'z)qz +5%(4,9)(A(9)4,9), q*+4* > 0. (6.1.3)

Relationships (6.1.2) and (6.1.3) define the functions (g, q), B(q,4),and V(q,q)
implicitly.

The function V (g, §) plays a principal role in the present investigation. Given this
function, one can find the feedback factors (g, ¢) and (g, ¢) through the above re-
lations, and, consequently, the control U(g,q) according to formula (6.1.1). In addi-
tion, the function V has the dimension of energy and serves as a Lyapunov function
for the system under consideration. It tends to zero as the trajectory approaches
the terminal state. Since the function V (g, §) appears in the denominators in rela-
tionships (6.1.2), the feedback factors tend to infinity as the trajectory approaches
the origin. Nevertheless, the proposed control does not go beyond the admissible
boundaries.

Theorem 6.1. In the domain R*"\ {(0,0)}, there exist continuously differentiable
functions o(q,q),B(q,q), and V(q,q) satisfying (6.1.2) and (6.1.3) and such that
V>0.
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Proof. Substituting the expressions for the functions (g, ¢) and B(g,¢) into (6.1.3)
and transforming equation (6.1.3), we obtain

24/6
16V2(q,4) = 16T(q,4)V (q,9) +3U3¢* + i<A(q>q,q>V1/2(q,4)- (6.1.4)

VM

‘We introduce the notation

x=V"%(q,9), &(q.9)=4T"%(q.9),

(6.1.5)
. 26Uy . )
n(q.4) i (A(q)d,q), Y(q,4) =3Uolq]
and rewrite (6.1.4) in the form
F(q,¢,x) = 16x* — E*(q,4)x* — 1 (q.9)x— V*(¢.4) = 0. (6.1.6)

Let us consider this equality as an equation in x. We will show that, for any
g,g € R**\ {(0,0)}, there exists a unique positive root of equation (6.1.6), and its
multiplicity is one.

By the Cauchy inequality and condition (5.1.5), we have

2408 24U5

n*(q.q) = m (A(9)4.9)* < =7 T(4.9)A@)a.9)

< 24U5T(9,9)q” = E*(4.9)7*(9.9).
whence it follows that
Inf<7¢. (6.1.7)

We also note that, by formulas (6.1.5) and condition (5.1.2), the identity & (g,q) =
¥(¢,¢) = 0 cannot hold in the domain R**\ {(0,0)}.

Considering, for a while, the coefficients £, 1, and ¥ to be fixed, let us prove the
following auxiliary proposition.

Lemma 6.1. Every equation of the form
flx)=16x* —E2x* —mx— > =0, (6.1.8)

where the coefficients E,1, and y* are constant and satisfy the inequalities (6.1.7)
and E% +y* > 0, has a unique positive real root, and its multiplicity is equal to one.

Proof. At first, we will prove that, if &,y > 0, then there exist exactly two real roots,
one positive and one negative, and the positive root has multiplicity one.

Since f(0) = —y*> < 0 and f(x) > 0 for large absolute values of x, equation
(6.1.8) must have a positive and a negative roots. Let us verify that there are no other
real roots. Suppose the contrary: there exist parameters y >,£0 and n satisfying
(6.1.7) for which equation (6.1.8) has more than two real roots, i.e., three or four.
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Then, let us show that there exist parameters y >,£0 and 7 satisfying (6.1.7) for
which equation (6.1.8) has a multiple real root.

Obviously, if there are exactly three real roots, one of them is multiple.

Now, suppose that the coefficients &;,7;, and y; are such that [n;| < &y and
equation (6.1.8) has four real roots. For sufficiently large 75, equation (6.1.8) with
coefficients &, 1y, and 9, has exactly two real roots and |1;| < &;7». Consequently,
as the coefficient y varies from 7, to 9, the number of roots changes, and there
exists 3 at which a multiple root x( of equation (6.1.8) appears. Obviously, this 3
also satisfies condition (6.1.7).

Since xg is a multiple root of the equation f(x) = 0 with coefficients &;, 7y, and
1, it is also a root of the equation f’(x) = 0 with coefficients & and 1, that is

fl(x) =64x° —2862x—m; =0. (6.1.9)

We multiply equation (6.1.8), where & = &, 1 =1, and ¥ = 73, by —4, and
equation (6.1.9) by x, and add the resulting equations together. This gives the equa-
tion

2% +3Mx+472 =0 (6.1.10)

that must have x as a root. By condition (6.1.7) and the inequalities &;,73 > 0,
the discriminant D = 9n? — 32£272 of equation (6.1.10) is negative, and therefore
equation (6.1.7) has no real roots. This contradiction proves the lemma in the case
where £,y > 0.

Now, consider the case where £ = 0 or y= 0. If £ = 0, then, by equation (6.1.7),
n = 0, and equation (6.1.8) becomes x* = y?/16, y > 0, that has a single positive
root, and the multiplicity of the root is one.

In the case where y = 0, equation (6.1.7) implies that 11 = 0, and equation (6.1.8)
reduces to the equation x* = £2x%, & > 0, that has three real roots. One of these
roots, namely x = 0, has multiplicity two, and the single positive root is of multi-
plicity one, which completes the proof of the lemma. O

We now return to the proof of Theorem 6.1, considering the coefficients &, 7,
and v as functions of the phase variables ¢ and g. It follows from the statement of
Lemma 6.1 that, for any (g,4) € R**\ {(0,0)}, the polynomial equation (6.1.6) has
a unique positive real root xo(q, ) and its multiplicity is one. Consequently,

I fgano(ad) 20, (@.0) € R\ ((0.0))

and, by the Implicit Function Theorem, V(g,§) = x3(¢,4). Then the function
V(q,4) = x3(g,q), and together with it also the functions o(¢,g) and B(q,q) de-
fined by (6.1.2), are continuously differentiable in the domain R*"\ {(0,0)}, and
V > 0. The theorem is proved. O

Bearing in mind the statement of Theorem 6.1 and formula (6.1.1), we conclude
that the control function U(g,q) is defined and continuously differentiable in the
domain R**\ {(0,0)}.
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The justification of the proposed control law is based on Lyapunov’s second
method. The peculiarity of the investigation is that we do not express the function
V(q,q) as well as the functions (g, q) and (g, ) in an explicit form. We establish
their properties and carry out all other necessary reasoning for the functions defined
implicitly.

6.1.3 Justification of the control

We shall now find the domain of admissible initial states and show that any trajectory
of system (5.1.2) and (6.1.1) beginning in that domain will reach the origin in finite
time. This will be done by methods of the theory of stability, and we will show that
the function V is a Lyapunov function of the system under consideration.

Let us find upper and lower bounds for V(g,q). Using the Cauchy inequality,
formulas (6.1.2), and conditions (5.1.5), we obtain

|0(4,4)(A(9)d> )| < |et(a,d)| (2T (q,0)(A(@)q0)) ">

< T(q.4) + 30%(0.4){A(0)4.9) < T(q.4) + 5B (0:)a"

which implies that

V-(4,4) <V(g,9) <3V-(4,9), (6.1.11)
where |
V-(g,9) = 5 [27(4,4) + B(g.9)4"] (6.1.12)

Let us substitute expressions (6.1.2) and (6.1.12) for the functions B(gq,¢) and
V_(gq,¢) into estimates (6.1.11). After some reduction, we obtain the inequalities

£(q,9) <32V*(q.q) <3&(q.9), &(q.9) =16T(q,9)V(q,9)+3Usq’,

whence, solving for V (g, q), we arrive at the following limits (for brevity, we omit

the arguments ¢ and ¢):
30202\ /2 3 U2\ 2
T+<T2+0q> <vs<: T+(T2+02q > .
1/2}

4 2

Using conditions (5.1.5), we finally obtain

1 , .
S [qu + (m*¢* +6Usq*) ' | <V(q,9)

3 o (6.1.13)
<3 [qu+(M2q4+2U§q2) / }
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Let us note that the functions of the phase variables g and ¢ on the right- and left-
hand sides of (6.1.13) are expressed explicitly in terms of the known parameters of
the problem. It follows from (6.1.13) that the function V (g, ) can be defined as zero
at (0,0) while still remaining continuous, but it will not be differentiable there (see,
for example, the graph of the function V for a mechanical system consisting of a
point mass moving along a horizontal line presented in Fig 6.3).

We will now evaluate the derivative V. Differentiating the functions o(q,4q), B(¢,4),
and V (g, ) along trajectories of system (5.1.2) and (6.1.1), we obtain

o . . B
oO=———V =-Vv
) B v )

v (6.1.14)
d v
V=T +Blg.d)+aT + 5 (5:4d.0) — 5 (B + 5 (A@)d.a)).

By the theorem on the variation of the kinetic energy of a scleronomic Lagrangian
system, and by the definition of the vector-valued function U (g, ), we have

T =(u+0Q.q)=-20T - B(¢.q)+(Q.4)- (6.1.15)
It follows from expression (5.1.1) for the kinetic energy and equation (5.1.2) that

d doT JdT
—Aj=——=—+U 6.1.16
a1 ar d¢ dgq TUTO. ( )
Substituting (6.1.15), (6.1.16), and (6.1.1) into the last equation of (6.1.14), we ob-
tain the following relation for the derivative of the function V (g, §):

. L 0A
V=_—u {T—%— %(A(q)c],q) + §q2] + %( <121 quql) 4,49)
(6.1.17)

|4 , , .«
~3v {ﬁq + §<A(f])%4>} +{Q.4+54)-
Let us transform and estimate the separate terms in the right-hand side of
(6.1.17). It follows from definitions (6.1.2) and (6.1.3) of the functions o(q,q) and
V(g,q) that

P ] —aV = V3o vz, (6.1.18)

R

2
By the Cauchy inequality, condition (5.1.5) and relations (6.1.2), (6.1.11), and
(6.1.12), we have

A , 5.
‘q—k Eq‘ =q+ qu—i—oc(q,tﬁ < Z(qz—i—oczqz)
(6.1.19)
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572 B, 5 5
< T+ = <=V_.< =V
_4< +M ) m

Hence, by condition (5.1.3), we have the inequality

a 5
(Q.4+ Za)| < Qoy/ = VI/2. (6.1.20)
Using condition (5.1.6) and the estimate
n
S lail < Vnlql, (6.1.21)
i=1
we can conclude that
1 JA
H > 5,491 < V/nD|q|. (6.1.22)
i—199i

Relations (5.1.5), (6.1.2), (6.1.11), and (6.1.12) imply the following inequalities:

N

2 4 4

2 2
T=gV- Sy T2 (6.1.23)
Hence, by inequality (6.1.22), we obtain
o, & JA o » _2y/nD_;
2> N a.aV| < =/nDlglg? < ZN"Zy3/2, 1.24

Substituting relations (6.1.18), (6.1.20), and (6.1.24) into expression (6.1.17) for
the derivative V(g,¢) and transposing the last term in V(g,4) to the left-hand side,
we arrive at the inequality

BV < —8(q,4)V'/?, (6.1.25)
where
8(q.9) = \[UO N \/> 2fc a.9), (6.1.26)
B(q,q) =1+ 2[;({1‘:14)) 7 40‘6,(51’2) (A(9)4,9) =% {T+B42+T<A(q)c]m

[the last equality in the chain is obtained using (6.1.3)].
By the Cauchy inequality, formula (6.1.2), and condition (5.1.5), we have

2
|%06<A(41)6]»61>| ;(qq)+91l6< 4,q) < %7+¥

2

3 3 3 5
2olA(Q), )| < 2T(q,q) + —(Aq,q) < 2T + = >,
|4O<< (Q)%Q>|_2 (9,9) + ]6< q,9) < +34
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Using the first inequality to estimate the function B(g,¢) from below and the second
to estimate it from above, we obtain

1
0<w(2T+1361)<B(q q)<§ T+ﬂq2+2<A(q)q,q> =3. (6.1.27)

Since B(q,¢) > 0, it follows that the sufficient condition for the derivative V (g, )
to be negative is that the expression in parentheses on the right-hand side of inequal-
ity (6.1.25) should be negative. Let us put

V(1) =V(q(1),q(2)), B(t) = Bq(t),4(1)), 8(t) = 8(q(1),q4(1))  (6.1.28)

and rewrite inequality (6.1.25) in the form

V() < —;;Eng/z(t). (6.1.29)

Theorem 6.2. Suppose the condition
o(19) >0 (6.1.30)

holds at the initial instant of time to. Then, the derivative of the function V along the
trajectories of system (5.1.2) and (6.1.1) satisfies the inequality

V()< — @me, 1> 1. (6.1.31)

Proof. 1t follows from relations (6.1.27) and (6.1.29) and from condition (6.1.30)
that 5 5
V(tg) < — BE;?;VI/Z(IO) < - %Vlﬂ(m) <0.

Consequently, for ¢ > 7o in a sufficiently small neighborhood of the point fy, the
inequality V(1) < V(1) holds. This inequality turns out to be true for all # > 1.

Suppose the contrary. Let ¢’ > 7 be the first instant of time when the function
V again takes the value V (fy). Then V(¢) < V(1) for t € (to,"). Hence, we con-
clude from definitions (6.1.26) and (6.1.28) of the function &(¢) and from condition
(6.1.30) that

o(t) > d(tp) > 0. (6.1.32)

Thus, using (6.1.29), we obtain the inequality V() < 0 for ¢ € (ty,’).

On the other hand, since V (fy) = V (¢'), it follows by Lagrange’s Theorem that
there exists a point #” € (fy,#’) such that V(¢”) = 0. This contradiction shows that
V(t) <V(t) fort > 1.

The inequality just proved implies the validity of the estimate 6 () > 8 (fo) > 0 for
all r > 1y, whence, by relations (6.1.27) and (6.1.29), we obtain inequality (6.1.31).
O
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By Theorem 4.9, it follows from relations (6.1.13) and (6.1.31) that the value of
the function V along the trajectory of system (5.1.2) and (6.1.1) tends to zero, while
the trajectory itself approaches the origin.

To estimate the time of motion, let us integrate inequality (6.1.31) over the inter-
val [to,¢]. We obtain

6
R [V12(10) = V12(1))

Taking into account that V() — 0 as 7 increases, we obtain the following estimate
for the time taken by system (5.1.2) and (6.1.1) to move from the initial state gy =
q(10), go = ¢(tp) to the terminal state ¢ = ¢ = 0:

6

1< —V"(40,40). 6.1.33
= 5g0.d0) (90,40) ( )

We will now verify that the control function U(g,q) satisfies condition (5.1.4).
By the Cauchy inequality, we have

2 _ 2A.2 2.2 2 A ]
u” = o|AGl"+B7q” +2aB(A(q)q,q) (6.1.34)

4 . .
< 3 [@?Ad]* + B*¢* + aP(A(9)d.q)]
Since A(q) is a symmetric positive definite matrix satisfying conditions (5.1.5), the

matrix A~!(g) is also symmetric and positive definite, and its eigenvalues belong to
the interval [1/M,1/m]. Consequently,

M < (A (@)z,2), Vg,zeR"
Substituting z = A(q)q into this inequality, we obtain the relations
|Ag)* =22 <M(A™'z,2) = 2MT

using which we can continue estimate (6.1.34) as follows:
2 _ 4 2 2 2 .
u' <3 [2Ma’T + B2+ aBlA(9)4,9)] -

Making use of expressions (6.1.2) and (6.1.3) for the functions & and V, we arrive
at the inequality
»_ 8B 2

from which it follows that constraint (5.1.4) holds along the trajectory of system
(5.1.2) and (6.1.1).

We will discuss now some properties of the vector-valued control function
U(q,q). Let us calculate its values in the subspaces ¢ = 0 and ¢ = 0 of the phase
space (q,q) € R?".If ¢ = 0, then
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V3Uy

0,4)=T(0,q), 0,g)=———5.
V(0,4) =T7(0,9), «(0,9) Z(ZMT(O,C]))I/Z

Consequently,
. V3U . V3Uj .
U0,9) =——————7A(0)g = ——————7A(0)¢,  (6.1.35)
2(2MT(0,4)) 2(2MT(0,¢))
where e is a unit vector collinear with g.
If ¢ = 0, then
B(4,0) , 308
14 Q7O =59, ,B Q70 = a7/ _ N
(0 2 @9) 4B(q,0)¢
whence we get
V3Up V3Uy V3Up
B(q,0) = , U(q,0) =~ qg=- f, (6.1.36)
(4,0) 2l (4,0) 2] 5

where f is a unit vector collinear with ¢.

Thus, the control force vector U (g, ¢) is constant in the subspaces ¢ =0 and ¢ =0
along any straight line passing through the origin of the phase space, and it points
toward the origin.

Remark 6.1. The proposed control law may be formulated without using the func-
tions a(q,q) and B(g,q). To that end, we transform expression (6.1.1) for U(q,q)
by substituting into it formulas (6.1.2) for o« and . This gives a new definition of
the vector-valued control function

\/§U0 . 3U3
G- .
2(2Mv(q,¢))"*" 8V(a:9)

U(QaQ) = q,

where the function V (g, ¢) is implicitly defined by equation (6.1.4).

6.1.4 Sufficient condition for controllability

Formulas (6.1.28) and (6.1.30) imply the following sufficient conditions for the sys-
tem to reach the prescribed terminal state:

4v/2nD 10M
U0>Q*+WV(QO»C]0)7 0.=2 37on (6.1.37)

This condition relates the maximum admissible value of the control Uy and pertur-
bations Qp with the domain of admissible initial stales of the system. In particular, in
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aneighbourhood of the terminal state, where the function V (g, ¢) is small, condition
(6.1.37) may be written in the form

U()>Q*.

This condition characterizes the excess of the control forces over the perturbations
that is sufficient for the control objective to be achieved.

If there are no perturbations, i.e., Qp = 0, the proposed control law steers system
(5.1.2) to the terminal state in finite time from any point of the domain of admissible
initial state sthat is given by the inequality

3 mUy
< ] 3 mUo
V(9.9) <\ 5 7¢

Taking into account relationship (6.1.13), we can state that this domain will certainly
contain the ellipsoid

~ VenD

Remark 6.2. The control law defined by relations (6.1.1)—(6.1.3) does not depend
on the constants Qp and D and on the initial state (qo,qo). It may, therefore, be
formally applied, even if inequality (6.1.37) does not hold. Computer simulation of
the dynamics of various systems shows that the control law is effective far beyond
the limits of the sufficient conditions (6.1.37). This is due to the fact that condition
(6.1.37) guarantees a monotone decrease of the function V along the trajectory of
system (5.1.2) subjected to control (6.1.1)—(6.1.3). However, the function V may
tend to zero in a non-monotone manner, while the trajectories of the system ap-
proach the terminal state as before. The simulation results presented below illustrate
such behavior of the system.

v 1" mu
T(q,4)+{T2(q,q')+2°q2] < =2

6.1.5 Computer simulation results

A two-link manipulator

To verify the effectiveness of the proposed control law and to illustrate its operation,
numerical simulation are carried out for controlled motions of a two-link manipu-
lator on a fixed base (see Fig. 2.15). It is assumed that the manipulator moves in a
horizontal plane, that is, the gravity force is not taken into account. The parameters
of the manipulator and the initial and terminal states are taken as in Sect. 5.2.1.

With the parameters thus chosen, the sufficient condition (6.1.37) for steering
the mechanical system to the terminal state using the proposed control law may be
rewritten as

Up > 11.800+9.9V (g0, qo)-
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In the simulation, the perturbation torques were defined as a constant vector-
valued function Q(r) = (0,250). Consequently, the magnitude of the perturbation
vector in constraint (5.1.3) does not exceed the quantity Qg = 250 in norm, and the
sufficient condition for the system to be steered to the terminal state becomes

UO > 2950 + 99V(q0a QO)a

that is, for the value of Uy selected in Sect. 5.2.1 (Uy = 500), the condition is not
satisfied for any initial values of the phase variables. Nevertheless, the proposed
control law overcomes the perturbations and steers the system to the terminal state.

d,

Fig. 6.1 Angular coordinates and velocities

The graphs of the phase variables of the system are presented in Fig. 6.1. The
solid curves correspond to the angular coordinates (rad), the dashed curves corre-
spond to the angular velocities (rad/sec), the thick curves describe the motion of the
first link, and the thin curves describe that of the second.

The magnitude of the control vector |U| as a function of time is plotted in Fig. 6.2
(the solid curve). The dashed curve in Fig. 6.2 depicts the time history of the func-
tion V along the trajectory under consideration. Clearly, V tends to zero and the
control satisfies the restriction |U| < 500. As already remarked, V tends to zero
non-monotonically, because the sufficient condition (6.1.37) for the derivative V to
be negative is not satisfied.

Remark 6.3. In accordance with the algorithm, the control U is described in terms of
the function V that is defined implicitly by equation (6.1.4). The quantity x = \/V as
aroot of the fourth-order polynomial equation (6.1.6), and hence also the function V,
may be expressed analytically using Cardano’s formulas. However, there is no need
for an explicit representation of the function V when running the algorithm. From
a computational point of view, it is more convenient to find the current value of the
function by solving equation (6.1.6) numerically, say by Newton’s method. At each
step of the integration, it is convenient to take the value of V from the previous step
as the initial approximation. Since the function V decreases monotonically along the
trajectory and is continuous, the old value is slightly larger than the new (unknown)
one.
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Fig. 6.2 Magnitude of the control U and the function V

A system with one degree of freedom

Let us investigate the limiting possibilities of the above control law by numerical
simulation and compare the proposed control with the time-optimal one. To that
end, we consider the mechanical system that consists of a particle of unit mass
moving along a horizontal straight line. For such a system, in the agreed notation,
we have A(g) =m=M = 1.

The equations of motion of the point are

G=U+0, (6.1.38)

where ¢ is the coordinate of the point on the line. We assume that the control force
U and the perturbations Q are subject to the restrictions

U <Uy=1, |0|<Qp<1. (6.1.39)

Due to the simplicity and low dimensionality of the system, one can express
the functions V (¢,¢) and U(q,q), and some other characteristics of the motion by
graphical means. The graph of the function V (g, ¢), in terms of which the control law
(6.1.1)—(6.1.3) is expressed and which is a Lyapunov function for system (6.1.38),
is depicted in Fig. 6.3.

Figure 6.4 shows a phase portrait of system (6.1.38) for the case where there are
no perturbations, that is, Q = 0. The solid curves are the phase trajectories of the
motion of the particle and the dashed curves are the level sets of the function V.

By its definition, the function V is symmetrical about the origin, that is, V(g,¢) =
V(—g,—¢). The functions o, 3, and U have the same property. Hence, the phase
portrait of the unperturbed system is also symmetrical about the point (0,0).

A graph of the control function U(g,q) is shown in Fig. 6.5. It follows from
formulas (6.1.35) and (6.1.36) that, for the values of parameters chosen, the function
U satisfies the following relations on the straight lines ¢ = 0 and ¢ = 0:

U(O7Q) = U(Qvo) = ?
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Fig. 6.3 Function V(q,q)

6 Continuous feedback control for mechanical systems under uncertainty

Fig. 6.4 Phase portrait of the system
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One can see that, in the domains ¢,4 > 0 and ¢,¢ < 0, and at values of the veloc-

ity g of large magnitude, the surface shown in Fig. 6.5 has almost horizontal parts
corresponding to values of U close to 4+1/3/2.

Fig. 6.5 Control function U(q,q)
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As might have been expected, in the neighbourhood of the origin the function
U(q,q) has partial derivatives of arbitrarily large magnitude. This is because the
control force must cope with any perturbations (including discontinuous ones) sat-
isfying condition (6.1.39) and guarantee the monotone decrease of the function V
along the trajectory. Consequently, the closer to the origin, the higher the possible
rate of variation of the control force U [at the point (0,0), the function U is unde-
fined].

Let us find the curve on which the control changes its sign. This curve is defined
by the equation U(q,§) = 0. Using (6.1.1) and taking into account that A(g) = m =
M =1 for system (6.1.38), we have

QMﬂ%:—g (6.1.40)

on this curve.

Using relations (6.1.2), let us express, in equation (6.1.3), the functions V(g,q)
and fB(g,¢) in terms of o(g,§) and substitute expression (6.1.40) into the resulting
equality. Taking into account that Uy = 1, we obtain the equation 3¢> = 44*. The
function (g, q) is positive by definition, hence, by (6.1.40), the coordinate g and
velocity ¢ have different signs at each point of the desired curve. Therefore, the
curve itself is defined by the relation

24/3
—7*[42, if g >0;
a=1 L3 (6.1.41)
3

¢, if g <O0.

It consists of two branches of parabolas that are symmetrical about the origin (the
thick curve in Fig. 6.5).

Comparison with the time-optimal control

Let us compare the control law proposed with the control that minimizes the time of
the motion. For system (6.1.38) with Q = 0, the time-optimal control has the form

1
-1, ifq>0andq2—§q'2;
= 1

1, otherwise

[see formulas (1.4.12) and (1.4.13) in Sect. 1.4].

The function U(q,q), whose graph is shown in Fig. 6.5, and the time-optimal
control function Uppy given by (6.1.42) are readily seen to be qualitatively similar.
The switching curve for the time-optimal control Ugpt and its analogue (6.1.41) for
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the proposed control U are each the union of two branches of parabolas in which
the coefficients at ¢ are 1/2 and 21/3/3, respectively.
If perturbations appear in system (6.1.38), that is, the assumpton Q = 0 is not
fulfilled, then the time-optimal control law becomes (see Sect. 2.2.1)
&
—1,ifg>0and g > —————;
2(1 S Qo)
e q (6.1.43)
—1,ifg<0andg > ———;
! 7 2-0)

/
Uopt =

1, otherwise.

In that case, the switching curve is the union of two branches of parabolas ¢ =
+¢%/[2(1 — Qo)]. If Q9 = 1 —+/3/4, this switching curve coincides with the curve
U(q,q) = 0 given by formulas (6.1.41).

=
SO

SO
S,
SO
SN
SIS

USSR

SIS

S
SO

Fig. 6.6 Time of motion 7(q,q)

Figure 6.6 shows the graph of the function 7(g,q) for system (6.1.38) subjected
to the control prescribed by law (6.1.1)—(6.1.3) when there are no perturbations, that
is, when Q = 0. By definition, the value of this function at each point of the phase
space equals the time it takes for the system to move from that point to the terminal
state. For comparison, Fig. 6.7 shows the graph of the function equal at each point to
the minimum possible time of motion from that point to the terminal state. It can be
seen that the time of motion of the system controlled using the proposed algorithm
is approximately 1.5 times greater than the minimum time.

In order to determine the limiting possibilities of the control algorithm proposed,
the motion of system (6.1.38) is simulated numerically for the case of perturbations
specified by

0(q,9) = —0QoUopt,
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Fig. 6.7 Optimal time of motion

where Uoppt is defined by formula (6.1.42); this is done for different values of Qo.
It turns out that the limiting value of the perturbations Qg for which the system is
brought to the terminal state by algorithm (6.1.1)—(6.1.3) is approximately 1/3/2,
i.e., it is equal to the value of the function U on the straight lines ¢ = 0 and ¢ = 0.
We recall (see Sect. 1.4) that, for the optimal control law, the system may be brought
to the terminal time if and only if Q¢ < 1.

Thus, the approach proposed above enables one to construct algorithms that yield
bounded controls as smooth functions of the phase variables. These algorithms can
be used to control any scleronomic mechanical system and enable it to be steered
to the given terminal state in finite time. The results of the numerical simulation of
controlled motions of a point mass along a horizontal straight line demonstrate that
the proposed control law is qualitatively similar to the time-optimal control law.

6.2 Control of a scleronomic system with an unknown matrix of
inertia

6.2.1 Problem statement

Consider now a scleronomic mechanical system (5.1.2) under the assumption that
the matrix of the kinetic energy of the system is represented in the form

A(q) = Ao(q) +A1(q), 6.2.1)

where Ag(g) and A;(q) are symmetric continuously differentiable matrices, and
Ao(g) is known and positive definite, whereas A (g) is unknown.
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We put
Tol0:4) = 5 (4004, Ti(0:4) = 5 (A1 ()dsd).

Then,
T(q,9) = To(q,9) + Ti(q,9)- (6.2.2)

As above, we assume that the eigenvalues of matrices A(g) and Ay(g) belong to
the interval [m,M], 0 < m <M, for any ¢, i.e.,

mz* < (A(q)z,z) < MZ?,
(6.2.3)

mz* < (Ao(q)z,2) < Mz*, Vq,z€R",

and the matrix A; and the partial derivatives of the matrices A; and A are uniformly
bounded in norm, i.e.,

o

Aj <M;,
@l <, 15

(@ <Ci,
(6.2.4)

JdA
||8—q(q)\\ <C, M;,C,C>0, i=1,...,n.
l

Problem 6.2. Construct a control U (g, ¢) as a continuous vector-valued function of
the phase variables g,g € R*", ¢*> +¢* > 0, that satisfies condition (5.1.4), and spec-
ify a domain of admissible initial states such that any trajectory of system (5.1.2)
starting in that domain will reach the prescribed terminal state (0,0) in finite time,
whatever the matrix A; and the perturbations Q satisfying conditions (6.2.4) and
(5.1.3) be.

We apply the approach proposed above for the control of a scleronomic me-
chanical system with a given matrix of the kinetic energy. We define the control as
follows:

U(q.9) = —a(q,9)Ao(q)q— B(q.9)q, ¢*+4* #0, (6.2.5)
_ [B(g,9) L 3Ug
V(g.9) = Tola.d) + 3Blg. 006" + sela.d)hola)d.a) (62)

By contrast to control (6.1.1)—(6.1.3), the matrix Aq that occurs in (6.2.5) and
(6.2.7) does not coincide with the matrix of inertia A of the system; it represents
“the known part” of A only.

Relationships (6.2.5)—(6.2.7) define the functions o.(q,q),B(q,q), and V(q,q)
implicitly. By Theorem 6.1, in the domain ¢> + ¢*> > 0, there exist continuously
differentiable functions a(q,q),B(q,q), and V(q,q) satisfying these relationships.
It has already been proved also that the function V satisfies inequalities (6.1.13).
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Let us show that V(g,¢) is the Lyapunov function for system (5.1.2). The deriva-
tive V(q,q) along the trajectories of this system has the form

o o, d B L., o .
—T j To+ —(—(A0q),q) — —q*V — —(Aod,q)V . 2.
V =To+B(q,q9) +aTy+ 2<dt( 09),9) Al 4v< 0d,q)V.  (6.2.8)

We evaluate the terms in expression (6.2.8) separately. We set

d 0Ty 0T,
LT)=————. 6.2.9
(Th) di9d  9q (6.2.9)
Taking (6.2.2) into account, we rewrite (5.1.2) in the form
d Ty dTy
—— = —L(TY). 6.2.10
7 9q  dq u+Q—L(Ty) ( )

By the theorem on the variation of the kinetic energy of a scleronomic Lagrangian
system, and by the definition of the vector-valued function U (g, ), we have

Ty = (u+Q—L(Th),q) = —20Ty — B(g:4) +(Q —L(T1),9)- (6.2.11)
By virtue of equations (6.2.10), we obtain

d d JTy JTy

—(Apg) = ——=— = — —L(Ty). 6.2.12

dt( 0q) 4 9q g +u+Q—L(Ty) ( )
We substitute relations (6.2.11) and (6.2.12) into expression (6.2.8) for the derivative
V and use the definition (6.2.5) of the control vector-valued function U. After some
reducing, we obtain the following expression for the derivative of the function V
along the trajectories of system (5.1.2) and (6.2.5):

V=-o <To+ 2 (Aod,q) + gff) - (Bq2 + g<Aoq,q>) v

a2 ot o 2 2V (6.2.13)
+§<Tq74> +(Q—L(T), Ef]+61>-
Definitions (6.2.6) and (6.2.7) of functions ¢ and V imply
a (To + %<Aoq,q> + ng) —aV = 2\62%\/1/2. (6.2.14)
By virtue (5.1.2), we have the inequalities
dJoT dT

. d
o Liagy e 2o _oT
q+Aq dt( 9) dt dq 8q+M+Q

that imply
aT

G=A"" (aq+U+Q—Aq>. (6.2.15)
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We write down the expression for L(7}), using (6.2.10) and equality (6.2.15).
Then,

d oT . dT
L(T\) = S-A1g— s =A1g+A1G— =
a 94 % (6.2.16)
. oT . oT e
=Ag+AAT (S HU+0—Ag) - L
dq dq
We introduce the function
) ] a ) ] .
Blg.g) =1+ L&D o, @) ) o) (6.2.17)

Wi )? T W(g.9)

Substituting relations (6.2.14), (6.2.16), and (6.2.17) into (6.2.13), we write down
the final expression for the derivative of the function V (g, ) along the trajectories
of system (5.1.2) and (6.2.5):

. fU() 1 2 o aTo .
BV = + (=2, —Aig
8T2F 2 &‘chDLQ “ (6.2.18)
—AAT =4 U40-A¢ )+ 52, g +4).
I <8q+ +0 q>+aq,2q+q>
Let us estimate the terms in the right-hand side of equality (6.2.18). From rela-
tions (6.2.2), (6.2.4), (6.2.6), (6.1.21), and (6.1.23), it follows that

o, 0Ty 8T1 o, dT o dA
|2<aq )l =13 ( ,q)| = |4l§‘;<aqqu>qz\
2 /iC (6.2.19)
< 2c? Y lgil < Svnclgl < Yy,
<3 q;lqz|_4\/ﬁ qlql_mm
Inequalities (6.1.21), (6.1.23), and (6.2.4) imply
BTI aAl .
{5, >\—I*Z<a 4,9)4il
(6.2.20)
VG \q|<4f "y < 2y
my/m m/m
By virtue of (6.2.3), the inequality
_ 1
A~ < =
m

holds. This inequality, conditions (5.1.3), (6.2.4), and estimate (6.1.19) imply

|<Q—A1A‘1Q,4+%q>| < Qo <1+A:11) ﬁvl/z. 6.2.21)
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Since the control function U (g, §) satisfies constraint (5.1.4), we have

|<A1A‘1uyq+%q>| < %v”? (6.2.22)
Similarly, we obtain
A G+ Sl < 5 5L (3 Sa)|
6.2.23
< %\/ﬁqulq'Jr Sl < 2\/5\?/11 V32, o
ma¢q+§@su(§;z;¢>¢q+§m|
6.2.24
< VnCig*lg+ %ql < “’g’ﬁf‘vw, o
[(A1ATAg, g+ %q)l < %V”. (6.2.25)

By substituting (6.2.19)—(6.2.25) into expression (6.2.18) for the derivative V,
we obtain that
01Uy — 00— &V (q,q )V1/2
B(q.9)

V(g,q) < — (9.4), (6.2.26)

where

V3 V5Mm M, 5
8= %7 Q+m) pt
(6.2.27)
5 = WIC 6V ( . CMl)
T omVM o mym ’

Hence, the function B(g,¢) from (6.2.17) satisfies inequality (6.1.27).
Using reasoning similar to the above, we proved the following theorem.

Theorem 6.3. Suppose that at the initial instant of time ty, system (5.1.2), (6.2.5) is
in the state (qo,qGo) and the condition

01Up — Q0 — 63V (q0,40) > 0 (6.2.28)

holds [the constants 6, ,, and 83 are defined in (6.2.27)]. Then, the derivative of
the function'V along the trajectory, starting at (qo,qo), satisfies the inequality

01Uy — 6200 — 83V (qo, o) Vi

V< —
- 3

(6.2.29)
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By virtue of (6.2.17) and the assertion of Theorem 6.3, we can conclude that the
value of the function V along the trajectory under consideration approaches zero,
and the trajectory itself approaches the origin. Integrating (6.2.29) on the interval
[to,], we obtain the following estimate from above for the time of motion (g, o)
of the system from the initial state (go,qo) to the terminal state go = ¢o = O:

6V1/2(t0,40,40)
(d0.do) < .
(40, 40) 81Uo — 5,00 — 83V (g0, d0)

Relations (6.2.27) and the condition of Theorem 6.3 imply the following suffi-
cient controllability condition for steering the system to the terminal state by the
proposed control law

5
%>é%+iW%%) (6.2.30)
51 51

Inequality (6.2.30) connects the maximum admissible values of control Uy and
perturbations Qp, the size of the domain of admissible initial states, and also the
estimate of the error, with which the inertia matrix of the system is known (the
constraints on the matrix A and its partial derivatives are involved in the expressions
for §;). This inequality characterizes the superiority of the control forces over the
perturbations that is sufficient for reaching the target of control, if the value of the
function V' at the initial state and the error of knowing the inertia matrix of the
system are not large enough.

Remark 6.4. As in the case of a precisely known matrix of the kinetic energy, the
control law, defined by relations (6.2.5)—(6.2.7), depends neither on the initial state
(q0,4¢o) nor on the constants Qg and &;, i = 1,2,3, that are used in the formulation
of the sufficient controllability conditions (6.2.30). Therefore, this law may also
be applied formally in the case where inequality (6.2.30) does not hold. Computer
simulation of the dynamics of various systems has shown that the proposed control
law is effective far beyond the sufficient condition stated (see Remark 6.3).

6.2.2 Computer simulation of the motion of a two-link manipulator

We present the results of the numerical simulation of controlled motions of a two-
link manipulator on a fixed base (see Fig. 2.15). We assume now that the gripper
of the manipulator holds a load of unknown mass. Such a mechanical system is
governed by Lagrange’s equations (5.1.2) with the kinetic energy given by (5.1.1),
where the matrix A(g) has form (4.1.5).

The computations were performed for the following values of parameters: m;| =
20 kg and m; = 10 kg are the masses of the links; /; = 0.8 m and /, = 0.5 m are
the lengths of the links, respectively. In what follows, the mass my of the load of the
manipulator is taken equal to 3 kg or 5 kg. The maximum admissible magnitude of
the vector of control torques is chosen equal to Uy = 500 N - m. When modelling,
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we specify the disturbances by the constant vector-function Q = (0; 30) N - m. The
manipulator moves from the initial state

go, = 0.5rad, qo, = lrad, go, = go, = Orad/s
to the “stretched arm” position
N =q9=q1=q¢=0.

As the computations have shown, for the given set of parameters, sufficient con-
ditions (6.2.30) do not hold for all the initial states. Nevertheless, the control pro-
posed steers the system to the terminal state.

0.8 791

Fig. 6.8 Angular coordinate of the first link

Fig. 6.9 Angular coordinate of the second link
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In Figs. 6.8 and 6.9, the graphs of the time histories of the angular coordinates of
the first and second links are shown (in radians). Figure 6.10 illustrates the behavior
of the function V along the trajectories, and the magnitude of the control torque
vector U as a function of time is shown in Fig. 6.11. In all figures, the thin solid
lines correspond to the motion of the manipulator with a load of mass my = 5 kg
in its gripper subjected to the control law constructed under the assumption that the
mass of the load is mg = 3 kg. The results of the modelling of the dynamics of the
manipulator for the case where the mass of the load is known and equal to my = 3 kg
are presented for comparison (bold solid lines). The dashed lines in Figs. 6.8-6.11
are related to the contents of Sect. 6.3.2.

200 1

100

Fig. 6.10 Function V

500

250

0

0.3 0.6
Fig. 6.11 Magnitude of the control torque vector U

From Fig. 6.10, we see that the function V approaches zero along the trajectories
in a non-monotone way, which is explained by the fact that sufficient condition
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(6.2.30) is not satisfied. Despite the fact that the derivative of the function V takes
not only negative values, and that the function itself has intervals of increase, it
vanishes after passing a finite time interval, and the system comes to the terminal
state in finite time. In this case, as Fig. 6.11 shows, the control U satisfies constraint
(5.1.4) everywhere.

6.3 Control of rheonomic systems under uncertainty

6.3.1 Problem statement

We have shown that the approach proposed can be applied to a scleronomic system
under the assumption that the inertia matrix of the system is unknown. Below, we
extend this approach to rheonomic systems in which the elements of the inertia
matrix are known only with some error, whereas the other coefficients of the kinetic
energy polynomial are not known at all.

Consider a generic rheonomic mechanical system with the kinetic energy given
by expression (4.1.3). Suppose that the symmetric positive definite continuously
differentiable matrix A(¢,q) can be represented in the form

A(t,q) =Ao(t,q) +A1(t,q), (6.3.1)

where Ay(t,q) and A (t,q) are also continuously differentiable matrices, the sym-
metric matrix Ag(¢,q) is positive definite and known, and A (¢,q) is an unknown
symmetric matrix. Denote

T0(0,4:) = 5 (Aot.0)d. ), Ti(1,0,4) = 5 (A1 (1,0)dd).

Then, in accordance with (4.1.3), we have

T(taQ7Q) = TO(EC],C]) +Tl(t7Qaq) + <d1 (I7Q)7Q> +a0(t7q)' (632)

As in the case of a scleronomic system (see Sect. 6.2.1), we suppose that the
eigenvalues of the matrices A(7,q) and Ag(t,q) belong to the interval [m,M], 0 <
m < M, for all ¢, g; i.e., the inequalities

mz* < (A(t,q)z,z) < MZ*,
(6.3.3)

mz* < (Ao(t,q)z,2) <Mz, Vi, Vq,z € R",

hold. The matrix A; and the partial derivatives of the matrices Ag,A;, and A are
assumed to be bounded by the norm uniformly for all # and g:
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0A 0A .
A <M1, 115 ‘||<cl, Is-l<c, i=1...n,
4 (6.3.4)

H dAg

A
||—D07 ||WHSD1, M17C7C17D0aDl > 0.
Moreover, it is assumed that the continuously differentiable function ag(z, ¢) and the
vector-valued function ) (¢, ¢) are known and satisfy the conditions

aao 8a1

8a1 T 8a1
| at | < D27 H a5 - 7” < D37 D27D3 > 0. (635)

The dynamics of the system is governed by Lagrange’s equations (5.1.2), in
which the kinetic energy T'(¢,q,q) is given by the expression (4.1.3). In this case, as
above, constraints (5.1.3) and (5.1.4) are imposed on unknown n-dimensional force
vectors Q(t,¢,q) and the control forces U (t,q, G), respectively.

Consider the problem of the synthesis of the control that ensures steering the
system to a given terminal state ¢ = g and ¢ = O in finite time. Without loss of
generality, we will assume that the terminal state coincides with the origin of phase

space (¢,4)-

Problem 6.3. Construct the control U as a continuous vector-valued function of
time ¢ and the phase variables ¢ and ¢ satisfying condition (5.1.4), and specify the
domain of admissible initial states such that any trajectory of system (5.1.2) starting
from this domain will come to the origin of the phase space gyp = ¢go = 0 in finite
time, whatever the matrix A, the vector-valued function a;, the function ag, and the
perturbation Q satisfying the conditions stated above be.

Consider the domain G of the extended phase space

G={(t,q.q) e R : ¢* +4* # 0}

and, in G, define the control in the form

U(taqaq) = _a(taqvq)AO(taq)q_ ﬁ(taq76})q7 (636)
where ,
.~ |B(t,q,9) 3U;
alt,q,q) =\ =3, B(t.4.9)= V00 6.3.7)
1
V(t,q,9) = To(t,q:9) + 5 ﬂ(t 497 +50(t,9,4)(A0(1,9)d,9). (6.3.8)

Relations (6.3.7) and (6.3.8) define the functions ¢(z,q,4), B(t,q9,4),and V(¢,q, )
in an implicit form.

By the reasoning, similarly to that used in Theorem 6.1, we can prove that, in
the domain G, there exist continuously differentiable positive functions o(t,q,q),
B(t,q,9), and V(t,q,q) satisfying relations (6.3.7) and (6.3.8). The fact that the
functions o, 3, and V depend on time now virtually does not influence the proof.
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It is easy to show also that the function U (¢,q,q) meets constraint (5.1.4), and the
function V (¢, ¢, ¢) satisfies the inequalities

V_(t,q,q) <V(t,q,q) <3V_(t,q,9), (6.3.9)
where 1
V(t,9:4) = 7 (2To(t1,4,4) + B(1.4,4)a°) - (6.3.10)

As in the case of the scleronomic system considered above, these statements imply
the following two-sided estimates for the function V(z,q,¢):

1 . ) 1/2 .
= [qu+ (m2g* +6U34) " ] <V(t,9,9)

8 3 " (6.3.11)
<z [qu + (M2 +208) ] .
‘We introduce the notation
- 8a1 T 8a1
a9 = (52) 60~ 5200,
.. dag day .
w(taQ7q):Tq(taq)iy(taq)+Q(taqaq)v (6312)

B(tv%(’?) q2 a(taqaq)
V(t,q,9)"  4V(t,9,9)
Taking (6.3.12) into account, the expression for the derivative of the function

V(t,q,q) along the trajectories of system (5.1.2) with kinetic energy (4.1.3) may be
written in the form

B(t7q7q) =1+ <A0(taq)q7Q>

) a 0T o 0T
BV:—(XV+E<TO_Q‘LC]>+<(U»EQ+C]>_TIO
q (6.3.13)
. aTI 1 oT . o
—(Ag— L AaAa (S —Q4—-Ad),Zq+4q).
(A1g 9g A <8q+U+w q q>72q+q>

Let us estimate the terms in (6.3.13) separately. For this purpose, note that re-
lations (6.2.14), (6.1.19)—(6.1.23), (6.2.19), (6.2.20), and (6.2.22)—(6.2.25) remain
valid, though some functions in them now depend on time explicitly.

By virtue of inequalities (6.1.23), the second condition of (6.3.5), and notation
(6.3.12), we have

2D3
VmM

Inequality (6.1.19), constraint (5.1.3), the first condition of (6.3.5), and notation
(6.3.12) yield

o o
15(Q4.9) < S Dsldllg] < S==V. (6.3.14)

o 5
{o.¢+5a9) < (Dz+50)\/;V1/2. (6.3.15)
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Conditions (6.3.4) and (6.1.23) imply

From relations (6.1.19), (6.1.23), (6.3.12), and (6.3.3)—(6.3.5), we obtain

Ty D, 2Dy
°|_. 2P <y, (6.3.16)
2 m

2JMm3

1o, - &%
(A1A71Q4,q+ Zq)] < Sal< =22y (6.3.17)

Similarly, equations (6.1.19), (6.3.12), and conditions (6.3.3) and (6.3.4) imply

\fMlDZ V]/z
“mym
After substituting relations (6.2.14), (6.2.19), (6.2.20), (6.2.22)—(6.2.25), and

(6.3.14)—(6.3.18) into expression (6.3.13) for the derivative V, we come to the in-
equality

(AiA 0,4+ S 4)] <

5 (6.3.18)

01Uy — 8 (D2 + So) —53V—54V1/2V1/2

V<-— ,
- B
where /3
2D 2Dy 2v/5M D3
O = —_— 6.3.19
4 \/]’IW + m + m2 ( )

and the quantities 0;, 0, and 83 are given by the expression (6.2.27).

Note that although the function B(t,q,q) depends on time explicitly now, it still
satisfies inequality (6.1.27). Taking this inequality into account and arguing as in
the proof of Theorem 6.2 in the scleronomic case, it is easy to show the validity of
an analogous theorem for the rheonomic case too.

Theorem 6.4. Assume that at the initial instant of time ty, system (5.1.2) controlled
by law (6.3.6)—(6.3.8) is in the state (qo,qo), and the condition

81Uy — &(Da +S0) — 83V — 8,V > > 0 (6.3.20)

holds, where Vo =V (t0,q0,q0). Then the derivative of the function V along the tra-
Jectory starting at the point (ty,qo,qo) satisfies the inequality

Vg—%h%—&wﬂ&M—&%—&wﬁvm. (6.3.21)

From the assertion of Theorem 6.4, we conclude that, if condition (6.3.20) is sat-
isfied, the value of the function V' on the trajectory under consideration approaches
zero, and the trajectory itself approaches the origin.

In order to estimate the time (¢, g0, Go) of motion of the system from the initial
state (0,40, qo) to the origin of the phase space go = ¢o = 0, we integrate inequality
(6.3.21) on the interval [fo,]. We obtain
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6v,/?

81Up — &:(Da+ Qo) — 83Vo — &V, *

T(f07QquO) S

Relations (6.3.20) and the conditions of Theorem 6.4 lead to the following suf-
ficient condition of bringing the system to the terminal state by using the proposed
control law:

03 04 1/2

&
Up > S—I(Dz +Qo) + 5—1Vo + 5—1\/0 : (6.3.22)

Inequality (6.3.22) connects the maximum admissible magnitudes of the control
Up and perturbation Qy, the size of the domain of admissible initial states, the es-
timate of the error with which the inertia matrix of the system is known, and the
estimate of the rate of change for the coefficients of the kinetic energy polynomial
on time. The constraints on the coefficients of the kinetic energy polynomial and the
rate of their change are involved in the expressions for §;. One can easily see that,
if the quantity Uy is big enough compared with the parameters of the problem listed
here, then the sufficient controllability condition (6.3.22) is satisfied.

Remark 6.5. The proposed control law, as in the scleronomic case (see Remark 6.4),
does not depend on the parameters listed above; therefore, it may be applied for-
mally, even if inequality (6.3.22) is not satisfied. The results of computer modelling
presented below have shown that the proposed control law also remains effective
beyond the range of sufficient condition (6.3.22).

6.3.2 Computer simulation results

A body with a variable moment of inertia

To illustrate the work of the algorithm let us return to the rotation of a body with
the moment of inertia depending on time (Fig. 4.1). The equations of motion of the
system has form (5.3.33). In the simulation, the constants m, M, and Uy, the mass my,
the law of motion of the particle along the rod (r), and the initial and the terminal
states were taken as in Sect. 5.3.4.

Figures 6.12 and 6.13 illustrate the behavior of the system subjected to the control
described above. Figure 6.12 shows the phase portrait of the system. The thin solid
line depicts the trajectory in case @ = 0, that is, in the case where the moment of
inertia is constant and known. The thick line corresponds to the trajectory in case
o = 2, that is, for the system with the variable moment of inertia. The dashed lines
depict the level sets of the Lyapunov function V.

The graphs in Fig. 6.13 show the time history of the function V (the solid line)
and the absolute value of the control torque U (the dashed line) along the trajectory
under consideration.
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ql1

Fig. 6.12 Phase portrait of the system
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Fig. 6.13 Function V and the absolute value of the control torque U

A two-link manipulator on a movable base

In Figs. 6.8-6.11, the results of computer simulation of the dynamics of a two-
link manipulator on a movable base are presented. We assume that the base of the
manipulator makes a translational motion (see Fig. 4.2) according to the law

x1(t) =Hcoswt, x(t)=Hsinwt.

In Sect. 4.1, such manipulator was described as a rheonomic system with two
degrees of freedom. The corresponding inertia matrix A, the vector-valued function
a and the function qg are given by expressions (4.1.7). The parameters of the ma-
nipulator are chosen as in Sect. 6.2.2 for simulating the motion of a manipulator
on a fixed base. The dashed lines in Figs. 6.8-6.11 correspond to the motion of the
manipulator for the case of H = 1 m and w = 2 rad/s. In this case, as in Sect. 6.2.2,
it is assumed that a load of mass mg = 5 kg is held in the gripper of the manipulator
and that the control law is constructed for a load of mass my = 3 kg. In Figs. 6.8
and 6.9, the graphs describe the time histories of the angular coordinates of the first
and second links. In Figs. 6.10 and 6.11, the graphs show the time history of the
function V and the magnitude of the control torque vector U, respectively.

One can easily see that, for the values of the parameters chosen, the sufficient
controllability condition, i.e., inequality (6.3.22) is not satisfied. Nevertheless, as the
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results of simulation have shown, the manipulator is steered to the terminal state by
the control law proposed in finite time. In this case, the motion of the base increases
the total time of the process, as is quite natural.



Chapter 7
Control in distributed-parameter systems

Many publications have been devoted to systems with distributed parameters, for
example [25, 86, 113, 122, 87, 117]. The control method proposed below differs
from the earlier ones. It enables one to construct a constrained control in closed
form and ensures that the system is brought to a given state in a finite time. This
method published before in [30, 39, 36] uses a decomposition of the original system
into simple subsystems and in this sense is close in spirit to the approaches described
above in the present book, where systems with a finite number of degrees of freedom
were considered.

In this chapter, we deal with linear elastic systems controlled by distributed
bounded forces. Before constructing control for such distributed-parameters sys-
tems with infinite number of degrees of freedom, we consider first the control for an
oscillatory system with a finite number of degrees of freedom.

7.1 System of linear oscillators

7.1.1 Equations of motion

We consider a dynamical system with n degrees of freedom described by equations
AX+Cx=Bv+ f(x,x,1); v(t) €V, f(x,%,t) € F. (7.1.1)

Here, x € R" is the vector of generalized coordinates, A and C are constant symmetric
positive definite n X n matrices of the kinetic and potential energy, respectively, B
is a constant n X m matrix (m > n), f is a given n-vector of nonlinear terms, and
v € R™ is the vector of controls. The values of v and f are bounded by the given sets
V C R™ and F C R", respectively. We look for a feedback control law v(x,x) which
satisfies the imposed constraints and drives the system (7.1.1) from any given initial
state

x(0)=x"  %0)=i" (7.1.2)

245
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to the zero terminal state x(7') = x(7') = 0 in finite time T (not fixed a priori). Let

us introduce normal coordinates ¢ = (qi,...,qy) defined by the transformation [64]
x=Hg. (7.1.3)
Here, the n x n invertible matrix H consists of columns #y,...,h, which are the

eigenvectors of the eigenvalue problem:
(C—2A)h=0. (7.1.4)

It is well known [64] that problem (7.1.4) has n positive eigenvalues Ay, ..., A, sat-
isfying the characteristic equation

det(C—AA) =0. (7.1.5)

In the case of multiple roots of (7.1.5), there are coincident values among A1, ..., A,.
The number of coincident A; is equal to the multiplicity of the corresponding root.
The eigenvalues correspond to linearly independent eigenvectors hy,...,h,, and
each multiple root correspondes to as many vectors as its multiplicity. The trans-
formation (7.1.3) reduces (7.1.1) to the system of linear oscillators

Gt ORg=wi+ G o=A"  k=1,...n (7.1.6)

Here, wy is the eigenfrequency of the kth oscillator, whereas wy and §; are the com-
ponents of the n-vectors w and { defined by

w=H 'A"'By, C=H'A7lf. (7.1.7)

The oscillators in (7.1.6) are coupled only through the control and nonlinear terms.
On the strength of (7.1.1), the vectors w and { belong to the following sets in R":

weW=H'A"'By, (ez=H'A"'F. (7.1.8)
From (7.1.2) and (7.1.3), we have the following initial conditions for system (7.1.6)

a0 =gt =H ")  @0)=4)=H ") (7.1.9)

7.1.2 Decomposition

Let us consider wy and §; in each equation (7.1.6) as controls of two independent
players. The first player which chooses wy tends to bring the kth equation (7.1.6) to
the zero terminal state gy = ¢; = 0 in finite time, whereas the second player choos-
ing {; counteracts. We assume that the master player, i.e., the first player, is well-
informed about the current values of the function f in system (7.1.1). Consequently,
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the first player knows the values of vector { at every instant. Thus, we come to the
following conditions.
Let the following inclusion
Z+S. CW (7.1.10)

hold for some € (see Fig. 7.1).

Fig. 7.1 Inclusion (7.1.10)

Here, the sets W and Z are defined by (7.1.8), and S; is an n-dimensional ball of
the radius € and with the center at the origin. Under the condition (7.1.10), we take

w=—C+4u, (7.1.11)

where u is a new n-dimensional vector of control. Substituting (7.1.11) into (7.1.6),
we obtain
Gk + O g = ., k=1,....n. (7.1.12)

The inclusion (7.1.10) ensures that there exists an n-dimensional rectangular paral-
lelepiped
U: || <Uy, k=1,...,n, (7.1.13)

such that any values u € U are admissible. It means that, for any u € U and any
{ € Z, the vector w from (7.1.11) satisfies the constraints (7.1.8). In other words, for
any u € U and any { € Z, there exists v € V such that the corresponding w given by
(7.1.7) satisfies (7.1.8) and is presented in the form (7.1.11).

Thus, the inclusion (7.1.10) can be regarded as a sufficient controllability condi-
tion for the system (7.1.1). Under this condition, the control design for the system
(7.1.1) is reduced to the control of simple linear subsystems (7.1.12) with one degree
of freedom each by means of independent control forces u; bounded by constraints
(7.1.13).
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7.1.3 Time-optimal control problem

We will now consider the optimal control problem for (7.1.12) under constraint
(7.1.13) and initial conditions (7.1.9). We have

i + OF qr = g, luk| < Uk, ay >0,
(7.1.14)
w0)=q),  @0)=4q), @(h)=a@(l)=0, T — min.
We introduce non-dimensional variables and parameters
r=w'1 q:Ua)_2 = U
'k ) k KO Y, qk kW 2,
(7.1.15)
u; = Uru, T = cok_lT*7 T. — min.

After transformations (7.1.15), relations (7.1.14) acquire the normalized form

d d
dl:Z7 ?Z:*y+u? |M|§1,
t T (7.1.16)

y(0)=»",  20)=2"  y(T)=2zT)=0,  T.— min.

The solution of the time-optimal problem (7.1.16) is known [93] and presented
as Example 2 in Sect. 1.4. The optimal control synthesis for this problem is given
by (1.4.13) and (1.4.19). In the notation of this chapter, we have

u(y,z) =signy(yz) if  y(yz) #0;

(7.1.17)
u(y,z) =signy = —signz if v(y,z) =0.
Here, the function y/(y,z) is given by
yno) = (-2 -z if  -2<y<0;
v(y.z)=y(y+2,z2) if y<-=2 (7.1.18)

v(y,z)=—-y(—y,—z) if y>0.

The switching curve y(y,z) = 0 given by (7.1.17) and (7.1.18) possesses central
symmetry and consists of semicircles of unit radii with centers at the points

z=0, y=+(2i+1), i=0,1,.... (7.1.19)

The plus (minus) sign in (7.1.19) corresponds to semicircles in the fourth (second)
quadrant of the y, z phase plane.

The optimal phase trajectory corresponding to the feedback control (7.1.17)
consists of circular arcs with centers at the points y = £1, z = 0. In the domain
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v (y,z) <0, where u = —1, the center of these circles lies at the point y = —1,z=0,
while in the domain y(y,z) > 0, where u = 1, it is at the point y = 1, z = 0. The semi-
circles of the switching curve with centers at the points y = 41, z = 0 are themselves
segments of the phase trajectories.

In Fig. 7.2, similar to Fig. 1.4, the solid lines represent the switching curve, and
the thin line shows one of the optimal trajectories. The arrows indicate the time
growth.

Fig. 7.2 Switching curve and optimal phase trajectory

7.1.4 Upper bound for the optimal time

We will estimate the time of motion 7 (y,z) along the optimal phase trajectory that
starts at some point y, z. This estimate will be used hereafter. Suppose that this point
lies in the domain z > y(y). We will first make some auxiliary constructions.

We denote by r, 0 the polar coordinates of the initial point y, z, the pole being the
point y = —1, z=0. We have

y=rcosf—1, z=rsinf. (7.1.20)

The initial segment of the phase trajectory is a circular » = const. We continue
this arc in an anticlockwise direction until it intersects the switching curve z = y(y).
Suppose the point of intersection P lies on the ith (counting from the origin of co-
ordinates) semicircle of the switching curve (see Fig. 7.2, where i = 4). This means
that the coordinates of P can be taken in the form

yp=—2i+14cosa, zp =sina,
(7.1.21)
i=2,3,..., o €[0,m).
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The angle « corresponds to the arc cut out by the point P from the semicircle of the
switching curve on which it lies. We note that such arcs o are cut out by the optimal
trajectory from all the semicircles of the switching curve which it intersects. The
final arc of the phase trajectory also has angular dimensions ¢, see Fig. 7.2.

Since the point P with coordinates (7.1.21) lies on a circle » = const, we have,
according to the elementary geometry, see Fig. 7.2

P =0p+1)Y2+5=4(i—1>+1—4(i—1)coso. (7.1.22)

We denote by R the length of the radius-vector of the phase point y,z. Using
relation (7.1.20), we obtain

R*=y*+22=(r—1)>4+2r(1 —cos8). (7.1.23)
The inequalities
R>r—1>[4(i—17%—4>i—-1)+1]"/2—1=2i—4. (7.1.24)

follow from (7.1.23) and (7.1.22).

The time of motion along any arc of the optimal trajectory is, according to
Sect. 1.4, equal to the angular length of this arc. Each arc between neighbouring
switches of the control is either equal to 7, or (for the first and second sections)
does not exceed m, and the total number of sections is equal to the integer i in-
troduced above. Hence we have T, < mi. Using inequality (7.1.24) we obtain the
estimate

T. §n<§+2) =TO(R). (7.1.25)

Estimate (7.1.25) holds for all R > 0, but it does not imply that 7, — 0 as R — 0.
Hence, we will obtain yet another estimate for sufficiently small R.

Suppose i = 2, i.e., there is only one switch of the control, see Fig. 7.2. In this
case the optimal trajectory consists of an arc of radius r and angular dimension
0 + & and an arc of radius 1 and angular dimension ¢, coinciding with a segment of
the switching curve. Here, we denote by 6 the angle between the y axis and the ray
coming from the point y = —1, z = 0 to the point of the trajectory where the switch
occurs. Thus

T.=0+6+aq, (7.1.26)

where, as can be determined with the help of Fig. 7.2, we have
. 1. T
sind = r'sina, Se [o, 5] . (7.1.27)

Let us obtain some auxiliary relations, which we will require in order to estimate
the time (7.1.26). Putting i = 2 in (7.1.22), we find

r= [1+85in2 (%)}1/2. (7.1.28)
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Equations (7.1.27) and (7.1.28) determine the relation between angles § and o.
The analysis of this relation shows that as the angle ¢ varies within the interval
[0,7] in (7.1.21), the angle & varies within the interval [0, /6], and always 0 < a.
Thus, we have

ogagg, §<a, O<a<m. (7.1.29)

The following inequality holds
i l’) > 0 7.1.30
sm(2 2 y€[0,m). (7.1.30)

Putting ¥ = « in inequality (7.1.30), we obtain from (7.1.28) the relation
r> (1481 2%, aclo,n),
which we rewrite in the form
rzg@) =0+ L=tne? £c[0B) (7.1.31)

Since g(&) is a concave function, the inequality

[8(8) —8(0))67" > 2[s(8) —5(0)],  &€[0.8].

is satisfied. Substituting the values g(0) = 1 and g(8) = 3 from (7.1.31) into the last
equality, we obtain

P> (14822145, Ecfos]

This inequality makes it possible to simplify (7.1.31) as follows

r>1+2n"%a?, acl0,m). (7.1.32)

We now transform relation (7.1.23) using inequality (7.1.30) for y = 6. We have
0
R* = (r—1)*+4rsin’ (2) > (r—1)*+4n %ro.
Let us substitute (7.1.32) into the latter inequality. We obtain
R*>4rn ot +4n7207.

The latter relation implies the following two inequalities

R> 21202, R>2n'6]. (7.1.33)

We now transform (7.1.26) for T, using inequalities (7.1.29) and (7.1.33)
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R
T.=0+8+a<20+60<2la|+|0|<n [(2R)1/2+ 2} =TY(R). (7.1.34)

Let us compare estimates (7.1.25) and (7.1.34). We recall that estimate (7.1.34)
was obtained for i = 2, and estimate (7.1.25) for all i > 2. But, according to (7.1.24),
we have R > 2 for i > 3. From (7.1.25) and (7.1.34) it follows that T°(R) < T'(R)
for R > 2. Consequently, for all i > 3 we have T°(R) < T'(R).

It has thus been established that the upper estimate (7.1.34) for the optimal time

R
T.<T'R)=n [2+(2R)1/2}, R=(’+)"? (7.1.35)
holds for all y, z.
Returning to the original dimensional variables (7.1.15), we obtain the following
upper estimate for our optimal time for problem (7.1.14) in the form
Pk

Ti(ahdd) < 7U; " |5+ U o 00

(7.1.36)
20,0024 (002]
pk:[a)k(qk) +(qk)} ; k=1,2,..; ;> 0.

The time T of steering the total system (7.1.12) with n degrees of freedom to the
origin is equal to the largest Ty, i.e.,

T:m]?ka(qg,qg), k=1,...,n. (7.1.37)

The obtained inequality (7.1.36) allows one to estimate the time 7" from above.

7.2 Distributed-parameter systems

7.2.1 Statement of the control problem for a distributed-parameter
system

Let us turn to the consideration of control systems with distributed parameters de-
scribed by linear partial differential equations. We shall consider in tandem the equa-
tion

wy =Aw+v, (7.2.1)

solved with respect to the first time derivative, and the equation
Wy =Aw 4, (7.2.2)

solved with respect to the second derivative. In (7.2.1) and (7.2.2), w(x,t) is the
scalar function of the n-dimensional spatial coordinate vector x = (xp,...,x,) and
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time 7; w describes the state of the system, v is the required control, and A is a linear
differential operator containing partial derivatives with respect to the coordinates x;,
i=1,...,n. The coefficients of the operator A do not depend on ¢, and its order ord A
is assumed to be even and equal to 2m.

The most important and frequently encountered examples of (7.2.1) and (7.2.2),
which we shall have in mind in the following, are: 1) the heat-conduction equation,
which is obtained from (7.2.1) if m = 1 and A = A is the Laplace operator; 2) the
wave equation obtained from (7.2.2) with m = 1 and A = A; 3) the equation for
the vibrations of an elastic beam or plate, obtained from (7.2.2) with m =2, A =
—A?and n= 1,2, respectively. Equations (7.2.1) and (7.2.2) describe also heat-
conduction processes and vibrations in an inhomogeneous medium, if

L0 d
AWZZaXi[a(x)aj:], m=1,

i=1

where a(x) is a specified function describing the inhomogeneity of the medium.
Equations (7.2.1) and (7.2.2) are considered in some bounded domain of varia-

tion for the spatial variables x € €2 and for ¢t > 0. At the boundary I" of the domain

€2, a homogeneous boundary condition of the following form should be satisfied

Mw=0, M=(M,....M,), «xeT. (7.2.3)

Here, M; is a linear differential operator of order ordM; < 2m (j =1,...,m) with
coefficients independent of ¢. In particular, for m = 1 the operator M is scalar and
has the form

ow

dox’
where by (x) and b; (x) are functions given on I". Condition (7.2.3) can, in particular,
become the Dirichlet condition (for by = 1, b1 = 0) or the Neumann condition (for
by=0,b; =1).

The initial conditions have the form

Mw = bo(x)w+ by (x)

w(x,0) = wo(x), xeQ (7.2.4)
for (7.2.1) and
w(x,0) = wo(x), wy(x,0) = wyo(x), xeQ (7.2.5)
for (7.2.2).
The constraint
vix,r)| <V, xeQ, >0, (7.2.6)

is imposed on the control function v in (7.2.1) and (7.2.2), where W>0isa given
constant.
We will now formulate the control problem.
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Problem 7.1. It is required to construct a control v(x,) satisfying condition (7.2.6)
and such that the corresponding solution of (7.2.1) or (7.2.2) with boundary con-
dition (7.2.3) and the corresponding initial condition (7.2.4) or (7.2.5) vanishes at
some finite (unspecified) time instant 7 > 0. More precisely, everywhere in 2 the
condition w(x,T) = 0 should be satisfied for (7.2.1) and w(x,T) = w(x,T) =0
should be satisfied for (7.2.2).

Obviously, if one puts v = 0 for t > T, the solution remains identically equal to
zero fort > T.

The boundary of the domain 2 is assumed to be piecewise-smooth. Require-
ments on the initial functions and the function classes to which the solutions of the
problems belong in various cases, are considered in Sect. 7.3.4.

7.2.2 Decomposition

The solution of Problem 7.1 is based on the Fourier method. To apply it, we will first
consider the following eigenvalue problem corresponding to the initial-boundary-
value problems (7.2.1)—(7.2.5) for v = 0.

The problem is to find the functions ¢(x), x € 2, and the corresponding constants
A that satisfy the following linear homogeneous equation with boundary conditions

Ap=—-10, x €, Mo =0, xerl. (7.2.7)

It is known that, under specified conditions (for self-conjugate elliptic equations
and, in particular, for the Laplace equation, i.e., when A = A), the eigenvalue prob-
lem (7.2.7) has the following properties.

There is a discrete denumerable spectrum of positive eigenvalues A, which can
be numbered in non-decreasing order: A} < A; < ..., with Ay — o0 as k — . In
certain cases, for example, for the Laplace operator A = A with Neumann condi-
tions, there is also a zero eigenvalue A = 0. That case will also be considered. To
these eigenvalues, there corresponds an orthogonal system of eigenfunctions @ (x)
complete in the domain £2. Normalizing these functions, we obtain an orthonormal
system of functions ¢y (x) possessing the following properties

A(Pk:—lk([)k, XEQ’ M(Pk:()a xEF,

7.2.8
((pka(Pi):/(pk(x)(pi(x)dx:5ki7 k,izl,...,}’l. ( )
Q

Here, &; is the Kronecker delta. The index k in (7.2.8) and below, unless other-
wise stated, runs over values from 0 to = when there is a zero eigenvalue Ay = 0 and
from 1 to e when there is none. Summation over k will also be performed over the
ranges given above.
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We now use the Fourier method to separate the time (7) and space (x) depen-
dence. Solutions of (7.2.1) and (7.2.2) will be sought in the form of eigenfunction
expansions

w(x,) = qi(t)ee(x). (7.2.9)

where g (¢) are certain functions of time. The control v in (7.2.1) and (7.2.2) is also
represented in the form of an expansion

v(x 1) =3 u(t) gi(x). (7.2.10)

where u(t) are currently unknown functions of time.
Substituting expansions (7.2.9) and (7.2.10) into (7.2.1), we obtain

D a0 @r(x) = D (AP + ur i)

Here and below, the dots denote time derivatives.
We use the equations for ¢y from (7.2.8) together with the orthogonality of ¢y.
As a result, we obtain the system of equations

G + Mqr = ug. (7.2.11)
Similarly, substituting expansions (7.2.9) and (7.2.10) into (7.2.2), we obtain
Gk + O g = u. (7.2.12)
Here and below, wy are the frequencies of the natural modes given by
o=2"7  O=m<o<on<... (7.2.13)

We note that a solution of the form (7.2.9) satisfies, by construction, the boundary
condition (7.2.3) because, according to (7.2.8), all the eigenfunctions satisfy this
condition.

We substitute solution (7.2.9) into the initial conditions (7.2.4) and (7.2.5) and
use the orthonormality of the eigenfunctions (7.2.8). We obtain initial conditions for
(7.2.11) in the form

q(0) = ¢ = / wo (x) @y (x)dx (7.2.14)

and for (7.2.12) in the form

(7.2.15)
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The original control problem for the partial differential equations (7.2.1) and
(7.2.2) has thus been reduced to a control problem for linear control systems of in-
finite order (7.2.11) and (7.2.12). We impose the constraint on the control functions
uy. of these systems

lux (1) < U, t>0. (7.2.16)

The values of the constants Uy should be chosen so that the imposed constraint
(7.2.6) is satisfied.
From (7.2.10) and (7.2.16), we obtain the following estimate

v(x,0)| < Uelgi(x)]. (7.2.17)

Consequently, to satisfy the original constraint (7.2.6), it is sufficient to require
that for all x € 2 the inequality

S Udge(x)] <10, xeQ (7.2.18)

is satisfied.
‘We introduce the notation

d)k = mélx |(pk(x)| (7219)

Inequality (7.2.18) is clearly satisfied under the condition
> Ul @] <P (7.2.20)

Thus, to solve the control problems for (7.2.1) and (7.2.2) (Problem 7.1), it is
sufficient to solve the following control problems for systems (7.2.11) and (7.2.12).

Problem 7.2. It is required to construct the feedback controls uy(gy) in system
(7.2.11) and u(gx,gx) in system (7.2.12) for k = 0,1,..., satisfying constraints
(7.2.16) and bringing these systems to the zero terminal state [g; = O for (7.2.11)
and g; = g = 0 for (7.2.12)] in a finite time for any initial conditions of the form
(7.2.14) or (7.2.15), respectively. Here, the constants Uy in (7.2.16) should satisfy
inequality (7.2.18) for all x, or, which is sufficient, the stronger inequality (7.2.20).

We note that, as a result of applying the Fourier method, we have achieved a de-
composition of the system: each mode of motion is described by its own (7.2.11) or
(7.2.12), with the corresponding control uy. Thus, Problem 7.1 is reduced to Prob-
lem 7.2 which was considered for the second order systems in Sect. 7.1.3 [see sys-
tem (7.1.12) with constraints (7.1.13)]. However, the constants Uy, in the constraints
(7.2.16) are associated with inequalities (7.2.18) or (7.2.20), which is a substantial
difficulty in solving the problem.

For each of (7.2.11) and (7.2.12), we shall construct the time-optimal feedback
control u; under constraint (7.2.16) for arbitrary fixed Uy. These controls are well
known, they are given for the systems of the second order in Sect. 7.1.3.

Below, these time-optimal controls are analyzed in connection to inequalities
(7.2.18) and (7.2.20), and estimates obtained in Sect. 7.1.3 are used.
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7.2.3 First-order equation in time

Firstly, let us consider (7.2.1) which contains the first time derivative of the sought-
for function w(x,7). Due to the decomposition of this equation, the system of the
first order equations (7.2.11) was obtained.

Consider the problem of time-optimal control for one of (7.2.11) under constraint
(7.2.16) and initial condition (7.2.14). We have

Gk + i = |ug (2)] < Ug, A >0,
(7.2.21)
qx(0) = 612, ar(T) =0, T — min.

The solution of problem (7.2.21) is very simple. Integrating (7.2.21) and satisfy-
ing the initial condition, we find that

ael) = g} + / e (1) exp(AT)dT | exp(—ar) (7.2.22)
0

Hence, it follows that, for the fastest vanishing of the solution ¢ (), the control
ug should be maximal in modulus and opposite to the sign of the initial value qg, or,
equivalently, of the solution gy (7).

The synthesis of the time-optimal control thus has the form

—Usigngr,  q#0
ur(qr) = (7.2.23)

0, qk = 0.

The control (7.2.23) is constant along any phase trajectory. Substituting it into
(7.2.22) and integrating, we obtain

a(t) = {|q2\ — UM exp(Aet) — 1] } exp(—Axt) signg?. (7.2.24)

At the final instant, according to (7.2.21), we have g (7;) = 0. From (7.2.24), we
find the instant when the process ends

To=2 g (144U "), >0, k=13
(7.2.25)

Th=1gUy", A =0

The solution of the time-optimal control problem (7.2.21) for all k£ > 0 is pre-
sented in the feedback form (7.2.23). The phase trajectory and optimal time are
given by formulas (7.2.24) and (7.2.25), respectively. Thus, the solution of Prob-
lem 7.2 for system (7.2.11) is obtained. Method for choosing the constants Uy will
be presented in Sect. 7.2.5.
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7.2.4 Second-order equation in time

We will now turn to (7.2.2) which contains the second time derivative of the function
w(x,). In this case, the decomposition results in the system of the second order
equations (7.2.12).

Consider the optimal control problem for one of (7.2.12) under constraint (7.2.16)
and initial conditions (7.2.15).

In the case of wy > 0, k > 1, the results obtained in Sect. 7.1 for a finite system of
oscillators will be used. The optimal control synthesis uy(gx,qx) for k > 1 is given
by relations (7.1.17) and (7.1.18) in non-dimensional variables. To express the con-
trol through original dimensional variables, it is sufficient to use the transformation
formulas (7.1.15).

We consider separately the case with the zero eigenvalue k = 0, @y = 0. In this
case, the feedback optimal control for problem (7.1.14), is presented in Sect. 1.4,
see Example 1, (1.4.12) and (1.4.13). We have

u0(qo,4q0) = Uosign yo(qo,qo) if  yo#0;

uo(qo,go) = Upsigngo = —Upsigngo ~ if  yo=0; (7.2.26)

. ..
Vo(q0,490) = —Uoqo — 5610|40|-

The optimal time for k = 0, @y = 0 is given by the formula

) L 1/2
To(q0,40) = U, : {2 [2(%)2 —UOCIOG] —QOG},

o =signyo(qo,qo) for yo#0, o==£1 for y=0

which can be obtained for Example 1 from Sect. 1.4, see (2.3.26). Here and below,
the superscript * at gx, g, k=0, 1,.. ., is omitted.

Applying the inequality (a + b)'/? < |a|'/? + |b|'/? to the above relation, we
obtain the estimate

To(qo.40) < (2'/2+ 1)Uq o] +2U5 '/ |qo| /2. (7.2.27)

We have thus obtained relations for the time-optimal control for system (7.2.12)

for all k > 0. Optimal phase trajectories for this system are also well known, see

Sect. 1.4, Figs. 1.2 and 1.4. For the optimal time, estimates (7.1.36) and (7.2.27)

has been obtained for k > 1 and k = 0, respectively. Thereby, the solution of Prob-

lem 7.2 for system (7.2.12) is found. The procedure for choosing the constants Uy
is discussed below.
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7.2.5 Analysis of the constraints and construction of the control

The relations obtained in Sects. 7.2.3 and 7.2.4 contain constants U that are con-
straints on the control for the kth mode of motion. We choose these constants so as
to reduce the total time of the motion equal to

T= m]flek, k>0 or k>1 (7.2.28)

while satisfying constraints (7.2.18) or (7.2.20). The index k in (7.2.18), (7.2.20),
and (7.2.28) takes the values 0, 1,... when there is a zero eigenvalue Ag = 0 in
problem (7.2.8) and values 1,2,... when there is none.

Since T; increases monotonically as Uy increases, and all the U, occur linearly
with positive coefficients in constraints (7.2.18) and (7.2.20), it is natural to choose
Uy by requiring that all 7; are equal: 7o = 77 = .... This gives the least possible
value for T in (7.2.28) under given constraints (7.2.18) or (7.2.20).

Following the idea expressed above, for the first-order equation we put, in accor-
dance with (7.2.25)

Ti =M, 'log (1 +)~k|CIk|U,:1> =T.

Here, T is a constant to be determined, and the superscript 0 at qy 1s omitted.
From this we find

Ur = Alqel[exp(AT) —1] 71, k>0. (7.2.29)

Formula (7.2.29) holds for all A; > 0. Substituting (7.2.29) into inequality
(7.2.20), we obtain
> Alexp(A4T) — 1] gi| @ < V0. (7.2.30)

It is known that, under very general assumptions, the eigenvalues A; and the max-
ima of the eigenfunctions @y increase no faster than some power of k as k — oo. The
moduli of the Fourier coefficients |g;| increase less rapidly than k as k — o for any
bounded initial function wy(x). Hence, because of the presence of the exponential
factor, the series on the left-hand side of inequality (7.2.30) converges for all 7 > 0.
As T takes values from 0 to oo, the sum of the series decreases monotonically from eo
to 0. Hence, there always exists such 7 > 0 for which inequality (7.2.30) is satisfied.
Thus, the stated control problem (Problem 7.1) for (7.2.1) is always solvable by the
proposed method. The time T of the process can be chosen from the condition for
satisfying inequality (7.2.30).

We obtain an upper estimate for the time 7" using the inequality

Alexp(LT)—1]71 <171 (7.2.31)

It follows from (7.2.30) and (7.2.31) that if T is chosen from the condition
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0
T==5  Or=2Xlal® < (72.32)

then inequality (7.2.30) is clearly satisfied. Consequently, if the series for Q; con-
verges, the time 7" can be chosen according to the simple formula (7.2.32).

We now consider (7.2.2) that is of the second order in time. In this case, instead of
explicit formulas for times 7, one only has the upper estimates (7.1.36) and (7.2.27),
hence the equality condition on all the 7; cannot be satisfied exactly. Bearing this in
mind, and also to simplify the subsequent formulas, we propose to choose Uy, in the
form

Uy = cpy, c>0, k=1,2,...,
(7.2.33)
Up = max(ci|qol, c2]q0]), c1 >0, cy > 0.

Here, c, c1, and ¢, are constants. Substituting Uy from (7.2.33) into (7.1.36), we
obtain
T, <n [(2c)*1 +21/2(wkc)*1/2} L k=1,2,....

The last inequality is not violated if all @y are replaced by ®; < w;. We obtain
the estimate
T, <n [(2c)*1 +21/2(w1c)*1/2} . (7.2.34)

When substituting expression (7.2.33) for Uy into inequality (7.2.27), we shall
distinguish between two cases. In the first case, when c;|qo| > ¢2|qo|, we obtain
from (7.2.27) and (7.2.33)

Ty < (22 4 1)c; +2leigol gy > < @2+ ey 26,2 (7235

In the second case, when c¢i|qgo| > c¢2|qo|, similar estimates reduce to exactly the
same result (7.2.35). We choose the constants ¢; and ¢; so that both terms on the
right-hand sides of inequalities (7.2.34) and (7.2.35) are identical term by term, i.e.,

(20 =22+ eyt w2 (we) 2 =20,
From this we find the required constants

c1 = e, ¢ = the,

(7.2.36)
O =222+ ) '~ 153, =201 2
Using (7.2.36), formulas (7.2.33), can be written in the form
Ui = cpx, k>1, Up = cmax(D1|qol, %2/qo])- (7.2.37)

The quantities 1} and 1, are defined in (7.2.36) and do not depend on c. Because
the right-hand sides of inequalities (7.2.34) and (7.2.35) are identical by virtue of
the choice of constants ¢; and c¢,, estimate (7.2.34) holds for all £ > 0. Thus, in all
cases we have the estimate
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T<m|(2c)! +21/2(w1c)—1/2] (7.2.38)

for the time of the control process (7.2.28).
It remains to choose the constant ¢ so that the constraint (7.2.18) is satisfied.
Substituting (7.2.37) into (7.2.18), we obtain

c <o)L (7.2.39)
Here, we have introduced the notation

Q" = sup Q2(x),  Qa(x) = Z il @ (x)[ +max(Dh[qol, B2|q0])| @0 (x)],
xXe

(7.2.40)
pe = [0Fq; + (q)*]V?, k>1,

and used formulas (7.1.36) for the p;. Inequality (7.2.40) is written for the case
when the zero eigenvalue is present. When it is not present one simply omits the last
term (max) in formula (7.2.40) for Q5.

Thus, a sufficient condition for the control problem (Problem 7.1) to be solvable
for (7.2.2) using the proposed approach is uniform boundedness of the series for
0> (x) from (7.2.40) in the domain Q. For this, it is sufficient to require the uniform
boundedness in €2 of the following two series

O3(x) = X axlail g0, Qa(x) =X ldxll@e(x)- (7.2.41)

Using the notation (7.2.19), the boundedness condition on Q* from (7.2.40) can
be replaced by the stronger condition of the convergence of the numerical series

0s(x) =Y P <o, pr = [0Fq} + (q)]"? (7.2.42)

or the condition of the convergence of the two series

Q6 (x) = Y, 0| qic| Dy < o0, 07(x) = Y |di| D < oo (7.2.43)

We will sum up the results obtained. For both equations (7.2.1) and (7.2.2), the
solvability conditions of Problem 7.1 have been stated and upper limits have been
given on the control process time 7.

Problem (7.2.1) is always solvable, and its time 7" can be chosen from condition
(7.2.30) or, when the series Q1 converges, from the simpler condition (7.2.32).

Problem (7.2.2) is clearly solvable if one of the series convergence conditions
(7.2.40)—(7.2.43) is satisfied: O, or Q3 and Qg4, or Qs, or Qg and Q7. We have
the estimate (7.2.38) for the time 7', in which the constant ¢ should be chosen by
condition (7.2.39). Here, the number Q* is determined from relations (7.2.40) or one
of the following relations

Q" = sup Q3(x) + sup Q4(x), Q" = Qs, 0" =06+ 07

xeQ xXeQ



262 7 Control in distributed-parameter systems

according to which of the series convergence conditions (7.2.41)—(7.2.43) is satis-
fied.

We remark that when the initial functions wy and wy( tend uniformly to zero, all
their Fourier coefficients tend to zero, and here all the series in (7.2.30), (7.2.32),
(7.2.40)—(7.2.43) also tend to zero. From estimates (7.2.32), (7.2.38), (7.2.39) it
follows that the process time 7 — 0 for both (7.2.1) and (7.2.2).

In the general case, we will firstly determine time 7 under aforesaid solubility
conditions of Problem 7.1. For (7.2.1), we take formula (7.2.32). For (7.2.2), we
find ¢ from condition (7.2.39) and after that determine 7 from condition (7.2.38).

After determining the time 7 and the constant ¢, we find U; from relations
(7.2.29) and (7.2.37) for (7.2.1) and (7.2.2), respectively. The coefficients u; of the
required control law (7.2.10) are found in the form of a synthesis, i.e., depending
on the current values g, and ¢y, in Sects. 7.2.3 and 7.2.4 for (7.2.1) and (7.2.2),
respectively. Because the optimal trajectories are known for the systems (7.2.1) and
(7.2.2), the controls obtained in the form of a synthesis can also be represented in
the form of a program 1y (¢), i.e., in the form of bang-bang functions with switching
points depending on the initial conditions.

Thus, the control (7.2.10) can be represented either in the form of a program
control for given initial conditions, or in the feedback form, if controls u; depending
on g and ¢ are used. In the second case, the control is organized in the form
v=v(x;w(:,1)) for system (7.2.1) and in the form v = v(x; w(-,#),w,(-,)) for system
(7.2.1). The notation introduced shows that the control v at a point x € £2 at time
t is a functional of the functions w(y,#) and w(y,) with y € Q. However, here the
dependence on the initial functions wy and wyq is also preserved by means of the
constants Uy, which depend on the initial data, see (7.2.29) and (7.2.37). In these
formulas the constants 7" and ¢ also depend on the initial conditions.

The control (7.2.10) obtained is by construction such that all boundary and initial
conditions together with the constraint (7.2.6) are satisfied automatically. This con-
trol is near to being time-optimal because, firstly, the controls for each subsystem
are optimal, and secondly, the bounds Uy are chosen so that the control times for the
subsystems are equal or nearly equal to one another.

Below we consider some specific examples in which the convergence conditions
for series (7.2.32), (7.2.42), and (7.2.43) are analyzed. The conditions for Prob-
lem 7.1 to be solvable are obtained in the form of requirements on the initial func-
tions. In Sect. 7.3.4, some general conditions for the control Problem 7.1 to be solv-
able for (7.2.2) are given.
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7.3 Solvability conditions

7.3.1 The one-dimensional problems (n=1,A = A)

We first consider the heat-conduction and oscillation equations for the case of one
spatial variable x. Equations (7.2.1) and (7.2.2) have the form

Wp = Wy + V), Wit = Wy + V. (7.3.1)

The domain €2 is the interval [0,a] of the x axis, and its boundary consists of the
two points x = 0, x = a. We shall consider in tandem conditions (7.2.3) of Dirichlet
and Neumann type

w(0) =w(a) =0, wy(0) = wy(a) =0. (7.3.2)

The eigenfunctions @ (x) corresponding to problems (7.3.1) and (7.3.2) satisfy
the equations
o = — M@y, 0<x<a, (7.3.3)

where the primes denote differentiation with respect to x, together with Dirichlet or
Neumann conditions

0(0) = (a) =0, @(0) = g (a) =0. (7.3.4)
The eigenvalues of problems (7.3.3) and (7.3.4) are as follows:

mk
M= 07, o = —, (7.3.5)
a
where k > 1 for the Dirichlet problem and k& > 0 for the Neumann problem. The
orthonormalized eigenfunctions for the Dirichlet and Neumann problems are, re-
spectively, equal to

o\ 1/2
o (x) = <) sin(wgx), k=1,2...,
a
(7.3.6)
1/2
@) =a P eulx) = (a> cos ().
The quantities @, from (7.2.19) are bounded in this case
o\ 12
@ = () . k>1, @y=a 2 (7.3.7)
a

We shall compute the Fourier coefficients (7.2.14) and (7.2.15), assuming that
the initial functions wo(x) and wyo(x) are differentiable with respect to x a sufficient
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number of times and using integration by parts. With the help of (7.3.6) we obtain

a

qx(0) = / WoQrdx

0
— (2) 1/2 wkl{[(—wo)cos(a)kx)] Z—i—ofaw’ocos(a)kx)dx}
_ (2)1/2 a)kl{[(—wo)cos(wkx)] "o / wgsm(wkx)dx}
0

a

a

0+a),{_3/w%)v sin(a)kx)dx}
0

(7.3.8)

- <2) v o, { [(—wo + @ 2w() cos(ax)]

a

for the Dirichlet problem and

a0 = (2) " o phcostan)

a -1 f /s
o + / w sin(@yx)dx
0

a

T a (7.3.9)
= <) wkZ{[(wf) — @, *w) cos(wyx)] . a)k"%/w(‘)/ sin(a)kx)dx},
0

k>1

)

for the Neumann problem. From relations (7.3.8) and (7.3.9) one can derive esti-
mates for the Fourier coefficients depending, firstly, on the degree of smoothness of
the initial function wy and secondly, on additional conditions at the boundary points
x=0and x =a, i.e., on I'. We drop the argument O of the function g;. Henceforth,
Bj are some positive constants and C' are classes of functions having continuous
derivatives in the interval [0, a] up to order i inclusive. For the Dirichlet problem we
obtain, using (7.3.8),

lgi| <Biow, ' for  woeCl
gk ngwljz for woeC? wo=0 on I;
(7.3.10)

\qk|§B3wk_3 for wopeC?® wy=0on I}

lgx] < B4(J0k_4 for wpe C4, wo = Wg =0 on I.

For the Neumann problem we similarly have from (7.3.9)
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|gx §B5a)k_1 for wpeCl

|gx §B6(Dk_2 for wy€C?
(7.3.11)
|qk|§B7a)k_3 for woeC?® wy=0on T;

|qk|§Bga),;4 for woeC* wy=0onT.

Obviously, estimates of the form (7.3.10) and (7.3.11) can be continued without
limit. For the Fourier coefficients ¢;(0) from (7.2.15) we have estimates similar to
(7.3.10) and (7.3.11), with wq replaced by wyo.

Turning to the investigation of the convergence of the series in (7.2.32) and
(7.2.43), we note that according to (7.3.7) the quantities @ are independent of k.
Using also relation (7.3.5), we obtain the following convergence conditions for the
series.

Series (7.2.32) for the Dirichlet problem converges under the conditions

wo € C?, wo=0 on I, (7.3.12)
and for the Neumann problem under the condition
wo € C. (7.3.13)
The series (7.2.43) for the Dirichlet problem converges under the conditions
wo € C3, wio €C?, wo=w=0 on T, (7.3.14)
and for the Neumann problem under the conditions

Iwo _
on

We note that convergence conditions (7.3.12) and (7.3.14) for series (7.2.32) and
(7.2.43) for the Dirichlet problem include, as well as smoothness requirements,
Dirichlet conditions on the initial functions wp and wyo. Generally speaking, such
conditions are not necessary in the statement of initial-boundary-value problems,
and they are an additional imposition. In the case of the Neumann problem, how-
ever, conditions (7.3.13) and (7.3.15) are less restrictive: for series (7.2.32) no con-
ditions other than smoothness are imposed, while for series (7.2.43) the Neumann
condition is only imposed on the initial function wy (and not on the function wyg).

We recall that the control problem for the first equation of (7.3.1) (the heat con-
duction equation) is always solvable, and conditions (7.3.12) and (7.3.13) ensuring
the convergence of series (7.2.32) are there only to apply the simple estimate of the
control process time in (7.2.32). For the second equation of (7.3.1) (the vibrating
string equation), conditions (7.3.14) and (7.3.15) are sufficient conditions for the
control problem to be solvable by the proposed methods.

wo€C3,  wyeC? OonT. (7.3.15)
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Remark 7.1. If conditions of the form (7.3.14) or (7.3.15) on I'" are not fulfilled at
the initial instant # = 0, then, however, the proposed control method all the same
can be applied. We notice that these conditions will be necessarily satisfied for an
arbitrary small r = Az > 0 due to the imposed boundary conditions (for an arbitrary
control v(x,) on the interval ¢ € [0, Az]). Therefore, the proposed control method
can be applied for r > At. Hence, these conditions on I" for = 0 are not essential.
Thus, sufficient solvability conditions of the control problem for the vibrating string
equation with Dirichlet and Neumann conditions have the form

wo € C, wig € C2. (7.3.16)

Hereafter, we will also use stated above consideration, omitting not essential condi-
tions on the boundary I" atr = 0.

7.3.2 Control of beam oscillations (n =1, A = —A?)

As an example of a fourth-order equation we consider the control of transverse
oscillations of an elastic beam. Equation (7.2.2) in this case has the form

Wit = =Wy V- (7.3.17)

We will restrict ourselves to hinged support boundary conditions at both ends of
a beam of length g, i.e.,

w=wy =0 on I, I'={x=0,x=a}. (7.3.18)
The eigenvalue problem (7.2.7) for system (7.3.17), (7.3.18) has the form
oV =210, xecQ=[04, ¢@=¢"=0onT. (7.3.19)

It is well known that the eigenvalues of problem (7.3.19) are positive and are

k 2
A = w2, wk:<:>7 k=1.2,..., (7.3.20)

where @y are interpreted as the frequencies of the natural oscillations of the beam.
The corresponding eigenfunctions of problem (7.3.19) can be represented in the
form of (7.3.6). Hence, estimates (7.3.7), (7.3.8), and (7.3.10) remain valid for the
problem under consideration, but throughout (7.3.6), (7.3.8), and (7.3.10) the fre-
quencies @y are now defined by formulas (7.3.20) [instead of (7.3.5)]. Using the
given estimates, we obtain, like (7.3.14), the following sufficient conditions for se-
ries (7.2.43) to converge in the problem under consideration:

wo € C*, wro € C2. (7.3.21)
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‘We omit not essential conditions on I at# = 0, in accordance with Remark 7.1 stated
above. It can be shown [36] that the sufficient conditions of the series convergence
in the control problem for the elastic beam oscillations have the same form (7.3.21)
also for other boundary conditions, namely:

w=w,=0 at x=0, x=a;

w=w,=0 at x=0, W=wy =0 at x=a;
w=w,=0 at x=0, Wy =Wyx =0 at x=a;
w=w,=0 at x=0, W =Wor =0 at x=a;
w=w,=0 at x=0, Wy=wyx=0 at x=a.

7.3.3 The two-dimensional and three-dimensional problems
n=2,3; A=A)
We now consider the equations
w, =Aw+v, Wy = Aw+v; n=2,3 (7.3.22)

in the two-dimensional and three-dimensional cases. Suppose the domain 2 is a
rectangle when n = 2 and a rectangular parallelepiped when n = 3, i.e., specified by

Q: 0<x; <ay; [=1,2 or [=1,2,3. (7.3.23)

The solutions of the eigenvalue problem (7.2.8) for (7.3.22) in domains (7.3.23)
under Neumann and Dirichlet conditions are known and are obtained by separation
of variables. In the two-dimensional (n = 2) Dirichlet case we obtain, like (7.3.5)
and (7.3.6)

i 2 k 2
Aix = 0F = <al> +<a2) c Lk=1,2,...,

Oir(x1,X2) = 2(a1a2)—1/2 sin <mxl> sin (nkxz) ’

ai a

(7.3.24)

For the Neumann problem the eigenvalues are given by relations (7.3.24) for
i,k=0,1,..., while the eigenfunctions have a form similar to (7.3.6)
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Qi (x1,x2) = 2((11612)71/200S (le) o8 <7€kx2) ’

aj an

®oo(x1,x2) = (01612)71/2,

ﬂkXQ
ap

(73.25)
Qo (x1,x2) = (2a1a2) "/ cos ( ) ;

Qio(x1,x2) = (2a1a2)71/200s (mxl> ; Lk=12....

By the virtue of (7.3.24) and (7.3.25), the quantities (7.2.19) are bounded
Dy = 2a1a2)""? k=12, (7.3.26)

We will now estimate the Fourier coefficients (7.2.14) and (7.2.15), assuming
that the initial functions wgy and w,q are sufficiently smooth. Replacing the multiple
integrals over the domain 2 by repeated integration over xi, xo, and then using
integration by parts, we obtain, like (7.3.8)—(7.3.11), the following estimates

\gie| <Bi(ik)~"  for woeCW);
|gi| < Ba(ik)™>  for woeC?®, wy=0 on I}; (7.3.27)

x| <Bs(ik)™> for woeC®, wy=0on I
ik
for the Dirichlet problem and

lgie| < Ba(ik)™",  qiol < Bsk™;

|gio| < Bgi™! for wo € C(D;

lgiel < B7 (i)~ lqox| < Bsk™;
(7.3.28)
gkl < Bro(K) =, lqo| < Buik™;
d
gio| <Bpai®  for  wpe O, % —OonT
n

for the Neumann problem. In (7.3.27) and (7.3.28) i,k = 1,2,.. ., everywhere, while
C") is the class of functions w having continuous partial derivatives of the form
opta

ERERA 0<p<r, 0<g<r (7.3.29)
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in the closed domain Q.

For the Fourier coefficients ¢; from (7.2.15) there are estimates similar to
(7.3.27) and (7.3.28), with wq replaced by wy.

Using relations (7.3.24), (7.3.26)—(7.3.28) we obtain the required sufficient con-
ditions for series (7.2.32) and (7.2.43) to converge. In the cases considered here,
summation in these series is performed over two indices i and &, from 1 to o for the
Dirichlet problem and from O to e for the Neumann problem.

It turns out that series (7.2.32) converges for the Dirichlet problem under the
conditions

woeC?,  wo=0onT, (7.3.30)

and for the Neumann problem under the condition
wo € C@). (7.3.31)
Series (7.2.43) converge for the Dirichlet problem under the conditions
woeC®,  weec®,  wy=we=0onT, (7.3.32)
and for the Neumann problem under the conditions

woeC®,  woec®, % =0 onT. (7.3.33)

The convergence conditions (7.3.30)—(7.3.33) are completely analogous to the
corresponding conditions (7.3.12)—(7.3.15) for the one-dimensional problem.

Omitting not essential conditions on I" at # = 0 in accordance with Remark 7.1,

we find that series (7.2.32) for the Dirichlet and Neumann problems converges under

the condition (7.3.31), and series (7.2.43) for the same problems converge under the

following conditions
woeC®,  woec?. (7.3.34)

In the three-dimensional case (n = 3), which is completely analogous to the two-
dimensional one, the eigenvalues are given by equalities similar to (7.3.24)

i\2 i 2 K\ 2
e (22 3))
aj az as
Here, i, j,k > 1 for the Dirichlet problem and i, j,k > 0 for the Neumann problem.
Formulas and estimates similar to (7.3.24)—(7.3.26) hold for the eigenfunctions
and Fourier coefficients. Finally, we arrive at exactly the same convergence condi-

tions (7.3.30)—(7.3.34) as in the two-dimensional case. Here, as in (7.3.29), c) s
the class of functions w having continuous partial derivatives of the form

grtats

ooy 0Spsn 0sasn o 0sssr

in the closed domain £2.
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7.3.4 Solvability conditions in the general case

As was pointed out in Sect. 7.2.5, no additional conditions are required for the con-
trol problem to be solvable for (7.2.1), while for the control of (7.2.2) it is sufficient,
for example, that the functions Q3 (x) and Q4(x) from (7.2.41) be uniformly bounded
in 2. We shall analyze these conditions.

Below we shall always assume sufficient smoothness of the coefficients of the
operators of A from (7.2.2) and M from (7.2.3), and also of the boundaries I" and
initial functions wg and wyq from (7.2.5).

We note that the series (7.2.41) contain, firstly, eigenfunctions ¢y (x) of problem
(7.2.8), and secondly, Fourier coefficients g; and ¢; of the initial functions wqy and
wro. It is therefore desirable to use the following estimates for the series (7.2.41),
which follow from the Cauchy inequality and enable us to separate the contributions
of the eigenfunctions and Fourier coefficients

. 1/2
0 <[22, P2 =4 P3|
(7.3.35)

04(x) < 24,7020 A @]

Here, 3 and  are currently arbitrary numbers, which will be chosen later so that all
the series in (7.3.35) are bounded.

We shall consider fractional (positive and negative) powers of the differential
operator A. An operator A of order 2m defines a transformation Aw = f. Its domain
of definition Dy is the class of functions w defined in the domain €2, having square-
integrable partial derivatives up to order 2m inclusive (this fact can be expressed in
the form Dy C H,, (), where Hp,, is the corresponding Sobolev space), and also
satisfying boundary conditions (7.2.3).

According to Agmon’s kernel theorem [1], for 2ms > n the operator A™* is an
integral operator with a continuous kernel equal to

K(x,y) =2 A ou(x) o (y)-

Putting x =y, i.e., considering the kernel on the diagonal, we obtain the uniform
boundedness of the series

ZA,:S(pkz(x) < const < oo, 2ms > n.

It follows from this that for uniform boundedness of the first factors on the right-
hand sides of (7.3.35), i.e., the series depending on x, it is sufficient that

B>n2m)~t,  y>n2m)"". (7.3.36)

Conditions (7.3.36) for m = 1 were first given in [67]. The second factors in the
right-hand sides of (7.3.35) (series depending on the Fourier coefficients) can, by
Parceval’s equality, be represented in the form
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S = [ (40920
Q

S [ (47wa) e

Q

(7.3.37)

Series (7.3.37) converge if the functions AU+B)/ 2y and AY/ 2yp,0 are square inte-
grable in the domain €2, i.e., belong to the class L, (£2). In other words, the functions
wo and wyo should belong to the domains of definition of the corresponding operator:

wo € Dya+p)2, w0 € D yyp2- (7.3.38)

It follows from results of [110] that the domain of definition Dys, for s € (0,1)
lies in Hp,s(€2) and is distinguished by those boundary conditions (7.2.3) whose
order ordM; = r; < r =2ms—1/2. In the case when for some j we have r; = r, the
corresponding boundary condition is to be understood in some integral sense.

From (7.3.38) we have, in the case under consideration

1 1
s:i(l—i—ﬁ), r:m(l—i—ﬁ)—i for  wyo,

(7.3.39)
1 1

SZE% r:my—i for wro,
where s can also be greater than unity.

Suppose, for example, s = 1 + o, where ¢ € (0, 1). Then, representing the result
of the action of the operator A* in the form ASw = A° (Aw) and applying Seeley’s
theorem [110], we arrive at the following assertion. The domain of definition Dgs
lies in Hyps(€2) and is distinguished by boundary conditions (7.2.3) and also those
boundary conditions M;Aw = 0 for which ordM; < 2mc — 1/2. In other words,
for s € (1,2), as well as the boundary conditions (7.2.3), conditions of the form
M jAw = 0 for which ord(M;A) < r = 2ms — 1/2 are also imposed on the function
w.

Similar results also follow from lemmas derived in Appendix 2 of [68].

Thus, for the convergence of series (7.3.37), the functions wy and wy should sat-
isfy conditions depending on parameters s and r, the stringency of these conditions
increasing with s and r. We note that for restrictions r; < r on operator orders, the
fractional part of r is not significant because r; are integers.

We determine two numbers for each of the functions wg and w;o with the help of
relations (7.3.36) and (7.3.39): the lower bound s* on the possible values of s and the
integer part r* of the lower bound on possible values of r. The values of 9" = 2ms*
and r* for various pairs n, m for n < 3, m <2 are shown in Table 7.1.

Using the values of ¥* and r* obtained, one can answer the question of the con-
vergence of series (7.3.35) and thereby obtain sufficient conditions for the control
problems under consideration to be solvable. For this, it is sufficient to require that
the following conditions be satisfied.
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Table 7.1 The values of ¥* and r* for various pairs n, m

n,m B*(wp) V¥ (wyo) r*(wo) r*(wio)
1,1 3/2 172 1 0
1,2 5/2 172 2 0
2,1 2 1 1 0
2,2 3 1 2 0
3,1 5/2 3/2 2 1
3,2 712 3/2 3 1

Firstly, the functions wy and w;y should belong to classes Hy(€2), where ¥ is
any number greater than the corresponding ¥+*. In particular, ¥ can be chosen to be
an integer, and this requirement will then indicate the existence for the functions wy
and wyo of square-integrable partial derivatives up to order ¢} inclusive.

Secondly, the functions wg and w;y should satisfy those boundary conditions
(7.3.36) on I" for which ord M; < r*, and those of the boundary conditions M ;Aw = 0
for which ord(M;A) < r*. Because ord M; < ordA = 2m, the imposition of the con-
ditions M;Aw = 0 is only required when r* > 2m.

It is clear from Table 7.1 that the inequality r* > 2m only holds when n = 3,
m = 1 for the function wy. In this case for the Dirichlet problem (ord M = 0) we have
ord MA =2 = r*(wy), and it is necessary to impose on wy the additional condition
Aw=0onT".

In the case of the Neumann problem (ordM = 1) for n = 3, m = 1, and also for
all problems with other values of n, m, additional conditions do not appear.

The appearance of an additional boundary condition can be explained as follows.
The proposed control law (7.2.10) vanishes on I' in the case of the Dirichlet problem
because here ¢ = 0 on I'. This reduces the possibility of control on the boundary
of the domain, and can require additional conditions on the initial functions on I".

At the same time, some of the boundary conditions (7.2.3) for the problem to be
solvable need not be applied. For example, for n =2, m = 1 we have r*(wp) = 1,
r*(wy) = 0. Consequently, for a second-order operator A in the case of the Dirichlet
problem (ord M = 0) the functions wy and wy( should satisfy the Dirichlet condition,
while in the case of the Neumann problem (ord M = 1) the function wy should satisfy
the Neumann condition, while the function w;o need not satisty it.

Comparing the data in the Table 7.1 with the results of the examples in Sects. 7.3.1—
7.3.3, we see that in the examples the convergence conditions turned out to be less
restrictive forn =1,m=2and n =3, m = 1. For n = 1, m = 2 in the example it is
not required to impose the condition wij = 0 on I", which appears in the Table 7.1:
r*(wo) = 2. For n =3, m = 1, it follows from Table 7.1 that in the Neumann prob-
lem example the condition dwy/dn = 0 is not required, as well as the condition is
Awg =0 on I' for the Dirichlet problem.



7.3 Solvability conditions 273

It should be taken into account that, according to Remark 7.1 from Sect. 7.3.1,
conditions on I" at ¢ = 0 are not essential for the solution of the control problem, if
they are automatically fulfilled for # = At > 0 due to the imposed boundary condi-
tions.



Chapter 8
Control system under complex constraints

In this chapter a method is elaborated for constructing a control in a linear sys-
tem under mixed constraints imposed at every instant of time on phase coordinates,
controls, and certain integrals depending on these variables. The control method
proposed is a generalization of Kalman’s approach to linear systems subjected to
constraints. A bounded scalar control is constructed in an explicit form for a system
of oscillators, as well as for some other oscillatory systems. For certain second-
order systems, the control law elaborated is compared with the time-optimal con-
trol. A control law is also constructed for some higher order systems, specifically,
for fourth-order systems with mixed constraints that are models of mechanical and
electromechanical systems containing oscillatory links and electric motors.

8.1 Control design in linear systems under complex constraints

8.1.1 Problem statement

We consider the linear control system

X=A(t)x+B(t)u+ f(¢). (8.1.1)
Here, x = (x1,...,x,) is the n-dimensional vector of phase coordinates and u =
(u1,...,up) is the m-dimensional vector of control. The (n x n)-matrix A(z), the (n x

m)-matrix B(t), and the n-dimensional vector f() are given piecewise continuous
functions of time 7.

Let the phase and control variables of system (8.1.1) be constrained by the in-
equalities that express the boundedness of the absolute values or the components of
certain linear combinations of the variables x and u, and also certain integrals. To be
precise, we consider constraints of the following two types:

|C" (1)x(r) + D' (1)u(r)

275
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, (8.1.2)
+/ (G (t,7)x(7) + H (t,D)u(t)]dt+u' ()| < 1, i=1,...,r,

fo

(P! (2),x(2)) + (g’ (¢),u(t))
. (8.1.3)

+ [ [t 1), x(0))+ (W (t,7),u(t)]dt <1, j=1,...,r

fo

Here, as before, brackets (.,.) denote the scalar product of vectors.

Constraints (8.1.2) and (8.1.3) must hold for all ¢ € |1y, T], where #y and T are
the initial and terminal instants of time, respectively. We consider the instant 7y to
be fixed, whereas 7' not fixed, for a while. In relations (8.1.2) and (8.1.3), C? and
G' are (I x n)-matrices, D' and H' are (I x m)-matrices, u' are I-vectors, for some
integer [, p/ and g/ are n-vectors, and ¢/ and h/ are m-vectors. The matrices and
vectors C', D, u’, p/, and ¢/ are given piecewise continuous functions of ¢ on the
segment [to, 7], and the matrices and vectors G', H', g/, and h/ are given piecewise
continuous functions of # and 7 for 7,7 € [to, T].

Constraints (8.1.2) and (8.1.3), in particular, include the most commonly encoun-
tered restrictions imposed on control, state, and their combinations. Specifically, if
D' is the identity (m x m)-matrix and all other matrices and vectors C', G', H, and
! in (8.1.2) are equal to zero, then we obtain, from (8.1.2), the restriction |u(#)| < 1
on the absolute value of control. If the vector ¢/ has a single non-zero component
and all other vectors p/, g/, and i/ in (8.1.3) are equal to zero, then we obtain, from
(8.1.3), a restriction on one component of the control vector. Setting all the matrix
and vector coefficients in (8.1.2) and (8.1.3) except C' and p/ equal to zero, we ob-
tain the phase constraints. Similarly, if we set all the matrices and vectors except H'
and // equal to zero, we obtain integral constraints on the control, etc.

Let us state the problem of constructing a control u(¢) that satisfies constraints
(8.1.2) and (8.1.3) for ¢ € [fy, T] and brings system (8.1.1) from a given initial state

x(to) =x° (8.1.4)
to a given terminal state
x(T) =x'. (8.1.5)

Here, x° and ! are given n-dimensional vectors.
We denote by @(¢) the fundamental matrix of the homogeneous system (8.1.1).
We have
d=At)D, D(t)=E,, (8.1.6)

where E, is the (n x n) identity matrix. Let us write the solution of system (8.1.1)
satisfying the initial condition (8.1.4) in the form

x(1) = D)+ / "o (1) [B(t)u(t) + £(7)]d7). (8.1.7)
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Substituting solution (8.1.7) into the boundary condition (8.1.5), we obtain
T
& (1)B(t)u(t)dr = x*. (8.1.8)
T
Here, we have introduced the notation
T
=0 N =0~ [ o7 (0)f(r)dr. (8.1.9)
T

Thus, the desired control must satisfy constraints (8.1.2) and (8.1.3), and also con-
dition (8.1.8).

8.1.2 Kalman’s approach

We use the method of control proposed in [72, 73] for the case where there are no
constraints. We shall seek the control in the form

u=0'c, (8.1.10)
where ¢ denotes an n-dimensional constant vector, Q(t) denotes the (n X m)-matrix
(1) = @~ (1)B(1), @.1.11)

and superscript " denotes the transpose. Substituting (8.1.10) into (8.1.8), we obtain
the equation for the vector c:
R(T)c=x". (8.1.12)

Here, )
R(1)= [ Q(7)Q"(1)dr. (8.1.13)
fo

It follows from (8.1.13) that R(¢) is a symmetric nonnegative definite (n x n)-
matrix for t > #y. We assume that the matrix R(¢) is positive definite for t > 1. As
is known [78], this property implies complete controllability of the linear system
(8.1.1). In this case, system (8.1.12) has the unique solution

c=R(T)x". (8.1.14)

Let us return to conditions (8.1.2) and (8.1.3). At first, we substitute control
(8.1.10) into solution (8.1.7). Using the notation (8.1.11) and (8.1.13), we get

x(t) = DO+ R+ [ & (2)f(r)dd]. 8.1.15)

fo

We transform (8.1.15) with the aid of (8.1.9) and (8.1.14) as follows:
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x(t) = ®(1)[ @ (T)x' + Ry (¢,T)x* f/T & !(1)f(1)d],

(8.1.16)
R\(t,T) =R(t)R™'(T) —E,.
We now substitute expression (8.1.16) for x and the expression
u(t)=Q" ()R (T)x* (8.1.17)

for u that follows from (8.1.10) and (8.1.14), into constraints (8.1.2) and (8.1.3).
Constraints (8.1.2) then take the form

|Fi(e, T)x* +¢'(t,T)| <1, i=1,...,n. (8.1.18)
Here, the (I x n)-matrix F' and the [-vector ¢ are equal, respectively, to
Fi(t,T)=C'(t)®(t)R,(¢,T) +D'(t)Q" (t)R™(T)

G DR (5. T) + H (1, 1)0T (DR (T d,

o', 1) = e (1 - [ o7 (070

T T .
+ Gl(;,r)@(r)[@*l(r)xl—/ & () f(n)dn]dT+ @), i=1,....r

)

(8.1.19)

Similarly, constraints (8.1.3) take the form

W, T), XY+, T) <1, j=1,...,s, (8.1.20)

where the n-vector y/ and the scalar y/ are given by
W6, T) =R (1. T)@" (1)p' (1) + R~ 1(T)Q(1)q’ (1)

+ / (2, 7)0 " (1)g/(1,7) + R (T)Q(0)W (1, 7)) dx,
. (8.1.21)
1/ (6,T) = (p/ (1), @(1)[@ ' (T)x' —/l @' (7)f(1)d7])

T T
+) (&'(1,7), (1) [ @ (T)' —/ o (n)f(m)dul)dr, j=1,..r
0 T

Let us note that the functions F', (Z)i, l//j, and xj defined by (8.1.19) and (8.1.21)
are expressed in terms of given functions and hence can be considered as known. For
constraints (8.1.2) and (8.1.3) to be satisfied, it is necessary and sufficient that in-
equalities (8.1.18) and (8.1.20) hold for the given x* and all ¢ € [fy, T']. This imposes
conditions on the time 7 of the process and on the vector x*. By virtue of (8.1.9),
these conditions lead (for a given terminal state x') to conditions on the time 7'
and the initial state x°. By majorizing and simplifying the left sides of inequalities
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(8.1.18) and (8.1.20), we can obtain conditions on 7 and x° that guarantee con-
straints ((8.1.2) and (8.1.3). Thus, we will come to sufficient controllability condi-
tions for system (8.1.1) under constraints (8.1.2) and (8.1.3).

Let us present one of the possible versions of such conditions. Suppose that, for
all T >y and all ¢ € [ty, T], the inequalities

0/, T) <ob <1, |}/ ,T)<xi<1, i=1,....,r, j=1,....5, (8.1.22)

are valid, where ¢(§ and x({ are positive constants. Inequalities (8.1.18) certainly
hold, if _ '
[F'(t, T)x" | <1—¢y, i=1,...,r (8.1.23)

Using the Cauchy inequality, let us estimate the left-hand side of (8.1.23) from
above as follows:

! n
70 = (3 (3 R )
! (8.1.24)

'/Z\x [, i=1,...,r.

<53

HM:

Substituting (8.1.24) into (8.1.23), we obtain a sufficient condition for inequalities
(8.1.18) to hold:

[l n
x*|§miin{ 1— @) max 22 1/2},
i—1 k=1
! (8.1.25)
i=1,....r, t€]t,T].

Similarly, inequalities (8.1.20) are certainly valid, if

' < minf (1= ) max |/ (1, T) )7}, j=1,0s 1€, 7). (8.1.26)
J

Thus, if conditions (8.1.25) and (8.1.26) are fulfilled, control (8.1.17) satisfies
constraints (8.1.2) and (8.1.3) for € [fp, T| and brings system (8.1.1) from the initial
state (8.1.4) to the terminal state (8.1.5). Therefore, conditions (8.1.25) and (8.1.26)
can be regarded as sufficient conditions for controllability in finite time 7. We note
that, by virtue of equality (8.1.9), these conditions relate the initial and terminal
states x” and x' and the time of the process 7. Conditions (8.1.25) and (8.1.26) are
imposed on the absolute value of the vector x*.

Below in this chapter, following [35, 26, 53, 99, 7], we present methods of con-
structing a control for various linear systems under complex constraints.

The following theorem [26] provides simple sufficient conditions for the con-
straint (a is a positive constant)

lu(t)| <a (8.1.27)
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to be satisfied for the control law (8.1.17) in case of f(r) = 0.

Theorem 8.1. For some T > to, let the matrix R(T) be non-singular, i.e., the condi-
tion of complete controllability holds, and let the inequalities

QT (OK(T)v| < M(T)Iv], 1€ [t0,T], (8.1.28)

IR(T)K(T)v| > 2a(T)|v]. (8.1.29)

be valid for any n-dimensional vector v. Here, K(T) is a non-singular (n x n)-
matrix, A1 (T) > 0 and A2(T) > 0 are positive scalars, and v is a constant n-vector.
Inequality (8.1.28) holds for all t € [ty, T). Then, if the condition

| < aa(T)A;N(T), (8.1.30)

holds, then the control u(t) given by (8.1.17) brings system (8.1.1) from state (8.1.4)
to state (8.1.5) at the time instant T and satisfies constraint (8.1.27) for all t € [ty, T].

Proof. Control (8.1.17) is constructed in such a way that conditions (8.1.4) and
(8.1.5) hold. By (8.1.17), we have

u()| =107 (R Y(T)x"| = Q" (K(T)K ()R (T)x"|.
Using inequality (8.1.28), we have
ju(t)| < 4(T)|K~H(T)RH(T)x".
Now, we put x* = R(T)K(T)v and first apply (8.1.29) and then (8.1.30) to obtain
u()| < A(T) | < 2(T) A (T)IR(DK (T = A (T) Ay H(T)¥'| < a.
‘We have thus shown that constraint (8.1.27) holds. This proves the theorem. O

Remark 8.1. The non-singular matrix K(7') in (8.1.28) and (8.1.29) can be chosen
arbitrarily; in particular, we can take the identity matrix K = E,,. The arbitrary choice
of K(T) can be useful, since it extends the range where our sufficient conditions
are applicable. In the case of the identity matrix K = E, the number A, (T) is, by
(8.1.29), a lower bound for the minimal eigenvalue of the matrix R(T').

Remark 8.2. To calculate the control (8.1.10), we have to solve the linear system of
equations (8.1.12), whereas, in the time-optimal case, we have to solve a system of
transcendental equations. Besides, control (8.1.10) is a continuous function of time,
whereas the time-optimal control is, in general, discontinuous.

In further considerations, for various examples of mechanical systems, we obtain
refined conditions of the controllability that take into account the contribution of
different components of vector x*.
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8.2 Application to oscillating systems

8.2.1 Control for the system of oscillators

Following [26], we consider a system of harmonic oscillators subject to scalar con-
trol: )
E+oPE =u (8.2.1)

Here, &; are generalized coordinates, the constants @; >0, i = 1,...,n, are the natu-
ral frequencies of the oscillators, u is the scalar control constrained by (8.1.27), i.e.,
|u| < a where a is a constant.

As a mechanical model of system (8.2.1), one can take a system of mathematical
pendulums suspended from a body G that moves horizontally with the acceleration
u (see Fig. 8.1). Then, &;, equal to /;¢;, are small linear deviations of the pendulums
from their points of suspension, where /; is the length and ¢; is the angle of deviation
of the pendulum from the vertical direction.

u

—

[ 1 A
(O /1 O\
I ATN

Fig. 8.1 System of mathematical pendulums

Another mechanical model of system (8.2.1) is a set of masses connected by
springs to the body G. The system as a whole performs a translational horizontal
motion, & being the springs elongations, and u is the acceleration of the body G
(see Fig. 8.2).

33

Fig. 8.2 Set of oscillators

Let us find a control u(r) that satisfies constraint (8.1.27) and brings system
(8.2.1) from the initial state at #p = 0O:
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&i(0)=¢, &(0)=n/ (82.2)
to the given terminal state
&(T)=§', &(T)=n/. (8.2.3)

We assume that the frequencies m; are positive and distinct. There is no loss of
generality, if we number them in increasing order, put @y = 0, and introduce the
notation

Q= ogglgl}llfl(wkﬂ (Dk) >0, O=wp<w <...<@y. (8.2.4)
Note that, if €2 > 0, system (8.2.1) is completely controllable [40]. If some fre-
quencies are the same, the system becomes uncontrollable. Indeed, if the initial
states of two oscillators with equal frequencies are different, no control can damp
the oscillations of these two oscillators simultaneously: the phase difference be-
tween them remains constant.
Using the change of variables

E=yi, &=0 "'z (8.2.5)
we reduce system (8.2.1) to the form
Vi=—wizi+u, z =0y, (8.2.6)

The phase vector of system (8.2.6) is a 2n-dimensional column vector composed
of the components of vectors y and z. One can easily ascertain that the fundamental
matrix (8.1.6) of the homogeneous system (8.2.6) is orthogonal and has the form

| diag(cos ajr) diag(— sin w;t)

o) = diag(sin w;z) diag(cos wjt)

., ') =2 (1). (8.2.7)

Here, diag(a;) denotes a diagonal (n x n)-matrix with diagonal elements a;.
For system (8.2.6), matrices B(¢) and Q(¢) are 2n-dimensional column vectors.
By (8.1.11), (8.2.6), and (8.2.7), their elements are

Bi=1, B,:i=0, Qi(l‘) = CcoSs wyt, QnJri(t) = —sinwjt. (8.2.8)

From (8.1.13) and (8.2.8), we have

1 »HO Rl RO
QZQZT = {go 32]7 R(T) = l:RO R2:|’
(8.2.9)

T
Rk:/ Okdt. k=01.2.
0

Here, Q% and R* are (n x n)-matrices. Their elements are calculated by means of
(8.2.8) and (8.2.9) (throughout, i, j = 1,...,n):
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Ql-'j = COSs W;t Cos Wjt, Ql-zj = sin w;t sin wjt, Q?j = —cos wjt sinw;jt,

r2_ T sin2w;, T 12 _ sin(@,— )T | sin(oi + ©;)
o2 4oy T Y 2(w — )) 2(w; + ))

o cos2mT —1 o cos(w;— )T —1 cos(w;+ ;)T —1

=" R = , 1F#].
! Y 2(0i — w)) - 2(0i + o)) 7

T
,(8.2.10)

Note that, by condition (8.2.4), we have
w; > Q, ‘CO,'*U)AZ.Q, o+ w; >3Q, i#]. (8.2.11)

Takin into account (8.2.11), we obtain the following estimates for elements (8.2.10)
of the matrix R(T):

B-2l< g RISsg. RI<ss,
| ; (8.2.12)

RE| < <=
| U| - 2|(D,‘—(1)j| +2|a)i+a);| —3Q’

k=12, i#]j.

In inequalities (8.1.28) and (8.1.29), we put K(T) = E», and find A;(T) and
A2(T). Let us estimate the left-hand side of inequality (8.1.28), by using the Cauchy
inequality and expressions (8.2.8) for the components of the vector Q(T)

Q" (] < QT (1)[|v] = n'/v.
Therefore, in (8.1.28), we can set
(1) =n'"l2. (8.2.13)

Let us estimate the left-hand side of inequality (8.1.29). For any vector v, we
have

T T T
Rl = 2+ (R = L] = Tt o,
(8.2.14)
T
M =R(T) - S Ex.

Here, we introduce the symmetric (2n X 2n)-matrix M. For its elements, using
relations (8.2.9) and (8.2.12) for matrix R(T'), we obtain the estimates

1 1 2
My pingil < 0 |M;;| < EYoL

(8.2.15)
2 1 4 ..
IMytingj| < 30’ |Minyi| < 50" IMinj| < 30 i#].

By the Cauchy inequality, we have [the summation here and in (8.2.17) is from
1 to 2n]
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Myv|? ZZ(ZMz’jVJ <> 2 ZV MZZM,-ZJ». (8.2.16)
i i ij

Recalling estimates (8.2.15) and that the matrix M is symmetric, we obtain

8(n2 —n)  2n 32(n*—n) 5n(64n—55)

_ 8217
2 16.(22 002 12 T T o2 7202 8.2.17)

Inequalities (8.2.16) and (8.2.17) yield

K|V 5n(64n—55)1"2
M| < — [ 22T OY) > 1. 2.1
e e R (8.2.18)
Using (8.2.14) and (8.2.18), we obtain
T
RTW| > (= =2 ). 2.1
RTpl= (55 (5219

Consequently, condition (8.1.29) holds, if T > 2k, /2. Then, comparing (8.1.29)
and (8.2.19), we obtain

T ky
T=|=-——= 0. 8.2.20
mn=(3-5)> (5220
Substituting relations (8.2.13) and (8.2.20) into (8.1.30) and solving for 7', we get
2 1/2 2k,
7> \x*|+ﬁ. (8.2.21)
a Q

Vector x* is given by relation (8.1.9), where the last term in the right-hand side
equals zero since f(7) = 0. By (8.2.5), (8.2.2), and(8.2.3), vectors 1% and x! are:

2= {3i(0),2:(0)} " = {n), @&’}
' ={i(T),u(1)} ={n} w&'}".

We substitute the elements of the vector Q(¢) from (8.2.8) into control law
(8.1.10):

(8.2.22)

n
u(t) = Z(Ci COS ;f — Cpyqi SIN W4T ). (8.2.23)
i=1

By Theorem 8.1, we come to the following assertion [26].

Theorem 8.2. Under condition (8.2.21), control (8.2.23), where vector c is given
by (8.1.14) and matrix R(T) is given by (8.2.9) and (8.2.10), satisfies constraint
(8.1.27) and brings system (8.2.6) [or (8.2.1)] from the initial state (8.2.2) to the
terminal state (8.2.3) in time T.

Note that time T increases as |x*| increases, the magnitude a of the control de-
creases, and the natural frequencies come closer together, i.e., as £2 decreases.
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As a special case, let us consider the problem of damping the initial oscillations,
i.e., the problem of bringing the system to its equilibrium state. In this case, we have
x! =0, and, taking into account that f(¢) = 0, from equalities (8.1.9) and (8.2.22),
we obtain [E () is the energy of oscillations]:

w? = i[(n?)z +a7 (E7)’] =2E), Eo=E(0), (8.2.24)
i=1

E(1) = 21 (0P + &) (8.2.25)

| —

Using (8.2.24), we rewrite condition (8.2.21) as follows:

- 2(2nEy)'/? L2k

> P 0 (8.2.26)

Under condition (8.2.26), control (8.2.23) brings system (8.2.1) from the initial state
(8.2.2) to the equilibrium state & = & = 0.

In the special case where n = 1, the minimal time that satisfies condition (8.2.26)
is equal to [we use the second relation of (8.2.18)]

20260 | (5/2)"
a (0)] '

T =

(8.2.27)

We compare time (8.2.27) with the optimal control time under the condition

e <1, (8.2.28)

_a
Eé/ 2 [0)]

that means that the control is relatively small. Then, under constraint |u| < 1, the

approximate optimal control for system (8.2.1) with n = 1 that is constructed in

[40] by the method of small parameter [22] has the form

u=—asigné;, (8.2.29)
while the phase coordinates are
2E)1/2 .
&= ( w) cos(mt+ o), & =—(2E)"?sin(wit+ ). (8.2.30)
1

Here, the energy E and phase o are slow variables.
We differentiate the energy E given by (8.2.25) with respect to ¢ and use equa-
tions (8.2.1), (8.2.29), and(8.2.30):

E= 51(51 +(012§1) = —élu = —a|él\ = —a(2E)1/2|sin(a)1t+oc)|.

In accordance with the method of averaging [22], we average the right-hand side of
the equation obtained with respect to ¢ regarding E and « as constants. We come to
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the equation of the first approximation, which we integrate:
2
RE®)]'? = ()~ .

Hence, the time 7° needed for damping oscillations (i.e., for implementation of
condition E(T°) = 0), is equal to

_
" 2a

Expressions (8.2.27) and (8.2.31) should be compared under condition (8.2.28),
under which the approximate expression (8.2.31) is obtained. The second term in
(8.2.27) is much smaller than the first one, while the principal parts of (8.2.27) and
(8.2.31) differ by multipliers. We have

70 (2E0)'/2. (8.2.31)

" 4
—r—-=~1273 (ex ).
e (e <1)
This relation permits to estimate how close are the results obtained by the control
method presented above and the time-optimal control.

8.2.2 Pendulum with a suspension point controlled by acceleration

We consider now the systems shown in Figs. 8.1 and 8.2 in the case of a single oscil-
lator (n = 1) but taking into account displacement & of the body G. The equations
of motion and constraint (8.1.27) take the form

E+otéi=u E=u |u<a (8.2.32)

All the notation here is the same as in Sect. 8.2.1. Note that displacements &,
and &; are measured in opposite directions, so that the absolute displacement of the
oscillator is &y — &;.

We also consider a modified statement of the problem, in which the systems of
Figs. 8.1 and 8.2 are controlled not by the acceleration of the body G, but by force F'
applied to the body G and bounded in magnitude by the constant Fy. Then, instead
of relations (8.2.32), we have the following equations and constraint:

Ei+wié =&, (mo+m)é&—mé& =F, |F|<k, (8.2.33)

where my is the mass of the body G, and m is the mass of the oscillator.
We introduce the coordinate of the center of mass of the system

(mo +m1)Eo —mi &
mo +nmy

E=



8.2 Application to oscillating systems 287

and transform relations (8.2.33) to

-~ mg + my F ~- F
&+ ol =—, &= ., |F| < R. (8.2.34)
mo my mg +my
The change of variables and constants
é’:mo—i_mlé, a)/Z:m0+m1a)12, u:i
mo mo mo

transforms relations (8.2.34) to the form identical to (8.2.32). Thus, relations (8.2.32)
also describe systems (8.2.33) controlled by a bounded force.
In order to simplify (8.2.32), we make the change of variables

az t

& =2
L= % _
(J()lz7 (0]}

— . u=au. (8.2.35)
o

S

Substitution (8.2.35) transforms relations (8.2.32) to the form
J+y=u, Z=u, |u<1 (8.2.36)

From now on, we consider the system in the form (8.2.36) and denote by points
derivatives with respect to the new time ¢/, the primes of #' and «’ in (8.2.36) are
omitted.

Let us construct the control u(¢) that satisfies the condition |u| < 1 and brings
system (8.2.36) from the given initial state

y(0) =y 3(0)=1", 2(0)=2", z0)=w° (8.2.37)
to the given terminal state
1) =y, ¥T)=v', «T)=7, «T)=w" (8.2.38)

The quantities in the right-hand sides of (8.2.37) and (8.2.38) are constants, and
T > 0O is the as yet unknown time when the process terminates.

The solution of this problem is obtained in [26, 53].

The phase vector of system (8.2.36) consists of the variables y,y,z, and z. Fol-
lowing the general idea of Sect. 8.1.2 for constructing the control, we find the fun-
damental matrix @(¢) defined in (8.1.6), and then the inverse matrix @' (z):

cost sint 00 cost —sint 0 0

| —sint  cost 00 1, _ | sint cost 0 O
D(t) = 0 0 111 O (1) = 0 0 1t (8.2.39)

0 0 01 0 0 01

The matrix Q(¢) defined by (8.1.11) is here the four-dimensional column vector

Q' (1) = (—sint,cost,—1,1), (8.2.40)
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and control (8.1.10) has the form
u(t) = —cysint + ¢ cost — c3t +c4. (8.2.41)

The expression for the matrix R(z) is given by (8.1.13) and (8.2.41). The solution
of system (8.1.12) is considerably simplified, if we put T = 2rzk, k= 1,2,.... The
matrix R(T) then becomes

T/2 0 —-T 0
0 T/2 0 0
-T 0 T3/3-T?)2|
0 0 -T?/2 T

R(T) = (8.2.42)

The case of arbitrary T # 2k will be considered in Sect. 8.2.2.

We express the components of the vector x* through the boundary conditions
(8.2.37) and (8.2.38) with the help of relations (8.1.9) and (8.2.39) and using the
equality f() =0:

1 0 1 0
XI=y =y, Xn=v —Vv,
=7 —Tw' =2 xj=w!—w® (T =2nmk).
Using the obtained expressions for the matrix R(7) and vector x*, we solve equa-
tions (8.1.3):

1= m [Tz(yl )+ 12(z' =20 —6T(w0+wl)] ,
2 1 0
= ?(v —vY),
3= ﬁ [4()’1 W) +2( =20 - T(w0+wl)} , (8.2.43)
ca= ﬁ (6T (y' —y°)+3T (" —2°) — (T?* + 12)w'

—2(T?—6)w°].

It is necessary now to choose integer k in the relation 7' = 27k in such a way that
the control defined by (8.2.41) and (8.2.43) meets the constraint |u| < 1 forz € [0,7T].
By (8.2.41) and (8.2.43), we have

(e)] < Jex| + [ea] + s — st < ﬁ T2yt =)0+ 122" 2
+6T W0 +w! |+ (T% = 24) ! =10 +6[y" —y0||T — 2| (8.2.44)
+3[2' =0T — 2|+ y(1)],
w(t) = [(T? + 12)w! +2(T% — 6)w? — 3Tt(w! +w0)].

Here, T = 2mk, k > 1, so that 7> > 24.
The function y/(r) reaches its maximum at one end of the interval [0, 7], conse-
quently,
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y(0) < max{y(0), W(T)) = 5 max{[372(w0 +w') — (72~ 24) (' — )],

3 1
372 (W0 +wh) 4 (1% = 24) (W' —w0)|} = 5T2\w°+w1| + §(T2—24)|w1 —wh).

Note also that [T —2¢| < T fort € [0,T].
Using these estimates, we obtain from (8.2.44):

W@\S%(ﬁUNfAWW+MWAWW+ﬁ()wp+wH+wﬂfwﬂ)

2 Lo 2T2+ 1217 372+ 12T
—— T - —_— T = —
+T2f2( )|Z z ‘7 fl( ) — o4 f2( ) DY)

(8.2.45)

On the right-hand side of (8.2.45), we replace the functions f(7') and f>(T), that
are strictly decreasing for 7 > 77 = 2, by their maximum values at 7 > T} = 27,
and, in the resulting inequality, we put T = 2xk, T} = 27m. We come to the inequality

u(t)| <Ak—1+Bk—2

Azﬁty [+ = | OH(@+%° wl o (8.2.46)
-F%hv1 —w’, B= ;((;té)) 2! =20
It follows from (8.2.46) that constraint |u| < 1 holds if
K —Ak—B>1,
ie., if
T—2nk, k>k'= [A + (A +4B)’/2} (8.2.47)

Formulas (8.2.41) and (8.2.43), together with relations (8.2.47) for T and (8.2.46)
for A and B, completely define the required control u(z) in an explicit form in terms
of the initial and terminal states.

We consider a special case of boundary conditions (8.2.37) and (8.2.38):

W=0==wl=yl=yl=p!=0 (8.2.48)

that corresponds to the displacement of the entire system shown in Figs. 8.1 and
8.2 from one equilibrium state to another equilibrium state at a distance z'. In the
case of (8.2.48), the time-optimal control is of the bang-bang type u = £1 and has
three switching points [40]. The optimal time 7° is the unique positive root of the

equation
T0? 70
2 {arccos (cos 2 )] |2°],

and the relations
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70> 21212 1O~ 222 as |7'] — oo (8.2.49)

are valid.
Let us compare this result with the time of the displacement for the control law
(8.2.41). By (8.2.46)—(8.2.48), we have

T =2nm(entk*+1), k*=B"?=0.7965|z"|"/>.
Hence, for large |z'|, we obtain
T ~5.005|z'|'/? as |z!| — oo (8.2.50)

If we use estimate (8.2.45) directly in the case of (8.2.48) for |z!| — oo, we obtain
T~ 2f() ] = VOl 12 = 24492 |'/2 as 2| . (8.2.51)

Comparing formulas (8.2.49)—(8.2.51) for 79 and T, we see that for |z!| — oo
they differ by their coefficients. This fact is due to both the difference of control
(8.2.41) from the optimal one and estimates used to obtain (8.2.46). Note that es-
timate (8.2.51) is much closer to (8.2.49) than estimate (8.2.50) because of the re-
duced “loss” in direct estimation (8.2.51).

We also note that, for arbitrary initial conditions, the time-optimal controls for
the problems considered in Sects. 8.2.1 and 8.2.2 are not known.

8.2.3 Pendulum with a suspension point controlled by acceleration
(continuation)

In Sect. 8.2.2, to simplify calculations, we assumed that the dimensionless time of
the process is multiple of 27, i.e., T = 2mwk. Now, we give up this assumption and
consider the problem for an arbitrary 7.

Let us state the problem of constructing a control u(¢) that satisfies the constraint
|u| < 1 and brings system (8.2.36) from a given initial state

y0)=2xY, y(T)=x), z2T)=x3, zT)=x (8.2.52)
to the equilibrium state
¥(T)=0, y(T)=0, zT)=0, 2(T)=0. (8.2.53)

The matrix R(T'), for an arbitrary 7, takes the form
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(T —sc)/2 —s%/2 s—Tc c—1
—s2/2 (T+sc)/21—c—Ts s
s—Tc 1—c—Ts T3¥/3 -T?/2]|
c—1 s -T?/2 T

R(T) = (8.2.54)

Here, denotation s = sinT and ¢ = cos T are introduced.
Let ¢;;, i, j = 1,...,4, be the elements of the inverse matrix RI(T) of (8.2.54).
Then, by virtue of (8.1.14), the expression for control (8.2.41) becomes

4
u(t) =Y (Prix) sint — ¢oix) cost + h3at — puix). (8.2.55)

i=1
Thus, control (8.2.55) brings, for any 7' > 0, system (8.2.36) from the initial state
(8.2.52) to the terminal equilibrium state (8.2.53) in time 7. However, this control

does not, generally speaking, satisfy the constraint |u| < 1. To take this constraint
into account, we apply the Cauchy inequality to relation (8.2.55):

4 121 4 1/2
2 .
lu| < <2x? ) [Z(—(})lismt—kqbzicost — 3t + ¢ui)? (8.2.56)
i=1 i=1
We introduce the auxiliary functions
4
p(t,T) = Z(—q)l,-sint + hjcost — ¢3it + ¢4i)2 (8.2.57)
i=1
and
~1/2
T)= T . 2.
r(T) [OrgiXTp(t, )] (8.2.58)
Then, inequality (8.2.56) can be rewritten in the form
Jul < 5] [p(e,7))'* < x°|/r(T). (8.2.59)
We choose the termination time 7" from the condition
X0 = r(T). (8.2.60)

It follows from (8.2.59) that, if T is chosen according to (8.2.60), constraint (8.2.36)
imposed on the control is satisfied for all # € [0, T].

Thus, we arrive at the following procedure for constructing the control u(¢). First,
we determine the elements ¢;;(7) of the inverse matrix R~!(7') and calculate the
functions p(z,T) and r(T') with the help of equalities (8.2.54), (8.2.57), and (8.2.58).
These calculations should be performed once for the given system (see below).

When they have been executed, we can construct, for any initial vector X, the
desired bounded control that brings the system to the coordinate origin. To do this,
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we first determine time 7 from condition (8.2.60) and then find the control u from
(8.2.55).

To determine the function 7(T'), we use the REDUCE symbolic calculations lan-
guage and find, using a computer, the analytical representations of the elements
0ij, i,j=1,...,4, of the matrix R~!(T) which is the inverse of (8.2.54). The expres-
sions for ¢;; turn out to be rather cumbersome. To illustrate, we present one element
of the matrix R~!(T):

¢11 =2[T° +T*sinT cosT — 8T sin® T + 24T sin T (1 — cos T')
—24T(1—cosT)? /[T — T*(8cos T +sin> T + 16) 8260)
+8T3sinT(5—2cosT)+48T(1—cosT)(1+2cosT) -

2407 sinT (1 —cosT) +192(1 —cosT)?].
Using formula (8.2.57) and the obtained expressions (8.2.61) for ¢;;, we calculate

the maximum values of p(¢,7) from ¢ € [0,T]. Thus, the function r(7') in (8.2.58)
is determined. Its graph is shown in Fig. 8.3.

(T)

0 10 20 30 40

Fig. 8.3 Graph of the function r(T)

We analyze the behavior of the function #(7') in the limiting cases.
Let the process duration 7 tends to 0. We expand the function p(¢,7T) given by
(8.2.57) in the Maclaurin series (we use REDUCE) in the current time #:

p(t,T) = (912 + 014)* + ($22 + 92a)* + (923 + 934) + (924 + Paa)?
—2t[¢12(P11 + P13 + 022 + G24) + D13(P14 + P23 + P34) (8.2.62)
+014(O11 + P24 + Pa4) + $23(022 + P24 + §33) + P34 (P2a + P33 + Pag)] + . ..

We then expand the numerators and denominators of the elements ¢;;, i,j =
1,...,4, of the symmetric matrix R~!(7') in series in 7. We obtain
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79 U T16 -1
o=———=+... —_— ,
180 630 18144000

710 1712 716 -1
¢]2=<— —|—) (—) .
360 18900 18144000
Other elements have similar representations.

Estimates of the orders of the expansions in 7 in the numerators and denomi-
nators of the functions ¢;; in (8.2.63) show that, to obtain the principal term of the
expansion of the function p(z,T) in accordance with (8.2.62), it suffices to retain
only the principal term (of the order 7''©) in the denominators of formulas (8.2.63).
In the numerators of expressions (8.2.63), one has to take into account terms of
various orders.

By collecting terms of like powers, one obtains the representation

(8.2.63)

p(t,T) = 14112007 f (7). (8.2.64)
The notation

t
f(1) =1-247+2047% — 7607° + 13807* — 12007° +4007°, 7 = - €10,1],

(8.2.65)
is used here.

The graph of the polynomial f(7) is shown in Fig. 8.4.

f(@

0.5 1

_Q

0 0.5 1

Fig. 8.4 Graph of the polynomial f(7)
One can easily see that f(7) attains its largest value at the ends of the interval
7€ 10,1], and f(0) = f(1) = 1. Then, it follows from (8.2.64) and (8.2.65) that
max p(t,T) = 141120078,

‘We substitute this result into (8.2.58) to obtain
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r(T)=8.4-107*T* T —0. (8.2.66)

Equality (8.2.66) defining the function r(7) for small T is confirmed by the re-
sults of the numerical calculation of this function.

Now, let the control process duration tends to infinity, i.e., 7 — co. We substitute
into (8.2.57) the expressions for ¢;;, i, j = 1,...,4, calculated by formulas (8.2.61)
and expand the function p(z,T) in a series of negative powers of 7. Transformations
made by using the REDUCE language yield the expansion

in(T —1t)

4 (9z2 12¢ 1 {12(T—2t)s
(8.2.67)

(T = — 2= — = 454+~
p(,)T2 i Rk 7

12(2T — 3¢ 1
—sin2(T —t) —sin2s — % sint}) +0 <T4> , T — oo,

We rewrite expansion (8.2.67) in the form

4
pt,T)= ﬁ[pO(T> + T_lpl (t,7)], po(t)= 97> — 12745,
pi1(t,T)=12(1-27)sinT(1 — 1) —sin2T (1 — 1) (8.2.68)

t
—sin27t—12(2—-37)sinT7, T= T € [0,1].

Let us find the maximum in (8.2.58) as T — oo using representation (8.2.68). One
can easily see that the quadratic trinomial po(7) attains its maximum on the interval
[0,1] at T = 0. Since the contribution of the second term in (8.2.68) is small for
T — oo, we have, up to higher-order infinitesimals,

20 4
OrganTp(t, T)=p(0,T)= T2 + F(IZ sinT —sin2T), T — oo. (8.2.69)
We use here expansion (8.2.67). Substituting (8.2.69) into (8.2.58) and expanding
the result in a series of powers of 7!, we obtain

10T —12sinT +sin2T 1
_ 0 sinT + sin 1O(=), T — o (8.2.70)

20v/5 T
We differentiate (8.2.70) in T':

r(T)

(2—cosT)(1—cosT)
5V5 =0

Hence, r(T) is a monotonically increasing function as 7' — eo.

It follows from the presented calculations and analytical expansions that the func-
tion r(T') increases monotonically from O to oo as T varies from 0 to . Conse-
quently, equation (8.2.60) has, for any |x°|, a unique solution.

Let us present the results of the numerical simulation. The procedure for design-
ing the control has been described above. We dwell first on a practical numerical

7(T) =
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solution of equation (8.2.60). We divide the entire semi-infinite interval of variation
of T into three parts: [0, 7], [To,7;], and [T},e), to which three intervals of varia-
tion of r(T') correspond: [0, ry), [ro,71], and [r,e°). Here, r; = r(T;), i = 0, 1. On the
interval [0, Ty], we use the asymptotic representation (8.2.66) for small T'; on the
interval [T, T1], we use the numerical values of 7(T'), and on the interval [T},0), we
use the asymptotic representation (8.2.70) for large T'. First, we determine, for the
specified x°, by comparing |x°| with ry and r;, which of the three intervals contains
the desired 7. We then determine T as follows. If T € [0, Tp], then, by (8.2.66), we

have T = (|x°]/0.00084) YT e [To, Ti], we find T by linear interpolation from
the table of values of 7(T') that is stored in the computer memory. If T € [T}, ), we
use representation (8.2.70). In this case, it is convenient to search for 7 in the form

T =2V5x% +6. (8.2.71)
Substituting (8.2.71) into (8.2.70), we obtain the equation for 6:
F(0) = 100 —125in(2V/5[x°| + 0) + sin[2(2V/5]x°| + 6)] = 0.

This equation is solved by some numerical method, for example, the method of
successive interval halving.

When the process duration 7" has been determined for the specified initial vector
X9, the control u(r) at any instant ¢ can be calculated from (8.2.55). Here, one can use
the analytical expressions for the functions ¢;;, i,j =1,...,4, see (8.2.61), that were
obtained by analytical transformations. The control calculated in this way can be
substituted into the right-hand side of system (8.2.36), that is integrated numerically
or analytically for the initial conditions (8.2.52).

Some results of simulation with x° = (—1,2,0.5,1) are presented in Fig. 8.5.
The thick curve represents the projection of the phase trajectory x(¢) on the (y, y)
hyperplane, and the thin curve represents the projection of this trajectory on the
(z, 2) hyperplane. For this example, the time of process is 7 = 13.116.

¥,z

Fig. 8.5 Projections of the phase trajectory
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8.2.4 Pendulum with a suspension point controlled by velocity

Consider a system that contains an oscillatory link and is subjected to a scalar con-
trol by the velocity of body G:

Ei+0 (& —&)=0, &=u (8.2.72)

Here, &y, & are generalized coordinates, @ > 0 is the natural frequency of the oscil-
lator, and u is a scalar control constrained by (8.1.27).

Equations (8.2.72) describe the motion of the systems shown in Figs. 8.1 and
8.2 in the case of a single oscillator (n = 1) and the body G being controlled by its
velocity.

In particular, this may be a two-mass system that consists of a body and a mass
connected by a spring. The system as a whole performs a translational horizontal
motion, with &y being the displacement of the body, u the velocity of the body, and
&1 the absolute displacement of the mass.

Another mechanical model of system (8.2.72) is a mathematical pendulum sus-
pended from the body G that moves horizontally with the velocity u. Then, &y the
displacement of the body, & = —I; ¢; + & is the absolute linear displacement of the
pendulum (here, /; is the length, and ¢; is the angle of deviation of the pendulum
from the vertical direction; the deviation is assumed to be small). Relations (8.2.72)
and (8.1.27) describe also other mechanical systems controlled by a bounded veloc-
ity [40].

Let us state the problem of constructing a control u(z) that satisfies constraint
(8.1.27) and brings system (8.2.72) from an arbitrary initial state at o = 0:

L0)=&, &0)=&, &4O0=¢§ (8.2.73)
to the given terminal state
&(T)=0, &(T)=0. &(T)=0. (8.2.74)

The time of the process T is not fixed.
Using the change of variables

ay az !
= = =—, t=— = 8.2.75
&1 >’ o >’ o YT, ( )

we reduce system (8.2.72) and (8.1.27) to the form
J+y=z, z=uy, (8.2.76)

lu < 1. (8.2.77)

We consider the system in the form (8.2.76) and (8.2.77) and denote by dots
derivatives with respect to time ¢/, the primes of ¢’ and ' are omitted.
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After the change of variables (8.2.75), conditions (8.2.73) and (8.2.74) take the
form
y0) =7, y(0)=x3, z(0)=2x3, (8.2.78)

y(T)=0, $(T)=0, z(T)=0. (8.2.79)

The quantities x{,x9,x are given constants, and 7 > 0 is the as yet unknown time

when the process terminates.

Thus, the problem stated is reduced to constructing the control u(¢) that satisfies
condition (8.2.77) and brings system (8.2.76) from the given initial state (8.2.78) to
the terminal state (8.2.79).

The solution presented below is obtained in [99].

We use the approach described in Sect. 8.1.2. We denote the phase vector by
x = (,9,z) and reduce the system to form (8.1.1), where

010 0 0
A=|—-101|, B=|0|, f=10]. (8.2.80)
000 1 0
Initial conditions (8.2.78) and terminal ones (8.2.79) take the form
x(0)=x"=(x4,29,x9), x(1)=0. (8.2.81)
The inverse of the fundamental matrix of the homogeneous system is
cost —sint —cost
@ ()= | sinr cost —sinr |, (8.2.82)
0 0 1
and the matrix Q of (8.1.11) is a three-dimensional column vector
Q' (1) = (1—cost,—sint, 1). (8.2.83)
Substituting (8.2.83) into expression (8.1.10) for the control u, we obtain
u(t) = c1(1 —cost) — cysint +c3, (8.2.84)

where ¢y, c2, and c¢3 are the components of the vector ¢ defined by equation (8.1.12).
We find the matrix R(¢) of (8.1.13) using (8.2.83):

3T . 1 . 1., .
7—2smT—|—§smTcosT Esm T+cosT—1T—sinT

_ 1 T 1
R(T)= Esin2T+c05T—1 E—ESinTcosT cosT —1

T —sinT cosT —1 T
and denote the elements of the inverse matrix R~ (T') by v;;, i,j = 1,2,3. Then,

taking into account (8.1.14), we rewrite expression (8.2.84) for the control u(¢) in
the form
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3
u(r) = Z(—l[/lix?(l —cost) + yaixdsint — yiad). (8.2.85)
i=1
For any given T' > 0, control (8.2.85) brings system (8.2.76) from an arbitrary ini-
tial states (8.2.78) to the terminal equilibrium state (8.2.79) in time 7', but does not,
generally speaking, meet constraint (8.2.77). To take this constraint into account,
we apply the Cauchy inequality to relation (8.2.85):

3 /21 4 1/2
2 .
|u| < <zx? ) > (w1i(1—cost) — yo;sint + v3i)? (8.2.86)
i=1 i=1
We introduce the auxiliary functions
: 2
p(t,T) =Y [w1i(1 —cost) — yisint + 3], (8.2.87)
i=1
~1/2
T)= T 2.
r(T) [Orgeipr(t, )] (8.2.88)
and rewrite inequality (8.2.86) in the form
lu] < 20| [p(e,T)]"/* < Lk (8.2.89)
— ) — r(T) . ren
If the time of the process is chosen from the condition
Ix°| = (1), (8.2.90)

then constraint (8.2.77) holds for all 7 € [0, T].

The values of the function p(z,T) can be calculated numerically by formula
(8.2.87). Here, elements y;;, i, j = 1,2,3, of the symmetric matrix R~I(T) are cal-
culated according to the formula

detR(T)’

Wi (8.2.91)
where R;; is the cofactor of the element r;; of the matrix R(T'). Using this procedure,
one can calculate the maximum values of p(¢,T) for ¢ € [0,T] and find the function
r(T) of (8.2.88). Since the function p(z,T) is periodic in ¢ with the period 27, it
will suffice to search for its maximum on the interval [0, 7], if T < 27, and on the
interval [0,27x], if T > 2.

Figure 8.6 shows the graph of the function r(7T') obtained by calculations with a
small step AT with respect to 7. For every fixed T, we find the maximum of the
function p(¢,T) in ¢ by the exhaustive search and comparison of the values.

Let us analyze the behavior of the function r(7T') in the limiting cases. Let time T
of the control be small. We expand the elements y;;, 7, j = 1,2, 3, of the symmetric
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8 r(T)

Fig. 8.6 Function r(T)

matrix R~'(T) in series of powers of 7! using formula (8.2.91). The principal
terms of this expansion are:

7207 -5 3607~ 607 3
R YT)= |360T*192T 3 36T 2| +..., T —0. (8.2.92)
6073 36772 971!

Substituting expansions (8.2.92) of the elements y;;, 7, j = 1,2, 3, into expression
(8.2.87) and taking into account that 1 —cost = t2/2 4 O(t*), sint =t 4 O(>) for
small , we get the following representation of the function p(¢,7) for small T and
t€10,7T):

2 2
a6t 1
p(t,T) =360°T <T2 T+6) . (8.2.93)
Formula (8.2.93) yields
T)=p(0,T) = p(T,T) = 36007 °. 8.2.94
max p(t.T) = p(0.7) = p(T.T) (8:2.94)

Substituting (8.2.94) into (8.2.88), we obtain

T)=—, T —0. 8.2.95
"(T)= T— (82.95)
Now, let the time of the process T be large. We substitute into equality (8.2.87)
for the function p(z,T) the expressions for y;;, i, j = 1,2,3, calculated by formula
(8.2.91), and expand the function p(¢,T) in a series of negative powers of T':

4 1 1
p(t,T)= 72 pol(t)+ ;pl(t, T)] +0 (T4> , T — oo (8.2.96)

Here, we have introduced the notation
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2 5 . 1.
po(t) =cos”r+cost+ 7 p1(t,T) =9(1 —cost)(sinT + 5 sin2T)
5
—8sinT — 3 sin27 4 sin’rsin27 + (=5 +5cos T — 7sin? T) sinz (8.2.97)
—2(1 —cost)?(sinT +sin2T) +2(1 — cost) (1 — cos T + 3sin® T) sint.

Using expansions (8.2.96), one can easily find the maximum of the function
p(t,T) in T for T — oo. Obviously, the function py() of (8.2.97) attains its max-
imum on the interval [0,7] at r = 0. Since the contribution of the second term in
(8.2.96) is small as T — oo, we have, up to higher-order infinitesimals,

13 32
maxp(t,T)zp(O,T):— i

10 .
0<t<T T2 T3 sin? — e sin2T', T — oo (8.2.98)

Substituting (8.2.98) into (8.2.88) and expanding the resulting expression in a
series of 7!, we obtain

HT)=fT)+0(T™"), T—c. (8.2.99)

Here, we have introduced the notation
1 16 5
T)=— T+ —sinT +—sin2T |.
£(T) m( +13sm +1351n )
We differentiate the function f(7") in T

_ 20cos?T + 16cosT + 3

/
T
ST 13v/13
The derivative f'(7) vanishes at cosT = —0.5 and cosT = —0.3. Calculations
reveal that the function f(T) has strict local maxima at T = —2x/3 + 27tn and

T = arccos(—0.3) + 27n, and strict local minima at T = 27/3 +27nn and T =
—arccos(—0.3) 4 27n.

A typical structure of these extrema can be seen in Fig. 8.7, that gives the graph
of the function f(7'). To make it more clear, a piece of the graph is zoomed in
100 times with respect to the y-axis. Thus, (7) is not a monotonically increasing
function as T varies from 0 to o, and equation (8.2.90), in general, has a non-unique
solution for some x°.

Let us describe the procedure for designing the control function u(z). We first
solve equation (8.2.90) numerically and find 7. To that end, we divide the entire
semi-infinite interval of variation of T into three parts: [0, Ty}, [Tp,T1], and [T},e°),
where T and 77 are chosen in such a way that the asymptotic representation (8.2.95)
is valid on the interval [0, Tj] for small 7', and so is the asymptotic representation
(8.2.99) on the semi-infinite interval [T, o) for large 7. We denote r; = r(T;), i =
0, 1. We compare the given quantity [x°| with ro and | and determine T as follows.

If [x°] € [0, 7o), then, by formula (8.2.95), we have T = (60]x"|) 13 1t x| € [ro, 1],
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27 ()

Fig. 8.7 Function f(7T)

then we find T using the table of values of r(T) that are calculated on the interval
[To, Ti] (if there are several solutions, we choose the least one). If [x°| € [ry, o), we
use asymptotic representation (8.2.99). In this case, we search for T in the form

T =V13x°| + 6. (8.2.100)
Substituting (8.2.100) into (8.2.99), we obtain the equation for 6:
F(0) =136 + 16sin(v13]x°| 4 0) + 5sin[2(V13]x°| + 6)].

We solve this equation numerically. If there are several solutions, we find the least
value of 0 in order to reduce the time of process 7.

When the process duration 7" has been determined for the specified initial vec-
tor x°, we calculate the control u(¢) at any time instant ¢ by formula (8.2.85), using
analytical expressions (8.2.91) for the functions ;;, i, j = 1,2,3. The control thus
obtained we substitute into the right-hand side of system (8.2.76), which is inte-
grated numerically under initial conditions (8.2.78). The control constructed is not
time-optimal one, but it is rather simple for the calculation and practical implemen-
tation. In Table 8.1, the results obtained for time 7" are compared with time 7" of

the time-optimal process that was determined in [40] for the various initial vectors

K= (x?,xg,xg).

The results of simulation are presented in Figs. 8.8 and 8.9 for the case where
1% = (1,0.5,—1). In this case, we have T = 6.0. Figure 8.8 shows the time history
of u = u(t), and Fig. 8.9 depicts the trajectory x(7), i.e., the time histories of y,y,
and z.



302 8 Control system under complex constraints

Table 8.1 Time 7 compared with the optimal time 7*

Ao 0 -5 —4.9015| 0.0245|—0.2070
X0 0 —4 3.5253|-1.9302| 0.5441
Xy [1.0471| 6.2831|-1 —2.7750| 1.5452|—1.0979

T 54 24.2 24.5 24.8 10.7 5.7
T |3.1415| 6.2831| 9.8362| 8.0612| 3.7410| 1.0979
T/T*|1.7 3.9 2.5 3.1 2.9 5.2

1= u(r)

Fig. 8.8 Control u(r)

Fig. 8.9 Time histories of y,y, and z
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8.3 Application to electro-mechanical systems

8.3.1 Model of the electro-mechanical system

Let us consider a two-mass system controlled by a direct-current electric motor with
independent excitation. We take the equations of motion of the system in the form

mé& =c(&—&)+F, m&=c(&-&). (8.3.1)

Here, &; and &, are the coordinates of the system, m; and m; are constant inertial
coefficients, ¢ is the constant stiffness of the elastic connection, and F' is the con-
trol (force or torque) produced by the electric motor. Figures 8.10-8.12 show some
specific systems described by equations (8.3.1).

R 0000 IR —

Fig. 8.10 Two-mass system

Figure 8.10 shows a system of two bodies of masses m; and m; that move along
the £-axis under the action of force F. Here, &; and &, are the coordinates of the
bodies, c is the stiffness of the spring, and F' is the control force applied to the first
body.

Figure 8.11 shows a cart of mass m; being moved along the &-axis by the force
F. A mathematical pendulum of mass m, and length / suspended from the cart
performs small oscillations.

Fig. 8.11 Pendulum on a cart
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7

Fig. 8.12 Electric motor and elastic rod with a mass at its end

The equations of motion for the system of Fig. 8.11 have the form:
(my +m)& —mol§ =F, mol*$ +mogl = myl&;. (8.3.2)

Here, ¢ is the angle of deviation of the pendulum from the vertical direction, g is the
acceleration of gravity. The first of equations (8.3.2) is the equation for the change
of momentum along the &-axis; the second one describes the change of the angular
momentum about the axis of the pendulum.

We introduce the notation

E =& —lp, c= ?. (8.3.3)

With notation (8.3.3), equations (8.3.2) take form (8.3.1).

The system shown in Fig. 8.12 is an electric motor. An elastic rod of mass m
at its end is attached to the axis of the motor. Neglecting the mass of the rod in
comparison with mass m and denoting by c its stiffness, we again arrive at equations
(8.3.1), where the variables and constants have the following meanings: m; is the
moment of inertia of the rotor of the electric motor and the rotating parts of the
gear, my is the moment of inertia of the rod with mass m at its end, &, and &, are
the absolute angles of rotation of the roller of the motor and mass m about the axis
of rotation, and F is the moment produced by the electric motor. The equations of
motion of the motor with an elastic rod can be reduced to system (8.3.1) also in the
case where the mass of the rod is comparable with m, if we restrict our attention
with the fundamental (lowest) tone of elastic oscillations. We can regard the system
of Fig. 8.12 as the simplest model of an elastic manipulator.

The control F in system (8.3.1) is proportional (or equal) to the moment produced
by the electric motor and, hence, is proportional to the current / in the circuit of the
rotor, i.e.,

F=kl, k >0, (8.3.4)
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where k; is a constant coefficient. The equation of balance of electric voltages in the
circuit of the rotor has the form

LI+RI+ké =U. (8.3.5)

Here, L is the inductance, R is the electric resistance, k» is a constant coefficient,
and U is the electric voltage. The term kzél in (8.3.5), equal to the counter-emf,
is proportional to the angular velocity of the roller of the motor, which, in turn, is
proportional (or equal) to 51. The first term in the left-hand side of equation (8.3.5)
is usually small in comparison with the other terms, and it can be neglected. Then,
from (8.3.4) and (8.3.5), we obtain

k
U —ké)> (8.3.6)

Let us consider the constraints imposed on the control and phase coordinates of
system (8.3.1). The control voltage is bounded in magnitude by a constant:

U| < Up. (8.3.7)

The current / and the moment of the motor proportional to / should also be
bounded in magnitude. This, by virtue of (8.3.4), leads to the constraint

IF| < (8.3.8)

where F is constant. Furthermore, the angular velocity of rotation of the roller, that
is proportional to 51 , is also bounded in such a way that, for a voltage U = £U) of
the maximum magnitude and for the maximum angular velocity, the control moment
cannot speed up the motor. By virtue of (8.3.6), this constraint can be written in the
form

€] < —=. (8.3.9)

Taking into account (8.3.6), we represent the set of constraints (8.3.7)—(8.3.9) as

follows:
U Y% kiks

Fl <R, |&|< [F+ =228 < < (8.3.10)

We introduce new (dimenswnless) variables, using the formulas

l‘/:(})l‘, xl:7m1§1+m252’ x2:7mlél+m2§2 ,
(my +ma)ly (my+my)lho
- -
X3 = ml(él 62) X4 = ml(él 52) , U= R (8.3.11)
(mi+m2)ly’ (my+my)lpw (m1 +m)lpow
) clmi+my)  Fymimy
o = SILTI) Ly oM
mny c(my +ma)

Then, equations (8.3.1) take the form that does not contain any parameters:



306 8 Control system under complex constraints
X1 =X2, Xp=U, X3=2X4, X4=—X3+U. (8.3.12)

Here and below, a dot denotes the derivatives with respect to the dimensionless time
t', but the prime will be omitted. Let us make substitution (8.3.11) also in constraints
(8.3.10). We obtain

lul <1, |pxa+upxs| <1, |pxo+upxs+qu| <1, (8.3.13)
where 5
lowky (my +my)lp®=R my
_ = ou="2 83.14
P U q k1Uo u o ( )

For system (8.3.12) with constraints (8.3.13), we state the problem of constructing
an admissible control u(¢) that takes the system from the initial state

x1(0) =2, x0)=1), x3(0)=2x3, x4(0) =21} (8.3.15)
to the zero terminal state
x1(T)=0, x(T)=0, x3(T)=0, x4(T)=0. (8.3.16)

Here, T is the as yet unfixed time of termination of the process.

The problem stated above is a special case of more general problem formulated
in Sect.8.1.1. First, we consider a simplified version of the problem described by a
second-order system.

8.3.2 Analysis of the simplified model

Let us set my = 0 in (8.3.1). We obtain a system with a single degree of freedom
that is described, in the dimensionless variables (8.3.11), by the equations

X1 =x, Xo=1Uu. (8.3.17)

In constraints (8.3.13) with my = 0, we need, by (8.3.14), to set u = 0. The num-
ber of parameters in the constraints can be reduced with the aid of the change of

variables

—1, 1

t=p 't, x| :pflel, xo=p X (8.3.18)

By substituting (8.3.18) into system (8.3.17) and omitting the primes of the new
variables, we arrive at the previous system (8.3.17), while constraints (8.3.13) take
the form

lul <1, || <1, |xn+qu <1, ¢>0. (8.3.19)

Instead of the boundary conditions (8.3.15) and (8.3.16), we have

x(0)=x" x(0)=x3, x(T)=x(T)=0. (8.3.20)
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We apply the approach of Sect. 8.1.2 to problem (8.3.17), (8.3.19), and (8.3.20).
In notation (8.1.1) and (8.1.6), we have for system (8.3.17):

A= {85} B= m f= m, D) = [(1) i] (8.3.21)

Using (8.3.21), we find the inverse matrix @~!(¢), and then the matrices Q(¢)
and R(¢) defined by (8.1.11) and (8.1.13):

o) = [(1) _1’} 0(t) = [_lt} R(t) = [t;/?z _’j/z}. (8.3.22)

Here, #p = 0 in accordance with (8.3.20). Using (8.3.22), we also find the inverse
matrix

6 3T
-1 A3
R (T)=2T {3T 2T2}' (8.3.23)
Using equalities (8.3.20), (8.3.21), and (8.1.9), we obtain
x'=0, x"=-x" (8.3.24)

With the aid of relations (8.3.22)—(8.3.24), we represent the phase vector (8.1.16)
and control (8.1.17) in the form

x(t) = @ (1) [Ey — R()R(T)]x° = X (¢, T)x°,
(8.3.25)
u(t) = =Q (R NT)" = (w(t,T),x%).

Here, E is the identity (2 x 2)-matrix. The elements of the (2 x 2)-matrix X (7,7
and the two-dimensional vector w(z,T') are equal to

X (t,T)=1-312 4273, X;p(t,T) =T1(1—21+7%),
6t(t—1)
X0 (t,T) = ——=
21(7 ) T )
6(21—1)
T2 ’

X (t,T) =1 —41437%, (8.3.26)

wa(t,T) = M, =

t,T)=
Wl(?) T

N~

Each of constraints (8.3.19) can be represented in the form
loxy+Bul <1, 0<a<1, B>0, (8.3.27)

where o and 3 are constant coefficients. We substitute the expressions for x; and u
from (8.3.25) and (8.3.26) into (8.3.27) and estimate from above the left-hand side
of inequality (8.3.27):

|0 + Bu| < (orfXor |+ Blwi]) ] + (] Xoa| + Blwal) [x3]. (8.3.28)
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Since ¢ € [0,T], we have T € [0,1]. We estimate from above the maxima, for
T € [0, 1], of the absolute values of the elements (8.3.26) that appear in (8.3.28):

3 6 4
|Xo1] < > X <1, |wi| < 72 lwa| < T (8.3.29)
Let us substitute the estimates (8.3.29) into (8.3.28):
3a0 6 4
|oxy 4 Bu| < (2T+T€> 119+ <a+f) ). (8.3.30)

Let us consider each of constraints (8.3.19) separately. Comparing inequalities
(8.3.19) and (8.3.27), we set @ = 0 and 3 = 1 for the first constraint (8.3.19), or = 1
and 8 = 0 for the second, and o = 1 and 3 = ¢ for the third. Then, we obtain from
(8.3.17) and (8.3.30) the following inequalities:

6 0,40 3 01,10
ﬁ|x1|+?|x2|§1, ﬁ\x1|+|x2|§1,

3 .60\, 9 49\ o
<2T+T2> |x1|+(1+T | < 1.

Since g > 0 by (8.3.19), the second inequality of (8.3.31) follows from the third one.
Therefore, the set of two inequalities

(8.3.31)

%\x‘ﬂ + ;|x(2)| <1, (;’T + %) Q]+ (1 + “Tq) K <1 (8.3.32)
constitute the sufficient conditions for solvability of the control problem (8.3.17),
(8.3.19), and (8.3.20). These conditions connect the initial state and the time of the
process, and can be regarded as the sufficient conditions for controllability of the
system from the given initial state x° in the time 7.

Let us analyze conditions (8.3.32). Suppose that the initial state x?,xg is given.
If \x(2)| > 1, then both conditions (8.3.32) are not satisfied, which is quite natural
since the initial state, in this case, violates the phase constraint |x;| < 1 imposed in
(8.3.19). If [x9] < 1, then both conditions (8.3.32) are definitely satisfied for suffi-
ciently large 7. The minimum time 7 for which both inequalities (8.3.32) hold is
of interest. Solving the quadratic inequalities (8.3.32) in 7!, we get

1 1
T>T*=max{—,—}, [¥|<1,
21 22

(6(11 +4a%)1/2 —2an
6611
[(3a; +8¢a3)'/? +964a; (1 — a2)]'/? —3a; — 8qaz
24qa; '

,oaq=), i=1,2, (8.3.33)

21 =

2=
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Thus, if |xg\ < 1 and T > T*, the proposed control method ensures bringing
system (8.3.17) to the given state, and constraints (8.3.19) hold. Fixing any 7 >
T*, we find the desired control u(r) and the phase trajectory x(7) from the explicit
formulas (8.3.25) and (8.3.26). This solves the problem stated.

Let us compare the constructed solution with the solution obtained in [35] (see
Chapter 9) for the time-optimal control problem for system (8.3.17) with constraints
(8.3.19) and boundary condition (8.3.20). We confine ourselves to the case of zero
initial velocity xg = 0 and, for definiteness, take ¢ = 1/2 in (8.3.19). We then obtain
from (8.3.33)

12a -
(9a2 4 48a)1/2 —3a”
(6a)!'/? forac(0,2/3], a=xy],

_ 124 (8.3.34)
(9a2 4 48a)'/2 —3a fora € [2/3,)-

T*(a) = max{(6a)"/?,

From (8.3.34), we find the asymptotic behavior of the dependence T*(a) as

a— oo 3
T(a) = 7" +0(1), a—s oo (8.3.35)

We note that the chosen value of the parameter ¢ = 1/2 corresponds, by (8.3.19),
to the set of admissible values of the variables (x,u) in the form of the hexagon
shown in Fig. 8.13. The dependence of the optimal time of process T° on a = \x?|
is given by the relationships [35]:

2a'/* fora € [0,1/4],

T%a) =1 1 log[2(1 —v)] 1 1 (8.3.36)
— [ =) e S BV St
2—|-v 5 , V> > a> 1
3 v(l—v) log[2(1—v)]
73 2 2

For a > 1/4, the dependence T°(a) is given by (8.3.36) in the parametric form,
where v > 1/2 is a parameter. Let us find the asymptotic behavior of the dependence
T%(a) as @ — . To that end, we let v — 1. From (8.3.36), we obtain

T%a) =a+ % +0(e™), a— oo, (8.3.37)

Comparing dependences (8.3.34) and (8.3.36), we see that, for small a, the time

T*(a) exceeds the optimal time T°(a) by about 22%. For large a, we see from

(8.3.35) and (8.3.37) that the time 7*(a) exceeds by 50% the optimal time. The

dependences T*(a) and T°(a) are shown in Fig. 8.14. Thus, the proposed method

of control brings the system to the given state in the time not greatly different from
the optimal one.
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—0.5 X2

—1
Fig. 8.13 Set of admissible values of the variables (xy,u)
T T*

TO

0 T
0 4 8

Fig. 8.14 Dependence of times 7* and 7° on parameter a

8.3.3 Control of the electro-mechanical system of the fourth order

We apply the proposed approach to system (8.3.12) subject to constraints (8.3.13)
and the boundary conditions (8.3.15) and (8.3.16). In notation (8.1.1), we have for
system (8.3.12)

0100 0 0
00 0 0 1 0

A=1o00 1l B=lol =10l (8.3.38)
00-10 1 0

We write, for the system under consideration, the fundamental matrix (8.1.6) and
its inverse:
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1t 0 0 1—t 0 0

{01 0 0 1,101 0 0
D) = 00 cost sint |’ o) = 0 0 cost —sint |’ (8.3.39)

00 —sint cost 0 O sint cost

Using relationships (8.3.38) and (8.3.39), let us set up the matrix Q(¢) from (8.1.11)
as follows:

Q(t) = (—t,1,—sint,cost) . (8.3.40)
We set up the matrix R(z) from (8.1.13), using (8.3.40) and taking 7o = 0:
= 12 T
3 ) sint —tcost 1 —cost —tsint
2
R ) t cost— 1 sint 8.3.41
(1) = . 2t —sin?2t cos2t —1 ‘ (8.3.41)
sint —tcost cost—1
4 4
. . cos2t—1 2t +sin2t
1 —cost—tsint  sint 7 1

To simplify the calculations, as in Sect. 8.2.2, we put T = 2nk, k= 1,2,.... Then,
by (8.3.41), the matrix R(T) and its inverse take the forms

S i
— ——-TO0
3 2
T2
-— T 00
R(T) = 2 T ,
-T 0 =0
2
T
o 0 03
) ) (8.3.42)
r12 24 1
—= 6 0
T T
4T? -6
. 1 6 % 12 0
RNT) =
T2-24 |24, o
T
2(T? —24)
0 0 0o ————~
L T J

Using equations (8.3.16), (8.3.38), and (8.1.9), we obtain, similarly to (8.3.24),
that

=0, x=-=x (8.3.43)

With the aid of (8.3.43), we represent the phase vector (8.1.16) and control (8.1.17)
in the form similar to (8.3.25):
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x(t) =X, T)x°,  u(t) = (w(t,T),x°). (8.3.44)
Here, X (#,T) is the (4 x 4)-matrix
X(t,T) = ®(t)— ()R (T), @i(t) = D(t)R(t), (8.3.45)
and w(z,T) is the four-dimensional vector
w(t,T)=—-Q" ()R~ \(T). (8.3.46)

Let us analyze constraints (8.3.13). First of all, we note that since the coefficients
p and g are, by (8.3.14), positive, to meet these constraints, it is sufficient that the
following two inequalities hold:

lu] <1, ploe+ puxs|+qlu| <1 (8.3.47)

Let us substitute relationships (8.3.44) into inequalities (8.3.47). We get

4
> il < 1, (8.3.48)
i=1
4 4
Pl Y (Xoi+ uXai)x? | +q Y [wil || < 1. (8.3.49)
i=1 i=1

We calculate the components of the vector w(z, T) from (8.3.46), using equalities
(8.3.40) and (8.3.42). We have

121 — 6T +24sint 61T —4T% +24+ 12T sint
T T ey 0 T T(T? —24) ’
(8.3.50)
241 — 12T +2T?%sint _ —2cost
BT T ey T T

To calculate the elements of the matrix X (z,7) of (8.3.45), we first multiply the
matrices @(¢) from (8.3.39) and R(r) from (8.3.41). We obtain

£ £ int —t 1 t |
- — sint — —CoS
6 2
2
—— t cost — 1 sint
D(t) = 2 . . . (8.3.51)
it 1 ttcostfsmt tsint
sint — —CoS
2 2
1 ins tsint  tcost+sint
cost — sin —
L 2 2 i

We now calculate those elements of the matrix X (7,7) that appear in constraints
(8.3.49). To that end, we substitute into equality (8.3.45) for X (¢,T') relationships
(8.3.39) for @(t), (8.3.51) for @ (¢), and (8.3.42) for R~ (T). We obtain
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_ 6t(t —T)+24(1 —cost)

Xa1 T(T2—24) ’

X — T(3t> —#T +T?)+12(2t — T) — 12T cost
T(T2—24) !
Xy — 12¢(t — T) +2T?%(1 — cost) Xou — —2sint
T(T2 —24) ’ T

Xy = 12(1 —cc;?(t;;l—f(;;)— T) smt7 (8.3.52)
Xop— 6T (1 —cost) —4(T? —6)sint + 6Tt sint
T(17—24) !
Xep — 24(1 —cost) +T(12+1T — T?)sint
T(12—24) !

Xup = (T —t)c;st - sint.

Inequalities (8.3.48) and (8.3.49) must hold for all ¢ € [0,7]. We first estimate
from the above the maximum values, for ¢ € [0, 7], of the quantities |w;| in (8.3.48)
and (8.3.49). We have

|12t — 6T +24sint| < 6T +24, 1€ [0,T],
|24t — 12T +2T?sint| < 12T + 272,
61T —4T? +24 4 12T sint < 2T% + 12T + 24,
61T —4T? +24 4 12T sint > —4T? — 12T +24.

(8.3.53)

Since T = 2mk, k > 1, we have T? > 24. Then, it follows from the last two of
inequalities (8.3.53) that

|6tT — 4T% + 24 + 12T sint|

< max{2T% + 127 +24,4T% + 12T — 24} = 4T + 12T —24. (8339
Substituting estimates (8.3.53) and (8.3.54) into (8.3.50), we obtain
wi(t,T)| <A;, i=1,2,3,4, t€]0,T]. (8.3.55)
Here,
A= 6(T +4) :4(T2+3T—6)7 3:2(T+6) A4:3. (8.3.56)

T(T2—24)" 2~ " T(12—24) T2 24" T

Turning to inequality (8.3.49), we note that the elements X»7,X43, and X44 in
(8.3.52) do not approach zero as T — oo. To get more precise estimate of the princi-
pal terms in inequality (8.3.49) as T — oo, we estimate the first term in that inequality
as follows:
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4 1/2

2 2
| (Xoi + uXai)xY| < By[x)| + Ba|x3| + Bs (xg +x3 ) . (8.3.57)
i=1

Here, we introduced the notation

By = |Xo1 + uXa1], Bar=|Xn+UuXs|,
(8.3.58)

2
B3 = [(X23 + UXa3)? + (Xoa +NX44)2] v

Let us estimate the quantities B;, i = 1,2,3. Taking into account the obvious

estimates )

T
[2t-T|<T, —TSI(I—T)SQ t€[0,T], (8.3.59)
we obtain from (8.3.52) that

T(T? —24)(Xo1 + uXa1) < 6t(t — T) +48+24p +6uT < 24(2+ ) +6uT,

372
T(T? —24)(Xpy 4 uXq) > 6t(t —T) — 6uT > —= —6uT.

This implies the following estimate for the quantity B in (8.3.58):

~ max{372/2,24(2+u)} +6uT

B <D T 24) (8.3.60)
Then, by virtue of (8.3.52), we obtain
T(T? —24)(Xp2 + uXa2) = T(3> — 4T +T?)+12(2t - T)
+6UT — 6T (2+ ) cost + 2uT (3t — 2T ) sint + 24y sint. (®-3.60
One can easily see that
|3t — 4T +T? <T?, |3t—2T|<2T, t€[0,T]. (8.3.62)

By (8.3.61), (8.3.62), and (8.3.59), we obtain the following estimate for the quantity
B; in (8.3.58):

T3 4+4uT?+12(2 4 u)T +24p

Br<Dy= T(T2—24)

(8.3.63)

To single out the principal terms as T — o, we make, using formulas (8.3.52),
the following transformation:

w(t—T)sint
T

. 12¢(t — T) + (2T? +24u) (1 — cost) + 12u (2t — T) sint

3T T(T?—24) ’

X3+ uXa3 = +X3,

(8.3.64)
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w(T —1t)cost
T

(24 p)sint

Xoa+UX4a = T

+X41’ Xélt ==
Substituting (8.3.64) into expression (8.3.58) for B3, we obtain that

. ‘uz(;; )2 N 2u(T —t)(Xi;ost — X} sint) +X3'2+X42

(8.3.65)
2 2 2 1/2 2 2

Using (8.3.59), we get for the quantity X} in (8.3.64) the estimates
T(T? —24)X5 < 12¢(t — T) +4(T? + 12u) + 12uT < 4T? +12uT + 484,

T(T*—24)X} > 121(t —T) — 12uT > —3T%> — 12uT.

These estimates imply the inequality

4T% +12uT + 48
X5 < 8.3.66
| 3| = T(T2 — 24) ( )
It follows from (8.3.64) that
2
PARS # (8.3.67)
Substituting inequalities (8.3.66) and (8.3.67) into (8.3.65), we get
AT? 4 12uT +48p)>  (2+p)21"?
By <Ds— i+ ( u w2+ (8.3.68)

TNTT 242 12

Now, let us analyze inequalities (8.3.48) and (8.3.49) that are sufficient condi-
tions for solvability of the control problem in time 7 = 2wk, k = 1,2, ... . Substitut-
ing estimates (8.3.55) into (8.3.48), we obtain the condition

4
YA <1 (8.3.69)
i=1

Substituting (8.3.55) and (8.3.57) into (8.3.49) and using estimates (8.3.60), (8.3.63),
and (8.3.68) for B;, we get

2 2\ 1/2 4
p | D130+ Da|xd] + Dy (xg +x2) }+q2A,»x?|§1. (8.3.70)
i=1

Conditions (8.3.69) and (8.3.70) are sufficient conditions for controllability of
system (8.3.12) in the finite time 7 = 27k, k = 1,2,... . In other words, if these
conditions, for some initial state x” and time 7 = 27k are satisfied, then system
(8.3.12) can be brought from the initial state (8.3.15) to the given terminal state
(8.3.16) in time T'. The control law u(z) and the phase trajectory x(¢) of the system
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are given by relations (8.3.44), in which the matrix X (z,7) and the vector w(z,T)
are defined by equalities (8.3.52) and (8.3.50), respectively. Thus, all the quantities
sought are determined in an explicit analytical form, once we have found the time
of the process 7.

It remains to choose the time 7' = 2mk, k = 1,2,... , in such a way that, for
the given initial state x°, inequalities (8.3.69) and (8.3.70) hold. To do this, we
shall assign to k successively the values k = 1,2,... , calculate the coefficients

A;, i=1,2,3,4, from formulas (8.3.56) and D, j=1,2,3, from formulas (8.3.60),
(8.3.63), and (8.3.68), and then verify inequalities (8.3.69) and (8.3.70). We note
that A; — 0, i=1,2,3,4;, D1 — 0, D, — 1, D3 — u as T — oo. Consequently, in-
equality (8.3.69) always holds for sufficiently large 7. Inequality (8.3.70) also holds
for sufficiently large T, if

1/2
P {Ix%l (2§ +487) } <1. 83.71)

Thus, inequality (8.3.71) is a sufficient condition for solvability of the control prob-
lem stated, i.e., for bringing the system under consideration to the terminal state in
finite time.

If, in system (8.3.12), there is only one constraint on the control |u| < 1, whereas
the remaining (phase and mixed) constraints (8.3.13) are absent, then time 7" must
be chosen in such a way as to satisfy only one condition (8.3.69). In this case, the
control problem is always solvable in finite time.

We note that although the control law u(¢) is represented in the open-loop form
(8.3.44), it can also be used for the feedback correction. To that end, one should
determine, at intervals, the current phase vector x and to treat it as the initial vector
2 in (8.3.44), recalculating each time the duration of the process 7', in accordance
with the algorithm described above. Since we have explicit relationships, this recal-
culation is not difficult.

Let us give an example of the numerical implementation of the described algo-
rithm for control of system (8.3.12) under constraints (8.3.13). The dimensionless
parameters (8.3.14) are taken as follows:

p=0.1, ¢=0.5 u=0.5. (8.3.72)
The initial data (8.3.15) are taken in the form
W=-5 x3=0 =-5 =0 (8.3.73)

One can easily verify that parameters (8.3.72) and (8.3.73) satisfy condition
(8.3.71) of controllability in finite time.

As a result of the numerical implementation of the control algorithm described
in Sect. 8.3.3, we first find the minimum integer k for which conditions (8.3.69) and
(8.3.70) hold, and then construct the control u(¢) and the phase trajectory x(¢). In
this case, we have k =3 and T = 6.
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In Fig. 8.15, curves 1-3 show the time histories of the quantities u, p(x2 + txa),
and p(xz + Ux4) + qu, respectively, that appear in constraints (8.3.13). One can see
that these constraints hold everywhere. In Fig. 8.16, the projections of the four-
dimensional phase trajectory x(¢) on the (x1,x;)- and the (x3,x4)-planes are depicted
by the curves 1 and 2, respectively.

2r

—14

Fig. 8.15 Time histories of u, p(x + txs), and p(x; + lxs) + qu

/—Q( X1,X3
NI/ \
\\\W

Fig. 8.16 Projections of the phase trajectory

8.3.4 Active dynamical damper

We consider the problem of damping oscillations of a load attached to the end of
an elastic beam by means of an active dynamical damper with a moving mass. The



318 8 Control system under complex constraints

control variable is the interaction force between the damper and the load. Systems
of this type are used, for example, in a spacecraft (SC), where measuring devices
are mounted, by means of a long rod, on a platform (P) at a significant distance
from the main body of the spacecraft. High accuracy in positioning and stabilizing
the measuring instruments is required in order to perform measurements; hence, it
is of great importance to damp any oscillations of the rod, and this should be taken
into consideration in spacecraft design. One way to solve this problem is to use a
controlled damper located on the platform itself. The damper consists of a guide 1
perpendicular to the axis of the rod 2, and a movable mass 3 that can be displaced
along the guide by an electric drive. This scheme is suitable for damping transverse
oscillations of the rod (see Fig. 8.17).

Ne

Fig. 8.17 Rod with a load and an active dynamical damper

A particular feature of this problem is the presence of two natural constraints on
the different variables of the system. One, due to the restricted possibilities of the
drive, is imposed on the control force; the other, due to the bounded path of the
damper mass (the damper guide is limited in size), is imposed on the displacement
of the mass relative to the platform.

Under certain simplifying assumptions [3], the following two-mass mechanical
controlled system containing oscillatory link (see Fig. 8.18) may serve as a model
for the structures just described. Two bodies, of masses m; and mj, move along
a horizontal straight line. The first body is connected to a fixed base by a spring
of stiffness ¢ > 0. The second body is connected to the first one by a drive that
generates force u.

u

<—

o

Fig. 8.18 Simplified model

The equations of motion of the system are

myy+cy=—u, mZi=u. (8.3.74)
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Here, y and z are the coordinates of the first and second bodies, respectively, on the
straight line. The following constraints are imposed on the control force # and the
displacement z(7) — y(¢) of the second body relative to the first one:

lu(t)| <a, a>0, (8.3.75)

|lz(t) =y()| <d, d>0. (8.3.76)

It is required to construct control «(¢) that meets constraint (8.3.75) and brings sys-
tem (8.3.74) from the given initial state

¥(0) =»", 5(0) =y, z(0) =2, 2(0) = 2° (8.3.77)

to the state of rest
yT)=2z(T)=0, y(T)=z7T)=0. (8.3.78)

In addition, the coordinates y(z) and z(r) must satisfy condition (8.3.76) throughout
the whole motion. The time of the process termination 7 is not fixed.
We introduce the new variables

C npc C
X1=—y, X3= —== 7, 1= \/ b u' = —au. (8.3.79)
a mpa m

In terms of variables (8.3.79), system (8.3.74) and constraint (8.3.75) become (here
and below, we denote by dots derivatives with respect to the new time ¢/, the primes
of t' and ' are omitted)

X¥14+x1=u, iz=u, (8.3.80)

lu| <1, (8.3.81)

i.e., just the same as in (8.2.36). Constraint (8.3.76) takes the form
m cd
|—x34+x1| < —.
nyp a

We put X; = x», X3 = x4 and denote the phase vector of system (8.3.80) by x =
(x1,x2,%x3,x4). We introduce a constant vector p = (1,0,m;/my,0) and rewrite the
last inequality as follows:

cd
[{p,x(t))] = —. (8.3.82)

After the change of variables (8.3.79), conditions (8.3.77) and (8.3.78) take the

form
x(0)=x%, x,(T)=0,i=1,...,4. (8.3.83)

Here, x? are given constants, and 7' > 0 is the as yet unknown time when the process
terminates.

The problem stated reduces to constructing a control that satisfies the constraint
|u| <1 and brings system (8.3.80) from the given initial state (8.3.83) to the coor-
dinate origin without violation constraint (8.3.82) during the motion. It is the phase
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constraint (8.3.82) that essentially distinguishes this problem from those considered
in Sect. 8.2. Besides, here we will use other estimation technique than before.

The solution presented below obtained in [7].

We rewrite system (8.3.80) in the vector form

X =Ax+bu, (8.3.84)
0100 0
—-1000 1
A= 0001} b= 0
0000 1

The initial and terminal states (8.3.83) become
x(0)=x° x(T)=0. (8.3.85)

As in the case of the pendulum with a suspension point controlled by acceler-
ation, the fundamental matrix of the homogeneous system and the inverse matrix
have form (8.2.39), and the matrix Q(¢) in (8.1.11) is the four-dimensional column
vector given by (8.2.40).

The expression for the control function u(z) that brings system (8.3.84) from the
initial state x° to the coordinate origin can be written as follows:

u(t) = <V(t7T),xO>, V(t,T)= _Ril(T)Q(l). (8.3.86)

Here, the matrix R(T') is given by (8.2.54).
We will show that, if the duration T of the process is sufficiently large, the control
u(r) meets constraint (8.3.81). To that end, we estimate the function u(z) as follows:

4
u(0)] < X Vi, 1) | <[V (1,T) ] |21 (8.3.87)
i=1

Here, by | |.. and | - |; we denote the norms in the spaces R, and R{, respectively,
which have the following form for an arbitrary vector g:

4
gl = max lqil, lqh = ; |gi]-

We introduce the auxiliary function

v(T) = max |V(¢,T)|w (8.3.88)

0<t<T
and rewrite estimate (8.3.87) as follows:

< o). 3.
Jmax lu(t)] <v(T) x| (8.3.89)
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We propose two ways of determining the duration 7' of the motion for which con-
straint (8.3.81) holds. The first is based on the analytical estimation of the function
v(T), and the second on the numerical construction of the function.

Similarly to what has been done in Sect. 8.2, in order to simplify calculations,
we choose the time of the termination of motion in the form 7' = 2k, where k is an
integer. In this case, the matrix R(T) is given by (8.2.42) and its inverse matrix is

2T 0 ? 12
L]0 20 o
RUT) = | 24 r i, , A=T?-24. (8.3.90)
T’ T4(T26—6)
120 6 ——"
i T

We write down the components of the vector-valued function V(z,T) using ex-
pressions (8.3.90) and (8.2.40) for the matrix R~!(7) and vector Q(t), respec-
tively. Then, taking into account the inequality 7 > 27, we estimate the components
Vi(¢,T) as follows:

|2T%sint + 241 — 127 | L2124

Vi 1)| = A SRS

wate.)| = 220 < 2 4T

VA(.T)] = |—24sin;—A12t+6T| - 6TT+AZ4 - 4KT’
Vil T)| = | — 12Tsint—T6£t+4T2—24| - 4ZT'

These estimates and definition (8.3.88) of the function v(T') imply that v(T) <
4T /. Hence, using (8.3.89), we obtain the following estimate for the control func-
tion u(t):

u(t)] < —F
max |(u —_—
0<1<T —T2-24

Since T = 2wk, k =1,2..., we have, for sufficiently large k, that

E (8.3.91)

4T 1

< 8.3.92
T2 —24 ~ |, (8.3.52)

Inequalities (8.3.91) and (8.3.92) ensure constraint (8.3.81).

We also propose another method of choosing the process duration 7' that en-
sures constraint (8.3.81) for the control function (8.3.86). To that end, we construct
the function v(7') numerically, using relations (8.2.54), (8.3.86) and (8.3.88). The
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function v(T') is completely defined by the matrix A and vector b of system (8.3.84),
therefore, it suffices to construct this function once for the given system.

Figure 8.19 shows the graph of the function v(T). As we expected, v(T) is a
decreasing function, and the longer the time of motion of the system to its terminal
state, the lower the maximum value of the control function u. As the time of the
process termination one can choose any time that satisfies inequality

1
vT) < ———. (8.3.93)
(T) o,
30 A
20 A v
10 A
v T
0 T T T
0 5 10 15

Fig. 8.19 Functions v(7) and w(T)

We now describe the method of choosing the process duration 7 that ensures
constraint (8.3.82). With the above notation, the solution of system (8.3.84) that
starts at the time instant # = 0 at the point x° has the form

X(t) = D(1) <x° + /0 ' Q(T)u(f)df) .

Substituting into this formula expression (8.3.86) for the control function u(¢) and
using relations (8.2.54) that define the matrix R(), we obtain

x(1) = (1) (xO - /0 I o(7) [Q%)R*1 (T)XO] df) -

— o) (xo - { /0 tQ(r)QT(r)dr] R'(T)x()) _

8.3.94
=&(t) (x*—R()R(T)X") =W (1, T)x°, ( :

W(t,T) =@ (1) [R(T) ~ R(1)|R\(T).
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As in the case of constraint (8.3.81), we propose two methods of determining the
values of T that ensure constraint (8.3.82).

We first choose the time of the process termination to be T =2nk, k =1,2...,
and estimate the norm of the vector x(¢) in terms of the norms of the matrices on
the right-hand side of (8.3.94). The quantity ||@(¢)||? is equal (see Sect. 3.2.4) to the
maximal eigenvalue ¢ (¢) of the matrix

10 0 O
0or 0 0

O (ND(1) = 00241 'EOT
00 r 1

It is not difficult to calculate that ¢ (¢) < >+ 2, whence we obtain
|P(r)]| < (T%+2)"2. (8.3.95)

The matrix R~!(7')) is symmetric and positive-definite; consequently, its eigen-
values are positive, and the maximal of them equals the norm of the matrix. In
addition [64], the sum of all these eigenvalues is equal to the trace of R~ (T) (by
definition, the trace tr Z of a square matrix Z is the sum of the elements on the main
diagonal of Z). It follows from expression (8.3.90) for the matrix R~! (T) that the
number 2/T is one of the eigenvalues of this matrix, and

rR-NT) 27T —15 _ 2

4TI -24) T

Consequently, 2/7 is not the maximal eigenvalue, and

2 6(T*-2
|RN(T)| < w RNT) - 7 = M’ T = 2nk. (8.3.96)

Since system (8.3.84) is controllable, the matrices R(¢),R(T), and

T
R(T)=R() = [ 0(0)Q (2)ar.
are symmetric and positive definite. Besides,
R(T)—R(t) <R(T), 0<t<T, (8.3.97)

(the inequality X < Y for the symmetric matrices X and Y means that the matrix
Y — X is positive definite). Since the norm of a symmetric positive definite matrix is
equal to the maximal of all its eigenvalues, and inequality (8.3.97) implies [64] the
corresponding inequality for the eigenvalues of matrices R(T) — R(¢) and R(T), we
have [|[R(T) — R(1)]| < [[R(T)].

To estimate |R(T)||, we employ reasoning similar to that used above for the
matrix R~ (T). Tt follows from expression (8.2.42) for R(T') that the number 7' /2 is
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a non-maximum eigenvalue of the matrix R(T'), therefore,

T T(QT*+9
IR(T)|| < wR(T) -5 = % T =27k

By (8.3.94)—(8.3.96), equality |p| = (m% —I—m%)l/z/mz, and the last relation, we have

[{p.x(O) < Pl @OIIRT) — ROINR™ (T <

_ (mp+m)' P12 4 9)(T2 —2)(T2 +2)'/2 )
x|
- I/nz(Tz —24)
Consequently, we can choose as the time of the process termination those values of
T = 2rk that satisfy the inequality

(272 +9)(T? —2)(T? +2)'/? mycd
T2 -24 = a(m?+m3)1/2[x0)

(8.3.98)

We propose one more method of choosing the process duration 7' that ensures
constraint (8.3.82). It follows from (8.3.94) that

[(pox(O) < [p,W (6, T < w(T)P], w(T) = max [WT(,T)pl.

We construct the function w(T') numerically. This function is completely defined
by the matrix A and vectors b and p, so it suffices to construct this function once for
the given system (8.3.84) and given vector p in constraint (8.3.82).

Figure 8.19 shows graph of the function w(T') for p = (1,0, 10,0). One can see,
that with the increase of the process duration T, the function w(t) first decreases
and then increases. As the duration of the process, one can take any 7 for which the
value of the function w(t) satisfies the inequality

cd
T)< —.
M= g

(8.3.99)

Thus, we propose the following procedure for constructing the control function
u(t). First, given the initial state vector x° we choose the time 7 of the process
duration. The value of 7 may be chosen in the form 7" = 27k, where the natural
number k must ensure conditions (8.3.92) and (8.3.98). Another way to determine
T is to find the functions v(7') and w(T) numerically and then to find such a value
of T that guarantees inequalities (8.3.93) and (8.3.99).

After the time T of the process duration has been determined, we calculate the
control function u(¢) analytically using (8.3.86). As we have already mentioned,
the expression for the inverse matrix R~!(T), obtained by using the computer pro-
gram of symbolic calculations, turns out to be quite cumbersome. For illustration,
the element in the upper left corner of this matrix is presented in Sect.8.2.3 [see
formula (8.2.61)].
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In Fig. 8.20, we present the results of the numerical simulation of the dy-
namics of system (8.3.84). The system is brought from the initial state x =
(0.5,—0.5,0.5,0.5) to the coordinate origin. The time of the process duration is
taken as 7' = 10. The solid curve represents the projection of the phase trajectory
on the plane xj,x, = X, while the thin curve represents its projection on the plane
X3,X4 = X3.

A X173
05 (x3.49)
n X1,X3
5 T —>
\ 0.5 1
05 (a,49)

Fig. 8.20 Projections of the phase trajectory

The solid curves in Fig. 8.21 are graphs of the control function u(¢) and the
quantity

mi
—X3+ X
nmy

[(p,x(1))| =
that appears in constraint (8.3.82), as a function of time, for the case where m; /my =
10. For comparison, the dashed curves represent the same functions for the process
duration taken as T = 5.

Fig. 8.21 Control function u(¢) and quantity |(p,x(¢))]
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One can see that, for the case of T = 5, the quantity |(p,x(7)}| is smaller, whereas
the maximum modulus of the control function u(z) is greater, than for 7 = 10.



Chapter 9

Optimal control problems under complex
constraints

The simplest dynamical system with one degree of freedom
mé =F (9.0.1)

often serves as a model in control theory. Here, & is a generalized coordinate, 5 is
a generalized velocity, m is a constant inertial characteristic (the mass or moment
of inertia), F is the control (the force or the moment of the force), and dots denote
derivatives with respect to the time 7. On the one hand, this model is used to work
out and demonstrate schemes and methods for solving control problems. On the
other, a system with one degree of freedom has been used as an element in certain
schemes for decomposing non-linear systems with many degrees of freedom into
simpler subsystems (see Chapters 2 and 3).

In this chapter, solutions of a series problems concerning the steering system
(9.0.1) to the origin of the phase plane under various constraints are presented. These
results have been obtained in papers [35, 48, 49, 38, 37].

In a number of practical control problems, the so-called mixed constraints are
imposed at every time instant on the current control and state variables. For example,
if the electric drive is present in the system, then the restrictions imposed on the
control torque of the motor, angular velocity of the shaft, and other mechanical
and electric parameters are often imposed. As known, the existence of the mixed
constraints in the optimal control problems causes significant difficulties even for
linear systems.

A time-optimal control problem in the presence of mixed constraints is analyzed
in Sect. 9.1. The results are applied to the control of an electric motor [35, 37].

In Sect. 9.2, the case, where system (9.0.1) is acted upon by a control force with
a bounded rate of change, is considered. The time-optimal open-loop control of
the system is constructed. The feedback optimal control is given in a closed form
[48, 49].

In Sect. 9.3, the case, where system (9.0.1) controlled by a force of bounded
magnitude, is considered. It is assumed that the magnitude of the force may increase
gradually at a finite rate and that the force is switched off instantaneously. Under

327
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these restrictions, which simulate real servo-systems, a control is constructed that
steers the system to the origin and has the simplest possible structure [38].

9.1 Time-optimal control problem under mixed and phase
constraints

9.1.1 Problem statement

Let us introduce the notation

©.1.1)

xX=v, V=w. 9.1.2)

We will consider control system of the second order (9.1.2), where x and v are the
phase coordinates (coordinate and velocity), and w is the control (acceleration). The
constraints

vi <v<m, v; <0, vy >0, 9.1.3)

where v and v, are given constants, and the mixed constraint

fiv) <w < fo(v), vE [vi,m)] 9.1.4)

are imposed on the control and phase coordinates. Here, fi(v) and f»(v) are piece-
wise continuous functions given on the interval [v;, v2] and such that

Si(v) <0, H(v) >0, veE (vi,n). 9.1.5)

Functions fi(v) and f>(v) may vanish only on the boundaries of the interval [v,v2].
The domain in the plane (v, w) restricted by conditions (9.1.3) and (9.1.4) is shown
in Fig. 9.1.

Let us state the problem of determining the feedback control w(x,v) bringing
system (9.1.2) under constraints (9.1.3) and (9.1.4) from any (in the domain v; <
v < ) initial phase state

x(to) = X0, V(to) =10 9.1.6)

to the state
x(T)=0, v(T)=0 9.1.7)

in a minimal time (7 — min). If we replace control w by a new control « in accor-
dance with formula
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£(v)

Vi V2 v

Fig. 9.1 Domain of admissible values (v, w)

L) = f1)
2 )

Hi)+ 1)

w=fi(vu+fa(v), f3(v)= fa(v) = 5 :

then system (9.1.2) with constraints (9.1.3) and (9.1.4) takes the form
x=v, v=fs(v)u+ fa(v), lu <1, vi <v<w,. (9.1.8)

Here, the mixed constraint is absent. If we omit the phase constraint vi <v < vy,
then the obtained time-optimal control problem for system (9.1.8) with boundary
conditions (9.1.6) and (9.1.7) becomes the particular case of a more general time-
optimal control problem for which the regular synthesis is constructed [23]. The
presence of the phase constraint leads to some modification of this synthesis. Below,
the time-optimal feedback control for the formulated time-optimal control problem
in the initial form (9.1.2)—(9.1.7) is proposed and the direct proof of its optimality
without using the maximum principle is given.

9.1.2 Time-optimal control under constraints imposed on the
velocity and acceleration

Supposing w = f;(v), i = 1,2, we obtain from (9.1.2)
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dx v
==, i=1,2. (9.1.9)
dv  fi(v)
Integrating (9.1.9), we find equations of the phase trajectories corresponding to
the controls w = f;(v) in the form (C; is a constant)

x=X;(v)+C, i=1,2, (9.1.10)
where
r vdv
Xwv)= [ —, i=1,2. 9.1.11)
W=

Due to (9.1.5), functions (9.1.11) have the following properties. Function X; (v)
increases monotonically for v < 0 and decreases monotonically for v > 0, and X, (v),
vice versa, decreases monotonically for v < 0 and increases monotonically for v >
0. Function X;(v) has a zero maximum at v = 0, and function X(v) has a zero
minimum at v = 0. According to (9.1.2), the motion along trajectories (9.1.10) with
i =1 occurs in the direction of decreasing of v, and along trajectories (9.1.10) with
i = 2—in the direction of increasing of v. If f;(v;) = 0 for some i,j = 1,2 and
integral X;(v;) in (9.1.11) diverges, then the corresponding phase trajectory (9.1.10)
has the horizontal asymptote v = v;. Otherwise, i.e., if either fj(v;) # 0 or f;(v;) =0,
but the integral X;(v;) converges, the curve x = X;(v;) intersects the straight line
v =v; at the point x = X;(v;).

First of all, we describe the proposed feedback control, and after that, we prove
its optimality. Let us define the switching curve in the phase plane (x,v) by the

equalities
Xa(v), v € [v1,0],
sz(v):{ 9.1.12)
X (v), ve[0,va].

Due to the properties of the functions X;(v), i = 1,2, function X(v) decreases
monotonically on the interval [vi,v;] with X (0) = 0. The switching curve (9.1.12)
has an inflection point at the origin of coordinates. This curve is shown in Figs. 9.2
and 9.3 by the thick line. It divides the strip v{ < v < v, defined by the phase con-
straints (9.1.3) into two domains: D; [at the right top of curve (9.1.12)] and D,
(to the lower right of this curve), see Figs. 9.2 and 9.3. Figure 9.2 corresponds to
the case where both integrals X; (v;) and X, (v;) diverge, and Fig. 9.3—to the case
where all X;(v;) are bounded, 7, j = 1,2. We set in the open domains D;

w=fi(v) for x>X(v), ve(vi,va) (inDy);
9.1.13)
w=fa(v) for x<X(v), ve(vi,nn) (inDy).

Let us define the control on the boundaries of the domains D and D,. We set
w=fi(v) for x=X;(v), vel0,n;

9.1.14)
w=fo(v) for x=X(v), ve(v,0
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V2

D,

D,

Vi

Fig. 9.2 Switching curve and phase trajectories [X; (v;) and X»(v2) diverge]

Fig. 9.3 Switching curve and phase trajectories [all X;(v;) are bounded]

L)
A/

Vi
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on the switching curve (9.1.12) and

w=0 for v=v;, x>X(vi);

w=fa(vi) for v=vi, x<Xp(v1);
(9.1.15)
w=0 for v=vy, x<X;(n);

w=fi(v2) for v=vy, x>X;(n)

on the straight lines v =v; and v = v,.

Relations (9.1.15) have the sense, if the magnitudes X»(v;) and X;(v2) are
bounded. If any of them [X,(v;) or X;(v2)] is unbounded, i.e., the corresponding
integral (9.1.11) diverges, then the switching curve has the horizontal asymptote
v =V or v = vy, respectively. In this case, the control is undefined on this straight
line (v = vy or v = v,). Under the circumstances, it is impossible to reach the do-
main v; < v < v, starting from this straight line, and the control problem is un-
solvable, if the initial point (xp,vo) lies on the corresponding straight line. If the
magnitudes X (vi) or X»(v2) are unbounded, then it means that the phase trajec-
tories starting inside the domains D; and D,, respectively, do not reach the corre-
sponding straight lines v; and v, and, therefore, intersect the switching curve. If the
initial point (xo,vp) lies on one of these straight lines, then, according to (9.1.15),
the phase state moves along this line under the control w = 0 until it reaches the
switching curve.

The phase trajectories corresponding to the constructed feedback control (9.1.13)—
(9.1.15) are shown in Fig. 9.2 for the case of bounded values X;(v2) and X»(v;) but
unbounded values X; (v;) and X;(v,), and in Fig. 9.3—for the case where all values
X;(v;) for i, j = 1,2 are bounded. The arrows in Figs. 9.2 and 9.3 show the direction
of motion. The trajectories cover compactly all the strip vi < v <v;. The every phase
trajectory consists of no more than three sections corresponding to three different
controls. To be definite, consider the phase trajectory beginning at point (9.1.6) in
domain D; and ending at the origin of coordinates (9.1.7).

We have w = f>(v) on the first section, and the motion occurs along the curve of
family (9.1.10) with i = 2, namely, along the curve

x=Xo(v) —X2(vo) +x0 9.1.16)

from the point (xp,vp) to some point on the straight line v = v;. According to
(9.1.15), the coordinates of this point are equal to

X=X =X2(V2)—X2(V0)+Xo, V=1). 9.1.17)

We have w = 0 on the second section, and the motion occurs along the straight line
v = v from point (9.1.17) to the point

x=X1(n), A (9.1.18)
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on the switching curve x = X (v). We have w = f(v) on the third section, and the
motion occurs along the switching curve x = X; (v) from point (9.1.18) to the origin
of coordinates.

The second section is absent, if X,(v2) and Xj(v;) are unbounded, and also if
point (9.1.17) lies to the right of point (9.1.18), i.e., for x > X (v;). In these cases,
the transition from the first to the third section occurs at the intersection point of the
curves (9.1.16) and x = X; (v,). If the initial point lies on the straight line v = vy,
X1 (v2) is bounded and xp < X;(v2), then the first section is absent. Finally, if the
initial point lies on the switching curve, then the first and second sections are absent.
The phase trajectories in the domain D; have a similary structure.

Compare the motion times along two trajectories for the constructed feedback
control starting at the points (x{,,vo) and (x{,vo) lying on the straight line v = vg in
the domain D>. If x;, < x{j, then it follows from the structure of the phase trajectories
that the first trajectory starting at xo = x;, contains all those sections that belong to
the second one (with the origin at xo = xf)’). Therefore, the entire time of motion
along the first trajectory is greater than that for the second one. This property of
monotone dependence of the motion time on the abscissa xq of the initial point will
be used below.

Let us turn to the optimality proof of the proposed feedback control. To this
end, together with some phase trajectory of the constructed synthesis, which will
be called an original one, we consider an arbitrary tentative trajectory satisfying
constraints (9.1.3) and (9.1.4). The tentative trajectory starts at the time instant =
at the point (xo,vo), which is the same as the starting point for the original trajectory,
and ends at the moment ¢t = T, at the origin of coordinates. To prove the optimality
of the constructed feedback control, it is sufficient to show that 7, > T.

First of all, we note that the tentative trajectory may have self-intersections, i.e.,
contain closed loops. The motion time along each of the loops is positive. If one
deletes all the loops from the tentative trajectory joining the beginnings and the
ends for each of the loops, then the obtained new tentative trajectory is admissible,
and the time of motion along it will be less that the motion time for the tentative
trajectory with self-intersections. Hence, without loss of generality, it is sufficient to
consider further only tentative trajectories without self-intersections.

First, we assume that the point (xo,vo) lies on the switching curve x = X (v).
According to (9.1.2), the time of motion along the original and tentative trajectories
are equal to

0
ﬂ, T.—ty= ﬂ, 9.1.19)
filv) w

Yo Vo

T —1

respectively.

If the velocity v strictly decreases along the tentative trajectory (as it takes place
along the original trajectory), then dv < 0 and f;(v) < w < 0 due to (9.1.4), and,
hence, it follows from (9.1.19) that T < T,. If v changes non-monotonically along
the tentative trajectory, then the second integral in (9.1.19) should be regarded as
an integral along a curve. If there are sections of the tentative trajectory where v
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increases, then dv > 0 and w > 0 on these sections. This gives an additional positive
input to the second integral in (9.1.19). Hence, we have T < T in all cases.

Thus, if the phase point (initial or current) reaches the switching curve, then the
further optimal motion occurs along this curve. Therefore, one may not consider
further tentative trajectories intersecting the switching curve and assume that the
final section of the tentative trajectory entering the origin of coordinates lies on the
switching curve.

Now, let the initial point (xo,vo) lies in the domain D, with vy > 0. First, we
assume that the tentative trajectory does not intersect the axis x for # > #y. Then, the
coordinate x increases monotonically both on the original and tentative trajectories.
The time of motion along these trajectories can be presented in the form

0 0
d d
T—toz/—x, T*—zoz/—x, (9.1.20)
v(x) vy (x)
X0 X0

in accordance with (9.1.2).

The dependence v(x) for the original trajectory, according to the facts stated
above, consists of no more than three sections: increasing from vy to v, motion
with maximal possible velocity v = v, and decreasing from v, to 0 (some of these
sections may be absent). The dependence v, (x) for the tentative trajectory satisfies
the inequalities

fz(V*) < dv. < fl(v*)7 v >0, 9.1.21)
Vi dx Vi

in accordance with (9.1.4) and (9.1.9). The equal signs in (9.1.21) are attained at
the original trajectory. From (9.1.21), constraint v, < v,, and boundary conditions
vi(x0) = vo and v,(0) = 0 that are common for the original and tentative trajecto-
ries, it follows that the dependence v, (x) (for every fixed v) increases no faster and
decreases no slower than v(x). In other words, the graph of the function v, (x) lies
no higher than the graph of dependence v(x), i.e., v, (x) < v(x) for x € [xo,0]. Then,
it follows from (9.1.20) that T < T..

Now, let us assume that the tentative trajectory starting at the point (xo, vo) of the
domain D, with vy > 0 intersects the axis x for some #; > fy. We have x; > xg in
the intersection point, where the velocity changes its sign, and x starts to decrease.
Nevertheless, the tentative trajectory must eventually reach the domain v > 0. In this
case, either the self-intersection of the tentative trajectory may occur, the possibility
of which was excluded above, or the tentative trajectory comes to the point with
the coordinates (xy,vo), where x, < xp, and after that the trajectory remains in the
domain vp > 0. The time #; of motion along the tentative trajectory from the point
(x2,vp) to the point (0,0), in accordance to the facts proven above, is no less than the
corresponding time 7, for the original trajectory with the same starting point (x2,vp).
Due to the monotone dependence of the time of motion along the original trajectory
on the coordinates of the initial point, we have #, > T —ty because x < xo. Hence,
we have T, —ty >t; >t > T —ty. Thus, T < T, in the case considered.



9.1 Time-optimal control problem under mixed and phase constraints 335

Thus, if the phase point comes to the axis x with x < 0, then the further optimal
motion occurs along the original trajectory passing throw the given point of the
axis x. Therefore, we conclude that the tentative trajectory in the half-plane v > 0
coincides with the original one.

Finally, consider the case, where the initial point (x,vp) lies in domain D, and
vo < 0. Let us present both the tentative and original trajectories in the form of
two sections lying in the half-planes v < 0 and v > 0, respectively. Let us compare
the times of motions along the first sections (v < 0) similarly to the consideration
concerning the initial point on the switching curve [see (9.1.19)]. We obtain that the
tentative trajectory reaches the axis x not before the original one. The estimates of
the form (9.1.21) allow one to establish that the point x = xj, where the tentative
trajectory intersects the axis x, lies not to the right of the corresponding point x = x;
of the intersection of the axis x and the original trajectory, i.e., x] < xj. Due to
the monotone dependence of the time of motion along the original trajectory on
the abscissa of the initial point proven above, we conclude that the duration of the
second section of the tentative trajectory is not less than that for the second section
of the original trajectory. Hence, it is proved that 7 < T, also in this case. Thus,
the time-optimality of the constructed feedback control given by (9.1.13)—(9.1.15)
is completely proved.

9.1.3 Problem of control of an electric motor

As an example, consider a simple model of a DC (direct current) motor with an
independent excitation. The torque M produced by the motor is proportional to the
armature circuit current /

M=K, (9.1.22)

where k¥ is a constant coefficient. Equation of balance of the electric voltages in
the armature circuit has the from

Li+RI+kfw=u kK >o0. (9.1.23)

Here, L and R are the inductance and resistance of the armature winding, u is
the control voltage, @ is the angular velocity of the armature rotation, k¥ @ is the
counter-emf, and k¥ is a constant coefficient. The first term on the left-hand side
of (9.1.23) is usually small compared with the remaining terms and can be omitted.
Then, having eliminated / from (9.1.22) by using (9.1.23), we obtain

M=iMR ' (u—-iEw). (9.1.24)
The magnitude of the control voltage is bounded

lu| < u, (9.1.25)
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where ug is a constant. It follows from (9.1.24) and (9.1.25) that torque M is bounded
by the inequalities

—KMR ™ (up + kE ) < M < KR (up — kF o). (9.1.26)

Additionally to (9.1.26), the restrictions on the magnitude of the electric current
I and torque M are often imposed; the later are associated with the requirements
related to the reduction gear. Both types of the constraints are reduced, according
to (9.1.22), to the restriction of the form |M| < My, where My is a constant. We
will bind the absolute value of the angular velocity by wy = ug (kE ) !, Under this
restriction, the left- and right-hand sides of inequality (9.1.26) have the opposite
signs, i.e., the moment M for |®| < wp may be both accelerating and decelerating.
As a result, we come to the following set of the constraints

—k(wp+0) <M < k(o —w), [M[<Mo, |of<a,

(9.1.27)
k= KMRTKE = up (KE) "
The equations of rotation of the rotor of the electric drive have the form
o= w, Jo=M+M,. (9.1.28)

Here, a is the angle of rotation of the rotor, J is the moment of inertia of the rotor
and other parts of the reduction gear, M; is the moment of all external forces except
the electromagnetic torque M, which can be considered as the control in system
(9.1.28). Constraints (9.1.27), among which there are the mixed constraint and also
constraints on the control and phase coordinate, are imposed on system (9.1.28). Let
us introduce the non-dimensional variables ¢/, x, v, w, and parameter k by relations

t=JooM, ', a=JogMy'x, ©=awy, M=Mw, K=kaM,"
(9.1.29)
Then, equations (9.1.28) with M| = 0 and restrictions (9.1.27) are transformed to
the form

x=v, v=w, w <1, <1, —x(l+v)<w<x(l-v), (9.1.30)

where dot denotes derivatives with respect to the non-dimensional ¢’ from (9.1.29).
Below, the prime at the variable ¢’ is omitted. Equations (9.1.30) coincide with
(9.1.2), and constraints (9.1.30) are reduced to the form of (9.1.3) and (9.1.4), where

—k(1+v) for —1<v<v,,

fiv) = —fa(—v) = { 9.1.31)

—1 for v.<v<l,

vc:l(l—l, vi=—1, wv=1.



9.1 Time-optimal control problem under mixed and phase constraints 337

Here, the functions f| are f, are piecewise-linear and have the break points at
v = £, respectively.

If ¥ < 1/2, then the break points lie outside the interval (—1,1). In this case,
the functions f; and f, are linear on the interval [—1, 1], the constraint |w| < 1 is
satisfied automatically and becomes non-essential. Then, system (9.1.30) is reduced
to the form of the linear controlled system with the new control wy:

X=v, V=-—Kv+wi, wi| <x, [v/<I1.

Here, the mixed constraint is absent.

The points v, lie inside the interval (—1,1) for ¥ > 1/2. The points v, and
—v. lie in the intervals (0, 1) and (—1,0) for k € (1/2,1), respectively, and in the
intervals (—1,0) and (0, 1) for k > 1, respectively.

The domain in the plane (v,w) allowed by constrains (9.1.30) is the hexagon in
the general case, possessing the central symmetry about the origin of coordinates. It
is shown in Fig. 9.4 for the case, where Kk = 2.

K>1

Ve v

-1

Fig. 9.4 Domain of admissible values (v, w)

Let us consider the time-optimal control problem for the described model of
the electric drive. In the non-dimensional variables (9.1.29), this model is given
by relations (9.1.30) that are the particular case of relations (9.1.2)—(9.1.4), where
notation (9.1.31) is used. Conditions (9.1.5) for functions f; and f, from (9.1.31)
hold true. The boundary conditions still have the form of (9.1.6) and (9.1.7). We will
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specify the general solution of the time-optimal feedback control problem obtained
for system (9.1.2)—(9.1.7) in the context of system (9.1.30).

Let us substitute (9.1.31) into (9.1.11) and find the corresponding integrals, con-
sidering separately the cases k < 1/2, x € [1/2,1], and k > 1. We obtain

X (v) = —x v —log(1+v)] (K‘< ;) ,

_K'fl[v—log(l—f—v)] for VE[_17VC]1
Xi(v)=1¢

E(l—vz—K‘_z)—K‘_llOgK for ve 1],

1
(3Ex<1 0<w<t),

1
—K’l[v—log(1+v)]+§(1<*2—1)+K*110g1< for vel—1,v],
Xxw=4y ,
—=v? for ve vl
2
(K>17 _]§V0<O)7

(9.1.32)

The switching curve x = X (v), given by (9.1.12), divides the strip |v| < 1 into the
domains Dj, where x > X (v), and D, where x < X (v). The feedback time-optimal
control is defined by (9.1.13)—(9.1.15), where v{ = —1 and v, = 1, and functions
fi and X; are defined by (9.1.31) and (9.1.32), respectively, i = 1,2. Note that the
switching curve and the entire field of optimal trajectories possess the central sym-
metry about the origin of coordinates due to (9.1.32). The field of optimal trajecto-
ries for the case k¥ =2, v. = —1/2 is shown in Fig. 9.2.

Since the magnitudes of X; (1) and X,(—1) are bounded [see (9.1.32)], the time-
optimal feedback control is defined in the entire strip |v| < I including its bound-
aries, in accordance with the remark in Sect. 9.1.2. On the other hand, it follows
from (9.1.32) that the magnitudes of X;(—1) and X, (1) are not bounded. Therefore,
according to Sect. 9.1.2, the phase trajectories starting inside the strip, i.e., with
[v| < 1, do not reach the boundary of the strip and intersect the switching curve (see
Fig. 9.2). Hence, all these trajectories consist of no more than two sections: the mid-
dle section described in Sect. 9.1.2 is absent. If the initial point lies on the boundary
of the strip, then the phase point moves along the boundary under the control w = 0
up to the switching curve, if v=—1 and x > Xp(—1) orif v=1and x < X;(1). In
other cases, i.e., if v=—1and x < X»(—1) orif v= 1 and x > X; (1), the phase point
comes inside the strip (see Fig. 9.2).
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Let us find the motion time along the optimal phase trajectory starting at = 0 at
the point (xo,0) of the x-axis, where xo < 0. According to the constructed synthesis
and remarks made above, the optimal trajectory starts in the domain D; and consists
of the two sections. The first section is the arc of curve (9.1.16), i.e., of the curve

x=Xa(v)+xo (9.1.33)

from the point (xp,0) to the point (x,,v,), where curve (9.1.33) intersects the
switching curve x = X; (v). Therefore, we have the following relations for deter-
mining the coordinates (X, Vvy,):

Xm = X1 (Vi) = X2(vin) + X0. (9.1.34)

The second section of the phase trajectory is the arc of the curve x = X; (v) from
the point (x,,,vy) to the origin of coordinates. The velocity v increases from 0 to
vy on the first section, where w = f>(v), and decreases from vy, to 0 on the second
section, where w = f1(v). We present the total motion time in the form

Vm 0
dv dv

T=|— —_— . 9.1.35

70+ 70 1

To be definite, we restrict our consideration by the case kK > 1 and denote
E=—x>0, g=—ve=1—-x1>0 Kk>1I. (9.1.36)

Let us determine integrals (9.1.35) substituting into them expressions (9.1.31)
and using notation (9.1.36). We obtain

T =2v, for v,<gq,
(9.1.37)

1—vy,

I—gq

T=q+vu—(1—q)log

Substituting (9.1.32) with k¥ > 1 into (9.1.34) and using notation (9.1.36), we
obtain the relations connecting v, and &

&= v%l for v, <gq,

22 (9.1.38)
T2t 4 (1-9){ (g-m) - log

1—v,

¢ = Iy

} for v, >gq.

Relations (9.1.37) and (9.1.38) determine the dependence 7' (&) in the parametric
form. Assigning the values from O to 1 to the parameter v,,, we obtain the required
dependence T (&) for every fixed ¢. Note that (9.1.37) and (9.1.38) yield

T(E) =282 for &<q (9.1.39)
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Let us find the asymptotic behavior of the function 7'(&) for & — eo. To this end,
suppose v, — | and obtain from (9.1.37) and (9.1.38)

T =—(1—q)log(l =vm)+g+1+4(1—g)log(l —q)+ O(1 —vm),

g +1
&= _(1 _Q)IOg(l —Vm) +2q— +(1—q)log(1—gq) +0(1 _Vm)'
(9.1.40)
From (9.1.40), we find the desired asymptotic behavior
3 q* -1
TE) =E+5 -+ L +0(ewl-E(1-9)7]), &= ©14D

Let us consider separately the limiting case Kk — oo. According to (9.1.36), we
have here v, = —1 and ¢ = 1, and constraints (9.1.30) determine the square |v| < 1,
[w| <1 in the plane (v,w). In this case, according to (9.1.32),

2
Xl(v):—Xg(v):—% when ve[-1,1]. (9.1.42)

All phase trajectories consist of the arcs of parabolas defined by (9.1.10) and
(9.1.42), and sections of the straight lines v = £1, as shown in Fig. 9.3.

Let us find the total time 7" of motion from the initial point (xg,0), where xo =
—& < 0, to the origin. If v,, < 1, then relation (9.1.39) holds; if v,, = 1, then the
motion time is the sum of the motion times along the parabolic arcs and along the
straight line v = 1. In the non-dimensional variables, the motion time along each of
the parabolas is equal to 1, and the time of motion along the straight line v =1 is
equal to the length of the segment of this straight line equal to & — 1. As a result, we
obtain for g = 1

T=2E2 if E<1,

T=E¢E+1, if E>1.

Results of numerical calculations of the dependence T (&) for various g are pre-
sented in Fig. 9.5.
Thus, the complete solution of the problem stated above is obtained.

9.2 Time-optimal control under constraints imposed on the rate
of change of the acceleration

9.2.1 Statement of the problem

We consider a system with a single degree of freedom described by equation (9.0.1).
When formulating optimal control problems, it is usually assumed that the absolute
magnitude of the force F is bounded by a constant Fy, that is, |F| < Fp. In the case
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Fig. 9.5 Dependence 7' (&) for various g

of a time-optimal control problem, it is well-known that this constraint leads to the
bang-bang form of the optimal control. In this case, the force F(¢) takes limiting
values +Fj and instantaneously switches from one of these values to the other. Such
a control is not always practicable, for example, if an electric drive is used to realize
the control.

In this section, we assume that there is a more realistic constraint on the rate of
change of the control force of the form

IF| < v, 9.2.1)

where vgp > 0 is a specified constant. We shall also assume that the bound on the
absolute magnitude of the force is not attained and |F(¢)| < F always.
Making the change of variables

Vo . \%0)
g =X & =) F =vyz,
m m

we reduce (9.0.1) and constraint (9.2.1) to the form
x=y, y=z, z=u, |ul<l. (9.2.2)

Now, the variables x, y, and z are phase coordinates and u plays the role of a
bounded control.
The initial conditions for system (9.2.2) are specified in the form
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x(0) =xo, y(0)=yo, z(0)=z0, (9.2.3)

where the initial instant of time is assumed to be equal to zero without any loss in
generality.

We now formulate the problem of constructing the control u(z) that satisfies the
constraint |u(z)| < 1 for ¢ > 0 and transfers system (9.2.2) from an arbitrary initial
state (9.2.3) to the specified terminal set

x(T)=0, y(T)=0 (9.2.4)

for arbitrary z(7') in the shortest time 7.

In addition to determining the open-loop control, the problem of the feedback
time-optimal control for system (9.2.2) will also be solved. This control u(x,y,z),
which is expressed as a function of the current (or initial) phase coordinates x, y,
and z, ensures that system (9.2.2) is brought to the specified terminal set (9.2.4) in
the shortest time.

9.2.2 Open-loop optimal control

We now apply the maximum principle to the time-optimal control problem (9.2.2)—
(9.2.4). We set up the Hamiltonian function

H=py+pyz+pu (9.2.5)

and write down the adjoint equations

Dx =0, Py = —DPx, Dz:= —Dy- (9.2.6)

Here, py, py, and p, are the adjoint variables. System (9.2.6) is integrated subject to
the transversality condition p,(7) = 0 that corresponds to the condition that z(7T') is
not fixed, and we obtain

1
Pr=Cx, Py=Cytel, p.=c,T+ Ecx‘cz. 9.2.7)
Here, T = T — ¢ is the time measured from the end of the process (the “inverse”
time), ¢, and ¢y, are arbitrary constants. The condition for the Hamiltonian (9.2.5) to
be a maximum with respect to u subject to the constraint || < 1 from (9.2.2) gives

u(r) = signp.(1).

It follows from formula (9.2.7) for p, that the function p,(¢) changes sign not more
than once when 7 < T and 7 > 0. Consequently, the optimal control u(¢) = +1 has
not more than one switching whent < T.
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We denote the lengths of the two possible segments of constancy of the control
u(t) by ) and 6, and the value of u(z) in the first of these segments by o = +1. The
optimal control can then be represented in the form

o when 1€(0,6),
u(r) =
—o when 1€ (6,,T), 6,+6,=T.

(9.2.8)

We now substitute control (9.2.8) into system (9.2.2) and integrate it subject to
the initial conditions (9.2.3). We obtain

1 1
x(t) = x0 +yor + 201 + <ot

1
y(t)=yo+zm+§ot2, 2(t)=z0+0t when 1€(0,6));

1

1
3 12\,
60'61 +(yo+zoel+2661)(t 01)

1 9
x(t) =xp+yo61 + §Z091 + (9.2.9)

1 1
+ 5(204—091)([— 91)2— 80([— 91)3,

1 1
y(t) = yo+ 206 +50912+(zo+0'91)(t*91)*50(1*91)2,
2(t)=z20+06,—0c(t—0;) when 1€ (6,T).

Substituting solution (9.2.9) into conditions (9.2.4), we obtain two relations and,
on solving these for xy and yy, we obtain

1 1
xo = ~z0T* + 5cr(ef +3676, - 63),

2 1 (9.2.10)
yo =—z0T — Ec;(elz 12616, —63).
Introduce the following notation
§=z%, N=z 'l 'y, {=signz,
s=lz|'T, A=6T"" (2#0), (9.2.11)
1 1
X(2)=3(1 —3A%244%), Y(A)=A2— o
Relations (9.2.10) then take the form
-3 1 1 -2 -1
g(gs -8 ) —6X(1), g(ns +s ) — oY (M) 9.2.12)

When zg = 0, relations (9.2.10) give
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x0T =0X(1), yoT ?=0Y(A). (9.2.13)

When the parameter A changes from 0 to 1, a point with coordinates X (1),
Y (A) moves along the arc of the curve that joins points A| and A, with coordinates
(1/3,—1/2) and (—1/3,1/2), respectively. When A € [0,1] and 6 = £1, points
with coordinates 6X (1), oY (1) form a closed curve I' that is symmetric about the
origin of coordinates and has corner points A; and A,, see Fig. 9.6. The curve I
bounds a convex domain containing the origin of the system of coordinates.

Ay

\

0.4 oY

—0.4 0 0.4
N\ :

—0.4

Ar

Fig. 9.6 Plane of parameters cX, oY

The solution of the time-optimal open-loop control problem (9.2.2)—(9.2.4) can
then be represented as follows.

We initially assume that zg # 0 and determine &, 1, and ¢, in accordance with
(9.2.11), using the specified initial data xo, yg, and zg from (9.2.3). The left-hand
sides of relations (9.2.12) specify the coordinates of a certain point P that depends
on the parameter s € [0,0). As s changes from e to 0, P moves along a smooth semi-
infinite curve from the origin of the system of coordinates (when s — o) to infinity
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(when s — 0). This point falls at least once on the closed curve I" that encircles the
origin of the system of coordinates. The least value of s = s, for which P € T" is
found numerically. According to (9.2.11), the optimal time is equal to T = |zq|s..
The position of the point P on the curve I' when s = s.. determines the values of the
parameters ¢ = +1 and A € [0, 1]. By virtue of (9.2.11), the lengths of the segments
of constancy of the control are equal to 6; = (1 —A)T and 6, = AT.

When zp = 0, we consider equalities (9.2.13) instead of (9.2.12). The left-hand
sides of these equalities specify the coordinates of the point P that depends on the
parameter 7. When T changes from oo to 0, the point P moves along a semicubic
parabola from the origin of the system of coordinates (when 7" — o) to infinity
(when T' — 0). The least value of the parameter 7 for which P € I' is the optimal
time. The values of the parameters o, A, 6, and 6, are determined from the position
of the point P on I' as in the case, where zg # 0.

When the quantities o, 6, and 6, have been determined, the optimal control
u(r) and the corresponding optimal trajectory are specified by equalities (9.2.8) and
(9.2.9). The proposed algorithm completely determines the solution of the time-
optimal open-loop control problem. According to the construction, this solution is
unique.

As an example, we present the results of the determination of the optimal control
for the initial data

X =—72427V3~ -252, yo=3, z0= 1.
In this case, one obtains
T=s=60=1, 6 =6—3V3~0.80, 6, =3v3~5.20.

The corresponding trajectory of the point P when T changes from oo to 0 is shown
in Fig. 9.6.

9.2.3 Feedback optimal control

In order to construct the feedback optimal control, it suffices to find the switching
surfaces in the phase space (x,y,z) on which the sign of the control u = £1 changes.
On these surfaces, the length of one of the segments of constancy vanishes, that
is, 6 = 0 or 6, = 0. From (9.2.11), we have here A =0 or A = 1. According to
(9.2.11), values of X and Y equal to +1/3 and F1/2 correspond to these values of
A, respectively. From (9.2.12), we obtain the conditions

C(5S73—%S71) Zi%G, C(ns72+s’]) ZHF%G (9.2.14)
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that are satisfied in the (&, 7)-plane on the switching curves when zy # 0. However,
relations (9.2.14) are insufficient for determining the switching curves: for this, we
require a direct analysis of relations (9.2.12) that will be carried out below.

Note that, in the feedback control, the initial conditions xy, yo, and zo can be
treated as the current values of the phase coordinates x, y, and z. Let us consider
relations (9.2.11) as formulas for the change of variables

E=z73x, n=z"7y, {=signz 9.2.15)

in phase space. This change of variables that introduces the self-similar variables &
and n enables one, when z # 0, to reduce the dimension of the phase space by one
and to construct the feedback optimal control in the (&, 7n)-plane.

We will first consider separately the case, where z = 0. Similarly to (9.2.14), we
obtain the conditions

XT3 = i%c, yI 2= %o (9.2.16)

from (9.2.13). These conditions are satisfied at the intersection of the switching
surfaces with the plane z = 0. When z = 0, conditions (9.2.16) define two halves
of the semicubic parabolas that form the switching curve in the plane z = 0. The
parabolas are described by the equation

Y(x,y) = 3x+2y[2y['/2 = 0. 9.2.17)

An analysis of the signs of ¢ on the branches of the switching curve (9.2.17) enables
one to determine the signs of the controls on the different sides of the switching
curve. As a result, we obtain the feedback optimal control for z = 0 in the form

- Sign ’J/(xay) when Y 7é Oa
u(x,y,0) = (9.2.18)

signhx = —signy when y=0.

When z # 0, the change of variables (9.2.15) transforms the first two equations
of (9.2.2) to the form

E=ol"(m—3ug&), n=z"(1-2uln). (9.2.19)

By dividing the first equation of (9.2.19) by the second, we obtain the linear differ-
ential equation for &(n)

d -3

e _n-30s o (9.2.20)

dn 1-2an
The parameter ¢ retains a constant value along the optimal trajectories that do not
intersect the plane z = 0. By integrating (9.2.20) in the case of constant o, we find
the general solution of equation (9.2.20):
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E=d(n,a,A)=0on 3 +A|l =2an]’*, 9.2.21)

where A is an arbitrary constant. Note that the second equation of (9.2.19) enables

one to determine the direction of motion along the optimal trajectories. If o = 1,
the motion occurs in the direction of the increase in 11 when 11 < 1/2 and in the

direction of the decrease in 1) when 1 > 1/2. If, however, o« = —1, the motion
occurs in the direction of the decrease in 7 when n < —1/2 and the increase in n
when n > —1/2.

We will now construct the feedback optimal control. As was shown above, in
order to do this, it is sufficient to establish the sign of the control # = ¢ at the initial
instant of time = 0 as a function of the initial data xo, y9, and zo. On changing to
self-similar variables and returning to relations (9.2.12), the feedback problem can
be formulated as follows: it is required to find the value of o = +£1 that corresponds
to the solution of relations (9.2.12) (for fixed &, 1, and {, where { = 41) with the
least s, where s >0 and A € [0, 1].

We will now briefly describe the solution algorithm and subsequently explain its
most important features.

First, we note that relations (9.2.12) retain their form, if { and ¢ change signs
simultaneously. Consequently, if ¢ is replaced by —, the required quantity o also
changes sign. It is therefore sufficient to construct the solution in the case, where
¢ =1 for arbitrary £ and 7, and then for the case, where { = —1, simply to change
the sign in the resulting dependence o (&, 7).

Without loss of generality, we therefore put { = 1 and eliminate A using the
second of equations (9.2.12). We obtain

1/2
A= BJrG(ns_ers_l)] o=+l (9.2.22)

Since A € [0,1], then, for fixed 6 = £1 and 7, the ranges of variation of s in
which A is real and A < 1 are determined from (9.2.22). We substitute A from
(9.2.22) into the first equation of (9.2.12) and find the dependences of & on s, 7,
and 0 = +1. For fixed 17, we shall denote these dependences by £ (s) and &~ (s)
for 0 = +1, respectively. Subject to the condition A € [0, 1], they define two curves
in the (s,&)-plane, each of which consists, generally speaking, of a finite number
of arcs. We investigate these curves and find their domains of definition and their
extrema in the whole range of variation in the argument s and the parameter 7.
After that, we analyze their position with respect to each other. A line & = const
is then mentally drawn in the (s, &)-plane, and the minimum value of the abscissa
s > 0 is found for which this line intersects one of the above-mentioned curves. The
value of ¢ = =1 that corresponds to that curve with which this intersection occurs
determines the required control u = o for the data &, 11, and { = 1, and the value
of s that corresponds to this point of intersection is equal to the normalized optimal
time: s = T'|z| !

We will now describe these operations in greater detail taking account of the
fact that the following constructions are true only when s > 0. From (9.2.12) and
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(9.2.22), we have

EE(s) = :Fés3— %sz—snié(%szinisfﬂ. (9.2.23)
If s — +oo, then EF(s) & 4 (—1+1/1/2)s3 /6 — Foo.

Let us consider the function € (s). In the case, where ¢ = 1, the condition A <
1 selects the set s € (0,52] U [s1,420), where 51, = 1 +/T+2n. The expression
for £7(s) is determined if s € [s5,+20), where s5s = —1 4 /T —27. The derivative
d&™ /ds vanishes at the points s5 and s7 = —1++/2(1 —21n), if 55 and s7 exist and
s5 < s7. Furthermore, d?E " /ds> < 0 when s = s7, that is, s7 is a maximum point. It
can be shown that, if 51, 57, 55, and s7 exist, then 5o < s7 < s and s, > s5.

If 1 >0, then s < 0and d&™ /ds < 0 when s > s1, that is, the function £ (s) is
defined when s € [s1,+o0) and decreases from £ (s1) to —oo. If —1/2 <1 <0, then
s5 > 0, that is, the function £ (s) is defined when s € [s5,52] U[s1, +20). It has a null
derivative when s = ss, increases in the interval [ss,s;] and decreases from &7 (s1)
to —eo when s € [s1,4o0). If 1 < —1/2, then s5 > 0 and the value of s, is undefined.
Then, the function ™ (s) is defined when s € [s5,+c0), d£T /ds = 0 when s = s5,
and &7 (s) increases up to its maximum at the point s = s7; after that it decreases
from £ (s7) to —oo.

We now consider the function £~ (s). We require that A < 1 in (9.2.22) and ob-
tain that s € [s5,+o0), where s5 = —1++/1 =2n. If s € (0,52] U [s1, +o0), then the
function £~ (s) from (9.2.23) is defined. Its derivative vanishes at the points sy, s,
and 53 = 1 —/2(1+2n), if they exist and 53 > s1. In addition, d>& ~ /ds*> > 0 when
s = 53, that is, s = s3 is the point of a minimum.

If 1 > 0, then s, <0, and the function &~ (s) is defined when s € [s1,4<0), and
d&~ /ds =0 when s = s1. The function £~ (s) decreases from &~ (s1) up to the point
of a minimum s = s3; after that it increases from &~ (s3) up to +oe. If —1/2 <1 <0,
then s5 > 0, that is, the dependence £~ (s) is defined when s € [s5,52] U[s|, +o0). The
function &~ (s) increases as s varies from s = s5 to s =55 (d§~ /ds = 0 when s = s7)
and increases when s € [s1,s3]; we have d§~ /ds = 0 when s = s and s = s3. Then,
&~ (s) increases from &~ (s3) to +oo. If 1 < —1/2, then s5 > 0, the values of sy, 52,
and s3 are not defined, and d€~ /ds > 0 when s > ss, that is, the function &~ (s) is
defined when s € [s5,+o0) and increases over the whole of this interval up to -+eo.

We now make two remarks concerning the mutual position of the pair of curves
from the two families investigated, for the same value of the parameter 1.

First, we find the point of intersection of the curves £ (s) and £ (s); that re-
quires solution of the equation

o1 3/2 01 3/2
1-(z—-5—- =|l-+5+- . 9.2.24
(2 52 s> 2Rty ( )
We square both sides of (9.2.24), reduce similar terms and then again square both
sides of the equation to obtain the equation in s:
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2
n 1\ n o 1\* 1
T4-) w2 |(F+1) -] =0 (9.2.25)

An analysis of the roots of (9.2.25) shows that only s1, 52, and s5 are roots of
(9.2.24), and, moreover, they are positive for at least a single value of 1. We shall
denote coincident values £+ = £~ at the above-mentioned points by E*.

Secondly, we establish that ¥ (s5) > £*(s1), if and only if —/3/4 < n <0.

As a result, it turns out to be convenient to pick out four ranges of values of
the parameter 7 that correspond to different mutual positions of the curves &7 (s)
and & (s). Thus, we will determine the required control for all £ and 1 with the
exception of £ (s1), E¥(s2), and E* (s5).

When 1 > 0 for any & < £¥(s1), the minimum permissible abscissa s is reached
on the curve T (s). When & > &% (sy), the same result holds for &~ (s).

When —\/§/4 < n <0, the closed isolated curve for s5 < s < s, is added to
the curves €T (s) and £~ (s) that have the same properties as considered above. The
curve £~ (s) lies above the curve & (s), and £¥(s5) < E*(s2). Moreover, £ (s1) <
E*(s5), that is, E¥(s1) lies below the lowest point of the closed isolated curve.
Consequently, the required control is defined in the same way as in the preceding
case.

When —1/2 < n < —/3/4, the inequality & (s1) > & (s5) is satisfied and, for any
& < &*(s5), the minimum permissible abscissa s is attained on the curve &7 (s).
When & > £*(s5), the same assertion holds for &~ (s).

The close isolated curve disappears when 11 < —1/2, and the required control is
specified as in the preceding case.

We now determine the control on the curves E=(s1(n)), E£(s2(n)), and E*(55(n))
in the (£, n)-plane. We recall that the dependences of sy, 3, and s5 on 1) have been
presented above. By (9.2.22), we have A = 0 when ¢ = —1 on the curve £*(s1(17)),
that is, the time interval in which it is necessary to take u = 1 is equal to zero. Conse-
quently, it is necessary to take u = —1 on the curve £*(s1(n)) and it is a switching
curve when 7 > —+/3/4. Similarly, on the curve E*(s2(M)), one must use u = —1
when —1/2 <1 < 0 but this curve will not be a switching curve. It is easy to show
using the same method that we have u = 1 when 1 < 0 on the curve £*(s5(n)).
This curve serves as a switching curve.

We now completely present the feedback optimal control. To be specific, we
shall take z > 0 and { = 1. The switching curve in the (&, 7)-plane is defined by the
equalities

1
(D(nvlvg)v ngn*a
= = 9.2.26
c=rm) . Y (9.2.26)
(D(naflafg)a n>n, n :777

where the notation (9.2.21) is used. The switching curve is continuous and has a
kink at the point K with the coordinates £* = 1/12, n* = -3 /4. This curve is
represented by the solid line in Figs. 9.7 and 9.8. Since the scale in Fig. 9.7 is
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smaller than that in Fig. 9.8, the points K and R shown in Fig. 9.8 are practically
indistinguishable in Fig. 9.7 and are therefore not labelled (the coordinates of the
point R are £ = 1/6, 1 = —1/2). On the other hand, the scale used in Fig. 9.7
enables us to depict all the characteristic phase trajectories, the important part of
which is missing in Fig. 9.8. The rest of the notation employed in Figs. 9.7 and 9.8 is
identical. The branches of the switching curve corresponding to n < n* and n > n*
are denoted by the letters M and N, respectively. In the (&, 7)-plane, we have

1 when & < f(n),
u={1 when E=@(n,1,1/3), n<0, (9.2.27)
—1  at the remaining points of the (§,7)-plane.

Hence, u = 1 to the left of and below the switching curve (9.2.26), on its seg-
ment KM to the right of and below point K and also on the arc of the curve
& = ®(n,1,1/3) that joins the origin of the system of coordinates and the point
K, see Fig. 9.8, where this arc is a part of the switching curve. In the remaining part
of the (§,n)-plane, we have u = —1.

N

Fig. 9.7 Switching curve and optimal trajectories
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¢

0.2

Fig. 9.8 Switching curve and optimal trajectories around the origin of the system of coordinates

When z < 0 and { = —1, the switching curve remains the same and one simply
has to interchange the positions of the set of points (&, 1), whereu=1andu= —1in
relations (9.2.27). Thus, the synthesis of the optimal control u(x,y,z) is completely
determined by relations (9.2.15), (9.2.17), (9.2.18), (9.2.21), (9.2.26), and (9.2.27)
for all x, y, and z.

We now describe the set of optimal trajectories that, in the variables & and 7,
consist of arcs of the curves (9.2.21). Suppose that the initial point (x,y,z) is speci-
fied and, to be specific, we shall assume that z > 0. According to formulas (9.2.15),
we find £, 1, and { = 1.

If a point (&,n) lies on the curve & = @(n,1,1/3), where n < 0, then motion
occurs along this curve MKO with a control # = 1 until it reaches the origin of the
system of coordinates (see Fig. 9.8).

All the remaining optimal trajectories also arrive at the origin of the system of
coordinates along this curve. An exception is the segment RO of the curve & =
@(n,—1,1/3) when n € [—1/2,0]: this segment is a phase trajectory for u = —1
that begins at the point R with the coordinates (1/6,—1/2) and reaches the origin of
the system of coordinates. Phase trajectories are denoted by thin lines in Figs. 9.7
and 9.8, and arrows indicate the direction of the motion.

If the initial point lies in the domain
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1 1

then the optimal trajectory consists of a segment with u = —1 until it reaches the
curve & = @(n,1,1/3) and of the subsequent motion along this curve with u = 1
(see Fig. 9.8).

If the initial point lies in the domain & < f(n), the motion initially occurs with
u =1 until it intersects the curve @ = £(n,—1,—1/3) that is the part KN of the
switching curve (9.2.26) (see Figs. 9.7 and 9.8); then the phase point moves with
u = —1 along this curve that departs to infinity. By (9.2.11), we have z = 0 at an
infinitely distant point of the (&, 7)-plane. At infinity, z changes its sign, and then
we have z < 0, { = —1. The phase trajectory continues, arriving with u = —1 from
infinity along the curve & = @(n,1,1/3); after that, the phase point moves along
this curve to the origin of the system of coordinates. Note that motion through an
infinitely distant point occurs without a change in the control and takes a finite time.

It remains to consider initial points in the domain & > f(n) but outside of the
domain (9.2.28). Here, we initially have u = —1, and the trajectory { = @ (1, —1,A)
departs to infinity with A > —1/3. Subsequently, the motion occurs along the curves
& = @(n,1,—A) with a change in the sign of A. These curves lie in the domain
& < f(n) and meet the branch KN of the switching curve & = @(n,—1,—1/3).
Then the trajectory with u = 1 departs to infinity along this curve, where the sign of z
changes again. Later, the motion occurs with u = 1 along the curve £ = @(n,1,1/3)
until it reaches the origin of the system of coordinates.

Note that certain phase trajectories contain segments of the lines § = +n —1/3
and 1 = 4-(2a) ! that correspond to the values A =0 and A = o in (9.2.21), respec-
tively. On departing to infinity along these lines, the variable x (in the case of the
straight line with A = 0) or the variable y (in the case of the straight line with A = oo)
simultaneously vanishes together with z, as is easily shown using (9.2.15). In other
respects, these lines are treated in the same manner as the remaining trajectories
(9.2.21).

Hence, for any initial point (x,y,z), the motion is completely described by the
trajectories of Figs. 9.7 and 9.8 and contains not more than two segments, where the
control is constant. The sign of z cannot change more than twice.

We now present the results of the investigation of the normalized optimal time
s as a function of & and 7. The dependence of s on & for different fixed values of
n is studied, where sy, 57, and s5 are again considered to be the functions of 71 that
were introduced above. When 1 > 0, the function s(&,n) decreases as £ increases,
if & < £E*(s1), and has a discontinuity, if & = £*(s;). It increases on passing from
& < E%(s1) to & > EF(s1) and when & increases from & = E*(s1) to +oo.

When —+/3/4 < 1 < 0, the function s(&,n) decreases as & increases, if & <
E*(s1), and has a discontinuity, if & = £¥(s). It increases on passing from
& < E*(s1) to & > E*(s1). There is a further discontinuity when & = £*(ss). The
function s(&,n) decreases on passing from & < £ (s5) to & > E*(s5) but increases
when £ (s5) < & < E*(s,). There is another discontinuity when & = £¥(s,). The
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function s(&,M) also increases on passing from & < ¥ (sy) to & > E*(s,) and also
when & increases from & = E=(s) to +oo.

When —1/2 <1 < —/3/4, the function s(&,n) decreases as & increases, if
& < E*(s5), and has a discontinuity at & = £*(ss). It decreases on passing from
& < E*(ss) to & > EF(ss) but increases when EF(s5) < & < EF(s2). The next
discontinuity occurs when & = E*(s,). The function s(&,n) increases on passing
from & < E%(sy) to & > E*(s,) and when € increases from & = E¥(s7) to +-oo.

When 1 < —1/2, the function s(&, 1) decreases as & increases when & < £+ (s5)
and has a discontinuity at & = ¥ (s5). It decreases on passing from & < £*(s5) to
& > E*(s5) and increases as & increases from & = ¥ (s5) to oo

The computation results for the normalized optimal time s(&, 1) are presented in
Figs. 9.9 and 9.10. In Fig. 9.9, the thin lines are level lines of the function s(&,n),
and the bold lines are the lines of discontinuity of this function. The rest of the no-
tation is the same as in Fig. 9.8. A three-dimensional graph of the function s(&, 1)
is shown in Fig. 9.10, where the darker is the background, the smaller is the corre-
sponding value.
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Fig. 9.9 Level lines of the function s(&, 1)
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Fig. 9.10 Function s(&,n)

9.3 Time-optimal control under constraints imposed on the
acceleration and its rate of change

9.3.1 Problem statement

When formulating problem in Sect. 9.2.1, it was assumed that the constraint |[F| < F
is not attained. Let us now cancel this assumption. We will consider system (9.0.1)
under constraints imposed on the magnitude of the control force and the rate of its
change, i.e., under the following restrictions

IF| < Fy, 9.3.1)

F| <o, 9.3.2)

where Fy and v are constants.
Let us analyze the problem of bringing system (9.0.1) to the origin of the phase
plane, that is, to the state & = & = 0.
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It is well-known that if restriction (9.3.2) is absent, then the time-optimal con-
trol is a bang-bang control with at most one switching point. The typical time-
dependence of this control is shown in Fig. 9.11.

Fo

R |

Fig. 9.11 Bang-bang control

On the other hand, the solution of the time-optimal control problem in the ab-
sence of constraint (9.3.1) is given in Sect. 9.2. As to the time-optimal control prob-
lem for system (9.0.1) taking both restrictions (9.3.1) and (9.3.2) into account, we
have not come upon any solution in the literature.

The control problem for system (9.0.1) will be treated in the following formula-
tion. It is assumed that the control force is bounded as in (9.3.1), while condition
(9.3.2) will only be satisfied when the magnitude of the force increases, that is, when
d|F|/dt > 0. At the same time, the force may be switched off instantaneously. These
restrictions may be written as a system of inequalities

|F| < Fo;

F<vy, if F>0, (9.3.3)
F>—vy, if F<O.
The domain defined by inequalities (9.3.3) in the (F,F)-plane is shown in
Fig. 9.12.

Conditions (9.3.3) simulate the following situation: the control force may be in-
creased only gradually, at a finite rate, but it can be switched off instantaneously.



356 9 Optimal control problems under complex constraints

/ F /

] ?

; %

e ; o

e vo L~

/] [~

z Z

pd [~

? R A ? F

] [~

Z g

e v ?
¢
-

BANNNNN

Fig. 9.12 Domain of restrictions

This is not infrequently the case in practice, since the deceleration is often imple-
mented by means other than the acceleration.
We introduce the following non-dimensional variables

' =voFy ', x=mi}F, ¢,
9.34)
_ 2 _ 1 R
y=mvwkF, “§, z=F,'F, u=vy, F.

Equation (9.0.1) and constraints (9.3.3) take the following form in terms of these
new variables
X=y Y=z, I=u, (9.3.5)

lz] < 1;
u<l1, if z>0, (9.3.6)
u>-—1, if z<O0.

Here and below, dots denote differentiation with respect to the new (non-dimensional)
time. The prime indicating non-dimensional time will be omitted from now on.
The initial conditions for system (9.3.5) are

x(0)=x0,  y(0)=yo,  2(0)=0, 9.3.7)

and the terminal state is
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x(T)=0, y(T)=0. (9.3.8)

Note that the terminal value of z(7') may always be made equal to zero by ad-
justing the jump of the force z(¢) at time # = T that is allowed by conditions (9.3.6).
We may therefore assume throughout that z(7') = 0.

We now formulate the following problem.

It is required to find a control u(r) and the corresponding trajectory, that is,
functions x(z),y(t), and z(¢) satisfying (9.3.5), constraints (9.3.6), initial conditions
(9.3.7), and terminal conditions (9.3.8) at some (non-fixed) time 7 > 0.

Henceforth, we will construct a solution that solves the problem and has the
simplest structure satisfying constraints (9.3.6). This control is presumably time-
optimal.

9.3.2 Possible modes of control

The possible time histories of the non-dimensional force z(z) are shown in Fig. 9.13.
The figure shows the intervals in which the force increases or decreases gradually,
here z = =41, and the intervals over which the force is constant, z = 1. These modes
have the following properties.

| ® | ® | ®

Fig. 9.13 Modes of function z(z)

1°. At the beginning of the process, we have z(0) = 0, in accordance with initial
conditions (9.3.7).

2°. Modes 1-6 of Fig. 9.13 satisfy conditions (9.3.6).

3°. Just before the end of the process, z(t) < 0 as + — 7. This condition is
assumed for definiteness and does not affect the generality of our solution, since,
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besides the forms illustrated in Fig. 9.13, we might have similarly considered their
mirror images in the 7 axis, namely, 7' (1) = —z(¢).

4°. The modes shown in Fig. 9.13 have at most one jump and one change in the
sign of the force z(7).

5°. Mode 6 of Fig. 9.13 is a direct extension of the bang-bang form of Fig. 9.11
to the case of gradual increase of the magnitude of the force, that is, to the case of
constraints (9.3.6).

6°. Modes 1-5 of Fig. 9.13 are special cases of 6. Indeed, in 5 the bound z = —1
is not achieved; in 4 the bound z = 1 is not achieved; in 3 neither bound z = +1 is
achieved; in 1 and 2 there is no jump in the function z(z), the bound z = —1 being
achieved in 2 but not in 1.

As will be shown below, using modes 1-6 for z(¢) as well as their mirror-image
laws 7/(t) = —z(r), one can steer system (9.3.5) from any initial state (9.3.7) to the
terminal state (9.3.8).

We now introduce a domain D in the (x,y)-plane defined by the inequalities

X<*(p(*y), if yéoa
D=1 (xy): (9.3.9)
x<o(y), if y>0.

Here, function ¢(y) is defined as follows:

2y)3/2 1
_(y/})) ) lf OSYS?
o0 =1, , | (9.3.10)
y oy
w2 2 =g

It is not difficult to verify that these relations define ¢(y) as a smooth function,
decreasing monotonically from 0 to —eo over the non-negative real line y € [0, o).
At the point y = 1/2, we have ¢(y) = —1/3 and ¢'(y) = —1.

The curves I' and I’ defined for y > 0 and y < 0 by the formulas x = ¢(y) and
x = —@(—y), respectively, are shown in Fig. 9.14 (thicker curves). The curves are
symmetrical to one another about the origin. We also show on these curves the points
A= (—1/3,1/2) and A’ = (1/3,—1/2) at which the sections defined by formulas
(9.3.10) meet smoothly.

The curves I" and I’ form the boundary of the domain D; according to (9.3.9),
I that lies in the second quadrant of the (x,y)-plane and belongs to D, while I'’ that
lies in the fourth quadrant is not contained in D. The union of the domain D with
the domain D' symmetric to it with respect to the origin gives the whole (x,y)-plane
punctured at the origin O. By (9.3.7), O is the terminal point and is, therefore, of no
interest as an initial point: if x =y = 0 at time ¢ = 0, the control is needless.

Below, we will construct a control and trajectories, that is, functions u(t), x(¢),
y(t), and z(¢), for all initial points (xp,yo) € D. If (x0,y0) € D', the required
solution will be given by functions {—u(r),—x(¢), —y(t),—z(¢)}, where the set
{u(t),x(t),y(t),z(t)} is the solution for the initial point (—xg, —yo) € D symmetric
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L

—1

Fig. 9.14 Division of (x,y)-plane into domains D;

to (xp,y0) € D'. Then, equations (9.3.5) and constraints (9.3.6) will be satisfied, the
trajectories starting from (xo,yo) € D’ will be symmetric to the trajectories coming
from the point (—xp, —yo) € D and will also lead to the origin, moreover, in the same
time.

Thus, it will suffice to solve the control problem as formulated for an initial point
(x0,y0) € D. This will be done with the help of the modes 1-6 shown in Fig. 9.13.

9.3.3 Construction of the trajectories

We will construct appropriate trajectories for each of modes 1-6 in Fig. 9.13 and
determine the domains D;, i =1,...,6, of initial data xo and y( in the domain D from
which the mode in question steers the system to the terminal state x(7') = y(T) = 0.
The sets D; are indicated in Fig. 9.14 by the corresponding digits i = 1,...,6.

Mode 1

By Fig. 9.13, we have u = —1 for r € [0, T]. Integrating (9.3.5) for initial data (9.3.7),
we obtain



360 9 Optimal control problems under complex constraints

l2
u=—1, z=—t, y=yo—=t
y 2 y Y=o 5

(9.3.11)

13
x:xo+yot—8t .

Let us set r = T in formulas (9.3.11) and substitute the results into the terminal
conditions (9.3.8). Eliminating 7', we obtain

T = (2y0)'/% <1, (9.3.12)
1
X0 = —5(2)/0)3/2. (9.3.13)

The inequality 7 < 1 follows from the fact that the bound z = —1 is not achieved in
mode 1; see Fig. 9.13. Relations (9.3.12) and (9.3.13) imply the inequalities

—%<xo<07 O<y0<%. (9.3.14)

Thus, mode 1 defined by (9.3.11) is implemented, if the initial point (xo,yo) lies
on the arc of the curve defined by (9.3.13) and inequalities (9.3.14). Consequently,
the set D is the arc of the curve I', see (9.3.10), indicated by the numeral 1 in
Fig. 9.14, enclosed between the points O and A = (—1/3,1/2). All phase trajectories
beginning on this arc will ultimately lead to the origin if mode 1 is applied. The
trajectories are defined by (9.3.11), and the duration of the motion by (9.3.12). It is
easily verified that all these trajectories lie in the domain between the curve I" and
the parabola Iy defined by the formulas

1
Io:x=@0)=-2" y>0. (9.3.15)

This parabola I is at the same time the switching curve and a phase trajectory
leading to the origin for the time-optimal problem, if constraints (9.3.6) are replaced
by the simple restriction |z| < 1.

Mode 2

We have
u=-1, z=-1, if 0<r<l,
(9.3.16)
u=0, z=-1, if 1<tr<T.

Motion along the first part of the trajectory (¢ < 1) is defined by relationships
(9.3.11). We conclude from (9.3.11) that at t = 1 we have:

1 1

Y1) =yo—3, x(1)=xo+y—¢. 9.3.17)
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Integrating (9.3.5), taking (9.3.16) and initial data (9.3.17) in the second part of the
motion (f > 1) into account, we obtain

YO =)= 1), x0)=x() (-1 g6 1% ©318)

Let us substitute expressions (9.3.18) into terminal conditions (9.3.8) and elimi-
nate 7. We obtain

T=y(H)+1>1, x(1)=- (9.3.19)

Thus, the point (x(1),y(1)) lies on the parabola Iy of (9.3.15), and, according to
(9.3.16), motion along the second part of the trajectory (for ¢ € [1,7T]) takes place
along this parabola until the origin is reached. Substituting (9.3.17) into (9.3.19), we
obtain the conditions

1, 1 1 1
= —— — — —_ > —. L.
X0 2)’0 2)’04-24, Yo = 5 (9.3.20)

Formulas (9.3.20) define the set D, of initial data for which mode 2 ensures that
the system will reach the origin. This set D; is the part of the curve I [see (9.3.10)]
from the point A = (—1/3,1/2) inclusive to infinity. All trajectories starting in that
set are enclosed between I and Iy with their second parts (for > 1) lying on the
parabola I. Typical trajectories for modes 1 and 2 are shown in Fig. 9.14 by dashed
curves.

Thus, if the initial point (xg,yo) lies on the curve I', our problem is solved by
controls 1 and 2 with mode 1 applying, if (xo,y0) is between O and A, and mode 2,
if it is to the left of A in Fig. 9.14.

We now consider modes 3-6 of Fig. 9.13 letting 6 denote the time at which
the function z(z), 6 € (0,T), experiences a jump. It is not difficult to see that the
functions z(r) for t > 6 for all modes 36 of Fig. 9.13 are identical with z(¢) for7 > 0
for one of modes 1 or 2: for modes 3 and 5 the relevant mode is 1, and for modes 4
and 6 it is 2. Hence, the segments of trajectories for modes 3—6 for t > 6 coincide
with trajectories for one of modes 1 or 2. Consequently, the point (x(6),y(0)) for
modes 3—-6 must belong to the sets of initial data for the appropriate modes 1 or 2,
namely,

{x(0),y(0)} € D; for modes 3 and 5;
(9.3.21)
{x(6),y(0)} € D, for modes 4 and 6.

To compute the numbers x(6) and y(6), we note that, apart from sign, the time
history of z(¢) for # < 0 in cases 3 and 4 is identical with mode 1, and in cases 5
and 6—with mode 2. Therefore, changing signs when needed and setting r = 6, we
conclude from (9.3.11) that for modes 3 and 4

1 1
y(e):yo+§92, x(G):xo+y09+893, 0<1. 9.3.22)
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Using formulas (9.3.17) and (9.3.18) and proceeding in analogous fashion, we ob-
tain the results for modes 5 and 6

1 1
Y(0)=yo+5+(6—1)=y+6—,

x(e)—xo+y0+é+(y0+;> ((9—1)4%((9—1)2 (9.3.23)

I, 1 1
xo+y09+29 29-1-6, 0>

Let us determine the domains D; in the (x,y)-plane containing the initial data xo
and y( for the appropriate modes, i = 3,4, 5. 6. To do this, we use formulas (9.3.21)—
(9.3.23) and the previously presented definitions of D and D5.

Mode 3

Substituting expressions (9.3.22) for x(0) and y(0) in place of x¢ and yy into equa-
tion (9.3.13) and inequalities (9.3.14) defining the set D, we obtain

1 1
X0 = —y06 — 663 — 3o+ 0)*>,
(9.3.24)

0<2y+6*<1, 0<6<Il.

Let us determine the boundaries of the set D3 defined parametrically by formulas
(9.3.24). To do this, it will suffice to consider four cases corresponding to equality
in each of the four inequalities (9.3.24).

We first assume that 2yo + 6% = 0. Substituting the value of 6 found from this
equality into (9.3.24), we obtain

1 1
X0 = g(_zyo)3/2, —5 <) <0. (9.3.25)

By (9.3.9) and (9.3.10), formulas (9.3.25) define a segment of the curve I"’ from
the origin to the point A’ = (1/3,—1/2), see Fig. 9.14.

Putting 2yo + 62 = 1 and substituting the value of 6 thus determined into (9.3.24),
we obtain

1 1 1
x0= =3 =301 =2y0)' 2 = c(1=230)"% 0<yo< 3. (93.26)
Formulas (9.3.26) define an arc of a curve I in the (x,y)-plane joining the points
A= (-1/3,1/2) and B = (—1/2,0). This curve is shown in Fig. 9.14.
Setting 8 = 0, we obtain from (9.3.24)
3/2

1 1
xXo = *g(zyo) ; 0<y <.
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By (9.3.10), this segment of the boundary of D3 coincides with the set Dy, that is,
with the arc OA of the curve I'.
Finally, setting 6 = 1, we obtain from (9.3.24)

xoz—l—y0—1(2y0+l)3/27 ! <y0 <0. (9.3.27)
6 3 2
These formulas define an arc of a curve in the (x,y)-plane joining the points B and
A’. This curve I3 touches the curve I'’ at the point A’, see Fig. 9.14.
Thus, the set D3 is a curvilinear quadrilateral OABA’ bounded by arcs of the
curves I' (from O to A), I7, I3, and I'’ (from A’ to O).

Mode 4

Substituting expressions (9.3.22) for x(6) and y(6) in place of x( and y into rela-
tions (9.3.20) defining the set D,, we obtain

ol B e 1 e e e
24 2 2 2 8 6 4 (9.3.28)

29%0+6%2>1, 0<6<1.

The boundaries of the set D4 will be found by replacing the inequality sign in
each of the three inequalities of (9.3.28) in turn by an equality sign.

We first assume that 2yo + 6% = 1 and eliminate 8: 6 = (1 — 2yy)'/? from the
given equality. Substituting the resulting value of 6 into (9.3.28) and simplifying,
we obtain the relation defining the arc I7.

Setting 6 = 0 in (9.3.28), we obtain, as is easily verified, relations (9.3.20) that
define the set D,, that is, the arc of the curve I from the point A to infinity.

Setting 6 = 1 in (9.3.28), we have

2
1
o= _%o ~2-3, w20 9.3.29)

The curve I3 defined by these relations begins at the point B = (—1/2,0) and goes
off to infinity, see Fig. 9.14.

As a result, the set Dy is bounded by the set D, the curve I, along which it
borders on D3, and the curve I3.

Mode 5

Substituting expressions (9.3.23) for x(0) and y(0) in place of x¢ and yy into equa-
tion (9.3.13) and inequalities (9.3.14) defining the set D, we obtain
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0> 1, 1 1 3/
(9.3.30)

1

We now determine the boundaries of the set Ds reasoning similarly to the previ-
ous cases and replacing each of the three inequalities (9.3.30) in turn by equalities.

Setting yo+ 6 = 1/2, we find that 6 = 1/2 — y,. Substituting this value of 8 into
equality (9.3.30), we obtain

2
o 1 1 1
= —_= — = PR < ——.
X0=5 =507 50 V0S5
By (9.3.10), these formulas define the arc of the curve I'' from the point A’ =
(1/3,—1/2) to infinity; this arc is symmetric to D; about the origin.
Settings yo + 6 = 1, we obtain 6 = 1 — yy. Substituting this value into equality

(9.3.30), we obtain

11
XO=y3—§yo—57 yo <0. 9.331)

Formulas (9.3.31) define a curve I} beginning at B = (—1/2,0) and going off to
infinity, see Fig. 9.14.

Setting 8 = 1 in (9.3.30), we obtain formulas (9.3.27) defining the curve I5.

Thus, the set Ds is bounded by an arc of the curve I5, along which it borders on
the set D3, the curve I3, and the arc of the curve I'' from A’ to infinity.

Mode 6

Substituting expressions (9.3.23) for x(0) and y(0) in place of xy and yy into for-
mulas (9.3.20) defining the set D,, we obtain

2
1
xoz—%o—2y09—62+§9, Yo+0>1, 6>1. (9.3.32)

Replacing the first of inequalities (9.3.32) by an equality, we obtain 6 = 1 —
Yo. Substituting this expression into equality (9.3.32), we obtain relations (9.3.31)
defining the curve I3.

Setting 8 = 1 in (9.3.32), we obtain relations (9.3.29) defining the curve I3.

Thus, the set D¢ borders on the sets D4 and D5 along the curves I3 and I3, re-
spectively, and lies below and to the left of these curves that have a common point
B=(-1/2,0).

Note that the curves I, and I3 have a common tangent at the point B, and the
same is true of I7 and I3.

The solution of the control problem as formulated may be described as follows.
Given an initial state (9.3.7) in the domain D of the (x,y)-plane, we determine to
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which of the domains D;, i = 1,2,...,6, it belongs. The boundaries between the
domains are given by the curves I', I'’, I, I3, I3, and I defined by formulas (9.3.9),
(9.3.10), (9.3.26), (9.3.27), (9.3.29), and (9.3.31). The boundary between D and D,
is the point A = (—1/3,1/2).

1°. If (x9,y0) € Dy, then we define u = —1 for # > 0. The system reaches the
givenstatex =y=0inatime 7 < 1.

2°.1If (x0,¥0) € D2, we put u = —1 for ¢ € (0,1) and u = 0 for 7 > 1. The system
reaches the terminal state in a time 7 > 1.

3°.If (x0,y0) € D3, thenu =1 for t € (0,0), where the time 6 < 1 is defined by
the condition {x(0),y(0)} € D;. At time r = 0, we equate z to zero by a jump that
is admitted by restrictions (9.3.6). At¢ > 6, we define u = —1 up to the end of the
process. The trajectory for r > 0 is the same as for mode 1.

4°.1f (x0,y0) € D4, then u =1 for 7 € (0, 0), where the time 6 < 1 is defined by
the condition {x(0),y(0)} € D,. At time t = 0, we equate z to zero by a jump. We
then defineu = —1 forr € (6,0 +1) andu=0forsr € (6 +1,7T).

5°.1f (x0,y0) € Ds, then u =1 forz € (0,1) and u = 0 for ¢ € (1,6), where the
time 6 > 1 is defined by the condition {x(0),y(0)} € D;. At time 6, we equate z to
zero by a jump. We then define u = —1 fort € (6, T) up to the end of the process.

6°. If (x0,y0) € Dg, then u = 1 forr € (0,1) and u = 0 for ¢ € (1,0), where the
time 6 > 1 is defined by the condition {x(6),y(0)} € D,. At time 6, we equate z to
zero by ajump. We then defineu = —1forr € (6,04 1)andu=0forr € (6 +1,T).

Note that 7 < lincase 1, T > 1in cases 2, 4, and 5, and 7 > 2 in case 6.

All trajectories beginning in the domain D lie in the domain bounded by the
curves Iy and I'’ (to the left of and below those curves; see Fig. 9.14). They reach
the origin O either touching the curve Iy (for modes 1, 3, and 5) or coinciding with
I over its last part (for modes 2, 4, and 6; see the curves in Fig. 9.14).

If the initial point (xg, o) is in the domain D’ symmetric to D about the origin, the
control is taken equal in magnitude and opposite in sign to the control corresponding
to the point (—xo, —yo) € D.

The solution we have constructed was obtained for initial data (9.3.7), which
presume that z(0) = 0. The general case of initial data

x(0)=x0,  y(0)=yo, 2(0)=20

is reduced to that considered above, if at time = 0 we change z by a jump equating
it to zero that is admitted by restrictions (9.3.6). After that, one can use the solution
constructed for the initial data (9.3.7). Thus, terminal conditions (9.3.8) will be sat-
isfied. In that case, however, the property of time-optimality is not to be expected.



Chapter 10
Time-optimal swing-up and damping feedback
controls of a nonlinear pendulum

A pendulum is a well-know example of a nonlinear mechanical system that is of-
ten regarded as a benchmark for control algorithms. In a number of papers, various
feedback controls have been proposed that bring the pendulum to the upper unstable
or lower stable equilibrium position. These controls are called swing-up and damp-
ing controls, respectively. Time-optimal controls have been also considered, but the
obtained solutions were not complete.

In this chapter, the time-optimal controls both for the swing-up and damping
control problems are obtained. The solution is based on the maximum principle and
involves analytical investigations and extensive numerical computation for a wide
range of parameters. As a result, the switching and dispersal curves are obtained
that bound the domains in the phase plane corresponding to different values of the
optimal bang-bang control.

Optimal trajectories can intersect the switching curves but not the dispersal
curves. The latter curves have the following property: two different optimal tra-
jectories start from each point of the dispersal curve.

The switching and dispersal curves are obtained for various values of the max-
imal admissible control torque. These curves completely determine the feedback
optimal control.

Fine details of the structure of these curves as well as of the field of optimal
trajectories are analyzed. The structure depends essentially on the magnitude of the
control torque. In particular, numerical results show how the breaks of the switch-
ing curves (in the case of the damping control) are formed at the transition from
high torques, where these curves are smooth, to low torques corresponding to the
switching curves with breaks.

The chapter is based on papers [46, 47, 104, 105, 106],

367
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10.1 Optimal control structure

10.1.1 Statement of the problem

Consider a pendulum that can rotate about a horizontal axis O and is controlled by
a torque M applied to the pendulum (Fig. 10.1). Denote by ¢ the angle between the
pendulum and the vertical axis, by m the mass of the pendulum, by J its moment of
inertia about the axis O, by / the distance from the axis O to the center of mass of
the pendulum, and by g the acceleration due to gravity.

~ 7

T _______ "

)

Fig. 10.1 Swing-up and damping control problems

The equation of motion of the pendulum is
Jp+mglsing =M, (10.1.1)

where the dots denote derivatives with respect to time 7. Let the control torque be
restricted by the constraint
|M| < My, (10.1.2)

where M) is a given constant.
Denote
mal\ /2

Here, o is the natural frequency of small oscillations of the pendulum, and ¢’ is a
non-dimensional time.
Let us introduce non-dimensional variables
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X1 =0, X U= — k=— (10.1.4)

and rewrite (10.1.1) as follows:
X1 = X2, Xp = —sinx| + ku. (10.1.5)

Here and below, we denote by dots derivatives with respect to non-dimensional time
t'. We will omit ’ after ¢'.
Constraint (10.1.2) can be rewritten as follows:

lu(t)] < 1. (10.1.6)
The initial conditions for system (10.1.5) are arbitrary
x1(0)=x,  x(0)=x, (10.1.7)

and the terminal coordinates correspond to the upper unstable or lower stable equi-
librium position

xi(T) =rm+2nn, x(T)=0 (swing-up control),
(10.1.8)
x1(T) =2rn, x(T)=0 (damping control),

where n is an arbitrary integer.

We will find the control, both in an open-loop and feedback form, that satisfies
constraint (10.1.6) for all # € [0, 7] and brings system (10.1.5) from any initial state
(10.1.7) to the terminal state (10.1.8) in a minimal possible time 7.

10.1.2 Phase cylinder

It is known that the presence of nonlinearity in the motion equation of the pendulum
results in a periodic structure (cylindrical property) in the angle of the synthesis
pattern. An infinite set of terminal points in the state space corresponds to the upper
or lower equilibrium position.

The cylindrical property of the state space results in specific features of the syn-
thesis. The main specific feature is the presence of a dispersal curve (the terminology
of [69]) on the cylinder such that two optimal trajectories with the same motion time
are originated from every its point.

For a very large control torque, we can omit the nonlinear term in the motion
equation of the pendulum. The synthesis pattern in this case consists of parabolic
switching curves passing through terminal points and dispersal curves situated be-
tween them, see Fig. 10.2. The equation of the dispersal curves in the case of a very
large control torque can be obtained in an explicit form [63].
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¢

Dispersal curve

Switching curves

Fig. 10.2 Time-optimal feedback control for a very large control torque: k > 1

The question arises of how the synthesis pattern changes when the maximum
admissible control torque gradually decreases beginning with a certain sufficiently
large value. The answer is given below, where time-optimal feedback controls are
designed for steering the nonlinear pendulum to the upper unstable or lower sta-
ble equilibrium position. The solution is given for various values of the maximum
possible control torque.

10.1.3 Maximum principle

Following the maximum principle, we introduce the Hamiltonian for system (10.1.5)
H = pixy + pa(—sinx) +ku). (10.1.9)
Here, p; and p; are the adjoint variables that satisfy the equations
P1 = pacosxy, P2 = —p1- (10.1.10)
The optimal control satisfying constraint (10.1.6) is determined by the condition
u = signp;. (10.1.11)

It follows from (10.1.8), (10.1.9), and (10.1.11) that, at the terminal time instant
t =T, we have
Hr =k|p2(T)| > 0.
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This inequality is one of the necessary optimality conditions [see (1.2.22)]. It fol-
lows from the results of Chapter 7 of [83] that there are no singular controls in our
optimal control problem.

It follows from (10.1.11) that the optimal control takes the values u = 41, and,
in order to obtain the optimal feedback control, it is sufficient to find the switching
and dispersal curves in the (x1,x)-plane that bound the domains, where u = +1 and
u=—1.

Note that the switching curves consist of points, where the control u(z) changes
its sign along the optimal trajectory. The dispersal curves consist of such points,
where the optimal control can be taken equal to either +1 or —1, and two optimal
trajectories starting from each of these points reach terminal states (10.1.8) (with
the same or different ») in the same time.

10.1.4 Numerical algorithm

To construct the complete field of optimal phase trajectories, we integrate numeri-
cally the system of equations (10.1.5), (10.1.10), and (10.1.11) backward with re-
spect to time (starting from some instant 7). The conditions for the phase coordi-
nates x; and xp at the time instant 7 are given by (10.1.8); the conditions for the
adjoint variables p; and p, are arbitrary. It is convenient to divide all optimal trajec-
tories into families identified by the integer parameter n, see (10.1.8). Within each
family, an individual trajectory is identified by two parameters, p;(7) and p,(T).

The maximum principle implies that at least one of the values p;(T) and p,(T) is
nonzero. Therefore, we can normalize the adjoint variables so that p3(T) + p3(T) =
1. Thus, the family of trajectories corresponding to a fixed n depends on one param-
eter. For example, we can take p;(T) = coso and pp(T) = sino. By changing o
in the interval o € [0,27), we obtain all extremal trajectories (x(¢),x2(¢)) of system
(10.1.5) for a given n.

On each phase trajectory, we are interested in the points at which the adjoint
variable p,(¢) changes in sign. We will refer to the points of this type as 1-points.
In addition, we are interested in the projections of the points of intersection of the
trajectory under consideration with other trajectories in the augmented phase space
(x1,x2,1) onto the (x1,x,)-plane. From all such projection points, we select only one
point corresponding to the maximum time instant . We find such a point for every
trajectory. We will refer to the points of the latter type as 2-points. The intersecting
trajectories may belong to either the same or different families, i.e., they may cor-
respond to the same or different n. Note that some points can be both 1-points and
2-points simultaneously.

According to (10.1.11), 1-points are switching points for the optimal control.
From 2-points, the system can arrive at the desired terminal point along different
trajectories corresponding to different controls.

Continuous loci of 1-points form the switching curves, whereas continuous
loci of 2-points form the dispersal curves. Points that are 1-points and 2-points
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simultaneously are points of connection of switching and dispersal curves. Both
switching curves and dispersal curves divide the domains in the phase plane (x;,x2)
corresponding to u = —1 and u = +1. In terms of the field of optimal trajectories,
the difference between the switching curves and the dispersal curves is that the opti-
mal trajectories can only depart from the dispersal curves but cannot arrive at these
curves. No optimal trajectories can coincide with the dispersal curves. At the same
time, the phase state (x;,x;) of the system can arrive at a switching curve, move
along this curve, or depart from it.

The field of phase trajectories will be constructed using the maximum principle
that provides only the necessary optimality conditions. Nevertheless, the obtained
phase portrait provides the optimal feedback control under the condition that an
optimal control exists in the class of piecewise continuous functions u(¢) for each
pair of the initial and final conditions (10.1.7) and (10.1.8). This follows from the
fact that the trajectory arriving at the terminal point from an initial point that does
not belong to the dispersal curve is unique. If the initial point lies on the dispersal
curve, then there exist two extremal curves that start from this point and arrive at the
terminal state, but the motion time for both trajectories is the same.

The software for the numerical calculations presented below in this chapter was
developed in Borland Delphi 5.1 environment. A widespread procedure RKF45 (see
[60, 56, 57, 111]) was used for the numerical construction of smooth parts of the
trajectories. A reliable PASCAL version of the aforementioned procedure can be
found in [55]. We do not give a detailed description of the numerical algorithm due
to its complexity, especially for the unit forming the dispersal curves.

10.2 Swing-up control

10.2.1 Literature overview

The problem of stabilization of a pendulum at the upper equilibrium position has
been a matter of considerable scientific interest. In [114, 74, 92], a pendulum is
stabilized due to the vertical motion of its base. In [66], a pendulum with a fixed
suspension point is stabilized by means of a rotating flywheel.

In a number of papers, controls have been proposed that bring the planar pen-
dulum on a cart to the upper unstable equilibrium position. Global stabilization of
this model has been studied, for instance, in [112, 18, 81]. Time-optimal control has
been studied in [97, 119]. These papers are focused on computing exact switching
times for an open-loop control starting from the down equilibrium.

However, the problem of time-optimal swing-up feedback control for the nonlin-
ear pendulum has not been solved.
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10.2.2 Special trajectories

Let us analyze special trajectories that reach the terminal states (7 4 27n,0) with
constant control u = +1 or u = —1. We will present detailed construction of the
special trajectory for x; = m (n =0), x, = 0, and u = —1. All other special trajecto-
ries can be constructed in a similar way. We will set terminal values for the adjoint
variables so that p;(T) < 0 and p2(T) = 0 and prove that py(r) <0 forz < T. In
this case, condition (10.1.11) will be satisfied. Without loss of generality, we can
normalize the adjoint variables so that

pi(T)=—1,  pa(T)=0. (10.2.1)

We substitute u = —1 into equations (10.1.5) and find the first integral of these
equations
3
> —cosx| +kx; =Cj.
To find the constant C;, we insert the terminal conditions x; = 7 and x, = 0 into this
integral. As a result we obtain

2
% = 1+cosx; +k(m —x1). (10.2.2)
For the trajectory that reaches the terminal state with u = —1, we have, according

to (10.1.5), x, > 0 and x; < & for small positive T —¢, i.e., at the end of motion.
Introduce the change of variable

T—x =y (10.2.3)
to represent (10.2.2) as follows:
X2 =R(y) = [2(1 —cosy+ky)]'/2. (10.2.4)

This function is shown in Fig. 10.3 for various values of k. Its behavior for small
and large y is determined by the expansions

R*(y)=2ky+y*+0(*) as y—0,
(10.2.5)
Rz(y):ZkerO(l) as y — oo,

It follows from (10.1.5) and (10.2.3) that

dy _

— = —R(y) <0.

Therefore, as ¢ changes form T to —eo, the variable y grows monotonically from 0
to eo. Hence, y can be taken as an independent variable along the trajectory under
consideration.



374 10 Time-optimal swing-up and damping feedback controls of a nonlinear pendulum

8 —

R(y)

k=0.5

Fig. 10.3 Function R(y) for different values of k

Let us analyze the behavior of the adjoint variable p,(y) for this trajectory. Note
that, according to (10.1.11), the sign of p, determines the control.

We rewrite the adjoint equations (10.1.10) using y as an independent variable and
taking into account (10.1.5) and (10.2.4):

d d
api_ pacosy - dp2 Pl (10.2.6)
dy  R(y) dy  R(y)
Eliminating p; from these equations, we come to the following equation for p;:
4 (gdr2 _ p2cosy (10.2.7)
dy dy R

Let us multiply (10.2.7) by R and transform it taking into account the relation
dR
R— =siny+k (10.2.8)
dy

following from (10.2.4). We have

d (R2m

d
2 — = [(siny +k)po].
a dy) R [(siny + k) p2]

Integrating this equation, we obtain
2dp2 . .
R== — (siny+k)py = Cy, (10.2.9)
y

where C; is a constant.
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At the terminal time instant = 7', we have, according to (10.1.8), (10.2.1), and
(10.2.3),
y=0, p2=0.
In addition, from (10.2.1), (10.2.5), and (10.2.6), it follows that
dp>

R2d7y:Rp1—>O as y—>0

Substituting these data into (10.2.9), we find C; = 0, and (10.2.9) becomes

d
Rz%—(sinerk)Pz =0. (10.2.10)

Note that the general solution of this homogeneous equation can be expressed as
follows:
p2 =CR(y), (10.2.11)

where C is a constant; this can be easily verified by using relation (10.2.8).
Finally, we obtain from (10.2.6), (10.2.8), and (10.2.11) the expression for p;:

d dR
pr=RX2 — CRE™ = C(siny +k). (10.2.12)
dy dy

Therefore, in order to satisfy the terminal condition (10.2.1) for p;, we should set
C=—1/kin (10.2.11) and (10.2.12).

Thus, we see that along the phase trajectory corresponding to the control u = —1,
the adjoint variable p,(r) is negative for all y > 0 and, therefore, for all # < T.
Hence, this trajectory with u = —1 satisfies the necessary optimality conditions.

Numerical analysis shows that the special trajectory considered above is optimal and
coincides with the switching curve. This is the case also for the trajectory with u = 1
that is symmetric to the previous one about the point (7r,0). The special trajectories
leading to the point (7 +27n,0) can be obtained by shifting the special trajectories
leading to the point (7,0) by 27n.

10.2.3 Numerical results

Figures 10.4 and 10.5 present the field of optimal trajectories constructed accord-
ing to the procedure described in Sect. 10.1.4. The switching curves and dispersal
curves are designated by less thick and more thick lines, respectively. The optimal
trajectories are depicted by thin lines. The arrows specify the direction of the growth
of time along the trajectories. The figures present a part of the phase plane confined
by the switching curves passing through the points (—7,0) and (7,0). The complete
phase portrait can be obtained by a translation of this segment to the left and right
by the quantity 27n, n = £1,£2,....
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T2 k=0.2

Fig. 10.4 Time-optimal swing-up feedback control for k = 0.2

Let us describe the properties of the synthesis patterns obtained. In Figs. 10.4
and 10.5, all switching curves touch the axis x, = 0 by one of their ends, and each
of the dispersal curves divides the optimal trajectories from different families (cor-
responding to different n). The specified properties are related to a special choice of
the values k = 0.2, 0.25, 0.35, 0.5, 0.85, 1, and 2 and may be absent for the other
values.

The figures show that, when k increases, the number of switching curves and
dispersal curves decreases gradually. After passing the threshold value k ~ 0.80,
only special trajectories (investigated in Sect. 10.2.2) and only the smooth dispersal
curve passing between them remain. The specified mechanism of transformation of
the phase portrait corresponding to the optimal feedback control is depicted on a
larger scale in Fig. 10.6 (special trajectories are not shown).

Let us describe the properties of these phase portraits. Note that, in Fig. 10.6,
the switching curves do not touch the axis x, = 0, and the dispersal curve passing
through the point (0,0) has three clearly distinguishable smooth legs. This is ex-
plained by the fact that its middle leg separates the optimal trajectories that belong
to two different families, and any of the extreme legs separates optimal trajectories
of the same family. A similar pattern takes place in a domain close to the origin
and in other ranges of k when the number of switching curves and dispersal curves
changes (for example, see Fig. 10.7, where the threshold value is k ~ 0.44).
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Fig. 10.5 Time-optimal swing-up feedback control for k = 0.25, 0.35, 0.5, 0.85, 1, and 2



378 10 Time-optimal swing-up and damping feedback controls of a nonlinear pendulum

T2 k=10.6 T k= 0.65
[
T~
u =+
0
u=-1
[
-1 0 1T
&2 k=0.75
0
-5 1 -1 0 1
T T
k=077 2 k=0.79
[_. /
0 /
U= —
u=—1
-1 —1 /

1
T T

Fig. 10.6 Transition to a unique (smooth) dispersal curve when k increases, k = 0.6, 0.65, 0.7,
0.75,0.77, and 0.79
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k = 0.36

=

Fig. 10.7 Transformation of the phase portrait when k increases, kK = 0.36, 0.38, 0.4, 0.42, 0.43,
and 0.434
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We can suppose that, when k decreases, the switching curves and dispersal curves
[except for those that pass through the point (0,0) or go to infinity] lie between the
coordinate axes and the special trajectories in the first and third quadrants. Note
that these curves run through the specified domains of the phase plane more or less
uniformly. It is this behavior of the switching curves and dispersal curves that was
obtained as a result of numerical computations. Figure 10.8 presents this behavior.

T k=0.1 T k=0.05

/)
2
2

\

o A

2 31T 0

—
[N
w

0 3 T

Fig. 10.8 Time-optimal swing-up feedback control in the first quadrant of the phase plane for
k=0.1and 0.05

10.3 Damping control

10.3.1 Literature overview

In [20, 65, 83, 82, 58], for sufficiently large values of the control torque, the open-
loop problem and the optimal synthesis of steering the pendulum to the lower stable
equilibrium position were investigated both on the whole phase plane and on the
phase cylinder.

Paper [65] analyzes control problem (10.1.5) and (10.1.6) for an equation that is
more general than (10.1.5). However, in that paper, a time-optimal steering of any
point of the phase plane to the origin was considered, and the cylindrical property
of the phase space was not taken into account. The presence of so-called FLAG
domains in the state space is the most essential feature found in [65]. The results
of [65] were used later in [20], where problem (10.1.5)—(10.1.8) was considered
for even n in (10.1.8), i.e., the cylindrical property of the state space arising in the
problems of controlling a satellite was taken into account.
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Remark 10.1. Here, we use the FLAG term introduced in [20] that is generated by
capital letters of the names of the authors of [65].

In [83, 82, 58], nothing is said about the existence of FLAG domains, and they
are not shown in the synthesis patterns. In other words, the control problem is con-
sidered under the large control torque and in the neighborhood of the terminal state.
In [58], the size of such neighborhood is determined by the auxiliary constraint im-
posed on the motion time along the optimal trajectory. This constraint, in its turn, is
forced to be related with the maximal admissible control torque.

In [17], the problem of optimal control of the mathematical pendulum that also
describes a controlled revolution of a satellite in the plane of circular orbit [16] was
considered. Numerical and qualitative investigations of the open-loop problem of
rotation of the pendulum that is placed initially at the lower stable position by 360°
about the suspension point were presented. The dependences of the optimal time
and the number of switchings on the torque were constructed.

In [75], a controlled mechanical system in the form of a pendulum with a sus-
pension point on the axis of a wheel that can roll on a horizontal plane without slip
was considered. The control torque applied to the wheel was bounded. On the phase
cylinder, a time-optimal control for damping oscillations of the pendulum was con-
structed. An algorithm for constructing an open-loop control that steers the system
from the lower equilibrium position to the unstable upper one with damping of the
velocity of the suspension point at the end of motion was given. The problem ad-
dressed in [75] is essentially different from the problem that is solved in this chapter.

Note that the solution in a neighborhood of each of terminal points is close to the
optimal synthesis for a linear oscillator (see Example 2 in Sect. 1.4). The switch-
ing curve for a linear oscillator consists of an infinite number of semicircles, whose
radius is equal to the maximum admissible control torque. Therefore, the more strin-
gent constraints on control, the smaller the radii of the specified semicircles and the
more frequent the breaks on the switching curve. As k decreases from large values
(k> 1, see Fig. 10.2) to small ones (k < 1, see Fig. 10.9), the switching curves
transform from smooth ones to the curves with breakes. The question arises: at
which values of k the breaks first appear?

The calculations of the authors of this book have shown that the very first of the
specified breaks are generated as a result of transformation of the boundaries of the
FLAG domains that are confined by curves consisting of arcs of switching curves
and dispersal curves. Appearing of the FLAG domains is closely associated with
generation of additional switching curves corresponding to the optimal trajectories
with two switchings of control. Such bifurcation has been analyzed in details in
[101], where the bifurcation value of the maximal admissible control torque has
been obtained. If k ~ 1.04, then one of such switching curves (infinitely small in
size) arises at the point with x; ~ —51.7 and x; ~ 10.4 of the phase plane. An
optimal trajectory with two switchings starting from this point goes the terminal
point (0,0). Its first interval with constant control ¥ = 41 is assumed infinitely
small. As can be seen from these data, for the pendulum it is required to perform
approximately eight complete revolutions until its phase point gets to the terminal
point (0,0) from the specified point.
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X2 A .
2 Dispersal curve

X1

Switching curves

Fig. 10.9 Switching curves in the neighborhoods of the terminal points: k < 1

The further generation of breaks on the main switching curves (when the control
torque decreases) occurs according to a similary pattern, and the process is shown
in figures in Sect. 10.3.3 for various constraints imposed on the control torque.

10.3.2 Special trajectories

Let us analyze the special trajectories that lead to the terminal states (27n,0) for
the constant control # = +1 or u = —1. Consider the special trajectory for x; =0
(n=0), x =0, and u = +1. All other special trajectories can be analyzed in a
similar way.

For the trajectory that reaches the terminal state with the control u = +1, by
(10.1.5), we have x, < 0 and x; > O for small positive T — ¢, i.e., at the end of the
motion. In this case, the solution of (10.1.5) can be represented in the form

X3 =—R(x;) = —[2(—1+cosx| +kx;)]"/2. (10.3.1)

The special trajectory (or its bounded final part, see Remarks 10.2-10.4 below)
described by (10.3.1) satisfies the necessary optimality conditions. This fact can
be proved similar to the case of swing-up control, see Sect. 10.2.2.

Remark 10.2. The function R(x) is defined on the whole positive semi-axis if k >

k*, where k* is determined by the relations

K —sinz, z= tan%, g <z<m (10.3.2)
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By calculations, we obtain k* ~ 0.7246 and z ~ 2.3311. Figure 10.10 shows the
dependence R?(x;) for various values of k.

Remark 10.3. The special trajectory with u = 1 and k > k* is unbounded and de-
scribed by (10.3.1) for 0 < x1 < eo. We found that, if k > kqp, kope = 0.9, then the
whole special trajectory is optimal. If k* < k < ko, then only some final part of the
considered special trajectory is optimal.

Remark 10.4. The special trajectory with u = 1 and k < k* is bounded. Its final part
is described by (10.3.1), where 0 < x; < x]. Here, x] is the minimal positive root of
the following equation

R(x7) =0.

Numerical analysis shows that this final part of the special trajectory is optimal.

The same situation takes place for the trajectory for u = —1 that is situated sym-
metrically to the considered one relative to the point (0,0). The special trajectories
that arrive at the points (27tn,0) can be obtained by shifting special trajectories ar-
riving at the point (0,0) by 27n.

25 — R2 ()C] )

k=0.7246

X1

0
I I I I ! I
0 2 4 6 8 10

Fig. 10.10 Function R?(x;) for different values of k

10.3.3 Numerical results

Figures 10.11-10.14 present the field of optimal trajectories constructed according
to the procedure described in Sect. 10.1.4. Switching curves and dispersal curves are
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designated by less thick or more thick lines, respectively. Optimal trajectories are de-
picted by thin lines. Arrows specify the direction of time growth along trajectories.
The figures present a segment of the phase plane confined by the dispersal curves
passing through the points (—7,0) and (7,0). The complete phase portrait can be
obtained by translation of this segment to the right and left by 27n, n = £1,42,....
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Fig. 10.11 Time-optimal damping feedback control for k = 1.01

Let us describe the properties of synthesis patterns obtained. Figures 10.11-10.13
(k=1.01, 1, 0.85, 0.75, 0.65, 0.64, and 0.62) show the process of generation of the
first break on the switching curve passing through the axis x, = 0. In Fig. 10.11
(k =1.01), we can see the boundary part of the FLAG domain that does not touch
the main switching curve [the special trajectory passing trough the point (0,0)]. In
Fig. 10.12 (k =1, 0.85, and 0.8), similary areas are denoted by a rectangle as well
as shown separately with a larger scale. The comparison of synthesis patterns for
k=1.01 and k = 1 allows one to make the conclusion that the location of the right
boundary of the FLAG domain is sensitive to the parameter k. For k = 0.85, the
FLAG domain and the switching curve merge generating a sufficiently long “slot”
that is much shorter for k = 0.8; and for k = 0.75, 0.65, and 0.64, it transforms
gradually into a sharp “tooth” that is turned so that its peak touches the axis x, =
0 for k£ = 0.62. Meanwhile, the dispersal curve that generates the initial bottom
boundary of the FLAG domain disappears completely.
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Fig. 10.12 Time-optimal damping feedback control for k = 1, 0.85, and 0.8
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Fig. 10.13 Time-optimal damping feedback control for k = 0.75, 0.65, 0.64, and 0.62

Figure 10.14 (k=0.31, 0.305, and 0.3) illustrates the process of generation of the
third break in the main switching curve. This means that the situation is repeated:
new breakes in the main switching curve emerge as k decreases.
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Fig. 10.14 Time-optimal damping feedback control for k = 0.31, 0.305, and 0.3
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