Taras Shevchenko National University of Kyiv
Faculty of Computer Science and Cybernetics

Department of Complex Systems Modelling

GRADUATION THESIS
for a master’s degree

in the specialty 113 ,Applied Mathematics”

on the topic:

Adaptive control algorithms using sensitivity methods

of the 2 year student

Rohovchenko Tetiana Mykolaiivna

Scientific advisor:
Associate Professor, Dr. Sci. in Physics

and Mathematics
Pichkur V. V.

The work was heard at a meeting of the Department of Complex Systems Mod-
elling and recommended for thesis defense, Minutes N 10 of May 8, 2020.

Head of Department Ph. D. in Ph. and Math., Assoc. Prof.
of Complex Systems Modelling Cherniy D. 1.

Kyiv — 2020



Contents

Introduction . . . . . . ... 2
1 Adaptive approach in control problems. . . . . . . . .. ... ... 4
1.1 Features of adaptive approach. Statement of the problem
of adaptive control systems synthesis . . . . . . . . ... .. 4
1.2 Speed gradient method (gradient descent) . . . . . . . . .. 8

1.3 Adaptive control method for linear systems based on the
second Lyapunov method . . . . . . . . ... ... .. ... 9
1.4 Adaptive identification method . . . . . . . . ... ... .. 12
2 Adaptive stabilization of control systems . . . . . . .. ... .. .. 16
2.1 Adaptive stabilization based on the second Lyapunov method 16
2.2 Properties of sensitivity function . . . . . . . ... ... .. 17
2.3 Adaptive stabilization method using sensitivity function . . 19
24 Computational experiments . . . . . . . .. ... ... ... 22
3 Adaptive stabilization in a problem of modal control . . . . . . . . 30
3.1 A problem of modal control in a linear system . . . . . . . . 30
3.2 Computational experiments . . . . . . . . . ... ... ... 32
Conclusion . . . . . . . . . . 44
References . . . . . . . . . .. 45



Introduction

The theory of adaptive systems studies problems in which a priori or current in-
formation is not enough to construct a controller. This theory develops methods
that are aimed at improving the quality of system during its operation by chang-
ing (adaptation) the control algorithm. The problems which control systems
developers face to study today increasingly require to use of adaptive methods.
Indeed, in a long list of unpleasant properties that characterize the complexity of
system (multidimensionality, multiple connection, nonlinearity, non-stationarity,
stochasticity, etc.) uncertainty often comes first. Lack of information increases the
complexity of the problem. The reasons of uncertainty are different. For example,
the lack of ,,good” mathematical models of control object at the conceptual phase,
missing or lack of information about the possible functioning conditions of the sys-
tem, complexity or ,high cost” of computing of systems factors, etc. Among these
problems we can find such problems as control of aircraft, continuous technological
processes, energy complexes, moving objects, navigation problems, etc. [5].

The methods of stability and stabilization theory are basic while studying the
control systems. They are used in the design of systems with a specified quality
of system operating, in the construction of automatic control systems, etc. The
classical approach to solving the stabilization problem is the method of Lyapunov
functions and also algebraic methods for the analysis of stable modes. At the same
time, the requirements for the current control systems are related to the existence
of phase constraints, to construct a controller under conditions of uncertainty.
However, the characteristics of the noise that affects dynamics of the system may
not be known in advance. These circumstances imply the creation of new and
development of available mathematical tools and algorithms that take into ac-
count the specified features. Such approaches include methods of stabilization,
practical stabilization for multivalued right-side systems [9,11,17]. Another tech-
nique involves the construction of robust stabilizing regulators [2,8,13|. Adaptive
methods to the problems of parameter identification and adaptive system con-
trolling were considered in the works [3,4,16]. Approaches to construct adaptive
controllers based on the parametric representation of the Lyapunov function were
highlighted in [7].

Study object: control systems.

Study subject: adaptive control algorithms.

Research aims: develop and study an adaptive method for solving the sta-



bilization problem of control system with parametrically represented regulator;
using the sensitivity function construct an iterative algorithm that implements
adjustments to the stabilizing controller parameters at discrete points of time.

To achieve these goals the following tasks were imposed:

1) perform a review of research areas related to the adaptive control methods;

2) develop a method of adaptive stabilization which allows to adjust the pa-
rameters of parametric stabilizing controller at given discrete points of time; ad-
justments are provided in such a way as to minimize a quality criterion that
describes the distance of the system trajectory to the origin;

3) consider a problem of modal control and adaptive stabilization in noisy
environment;

4) considering as an example the problem of oscillation of two masses per-
form computational experiments to test the effectiveness of the suggested method;
based on conducted researches and obtained practical results analyze and evaluate
advantages and disadvantages of this method.

Research methods: methods of control theory, stability theory, sensitivity
theory, optimization methods.

Research background and significance. The issues leading to the choice
of research topic are as follows:

1) Necessity to create new and develop existing mathematical tools and al-
gorithms that would take into account the features of control systems modelling
and study in conditions of uncertainty:.

2) Applying adaptive control methods to ensure the specified dynamic prop-
erties of the system in conditions of a priori uncertainty of the object parameters
and characteristics of external perturbations.

Research scientific novelty is to develop a new adaptive control method
using sensitivity function.

Research theoretical value. The theoretical value of the suggested method
lies in its flexibility and versatility. Indeed, the method can be applied to the
wide range of problems and modified according to a specific mathematical model
in order to obtain better results.

Research practical value. The suggested method of adaptive stabilization
using sensitivity function can be applied to the design of systems with a given
quality of functioning, while constructing automatic control systems, etc. in con-

ditions of a priori and current uncertainty.



1 Adaptive approach in control problems

1.1 Features of adaptive approach. Statement of the prob-

lem of adaptive control systems synthesis

There are many definitions of what should be understood by training, self-learning
and adaptation [3]. Unfortunately, even regarding to automatic systems these
definitions are quite controversial. By training we will mean the process of de-
veloping in a system a particular response to external signals through repeated
effects on the system and external adjustment. Of course, the system is consid-
ered potentially capable” of training. Self-learning differs from training in that
it has no external adjustments. Additional information (that reaction is correct)
is not reported to the system. By adaptation we will understand the process of
changing the parameters and structure of the system (and possibly the control
effects) based on current information in order to achieve certain (usually optimal)
state of the system with initial uncertainty and changing operating conditions.

At the end of XX century evolution of the theory of automatic control sys-
tems and its practical application was characterized by intensive development of
adaptive control methods. Such methods are used to construct control systems
with significant uncertainty about the parameters of the control object and its
functioning conditions (environmental characteristics) which are available at the
synthesis stage or before the system is operating [1].

There are considered the following control problems in which the dynamic
properties of the object can vary widely in an unknown way in advance. The
initial (a priori) available information is not enough to construct control systems
with optimal (or predetermined) quality parameters. In adaptive control systems
the lack of a priori information is filled in process of its functioning based on
current data of the object behavior. This data is processed in real time (at the
pace of the controlled process) and used to improve the quality of the control
system.

Application of adaptation principles allows [1]:

1) to provide system performance in conditions of significant change of dy-
namic properties of the object;

2) to optimize operation modes of the object while changing its parameters;

3) to minimize the technological requirements for constructing individual units

and elements of the system;



4) to unify individual regulators or block of controllers by adapting them to
work with different objects of the same type;

5) to shorten the time of design testing, increase the reliability of the system.

The adaptive control process can be considered as a process of interaction
of three subsystems [1] such as object, controller of main circuit (own regulator)
which is adjusted and adaptation block (,adapter”). The last two are combined
into an adaptive controller that has a two-tier hierarchical structure.

The regulator of main circuit directly forms the control effect u(¢) that in-
fluences the control object. The law (algorithm) of control in the main circuit
depends on some set of controller parameters # which are adjusted. The adjust-
ment of these parameters is performed at the second level according to some law,
i.e. the adaptation algorithm based on available current information and without
direct using of parameter values which are a priori unknown. A priori information
about parameter values is characterized by defining some set = of theirs possible
values. A specific set of object parameters (and environmental characteristics)
forms a vector of unknown parameters £ € =.

Some control objective is considered to be given. The adaptive controller must
lead to the objective for all £& € =. If this condition is satisfied, then the system is
called adaptive in the class = (or just adaptive). The control objective is usually
given in form of some quality functional (quality criterion). Depending on the
specific problem the control objective is considered to be achieved if the specified
functional either takes an extreme value or its value is within the specified limits.

Apart from the control objective, the adaptation objective is also considered.
It is also formalized by some functional and may either coincide with the control
objective or differ from it playing the role of some subsidiary objective to accom-
plish the basic control problem. Such objective can be, for example, the object
identification, i.e. to obtain estimates é for unknown parameters &.

Thus the most characteristic feature of adaptation is accumulation and imme-
diate using current information to eliminate uncertainty due to insufficient a priori
information in order to optimize the chosen quality criterion. In adaptive control
systems information about the object and external affects is collected during sys-
tem functioning, immediately processed and used to produce control influences.
The development of the control algorithm corresponds to the stage of system
synthesis, the most responsible stage. At the system synthesis stage the system
structure is selected, the parameters of the control algorithm are calculated, the

algorithm is checked and refined according to the results of the simulation (com-
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putational experiments).

Therefore, let the problem of adaptive control be set and formalized [5]. Con-
sider a control object (control system) influenced by measured perturbations
r = r(t), unmeasured perturbations ¢ = ¢(t) and control effects u = wu(t).
Output variables y = y(t) are available for observation. The object behavior
also depends on a number of unknown parameters. The set of such parameters
we denote £. Let Z be a given set of possible values ¢ which define the class of
permissible objects and perturbations. Let the control objective be given in the
form of quality functional (quality criterion) which determines desired behavior
of the system.

We need to define (synthesize) an algorithm for calculating control effects that
uses measurable values, does not depend on ¢ € = and leads to the chosen control

objective for all £ € = [5].
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Figure 1: Adaptive control algorithm

The vector of unknown parameters & usually consists of the equations co-
efficients included in the mathematical description of the object as well as the
coefficients that determine the change in external influences (state of the envi-
ronment). We consider the vector ¢ quasi-stationary, i.e. it is constant or slowly
changing (slower than the dynamic processes in the object and external influ-
ences). The set (class) = characterizes the available a priori information about
the object. The less information about the object parameters is available to the

system developer, the bigger set = is.



The synthesis process of an adaptive controller can be divided into the follow-
ing steps [1]:

Step 1. Choosing the ,perfect” control law. There exists a control law that
provides a fundamental opportunity to achieve the control objective. The vector
of parameters & is considered to be known. The resulting control law cannot be
directly implemented as it depends (in general case) on the unknown parameters
of the object. In this sense it can be called the perfect control law. For example,
such law may be based on the solution of the optimal control problem. But not
only optimal (in general sense) control laws can be considered to be ,perfect”; since
it is supposed that their synthesis assumes the existence of sufficiently accurate
information about the parameters of the object and environment.

Step 2. Choosing the regulator parameters which are adjusted and adapta-
tion objective. The ,perfect” control law depends on unknown parameters which
are replaced by parameters which are adjusted. As a result, there is a control
algorithm that no longer contains unknown parameters, so it can be implemented
by a controller. There are two approaches to the synthesis of adaptive regulators.
In the direct approach the parameters of adjustment are directly the coefficients of
the control law. The identification approach (indirect approach) uses estimation
of the values required for the synthesis of the controller of unknown object param-
eters and characteristics of external influences. Then the procedure of combined
synthesis is performed. The parameters estimates are used to calculate the coeffi-
cients of the control law. When adjustment parameters are chosen, the adaptation
objective (some auxiliary objective condition) is set. In the direct approach the
adaptation objective coincides with the control objective. In the identification ap-
proach the adaptation objective is usually to ensure that the unknown parameters
estimates coincide or are close enough to their true values.

Step 3. Choosing of adaptation algorithm. Adaptation algorithms are usually
recurrent procedures that belong to class of methods of sequential improvements.

Step 4. Study the efficiency of the adaptive system. The final step in the
adaptive controller synthesis is to study the performance of the system taking into
account the nature of perturbations, external influences, restrictions to the state

of the object and other factors that were not taken into account at the beginning.



1.2 Speed gradient method (gradient descent)

The initial data for the synthesis of adaptation algorithm is the adjustment ob-
ject equation and the control objective. Assume that the object is given by the
equation [5]:

T = F(x,0,1),

where z € R" is the object state vector, 8 € R™ is the control vector (of adjust-
ment parameters), the vector function F' is defined for all z € R",0 € R™,t > 0,
piecewise continuous with respect to the variable ¢ and continuously differentiable
with respect to z, 6.

Let the control objective be given in the form of local objective functional
(quality criterion) Q; = Q(x(t),t)). To construct control algorithm we calculate
a scalar function Q; = w(x,0,t) which describes the rate of change @; according

the object equation & = F'(z,0,1t):

0Q(x,1)

w(zx,0,t) = 5

+ (Vo Q(x, )" F(x,0,1)

Find the gradient of w(x, d,t) with respect to

Vow(x,0,t) = (%;) = <%—§> V.Q(x,t)

The algorithm of 6(¢) changing is given by differential equation

Z—f = —I'Vyw(z,0,1),
where I' = I'" > 0 is a symmetric, positive definite matrix.

The constructed algorithm is called speed gradient method (gradient descent),
since it changes 6(t) in proportion to the gradient of the rate of change of Q.
The background of the method can be explained as follows: in order to achieve
the control objective, it is desirable to change 6(¢) in the direction of minimizing
of ;. However, Q; does not depend on #(t) and finding such direction is quite
difficult problem. Alternatively, we can try to minimize @, in order to satisfy the
inequality Q; < 0. The function Q; = w(z, 8,t) clearly depends on 6(t). It allows

us to construct this algorithm.



1.3 Adaptive control method for linear systems based on

the second Lyapunov method

There are two basic approaches to system adaptation that are oriented toward
observation or a reference model. In adaptive systems with a reference model
the desired object dynamics is given by a model that is a sample or reference for
the object. Therefore it it called a reference model. The model is a stationary
dynamic system with known parameters, the input data is the same as for the
control object.

Consider motion equation of the object and reference model [6]:

(p)

W pwy ) 4 By, (1.3.1)
dt

dy(™)

Zt::Am@mL+Bmm7 (1.3.2)

where u(t) is a test signal, A" is an asymptotically stable matrix, A®) A(™) B®),
B are known n x n- and n x r-dimensional matrices respectively, y(p)(t) and
™) (t) are n-dimensional state vectors of the object and reference model respec-

tively. The r-dimensional control vector is chosen in the form

U:Q@)Fwﬁm@+uwy

where Q(t) is r x r-dimensional unknown direct control matrix, F'(t) is r X n-
dimensional unknown feedback matrix. The problem is to find such matrices Q(t)
and F'(t) that the following condition is satisfied:

lim Hy(p)(t) - y<m>(t)H —0

T—00

Then the system (1.3.1) looks like

dy)
dt

— [A(p) + B<p)QF] yP) 4+ [B(p)Q} u
Assume there exists such () and F' that

B(p)@* _ B(m), Al 4 B(p)Q*F* — A(m) (1.3.3)



These conditions are called consistency conditions. Write the system of ordinary

differential equations for the error vector e = y(™ — ¢

de_

== Ame o [A<m> _oA) B(p)QF} y® 4+ 4 [BW _ B(p@} w  (1.3.4)

Denote
d(t) = A — Al _ BPQF (t) = B™ _ B

and consider the Lyapunov function
1
V = (Pe,e) + étr(fb*(t)cb(t) + U (1)W(t))
The matrix P is defined from the Lyapunov matrix differential equation

A P4 pAM = _Q

Then v
== = (Qe.c) + (POt e) + (PU(t)u,e) +
dd* dU* dd* dU*
_ (p) ,* *
+tr { = o + o \If] (Qe, e)+tr [y e PO(t) + ue"PU(t) + 7 ¢ + o v
To satisfy the condition
av
= —(Qe, e
iy =~ Qe
we put
dd* dU*
— _yPerp — —uetP
a L Ty T
In (1.3.1), (1.3.2) consider the case
AP = Am) = 4 BW) = M) = B
Thus we have the systems of differential equations
dy?) dy™
= Ay + B = Ay™ + B 1.3.5
7 y? + Bo,— y"™ + Bu, (1.3.5)

where v = Q(t) [F(t)y® + u]. The the system (1.3.5) can be rewritten as:

dy?)
dt

= [A+ BQt)F ()] y + [BQ(1)] u(?).
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We assume that A is asymptotically stable matrix. Write the differential equation

for the error vector: y
d—i = Ae — BQFy™ — BQu. (1.3.6)
Denote ®(t) = Q(t)F(t), V(t) = Q(t). Construct the Lyapunov function
V = (Pe,e) +tr [®*(t)P(t) + U*(£)¥(1)].

Compute the total derivative of V' with respect to ¢ on the system trajectories of

ordinary differential equations (1.3.6):

d
O =~ (Pe.c) — (PO, ) — (PU(tu,c) +
Ao dv
' 3 vl
o [ FTART }
ot 4+ i
—sPe*PB — ue*PB. 1.3.
a VT T T (137

From (1.3.7) we obtain:

Q

d
= * * o = * <p)*
= B'Peu’, — (Q)F(1)) = B Pey".

Thus y .
d_ch + Q(t)—— = B*Pey®",

dt

dar dQ

— = t) | B*Pey®W* — —XF| =
=0 ()[ ey o ]

= Q7 (t) [B*Pey(m* - B*Peu*F} — Q '(t)B*Pe [y(m* 0 F] '
Finally we get

d dF

d_ff? = B*Peu”, o= Q (t)B*Pe [y(p)* — u*F} . (1.3.8)
We assume that in (1.3.8) matrix Q(t) is nondegenerate. We obtained in explicit
form the matrix differential equations for Q(t) and F'(t) in order to adjust the

object trajectories (1.3.1) to the reference model trajectories (1.3.2).
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1.4 Adaptive identification method

Assume the object motion equation is given in the form [6]:

dy?)
dt

= AWy 4 Bl)y, (1.4.1)

where y?)(t) is n-dimensional state vector, u is r-dimensional control vector, A®)
and B®) are n x n- and n x r-dimensional unknown matrices respectively which
are slowly changing with respect to time. Consider the reference model

Y™ o ) gl (149)

o Y : 4.

The variables y™, A v, B0 have the same dimensions as the correspond-
ing variables in the system of differential equations (1.4.1). The matrices A™)
B are chosen in such a way that the reference model has the desired dynamic
characteristics and the matrix A is asymptotically stable. The problem is to
determine by the test control signal u(t) and the corresponding vector of observa-
tions y® the unknown matrices AP and B®) of the object. To solve this problem

we use the second Lyapunov method. Define the error vector

(m) _ o),

c=Y Y

which satisfies the differential equation

de

== Ame 1 (A<m> _ A(p)) ) 4 (B<m> _ B(p)) w—

(1.4.3)
= AMe + A(t)y® + B(t)u.

Suppose that all elements of A® and B® can be separately matched to the
corresponding elements of A™ and B . Define

Alt) = A — AW = (q;5(1))!

1,j=1"

B(t) = B — B = (by (1)1

i=1,j=1"
Take the Lyapunov function in the form of

n T

(Pe, e) +Z—afj+zzib2
Bij

1,5=1 =1 j=1

12



To obtain asymptotic stability in the space of errors vectors we choose the un-
known parameters of the system of ordinary differential equations (1.4.3) in such a
way that the total time derivative of the function V' (e, t) according to the system

(1.4.3) is negative definite, i.c.

<Cf:l_‘t/> (1.4.3) - oleed A

where A*P+PAM = —@Q, Q is n x n-dimensional positive definite, symmetric

matrix. Thus we obtain

dV de de "~ 2 day
— = p= Pe. — —a;;—2
dt < dt’€>+< ‘f’dt>+; ot

=1

+ZZ% i dt = —(Qe,e) +

=1 j5=1

(p)*A*(t)Pe + u*B*(t)Pe + e*PA(t)y (p) (t)+

da;
+e*PB(t)u(t) + Z o f;tf ZZ 5 dt .
5] Jj=1

In order to satisfy (1.4.4) we assume

e PA(t)yP(t) + e* PB(t)u(t)+

"4y dag; bi; db;,
t2 a; i ZZBL i

7]71

Here is taken into account that
yP* A*(t)Pe = e* PA(t)y"), u*B*(t)Pe = e*PB(t)u.

We rewrite the obtained equations as follows

Z Z ekpkiaij(t)yj(.p) + Z Z Z erPribij (t)u;(t)+

k=1 i,j=1 k=1 i=1 j=1
n
aij dam bZJ db”
+y 2 =0,
1,7=1 J 7=1 '

13



n
1 daw
S, [ 15

i.j=1

n r 1 dbz n
+ ; ; bij [ﬁ_w dt] + ; ekpkiuj (t)

Choose the elements of the matrices A(t) and B(t) according to the differential

= 0.

equations

dai- i ..
dt] = Ty (Z €kpk¢> yﬁp), ,,7=1...n, (1.4.5)

k=1

db;; . . .
dtj = —Bi (Z ekpki) uj, t=1...n,j=1...r. (1.4.6)

k=1
If in the adaptive adjustment algorithms (1.4.5), (1.4.6) there is significant at-
tenuation, then the second algorithm which can be obtained using the Lyapunov
function is applied to adjust the object parameters based on the observation sig-

nals of the model parameters.

2

(Pe,e) + Z azj )+ QGjYij (Z ekpki> yj(-p) +
=t S (1.4.7)
+ Z Z ﬁ [ + BZ] ij (Z ekpki> uj] .
i=1 j=1 14 k=1
The object parameters are chosen such that
v . ]
dt = <Q€ e) — 2 Z Qv Yij (Z ekpkiy]('p)> -
i,j=1 k=1
n T n 2
-3 (Sema)) = (@ee- (148
i=1 j=1 k=1
n A2 n T 9
—2 Z QijVijli; — Z Z Bii0ij (1))
ij=1 i=1 j=1

Here pfy = Y75 ekpkiyj(-p),uf} = > i erpri;. Based on (1.4.7), (1.4.8) we

obtain adaptive adjustment algorithm of the elements of matrices A(t) and B(t):

av

dt = —(Qe,e) + 2 <PA(t)y(p)7 e> +2(PB(t)u(t),e) +

14



Oéij

n (4)

2 | da; A A

= [ dt] —+ Oéij'}/ijd—;] [aij(t) + Ozij’yijmugj )(t)} +
1,7=1

noor (B)
+ZZ§” [dbw Bij0ij MU ] [bij(t)+/3ij5z’jmu§f) (t)} =

i=1 j=1

Qe 23wl 33 s (1)

1,j=1 =1 j=1

From the equation above we have

n (4)
1 | da; dpg; (1)
Z ekpkzamyj —f— Z [ dtj + 041]’}/@]# Qjj — 07

k,,j=1 1,j= 1

dpd Pt
Z Z ek:pkzszuj + Z Z Blj [db” 6”62]“@#()] bl] = O,

ki=1 j=1 =1 j=1

n

(4)
1 | da;; dp; (t) A
Z i [ dt] + O"’ﬂ”# O"'ﬂ"j”g’j (1) =

(B) "
t( )] Bij wﬂgf)(t) =

== Bydun (1)

i=1 j=1

Based on previous system adaptive adjustment algorithms are defined:

daij .. (A) d:uz'j
Y (Mw T )

(B)
db;; .. dfs;;
- = —fij (M,(f) + 52’]'—]) ;

dt dt
A n n
Nz('j) = (Z €kpkz‘> yj(-p), uEf) = (Z ek:pki) (7
k=1 k=1

Here oj, Bij, 7ij, 0ij are parameters of algorithm convergence adjustment.
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2 Adaptive stabilization of control systems

2.1 Adaptive stabilization based on the second Lyapunov

method

The system
T = f(z)+ F(z)0 + g(x)u (2.1.1)

called absolutely adaptive stabilizing [7], if there exists a function a(z, 0) defined
on (R™\{0}) x R? such that «(0,0) = 0, a smooth function 7(x,8) and also

p X p-dimensional symmetric, positive definite matrix I' such that

u=a(z,0) (2.1.2)

A

6= I'7(z,0). (2.1.3)

The control in (2.1.2), (2.1.3) guarantees that the solution (z,0(t)) is absolutely
bounded and z(t) — 0 while t — oo V8 € RP. The approach is to replace the
adaptive stabilization problem of the original system (2.1.1) with the problem of

non-adaptive stabilization of the modified system.

Definition 1. A smooth function V, : R” x R" — R, which is positive definite
and unbounded in x V@ is called Lyapunov function for the adaptive control
system (2.1.1), if there exist a positive definite, symmetric matrix I' € RP*P such

that V0 € RP, V,(x, ) is Lyapunov function of control system

i = f(x) + F(x) (e 4T @;) > + g(a)u, (2.1.4)

and V, satisfies

ENIECIAY Vi)’
zllrelﬂg{(ax) [f(a:)+F(x)(9+F(ae)>+g(m)u
Theorem 1. The following statements are equivalent:

1. There exists a triple (o, V,, T') such that oz, 0) absolutely stabilizes (2.1.4)
inx =0Vl e RP with V,(x,0) which is the Lyapunov function of this system.

} < 0. (2.1.5)

2. There exists Lyapunov function V,(x,0) for the adaptive control system
(2.1.1). In addition, if such Lyapunov function exists, then (2.1.1) is the abso-

16



lutely adaptive stabilizing system.

Remark. The question remains. If there exists Lyapunov function for the adaptive
control system (2.1.1), is this system absolutely asymptotically stabilizing V6 and
vice versa? In some literature there is found Lyapunov function construction in
the case of not only an absolutely stabilizing but also an absolutely asymptotically

stabilizing system.

2.2 Properties of sensitivity function

The basic method of research in sensitivity theory is using the so-called sensitivity

function [15]. Let aq, ..., a,, be sets of parameters which together form the set
a. Therewith state variables Yi,...,Y,, and quality criterions Ji, ..., Js are one-
to-one functions of parameters aq, ..., qy,, i.e.

Yi(t,a) =Yi(t,0q, ..., ) Vi,

Jj(Oé) = Jj(Oél, ce ,Oém) VJ,
Definition 2. Partial derivatives

8)/; (t, Oé) 8JJ (Ck)

Y

(2.2.1)

80% 80%

are called sensitivity functions of the first order of Y;, J; with respect to corre-

sponding parameters [15].

Definition 3. Partial derivatives of k-th order of Y;, J; with respect to a1, ..., ay,

ak Z(t,a)k | (Z Jg(oz)k kit ky, =k (2.2.2)
Oai'...0ayy Oay'...0ay!

are called sensitivity functions of the k-th order with respect to corresponding

combinations of parameters [15].

[t is obvious that the sensitivity functions of the state variables Y;(t, a) depend
on t and parameters aq, ..., a,, and the sensitivity functions of the quality crite-
rions depend only on the parameters oy, ..., a,,. It is supposed that derivatives
(2.2.1), (2.2.2) exist. Definition (2) also assumes that the sensitivity functions
are independent of the order of differentiation with respect to relevant parame-

ters. For this it is sufficient to assume that in some neighborhood of the point
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alaq, ..., a,) of the space of parameters there exist all possible derivatives of
(k — 1)-th order and also mixed partial derivatives of k-th order. Moreover all
these derivatives are continuous.

The sensitivity functions of different orders are solutions of special equations
that can be directly obtained from a known parametric system model. Such
equations are called sensitivity equations. The set of the initial mathematical
model and some auxiliary relations that determine the sensitivity functions is
commonly called the system sensitivity model.

Consider the dynamical system

dxz(t
"0 fa).p). € 0. T], 223)
with the Cauchy condition
2(ty) = 2o(p). (2.2.4)

Here v = (71,29, ..., x,)" is the state vector, f(z,p,t) = (fi(x,p, 1), ..., fu(z, p,1))*
is continuously differentiable function with respect to z and p, p = (p1, p2, - - -, Pm)
is parameter, xo(p) is continuously differentiable function from R™ to R™.

Definition 4. The sensitivity function of the system (2.2.3) at the point p = p is

a function which according to (2.2.1), (2.2.2) is given by the relation U(t) = %ﬁ;ﬁ).

Here x(t) = x(t,p) is the solution of the system (2.2.3) while p = p. From
(2.2.3), (2.2.4) we obtain an equivalent integral equation

z (t,p) = xo(p) /f

Differentiate the last equality with respect to the variable p and substitute p = p.

We get an integral relation for finding the sensitivity function

_ Ozo(p) " (Of ((s), B, ) Of (x(s),p,s)
Ut ==, +/t< by U ) )ds.

Differentiate the last equality. Thus sensitivity matrix satisfies the matrix differ-

ential equation (sensitivity equation)

dU (t) _ of (z(t),p: 1) of (x(s),p,t)
dt Ox U+ Op
Oro(p) (2.2.5)
U (ty) = gp .
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2.3 Adaptive stabilization method using sensitivity func-
tion

Let the control system be given in the form [9, 10, 14|

d
d—f = f(z,u(z,p,t), 1), t > t. (2.3.1)
Here x = (1,22,...,x,)" is the state vector (of phase coordinates), u =

*

(w1, ug, ..., up)* is the control vector (of control affects), u(0,p) = 0, p =

<p17p27 "'7p7‘)*
hand sides of system (2.3.1) which is continuously differentiable with respect to

is the vector of parameters, f(z,u,t) is vector function of right

the variables x, v and continuous with respect to time ¢ on R” x R™ x R!,
£(0,0,t) = 0.

Suppose the control u = wu(x, p,t) solves the stabilization problem of system
(2.3.1) for all p € P, where P C R" is an open set. It should be noted that there
exists a number of factors that significantly affect the behavior of system, choosing
of parameter p € P and which may be unknown before the stabilization algorithm
start. For example, the initial conditions (or initial data) may be unknown; there
are noises affecting the right side of system and the nature of these noises cannot
be determined in advance.

Thus we suggest to make adaptive adjustments of the parameter p depending
on the current system state. We will implement change in the value of parameter
p at discrete points of time t; < to < ... < t; < .... Suppose that the parameter p
takes constant values p = p(, i = 0, 1, ... on intervals (¢;, t;41). At the time points
t corresponding to different intervals the values of parameter p can be different.

By xz(t,p) we denote the solution of system (2.3.1), x(ty) = xg while u =
u(x, p,t) is the control function. According to the theorem on continuous differ-
entiation of solutions of the system of differential equations by parameters the
function x(¢, p) is continuously differentiable with respect to the variable p under
the condition the control function u = u(z, p, t) is continuously differentiable with
respect to the variable p. At the time points ¢ = ¢; the realization x(¢, p) is known
as the solution of (2.3.1) which corresponds to the parameter value p = pli=b),
Based on this realization we look for such parameter value p() that minimizes the

quality criterion in the form below

Ii(p) = Il (ti; p) |I* — min. (2.3.2)
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Apply the approaches that are characteristic for the second-order optimization
methods and also use the properties of the sensitivity matrix. We perturbate
the parameter p at the point pi~Y by h and write the solution of system (2.3.1)

taking into account the linear approximation
v (0 4 1) = (8, p070) Wt g+ (), (2.3.3)

Here W (t) = W (t, p"=Y) is the sensitivity matrix of system (2.3.1) which corre-
sponds to the solution x(t, p) while p = p~, h belongs to R", r;(h) is infinites-
imal value with respect to A while h — 0. The sensitivity matrix satisfies the

matrix differential equation

dW (¢)
dt

= F(t,p)W(t) + g(t,p), W(t) =0, t € [t1, tis1], (2.3.4)

where F(t,p) = 2te) o SN OD) gy gy = ALIZULD -y — pli-1) - Here

f(t,p) = f(a(t,p), u(z(t, p), p, 1), u(t,p) = u(z(t,p), p,t).
Denote 2 = 2(t;, ptY). Omitting in (2.3.3) the function r;(h) we substitute
linear approximation to x (¢;, p"Y + h) into the functional (2.3.2). We obtain

the quadratic functional of the form

J (h) = <x(“ + W (ti)h, 2 + W(tz-)h> _

= {2l 2O (W ()W 1)k B +2 (B, W (1))

Look for the parameter h = k(") using the minimizing condition of .J (h). From
dJ(h®)

5 = 0 we obtain the system of linear algebraic equations for finding o)

Suppose that the matrix W*(¢;)W (¢;) is nondegenerate. Then

WO = —(W* (L)W (£:)) " W ()2, (2.3.5)
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Taking into account (2.3.1), (2.3.4), (2.3.5), the method can be rewritten as

d :
= (e p?,0),),
x(ty) =xgif i =0, x2(t;) = (ti,p(i_l) ifti=1,2,...,
dt - F(t7p<i))W(t) + g(t7p(i>)7 W(tl) =0,1t¢€ [tiytiJrl]a

plith = pl) _ S@'(W*(ti+1)W(ti+1))_1w*(ti+1)x(H_l)7 % = po,

where s; € (0, 1] is chosen such that pt*! € P, i =10,1,....
If the matrix W*(t;41)W (t;41) is degenerate of close enough to degenerate,
then regularization of the method can be applied (2.3.6). For this purpose we

introduce the regularization parameter € > 0. For this parameter we have

X (e, 0),1),
x(ty) =z ifi =0, z(t;) =z (ti,p(i_l)) ifi=1,2,..., (237
2.3.
dW (t . _

p(H—l) _ p(z’) . Si(W*<ti+1)W(ti+1) + 8[)_1W*<ﬁi+1>$(i+1)7 p(o) = Do,

where s; € (0, 1] is chosen such that pit) e P i =0,1,..., Iis mxm-dimensional
identity matrix. It should be noted that

Hm (W (tig )W (1) + D)W (L) = WH(ti),

e——+0

where W™ (¢;,1) is a pseudo-inverse matrix to the matrix W (t;;1). Thus in (2.3.7)

the last line can be modified as
P = p@ — s Wt )2, pO = py. (2.3.8)

Let the system (2.3.1) be linear and look like

d
d—f:AHBu, >t

where A, B are n X n- and n X m-dimensional matrices with constant coefficients.
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Assume that the control which solves the stabilization problem has a form of
u=C(p)r,

where C'(p) is m X n-dimensional matrix, whose components depend smoothly on
p. Then the methods (2.3.6), (2.3.7) will be written similarly taking into account

that F(t,p) = A+ BC(p), g(t,p) = Lo,

2.4 Computational experiments

To perform computational experiments consider the adaptive adjustments of con-
troller parameters in the stabilization problem of the system of oscillation of two
masses [9,10,14].

— Vi — 2

>
R

,;// ot
. st [5|[])

’///—J::{"H"-—'— M _1"5 M, —.rw..——

/| f4(t) —=

777 [7/////////////////7] 777

B,
Figure 2: Mathematical model of two-masses oscillation with friction

The mathematical model of oscillation of two masses My, My which interact
through the friction forces B, B;, By and are connected by springs with appro-
priate rigidities K, K7, K5 has the form

2
My (B4 By) U | (K 4 Ky) g (1) — B22Y — Koy () = ug (1),

2
My™220) 4 (B 4 By) %20 4 (K 4 Ky) g (£) — B2 — Ky (1) = —us (t).

Here y1, yo are deviations of masses My, My from the equilibrium, uy (¢), usg (t)
are external forces acting on the masses My, M, respectively. Suppose that M,

Ms, B, By, By, K, Ky, Ky are given positive constants. Such system can be
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presented in the form

(dy, d
ydt(t) =y3 (1), yfzzft) = (1),

MY (K + K)oy (8) — Ky () + (B + By) s (t) — Bya (t) = uy (1),

\MQ_dyét(t_) — Ky (t) + (K + K2) y2 (1) = Bys (t) + (B + B2) ya (1) = —u2 (1)
(2.4.1)

We consider the problem of stabilizing the equilibrium point of system (2.4.1)

in which the external forces u; (), us (t) play the role of control functions. The

problem is to find the controller in the form of feedback control.

w1 (Y1, Y2, Y3, ya) = Aan + Crya + Dyys + Erya,

(2.4.2)
ug (Y1, Y2, Y3, ya) = Aatn + Coya + Days + Eays.

Here Ay, C4, D1, Ev, Ay, Cy, Do, E5 are coefficients determined so that the trivial
solution of system (2.4.1) is asymptotically stable. The following statement holds.

Theorem 2 (On the controller parametric representation). Suppose that the co-
efficients Ay, C1, Dy, E1 satisfy the following conditions

K+ ¢,
B+ E;

M (K + C)
B+ E;

C, 4 K, if B, = —B.

A £ K+ K, —

<B+Bl_D1_ >7ZfEl7é_Ba

(2.4.3)
Suppose also that As, Cy, Dy, Es are defined as the solution of system of linear
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algebraic equations LT =q. Here T = (Ay, Cy, Dy, Es)*,

K2ks + k2 + kyh? k2 4 kyk? ky )
S p 3 1 3 1 Ry
__ BMi+ BMy + BiMy + ByMy — D1 My
g1 = M1M2 )
B AiMy, — BBy — BBy + BD; + BE| — B1By + BoD; — KM,
g2 = M, M,
— KMy — K{My — KoM,y
M; Mo ’
B AiB+ A1By+ BCy — BK; — BKy — Bi1K — BiKy — KBy — K132+
g3 = M, M,
DK + KoDy + FZIK - AIK+AKy+ KO, — KK — KKy — K1 Ky
M1M2 y g4 = M1M2 )
000 a
0 abd 1 B+E, K+
L= L a=—, b="—"—"— c="—"—
b d ¢ M, M M, M, M,
c e 0
L_BEBI-D K4k - A
- MM, T MM,

ki, ko, ks, ky are arbitrary positive constants. Then the controller (2.4.2) is the
solution of stabilization problem of system (2.4.1).

Proof. Substitute the control function (2.4.2) into (2.4.1). Obtain the system of

ordinary differential equations with its characteristic polynomial P (\) = \* +
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P13+ paA? + psA + py. Moreover

Ey n BM, + BMy + By Ms 4+ Bo My — D1 M,

PL=7 My M,
Co (B+E)Dy (B+By—Di)E, 1
_ _ A M, — BB;—
P2 MQ+ M, M, + M, M, MlMQ[ 12 !

—BBy+ BD{+ BE| — B1By + BoD1 — KMy — KMy — K{M, — KQMl],

B+E)A B+ B, — D) C Ci+K)D

p3:(+1)2+(+1 1)2+(1+ )2+
M1M2 M1M2 M1M2

K+Ki—A)E 1
( +MlM ) L ——[AB+ A By + BC, — BE, — Bl
14VL2 14VL2

—B1K — Bi1Ky — KBy — K1By + D1 K + KoDy + B K],
(oK) Ay | (K4 K= A)Co
My Mo My M,

[AlK +A1K2 + KCl — KKl — KK2 — KlKQ].

P4 =
1
My My

(2.4.4)
According to Routh-Hurwitz stability criterion the zero equilibrium point of the

system is asymptotically stable if and only if
Ay =p1 >0, Ay =pips —p3 >0, Az =p3Ay — pap; > 0, Ay = psAs > 0.

Put Ay = ky, Ay = ko, Ag = k3, Ay = ky, where ky, ko, k3, ky are arbitrary pos-

2 2 2
itive constants. Then p; = k1, ps = %, p3 = k?’;zzzk%, Py = Z—i The sys-
tem (2.4.4) can be rewritten as LT = g. Its solution is a vector (Asg, Cy, Dy, Eo)*.

—ac2 .
bcdeac if

b#0;c#0if b=0. It is equivalent to (2.4.3) and gives the conditions to find
(A1, Ch, Dy, Eq)*. The theorem is proved. O

The conditions for the nondegeneracy of matrix L are as follows: e =#

Remark. If in the theorem formulation k; = ko = k3 = k4 = p, then

1 *
9= <p+g1,2+];+gz,1+p+93,1+94)
Computational experiments. Assume the control function (2.4.2) is such

that Al, Cl, Dl, El, A2 = Az(p), CQ = Cg(p), D2 = Dg(p), E2 = Ez(p) Satisfy

the conditions of the theorem on the controller parametric representation while
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< dy;t(t) _ (—K—AI4<11+A1)y1 (t) + (Kj\ﬂ;_cl)y (t) + (—B—JS%DQ% (t) + %ZM 1),

) (2+p ' +g) +es(L+p+gs)+ew(L+g4),
) 2+p " +g2) +eas(1+p+gs) +eau(l+a1),
Ds (p) = es p+g1)+€32(2+p_1+92)+€33(1+p+93)+634(1+94)7
) ( ) ( ) ( )

2+4p 4 go) +e(1+p+gs)+ew(l+gy),

e;j are components of matrix L7' 4,5 =1,2,3,4. The equation for sensitivity
function W (t) = (w1 (t), wa(t), ws(t), wa(t))* looks like

)
dwdlt(t) = ws (t) : d’wdgt(t) _ w4(t)
) dw;t(t) _ (—K—]f\/[(ll—l—Al)wl (t) + (K&_Cl)wZ (t) + %U& (t) i (BJ\ZEl)w4 (t),
dwc?t(t) _ (K*ﬁj(p))wl (t) + (K- f& Ca(p ))w2 (t) + (B*J\I/iz(p))w3 () +
—B—B,—E, Al (p o D), E,
| AR, (1) — Ay (1) — Gy (1) — s (1) — By (1),

t € [ti,tiv1], wi(t;) = wolt;) = wg(ti) = wy(t;) = 0. Here AL(p ) e +
e13 — enp %, Cy(p) = ea1 + €23 — exp ™7, Dz( ) = e31 + €33 — e3P Ez( ) =
€41 + €43 — eqp >

We apply in this case the method (2.3.8) and present the results of computa-
tional experiments.

FExperiment 1. Input data: My = 2, My = 5, B =5, By = By = 0.001,
K = K; = Ky = 3. Initial conditions: y;(0) = y2(0) = y3(0) = y4(0) = 10. The

condition of algorithm termination

ly(T)Il <,

where ¢ = 0.1, T is the time of algorithm termination. We choose s; = 1, if
pli*) > 0, otherwise s; = 0.5s; while pi*t) < 0,7 =0,1,.... Denote 7 = t; .1 —t;,

1 =0,1,..., i.e. the step of method is constant.
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At p = 0.3 provided that the controller is chosen according to the statement
2 without applying (2.3.8) the algorithm termination time is 7" = 243.974. The
plot is given in the Figure (3). We choose py = 0.3 as initial approximation and
apply the method (2.3.8). We obtain T" = 110 while 7 = 5. The plot is given in
the Figure (4).

Ezrperiment 2. Input data: My = 125, My, =249, B =12, B1 =9, By, = 10,
K =47, Ky = 35, Ky = 46. Initial conditions: y;(0) = 100, y(0) = —100,
y3(0) = 100, y4(0) = 100. The condition of algorithm termination

ly(T)I < e,

where ¢ = 0.1, T is the time of algorithm termination. We choose s; = 1, if
pU*) > 0, otherwise s; = 0.5s; while pi*t1 < 0,7 =0,1,.... Denote 7 = t; 1 —t;,
1 =0,1,..., i.e. the step of method is constant.

At p = 10 provided that the controller is chosen according to the statement
2 without applying (2.3.8) the algorithm termination time is 7' = 1920.145. The
plot is given in the Figure (5). We choose py = 10 as initial approximation and
apply the method (2.3.8). We obtain T' = 120 while 7 = 10. The plot is given in
the Figure (6).

Features of the experiment. To perform the computational experiment the
developed algorithm was implemented using the programming language Python
in web-based interactive computational environment Jupyter Notebook.

Analysis of the method advantages and disadvantages. The stabi-
lizing regulator can be moving into the desired neighborhood of initial conditions
for very long time. The idea of developing the adaptive stabilization algorithm
using the sensitivity function is predetermined to improve the time of entry into a
given neighborhood of initial conditions. The main advantage of the method is its
adaptability which allows to take into account the current system state, adapting
to changing environmental conditions, and to work in the conditions of a priori or
current uncertainty. The stabilizing regulator may not depend on the parameter,
but the stabilization time can be quite long. Thus it is reasonable to consider the
dependence of controller on the parameter that we will adjust at discrete points
of time.

The main disadvantage of the suggested method is that it is local, because
due to the linearization of the system solution the method works only in the

neighborhood of linearization. It cannot work in any arbitrary neighborhood.
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Behaviour of solution without applying a methed
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Figure 3: Behavior of solution without applying a method — Experiment 1

Behaviour of solution applying a method
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Figure 4: Behavior of solution using the method — Experiment 1

28



Behaviour of solutien without applying a method
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Figure 5: Behavior of solution without applying a method — Experiment 2

Behaviour of solution applying a method
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Figure 6: Behavior of solution using the method — Experiment 2

29



3 Adaptive stabilization in a problem of modal

control

3.1 A problem of modal control in a linear system

If the dynamic system is unstable, we can try to achieve the stability of a closed
system by introducing feedback control [12]. In many cases, using feedback control
we can not only stabilize the system, but achieve any given spectrum of the matrix
of closed-loop control system (that is the so-called modal control problem). In
other words, any desired characteristic polynomial of a closed-loop control system
can be obtained. We give the main results for the closed-loop control systems
with scalar control

r = Az + bu, (3.1.1)

where A € R b e R", z € R", u e R.

We will look for control in the form of a static output feedback control
w=klz, keR" (3.1.2)
then the matrix of closed-loop system will take the form
A, = A+ bET. (3.1.3)

Let A be an arbitrary set of n numbers \; € C, i = 1, ..., n, which satisfies the
following condition: if \; € A, then A\ € A. Then the polynomial

n
pls) =JJ (s = X) = 5"+ puas™" +-- + prs+po
=1

has real coefficients. The converse also holds. The set of roots of any polynomial

with real coefficients satisfies the indicated condition [12].

Theorem 3. If the pair (A,b) is controllable, then there exists a vector k € R"

such that the eigenvalues of matriz A. (3.1.3) coincide with a pre-given set A.

Proof. As it is known, any control system with scalar control can be transformed

into canonical form by nondegenerate transformation of variables.
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Precisely, using linear transformation

~

=Tz

with nondegenerate matrix

( 1 0 ... 0
Ap—1 1 .. 0
T'=(A""b...Ab b)|
a9 0
\ al as . Ap—1 1/
the system (3.1.1) is rewritten as
=A% +gu,
where
0 1 0 0
~ 0 0o . : ~ :
A=TAT ' = . b=Tb= : (3.1.4)
: : 1 0
—ayg —aip ... —Qap-—1 1
If we look for control in the form
o
~ - | &
w="k'%, k=|""|eRr",
ko,

the matrix of closed-loop control system will look like

0 1 0
- 0 0 :
Ac=A+bk" =
: : 1
—agp+ky —a1+ki ... —a,_1+k,—1
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and its characteristic polynomial is

~

§" 4 (ap_1 — kn_1)s" "+ -+ + (ag — ko).

Choosing

~

ki:ai_piv 1= 17"'7”7

we get that its coefficients coincide with the coefficients of polynomial p(s), i.e.
the eigenvalues of matrix A, coincide with the set A.
Finally, taking k = T7k we obtain

Ac= A+ k" =TAT ' + Tok™T " = T(A+ bk")T ' = TAT .

Since det(T~') = #(T), the characteristic polynomials of A, and TA ! are

the same. Thus the eigenvalues of ﬁc and A. coincide. The theorem is proved. [

Corollary 3.1. Under the assumptions of theorem (3) a closed-loop control sys-
tem can be made stable, if the set A consists of all such \; that Re); < 0,

1=1,...,n.

The required regulator £ is given in analytical form by the following formula
(Ackermann’s formula):
k=—eTU p(A), (3.1.5)

where U = [B AB A’B ... A”_IB} is the controllability matrix of system (3.1.1),
p(A) = (A= MI)(A—XoI)...(A—\,1) is the matrix characteristic polynomial,

[ is identity matrix, and
=0 0...0)F eR"™

The practical applicability of this formula is limited by scalar systems of low

order.

3.2 Computational experiments

To perform computational experiments we consider the same problem of two

masses oscillations as in subsection 2.4, but now we assume that the control
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function w(t) is scalar, i.e. uy(t) = uo(t) = u(t). We obtain the system

W= Ay +bu, t>t

(3.2.1)
y(to) = yo
where

0 0 0 0

0 0 0 1 0

A= _xix & B B 0= L

M, My M, M1 M,
K  K+K, B _ B+B, 1
M2 M2 M2 M2 M2

Computational experiments will take place in three stages:
Stage 1. Solving the problem of modal control

Consider the problem of modal control where we need to find feedback control
u(t) = k"y = kyyr + kays + ksys + ks (3.2.2)

such that characteristic polynomial of the system (3.2.4) has pre-given roots \; €
R', i =1,...,4. Choosing \; € R!, i =1,...,4 such that Re\; < 0,i=1,....,4 we
obtain the stabilizing controller of the form (3.2.2).
During the first stage we solve the modal control problem — compute the vector
k by Ackermann’s formula (3.1.5) and observe the behavior of solution of such
system
dy

= (A4 bED)y, t>t (3.2.3)

Stage 2. Behavior in noisy environment

Assume there exist some noises N (), where N (t) is 4 x 4-dimensional matrix
with elements n;;(t), i,7 = 1,...,4 such that at each time moment ¢ n;;(t) is the
realization of random variable uniformly distributed on [—R, R], R is pre-given
positive constant. Assume also that at some moment ¢, > t; these noises start to
affect the system (3.2.3):

W= (A+bkT)y, t€[to.t) (3.2.4)

W — (A 0kT)y, t>t,

where A = A+ N(t).
We observe the behavior of solution of system (3.2.4). We expect that in noisy
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environment the quality of stabilization is getting worse and in some cases the
control system can even become unstable.

Stage 3. Applying the method of adaptive stabilization

At time moment ¢, to the vector kT = (ki ks, k3, k4)T which defines the control
function u we add a parameter pT = (pi,p2, p3, ps)? and obtain a parametric

controller

u(t,p) = k! (p)y = (k1 +p1)y1 + (ks + p2)ya + (ks + p3)ys + (ks + pa)ya.

We apply the method of adaptive stabilization using sensitivity function (2.3.8)

and observe the behavior of solution of such system

W= (A+0kT)y, teltt.)

‘ - (3.2.5)
D= (A+bkl(p)y, t>t.

Results of computational experiments

Ezxperiment 1.  Input data: M; = 70, My, = 100, B = B; = By = 1,
K=K =Ky=30,t=0,t, =t =0, \{ = =A3 =Xy =—-0.1, R =0.01.
Initial conditions: y1(0) = —20, y2(0) = 30, y3(0) = 20, y4(0) = 10. First, we

solve the problem of modal control. We obtain such results:
kT = (116.085, 26.108, —86.824, —88.891)7

y1(T) =0.071, yo(T)=—0.07, y3(T)=—0.006, y4(T) = 0.006,
T = 202.134 is stabilization time.

The plot is given in the Figure (7). Then we perform noises simulations. As we

can see from the Figure (8) stabilization process becomes slower:
y(T) =—0.608, wy(T)=0.611, y3(T)=—0.558, w4(T") = 0.566,

T = 1000.009 is algorithm termination time.

Finally, we introduce parameter p = (py, pa, p3, ps)’ by adding it to the vector
kT. Taking pi = (0,0,0,0)T as initial approximation we apply a method of
adaptive stabilization using sensitivity function (2.3.8) and correct the parameter

value starting from the moment ¢, = 0 after each time gap 7 = 20. We obtain

34



Behaviour of solutien of system without noises
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Figure 7: Behavior of solution without noises — Experiment 1

Behaviour of solution of system with noises
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Figure 8: Behavior of solution in noisy environment — Experiment 1
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such results:
y1(T) = —0.007, yo(T) =0.007, y3(T)=0.002, ys4(T)= —0.002,

T = 160.009 is stabilization time.

After applying the method we get even less stabilization time than it was before

noises simulations. The plot is given in the Figure (9).

Behaviour of solution of system with noises and parameter adjusted at discrete time moments
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Figure 9: Behavior of solution with method — Experiment 1

Ezrperiment 2. Input data: M; = 120, My, = 390, B = By = By = 5,
K=K =Ky,=20,t0=0,t, =t =0, \1 =X = A3 =X\ =—0.1, R=0.1.
Initial conditions: y;(0) = —50, y2(0) = 50, y3(0) = 50, y4(0) = 50. First, we

solve the problem of modal control. We obtain such results:

kT = (38.765, —21.001, —52.977, 58.675)7,

y1(T) =0.073, yo(T) = —0.067, y3(T) = —0.006, y4(T) = 0.005,
T =179.229 is stabilization time.

The plot is given in the Figure (10). Then we perform noises simulations. As we
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can see from the Figure (11) stabilization process becomes slower:
y1(T) = —0.079, yo(T) =0.041, y3(7) =0.031, y4(T) = —0.033,

T = 302.889 is stabilization time.

Finally, we introduce parameter p? = (py, p2, p3, p4)’ by adding it to the vector

Behaviour of solution of system without noises
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Figure 10: Behavior of solution without noises — Experiment 2

kT. Taking pl = (0,0,0,0)T as initial approximation we apply a method of
adaptive stabilization using sensitivity function (2.3.8) and correct the parameter
value starting from the moment ¢, = 0 after each time gap 7 = 10. We obtain

such results:
y1(T) = —0.014, yo(T) = —0.036, y3(T) =0.011, y4(T) = —0.004,

T = 270.009 1is stabilization time.

After applying the method we get less stabilization time than in case of noises
simulations. The plot is given in the Figure (12).

Experiment 3.  Input data: M; = 220, My, = 320, B = By = By = 5,
K=K =Ky,=20,t=0,t. =01, A\ =X =X3=X\ =-0.1, R =0.1.
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Behaviour of solutien of system with noises
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Figure 11: Behavior of solution in noisy environment — Experiment 2

Behaviour of solution of system with noises and parameter adjusted at discrete time moments
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Figure 12: Behavior of solution with method — Experiment 2
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Initial conditions: y;(0) = —100, y2(0) = 100, y3(0) = 20, y4(0) = 30. First, we

solve the problem of modal control. We obtain such results:
kT = (43.234, —16.414, —229.817, —230.825),

y1(T) =0.071, yo(T) = —0.069, y3(T)= —0.006, y4(T) = 0.006,
T = 181.889 is stabilization time.

The plot is given in the Figure (13). Then we perform noises simulations. As we

can see from the Figure (14) stabilization process becomes slower:
y1(T) = 152.770, yo(T) = —153.705, y3(T) =7.499, (1) = —9.667,

T = 1000.009 is algorithm termination time.

Finally, we introduce parameter p = (py, pa, p3, ps)’ by adding it to the vector
kT. Taking pi = (0,0,0,0)T as initial approximation we apply a method of
adaptive stabilization using sensitivity function (2.3.8) and correct the parameter
value starting from the moment ¢, = 0.1 after each time gap 7 = 20. We obtain

such results:
y1(T) = —0.056, y2(T)=0.013, y3(T)=0.043, y4(T)= —0.067,

T = 280.109 1is stabilization time.

After applying the method we get less stabilization time than in case of noises
simulations. The plot is given in the Figure (15). Experiment 4. Input data:
M, =20, My =10, B=B) = By = K = K; = Ky = 0.1, tg = 0, t, = 0.05,
A1 =X = A3 =X, =—0.1, R =0.1. Initial conditions: y;(0) = —10, y2(0) = 10,
y3(0) = 20, y4(0) = 10. First, we solve the problem of modal control. We obtain
such results:

kT = (0.722,0.622, —7.6, —0.1)7

y1(T) = 0.057, yo(T) = —0.082, y3(T) = —0.004, y4(T) = 0.006,
T =172.619 is stabilization time.

The plot is given in the Figure (16). Then we perform noises simulations. As we
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Behaviour of selutien of system without noises
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Figure 13: Behavior of solution without noises — Experiment 3

Behaviour of solution of system with noises
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Behaviour of solution of system with neises and parameter adjusted at discrete time moments
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Figure 15: Behavior of solution with method — Experiment 3

can see from the Figure (17) stabilization process becomes slower:
yi(T) = 0052, yo(T) = —0.079, 13(T) = —0.012, ya(T) = 0.027,

T = 663.079 is algorithm termination time.

Finally, we introduce parameter p? = (py, pa, p3, ps)? by adding it to the vector
kT. Taking pi = (0,0,0,0)T as initial approximation we apply a method of
adaptive stabilization using sensitivity function (2.3.8) and correct the parameter
value starting from the moment ¢, = 0.05 after each time gap 7 = 150. We obtain

such results:
y1(T) = —0.069, yo(T) =0.041, y3(T) = —0.002, y4(7T) = 0.001,

T = 300.059 is stabilization time.

After applying the method we get less stabilization time than in case of noises

simulations. The plot is given in the Figure (15).
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Behaviour of selutien of system without noises
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Figure 16: Behavior of solution without noises — Experiment 4

Behaviour of solution of system with noises
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Figure 17: Behavior of solution in noisy environment — Experiment 4
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Behaviour of solution of system with neises and parameter adjusted at discrete time moments
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Figure 18: Behavior of solution with method — Experiment 4

Based on conducted computational experiments we can conclude that apply-
ing the method of adaptive stabilization using sensitivity function (2.3.8) we can
obtain different results and this depends on the choice of method parameters.

Varying the method parameters we can achieve better quality of system stabiliza-

tion in noisy environment.
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Conclusion

During preparation of the graduation thesis for a master’s degree there was per-
formed:

1) an overview of the research areas related to adaptive control methods (the
first section highlights the features of the adaptive approaches in control problems,
gradient descent method, adaptive control method for linear systems based on the
second Lyapunov method and adaptive identification method; the beginning of
second section describes adaptive stabilization of control systems based on the
second Lyapunov method); an overview of the sensitivity function properties and
the formulation of modal control problem;

2) development of the adaptive stabilization method using sensitivity function;
this method allows to adjust the parameters of stabilizing controller at discrete
moments of time minimizing the quality criterion which describes the distance of
system trajectory to the origin;

3) consideration of the problem of modal control and adaptive stabilization in
noisy environment;

3) conduction of computational experiments to check the efficiency of sug-
gested method; the experiments were based on the problem of stabilization of two
masses oscillation system;

4) analysis of the developed approach advantages and disadvantages based on
conducted research and practical results.

The research result is the suggested method of adaptive stabilization using
sensitivity function, the practical value is its application in the conditions of a
priori and current uncertainty in the design of systems with a given quality of
functioning, in the construction of automatic control systems, etc. The method
can be modified and improved in order to obtain better results.

The results of research work were highlighted in the scientific article and also

reported at the two scientific conferences.
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