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RATIONAL CONTROL OF OBJECTS WITH UNCERTAIN DYNAMICS

The reasons causing uncertainty in the dynamics of objects are considered on the example of aerospace engi-
neering. Objects of automatic control, consisting of control objects, servo drives, and sensors, are subjects to
the influence of indefinite external and internal disturbing influences, which destabilize their performance.
Classical methods of automatic control of such objects do not allow obtaining the desired quality indicators.
For the rational control of such objects with uncertain dynamics, a new approach has been proposed, which is
based on a deep diagnosis of the causes of destabilization and flexible restoration of working capacity. The
main provisions of the method of rational control are described. A new class of mathematical models called
diagnostic is presented. In-depth diagnostic procedures are formed using formalized and weakly formalized
models of the processes of regular and abnormal operation of the control system. For the formation of a priori
and a posteriori knowledge of the causes of malfunctioning, structures of developing dichotomous trees are
used, representing a kind of product knowledge bases with a design in nodes “if ... then ...”, with logical rules
for obtaining a diagnosis of the causes of destabilizing effects. A method for solving diagnostic problems for
objects with uncertain dynamics is described. To restore the performance of objects with uncertain dynamics,
the use of redundant means has been proposed: signal and parametric adjustment, reconfiguration of algo-
rithms and hardware. The process of parrying destabilization, which was diagnosed, is formed using the sec-
ond method A. M. Lyapunov. This method ensures the stability of the system and the specified quality control.
Rational adaptation to destabilizing effects is based on the use of intelligent procedures for in-depth diagnosis
of the causes of a malfunction of the control system and a flexible restoration of working capacity in real time.
Such procedures allow for productive training in order to preserve the efficiency of the control system
throughout the entire life cycle. The results of applying the method of rational control to a number of model
samples of aircraft are given.

Keywords: rational control; objects with uncertain dynamics; the event uncertainty destabilizing impact
efficiency; diagnostic model; deep diagnostics; flexible recovery; dichotomous tree; Lyapunov function.

Introduction

The growth of consumer requirements for the
quantity and quality of functions of control systems of
autonomous objects is in contradiction with the growth
of a priori and an aposteriori uncertainties of the condi-
tions of their functioning. The uncertainty of the condi-
tions is due to the action of disturbing influences in the
design. Thus, in aerospace engineering, the functional
properties of automatic control objects (ACO) consist-
ing of an aircraft, actuators and sensors substantially
depend on the flight conditions. The functional proper-
ties of ACO are influenced by external conditions (pres-
sure, density, turbulence, temperature, etc.) and internal
(malfunction, breakdowns, damages, failures, etc.).
These conditions are, in fact, destabilizing effects on the
functional properties of ACO, i.e. destabilize their per-
formance. Destabilizing effects can occur at any time
during the flight, in any part of the ACO, with an un-
known pattern of manifestation. There are a number of
destabilizing effects models based on various hypothe-
ses regarding their properties. At the same time, tools of
probability theory, interval analysis, etc. are used to

describe it. Describing of destabilizing effects as indefi-
nite events seems to be the most adequate.

In models and methods of adaptive control, as a
rule, probabilistic and interval descriptions of destabiliz-
ing effects are used [1, 2]. These descriptions do not
fully correspond to the real nature of destabilizing influ-
ences. The presentation of destabilizing effects in the
form of models with event uncertainty reflects their
properties more adequately. Therefore, it is not possible
to resolve effectively the contradiction between the
growth of consumer requirements and the growth of
uncertainties in the conditions of operation with the help
of classical adaptive tools. More complete resolution of
the contradiction requires the search of new approaches.

The rapid progress in the production of real-time
digital signal processing equipment and software con-
tributes to the expansion of the functionality of automat-
ic control systems for autonomous objects. This circum-
stance makes it possible to attempt to automate such
functions of human professional activity, like diagnos-
ing inoperable control systems, and restoring lost func-
tions. Diagnosis and restoration of control systems are
based on professional competencies — experienced
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knowledge. The tools of artificial intelligence allow
forming knowledge bases in established areas of activity
with the help of experts. The formation of knowledge
bases for new objects of control, especially with proper-
ties that change in an indefinite way, is problematic.

An effective resolution of the contradiction seems
to be an approach to adaptation through rational control
based on a deep diagnosis of the causes of destabiliza-
tion of control objects and flexible restoration of lost
functions. Rational management should be formed using
a priori knowledge obtained in the design process and
an aposteriori knowledge acquired through diagnostic
procedures in the operation of objects with uncertain
dynamics.

Thus, the scientific problem of adaptive control of
autonomous objects with uncertain dynamics caused by
destabilizing effects seems to be relevant.

The article proposes an approach to solving this
problem through rational control based on the proce-
dures of deep diagnostics and flexible recovery of work-
ing capacity in real time.

1. Main Issues
of Rational Control Approach

Rational control is a new and developing trend that
emerged from the study of fault-tolerant control sys-
tems [3-8].

1. The control system of an object with uncertain
dynamics can be represented as consisting of two inter-
related subsystems. The first named as automatic con-
trol object (ACO) includes a control object, actuators
and sensors. This subsystem is a heterogeneous for-
mation, since it consists of components that are different
in physical principle and functional properties, which
determines its vulnerability to various kinds of disturb-
ing influences.

The second subsystem named as automatic control
unit (ACU) is a controller with the appropriate hardware
interface. The perfection of the hardware and software
of the subsystem has led to a high level of its reliability
and survivability compared with the first subsystem, and
therefore it can be assumed that it is invulnerable to
various disturbing influences.

2. External disturbing effects on the object and in-
ternal acting on the first subsystem (malfunctions, fail-
ures, failures, breakdowns, noise and interference) are
effects that destabilize the performance of the entire
control system. Such impacts are destabilizing effects.

3. Destabilizing effects are one-time uncertain
events characterized by the appearance at an unknown
point in time, in an unknown structural part of a subsys-
tem, with unknown properties. Event uncertainty of
destabilizing effects is due to the peculiarities of the life
cycle of objects with uncertain dynamics as unique

products operating in changing and partly defined con-
ditions.

4. The event uncertainty of destabilizing effects
can be reduced by indirectly detecting their occurrence
due to a malfunction of the control system. And then, by
the consequences of their actions, find the cause that
gave rise to a malfunction. Such a procedure for finding
the causes of a malfunction can only be a deep diagnosis
procedure.

5. The procedure of deep diagnostics should allow
forming in real time on indirect signs, using the princi-
ple of sequential removal of uncertainty, the diagnosis
i. e. the conclusion about an avoidable cause that has
impaired the performance of the control system.

6. Procedures of deep diagnosing are formed using
formalized and weakly formalized models of the pro-
cesses of regular and abnormal operation of the control
system. For the formation of a priori and an aposteriori
knowledge of the causes of a malfunction, structures of
developing dichotomous trees are used, which are a type
of production knowledge bases with a design in nodes
“if ... then ...” with logical rules for obtaining a diagno-
sis of the causes of destabilizing effects.

7. For flexible restoration of the performance of
the management system for objects with uncertain dy-
namics, built-in redundant, heterogeneous types of
means are created, ensuring the ability to maintain per-
formance throughout the entire life cycle. The choice of
excess funds for the current recovery of health is made
on the basis of the diagnosis and on the principle of
“stinginess”, namely, the least “popular” means are se-
lected from those currently available.

8. The classical principle of adaptation is based on
the use of information about the deviation of the current
characteristics of the control object from the reference
ones. Instrumental design tools for adaptive control, as a
rule, are formed on linearized representations of infor-
mation transformation processes in the system.
Linearized models reflect the features of management
processes in the “small”. Destabilizing effects lead, in
some cases, to significant changes in the structure and
parameters of the ACO, which makes it necessary to
consider management processes “in large”, following
the terminology of A. M. Lyapunov [9]. Accidents and
disasters in aerospace engineering convince of the need
to consider performance as a dynamic state that needs to
be managed “in large” throughout its life cycle in order
to stabilize it.

9. Rational adaptation to destabilizing effects is
based on the use of intelligent procedures for in-depth
diagnosis of the causes of impaired control system per-
formance and flexible real-time restoration of perfor-
mance, allowing for productive training in order to pre-
serve the control system's performance throughout the
entire life cycle.
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10. Rational adaptation is implemented compre-
hensively both at the component and system levels on a
single methodological basis using the same type of
models and tools according to the system criterion of
the minimum adaptation time.

11. The further development of the classical prin-
ciple of adaptation is to use throughout the entire life
cycle of deeply diagnosing the causes of destabilization
and flexible restoration of working capacity. In fig. 1 a
block diagram of a rational control of an object with an
indefinite dynamics is presented [10]. The block dia-
gram consists of two interconnected subsystems. The
first subsystem is an automatic control object (ACO)
consisting of a control object, an actuator unit (AU) and
a sensor unit (SU). The subsystem is affected by many
uncontrolled destabilizing effects D, which significantly
affect the performance of the ACU.

| ACO _i
| ——> AU Cco SU —
L T ||
-+ ==+ — — —4 F— T
| ARU SRU |
: s ADU sDU e |
S S
| oDU |
) |
| StRU |
| |
| ACU
- acu _|

Fig. 1. Block diagram of rational control system
of an automatic control object with uncertain dynamics

The second subsystem is the device of rational
control (URU). So, in order to ensure the efficiency of
the AU, the actuator diagnostics unit (ADU) is used.
The results form the control signals to restore the per-
formance of the AU. For diagnostics of S, a sensor di-
agnostics unit (SDU) is used, in which the cause of non-
operability is identified, and the result of the diagnosis
enters the sensor recovery unit (SRU). In this block,
control actions are formed on the SU, restoring its
measurements.

As the restoration of the AU and the measurements
of the SU is completed, the enabling signals are re-
ceived by the object diagnostics unit (ODU), in which
the signals from the input and output of the OAU are
diagnosed. The diagnosis of the state of the object enters
the system recovery unit (StRU), in which changes in
the structure and parameters of the automatic control
unit (ACU) are formed. In this device, control actions

are formed on the ACO, ensuring the restoration and
stabilization of the performance of the entire system of
automatic motion control of an object.

In the absence of destabilizing effects, the diagnos-
tics blocks ADU, SDU and StDU consistently issue
corresponding signals that allow the normal mode of
functioning of the ACU, ensuring the operability of the
closed-loop automatic control system.

To implement the rational control of objects with
uncertain dynamics a new technology for conceptual
design is needed. The productivity of the technology of
conceptual design of rational control of objects with
uncertain dynamics depends on the used tools. The clas-
sical tools used in the traditional technology of concep-
tual design of motion control systems do not fully corre-
spond to the goals and objectives of rational control.
This circumstance led to the development of new con-
ceptual design tools.

2. Problems of Diagnostic
and Solution Tools

The tasks of diagnosing objects with uncertain dy-
namics and their connection with each other can be rep-
resented using a block diagram (Fig. 2).

Forming of the set D and
parametrization of direct signs
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Development of diagnostic
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diagnosis

Fig. 2. Block diagram of a set of diagnostic tasks

A lot of destabilizing effects D is formed at the
stage of preliminary design of the system of rational
control. Based on the features of the ACO, the condi-
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tions of the life cycle of the control system, the availa-
ble depth of diagnosis and possible redundant means of
restoring health, the developers form a compromise list
of destabilizing effects that can affect the performance
of the ACO at all stages of the life cycle. Each destabi-
lizing effect is associated with three parameters that
characterize its appearance in ACO — q;, the place of

manifestation — f; and the class — y;. The parameters

describe such destabilizing effects that must be estab-
lished in the process of diagnosing ACO.

To describe the processes of influence of destabi-
lizing effects on the dynamics of ACO, a new class of
diagnostic functional models (DFM) is used. DFM re-
flect the connection of direct signs of destabilizing ef-
fects with indirect ones. The simplest DFMs are devel-
oped on the basis of linearized ideas about the processes
of signal conversion to ACO [11]. So, in a discrete
space of states DFM in a generalized form can be repre-
sented as follows:

A [ (k+1)To | =[ Aix(KTg )+ Bju (KTo ) | A%;

AX; (0) = AXip;

Ay; (KTo ) = CAX; (KTo ) + @
+[ Cix (KT )+ Nju (KTo ) | A%;

i=1aq,

where Ax;(KTy) — n-dimensional vector of deviations
caused by the  destabilizing  effects  of

d;, Ax; (KTg) € AX"; x(kTg) — n-dimensional vector of
the nominal state of

0CO,  x(KkTy)eX";

u(KTy) — r-dimensional vector control effects of ACO,

u(kTp)eU"; Ay;(KTy) — m-dimensional vector of

indirect effects,
Ay; (KTp) e AY™;
actions AL € {Aaj, ABj, Ayi}, C— (mxn)-ACO meas-

urement matrix; A;,B;,C; and N; — matrix of sensi-

signs of destabilizing

A); — direct signs of destabilizing

tivity functions of the corresponding matrices of ACO
nominal model on generalized parameters AX;.

Al € {Aaj, AB;, Ay}, generally describes a destabiliz-

ing impact properties d; €D, i=1q; Ty — sampling

period k=1,1.

The quality assessment of the developed DFMs is
performed using diagnostic criteria. Diagnosability re-
fers to the property of equations (1), which consists in
the presence of a unambiguous connection of direct
signs of destabilizing effects d; e D with indirect

Ay; (KTy), i=1q, and the possibility of their deter-

mination on a finite time interval.

Criterion for structural diagnosability. For the
structural diagnosability of ACO, it is necessary and
sufficient that the matrices

A B —

where linearly independent in all pairwise combina-
tions.
Criterion of signal diagnosability. Structurally

diagnosable ACO —L; will be signal diagnosed if and
only if vectors Ljw (KTy),i =1q are linearly independ-

ent in all  pairwise  combinations.  Here

wT (KTp)=[x(kTp) u(KTp)].

The use of diagnosability criteria allows for de-
signing the ACO to form such a structure and select
such modes of operation, which provide using DFM
described by equations (1), solving problems of detec-
tion, localization and identification of one-time destabi-
lizing effects.

The vector of indirect signs of destabilizing effects
Ay; (KTp), as a rule, contains an excessive amount of

components. It is possible to eliminate the redundancy
of indirect features through logical tables and minimiza-
tion procedures. Logical tables are formed by passing
from indirect signs in the form of discrete functions of
time Ay;(KTy) to indirect signs in the form of Boolean

variables z; obtained using two-digit predicate equa-
tions:

z; =S,{|AY; (KTo)| - 83, 3)

where S,{} — symbol of two-digit predicate; &;— thres-
holds.

To ensure the efficiency of diagnosis, it is neces-
sary by means of minimization to form a non-redundant
number of components in the Boolean form. In solving
this problem, diagnostic logic models (DLM) are used.
DLM reflect the qualitative connection of direct signs

A%; with indirect signs z;, j=Lm using a Boolean
variable. In form, these are tabular models linking a
vertical g-dimensional column of signs AX; with an m-
dimensional horizontal row using a variable. The varia-
ble takes the value “1” if there is a connection and the

value “0” if there is no connection between the signs.
To minimize the following recurrent procedure is used:
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Ml:{zjl};
o @)
e o]

where z]l —signs z;, containing "1" in the i-th row of

the table; M; — a set of indirect Boolean attributes con-
taining "1" in the first line of the table; A — symbol of
the conjunction; M, — the set of minimal conjunctions
at the second step.

At the last g-th step of the recurrent procedure, all

minimal conjunctive forms are obtained using the equa-
tion

Mq :{{r?]iqn}[{zjq}/\Mq_lJ} 5)

The choice of a rational set of indirect signs is
made on the basis of the conditions of a specific prob-
lem of diagnosing through a technical and economic
analysis of the obtained minimum sets of sets Mg and

the choice of the appropriate one. A suitable set of min-
imum Boolean features allows you to create a new table
linking the direct signs of destabilizing effects AX; with
a minimum set of indirect ones z;. Such a relationship
in tabular form allows you to create effective machine
production knowledge bases.

When solving the problems of forming algorithms
for detecting, localizing and identifying destabilizing
effects, the corresponding canonical DFMs are used,
which have the property of complete diagnosability and
minimality of indirect signs. The calculation of direct
signs AL € {Aaj, AB;,Ayj} of destabilizing effects is
reduced to the sequential solution of inverse problems.

Consider in the general form of the tools of direct
evidence of the formation of estimates. DFM in the ca-
nonical form can be represented by the following equa-
tions:

AX{ [ (k+1)To | =[ Aix'(kTo )+ Bju (k) | A%y

AX{ (0) = Xio;

Ay} (KTg) = C'Ax{ (KTg )+ (6)
+[ Cix'(KTg )+ Nju' (kTo ) | Ad;

i=1q,

where designation " x' " and others refer to the new var-
iables and matrices satisfying the canonical conditions.

In the presented system of algebraic equations, the
unknown parameter will be AX; . Of all the equations of

system (6), the simplest in structure equation is chosen,
from which the algorithm of step-by-step determination

of values A (kTy) for a number of quantization cy-

cles k =1,7 is formed. Further, according to the formu-
la of the arithmetic mean value

M=

ARy =23 A (KTp) ™
Mk=1

finds an estimation of the direct sign d; of destabilizing
effects.
A more accurate estimation of the direct sign Ak,

if necessary, can be calculated using batch or recurrent
algorithms for arithmetic mean estimation.

The formation of a priori and an aposteriori
knowledge of the direct signs of destabilizing effects
lies in such a machine representation of them, so that,
by operating with them, a complete diagnosis of an
emergency situation caused by the current destabilizing
influence can be obtained in real time.

Through the canonical DFM described by the sys-
tem of equations (6) at the stage of preliminary design
of rational systems, the equations form algorithms for
obtaining estimated values of direct signs of supposed
destabilizing effects.

To formalize knowledge of destabilizing effects,
products are used based on rules that allow knowledge
to be presented in the form of a “if ... then ...” sentence.
When forming a set of products, two-digit predicate
equations of this type are used:

~ 1, if Ai‘i EQi;
2 =S, {Ahi} = A ®)
0, if Ak; 2,

where A%; — estimated value of the i-th direct sign;
Q; — the set of values of the i-th sign.

More detailed two-digit predicate equations have
the following form:

2 =S, {|aki] > 8}, ©)

where &; is the interval value of the sign;
or this one:

2 =S {8 [ [(k+1)To J- a2 (KTo ) 3 o)
k=1n;; p;=0,85
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where n; is the number of measurements on the diag-
nostic interval; p; — trust ratio.

Other forms of knowledge representation using
predicate equations are also used.

For the formation of correct logical conclusions,
the method of ordering products using dichotomous
trees is used. A dichotomous tree is a means of a hierar-
chical organization of knowledge, where each node con-
tains specific knowledge and references to left or right
descendants. The node at the very top is called the root.
Nodes without descendants are leaves. The organization
of knowledge through dichotomous trees can signifi-
cantly reduce the time of formation of the current diag-
nosis. The search for knowledge in the linear structures
of knowledge is carried out by sequential enumeration
of all elements of this structure. A search on a tree rep-
resents a directed search; therefore it takes much less
time, thus ensuring the speed of diagnosis.

To ensure the maximum possible efficiency of di-
agnosis, dichotomous trees are balanced according to
various criteria, which make it possible to form a ration-
al tree structure that satisfies the requirements of the
speed of diagnostic processes.

The nodes of a dichotomous tree are formed using
two-digit predicate equations of current knowledge of
direct signs of destabilizing effects. At the root of a di-
chotomous tree is knowledge about the detection of a
destabilizing effect. Next is the knowledge of the place
of it appearance. Below are the predicate equations for
classes and specific types of destabilizing effects.
Leaves of a tree are specific physical types of destabiliz-
ing effects.

3. Problem of Recovery and Solution Tools

The cause of destabilization identified in the pro-
cess of diagnosing is required to be neutralized by using
the appropriate redundant means to achieve the main
goal of rational management — ensuring the operability
of the ACO.

ACO must have the property of recoverability. Re-
coverability is a property of ACO, which characterizes
the possibility of its transfer from an inoperable state to
a healthy state by means of parrying destabilizing ef-
fects d; € D on a finite time interval.

An ACO is called recoverable if the means of res-
toration are formed that allow compensating for the in-
fluence of destabilizing effects Ay; (kTy)—0 insucha
way that the final time interval is acceptable.

The set of tasks arising from the restoration of

ACO working capacity and their connections can be
represented using the following scheme (Fig. 3).

The first task of recovery is to choose the means of
restoring the ACO on the basis of;

1) the current knowledge base about the tools and
current recovery criteria;

2) the current conditions for the performance of
functional tasks assigned to the ACO;

3) the stage and status of fulfilment of the mission
of control object.

L

Choosing of resources

Y Y
Parametric Algorithm
adjustment reconfiguration

A Y
Signal Hardware
adjustment reconstruction
0
- Automatic D
|| control object ||
u(kTp) y(KTo)

Fig. 3. Block diagram of aggregate recovery tasks

The choice of redundant recovery tools is based on
the current knowledge base [12]. The base of
knowledge about the means of restoration can be repre-
sented using table 1, where types of destabilizing effects

d;,i =1q are placed horizontally, and the means of
recovery effects vj, j:L_q used to parry them are

placed vertical.
When designing ACO, such means are chosen that
can fend off several species d;, which is reflected by a

variable oj; taking the value “1” if it is possible to neu-
tralize the type of destabilization d; by means of a re-
covery tool vj, or the value “0” if it is not possible.

Parameters |, j=Lp numerically equal to the

“19’

number in the column characterize the recovery
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rank. The more types of destabilization d; you can fend
off by using the tool v;, the higher its rank.

Table 1
Base of knowledge about the means of restoration
Types of Recovery tools Lovel
effects vy vy | et v,
dq o11 o1p oo o1 o
d, Oy G2 oo oo c,
Rank | | |2 .. IM

The parameter c¢; numerically equal to the sum of

“1” in the line characterizes the level of recoverability
of the destabilization type d;. The bigger c;, the more

resources can be used to restore the operation. The table
is formed from the condition of satisfying the following
Ve >cp, i=1q and

criteria  for recoverability:

vljzlp, j=Lu. Here cy is the required level of

recoverability, and Iy is the allowable rank of the re-

covery tool.

In the process of evolution ACO table 1 should re-
flect the current state of the cash recovery, i.e. each time
a recovery tool is selected and used, the corresponding
column is deleted from the table. In essence, the table
represents the dynamic structure of the knowledge base
of the recovery tools. Production rules in the equivalent
format of the production knowledge base on the restora-
tion of working capacity are formed according to the
lines of the table like this: “if the diagnosis is d; and

among all the means for which Gij =1, Ij has a mini-

mum value, then a means of recovery is chosen”.

For full restoration of the ACO working capacity,
a procedure is required to introduce the selected agent in
the process of countering the type d; of destabilization,

in order to ensure the sustainability of the transfer pro-
cess from inoperable to operational condition, and its
quality.

Signal or parametric adjustment, reconfiguration of
algorithms and devices can be acceptable means of re-
covery for many objects. For the formation of proce-
dures that ensure the sustainability and quality of recov-
ery processes, an approach is used based on the Lya-
punov functions. The specificity of the recovery tools
generates the corresponding methods for the synthesis
of recovery algorithms.

The recovery process is described by the following
system of recurrent equations:

AY; [ (k+1) Ty |=Ray; (KTo)+he[ o(KTo) J;

: )
o(KTo)=c" Ay; (KTp); Ay; (0) = Ay,

where Ay; (KTq) is the vector of deviations of the ob-

ject of adaptation caused by the destabilizing effect
dieD; R, h,c — matrices of the corresponding di-

mensions; (p[s(kTo)] — nonlinear discrete scalar func-

tion.

The task of synthesis of recovery algorithms is re-
duced to the problem of synthesis of control actions for
nonlinear discrete systems described by equations (11)
using the discrete analogue of the direct Lyapunov
method, based on the task of a special auxiliary function

V[ Ay; (KTg)] and the formation by means of equation

(11) of a function V[kTy,(k+1)To ] that satisfies the
condition

AV[KTy, (k+1)To ] = V[ Ay (k+1)Tp |-

VA (ko)) 4

where V[ Ay(KTp)] and V[ Ay(k+1)Ty | are definite-
ly positive functions for discrete values of arguments
kTp and (k+1)Tp .

From the condition of providing a certain negativi-
ty of functions AV[KTy,(k+1)To], an algorithm is

formed that ensures the asymptotic stability of the re-
covery process [11, 12].

The described tools allow to formalize the imple-
mentation of individual stages of the process of design-
ing a rational adaptation of motion control systems of
objects with uncertain dynamics.

4. Experimental Research

Studies of the possibility of rational control of ob-
ject operation were carried out for a prototype of the
block of electro-flywheel drives of a micro-satellite. In
space flight, aircraft has external perturbing effects of
gravitational, magnetic, aerodynamic, electric, solar and
other forces and moments. In addition, destabilizing
actions appear due to various malfunctions, defects,
failures, failures of instrumentation equipment of orien-
tation and stabilization systems. Electro-flywheel drives
and flywheel engines are widely used as executive unit
of orientation and stabilization systems, from which
drive blocks are constructed that produce control vec-
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tors of kinetic moments. The structure of three such
drives, placed along the axes of the orthogonal coordi-
nate system, allows only external disturbing influences
to parry, and blocks with an excessive structure of elec-
tromechanical drives — internal block disturbances
caused by failures. To provide these properties, the
blocks of drives with redundant structure need to be
constructed so as to ensure not only the necessary and
sufficient conditions for their performance in nominal
modes of operation, but also to maintain performance in
abnormal modes. The principle of control by diagnosis
allows for the design to ensure diagnosability and re-
coverability with respect to the a priori and an aposteri-
ori sets of destabilizing effects.

For experimental studies of the possibility of ra-
tional control of the block of electro-flywheel drives of
excess structure, a prototype model of a microsatellite
with electro-flywheel drives of a pyramidal structure
was used (Fig. 4). A series of experimental studies on
the static and dynamic properties of the functional ele-
ments of the positioning systems with kinetic moments
were carried out on a workbench.

As a result of linearization of the obtained static
characteristics, linear mathematical models of functional
elements and ACO, as well as a priori sets of destabiliz-
ing influences for objects of control, are formed.

In Matlab/Simulink, a modelling complex was de-
veloped for studying an ACO, which includes a power
amplifier, an electric DC-motor with a flywheel and a

tachometer. Various modes of its operation with desta-
bilizing effects were researched. On this complex, diag-
nostic software has been developed and implemented to
detect destabilizing effects, localize their sites and iden-
tify a specific type. Computational experiments con-
ducted on the complex, allowed to work out the struc-
ture and parameters of the detection algorithms, locali-
zation of destabilizing effects from the generated a pri-
ori set and their identification. The experiments wit-
nessed the fundamental possibility of obtaining a com-
plete diagnosis during the transient process of the object
of automatic control caused by destabilizing effects
from the a priori set.

Based on the multitude of destabilizing effects, a
lot of resources have been formed to restore the effi-
ciency of an electro-flywheel ACO. Then algorithms
were developed for the inclusion of excess resources on
the results of diagnosis. The testing of recovery algo-
rithms for destabilizing effects was performed on the
software package. Computational experiments on the
study of procedures for the restoration of the efficiency
of an electro-flywheel automatic control object have
provided confirmation of the fundamental possibility of
restoring performance in real time during the transition
process caused by the appearance of destabilization.

The study of the possibility of rational control of
the operation of the sensor units was carried out on the
laboratory bench of the channel yaw sensors (Fig. 5).

Fig. 4. Overall view of micro-satellite prototype
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Fig. 5. General view of the stand for the study
of sensors in the yaw channel

In the yaw channel of the flying models of the pro-
jected aircraft, one gyroscopic angle sensor and two
angular velocity sensors were used. Static characteris-
tics were experimentally obtained for the sensors, they
were linearized and linear mathematical models were
compiled. As a result of studying their operating experi-
ence, an a priori set of 32 types of failures has been
formed.

Corresponding DFMs for the problems of detect-
ing, localizing and identifying failures of the formed set
are constructed. Based on diagnostic functional models
using diagnostic methods, algorithms, flowcharts, and
computer diagnostics programs for course channel sen-
sors have been developed. After debugging the soft-
ware, a series of experimental studies on the imitation of
types of destabilizing effects and their diagnosis was
carried out on the stand. Then, a lot of redundant re-
sources and the corresponding algorithms, flowcharts
and programs were formed to restore the operation of
the sensors. The software was debugged and field ex-
periments were carried out, which confirmed the effec-
tiveness of the procedures for restoring the functionality
of the yaw channel sensors in real time.

Conclusion

The use of the proposed approach for adaptation
with the event uncertainty of the ACO is based on a
priori and an aposteriori knowledge. The tasks and tools
presented in the article are the results of the first steps in
solving the problem of adaptive control of an object
with uncertain dynamics through rational control. Fur-

ther steps are needed to improve the knowledge and
knowledge-based model representations.
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PAINIOHAJIBHE YIIPABJIIHHS OB’€EKTAMHAX
3 HEBU3BHAYEHOIO JMHAMIKOIO

A. C. Kynik, B. I. /[acynzaxos

Po3risiHyTO NpUYMHM, 110 TOPOJHKYIOTh HEBU3HAUEHICTh B JMHAMILl 00'€KTIB Ha MPHUKIIA/li aePOKOCMIYHOI Te-
xHikd. O0'€KTH aBTOMAaTUYHOTO YIPABIIHHS, IO CKJIAJAOTHCS 3 00'€KTIB YIPaBIIiHHSI, CEPBONPUBOMIB 1 IATUHKIB,
CXWJIbHI IO BIUTMBY HEBU3HAUYCHUX 30BHIIIHIX 1 BHYTPIMIHIX 30ypIOBaJbHAX BIUTUBIB, MO AeCTaOLII3yIOTh iX Tpare-
3patHicTh. KiacnuHi MeTOAM aBTOMAaTHYHOTO YIPABIIHHS TAaKUMH 00'€KTaMM HE JO3BOJIAIOTH OTPUMAaTH OaxkaHi
MIOKa3HUKH SIKOCTi. [ pamioHaIbHOrO ynpaBiliHHS 00'€KTaMHU 3 HEBU3HAUCHOIO JJMHAMIKOIO 3aIIPOTIOHOBAHUM HO-
BHU MiAXiJ, Sk 0a3yeThbes HA TAHOOKOMY JIarHOCTYBAaHHI MPWYHH JecTadii3aii i THy9KOMY BiJHOBJICHHI TIparie-
3natHOCTi. OnMCcaHo OCHOBHI IOJIOXKEHHS METOJy pamioHaNbHOTro ynpasiiHHs. [IpeacraBnennii HOBUI Kiac mMare-
MaTHYHUX MOJeJel - AiarHocTHYHUX. [Iponeaypu rauboKoro miarHOCTyBaHHS ()OPMYIOTHCS 3 BUKOPHCTaHHIM (o-
pMaitizoBaHMX 1 cabodopMani3oBaHHUX MOJEIEH MPOIECiB IITATHOTO i HEMITATHOTO (YHKI[IOHYBaHHA CHCTEMH
ynpaBiiaHA. s GopMyBaHHS anpiopHUX 1 allOCTEPIOPHUX 3HAHB PO MPUYUHM MTOPYIICHHS MPale3JaTHOCTI BUKO-
PHUCTOBYIOTBCS CTPYKTYPH Y BUTIISII TUXOTOMIYHHX JIEPEB, 110 PO3BUBAIOTHCS, SIKi TIPECTABISIOTH COOOK0 PI3HOBU]L
MPOAYKIIHHNX 0a3 3HAHb 3 KOHCTPYKIII€IO y BY3/IaxX «SIKIIO ..., TO ...», 3 JOTIYHUMH [IPaBUIAMH OTPUMAHHS JiarHO3y
PO MPUYUHH JecTabiNi3younx BIUIMBIB. OnrcaHa METOIUKA PIllleHHS MIarHOCTUYHMX 3a1ad JIJs 00'€KTIB 3 HEBHU-
3HAUEHOI0 MUHaMiKO10. JIJis BiTHOBIIEHHS MPAIEe3aTHOCTI 00'€KTiB 3 HEBU3HAYEHOIO JUHAMIKOIO 3alpONOHOBAHO
BUKOPHUCTAaHHS Ha/UIMIIKOBUX PECYPCIB: CUTHAJIBHOTO 1 TapaMETPUYHOTO IiICTPOIOBAaHHS, peKoH]Iryparmii aropu-
TMIB 1 anapaTHuX 3aco0iB. [Iponec napupyBaHHs gecTadinizanii, sska Oyia JiarHocToBaHa, (POPMYETHCS 3a JIOMOMO-
roto apyroro merony A. M. JlsmyHoBa. Jlaunii Meton 3a0e3neuye CTIHKICTh CUCTEMH 1 33aHy SKIiCTh yNpPaBIiHHSL.
PamionanbHa aganrarist 10 AecTalimi3yrOuuX BIUTUBIB 0a3yeThCcs HA BHKOPHCTAHHI IHTEICKTYAJIBHUX IMPOLEIYP
rIMOOKOT0 JIarHOCTYBaHHS NPUYUH MOPYLIEHHS IPAle3/aTHOCTI CUCTEMH YNPABIiHHS 1 THYYKOTO BiHOBJIECHHS
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Mpane3JaTHOCTI B pealbHOMY MacIiTadi yacy. Taki mpoueaypu J03BOJISIOTh 31HCHIOBATH MPOIYKTUBHE HABYAHHS 3
METOI0 30€pEeKEHHSI MPAIE3AaTHOCTI CUCTEMHU YIPABIIHHS MPOTATOM BCHOTO JKUTTEBOTO IUKITY. HaBeeHO pe3yiib-
TaTH 3aCTOCYBAHHS METOY PaIliOHAIFHOTO YIIPABIIHHS 10 PSIy MAaKeTHHUX 3pa3KiB JITaJbHHUX araparis.

Kao4oBi cinoBa: 00’ekTH 3 HEBH3HAYCHOIO AMHAMIKOIO; MOJIHO-3aJIe)kHA HEeBU3HAYCHICTh; JecTadilizyrodi
BIUIMBH; MpAIe3AaTHICTh; JiarHOCTHYHI MOJIENi; TTHOO0KE MiarHOCTYBaHHS, THYYKE BiTHOBJICHHS; TUXOTOMIYHE Jie-
peBo; dhyskmii A. M. JIsnyHoBa.

PAIIMOHAJIBHOE YIIPABJIEHUE OBbEKTAMHU
C HEOITPEJEJIEHHOU TNHAMNWKOU

A. C. Kynux, B. I. /Iacynzakos

PaccMoTpeHBl IPUYKHBI, TOPOXKAAIOIINE HEONPEISICHHOCTh B IMHAMUKE OOBEKTOB Ha TIPUMEPE adpPOKOCMHU-
4ecKor TeXHUKU. OOBEKTHI aBTOMAaTHUECKOTO YIIPABIICHUS, COCTOSIIUE U3 00OBEKTOB YIIPABIICHHUS, CEPBOIIPHUBOJIOB U
JATYMKOB, MOJBEPKEHBI BIUSIHUIO HEONPEAEICHHBIX BHEIIHUX U BHYTPEHHHUX BO3MYIIAIOIUX BO3AeicTBUH, AecTa-
OmnM3npyoIMx uX padorocnocodbHocTh. Kitaccnueckue MeTobl aBTOMAaTHYECKOTO YIIPABICHHS TaKMMHU 00OBEKTa-
MH HE TO3BOJISIIOT MOJIYYHTH JKEIaeMble TTOKa3aTesn KauecTa. [l palioHaIbHOTO YIPABICHUS TAKIMHU O0BEKTa-
MH C HEOIIpeIesIeHHON TWHAMHKOM TpeIoKeH HOBBIM MOJXO0J, KOTOPHIN 0a3upyeTcs Ha TIIyOOKOM JHarHOCTHPO-
BaHWHM MPUYMH JECTAOMIN3AIMN U THOKOM BOCCTAHOBJIEHHH paboTocrocoOHOCTH. OnrcaHbl OCHOBHBIE MOJOXKEHHS
METO/la pallMOHAIBHOTO ynpasieHus. [IpeacTaBieH HOBBIN KJlacC MaTeMaTHYECKUX MOJENCH — ANarHOCTHYECKHX.
IMpouenyps! riry0OKOTO AMATHOCTHPOBAHUS (POPMHUPYIOTCS C MCHOJIB30BaHUEM (POPMATM30BAaHHBIX U ci1abodopma-
JIM30BaHHBIX MOJIENIEH MPOIECCOB MITATHOTO M HEHMITATHOTO (DYHKIIMOHMPOBAHMUS CHUCTEMbI ympasieHus. st dop-
MHUPOBaHHS apPHOPHBIX M allOCTEPHOPHBIX 3HAHWI O NMPUYMHAX HAPYIICHHs pabOTOCHOCOOHOCTH HCIOJb3YIOTCS
CTPYKTYpPBHI Pa3BUBAIOIIMUXCS TUXOTOMHYECKHX JEPEBbEB, MPEACTABIAIONINX COO0I Pa3sHOBHUIHOCTH MPOAYKIIHOH-
HBIX 0a3 3HAHMH C KOHCTPYKLHUEH B y371aX «ECJH..., TO...», C JOTHIECKHUMH IPaBUIaMH MOJIY4YEHHs AUArHO3a O IpH-
YMHaX JecTaOMIIM3UPYIOMNX Bo3aecTBUN. Onncana METoIMKa pelIeHHs AMarHoCTUYECKUX 3a1ad il OOBEKTOB C
HeonpeIeJIeHHOW TMHAMUKOW. J{111 BoccTaHOBIEHUS pab0TOCIIOCOOHOCTH OOBEKTOB C HEOPEAEIECHHON TUHAMHKO
MIPEATI0KEHO MCIOIB30BAHUE M30BITOYHBIX CPEACTB: CUTHAJIBHOM M MapaMeTpUUYEecKOil MOJACTPOWKH, peKoHpurypa-
MM AITOPUTMOB U ammapaTHbIX cpencTB. [Iponece mapupoBaHus AecTabMIM3aNK, KOTOpas Oblia JHarHOCTHPOBA-
Ha, popMHpYeTCs C TOMOIIBI0 BToporo merona A. M. JlamyHoBa. JlaHHBIH MeTo ] 0OecTieynBaeT YCTOHIYNBOCTE CH-
CTEMBI U 33JaHHOE Ka4eCTBO yNpaBieHUs. ParroHanbHas afanrtanys K AeCTa0MIN3HPYIOIM BO3AEHCTBUAM 0a3n-
pyeTcsl Ha UCTIONb30BaHUH MHTEIUIEKTYaIBHBIX IPOLETyp ITyOOKOTO JUAarHOCTHPOBAHMS IPUYUH HapyIICHHUs pado-
TOCIIOCOOHOCTH CHCTEMBI YIPABICHHS W TMOKOTO BOCCTAHOBJIEHHS pPabOTOCHOCOOHOCTH B PEaIbHOM Maciirabe
BpeMeHH. Takue npoueaypsl O3BOJIIOT OCYIIECTBIATH MPOAYKTUBHOE 00yUeHHE C LIENIbI0 COXpaHeHHs paboTocto-
COOHOCTH CHCTEMBI YIIPABJICHUS B TEUCHUE BCETO KU3HEHHOTO NUKJA. [IpuBeieHs! pe3yabTaThl IPUMEHEHHSI METO-
Jla PallOHAJIBHOTO YIPABJICHHUS K PSAAY MAKETHBIX 00pa3IioB JIeTaTeIbHBIX alllapaToB.

KiroueBble ci10Ba: 00bEKTHI C HEONIPENACICHHON JUHAMUKOWN; COOBITUIHAS HEOTIPEICIEHHOCTD; J1IeCTA0MIN3H-
pyrolIre BO3AeHCTBHUS; pab0OTOCIOCOOHOCTD; IMarHOCTUYECKHE MOJIEIH; TIIyOOKOe AMarHoCTUpPOBaHue; THOKoe BOC-
CTaHOBJICHHUE; TUXOTOMUYECKOE JiepeBo; GyHKIuN A. M. JlamyHoBa.
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