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DIAGNOSTIC MODELS OF INOPERABLE STATES
OF THE VORTEX ENERGY SEPARATOR DEVICE

The object of study in the article is the vortex effect of temperature separation in a rotating gas flow, which is
realized in small-sized vortex energy separators. The subject matter of this article is the process of forming di-
agnostic models of inoperable states of a vortex energy separator device as a rational control object when de-
stabilizing influences appear. The goal is to develop an analytical approach to the formation of digital diag-
nostic models for rational control of cold and hot air flow temperatures that reflect the effects of direct signs of
inoperable states of the vortex energy separator device that are inaccessible to measurement with indirect
signs accessible to measurement. The tasks are to study the features of the process in the vortex energy separa-
tor device; to describe a rational control system of the vortex energy separator device; to analyze the experi-
mental characteristics of the vortex energy separator device; to form linear mathematical models of the nomi-
nal mode of the vortex energy separator device; to develop linear diagnostic models that describe the inopera-
ble states of the vortex energy separator as a rational control object; to form logical signs of diagnosing using
diagnostic models. The methods used are the method of transfer functions, the method of the discrete states
space, the method of diagnostic models, the method for forming production rules, the method of formation of
two-digit predicate equations. The following results were obtained: linear mathematical models of functional
elements and the entire device as a whole were formed for the nominal operation mode. Linear digital diag-
nostic models were developed for the inoperable states of the vortex energy separator device. Logical signs of
diagnosis were formed on the basis of the diagnostic models. Conclusions. The scientific novelty lies in the
formation of an analytical approach to the development of digital diagnostic models of inoperable states of the
vortex energy separator device and two-digit predicate equations of indirect signs for a dichotomous diagnos-
tic tree.
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Introduction

Increasing the environmental cleanliness of energy
technologies is a trending direction of our time. One of
these technologies is based on the use of the vortex ef-
fect for the phase separation of gases in a rotating flow.
Devices realizing this effect are called vortex energy
separators (VES).

VESs are widely used in air conditioning units due
to the simplicity of technical implementation and
maintenance, the absence of substances harmful to the
environment, as well as lower production, operation and
disposal costs compared to other types of units [1].

Deepening knowledge about the nature of the vor-
tex effect has led to the possibility of using vortex de-
vices in aviation. Thus, VESs are used in air condition-
ing systems in cabins and cabins of transport aircraft
and are used in cooling systems for components of
onboard radio-electronic equipment. In gas turbine en-
gines, VES elements are implemented in the designs of
vortex nozzles and profiled channels of hollow blades of
turbine nozzles [2, 3].

In the well-known designs of such air conditioning
units, single-mode wind turbines are used, the operation
of which is carried out using the principle of control by
a master action. The inevitable influence of destabiliz-
ing influences, such as changes in external operating
conditions, compressed air parameters and internal fac-
tors due to changes in the technical characteristics of the
vortex process, leads to a significant deterioration in the
quality of object cooling.

Improving the quality of conditioning is possible
through the use of the deviation control principle. At the
same time, it is impossible to achieve a significant im-
provement in quality due to the instability of the process
of vortex energy separation, as well as due to changes in
the characteristics of drives and sensors of the VES de-
vice as an automatic control object.

A long study of the vortex effect has not led to the
emergence of physical and mathematical models suita-
ble for the problem of synthesis of an automatic control
system. Due to the insufficient knowledge of the vortex
effect, the study of the dynamic properties of specific
VES and their inoperable states is carried out through
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experimental studies and the formation of approxima-
tion mathematical models in the time and frequency
domains [4].

It is possible to achieve a high quality of vortex
energy separation using a new principle of control by
diagnosis [5]. This principle is based on identifying the
causes of the violation of the VES performance and the
subsequent restoration of its normal functioning. For the
formation of a diagnosis, mathematical models are used,
called diagnostic ones, since they reflect the connection
of the causes of a malfunction that are inaccessible to
measurement with the consequences that are accessible
to measurement.

The article presents the results of research on the
formation of an analytical approach to the development
of diagnostic models of inoperable states of the VES on
the example of the breadboard device.

1. Vortex energy separator device

The functional diagram of VES is shown in Fig. 1.

The functional diagram is represented by a series
connection of the following functional elements: a servo
that controls the position of the cone valve, VE, temper-
ature sensors for cold and hot air flows. When a control
signal u is applied to the input of the servo, the position
p of the cone valve changes. Compressed air is supplied
to the input of the VES with pressure P. As a result of
vortex energy separation, two air flows are formed: cold
with temperature 6; and hot with temperature 6,, which
are measured by the corresponding sensors with output
voltages u; and u. Each functional element is affected
by set of influences D, i=1,4 that disrupt the perfor-

mance of functional elements. A set of these destabiliz-
ing effects D=D, uD,uD,UD, disrupt the perfor-

mance of the entire VES device.

Fig. 2 shows the design of the VES.

The operating principle of VES is as follows [6].
Compressed gas with pressure P enters the inlet of the
nozzle device 1, which is a smoothly tapering channel
of rectangular cross section, in which rotational motion
is imparted to the air flow due to the spiral shape of the
working surface 2. The most common form of the spiral

lDl l 2

is the Archimedes spiral, which provides the smoothest
change in the direction of the velocity vector. The swirl-
ing gas flow enters the energy separation chamber 3,
moving along a helical trajectory in the near-wall region
to the straightening crosspiece 4 and then to the cone
valve 5. Passing through the crosspiece, the flow loses
the circumferential velocity component, as a result of
which the pressure slightly increases. The flow area of
the cone valve is insufficient to pass the entire mass of
gas, so part of the flow begins to move in the opposite
direction from the valve in the axial region of the energy
separation chamber and is discharged through the aper-
ture 6.

A-A

Th

Fig. 2. Design of VES: 1 — nozzle device; 2 — twisting
device; 3 — energy separation chamber; 4 — crosspiece;
5 — cone valve; 6 — diaphragm

Between the vortex flows moving in the opposite
direction, energy is exchanged, as a result of which the
peripheral layers are heated, and the paraxial ones are
cooled. Thus, the temperature of the air leaving the en-
ergy separation chamber through the cone valve is high-
er than the temperature of the air supplied to the VES.
Accordingly, the flow leaving through the diaphragm of
the gas has a lower temperature than the air at the inlet
of the VES.

For the first time, the effect of vortex energy sepa-
ration was discovered by the French engineer Joseph
Ranque in 1920s while studying the operation of cy-
clones. In the 1940s, as a result of a study to improve
the efficiency of the thermal separation of gases, the
German physicist Robert Hilsch obtained new experi-
mental results. In honor of these outstanding research-
ers, the vortex effect began to be called the
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Fig. 1. Functional diagram of the VES device
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Ranque-Hilsch effect. From the moment of discovery
of the vortex effect, its intensive study begins with the
aim of technical implementation in various technolo-
gies [7-9].

The significant non-linearity of the static charac-
teristics of the VES device, the distribution of parame-
ters and their non-stationarity in steady state and transi-
ent conditions necessitate the use of adaptive control of
the state of the rotating air flow in order to ensure the
quality indicators and environmental cleanliness of the
energy gas separation technology required for various
technical applications.

2. Rational control

Rational control is one of the approaches to adap-
tive control of objects with uncertainty (Kulik, 2016).
Rational control is based on the assumption of the de-
stabilizing influences uncertainty that violate the opera-
bility of control object. Destabilizing influences are var-
ious uncontrolled disturbing influences, noise, interfer-
ence, defects, malfunctions and failures. The uncertainty
of destabilizing effects is due to the uncertainty of the
moment of destabilization occurrence, the constructive
part of the object where it appeared, the type of destabi-
lization to which it belongs, as well as the unknown
specific value. A set of destabilizing influences has a
finite value. The elements of that set are specific physi-
cal kinds of destabilizing influences.

With regard to the problem of automatic control of
the VES, the rational control system, shown in Fig. 3,
consists of two interconnected subsystems. The first
subsystem is a rational control object (RCO), the second
one is a rational control device (RCD), interconnected
by signal links.

RCO includes a control object, VES, to which
compressed air is supplied with pressure P, a servo that
changes the position p(t) of the cone valve in the energy
separation chamber and temperature sensors for cold
01(t) and hot 0(t) air flows. RCO is affected by a set of
uncontrolled destabilizing effects D.

The second subsystem, RCD, consists of diagnos-
tic and control modules. In the diagnostics module,

based on the control signal u(kTo) and the signals of the
temperature sensors ui(kTo) and ux(kTo) a functional
state diagnosis of RCO is formed as the estimates of the

characteristics of destabilizing effects D . In the control
module, control impacts u¢(kTo) and uo(kTo) are formed,
recovering the operation of RCO based on the results of
its diagnosis.

The key in the presented functional diagram is the
diagnostics module. The purpose of this module is to
form the diagnosis of RCO. This requires detecting the
current destabilizing effect, localizing and identifying
its place, type and kind, in other words, diagnosing the
RCO. For the formation of diagnostic procedures, diag-
nostic models are used that analytically connect the
cause of the malfunction of RCO with the consequence
of its appearance in signals uy(kTo) and ux(kTo). Diag-
nostic models are developed as a result of processing
the experimental characteristics of the VES device.

3. Experimental characteristics
of the VES device

A series of experimental studies was carried out on
a prototype VES device with the following geometric
dimensions:  diameter of the working part
Dwp = 5.8 mm; length of the working part Lwp = 20 Dyy;
control valve position range Apwp = 2 mm; diaphragm
diameter Dy = 2.5 mm. External conditions are the com-
pressed air pressure P = (.5...0.7 MPa; ambient temper-
ature T =292 K.

As a result of the experimental study, the static
characteristics of the VES device shown in Fig. 4 were
obtained, reflecting the dependence of the temperature
of the cold 61 and hot 6, air flows on the valve move-
ment p for three values of compressed air pressure:
m—0.5MPa, e —0.6 MPa and A — 0.7 MPa.

It is obvious that the static characteristics are con-
tinuous and non-linear, therefore, they can be fragmen-
tarily approximated by linear dependencies. In order to
determine the structure and parameters of the VES de-
vice, experimental logarithmic amplitude-frequency
characteristics of the VES were obtained for two values
of the operation point pig = 0.5 mm and pzo = 1.25 mm

! A ! ue(KTo) | (® () I
| D | Ue N K - |
u(kTo > ; , I
J#, Diagnostic module [— > Control module | | ve(kT0) l Servo P Vortex .eneltg} 8,(t) I
I diagnosis : ° : separator i
| 7y ¥ | | I
| | | |
I I |
| [ | :
! I | u2(kTo) 3 ) |
f | N
: | | ui(kTo) | Temperature sensors | :
| t t < |
| RCD | ! RcO |

Fig. 3. Functional diagram of the rational control system
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a)

Fig. 4. Graphs of the static characteristics of VES for the cold (a) and hot (b) air flows

for compressed air pressures: e — 0.6 MPa and
A — 0.7 MPa. The frequency characteristics are pre-
sented in Fig. 5.

As follows from the obtained graphs, they can be
approximated by linear dependencies to obtain mathe-
matical models in the form of transfer functions.

In order to evaluate the inertial properties and
quality indicators of the VES device, discrete transient
responses were experimentally obtained for two values
of the operation points pio = 0.5 mm and o = 1.25 mm
for compressed air pressures of 0.6 MPa and 0.7 MPa.
The transient characteristics are shown in Fig. 6.

As a result of processing the experimental data of
the VES prototype device, adequate mathematical mod-

different values of compressed air pressure by first-
order linear mathematical models both in the form of
differential equations and in the form of transfer func-
tions.

4. Mathematical models of nominal mode

Transformation properties of RCO (Fig. 3) in the
nominal mode, that is, in the absence of destabilizing
effects from the set D, can be reflected in a linear ap-
proximation using the block diagram shown in Fig. 7.

The transfer function of the servo is described by
an integrator

els were obtained in a linear approximation for both Wi (s)= M(S) _K 1)
cold air flow and hot air flow depending on the valve ! Uc(s) S
displacement for various pressure values [10-12].
Thus, it was found that the energy separation trans- Transfer functions of VES for cold air flow
formation processes in the VES prototype device can be
represented for different operating points and at _0 (5) _ K
W, (5) =21 = &)
M(S) T23+1
-1.5 1 0.5 0 0.5 15 -1 0.5 0 0.5
0] "'\-.._ 0 Y S
“'\,‘.“... - -.‘:_::_"'Ae ______ A
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Fig. 5. Graphs of experimental logarithmic amplitude-frequency characteristics of VES
for operation point pio = 0.5 mm (a) and operation point pzo = 1.25 mm (b)
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Fig. 6. Transient characteristics of VES:
a — operation point pio = 0.5 mm for cold air flow; b — operation point pi0 = 0.5 mm for hot air flow;
¢ — operation point pze = 1.25 mm for cold air flow; d — operation point poo = 1.25 mm for hot air flow
o,(s) Ul(s)
» Wa(s) > Wa(s) I >
UC(S) M(s)
—  WI(s) >
0,(s) Ua(s)
> Wi(s) Ws(s) [ *
Fig. 7. Block diagram of RCO
and hot air flow U, (s)
W, ()= oy W (5)- W ()W, (5)=
<(s) ©)
@, (s)_ k3
W (s)= = 3) _ K KoKy .
M(s) Tgs+l = - —
T,T,s’+(T,+T,)s°+s
Transfer functions of the temperature sensors _u (3) _ _
P W, (s)= Uz =W, (s)- W, (s)- Ws (s) =
(5) (6)
W, (s)= U, (s) -_X L W, (s)= U, (s) =5 @ _ K,K;Kg
0,(s) Tstl ©,(s) TS+l T, T8+ (T, +T5)s*+s

Then the transfer functions for the cold and hot air
flows channels are described as

respectively.
In the state space, the RCO in the nominal mode is
described by the following system of equations
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WO xa(t)| | 0 x4(0)] |0
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X2 (t)
u(t)| fo o100
ool o5 8 0l
| X5 (1),

In order to describe RCO in a discrete state space,
one can use the Euler formula, according to which

where k=0, 1, 2, ...
tion period.
Applying equation (8) to equation (7), the follow-

is a sample time, To is a quantiza-

[ (k+1) To] (KTo) ing system of finite difference equations are obtained
X (KTg) = , (8)
To
0 0 0 0 0
xa[(kH)To ]| K%ﬁli—o 0o o o|[*x(Ko)] e x1(0)] ro7
Xz [ (K+1)To ] 2.2 x2(KTo)| | 0 x2(0)| |o
x[(k)To]|=| 0 2210 0 0 |x(KTo) [+ O |-uc(kTy): |xs(0)|=|0
4 4
0 0
X [(K)To]| | 1, O X4 (KTo) . X4(0) X
[T ]) | T RS IECOIE sOF g
0 0 0 XsTo 1—T—O
i Ts T
%1 (KTp) |
x2(KTo)
ui(kKTo) |_[0 0 1 0 o.X(kT)
uy(kTo)| [0 0 0 0 1 3(kT°)'
X4 (Kl
| x5 (KTo) |

where x(Kk) is the state vector, dim[x(k)] =5, A, band C
are the matrices of the corresponding dimensions, u(k)
is the output vector, dim[u(k)] = 2.

In the discrete space of states, descriptions of the
conversion properties of RCO can be represented using
the block diagram shown in Fig. 8.

This system of equations can be represented in a
more compact form

x(k+1)=A-x(k)+b-u(k); x(0) =x

u(k)=C-x(K), "
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Fig. 8. Block diagram of RCO in the discrete state space

In the scheme, when describing the arguments of
variables, the quantization cycle Ty is omitted.

The presented block diagram makes it possible to
qualitatively evaluate such properties of RCO as con-
trollability and observability, without using the analyti-
cal criteria of R. Kalman.

A necessary property for diagnosing is diagnosa-
bility. Diagnosability is understood as a property that
consists in the possibility of unambiguously establishing
the cause of an inoperable state. The block diagram
(Fig. 8) makes it possible to evaluate this property with-
out resorting to analytical criteria for structural and sig-
nal diagnosability [5].

The presented mathematical models of the linear
approximation of RCO in the nominal mode of its oper-
ation allow us to proceed to the formation of diagnostic
models that reflect the influence of destabilizing effects
on the signals available for measurement.

5. Diagnostic models of inoperable states

When developing the diagnostic module (Fig. 3),
diagnostic models are used. Digital diagnostic models
reflect the relationship of indirect signs of diagnosis
with direct signs in the form of finite-difference equa-
tions. Diagnostic models are used to describe the inop-
erable states of the VES device and are designed to
solve the following diagnostic tasks:

1) detection of inoperable states;

2) localization of an inoperable functional ele-
ment;

3) determination of the type of destabilization;

4) determination of the kind of destabilizing effect
that caused the device to fail;

5) formation of a dichotomous diagnostic tree.

Destabilizing influences from the set D are the im-
pacts that lead the functional elements to its inoperable.
Under the operable state of VES device is understood
such a state in which the value of all parameters charac-
terizing the ability to perform the specified functions
meets the requirements of the technical specifications.
Any deviations from the specified functions indicate an
inoperable condition. The reason for the deviations is

destabilizing influences. As a result of the analysis of
the influence of the destabilizing effects of the VES
device on its performance, it was found that both exter-
nal factors (pressure, temperature, humidity) and inter-
nal factors (malfunction, failures, failures) lead to a
change in the position of the operation points of func-
tional elements on static characteristics and an increase
in inertial properties. Further, the features of the for-
mation of diagnostic models for each task of diagnosing
a VES device will be considered.

Servo. The task of detecting inoperable states is to
establish the fact of occurrence of deviations in the op-
eration of RCO device from the required nominal mode.
Destabilizing influences from the set D leads to the ap-
pearance of a perturbed motion of the energy separation
process and can be described by the vector-matrix equa-
tion

:A =0;
(11)

% (k+1)=A-% () +

>

where %(k) is a disturbed state vector, @(kTy) is a

disturbed measurements vector, A, b and C are the
matrices of the parameters of the inoperable VES state,
Xq isan operation point drift vector of the VES.

In order to determine the deviation in the operation
of the device, it is necessary to subtract the equation
describing the operable state (10) from equation (11),
and as a result, obtain

Ax(k+1)=AA-%(K)+A-X
Ax(0) =0; Au(k)=AC-

o +Ab-u(k);

(k).

where AA, Ab u AC are the matrices of the deviations
of parameters from its nominal values.

Equation (12) is the equation of the diagnostic
model relating the deviation of the measurement vector
Au(k) with the deviations of the parameters AA, Ab,

(12)

AC and X; . The two-digit predicate equation



20

ABIAIIIMHO-KOCMIYHA TEXHIKA I TEXHOJIOT'IS, 2022, Ne 3(179)

ISSN 1727-7337 (print)
ISSN 2663-2217 (online)

ZO:SZ {|Au(k)|250}, k:k17k27 P, (13)

where 7o is a boolean variable, S; is a two-digit predi-
cate symbol, d is tolerance for deviation, p is a confi-
dence coefficient for the fulfillment of the argument
condition on the diagnosing interval [k, k,]. If the

absolute value of measurement deviation becomes equal
to or exceeds the tolerance value &, then zo = 1 means
that the VES device is inoperative. Otherwise, zo = 0,
which means that the VES device is operational.
The nominal operating mode is described by the
following recursive equation, based on Fig. 8,
Xq (k+1) = xq (K)+x;Tou (k). (14)
Destabilizing influences lead to a change in the
gain &; and the appearance of zero-drift uw. Then the
equation of the perturbed motion of the servo will be

f(l(k'f'l) = il(k) +I'21T0u(k)+u10 . (15)
In order to localize the inoperable state of the ser-

vo, a diagnostic model is used, described by the equa-

tion obtained by subtraction of the operable state equa-

tion (14) from equation (15):

The down and up states are set using a boolean

variable whose value is determined by a two-digit pred-
icate equation

Z]_: Sz {|AX1(k)|281}, k:kl,kz, p. (17)

When the condition of the argument is met, z1 = 1,
which means that the servo is inoperable. If z; = 0, then
the servo is operational.

Using the assumptions about the one-time and in-
dependence of destabilizing effects on the diagnosing
interval, the influence of the change and zero-drift xio

on the deviation of the output signal %; (k) can be ana-

lyzed separately. Assuming that there has been a change
in the gain, the disturbed motion equation will be
f(l(k'f'l) = )"(1(k)+1'21T0u(k) . (18)

If subtract the equation describing the nominal
mode of operation (11) from equation (18), then

Axq (k+1) = Axq (K)+ Ak Tou (k) , (19)

where Ax, (K) =%, (K)—xq (k).

Axy (k) =&y (k) =1 (k) -
The resulting equation describes the relation be-
tween the direct sign of diagnosing Ak; and indirect

sign Axq (k) and is a diagnostic model of the inopera-
ble state of the servo when the gain is destabilized.
The inoperable state caused by zero-drift is de-
scribed by an appropriate diagnostic model
Axq (k+1) = Axq (K)+Ugg . (20)
The presented diagnostic models are used to de-
termine the type of destabilization, in other words, it is
possible to establish the cause of destabilization: by
changing the gain Ax; or the appearance of zero-drift
Uso. As a result of the assumption that direct signs are

quasi-stationary on the diagnosing interval, based on
equation (19), the following equation can be obtained

Axq (k+1)—Axq (k) e (k+2)—Axy (k+1)

. (1)
Tou(k) Tou (k+1)

From this relation, the argument of a two-digit
predicate equation is

2= S, {‘Axl(kJ“z)“ (k)= 2xq (k) [ u (k1) + u (k) ]+ 22)

+AX1(k)U(k+1)‘ 262}, k= kl’ kz, p.

The logical variable takes the value z; = 1 if the
servo malfunctions due to a change in the gain k. If

z, = 0, then the malfunction of the servo occurred as a
result of the appearance of a zero-drift uso.

Similarly, the two-digit predicate equation is
formed based on the diagnostic model (20). Then

23=S, {|Ax1 (k+2)—2Axl(k+1)+Ax1(k)| > 53}; 23
k=ky, ka2, p.

If z; = 1, then the malfunction of the servo oc-
curred as a result of the appearance of a zero-drift us.
If zz = 0 the violation is caused by a change in the
gain xj .

Predicate equations are used in the formation of a
dichotomous search tree for the causes of a violation of
the VES device performance.

For deep diagnostics of the servo for the purpose
of subsequent recovery of performance, it is necessary
to know the values of destabilization. From the diagnos-
tic model (19), one can obtain an equation for the for-



Jleuzynu i enepzoycmanoexu 1imaibHuX anapamie

21

mation of the estimated value of the change in the gain
in the form

Axq (k+1)—Axq (k)

A (k)= Tou(k)

, (24)

where Ak (k) is a per sample gain deviation value of

servo. In order to obtain the estimated value, the proce-
dure of arithmetic mean averaging is used

1 m
mia

(25)

In a similar way, the estimated zero-drift value is
determined

Ugp (k) = Ay (K +1) - 4% (K):

m (26)
b0 = Yo (k)
=1

In order to use the above algorithms, it is neces-
sary to access the variable x1(k), which follows from the
device diagnosability condition, which is obvious from
the block diagram (Fig. 8). Therefore, for diagnosabil-
ity, the valve position sensor p(t) is required, since
X1(t) = u(t). The output signal of the sensor uyu(k) must
be brought to the state variable in such a way

@7)

where x,, is a gain of displacement sensor.

The presented diagnostic models of the servo (12),
(16), (19) and (20) make it possible to analytically solve
the problems of detection, localization, establishing the
type and kind of destabilizing effects.

VES. In the nominal mode, the conversion pro-
cesses are described by two recurrent equations:

X (k+1) = [1—%’]xz (k)+ K_zrjo x((k);  (28)
X3 (k+1) = [1—%} x3(k)+ K'3I':0 x (k). (29)

Further, the formation of diagnostic models based
on equation (28) will be considered. The destabilizing
effects of VES in the channel for measuring the cold air

flow leads to a change in the gain &,, time constant T,
and the drift of operation point 6;5. The equations of

perturbed motion of the transformation process will take
the form

(30)

+ K%TO xl(k)+{1—T—0] 010-
T T

In order to localize the inoperable state of the VES
when using measurements of the cold air flow tempera-
ture sensor, a diagnostic model is used, described by the
equation

AX; (k+1) = {T—Ozxz (k)- K2T20 xl(k)}ATz +
T T (31)
" AKZTO

xl(k)+(1—_T|_—0]910.

T 2
This equation describes the analytical relation of
signal deviation Ax, and deviation of parameters Ak,,

AT, and 6, reflecting the inoperable state of the VES.
The fact of an inoperable state is determined using a

two-digit predicate equation

24:82 {|AX2 (k)|264}, k:kl, kz, p. (32)

The inoperable state of the VES corresponds to
z4 = 1, and workable corresponds to z4 = 0.

As follows from the graphs of static characteristics
(Fig. 4), a change in pressure leads to the drift of opera-
tion point of the VES. When the operation point is shift-
ed, the parameters change %, and 6y, therefore, the

equation of perturbed motion has the form

%, (k+1) = (1—1—‘2’}12 (K)+

+ﬂxl(k)+ 1-Do 010
T, T

(33)

By subtracting equation (28) from equation (33),
the diagnostic model of VES is determined when the
operation point is shifted

Ax, (k+1) :(1—%]Ax2(k)+
34
AKzTO ( )

To
K)+|1—==|6q9.
T, Xl( ) ( TZJ 10

+
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Applying this diagnostic model to the next dis-
crete, one can obtain point values of direct signs Ax,

and 6;g:

AXy (k+2)—[2 —%)sz (k+1)

Ak, (k+2) = +

2 Dra ) 3 ()]

( _Eijz(k)

+ 2 ;

2 D (1) 3 ()]

(35)

00 (k+2) = AX2(k+2)—( —1(2’ij2(|<+1)+

(l—_IT_;’][xl(k)—xl(kﬂ)]
[ —IOJAXZ (k)

(36)

Using the least squares method, the average values
Ak, and 6y, can be calculated.

Under destabilizing influences that change the in-
ertial properties of the VES, the equation of the per-

turbed motion of the transformation process takes the
form

%, (k+1) = (1_T_0]>~<2 (k)+ X205 (k). @37)
T T
Then the diagnostic model for such a case
A, (k+1) = {T_Ozxz (k)-<2%0 xl(k)}ATz . (38)
T T,

This diagnostic model is used to determine the
type of destabilization associated with a change in the
inertial properties of the VES. So, from the relation

AX; (k+1)

2 [xa () =xn ()]

2
AX; (k+2) (39)

[XZ (k+1) —KpXq (k+1)]

o -
T,?

the two-digit predicate argument

25= S, {[Axz (k+2)[ Xz (K) 1% (K) ]~
~x (K1) Xp (K1) 1y (kc+1) ] = 85 (40)
k=ky, Kz, p

is formed.

The boolean variable will take on the value zs = 1
if the predicate equation argument condition is met. If
zs = 0, then this means that the condition is not fulfilled
and, consequently, the type of destabilization under
consideration is absent.

In order to determine the magnitude of the change
in inertial properties, the following equation is used

T,2Ax, (k+1)

AT (K42)= e (0) - kg (9]

(41)

Estimated value is determined using the root-
mean-square averaging procedure

m
AT, =23 AT, (K) (42)
k=1
The diagnostic model uses the variable

AX; (k+1) = %X, (k+1)—x, (k) . The value of the variable
X, can be obtained using the equations for the cold air

flow temperature sensor nominal mode.

Next, the features of the formation of diagnostic
models of VES will be considered, based on equation
(29). Various destabilizing effects lead to a change in

the gain &5, time constant T; and the appearance of
drift of the operation point 8,,. Therefore, the equa-
tions of the perturbed transformation process will be

% (k+1) =[1—%)23(k)+ Kio xl(k)+( _%Jezo (43)

The parameters of equations (37) and (38) are in-
terconnected, since they describe the process of generat-
ing cold and hot air flows at the outlet of the VES.
Therefore, the deviation from the workable state in one
air flow. In this regard, it is possible to localize the in-
operable state of the VES using the diagnostic model
(31) and the predicate equation (32).

Destabilizations leading to a change in parameters
K3 and 0,q, affect the output signal of the VES as fol-

lows

% (k+1) :(1-%}23@% Kio xl(k)+(1_%]ezo (44)
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Then the diagnostic model of VES with a drift of
the operation point has the form

Axg (k+1) :[1_1_2ij3(|<)+

+AK3TO xq (K)+ 1—E 050
T3 T3

(45)

Using this equation, the per sample value of the
parameters can be calculated

AX3 (k+2)—[2 —E}Ax3 (k+1)

Akg(k+2) = +
platen-aw])
2 (et (k)]
Ax3(k+2)—(1—-_::2)Ax3(k+1)
0,0 (k+3) = {1 T +
T, [x1 (k)= (k+1)] -
(1—;2 Axg (K)

Using the least squares method, having formed an
excess system of equations for various quantization cy-
cles, one can obtain the corresponding estimates of pa-
rameter changes &5 and 6, .

The change in the inertial properties of the VES
for the channel for measuring the hot air flow is de-
scribed by the equation

- To e T
x3(k+1):(1—T—OJx3(k)+K?T_ Ox, (k). (48)

3 3

The diagnostic model for the case under considera-
tion has the form

Axg (k+1)= {% X3 (k) - K.?Tzo Xg (k)} ATs. (49)
3 3

This diagnostic model is used to determine the
type of destabilization by using the relation

Axg(k+1)
<
{%[XS(k)—stl(k)]

Axg(k+2)

~
~

(50)
) TT;Z[XQ, (k1) - kgxy (K+1)

with the help of which a logical variable is formed

26= Sy {|Axa (k+2)[ X3 (K) —xgxy (k) ] -
~Axg (k+1)[ 3 (k+1) —xgxq (kc+1) ]| 2 86} (51)
k=ky ks, p.

If z4 = 1, the type of destabilization is set, which
led to a change in the inertial properties of the VES in
the channel for measuring the hot air flow. If z4 = 0,
then this means that there is no change in the inertial
properties of the VES.

The per sample value of the change in inertial
properties, based on equation (41), is calculated by the
equation

To?Ax (k+1)

AT (2= 2 T (0 (0]

(52)

Estimated value is determined as the result of root-
mean-square averaging

m
ATS:iZAB(k) (53)
M
The diagnostic model uses the variable

Axz(k+1) = %3 (k+1)—x3(k). The value of the variable
X5 can be obtained using the equations for the hot air

temperature sensor nominal mode.

The presented diagnostic models of VES are used
in the formation of nodes of the dichotomous search tree
for the reasons for the inoperable state of VES.

Temperature sensors. The cold air flow tempera-
ture sensor in accordance with the block diagram
(Fig. 8) is described by the following equation

T K
x4(k+1):(1—T—°jx4(k)+%°x2(k). (54)

4

Various destabilizing effects lead to a malfunction
and manifest themselves in the form of a change in the

parameters &, and T,, as well as a drift of the opera-
tion point uso.
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Perturbed motion equation for the sensor

%4 (k+1) = (1—T—°}~<4 (k)+ f‘%TO X, (k)+[1—%julo (85)

Ty 4 4

The diagnostic model is described by the equation

o (k1) = [ty (K) g2 ()] 25 6T, +

4 (56)

Ay T, T,
+Mx2(k)+ 1--9 |uy,,
Ty Ty

reflecting relation deviation of sensor output Ax4 (k+1)
with deviation of parameters Ak,, AT, and uip. The
cold air flow temperature sensor inoperative state is

established by a two-digit predicate equation

27 ={|Axg (K)| 287}, k=kq, kp, . (57)

When the condition of the argument is met p times
on the diagnosing interval [k, k,] z7 = 1, which means

the inoperative state of this sensor. Otherwise, z; = 0
indicates its workable state.

The assumption of a one-time and independent
change of parameters in the diagnosing interval allows
us to consider diagnostic models for each parameter
separately.

The change in the gain &, leads to a deviation

from the reference behavior and is described by the
equation

sty (2) =11 s 10+ 258500, 60
4 4

that describes a diagnostic model that reflects the ana-
Iytical relation of a direct sign Ax, with an indirect sign

of diagnosis Ax4 (k). With the help of this model, it is

possible to establish the presence of a direct sign that is
not available for measurement, using an indirect sign
that is available for measurement. Based on the condi-
tion of quasi-stationarity, the following relation is de-
termined

Ax4(k+1)—(1—_-:-_i]Ax4(k)
Isz(k)

~
~

Ax4(k+2)—[l—_-::0ij4(k+l)

N 4
N - . (59)
- Xz (k+1)
Ty

From this relation, a two-digit predicate equation
is formed

Zg= Sz{

{Ax4 (k+1)—[1—_-::—oij4 (k)}sz (k+1)

4

{Ax4 (k+2)—£1—_1|:—0JAx4 (k+1)}Ax2 (k)-

4

268}; (60)
k= kl’ k2, p.

If the predicate argument condition is met, then
zs = 1, which means that the sensor has a deviation of
the gain Ak, . If zs = 0 coefficient deviation is absent.

From equation (58), an expression is determined
for calculating per sample values of the deviation of the
gain

Ax4(k+1)—[l—_ngx4(k)
Isz(k)

Aky (k+2) = (61)

The estimated value of change of the gain is a
root-mean-square averaging

AR, =%§AK4 (k). (62)
k=1

The values of variable x, (k) are obtained as a re-

sult of solving the equation for the servo and the VES.
In other words, this is the output of the reference model,
which converts the control signal u(k) into the output
signal of the VES in the nominal mode X2(k).

A change in the time constant leads to a deviation
in the output signal of the cold air temperature sensor

Ax4 (k) , which is described by the equation

_ K4TO

Ax g (k+1) = TT_02x4(k) :
4

X, (K) |AT,, (63)

which is a diagnostic model that reflects the relation of
the direct diagnostic sign AT,, which is unmeasurable,

with the indirect sign Ax,4(k), which is measurable.
With this diagnostic model, a two-digit predicate equa-
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tion is formed to establish the type, that is, the change in
the time constant,

2= S, {|Ax4 (k+2)[ x4 (K)~Kgx2 (k) ]~
A% (K+D)[ Axg (k+1) g%z (k1) | 2 8o )5 (64)
k=ky, Kp, p.

If zg = 1, then it means that there is a time constant
deviation Ta. If zg = 0, then the time constant deviation
is absent.

Equation (59) gives an expression for the calcula-
tion of the deviation

T,2Ax (k+1
AT, (k#2) = —2 ) (e
To[ x4 (k) kg% (k) ]
then the estimated average value of the deviation
N 1
ATy == AT4(k). (66)

mo

The variable x»(k) is an output signal of the corre-
sponding reference model.

The occurrence of a drift in the operation point uso
leads to a deviation in the output signal of the sensor,
which is described by the equation

Ax4(k+1)=[ —%JA&(kﬁ(l—%Jum. (67)
4 4

The presence of that drift is established with the
help of predicate equation using the values of the devia-
tion signal

210=S; {

+[1—I—°ij4(k)

4

AXy (k+2)—[2—1—0]Ax4 (k+1)+
4

2610};

Then, if z10 = 1, the drift of operation point is pre-
sent. If zyo = 0 the drift is absent.

The per sample value of the drift is calculated us-
ing the equation

(68)

k= kl’ kz, p.

AXy (k+1)—[l—_-:-_oij4 (k)

4

Uio (k+2) = (69)

and the average estimated value of the drift

Uyo =%k2 ugo (K) - (70)
]

The presented diagnostic models of the cold air
flow temperature sensor are used, as shown, in the for-
mation of logical variable nodes of the dichotomous
diagnostic tree.

Diagnostic models of the hot air temperature sen-
sor are formed based on the equation

o) =[ 122 s+ S0 1

5 5

that describe the nominal mode of the temperature con-
version process 02(k) into voltage uz(k). Inoperable
states are described by the perturbed motion equation

X5 (k+1) = (1-%}?5 (k)+%x3

(k)+[1—$—0ju20 (72)

5

where &5, Tg and u,, are the parameters reflecting

sensor destabilization.
The deviation of the perturbed motion relative to
the nominal (71) is described by the following equation

T
AXS (k+1) = [XS (k) —K5X3 (k)]T—OZATS +

° (73)
AK5TO

Ts

+

T,
X3 (k)+(1——OjU20,
Ts
which is a diagnostic model used in solving the localiza-
tion problem. Thus, the two-digit predicate equation
211={|AX5(|()|2811}, k= kl’ k2, p (74)
allows you to distinguish between an inoperable state, if
z11 = 1, and workable state, if z;; = 0.

Assumption of independence of change in direct
signs of the inoperable state Axs, ATs and uz allows to
consider diagnostic models for each direct sign.

The appearance of deviation of the inertial proper-
ty of the sensor ATs leads to a deviation of its output
signal in accordance with the equation

Axs(kﬂ):TT_g[x5(k)_K5x3(k)]AT5. (75)
5

This equation is a diagnostic model that relates the
deviation of the direct sign ATs, unmeasurable, with the
indirect sign Axs(k+1), measurable. This model allows
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us to form an argument of a two-digit predicate equation
to establish the type of destabilization

212= S, {|Axs (k+2)[ x5 (k) —xsx3 (k)] -
~xg (k1) Axg (k1) —xgxs (k1) ]| 2 81} (76)
k=ky, Kp, p.

If z;, = 1, then it means that there is a deviation in
the time constant ATs. Otherwise, z:2 = 0 means the
absence of this deviation.

Changing the gain &g causes changes in the output
signal of the sensor X5 (k) and in terms of deviations

from the nominal equation is described as follows

Ax5(k+1)=( —%)AXS(k)+AK55T° x3(K). (77)

Establishing the type of this parameter deviation is
carried out by means of a two-digit predicate equation

213= Sy {

{Axs (k+1)—[1—%JAX5 (k)} Axg (k+1)

5

{Axs (k+2) —[1—1—"] Axs ( k+1)} Axg (k) -

5

2813}; (78)
k =Ky, Ky, .

If zi3 = 1 there is an appearance in the deviation
sensor of the gain Aks. If z13 = 0 this deviation is absent.

The drift of the sensor operation point by uyo leads
to a deviation of the output signal in accordance with
the equation

AXS (k+1) = (1—%]AX5 (k) + [l—%j U20 s (79)

5 5

which is a diagnostic model for the direct sign of diag-
nosis, which is not available for measurement.

It is possible to establish the presence of the drift
of operation point by the available measurement of the
output signal using the diagnostic model (79) and the
two-digit predicate equation

214=S; {

+£1—%]Ax5 (k)

5

Axg (k+2) —(2 —1—0j Axg (k+1)+
5

> 614}; k= kl’ kz, p. (80)

If the conditions of the argument of the predicate
equation are satisfied, then zi14 = 1, which indicates the

occurrence of the drift if operation point of the hot air
flow sensor. If z14 = 0, then the operation point drift is
absent.

The above diagnostic models are used to obtain es-
timated values of direct signs of diagnosis. So, from
equation (75), the equation is determined for the calcu-
lation of the deviation value

T2 Axg (k+1
AT (k#2) = ——2 (kD) g
To [ s (k) ~ksx3 (k)]
then the estimated average value of the deviation
N 1M
ATg == ATg (k). (82)

ma

Then from equation (77) the formula for the calcu-
lation of the deviation of the gain is determined

Axg (k+1)—[1—-_::0]Ax5 (k)

5

AK5 (k+2) = (83)

The estimated value of change of the gain is a
root-mean-square averaging

.13
AKSZEZAKS(I()
k=1

(84)

The drift of operation point from equation (79) is
defined as

Ax5(k+1)—[ _Eijs(k)
U20 (k+2) = TO (85)
T
and the estimated value
N 18
UZOZ—ZUZO(k). (86)
ma

For a complete diagnosis of the VES device,
knowledge is required not only of the estimated values
of the direct signs of diagnosis, but also of the kinds of
destabilization. As a rule, in practice it is enough to
know two kinds of destabilizations. The first one is
when the deviation of the direct sign can be compen-
sated by means of signal adjustment. The second, when
the deviation of the direct sign cannot be compensated,
is the non-compensated kind, which is parried by means
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of algorithmic or hardware reconfiguration. Two-digit
equations are used to determine these kinds. So, for ex-
ample, to determine the kinds of changes in the inertial
properties of the hot air flow sensor, a two-digit predi-
cate equation is used

215 =S, {ATs > AT5}, 87)

where AT is threshold value of a kind. zi5 = 1 indicates

an uncompensated deviation of the time constant Ts,
and zi5 = 0 indicates the kind of deviation to be com-
pensated.

Boolean variables z;, obtained when solving prob-
lems of diagnosing using diagnostic models, make it
possible to form a procedure for searching for the rea-
sons for the inoperable state of the VES device in the
form of a dichotomous tree. The dichotomous tree, in
fact, is a structured production knowledge base of
emergency situations with the rules of inference about
the causes, that is, about the diagnosis. The diagnostic
module (Fig. 3) implements a dichotomous diagnostic

tree, and the obtained diagnosis D enters the control
module, in which the corresponding control signals are
generated uc(kTo) and uo(kTo) which allow to recover
the operability of the VES device and, thereby, to carry
out rational control under conditions of destabilizing
influences.

Conclusions

Conducted theoretical and experimental studies on
the application of the control principle by diagnosis of
the VES device made it possible to form a number of
linear discrete mathematical models of inoperable states
are the digital diagnostic models. They make it possible
to proceed to the analytical solution of the problems of
microprocessor diagnostics of the VES device and to
form machine-implemented procedures for micropro-
cessor diagnostics with depth up to the type of destabi-
lizing effect in real time. The diagnosis obtained serves
as the basis for the development of algorithms for ra-
tional control of the VES device performance in emer-
gency situations caused by various destabilizing effects.
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JIATHOCTHYHI MOJEJII HEITPAIHE3JATHUX CTAHIB
IMPUCTPOIO BUXPOBOI'O EHEPI'OPO3IIJIBHUKA

A. C. Kynik, K. I0. /lepzauos, C. M. Ilaciunux, /I. B. Coxon

O0’€eKTOM JIOCII/DKEHHS y CTATTi € BUXPOBHH e(EeKT TeMIepaTypHOro Mofisy y MOTOL Ta3y, M0 00epTaeThes,
SIKMH peasi3yeThesl Y MaJorabapuTHUX BUXPOBHX €Hepropo3jaiibHuKax. [IpeqMeToM BHBYEHHS B CTaTTi € MPOLEC
(hopMyBaHHsI AIarHOCTHYHUX MOJEINEH Henpale3IaTHUX CTaHiB MPUCTPOI0 BUXPOBOTO SHEPropO3JIiIbHUKA SIK palli-
OHAJILHOTO 00’€KTa YIpaBIiHHS TPH IOSABI AecTabii3younx BIUIMBIB. MeTol0 € po3poOKa aHANTUYHOIO IMiIXOMY
10 popMyBaHHS HU(PPOBUX IarHOCTUYHHUX MOJIENEH pallioHaIbHOIO YIPABIiHHS TEMIIEPATYPOO MOTOKIB XOJIOIHO-
rO Ta raps4oro HOBITpA, IO BiZoOpa)alOTh BIUIMB HEAOCTYIHUX BHMIPIOBaHHIM IPSIMHUX O3HAK HeNpane3laTHHX
CTaHIB MPHUCTPOI0 BUXPOBOTO €HEPrOpPO3AUILHUKA 3 HEMPSMHMHU O3HAKAMH, IO JOCTYITHI BUMIpIOBaHHsM. 3agadi:
JOCHTITUTH OCOOJIUBOCTI IPOIECY y MPHUCTPOI BUXPOBOIO €HEPrOpO3IiTBHIKA; MPOBECTH aHANI3 EKCIePHMEHTAIb-
HHX XapaKTepHCTUK IPUCTPOIO BUXPOBOTO €HEPTOPO3AIIHHIKA; ONMCATH PAaLliOHAIBHY CUCTEMY YIIPABIIiHHS BHXPO-
BUM €HEPropoO3IiJIbHUKOM; IIPOBECTH aHalli3 eKCHEePUMEHTAIFHHX XapaKTEPHCTHUK IPHCTPOI BHXPOBOTO PO3IiNb-
HUKA; chopMyBaTH JiHIHHI MaTEeMaTHIHI MOJIENIi HOMIHAJIFHOTO PEXUMY POOOTH MPHUCTPOIO BUXPOBOTO €HEPTOPO3-
ITBHUKA; pO3POOUTH JIiHIWHI MIarHOCTHYHI MOJEINI, IO OMUCYIOTh HENpare3laTHI CTaHW BHUXPOBOIO €HEPropo3-
IUTBHUKA SIK PalioOHaTFHOTO 00’ €KTa YIPaBIiHHS; CPOPMYBATH JOTI9HI O3HAKH JIarHOCTYBAaHHS 3a JOIIOMOTOIO JTia-
THOCTUYHHX Mogeneld. BUKOpHCTOBYBaHUMH MeTOAAMM €. METOJ IepeJaBalbHUX (YHKLIH, METOJ IPOCTOPY IHC-
KpPETHHUX CTaHIB, METOJ| JIarHOCTUYHUX MOJeNiei, MeToa (OpMyBaHHS MPOAYKIIHHUX MpaBui, MeTo (HOpMyBaHHS
JBO3HAYHHUX MPEIUKATHUX piBHAHB. OTPHUMaHO HACTYIHI pe3yjbTaTH: chopMOBaHi JiHIHHI MaTeMaTHIHI MOZETi
(HYHKIIOHATTFHAX €IEMEHTIB Ta BCHOTO MPHCTPOIO 3arajoM Ui HOMIHAJIBEHOTO peXuMy (YHKIIOHYBaHHsI. Po3po6-
JICHO JTiHIWHI (POBI AIaTHOCTUYIHI MO A7 HEMpale3IaTHUX CTaHIB BUXPOBOTO eHepropo3ainsauka. Chopmo-
BaHO JIOT1YHI O3HAKH JIarHOCTYBaHHS Ha OCHOBI JiarHOCTUYHMX Mozenell. BucHoBku. HaykoBa HOBH3HA momsTae y
(hopMyBaHHI aHANITUYHOTO MITXOAY IO PO3POOKH MU(MPOBHUX TIarHOCTHYHUX MOJENEH Hempale3JaTHUX CTaHiB
MPUCTPOIO BUXPOBOTI'O CHEPrOpO3ALTEHUKA Ta TBO3HAYHUX NPEAUKATHHX PIBHSHD HEMPSIMHX O3HAK VIS AUXOTOMid-
HOT'O JiepeBa J[iarHOCTyBaHHSI.

Kuro4oBi ciioBa: mpucTpiii BUXpOBOTO €HEPrOpO3AUTFHIKA; PaIliOHaIbHE YIPABIiHHES, HecTabimizyroui BILTH-
BU; JiHIWHI MaTEeMaTHIHI MOJIENi; IUPPOB1 TIarHOCTUYHI MOJETi; JBO3HAYHI PEAUKATHI PiBHIHHS.
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JTAATHOCTUYECKHUE MOJIEJIM HEPABOTOCIIOCOBHBIX COCTOSIHAM YCTPOMCTBA
BUXPEBOI'O DHEPI'OPA3IEJIUTEJISA

A. C. Kynuk, K. IO. /[lepeaues, C. M. Ilacuunuk, /I. B. Coxon

OO0BeKTOM HCCIIeIOBaHUS B CTAThe SIBISIETCS BUXPEBOM A(QEKT TEMIIEpaTypHOTO pa3felieHHs] BO Bpallaro-
meMcst TIOTOKE Ta3a, KOTOPBIH peann3yercs B ManorabapuTHBIX BHXPEBBIX 3Hepropasaenutensix. Ilpeamerom uzy-
YEeHHUs B CTaTbe SBISIETCS Iponecc (POPMHUPOBAHUS JUArHOCTUYECKHX MOjeledl HepaOOoTOCIIOCOOHBIX COCTOSHHM
YCTPOHCTBAa BUXPEBOTI'0 YHEPrOpa3 IeNUTENsI KaK PallMOHaIbHOrO 00bEKTa YIIPaBJICHUs IPH MOSBICHUU JIeCTaOMITH-
3upyronux BoszaeiicTeuil. Lleablo sBisercs pa3paboTka aHAIUTHYECKOrO MOAXoAa K (opMHPOBaHMIO HUPPOBBIX
JMarHOCTHYECKHUX MOJENEH paluoHAIBFHOTO YHpPAaBJIEHHUs TEMIIEPATypoil MOTOKOB XOJIOJHOTO U TOPSYEro Bo3ayxa,
OTpa)karoUIUX BIIHMSHHS HEJOCTYITHBIX U3MEPEHHUIO MPSIMBIX MPU3HAKOB HEPAOOTOCTIOCOOHBIX COCTOSIHUI YCTpOCTBa
BHXPEBOT'O SHEPrOpa3AeIUTENs C KOCBEHHBIMH TPU3HAKAMH, TOCTYITHBIMU U3MEPEHHUIO. 3a/1a4M: UCCIIEI0BATh 0CO-
OEHHOCTH TIpOIiecca B YCTPOWMCTBE BHXPEBOTO YHEPrOpa3/eNUTElls; OMUCATh PAllMOHAIBHYIO CUCTEMY YIpPaBJICHHS
YCTPOHCTBOM BHXPEBOTO SHEPTOpa3AeNUTENs; MPOBECTH aHAIN3 SKCIEPUMEHTAIBHBIX XapaKTePUCTHK YCTpOicTBa
BHXPEBOTO SHEPropasuenurels; chopMUpOBAThH JIMHEHHBIE MaTeMaTHYECKUE MOJIEIM HOMHHAIILHOTO peXuMa pabdo-
ThI YCTPOKMCTBA BUXPEBOTO SHEPropa3/IeuTeNs; pa3padboTaTh JMHEHHbIE JUarHOCTHYECKHE MOJIENH, OIMCHIBAIOINE
HepabOoTOCIOCOOHBIE COCTOSTHUSI BUXPEBOI'O SHEPTopa3/ieluTeNsl KaKk palMOHAILHOrO 00BbeKTa ynpaBieHHs; chop-
MHUPOBAaTh JIOTHYECKUE MTPU3HAKHM JTUArHOCTHPOBAHMS C MCIIONIB30BaHUEM JTMArHOCTHYECKHX Mozenei. Hcmomnb3ye-
MBIMH METOIAMU SIBJISIIOTCS: METOJI IepeaTOUHBIX (DYHKIMHI, METOJ] MPOCTPAHCTBA JUCKPETHBIX COCTOSTHUIA, METO]
JIMarHOCTHYECKUX MoJeseld, MeTo]] (POpMUPOBAHHS MPOIYKIMOHHBIX HPaBWI, METOA (DOPMHUPOBAHUS JBY3HAYHBIX
NpeIUKaTHBIX ypaBHeHUH. [loyueHsl cienyronye pe3yJabTaThl: COPMUPOBAHBI JHHEWHbIE MATEMATHYECKHE MO-
nenu QyHKIMOHABHBIX 3JIEMEHTOB M BCETO YCTPOWCTBA B IIEJIOM I HOMMHAIBHOTO peKUMa (DyHKIIMOHUPOBAHUSL.
Pa3pa0Ooranbl HHEHHbIE UPPOBbIE TUATHOCTUYECKHE MOJENHU Ul HEpabOTOCIIOCOOHBIX COCTOSIHUH YCTPOWMCTBA
BUXpeBoro sHepropaznenurens. CHopMUpOBaHbI JIOTHYECKHE TPU3HAKH THarHOCTUPOBAHHS HA OCHOBE JIMAarHOCTH-
4yeckux Mojeneil. BoiBoabl. HayuHas HoBH3HA 3akiitodaeTcss B (DOPMHUPOBAHUM aHAIUTHYECKOTO MOX0a K pa3pa-
60Tke 1M(GPOBBIX AUATHOCTHYECKUX MOjielieil HepaboTOCHOCOOHBIX COCTOSHUI YCTPOMCTBA BUXPEBOTO SHEPropas-
JIETUTENS. U IBY3HAUHBIX MPEIUKATHBIX YPaBHEHUI KOCBEHHBIX MPHU3HAKOB ISl TUXOTOMHYECKOTO JiepeBa JUarHo-
CTUPOBAHHUSL.

KaroueBble ci1oBa: ycTpONCTBO BUXPEBOIO SHEPropasJesIUTells; paliOHAIbHOE YIPaBIICHUE; JECTa0MIN3H-
pYIOIIME BO3JEHCTBYS; JIMHEHHbIE MaTeMaTU4YeCKHE MOJIENN; LU(PPOBbIE THATHOCTUUECKHE MOJICNU; JIBy3HAUYHbIE
Mpe/IMKaTHbIC YPaBHEHUSI.
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