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RATIONAL CONTROL OF THE TEMPERATURE OF VORTEX ENERGY
SEPARATOR UNDER DESTABILIZING INFLUENCE

The object of study in this article is the formation process of a rational control of the temperature of a vortex
energy separator under destabilizing influences. The subject matter of the article is the process of forming a
dichotomous tree by two-digit predicates from diagnostic models a vortex energy-separator device as a ration-
al control object when destabilizing influences appear, and its further recovery. The goal is to develop an ana-
Iytical approach to the formation of digital algorithms for the rational control of cold and hot air flow temper-
atures of a vortex energy separator. The tasks are to study the features of the process in the vortex energy-
separator device; to describe a rational control system of the vortex energy-separator device; to analyze the
experimental characteristics of the vortex energy-separator device; to form linear mathematical models of the
nominal mode of the vortex energy-separator device; to develop linear diagnostic models that describe the in-
operable states of the vortex energy separator as a rational control object; to form logical signs of diagnosing
using diagnostic models, to develop recovering algorithms for the vortex energy separator. The methods used
are transfer functions, discrete state space, forming production rules, two-digit predicate equations, dichoto-
mous trees, diagnosing and recovering the operability of dynamic objects. The following results were ob-
tained: the vortex energy-separation process features analysis, the rational control system structure and func-
tion description, the experimental characteristics analysis, the development of mathematical models, diagnos-
tic and recovering tool development for the emergency operation process of a vortex energy separator as a ra-
tional control object for a given destabilizing influence set. Conclusions. Scientific novelty is the develop-
ment of an analytical approach to the development of rational control of the vortex separation process of the
air flow under the significant influence of various kinds of destabilizing influences.

Keywords: Ranque-Hilsch vortex tube; vortex energy separator; rational control; destabilizing influences; lin-

ear mathematical models; predicate equations; diagnostic tool; recovering tool.

Introduction

Intensive technology development significantly af-
fects environment. It is possible to reduce negative im-
pact on biosphere within the energy area not only with
saving energy, but also with increasing the purity of
ecological technologies. One of such technologies is
associated with a vortex effect based on the energy sep-
aration of gases. Devices realizing this effect are called
vortex energy separators (VES).

At present, VES plays a significant role in indus-
try. This device is one of the non-conventional type re-
frigerating systems for the production of refrigeration
that is used to simultaneously perform cold and hot
flows of compressed gas. Due to its compact size, low
cost of manufacture, ease of maintenance and repair, no
need for refrigerants, high speed of reaching the operat-
ing mode, environmental friendliness, the absence of
moving parts and simplicity of integration into many
systems, VES is able to perform a variety of tasks: cool-
ing, heating, pressure reduction, gas purification, etc. A
safety usage of such sensitive objects is quite important,
when they directly affect human health.

1. State-of-the-art and Objectives

VES is a technical device that uses the effect of
temperature separation in a rotating gas flow, in other
words, the vortex effect [1].

Energy transfer in compressible continuous swirl-
ing media was discovered by researchers at the begin-
ning of the last century by the French engineer Joseph
Ranque while the cyclones operation studying. At the
end of 1931, he applied for an invented device, which
he called a vortex tube, and only in 1934 he received a
patent. In the forties, as a result of research on improv-
ing 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 Ranque-
Hilsch effect, and the device that reproduces this effect
was called the Ranque-Hilsch tube. Since the discovery
of vortex effect, its intensive study begins with the aim
of technical implementation in various technologies [2].

A VES shown in Figure 1, in fact, is a gas-
dynamic generator of cold T. and hot Ty air, using the
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potential energy of pre-compressed gas with tempera-
ture Tin. The thermal energy is converted through the
effect of temperature separation in a rotating gas flow.

The operating principle of VES is described in pa-
per [3]. Compressed gas with temperature Ti, enters the
inlet of the nozzle device 1, which is a smoothly taper-
ing channel of rectangular cross section, in which the
gas flow is given rotational motion due to the spiral
shape of the surface 2. The most common form of the
spiral is the Archimedes spiral, which provides the
smoothest change in the direction of the velocity vector.
The swirling 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 not sufficient 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 diaphragm 6.
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Fig. 1. Scheme of the device of VES:
1 —nozzle device; 2 — twisting device;
3 — energy separation chamber;
4 — crosspiece; 5 — cone valve; 6 — diaphragm

Energy is exchanged due to interaction of counter-
moving vortex flows so the peripheral layers are heated
and the paraxial ones are cooled. Thus, the temperature
of the gas that left the energy separation chamber
through the cone valve (Ty) is higher than the tempera-
ture of the gas supplied to the VES. Accordingly, the
flow exiting through the diaphragm of the gas (T¢) has a
lower temperature than the gas at the inlet of VES (Tin).

The processes occurring in the VES both in steady
state and transient modes are characterized by the fol-
lowing features [4]:

— peripheral flow is a large-scale vortex structure
with developed turbulence and moving according to the
law of a free vortex;

— paraxial flow has a small-scale turbulent struc-
ture and moves in the energy separation chamber ac-
cording to the forced vortex law;

— vortex flows thermodynamic and kinematic pa-
rameters distribution in the volume of the chamber is
significantly uneven;

— VES mode parameters are sensitive to changes
in both internal and external operating conditions;

— VES parameters significantly depend on the
design features and operating conditions of the VES.

The listed features of the temperature separation
effect, as well as the insufficient knowledge of nature of
this phenomenon, do not allow forming analytically a
VES mathematical model as ACO.

The significant non-linearity of the VES static
characteristics, the distribution of parameters and their
non-stationarity in steady and transient conditions make
reasonable usage of adaptive control for vortex gas flow
state in order to provide the performance indicators re-
quired for various technical applications.

In general, the absence of general analytical regu-
larities describing the processes in VES of various de-
signs leads to the needs of mathematical models form-
ing for specific VES as a result of processing their ex-
perimental characteristics. For this purpose, an experi-
mental study of the static and dynamic characteristics
was carried out on a mock-up prototype of VES, which
has the following geometric characteristics: diameter of
the working part Dy is 5.8 mm; length of the working
part Lwy = 20-Dup; control valve position range Apwyp iS
2 mm; diaphragm diameter Dy is 2.5 mm. External con-
ditions are the compressed air pressure P is from 0.5 to
0.7 MPa and ambient temperature T is 292 K [5].

The paper [6] is about getting the static character-
istics of VES based on CFD experimental data. A set of
input data as both compressed air parameters and con-
trol valve position affects the temperature of output
flows. Obtaining the mathematical model requires to
enhance such nomograms to be more effective, so the
main difference here is to get output-input signals ratio:

— replace cold mass friction with control valve
position as the input signal;

— replace temperature drop with the actual value
of the temperature itself.

As a result of the experimental study, VES static
characteristics as ACO were obtained, reflecting the
dependence of the temperature of the cold 61 and hot 0
air flows on the valve movement for three values of
compressed air pressure. These dependences are shown
in Figure 2 and Figure 3 respectively.

In order to determine the structure and parameters
of the VES transfer functions, its experimental loga-
rithmic amplitude-frequency characteristics (Figure 4
and Figure 5) were obtained for two values of the opera-
tion points: pio is 0.5 mm and pao is 1.25 mm, as well as
for compressed air pressure 0.6 MPa and 0.7 MPa.
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Fig. 2. Graphs of the static characteristics of VES

for cold air flow:
m— 0.5 MPa, e — 0.6 MPa, A — 0.7 MPa
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Fig. 3. Graphs of the static characteristics of VES
for hot air flow:
m— 0.5 MPa, e — 0.6 MPa, A —0.7 MPa
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Fig. 4. Graphs of experimental logarithmic
amplitude-frequency characteristics of VES
for operation point pio = 0.5 mm:

e — 0.6 MPa, A —0.7 MPa

In order to evaluate the inertial properties and
quality indicators of the VES, transient characteristics
were experimentally obtained for two values of the op-
eration points pio is 0.5 mm and pgo is 1.25 mm for
pressures 0.6 MPa and 0.7 MPa. (Figures 6 — 9).
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Fig. 5. Graphs of experimental logarithmic
amplitude-frequency characteristics of VES
for operation point pzo = 1.25 mm:
e — (0.6 MPa, A —0.7 MPa
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Fig. 6. Transient characteristics of VES
for cold air flow when pio = 0.5 mm
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Fig. 7. Transient characteristics of VES
for hot air flow when pio = 0.5 mm
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Fig. 8. Transient characteristics of VES
for cold air flow when 2o = 1.25 mm
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Fig. 9. Transient characteristics of VES
for hot air flow when 2o = 1.25 mm

As a result of processing the experimental data of
the VES prototype, adequate mathematical models were
obtained in the linear approximation for both the cold
and hot air flows depending on the valve displace-
ment [5].

Thus, it was found that the energy separation trans-
formation processes in the VES prototype can be ap-
proximated for different operation points and at differ-
ent values of compressed air pressure by first-order lin-
ear mathematical models both in the form of differential
equations and in the form of transfer functions.

Talking about application of VES in different con-
trol systems, several examples are analyzed below, on
the basis of which the objectives are formulated.

The paper [7] proposes to use the Ranque-Hilsch
vortex tube in the vehicle air conditioning systems. The
usage areas of such air conditioning system can be both
the car interior and the aircraft cockpit. The disad-
vantage of the described system is a temperature control
in the open-loop system without using information
about its output signal. This approach involves the regu-
lation of the required temperature only by directly ad-
justing control signal, excluding automatic temperature
control.

The paper [8] describes an autonomous cooling
system, which operates due to the Ranque-Hilsch vortex
tube for a vaccine container. The main purpose of that
cooling system is to maintain the desired temperature in
the refrigerator compartment with minimal temperature
fluctuations. Thus, the temperature stabilization within
the optimal range of vaccine storage conditions is im-
portant rather than its continuous regulation. The fun-
damental disadvantages of the proposed system are its
inability to quickly respond to temperature changes and
fend off external destabilizing factors. That is, if the
temperature regime deviates from the norm for a long
time, external human (staff) intervention in the system
operation is required. A similar approach can also be
applied for local cooling of on-board aircraft equipment,
or parts and machine tools in automatic manufacturing;
in these cases, autonomous maintenance of critical tem-
peratures is also required.

One of the main goals of the article [9] is perfor-
mance increase of the solar thermoelectric generator via
the Ranque-Hilsch vortex tube for hybrid vehicles. The
paper considers the car, the body of which is covered
with solar thermoelectric generator modules, and
equipped with a turbogenerator. The energy accumulat-
ed by the solar thermoelectric generator modules can be
used for the full operation of the vehicle, so the pro-
posed approach can be applied to many unmanned vehi-
cles (land, flying). Following the idea of the article on
increasing the efficiency of the solar thermoelectric
generator, many parameters of vortex tube outlet flows
play an important role. As the authors note, those pa-
rameters are changeable in unsteady and non-permanent
conditions, in particular, due to the car speed. Thus,
automatic tuning and adjustment of the vortex tube pa-
rameters are necessary to avoid system performance
decrease, which cannot be carried out due to the pro-
posed open-loop system.

Under the similar trend in the Ranque-Hilsch vor-
tex tube application is considered in [10]. A way to in-
crease renewable energy penetration in isolated com-
munities through trigenerative compressed air energy
storage systems is being inspected. In order to avoid
throttling losses, vortex tubes are proposed to convert
part of the excess pressure into useful heating and cool-
ing. As a result, the most optimal configuration of such
system is determined, which has a complex design, in-
cluding the cascade connection of two vortex tubes. The
authors also note a possible change in vortex tube char-
acteristics that will inevitably lead to a decrease of the
high-potential heat usage in the thermal energy storage.
Therefore, maintaining the operability of such complex
system at a high level of its performance is the main
objective. As a development of the study, the authors
propose to improve the system configuration, consider
air as a mixture of real gases, and develop more effi-
cient vortex tube. All of these goals are aimed at operat-
ing with efficiency, but none of the above significantly
increases the system reliability. The question remains of
the inability to compensate and fend off both external
destabilizing effects on the system and its internal fail-
ures.

In the paper [11], vortex tubes are installed on the
helicopter engine intakes to remove potentially harmful
dust from the influent air to eliminate the risk of rapid
engine wear and subsequent power deterioration. The
study, that was conducted on the number and axial angle
of inlet nozzles to evaluate their impact on general per-
formance, is limited by the fixed parameters of envi-
ronment in which the helicopter engine is operated.
Such significant parameters for the set goals as pollu-
tion, pressure, air density directly affect the vortex tube
efficiency and are not constant. Then it is necessary to
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continuously automatically adjust the system to the cur-
rent environmental data.

The identified shortcomings of the VES usage sig-
nificantly reduce the quality indicators of its function-
ing. High quality control of VES under destabilizing
effects can be achieved using a rational control that
combines the benefits of intelligent, predictive and
adaptive controls [12]. This principle is based on identi-
fying the causes of the failure of VES as an automatic
control object (ACO) and restoring its normal function-
ing. To form a diagnosis, mathematical models that de-
scribe both nominal and destabilized modes of function-
ing are used.

In this paper, a rational control is considered to
take into account the following disadvantages of open-
loop systems:

— continuous adjustment and adaptation of the
control action to system parameter changes via the con-
trol closed loop;

— parrying the removable causes of destabilizing
factors, and not just compensating for their consequenc-
es;

— localization of undesirable impact on the sys-
tem and rapid response without reference to the transi-
ent time of a automatic control system (ACS);

— adjustment of the parameters of the system
functioning in order to stabilize the value within the
reliable performance of system.

In order to maintain safe operation and acceptable
performance of the VES in order to avoid the occur-
rence of malfunctions, the system should individually
respond to uncertainties and disturbances.

Thus, rational control of the VES is carried out, as
the most vulnerable and unprotected, at the same time,
the main part of ACS, subject to destabilizing influences
of an indefinite type.

The article presents the findings of the analytical
approach formation to the rational control of VES under
single destabilizing effects. The most appropriate for the
task at hand is the use of two-stage development of
RCS.

2. Rational control method

Rational control is one of the approaches for adap-
tive control of objects with uncertainty. Destabilizing
influences are various uncontrolled disturbing influ-
ences, noise, interference, defects, malfunctions and
failures that could be considered as uncertain events.
The uncertainty of destabilizing influences contains the
moment of destabilization occurrence, the functional
element that is affected, the type of destabilization
which it belongs to, as well as its unknown specific val-
ue. A set of destabilizing influences has a finite number.

The elements of that set are specific physical kinds of
destabilizations [13].

VES during its operation is subject to a number of
destabilizing effects: fluctuations in ambient tempera-
ture, changes in compressed air pressure, noise in tem-
perature measurement channels, malfunctions, break-
downs and failures, etc. Destabilizing effects are uncon-
trolled influences that disrupt the operability of VES
and lead to a significant change in the temperature of
cold and hot air flows. The use of classical control prin-
ciples (open-loop and closed-loop systems) does not
allow to fully fend off the destabilizing influences and
ensure high-quality control of the temperature of the
output air flows. Rational control enables to identify the
causes of destabilization and fend off them with appro-
priate tools. Rational control provides a number of spe-
cific advantages over each control techniques [14]:

— rapid response;

— feedback controller;

— reliability and survivability resource growth,
the operability of the object due to the selective fend off
of causes of destabilizing effects;

— diagnosing and neutralizing of destabilizing in-
fluences period is less than the transition period of a
control action;

— good stability;

— ability to handle any changes that are present in
the knowledge base;

— provides attractive features for the situation
model parameter uncertainty and external disturbances;

— parameters can be changed fast in response to
changes in process dynamics;

— no need to adjust the RCD for the different dis-
turbances, if these influences are in the knowledge base;

— internal parameter variation considers as a par-
ryable disturbance, not a floating model of the plant;

— RCD uses simple logic operations;

— disturbance robustness and shifting in perform-
ing conditions, by definition;

— prediction on upcoming disturbance, etc.

Regarding to the problem of automatic control of
VES, the rational control system (RCS) consists of two
interconnected subsystems. The first subsystem is a ra-
tional control object (RCO), the second one is a rational
control device (RCD) which are interconnected by sig-
nal links. The functional diagram of RCS is shown in
Figure 10.

RCO includes a control object, VES, to which
compressed air is supplied with pressure P, a servo that
changes the cone valve position p(t) relative to the en-
ergy separation chamber, and temperature sensors for
cold 01(t) and hot 6,(t) air flows. RCO is affected by a
set of uncontrolled destabilizing influences D, i.e., un-
certain events.
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Fig. 10. Functional diagram of RCS

The second subsystem, RCD, consists of diagnos-
tic and control modules. Both modules deal with dis-
crete signals where k is a number of sample and To is a
sample time. In the diagnostics module, a functional
state diagnosis of RCO is formed as the estimates of

destabilizing influences f), based on the control signal
u(kTo) and the signals of the temperature sensors
u1(kTo) and uz(KTo). In the control module, control im-
pacts uc(kTo) and uo(kTo) are formed, recovering the
operation of RCO based on the results of its diagnosis.

The diagnostic module is the major part of pre-
sented functional diagram. The purpose of this module
is to obtain the diagnosis of RCO state. It is required to
detect, localize and identify current destabilizing influ-
ence via searching the destabilized functional element,
determining its type and specific kind.

Detection of a destabilizing influence is the devia-
tion fact establishment in the operation of RCO. Locali-
zation consists of the search for the functional element
subject to the destabilizing influence. The type is a
group of destabilizing influences that lead to the same
type of disruption of RCO. The kind of destabilizing

only controllability and observability, but diagnosability
and recoverability. Diagnosability is the ability to un-
ambiguously define the destabilizing influence due to
the signals available for measurement in a finite time.
Recoverability is the ability to compensate destabilizing
influences due to the hardware and software in a finite
time.

Rational control is formed as a result of reasonable
combination of analytical tools, computational, mock-
up and bench experimental studies, intuition and com-
mon sense of developers.

3. Mathematical models of nominal
operation mode

The conversion properties of RCO in Figure 10 in
the nominal mode, that is, in the absence of destabiliz-
ing influences from the set D, can be reflected in a line-
ar approximation using the block diagram shown in
Figure 11.

The transfer function of the servo is

influence is its specific physical manifestation, which M(s) K
can be eliminated by means of recovery resources. W1(5)=U (s):?' 1)
Thus, diagnostics is performed by the diagnostic module ¢
and represents a process of successive removal of uncer-
tainties: to detect the destabilization, to identify the Transfer functions of VES for cold air flow
place of its action, to determine its type and kind.
In the presented functional diagram (Figure 10), W, (s)=®1(s)= Ko @
RCO differs from traditional classical ACO. Together M(s) Tps+l
with the necessary properties of, RCO must possess not
Q,(s) Ui(s)
> Wa(s) > Wa(s) —
Ue(s) M(s)
E— Wi(s) >
o,(s) Ux(s)
> Wi(s) > Wi(s) —

Fig. 11. Block diagram of RCO
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respectively.
Then the transfer function of the cold air flow
channel is

_ K KoKy
T,T,8°+(T, +T,)s*+s

and the transfer function of the hot air flow channel is

_Uy(s)_ , _ _
GGG WO
- K, K3Ks
T,T*+(T, +T,)s’+s

In the state space, the RCO in the nominal mode is
described by the following system of equations

0O 0 0 0 0
()| |2 L o o o[*x(V)]
xp(t)] |12 T2 X2 (1)
%3(t)|=| 0 i—“ Ti 0 0||xs(t)|+
WO x4 (1)
Xs(t)] |7, 0 0 T, O 1 [ xs(t))
o o o %1
L Ts Ts
(k| x1(0) ] To7
0 x2(0)| |0
+ 0 'uc(t); X3(O) =101,
0 x4(0) 0
L0 | x5(0) | L0

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

X[ (k+1) To |- x(KTp)
To

X (KTg) = , ®)
where k=10, 1, 2, ... is a sample time, Ty is a quantiza-
tion period.

Applying equation (8) to equation (7), the follow-
ing system of finite difference equations are obtained

0 0 0 0 0

_Xl |:( k+1) T0:| i K2T0 1_& 0 0 0
X5 [( k+1)To ] T T
xs[(k+1)To]|=| o @1:—0 0o o0
4 4
0 0 1-— 0
xs [ (k+)To ]| | T T3
o o o Xl T
L s Ts
X (KTo) | gy x1(0)] To
Xz(kTo) 0 X2(0) 0
x3(kTp) [+| 0 [-uc(KTp); x3(0) [=|0|;
xa(KTo) | | O xs(0)| |0
| X5 (KTp) | L 0 ] 1 x5(0)| L0
%1 (KTp) |
_ X5 (KT,
u(kTo)1 fo 0 1 0 0 2 (KTo)
= . X3(kT0) .
U, (KTo)| L0 0 0 0 1
- x4 (KTo)
x5 (KTo)

- y 9)

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

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

X0 10
u(k)=C-x(k), (10)
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where x(K) 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 Figure 12.

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.

The presented mathematical models of RCO in the
nominal mode of its operation allow proceeding to the
formation of diagnostic tools taking into account the
destabilizing influences on the VES.

4. Diagnostic tools

The diagnostic tools of RCO consist of mathemati-
cal models that describe the nominal modes of function-
al elements and the entire control object, diagnostic
models that reflect the relation of indirect signs of diag-
nosis with direct ones, algorithms for calculating indi-
rect and direct signs of diagnosis, two-digit predicate
equations, dichotomous branches and a diagnosis tree.

The diagnostic tools of RCO [15] are developed by
sequentially solving the following tasks:

1) destabilization detection;

2) search for the place of destabilized element;

3) establishing the type of destabilizing influence;

4) establishing the kind of destabilizing influence;

5) formation of the dichotomous diagnostic tree.

4.1, Destabilization detection

The task of detection is to establish the occurrence
fact of deviations in the operation of RCO. In order to
solve this problem, the reference model of RCO is used
that reflects the nominal operating mode in digital form

K[ (k+1) Ty |=A-%(KTg)+b-u(KTy); x(0)

~%
0(K) = C-%(KTy),

uc(k)

+
xiTo gyt =
%Jr

Kl | 4 —~x(ktl) xk) [ wl
. >——’+ — [ T T
x1(k) 1- —

where matrices A, b and C correspond to the matrices of
the equation (10), X(kTy) is the reference state vector

of RCO, ((KkTy) is the reference output vector.
The measurement vector changes (i(kTy) relative

to the reference behavior ((kTy) when destabilizing

influence appears in RCO. This change can be repre-
sented as the following two-digit predicate equation

Zp= 82 {|ﬁ(kT0)|—|0(kTo)| 280};
k=ky, ky, P,

(12)

where S; is the two-digit predicate symbol, 3¢ is the
deviation tolerance, p is the confidence coefficient.

_|Lif [Au(KTo)| > 8;

13
0, if |Au(KTp )[< 8, &)

where Au(kTg)=10(kTg)—0(KTg), zo as true indicates

the presence of the fact of destabilization, and z, as false
indicates its absence.

The confidence coefficient p is used in determin-
ing the value of the logical attribute z, to eliminate erro-

neous or noisy discrete deviation values Au(kTy),

which violate conditions (13).

After establishing the fact of destabilization in the
RCO, it is necessary to find in which functional element
it appeared.

4.2. Search for the place of destabilization

Searching the place of destabilization is related to
finding a faulty functional element of RCO under the
assumption that only one destabilizing influence can
appear during the diagnosis period. The search problem
is solved using reference models only for fragments of
RCO and using checkpoints that provide the possibility
of an unambiguous search, that is, the diagnosability of
places of destabilization. There are five such places in

1+ —~Xa(k+1) L xa(k) = ui(k)
4
To
T L- Ta
Kjf-ljn + — x3(k) K_SJ_TO + —~xs(kt1) e xs(k) =ux(k)
¢ 4 J ° T
To To
1 Y

Fig. 12. Block diagram of RCO in the discrete state space
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RCO, and a checkpoint is required to ensure diagnosa-
bility via the valve position p(t). This is ensured by set-
ting a digital valve position sensor that provides meas-
urements of the variable xi(t) indicated in Figure 12.
Then, in order to establish the violation of the servo
operability, it is necessary to compare the difference

between the signal from the checkpoint @, (k+1) and
the signal from the reference model

with a deviation tolerance &1 and process according to
the two-digit predicate equation

1=S, {|AuILl (k+1)| > 81};

(15)
k= k2, k3, p,

where Au, (k+1)= a, (k+1)—0H (k+1), then

(Lt Ay, (kD) 235
o |au,, (k+D)|< 3, (o

if 1 is true, then destabilization has occurred in the ser-
vo, and if z; is false, then additional checks must be
carried out.

In order to search for destabilization in the VES
and in temperature sensors, the reference model (11) is
used. In this case, two-digit predicate equations are

formed using the components of the measurement vec-
tor u(k). So, for the first sensor

25= S {[0iy (K) =0y (K)[ 2 35 5

. (17)
k=ks ks, p
and for the second sensor
23= Sy {|0iz (K) =05 (K)| 2 33} 18)

k=Kks kg, p.

Then, if z; and z; are true, then the destabilization
is in the VES, and if z, is true and z3 is false, then this
indicates the destabilization of the first sensor, z; is false
and zs is true, then it indicates the destabilization of the
second sensor.

A fragment of the dichotomous search tree for the
place of destabilization is formed and shown in
Figure 13 with the help of logical signs z;, i = 0,3.

In case zq is true and z1, 2, z3 are false, the scenar-
io is presented when there is destabilization in RCO, but
no place has been found. The destabilization detection
in this case may be incorrect and therefore it is neces-
sary to return to the destabilization re-detection proce-
dure according to equation (12) appeared.

The next step required to complete the formation
of diagnostic tool and expand the dichotomous tree is
the establishing the type and kind of destabilization.

Workable

Vortex energy
separator

Cold air flow
temperature sensor

Hot air flow
temperature sensor

Fig. 13. Fragment of the dichotomous tree
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4.3. Destabilization type detection

The destabilizing influences of the servo led to a
decrease in the coefficient x; and to the appearance of a
zero-drift x10. Therefore, in the process of diagnosing, it
is necessary to establish what type of destabilization
occurred in the servo. Based on the assumption of a
one-time destabilizing influence, which means the im-
possibility of simultaneously reducing the coefficient
and zero-drift, as well as the quasi-stationarity of direct
signs of destabilization type in the servo. The argument
of the two-digit predicate equation is formed on the ba-
sis of the corresponding functional diagnostic models.
In order to do this, it is necessary to choose one of two
functional diagnostic models that reflect the relation of
indirect signs of destabilization with direct signs of
types. The direct signs of types are the deviation of the
coefficient Ax; and the zero-drift xi. The functional
diagnostic model for zero-drift is simpler in structure,
obtained by subtracting the equation of the reference
model from the servo equation with drift

AUy, (k+1)=au

u(k)+uu0 (19)

where Auu(k) is the deviation of the valve position

sensor output signal, uyo is the zero-drift of servo meas-
ured by the position sensor. Zero-drift for two dimen-
sions

Uyo =AUy (k) (20)
and for the next two measurements
Uy =AUy (k+1). (21)

Since the zero-drift does not change over the diag-
nosing interval due to the assumption of quasi-
stationarity, then by equating the right-hand sides of the
equations the argument for two-digit predicate equation
is formed in the following form

|Auu(k+l)—Auu(k)|S5“, (22)

where 811 is the tolerance of zero-drift deviation.
Then the two-digit predicate equation for deter-
mining the type of destabilization in the servo is

211=S, {|AuM (k+1)-au, (k)| > 8“};
k=ky, Ks, p.

(23)

If 11 is false, then this means that there is a zero-
drift uyo in the servo. If zy is true type of destabilization
is the deviation of the coefficient Ax;.

Destabilization in the VES functioning leads to
changes in the parameters of mathematical models for
both cold and hot air flows. Three types of destabiliza-
tions are observed: this is a change in the coefficients
and ks, time constants T, and T3, and drifts of operation
points 020 and 03. These types of destabilizations can be
established using models of one of the channels.

Let us consider the cold air flow channel during
destabilization leading to a change in the coefficient &, .

Then the equation of perturbed motion

Ty To-Tp .
%o (k#))=0 foxy (K)+-2-0%, (k) (24)
T T2
and reference model equation
R, (k+1):EK2x1(k)+T2 Tog, (k) (25)
T T

make it possible to form a functional diagnostic model

Axp (k). (26)

AXy (k+1):%AK2xl (k)+ TZ_I:TO

The discrete signal X (k) is calculated using the

equation relating xs(k) = ui(k) and xs(k) in the system of
finite difference equation (9).

The direct diagnostic sign of the diagnostic type of
destabilization from equation (26) is as follows

_ Toaxp (k+1)  (Tp-To)axp (k)
S Toxa(k) Toxa(k)

(@7)

The condition of quasi-stationarity of the sign
allows to form the following equality

TzAXZ k+1)

X

(
(k
TZAXZ (k+2) l (T (28)
xq (k+1)

0) X5 (k+1)

To-To)axa (k) _
1

which can be converted to
[ Toax, (k+1)—(Tp-To ) axp (K) |- xq (k+1) -
—|:T2AX2 (k+2) (T2 -TO)AXZ (k+1 :| ( ) =
=va1(k+2),

(29)
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then

231= S {|Y31 (k+2)|< 631};

(30)
k=Kky, ks, p.

If z3; is false, then the destabilization is caused by
a change in the coefficient Ak, if z3 is true the destabi-
lization is caused by the types ATz and 6. In order to
establish the types of destabilizations of the VES asso-
ciated with a change in inertial properties is AT, sign
and drift of operation point is 62 sign, the functional
diagnostic model for drift can be used

AXy (k+1)=(1—1T——0ij2(k)+620, (31)
2

which reflects the connection of the direct sign of the
destabilization type 6820 with the indirect sign Axa(K).
Then the direct sign of destabilization is defined as
020 =Xy (k). (32)
The value of the sign does not change significantly
over the diagnosing interval, so the following equa-
tion is
B0 = AXp (k+1). (33)
The following variable can be obtained to form the
argument of the two-digit predicate equation by equat-
ing equations (32) and (33) and transforming them

|ax, (k+1)—ax, (K)| <837, (34)

then

23y =S, {|axg (K+1) —ax, (K)| <3

o (35)
k=kg.ks, p.

If z3, is false the drift of operation point is present.
If z32 is true the change in the inertial properties of the
VES exists.

The destabilization of the cold air sensor operabil-
ity can be reduced to three types: the decrease in the
coefficient by Ak, the increase in the time constant ATy,
and the zero-drift uso.

It is necessary to use the following appropriate
functional diagnostic model to determine the type of
destabilization leading to a decrease in the coefficient

AK4TO

X, (k). (36)

ax (k+1):[1—I—OJAX3(k)+

4 4

The variable x2(k) corresponds to the temperature
of the cold air flow. The temperature of cold air is relat-
ed to the temperature of hot air by the corresponding
functional dependence shown in Figure 2. Therefore,
the estimated values xz(k) can be obtained using the
measurement results ux(k) and the corresponding equa-
tions for the second sensor. The value of the direct sign
Axy4 is determined by the following equation

Ax3(k+l)—(1—ljij3(k) T,
AK4 = X2 (k) T—O . (37)

The equation is also valid for subsequent discrete
values

Ax3(k+2)—(l—_EJAx3(k+l) .
= = 38
Al X, (k+1) T (38)

So, the argument variable for a two-digit predicate
can be formed as

733 (k+2) = {Axg (k+2) —(1 —I—ZJA){?’ (k+1):| x

(39)
><x2(k)—{Ax3(k+l)—(l—1—jij3(k)}-xz (k+1),

then

233 =95 {|Y33 (k2) < 533};

s (40)
k=ky.ks, p.

If the modulus of the variable yss(k+2) is less over
the entire range of k with the confidence coefficient p,
then zs3 is true, which indicates the presence of the first
type of destabilization. If zs3 is false, both the second
AT4 and third uio types of destabilizations are possible.

The functional diagnostic model for the zero-drift
can be used in order to unambiguously establish these
types of destabilizations

AX3(k+l):[l—$JAX3(k) +Ug.  (41)
4
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The expression for the direct sign uyo is

Upp = axg(K). (42)

The value of the sign does not change significant-
ly for other values of variables due to quasi-
stationarity, therefore

Ug = axg(k+1). (43)

The argument variable can be formed based on
two equations above

|axg (k+1)—axg (k)| < 834, (44)
then

234 =S, {|axg (k1) —axg (K)| < 334 |3
k = k4,k5, p.

(45)

If z34 is true the zero-drift uso is present, and if zs4
is false then there is a change in the inertia ATa.

In the sensor for measuring the temperature of
hot air flow, similar three types of destabilizations are
possible: the decrease in the coefficient by Axs, in-
crease in the time constant ATs, and zero-drift ugo.

The first type of destabilization is described by a
functional diagnostic model

AXg (k+1)=[1—T—0JAx5 (k)+ﬂx4 (k), (46)

then

axg (k+1)—(1—10]AX5 (k)

5 J5
X4 (k) To

AKS =

The variable x4(k) is represented by the estimated
value through the measurement ui(k) = x3(k) of the
cold air flow sensor due to the solution of the corre-
sponding equation and the functional connection of the
measurements of the temperature sensors.

Then the corresponding argument variable for a
two-digit predicate can be represented as

yas (k+2) = {Axf, (k+2) _[1 _%] axg (k+1)} .

(48)
« X (k){Axs (k+1)—[1—1—0JAX5 (k)]x4 (k+1)

5

with the help of which the two-digit predicate equation
has the following form

235 =S {|“/35 (k+2)|< 535};
k= k4,k5, p-

(49)

If z35 is true there is a first type of destabilization,
Axs. If z35 is false, both the second ATs and the third
Uao types of destabilizations are possible in the consid-
ered sensor.

The functional diagnostic model for the zero-drift
can be used in order to unambiguously establish these
types of destabilizations, as in the previous case

Ax5(k+1):(1—1—0JAx5(k) +Uyy.  (50)
5

The value of the direct sign of destabilization is
determined using the following equation

Ugp = Ax5 (), (51)
which allows to form the argument variable for a two-
digit predicate equation in this form

|axs (k+1)—axs (K)| < 336, (52)

then

Zag =So ||AXs (k+1) —aXs (K)| < 846 ¢
36 2{| 5 (k+1) 5( )| 36} (53)
k = k4,k5, JoB
If z36 is true the zero-drift uy is present, and if zss
is false so there is a change in the inertia ATs.

4.4, Determination of the kind
of destabilization

The need to solve this problem is associated with
various possibilities for recovering the operability of
RCO. Destabilizing influences can be of such magni-
tude that they can be compensated by various means of
adjustment. At large values, parrying is performed by
means of reconfiguration of algorithms and equipment.
Therefore, for each of the previously considered types
of destabilizations, two kinds of destabilizing influ-
ences will be considered: compensated and uncompen-
sated.

For the servo, if zi; is true the type of destabiliza-
tion Ak; is present. The value of the direct sign is re-
quired to determine a specific kind of destabilizing
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influence. In this case, this is an estimate of the current
value Aki(K), which is calculated every cycle using the
following equation

Auu(k+1)—AuH(k)

Toue (k)
The estimated value of the change in the gain of
servo can be obtained using the arithmetic average

AKq (k) = (54)

ARy = (55)

i'iAKl(i).

m

The boundary value AK; can be used to separate
two kinds, then via this two-digit predicate equation

2111 =S {AK) < ARy} (56)
it is possible to diagnose a specific kind of destabiliz-
ing influence. If z11; is false, then this is the compen-
sated kind di. If 111 is true, then this is the uncompen-
sated kind d».

It is necessary to obtain its estimated value using
per-tick results to determine the kind of zero-drift of
the servo

Uy (K) = au, (k) (57)
according to the formula of averaging
1 m
OHO:_.ZUHO(I) (58)
m iz
Then using the two-digit predicate equation
2110 =S {U0 <00} » (59)

a specific kind of drift is determined. If z110 is false,
then this is the compensated kind ds. If z110 is true,
then this is the uncompensated kind d,.

Analytical ratios for determining the kinds of
change in the coefficient of VES

Toaxg (k+1)— (T +Tg ) AX; (K)

AKp (k) = ToX, (k) ; (60)
Aﬁz —%';AKZ (l), (61)
Z310 = 82 {AEZ < Aﬁz} . (62)

If 2310 is false, then this is a compensated kind of
change in the coefficient ds. If zsig is true, then this is
its uncompensated kind ds.

Ratio for determining the kinds of changes in the
inertial properties of VES is

2
_ T2 AX2 (k+1)
T ]
T= Lm0 (69
i=1
Z391 = 82 {A-T—z < A-’I\—z} (65)

respectively.

If 2321 is false, then this is a compensated kinds of
change in the coefficient d;. If z3p: is true, then this is
its uncompensated kind ds.

Ratio for determining the kinds of the drift of op-
eration point of the VES is

A920 (k) = Axp (k) ) (66)

Aézo = % ZAOZO (l) ) (67)
i=1

Z30 =S {Aézo < Aézo} : (68)

If z3p0 is false, then this is a compensated kind of
the drift of operation point do. If z35 is true, then this
is its uncompensated kind dio.

Next, the main analytical relations will be con-
sidered for diagnosing the kinds of destabilizing influ-
ence of the cold air flow sensor.

Ratio for determining the type of change in the
coefficient is

AX3(k+1)—(1—IOJAX3 (k)

_ 4 Ty .
AKy (k)— xz(k) .T_;‘, (69)
R 1 & .
ARy =a~§AK4 (1); (70)
2331 :SZ {A§4 < Aﬁ4} . (71)

If 331 is false, then this is a compensated kind of
change in the coefficient dis. If zs31 is true, then this is
its uncompensated kind di..
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Ratio for determining the kind of inertia change

AXS(k+l)—[1—IOJAX3 (k)

~ 4 T
#Ta(k)= %3 (k) —K4x5 (k) To (72
AT, :%-ZAT4(i); (73)
i=1
2340 = Sz {A-T—4 < A-,I\—4} . (74)

If z340 is false, then this is a compensated kind of
change in inertia dis. If zas0 is true, then this is its un-
compensated kind dia.

Ratio for determining the kind of the drift of op-
eration point is

ugg (K) = axz(k); (75)
. 1o .
Ugo ZE'ZUN (i) (76)
i=1
Z341 =S {Uyo < Oyo} - (77)

If z341 is false, then this is a compensated kind of
the drift of operation point dis. If z341 is true, then this
is its uncompensated kind dse.

Similarly, the main analytical relations are deter-
mined for diagnosing the kinds of destabilizing influ-
ences of the hot air flow sensor.

Ratio for determining the kind of change in the
coefficient is

Axg (k+1) —(1—10]% (k)

axs (k) = x4(k)5 'I—Z} (78)
1 & N

ARg =a~;AK5(l), (79)

Z351 =S, {AKs < ARg ). (80)

If z351 is false, then this is a compensated kind of
change in the coefficient di7. If zss; is true, then this is
its uncompensated kind djs.

Ratio for determining the kind of inertial change
is

T
k+1)— 1—0] k
Xs(k)—K5X4 (k) TO

ATs (k)=

m

AT zi.zATs(i); (82)
m iz

2360 = 82 {A-T—s < A-/I\—s} . (83)

If z360 is false, then this is a compensated kind of
change in inertia dio. If zseo is true, then this is its un-
compensated form do.

Ratio for determining the kind of the drift of op-
eration point is

Uzo(k)=AX5(k), (84)

020 —%'Zuzo(')' (85)
i=1

Z361 =S7 {Uz0 < Ugp ) - (86)

If z361 is false, then this is a compensated kind of
the drift of operation point dzi. If zze is true, then this is
its uncompensated kind da».

4.5, Formation of the dichotomous
diagnostic tree

A concept of a state transition diagram (STD) was
taken as the basis for constructing the dichotomous tree.
STD is used to determine functional safety indicators of
a fault-tolerant safety-critical system. As STD method is
based on, so this research follows the generalized struc-
ture of the state vector with a representation of each
functional element of RCO, that allows to classify inop-
erable states. For STD it is necessary to correctly sepa-
rate all possible inoperable conditions. Such groups of
destabilizations are compensated (may be parried) and
uncompensated (reconfiguration, manual intervention)
kinds. Thus, the determination of the critical state of
system is ensured, in which the value of the sub-
predicate expression exceeds the corresponding speci-
fied boundary value — the kind of destabilization is
uniquely determined [16].

With the help of two-digit dichotomous equations,
solutions are obtained in the form of logical variables,
which are signs of diagnosing the functional state of
RCO. It is possible to systematize them by means of the
dichotomous tree shown in Figure 14 using the logical
bond of these signs.

Consider the process of forming a deep analysis on
a specific example. Let destabilization occur in RCO
caused by a change in the time constant of the VES by
AT, exceeding the boundary value, in other words, a
destabilization of the kind ds occurs.
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@ 0 Workable
1

Hot air flow
temperature sensor

Vortex energy
separator

temperature sensor

Cold air flow

Fig. 14. Dichotomous diagnosis tree

The detection procedure using the predicate equa-
tion (12) generates zo as true, indicating the inoperabil-
ity of RCO. Further, using the predicate equation (15), it
is established that the servo is operational, since z; is
false, and the inoperability of RCO is caused by its oth-
er functional elements. The predicate equations (17) and
(18) says that z; and z; are true, that indicates the inop-
erability of VES as a functional element of RCO. Fur-
ther, from the three possible types of destabilizations,
using the solution of predicate equations (30), (35) and
(69), it is determined that zs»; is false, that is, the com-
pensated kind of change in the inertia of VES d-.

Similarly, it is possible to analyze the logical rela-
tions of the signs involved in the formation of the diag-
nosis of RCO when each of the 23 kinds of destabilizing
influences appears in its functioning.

The dichotomous tree is, in fact, a production
knowledge base of emergency situations in the opera-
tion of RCO and a logical structure for the relation of
this knowledge to form a complete diagnosis of the
causes of a malfunction in real time during transients.

5. Recovering tools

After receiving a complete diagnosis of the causes
for a malfunction of RCO, it is required to proceed to
the following rational control procedures related to the
provision of recovery. The recovering tools include re-
dundant, backup funds and algorithms for their flexible

use in accordance with the diagnosis in order to ensure
an acceptable level of recovery of RCO. Recovering
tools depend both on the type of the functional element
of RCO, and on the kinds of its destabilizing influences,
as well as on the means of recovery the operability. It is
proposed to consider the features of recovering tools for
each type of the functional element of RCO.

The considered recovering tool structured by mak-
ing the following assumptions [17]:

— ACS is considered to be in good working con-
dition in initial state;

— recovery facility is available for each compen-
sated kind of destabilization;

— destabilizing effect is a one-time event, so

— after recovery the functional element is consid-
ered to be as good as new;

— recovery rate should not exceed transient time.

5.1. Servo operability recovery

Four kinds of destabilizing actions d; + d4 are di-
agnosed in the servo. The compensated kind of change
in the coefficient Ak, can be parried via the signal ad-
justment. The value of this adjustment is determined
from the equation of the functional diagnostic model

Axq (k+1) = axq (K)+akg Toug (k) - (87)
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It is required to form such an additional control
signal at the input of the servo in order to compensate
for the resulting deviation Ax;Touc(K).

To do that, there is a need to obtain the following
equation

1T | ug (k) +ug' (K) | = xaToug (k) (89)

where uc'(k) is the adjustment signal.

The solution of this equation with respect to the
adjustment signal

uc’(k)=(“1~—_f‘1)'uc(k)= = (89)
Kq Kl—A

Kl'uc(k).

It is necessary to use Ak; to implement the ad-
justment signal, then the equation
, ARy
u¢' (k)=

= - (90)
K1 — AKl

-uc (k)

will provide compensation for the current deviation
Ax; and recover the servo.

The adjustment signal is used to recover the op-
erability in case of compensated type of destabilizing
influence d4, associated with the appearance of a zero-
drift of the servo. The value of the signal adjustment is
determined from the equation of the perturbed motion
of the servo

% (k+1) = %q (K)+x1Toue (k) + Touy-  (91)

Based on the zero-drift compensation condition,

the following equality can be formed

1T |:uc (k)+ug (k)} +Touyo =K Toue (k) (92)

from which the adjustment signal is determined as

A

' Uyo
Ue (k)=—K—“l.

(93)

When uncompensated kinds of destabilizing influ-
ences dz and ds appear in the servo, an additional back-
up electric motor must be used to recover the operabil-
ity, which can go both in cold and hot standby. In this
case, using the hardware reconfiguration tool, the faulty
electric motor is switched off and the backup option is
put into operation, that ensures the servo recovery.

5.2. VES operability recovery

The violation of operability of the VES is due to
six kinds of destabilizing influences dg +d;q. Consid-

er the recovery procedures for each kind of compen-
sated destabilizing influences.

The functional diagnostic model for the type of
destabilization caused by a change in the coefficient
Axs is described by the following equation

ToAKZ T2 - TO

AXp (k+1) = xq (K)+

2 2

AXo (k) . (94)

In order to compensate for the first component of
the right part of the equation, it is necessary to form
such an additional control signal uc'(k) that the third

ToAK
term ——0°"2

xq (k) appears.

If the additional control signal is

A

TA:IZ [x1 (k1) =xy (k)] (95)

ug (k+2) =

then the change in the coefficient of the VES will be
compensated by switching to another operation point.

Compensation for the kind d; of the destabilizing
influence associated with an increase in the inertia of
the VES by the value of AT, can be made by reconfig-
uring the control algorithm. Using a functional diag-
nostic model

TO ATZ

Ko ToAT:
Axp (K1) = _f20%2

a2 (K)

xq (k), (96)
T22 T2 1( )
the following algorithm is formed

T22 TO A-/l\-z
K2T0 ATZ T22

%Xy (k+2) = AXy (K)—axy (k+1) |. (97)

It is necessary to use the measurable variable
X2(K) indicated in Figure 12 for the practical imple-
mentation of this algorithm, applying the equations of
relation with the variable x2(k), which is not measura-
ble, and then the additional signal will be calculated
through the deviations Axs(K).

This additional signal is formed with the help of

uc (k+4)= X (k3) _Txl (k+2) :
kilo

(98)

It provides forced control of the VES in order to
compensate for the deceleration of transient process.

The compensation of the drift of operation point,
kind ds, can be done with an adjustment signal. Based
on the equation of the functional diagnostic model
(31), to compensate the drift of operation point by the
value 0y, it is required to change the signal x2(k) at the
input of the VES by this value. This change corre-
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sponds to the situation in the servo at ds. Then, using T Ta U (k)
the structure of equation (93), it can be determined that X, (k+1)= [l_T_O] 5 (k)+%~”k—;
" ; ; 2 2 1
the additional signal will be (102)

/ 620
e (k)= =7 (99)
Such an additional control signal will make it
possible to compensate the drift of operation point of
the VES caused by the destabilization kind da.
Uncompensated kinds of destabilizing influences
ds, ds and dip cannot be parried by any instrumental
means in such a way as to recover the full operability of
the VES. Therefore, if the conditions of operation allow
the use the VES with such changes in parameters, then
further operation is carried out, which is much better
than the complete shutdown of the vortex energy sepa-
ration process to stabilize temperature modes.

5.3. Temperature sensors operability recovery

The change in the operability of the cold air flow
sensor occurs due to six kinds of destabilizing influ-
ences dqyq +dyg. In order to recover the measurements

of the inoperative cold air flow sensor, a number of
means can be used: signal adjustment of deviations
Ax4 and uip, reconfiguration of the control algorithm
when changing AT, as well as measurements of the
hot air flow sensor and measurements recovery by us-
ing a reference model.

The recovery of operability with the help of sig-
nal adjustment and reconfiguration of control algo-
rithms have already been considered earlier in this
paper. Therefore, the following will describe the pro-
cess of recovering the measurements of the inoperative
cold air flow temperature sensor using the measure-
ments of the hot air flow temperature sensor. Sensor
measurements are interconnected by

3 (K) =5 (K)~0(1),

where 0(p) is the difference in temperature measuring
depending on the valve position p indicated in
Figure 2. Therefore, for all possible kinds of destabi-
lizing influences, instead of incorrect measurements of
the cold air flow temperature sensor, estimated meas-
urements could be used

%3 (k)= x5 (k)—0(x1 (k).

where the variable xi(k) reflects the valve position.
Measurements of the inoperable cold air flow

temperature sensor can be replaced by estimated

measurements obtained using the reference model

(100)

(101)

23(k+1)=(1—_-;—0]k3(k)+ﬂ~>?2(k).

The variable %X5(k) is an estimated measurement

of the cold air flow temperature sensor, which corre-
sponds to the VES nominal operation mode and the hot
air flow temperature sensor.

The recovery of the inoperable hot air flow tem-
perature sensor measurements can be done in the same
way. When using the cold air flow sensor measure-
ments, the estimated measurements will be generated
by means of

%5 (K) =X (K)+0(xq (K)) (103)

Estimated measurements using the reference
model are obtained by solving the system of equations

u, (k
%, (k+1)=|1- 10 | (k)+—K2T°~—“( ).
i n)" ok (104)

K 4T0
Ty

xs(kﬂ):(l_l_(’] %5 (K)+ <210 3, (k).

4

The variable xs(k) is the estimated measure-

ment of the hot air flow temperature sensor, which
corresponds to the VES nominal operation mode and
the cold air flow temperature sensor.

The presented algorithms for recovering the oper-
ability of RCO do not content the whole variety of pos-
sible way of the destabilizing influences kinds respond-
ing. An important point in the choice of means is the
assumption that the worst contingency is possible in the
future. Therefore, in the excess means reserve, there
should be such ones that will allow it to be neutralized
any destabilization ensuring the autonomous function-
ing of the vortex energy separation process.

Conclusions

The purpose of the article is to apply the rational
control of VES under conditions of destabilizing influ-
ences. The use of rational control requires the formation
of ACO, which includes the servo, VES and tempera-
ture sensors of cold and hot air flows. The processing of
the experimental data made it possible to form linear-
ized mathematical models in form of transfer functions
and state space equations for the nominal operating
mode, i.e., in the absence of destabilizing influences.
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The destabilizing influences on the functional ele-
ments of ACO make it possible to form a number of
diagnostic models that analytically reflect the relation
between indirect and direct signs of diagnosis. The
problems of detecting destabilization, finding its place,
establishing the type and determining the kind of desta-
bilizing influences were solved with the help of those
diagnostic models. Thus, it is possible to form a
knowledge base and a structure of inference about the
causes of destabilization in form of a dichotomous tree.
Algorithms for the rehabilitation of the operable state of
VES are formed for each kind of destabilization.

As a result of solving the research problems, an
approach was proposed to the development of models
and algorithms for the rational control of VES under
conditions of destabilizing influences. The proposed
approach makes it possible to control the operable state
of VES and to ensure high-quality control of the output
air flow temperature.

In the future, it is necessary to expand the class of
diagnostic models, taking into account the physics of
processes occurring in the control system, the nonlinear
and non-stationary properties of real objects. In addi-
tion, building up the diagnostic production knowledge
base will allow the RCS to process a greater number of
destabilizing influences. The combination of the model
and the knowledge base can be applied to a real control
system to detect faults early, decide on the acceptability
of errors, and then fend off these faults without resorting
to letup the control system operation. The non-linear
characteristics of VES can be taken into account via the
interval parameters of its linearized models. It should
help to cover the entire functionality of VES as a united
variegated object.
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PAIIIOHAJIBHE YITPABJITHHA TEMIIEPATYPOIO BUXPOBOI'O EHEPTOPO3AIJIbHUKA
IIPU JECTABLII3YIOYUX BIIVIUBAX

A. C. Kynixk, K. IO. /lepeauos, C. M. Ilaciunux, /1. B. Cokon

O0’€KTOM JOCIIIKEHHS Y CTaTTi € mporec (OpMyBaHHs PaliOHAIFHOTO YIPABIiHHS TEMIEPATYPOIO BUXPO-
BOTO €HEPropo3AiJbHUKA TpH JlecTalimizyrounx BruuBax. [IpeameTom cratTi € mportiec GopMyBaHHS TUXOTOMIYHO-
ro JepeBa 3a JIBO3HAYHMMH MpeIUKaTaMH JiarHOCTUYHHX MOJENeH MPUCTPOI0 BUXPOBOTO €HEProOpO3IiIbHHUKA SIK
00’€eKTa pallioHaJBHOIO YIPABIIHHS TP TMOSBI JecTalini3ylounX BIDIMBIB, Ta MOAAJIbBIIE BITHOBJIEHHS KOO Ipare-
31aTHOCTI. MeTo10 € po3poOKa aHANITUYHOTO MiAXOAY 10 (opMyBaHHS HU(PPOBUX AJITOPUTMIB paliOHAIEHOTO YII-
PaBIIiHHS TEMIIEPATYpPOIO XOJOAHOTO 1 rapsuoro MOTOKIB IMOBITPS BUXPOBOTO palliOHAIBHOTrO. 3agadi: BUBUYHUTH
0COOJIMBOCTI TIpOIIECy Y IPUCTPOI BUXPOBOT'O €HEPrOpO3/AiJIbHIKA; OMHCATH PallioHANBHY CHCTEMY KepyBaHHS IpH-
CTPOEM BUXPOBOT'O €HEPrOpO3IIILHHUKA; TPOBECTH aHAJI3 eKCIIEPUMEHTAIBHIX XapaKTEPUCTHK MTPUCTPOIO0 BUXPOBO-
T'O EHepropo3AiIbHUKA; c(HOPMYBATH JIiHIIHI MaTEMAaTHYHI MOJIENI HOMIHAJILHOI'O PEXXUMY POOOTH BHXPOBOI'O €HEp-
TOpO3/iJIbHUKA; PO3POOUTH JIiHIKMHI AIarHOCTHYHI MOJIEN, 10 ONMMCYIOTh HEeNpale3aTHi CTaHH BUXPOBOTO €HEPro-
PO3IIbHMKA SIK PAlliOHAJILHOIO 00’€KTa YIpaBIiHHS; chOPMYBATH JIOTIYHI O3HAKH IiarHOCTYBaHHS 32 JIONIOMOT OO
JIarHOCTUYHHUX MoJIejield, po3pOOMTH aNrOpuTMH BiJHOBJIEHHS Npale3aTHOCTI BUXPOBOTO E€HEPropo3iijbHUKA.
BukopucToByBaHNMHU METOIAMU €: TIepeAaBaibHi QYHKII1, AMCKPETHUI NPOCTIp CcTaHiB, (OPMYBaHHS MPOTYKIIiHi-
HUX TPaBUJI, IBO3HAYHI MPETUKATHI PIBHSIHHS, TUXOTOMIUHI JIepeBa, MIarHOCTHKA Ta BiTHOBJICHHS IMpale3laTHOCTI
JTUHAMIYHUX 00’ €KkTiB. OTpUMaHO Taki pe3yJabTATH: aHAi3 OCOOIUBOCTEH MPOIIECY BUXPOBOTO CHEPTOMO/ILTY, OITUC
CTPYKTYpH Ta (YHKIIIH palioHaILHOI CHCTEMH yNpaBIIiHH, aHaJli3 eKCIIEpUMEHTAIbHUX XapaKTePUCTHK, M00YI0Ba
MaTeMaTUYHHUX MoJieJield, po3poOka 3aco0iB JIarHOCTHKH Ta BiIHOBJICHHS aBapiiHOIO PEXHUMY POOOTH BHXPOBOTO
€Hepropo3/iJIbHAKA SIK palliOHATBHOr0 00’€KTa YNpaBIiHHS INPH 33aJaHOMy HaOOpi JecTaOlli3yrouux BIUTHBIB.
BucHoBku. HaykoBa HOBH3HA nonsrae y (OpMyBaHHI aHaJIITHYHOTO MiJIXOAy JO PO3POOKH paIlioHaJILHOTO yIpas-
JIHHS MIPOLIECOM BUXPOBOIO €HEProrojily MOBITPSHOrO MOTOKY TP 3HAuHIM Iii pi3HOro poay AecTadili3yrouux
BIUTMBIB.

KurouoBi ciioBa: Buxposa Tpyoka Panka-Xinia; BUXpOBHH €HEPropo3AUILHUK; pallioHaIbHE YIPaBIIiHHS; Je-
cTalbuTi3yI04i BIUIMBY, JIHIHHI MaTeMaTH4HI MOJIENi; ABO3HAYHI NIPEIMKATHI PIBHIHHS; IarHOCTUYHE 3a0€3IIeUeHHS;
peabinitaniiiHe 3a0e3neYeHHS.
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