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Article History:  Abstract. The focus of this study is the arrangement of a rational control technique used to maintain the 
airflow temperature in a vortex energy separator (VES) under destabilizing effects. The objectives include the 
development of tools for the rational control of temperature in the cold and hot air flows of a VES. Methods 
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Introduction

The intensive development of technosphere has had an 
increasing influence on the processes in the biosphere. It 
could reduce the destabilization of the biosphere in the 
energy sector by saving energy and increasing the en-
vironmental friendliness of energy technologies. One of 
these technologies is associated with the use of the vortex 
effect for energy separation of gases in vortex streams. 
Devices that realize this effect are known as vortex energy 
separators (VESs).

VESs are widely used in various technological fields for 
cooling, air conditioning, and gas and liquid separation 
systems. Therefore, trigenerative energy storage systems 
that operate in compressed air are promising. Storing air 
in high-pressure tanks is accompanied by high throttling 
losses. To reduce the losses, vortex tubes can be used to 
convert part of the excess pressure into useful heating and 
cooling of the flows (Beaugendre et al., 2021). In addition, 
vortex tubes can generate liquid carbon dioxide from the 
atmospheric air as an additional byproduct.

The ability of vortex tubes to form hot and cold gas 
flows can be exploited to preheat hydrogen in electric ve-
hicles powered by hydrogen fuel cells. Heating is essential 
for a safe cold-start process; however, the current heating 
methods are energy-intensive. Alternatively, hydrogen can 
be heated using vortex tubes to separate compressed hy-

drogen into low- and high-enthalpy streams and using a 
heat exchanger to extract heat from the environment into 
a cold stream (Lagrandeur et al., 2023). This system uses 
only the excess pressure available in the hydrogen tank as 
the driving force. For hydrogen stored at –30 °C, the vor-
tex tubes can increase the hydrogen supply temperature 
from –1.6 °C (Joule-Thompson heating in an isenthalpic 
choke valve) to 18.3 °C, corresponding to a heating power 
of 622 W.

Air separators are installed in the air intakes of helicop-
ter engines to remove any harmful dust from the incoming 
air. Their use is necessary under desert conditions to elimi-
nate the risk of rapid engine wear and the subsequent loss 
of power. However, their use results in an inherent loss of 
inlet pressure and auxiliary power in some cases. There are 
three main technologies: vortex tubes, barrier filters, and 
integrated inlet particle separators. Bazgir and Nabhani 
(2018) numerically studied a vortex tube. This study was 
conducted using the number and axial angles of inlet noz-
zles. The results of the numerical simulation demonstrated 
that the numerical model could predict the phenomenon 
of vortex separation inside a Ranque-Hilsch vortex tube 
with various geometric parameters.

Based on an analysis of the numerical and experi-
mental modeling of the working process of vortex tubes, 
common characteristics of various designs were revealed 
(Piralishvili et al., 2017). The areas of expedient use of the 
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effect in engineering and technology are considered, and 
the prospects of creating burners, combustion chambers 
based on vortex flows, the use of small pipes for tem-
perature control systems, and thermal protection against 
overheating and icing are shown.

The simple design and possibility of temperature sepa-
ration of the inlet stream make it possible to use a VES to 
produce cold air in air conditioning systems. This system is 
environmentally friendly because no refrigerant is used in 
its working process (Kim et al., 2020). Experimental studies 
of the physical model of the air-conditioning system with 
VES in the variants with direct and indirect heat exchange 
established that the temperature during indirect heat ex-
change was higher than that during direct heat exchange; 
however, the direct heat exchange method had low hy-
draulic resistance.

Owing to their unique hydrodynamic properties, vor-
tex flows are widely used in many industrial applications, 
including the power industry and power systems such 
as combustion chambers, vortex fuel atomizers, heat ex-
changers, cleaning systems, and drying chambers (Khala-
tov & Nam, 2004).

The vortex tube can provide significant performance 
improvement opportunities for refrigeration systems using 
the Joule-Thomson cycle, and it can operate efficiently at 
lower pressure drops with smaller recuperative heat ex-
changers and less expensive working fluids than those cur-
rently used (Nellis & Klein, 2002).

A serious problem for deep underground mines in 
tropical regions is the high temperatures at the bottom. 
In some cases, the airflow from the primary ventilation and 
central cooling systems is insufficient to provide accept-
able temperature conditions. An inexpensive and mainte-
nance-free spot-cooling system with a vortex tube pow-
ered by compressed air can be operated with or without 
a central cooling system (Dumakor-Dupey, 2021). Simula-
tion results indicate that the mine can achieve a decent 
temperature decrease from 28 °C to 24 °C with 20 vortex 
tubes in the face.

The use of a vortex tube in hydrogen liquefaction plants 
can improve the volumetric efficiency of a liquid hydrogen 
pump by 20% because of vapor separation and subcool-
ing; reduce the liquid hydrogen storage tank boil-off loss 
by 20% because of thermal steam shielding; increase the 
isentropic efficiency from 31% in the temperature range of 
40–50 K to more than 40% (Leachman et al., 2020).

Vortex tubes can be used to improve the overall efficien-
cy of power systems, particularly micropower systems. For 
example, a vortex tube was considered in combination with 
a waste heat steam generator (Arslan et al., 2002). The vortex 
tube separates the turbine exhaust stream into hot and cold 
streams. The cooler stream was sufficiently hot to supply all 
the heat required for the economizer section, leaving the 
hotter stream to increase the temperature at the outlet of 
the superheater. Thus, the air leaving the waste heat boiler 
and entering the steam turbine has an increased enthalpy, 
and the efficiency of the cycle improves. In addition, the 
output quality of the steam turbine is improved.

Vortex energy separators are also used in aviation. 
Thus, in the aerospace industry, it is impossible to use 
liquid cooling of the cutting zone owing to the specific 
properties of the material or the design features of the 
workpiece. The use of a vortex tube allows cold air to be 
supplied to the cutting zone. This prevents chips from ad-
hering to the cutting edge of the tool (Belov et al., 2018). 
VESs were developed for the individual conditioning of the 
pilot suit (Merkulov, 1992). VESs have been successfully 
used as cooling blocks for onboard electronic equipment 
on an aircraft, in anti-icing systems (Biryuk et al., 2021), 
and in air conditioning systems for aircraft cabins (Bar-
bonov et al., 2017).

During operation, VESs are subjected to various desta-
bilizing effects such as onboard temperature and pressure 
fluctuations, compressed air parameter changes, and out-
put air flow load variations. Moreover, under the harsh 
conditions of autonomous use, the inevitable degradation 
of VES components leads to a significant deterioration in 
operational efficiency and even failures. Classical principles 
and instrumental tools for automatic control do not ensure 
the operability of VES under diverse destabilizing effects.

The classical principles and tools of automatic control 
do not ensure the operability of VES under diverse types of 
destabilizing effects. The scientific and technical problem 
is to effectively ensure the operability of the VES under 
various types of destabilizing effects under onboard, long-
term, and autonomous operation conditions. A possible 
solution to this problem is to use new control principles 
and rational control tools based on production knowledge 
bases and inference structures (Kulik, 2016).

In this study, the results of the development of ra-
tional control tools for a class of linearizable VES under 
the influence of different types of destabilizing effects are 
presented. Section 1 describes the device and principle of 
operation of the VES. Section 2 presents the features and 
structure of a sustainable renewable energy management 
system. For rational control, a VES must have properties 
that ensure the diagnosability and recoverability of its per-
formance. The diagnostic software used to implement the 
diagnostic process is presented in Section 3. Furthermore, 
in Section 4, the procedures for restoring the operability 
of the VES using functional diagnostic models that link 
the deviations of the signals available for measurement 
(indirect features) with the deviations of the parameters of 
the mathematical models (direct features) are described. 
Section 5 presents the results of a computer simulation of 
a rational control system of a VES for 23 kinds of desta-
bilization effects.

1. Vortex energy separator

A VES is a gas-dynamic generator of cold and hot air 
that applies the potential energy of a precompressed gas 
(Merkulov, 1992). Owing to the effect of temperature sep-
aration in the twisting gas flow, the conversion of thermal 
energy occurs in the VES. A schematic representation of 
the VES is shown in Figure 1 (Kulik et al., 2021).
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The operating principle of the VES is as follows (Figure 1). 
Compressed gas with pressure P enters nozzle device in-
let 1, which is a smooth tapering channel of a rectangu-
lar cross-section, in which the gas flow is given rotational 
motion owing to the spiral shape of twisting device 2. The 
most common form of the spiral is the Archimedes spiral, 
which provides the smoothest change in the velocity-vector 
direction. The twisted gas flow enters energy separation 
chamber 3 and then moves by a helical trajectory within the 
near-wall area to the straightening crosspiece and next to 
cone valve 4. Passing through the crosspiece, the gas flow 
loses its circumferential velocity component, resulting in a 
slight increase in pressure. The flow area of the cone valve 
was not sufficient for the passage of all the gas masses. 
Therefore, part of the flow moved in the opposite direction 
from valve 5, namely, in the axial area of energy separation 
chamber 3, and discharged through diaphragm 6.

Energy exchange occurs when moving in opposite di-
rections; as a result, the peripheral layers are heated and 
the paraxial layers are cooled. Thus, the temperature of 
the gas that leaves energy separation chamber 3 through 
cone valve Th becomes higher than the temperature of the 
gas, which supplies the VES, Tin Accordingly, the exiting 
diaphragm gas flow had a lower temperature, Tc , than the 
gas at Inlet 1.

The processes occurring in the VES in both steady-state 
and transient modes are characterized by various features.

 ■ A peripheral flow is a large-scale vortex structure with 
developed turbulence that moves according to the 
law of free vortices.

 ■ The paraxial flow has a small-scale turbulent structure 
and moves in the energy-separation chamber accord-
ing to the forced vortex law.

 ■ The distribution of the thermodynamic and kinematic 
parameters of the vortex flows in the volume of the 
chamber was significantly uneven.

 ■ Regime parameters of the VES are sensitive to changes 
in both the internal and external operating conditions.

 ■ Significant dependence of rotating flow parameters 
on design features and operating conditions of VES.

The listed features of the effect of temperature separa-
tion, as well as the insufficient knowledge of the nature of 
this phenomenon, do not allow one to analytically form a 
mathematical model of the VES as an object of automatic 
control.

The significant nonlinearity of the VES static charac-
teristics, distribution of parameters, and their nonstation-
arity in steady-state and transient conditions necessitate 
the use of adaptive control of the state of a rotating gas 
flow to achieve the performance quality required in vari-
ous technical applications.

2. Features of the rational control

Rational control is based on the hypothesis of uncertainty 
of destabilizing effects. This means that the uncertainties 
are moments when destabilizing effects arise, and the 
place of destabilization, its type, and magnitude are un-
known. It is also assumed that only one destabilizing effect 
can appear at a certain point in time (Kulik, 2016).

The presented research is a deepening and practical 
specification of the paper (Kulik et al., 2022a), which is 
focus on of theoretical studies of the possibility of rational 
control of the vortex energy separator under conditions 
of various destabilizations. However, due to the stage of 
computer simulation in this article, the rational control sys-
tem structure was enhanced.

With regard to the problem of automatic VES con-
trol, rational control aims to determine the relationship 
between the two subsystems. The first subsystem identifies 

Figure 1. VES device arrangement: 1 – intel nozzle;  
2 – twisting device; 3 – energy separation chamber;  
4 – crosspiece; 5 – cone valve; 6 – diaphragm

Figure 2. Functional diagram of the rational control system
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a rational control object (RCO), the second implies a ra-
tional control device (RCD), and the appropriate functional 
signal links aggregate them. Figure 2 shows a functional 
diagram of the rational control system (Kulik et al., 2022a).

The RCO involves the control object, VES, to which 
compressed air receiving pressure P is supplied, a servo 
unit that governs the cone valve position µ(t) in the ener-
gy separation chamber, and temperature sensors for cold 
θ1(t) and hot θ2(t) air flows. The RCO subsystem is affected 
by a set of uncontrolled destabilizing actions D assumed 
to present uncertain events.

RCD includes diagnostic and control software modules. 
The diagnosis module determines the VES functional state 
in the form of an estimate D̂  of the destabilizing effect 
features. The module relies on the available signals from 
dedicated sensors: the servo’s signal ( )0u kT , signals from 
the temperature sensors of cold ( )1 0u kT  and hot ( )2 0u kT  
airflows, and a signal from the control valve position sen-
sor ( )3 0u kT . The control module generates control im-
pacts ( )0cu kT  and ( )0ou kT  on the RCO, which respond 
to the RCO functioning recovery based on the results of 
its diagnosis. Here and there k is a discrete step number, 
T0 is sampling time.

The key element in the presented functional diagram is 
the diagnostic module aimed at assessing the RCO condi-
tion. It is necessary to detect the occurrence of the desta-
bilizing effect, localize and identify the effect by searching 
for the impacted functional elements, and determine their 
type, followed by specific recognition.

The detection of the destabilizing effect is the estab-
lishment of a fact for incorrect RCO running. Localization 
refers to the search for a functional element that has been 
subjected to destabilizing influences. The diagnosis type 
contributes to the group of destabilizing influences, result-
ing in the same disruption features of RCO performance. 
The destabilizing effect refers to its specific physical 
manifestation, which could be eliminated with the help of 
available recovery resources. Thus, the diagnostics module 
supplies a procedure that is a sequential process for estab-
lishing the fact of destabilization, searching for the place 
of its occurrence, identifying the type, and determining the 
specific kind of destabilizing effect.

In the presented functional diagram (Figure 2), the RCO 
differs from conventional classic automatic control objects. 
The RCO can supply the diagnosability and recoverability 
of its performance in addition to the conventional prop-
erties of controllability and observability. Diagnosability is 
a property that consists of the ability to unambiguously 
set the cause of the destabilizing effect in finite time and 
use the available measurement signals. It is evaluated us-
ing the criteria of structural and signal diagnostic ability. 
Restorability is a property of the RCO that makes it pos-
sible to fend off destabilizing effects in finite time using 
hardware and software facilities. It is assessed using a spe-
cial recoverability criterion, which allows one to form a 
sufficient resource to parry the set D of the destabilizing 
impacts of different types.

Rational control was implemented as a reasonable 
combination of analytical methods and computational, 
mockup, and experimental workbench studies.

3. Diagnosis of the rational control object

Appropriate support was provided for implementation of 
the diagnostic process. The diagnostic support of the RCO 
consists of mathematical models that describe the nomi-
nal operation mode of the functional elements and the 
entire control object, diagnostic models relating the direct 
and indirect features of the diagnosis, computational algo-
rithms recognizing direct and indirect features, and predi-
cate equations that rest on the dichotomous branches of 
the diagnosis tree (Kulik et al., 2022b).

In the nominal operation mode, which exhibits desta-
bilizing effects, the RCO is depicted in the block diagram 
shown in Figure 3. The sampling time, T0, in the variable 
argument for signal samples is not shown to simplify this 
notation.

Other characters mean the following: ( )cu k  – control 
signal sample value, ( )1x k  – state variable of the servo, 

( )2x k  – state variable of the VES cold airstream chan-
nel, ( )3x k  – state variable of the cold air temperature 
sensor, ( )4x k  – state variable of the VES hot airstream 
channel, ( )5x k  – state variable of the hot air tempera-
ture sensor, ( )1u k  – cold airstream temperature sensor 
output, ( )2u k  – hot airstream temperature sensor output, 

Figure 3. Block diagram of the RCO in the discrete state space
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( )3u k  – valve’s position sensor output, ĸ1 – servo gain,  ĸ2 – VES cold airstream channel gain factor, ĸ3 – gain of 
the cold air temperature sensor, ĸ4 – VES hot airstream 
channel gain factor, ĸ5 – gain of the hot air temperature 
sensor, ĸ1ʼ – displacement sensor gain, T2 – VES cold air-
stream channel time constant, T3 – time constant of the 
cold air temperature sensor, T4 – VES hot airstream chan-
nel time constant, T5 – time constant of the hot air tem-
perature sensor.

Different types of destabilizing impacts result in distur-
bances in the RCO performance, which means a change in 
the gain factors, time constants, and zero-drift appearance 
(Kulik, 2016). Consequently, it is necessary to form a set D 
of the destabilization effects representing the deflections 
of the gains, time constants, and signal values.

The implementation of RCO diagnosis strategy involves 
the successive settling of the following tasks:

 ■ detection of destabilization;
 ■ search for the location of the functional element im-
pacted by destabilization;

 ■ settling the type of destabilizing effect;
 ■ determination of the disturbance kind;
 ■ arrangement of the diagnosis dichotomous tree.
The dichotomous tree is the production knowledge 

base containing RCO operation failures, and this knowl-
edge logical relationship structure is used to diagnose the 
cause of malfunctions that occur during transient process 
times in real time.

Using two-valued dichotomous equations, an inference 
was made on logical variables that exposed diagnostic fea-
tures for the RCO functional condition. When the logical 

relationship between features is known, they can be sys-
tematized in the form of a dichotomous tree, as shown in 
Figure 4 (Kulik et al., 2022a).

Consider the process of forming the diagnosis on a 
specific example.

Let the RCO be impacted by a disturbance that mani-
fests itself as a zero drift of the servo, x10, i.e., a destabiliza-
tion of kind d3 has gone.

The detection function establishes a disturbance dur-
ing RCO operation. The RCO reference model is used to 
solve this problem; the sample should be displayed in digi-
tal form in the nominal operation mode

( ) ( ) ( )
( )

( ) ( )

0 0 0

0

0 0

ˆ ˆ1 ;

0   ;
ˆ ˆ ,

cx k T x kT u kT

x x
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where ( )0x̂ kT  is the vector for RCO’s reference state, 
( )0û kT  is the reference measurement vector, A, b, and 

C are system matrices of the corresponding dimension.
Measurement vector ( ) 0u kT  changes when a desta-

bilizing effect appears in the RCO. This change is consoli-
dated with the predicate equation

( ) ( ){ }= − ≥ d

=

0 2 0 0 0
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  ,  ,    ,

z S u kT u kT
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where S2 is denotes the two-valued predicate, d0 is the 
tolerance value, and p is the confidence coefficient.

Hence, the inference rule is written as
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0 0
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if
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Figure 4. Dichotomous diagnosis tree
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where ( ) ( ) ( )∆ = −0 0 0ˆu kT u kT u kT , the true z0 denotes 
the presence of destabilization, and false z0 indicates no 
destabilization.

Confidence coefficient p is used to exclude errone-
ous or affected noise meanings of the discrete deviation, 

( )∆ 0u kT ; thus, the decision-making in Equation (3) is dis-
turbed.

The task of finding the destabilization location is solved 
only for RCO components and intends to use reference 
models and sensor signals.

Therefore, to identify servo malfunctions, it is necessary 
to first handle sensor signal ( )+3 1u k  and the reference 
model signal

( ) ( ) ( )+ = +3 3 1 0ˆ ˆ1 cu k u k T u kĸ  (4)

and then treat their distinction according to the predicate 
equation

( ){ }∆= + ≥ d

=

1 2 3 1

2 3

 1 ;

  ,  ,    ,

z S u k

k k k p
 (5)

where ( ) ( ) ( )∆ + = + − +3 3 3ˆ1 1 1u k u k u k .

Hence, the inference rule record can be as follows:

( )
( )

 ∆ + ≥ d= 
∆ + < d

3 1
1

3 1
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,   

1 1 ;
 

0 1  .

if

if
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z
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Therefore, if z1 is true, servo destabilization occurs, and 
a transition to z2 is required if z1 is false.

To identify the type of servo destabilization, it is neces-
sary to form a functional diagnostic model that represents 
the relationship of indirect x10 and direct u30 destabiliza-
tion features. The functional diagnostic model for zero 
drift is written as

( ) ( )∆ ∆+ = +3 3 301u k u k u , (7)

where ( )∆ 3u k  is the output of the servo-valve relocation 
sensor and u30 is the servo zero drift discovered by the 
connected position sensor.

The predicate equation for identifying the type of ser-
vo destabilization can be as follows:

( ) ( ) ( ){ }∆ ∆ ∆= + − + − ≥ d

=

11 2 3 3 3 11

4 5

 2 1 2 ;

  ,  ,    .

z S u k u k u k

k k k p
 (8)

The inference for z11 as false indicates presence of the 
zero drift u30. If z11 is true, then the type of destabilization 
identified is servo’s gain driftage, ∆ĸ1.

The need to solve the problem of identifying the kind 
of destabilization is associated with various possibilities 
for restoring RCO performance. Destabilizing impacts can 
have a significant magnitude; therefore, they can be com-
pensated for with dedicated adjustments. In this case, the 
parry was performed by reconfiguring the algorithms and 
equipment. Therefore, the compensable and non-compen-
sable kinds of destabilizing effects are examined for the 
u30 type.

To identify a specific kind of destabilizing effect, it is 
necessary to determine the value of a direct feature. It is 
practical to use the estimated 30û  of the current value for 
this purpose because it is continuously computed at each 
sampling interval as

( ) ( ) ( )∆ ∆= + −30 3 3ˆ 1u k u k u k . (9)

If a boundary value 30u  is set to distinguish between 
the two kinds, then the predicate equation is used

{ }= <110 2 30 30ˆ  z S u u , (10)

where 30û  designates the arithmetic mean of ( )30û k  val-
ues; it is possible to determine a particular kind of drift, 
namely, that would be the compensable kind d3, if the 
inference z110 is false, and the non-compensable d4, when 
z110 is obtained as true.

The dichotomous tree’s branches for other kinds of 
destabilizing effects are constructed similarly.

4. Performance recovering

After receiving a complete diagnosis of the causes of RCO 
malfunction, it is necessary to proceed to the next pro-
cedure of rational control, which assumes performance 
recovery. Recovery actions are arranged using functional 
diagnostic models that link the deviations of signals availa-
ble for measurement (indirect features) with the deviations 
of the mathematical model parameters (direct features). 
By solving inverse problems, a control action that fends 
off the identified kinds of destabilizing effects is formed.

The following excess methods are used when recov-
ering the RCO operability: signal adjustment, parametric 
tuning, algorithm rearrangement, and hardware reconfigu-
ration. Consider the performance recovery features of the 
following servo example:

According to Figure 4, four kinds of destabilizing ef-
fects ÷1 4d d  fall under servo diagnosis. A compensable 
kind, when appearing as a zero-drift u30 can be fended 
off by a signal trim. The extent of this adjustment was de-
termined according to the following functional diagnostic 
model:

( ) ( ) ( )+ = + + 

30
1 1 1 0

1
1 c

u
x k x k T u kĸ

ĸ'
. (11)

The condition for zero-drift compensation yields

( ) ( ) ( ) + + =′ 
30

1 0 1 0
1

c c c
u

T u k u k T u kĸ ĸ
ĸ'

, (12)

from which the compensating signal can be found to be

( ) = −′ 30

1 1 0

ˆ
c

u
u k

Tĸ' ĸ
. (13)

In Equation (13), 30û  is the estimate of the zero drift 
value determined using Equation (9).

When noncompensable kind d4 occurs in the servo, it 
is necessary to replace the faulty servo with a backup servo 
to restore the RCO performance.
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5. Fragment of computer simulation results

Using Simulink, a computer simulation of the VES ratio-
nal control system was performed for 23 kinds of desta-
bilization effects. The following parameters were used 
in the case study: ĸ1 = 1.8 mm/V, ĸ2 = –10.16 0С/mm, 
ĸ3 = 0.1 V/0С, ĸ4 = –26.28 0С/mm, ĸ5 = 0.11 V/0С, ĸ1̒  = 
0.55 V/mm, T2 = T4 = 8 sec, T3 = 0.1 sec, T5 = 0.11 sec, 
T0 = 0.001 sec.

Figure 5 shows the waveforms that display the pro-
cess of servo performance diagnosis and recovery when 
destabilization manifests itself as a compensable zero drift 
in servo d3.

A control test signal uc in the form of a pulse of 0.1 V 
and ∆t = 1.5 s duration was applied at the servo input 
(Figure 5a), thus actuating the valve at the t = 1 s instant. 
The valve movement (Figure 5b) consequent response of 
the RCO changes the output of the components, including 
the voltage of the cold airstream temperature sensor, as 
shown in Figure 5h.

At time t = 3 s, the assay signal of a servo zero 
drift –0.2 V is added (Figure 5c). This disturbance is re-
flected in the cone–valve displacement (Figure 5b). 
This destabilizing effect was detected at t = 3.4 s using 
predicate Equation (2) (Figure 5d). After RCO destabili-
zation is detected, the fault functional element is found, 
namely, the servo, using the predicate z1 (Figure 5e). 
The type of fault was determined using the predicate z11 
(Figure 5f) and its kind using the predicate z110 at time 
t = 3.7 s (Figure 5g). The entire process of diagnosis ∆t 

Figure 5. VES servo malfunction diagnosing and RCO performance restoration

a)

b)

c)

d)

e)

f)

g)

h)

lasts 0.7 s, which can be observed from the graph for the 
valve motion response (Figure 5b). At t = 3.8 s, the sig-
nal adjustment originates as a pulse impact of 0.1 V and 
∆t = 1.2 s length that is added to the principal control 
action (Figure 5a).

The servo performance was recovered by t = 5 s (Fig-
ure 5b) and RCO performance recovery continued until t = 
12 s (Figure 5d); false inference of the predicate z0 states 
the end of the recovery process.

In the case study, the diagnostic interval was ∆td = 
0.7 s and the recovery time was ∆tr = 10.3 s. After recov-
ery completion, the difference between the RCO output 
and the reference model was less than 5%. The time from 
the moment of servo destabilization to RCO recovery was 
∆tf = 9 s, and the settling time of the reference model was 
∆tt = 11 s. Thus, the RCO completes its normal perfor-
mance restoration within a given transient object time. The 
relative error in the RCO response throughout the steady 
state is 1.3%.

The influence of other compensable destabilizations 
was simulated similarly. The diagnosis was successful, and 
the RCO performance recovered. The maximum relative 
error through the simulated destabilizing influences was 
attributed to d7 and was equal to 7.5%.

The results of the destabilization process modeling for 
all compensable effects on the set D (Figure 4) conducted 
with the provision of their diagnosis and following com-
pensation show the fundamental possibility of handling 
the VES rational control in the presence of a destabilizing 
influence.
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Conclusions

In this study, new mathematical models of the VES as an 
object of automatic control in a discrete space of states 
were obtained. The mathematical models reflect the pro-
cesses of signal conversion in the nominal and emergency 
modes owing to different types of destabilizing effects. 
The obtained mathematical models make it possible to 
analytically solve the problems of synthesizing procedures 
for the rational control of the VES.

The new result is the resulting dichotomous tree, which 
is a knowledge base of the emergency modes of the VES 
as an object of automatic control, and the structure of a 
logical conclusion regarding the causes of destabilization. 
The proposed tools can be used to form knowledge bases 
and inference structures for other VES classes.

New means of parrying out different types of desta-
bilizing influences are investigated: signal and parametric 
adjustments and reconfiguration of algorithms and equip-
ment, which creates new opportunities for solving prob-
lems of flexible control of redundant means to extend the 
period of active operation of autonomous VES.

The results of the computational experiment indicate 
the fundamental possibility of prompt diagnosis and flex-
ible restoration of the operability of the VES as an object of 
automatic control, i.e., through rational control. The speed 
of the rational control of the VES on average was ∆tf = 9 s, 
which was less than the speed of the automatic control ob-
ject itself, ∆tt = 11 s. The average recovery accuracy is 1.3%.

The results of this study enables the development of 
automatic control systems for VESs that allow them to 
function effectively and autonomously under the influ-
ences of noise, interference, changes in environmental 
characteristics, malfunctions, failures, failures, and other 
destabilizing effects.

The developed mathematical models and tools for diag-
nosing and restoring operability can be used in the devel-
opment of the effective control of VESs used as part of air-
borne systems for long periods of autonomous operation.
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