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Abstract—The article is devoted to the solution of an important scientific and applied problem of
improving the dynamic characteristics of an aviation engine and ensuring flight safety and the efficiency
of aircraft operation, taking into account the properties of adaptive control of an aviation gas turbine
engine: <structure><functioning><adaptation><development>. Based on the concept of creating
perspective aviation engines with an increased level of control automation and with units operating at
elevated temperatures and protected from high-energy electromagnetic radiation, the basic laws of
controlling an aviation gas turbine engine in throttle modes, low-throttle mode, gas intake and discharge
modes, and start-up mode are defined. To improve the working process of the engine, it is proposed to use
the gas turbine engine control system as a mechatronic system based on the principle of adaptation. With
the help of the Laplace transformation, the dynamic characteristics of the power plant were determined
and the mathematical model of the power plant was investigated as a constructive aspect of the automatic
control system. The gas turbine and the supersonic air manifold can to some extent be considered as
independent control objects, replacing the connections between them with disturbing influences. For the
control and limitation circuits, it is necessary to create control programs that calculate the values of the
control parameters of the turbocharger rotor speed and gas temperature behind the turbine. Regulation
of fuel consumption is carried out according to the derivative of the control parameters.

Index Term—Automatic control system; aviation gas turbine engine; transition process; adaptive

regulator; self-organization; flight modes.
I. INTRODUCTION

It is known from the theory of aviation engines
[1], [4] that under constant external conditions,
thrust and engine efficiency are determined by the
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. * *
values of pressure increase m,  =p,/p, and

pincr
heating of the working body t, =7, /T, which are
characterized by two parameters: the degree of
pressure increase in the compressor 7, and the gas

temperature in front of the turbine 7' ; . For an engine

with an afterburner, heating t, =7, f* /T, and gas
temperature in the afterburner combustion chamber
are added. These parameters make it possible to
determine the level of mechanical and thermal loads
acting on the engine structure. In practice, gas

turbine regulation is carried out according to
parameters that indirectly characterize nt,,Tg* and

T ; : rotor rotation frequency #;, gas temperature
behind the turbine Tt* , sometimes the temperature of
the turbine blades 7}, (instead of temperature 7' ; ), a

set of parameters G,/ p, G, / p. etc.

Under constant external conditions (H,M,T)),
maintenance of set constant values of control
parameters allows to ensure effective and stable
operation of the engine.

The influence of external conditions is primarily

related to the change in pressure p, and

temperature 7, of the air entering the engine. The
change in pressure p; (T, =const) is determined

by the proportional change in air flow and pressure
in the engine path, but the given parameters

* * . . . .
(ngiv,rcc,nr) , which determine the characteristics of

the engine components and their modes of operation,
do not change to a large extent during operation.

When

parameters also change, as well as the position of the
operating points and characteristics of the nodes, and
accordingly, the conditions of similarity of the
engine operating modes. Therefore, the effect of
changing the flight mode can be taken into account

the value changes T.:,

1

the given

for most modes by using temperature-dependent Tl:

control programs. In flight modes, for example, at
high altitudes, it is necessary to take into account the

. 3H
change in pressure p, and some other factors.
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II. PROBLEM STATEMENT

The number of regulating factors of the gas
turbine depends on its scheme and the degree of
mechanization of the flow part and includes the fuel
consumption in the main G, and afterburner G, ,

combustion chambers, the area of the critical cross-
section of the jet nozzle F, , the setting angles of the

guiding devices (GD) compressor blades, etc. A
distinctive feature of the gas turbine as a control
object is the excess of the number of regulated
parameters over the number of regulatory factors,
which determines the specifics of the construction of
the automatic control system gas turbine engine.

The choice of a combination of adjustable
parameters and regulating factors of the engine
depends on the purpose of the engine, the
requirements for its characteristics, the construction
scheme, the number of adjustable elements, etc.
These combinations are specified in the form of
control programs, which represent the dependence of
control parameters (or control factors) on external

5

conditions (7,

in

), control factors, and sometimes
other control parameters (Fig. 1).
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Fig. 1. Combined control program

As a result, the aim of the research is to develop
the latest methods of control of aviation gas turbine
engines that will optimize its operation in throttle
modes, low-throttle mode, gas intake and discharge
modes, and start-up mode based on principle of
adaptation and wireless technologies.

III. ENGINE OPERATING MODES

A. Gas turbine engine regulation on throttle
modes [1] — [3]

Throttle modes are set using the engine control
regulator (RCE) and are carried out mainly when
reducing fuel consumption. The main requirement
for these modes is to obtain the greatest economy,
primarily in cruise modes [1], [3], [7].

The best economy of the engine at cruising
modes can be achieved if the reduction in thrust is

accompanied by a significant decrease in gas
temperature T; with a minimal change in air flow

G,, and the degree of pressure increase .. On the
characteristics of the compressor, the areca of the
location of the lines of throttle modes with different
control programs can be highlighted. The limits of
this area are the lines of the throttle modes, which
correspond to the programs n=n_, =const,

T, =T,

G max

=const. Implementation of such

programs requires control of the critical cross-
sectional area of the nozzle F, [1], [3] - [5].

If there is a minimum on the curve C,,,.(n), it is

advisable to use combined programs to optimize the
engine in terms of economy, for example, those in
which the initial state of throttling is carried out
according to the program n_, =const until the

mode suitable C for this program is reached,

specmin
and then when reducing #. It should be borne in
mind the need to obtain a sufficiently high rotation
frequency in the low gas mode (LG), which allows
to reduce the reception time. In an engine with an
adjustable nozzle, its opening in this mode allows by

reducing T g to obtain the necessary thrust at

increased values n, of frequency and specific

consumption C,

spec *

Deterioration of economy in the
GLG mode is not of great importance. At the same
time, the reduction of the range of changes n in the
and the possibility of a more

to T

gmax

max

interval n,...n

significant increase T; from T;lg in the

process of engine reception leads to a decrease in
reception time. The program for adjusting the fuel
consumption with a decrease in the rotation

frequency n=f (Z:,am,) was the most widespread

for control in throttle modes. Such throttling occurs
when reducing C__ in cruising modes [6], [7].

spec
A number of additional control programs are also
used to improve economy in cruising modes, for
example, a special damper control program that
changes the flow of air taken from the compressor to
cool the turbine of high-temperature engines.
Reducing the intake of air at the speed of rotation
corresponding to the range of cruising modes
contributes to the reduction C,

spec *

B. Control programs in low gas mode

Peculiarities of gas turbine engine (GTE)
regulation in the LG mode follow from the
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necessary requirements for this mode. The main one
of them is the requirement to obtain the minimum
thrust at engine operating mode parameters that
provide the required time of intake and the necessary
reserves of stability of the compressor and
combustion chamber, when there is a limitation of
the area of stable operation of the latter due to
"poor" failure [6].

When choosing control programs in the LG mode,
it is necessary to take into account the problems of
engine and aircraft integration [3], [6], [7].

In the ground low gas (GLG) mode, it is
advisable to maintain a constant thrust when external
conditions change. The required thrust in flight low
gas (FLG) modes is determined by the type and
characteristics of the aircraft, as it depends on the
allowable glide slope angle, the acrodynamic quality
of the aircraft, and its take-off thrust armament.
Thus, for a subsonic passenger aircraft, the thrust
required for a safe descent is significantly greater
than for a maneuverable supersonic aircraft, the
descent trajectories of which are steeper. In some
cases, for example, in the presence of long braking
modes, the economy of the PMG mode is of some
importance. When flying at high supersonic speeds,
it is necessary to limit the throttle range of the
engine due to the limitation of the movement of the
software control bodies. In this case, an increase in
flight speed should be accompanied by an increase
in the rotation frequency n,, in the FLG mode.

The most complete requirements for the LG
mode can be satisfied by the use of type regulation

programs n,, = f (ZZ, p;). But simpler programs

are often used for hardware implementation
= f(T;n)’ NG iy = CONSE, Gy = const,
Gryg,, =const, n,,=const, as well as their

combinations. To protect against flame failure in the

main combustion chamber, programs for limiting the

minimum fuel consumption are used, for example,

the program G, . =const.

IV. CONTROL CIRCUIT AND REGULATOR WITH
ADAPTIVE STRUCTURE OF ACS GTE

Let's get the control program (control law) for the
low gas mode in the form of ACS GTE by rotation
frequency.

Automatic control system (ACS) is a closed
circuit of the main feedback, which performs
deviation control. In the circuit there is also a
flexible local feedback, which is designed to
stabilize the ACS, which helps to ensure that the
ACS is quite stable. The presence of feedback loops
in the ACS indicates that the system may be

unstable, so the analysis of the ACS should include
an estimation of its stability and, if necessary, the
selection of measures and means for its stabilization.
Main transfer functions:
1) The transfer function of the amplifier:

k,
W (s)=—"—= 34 .
! sT,+1  0.074s+1
2) The transfer function of the thyristor
converter.
k
VVthc ( S) — the 43

ST +1 0.064s+1

the

3) Transfer function of the generator:

1.44

W (s)=—2—= .
T T 022 e

4) Flexible voltage feedback transfer function

kf‘fSTf‘f _ 0.29-0.19-s
0.19s+1

v (S)
va
5Ty, +1

5) Transfer function of the tachogenerator:
W, (s)=k, =0.062.

6) Transfer function of the direct current (DC)
motor through the control channel

kDCM
TT,s" +T,s+1
~ 2.6 ~ 2.6
C0.1048-1.2s> +1.2s+1  0.125765> +1.2s +1

7) Transfer function of the DC motor through the
disturbance channel:

—kpeyy (ST, +1)  —1.45(0.1048s +1)
TT,s*+T,s+1 0.12576s’1.2s+1

Woer (8) =

Woen (s) =

8) For the maximum mode of operation, the
transfer function of the object of a single-phase gas
turbine according to the frequency of rotation of the
rotor can be obtained:

0.45
0.565 +1

9) For the low gas mode, the transfer function
will have the form:

WGTE (s)=

2.5
3.55+1

10. The transfer function of the PID controller
has the form:

WGTE (s)=
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Ck,(1—k,)+CTz+Tk, + CTsin(nz / 2)

W (@)= 4 -2

The set of transfer functions of the elements and
the functional scheme allows to build a structural-
algorithmic model of the ACS GTE, as well as an

Flexible voltage feedback

analytical model, which is a transfer function of the
entire ACS. In this example, an analytical tool is
used — the VisSim program, which eliminates the
need for cumbersome explanations for obtaining an
analytical model of the ACS (Fig. 2).
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Fig. 2. Engine operation at low throttle

V. CONCLUSIONS

An important factor in modeling the adaptive
control of the GTE is the emergence of adaptation
properties to specific flight conditions and their
impact on the engine's work process.

Formulated requirements for the selection of
programs and control algorithms of the ACS GTE,
which affects the construction of strength and
thermodynamic characteristics, ensuring the stability
of work processes, in turn, economy, flight safety
and maneuverability.

A combination of adjustable parameters and
engine control factors is established in the form of
control programs, combined control programs.
Formulated control programs for regulating GTE in
throttle modes; low gas mode; gas intake and
discharge modes, start-up mode.

With regard to the control circuits, the algorithms
for the operation of the Onboard digital machine
(OnBDM) ACS of the gas turbine according to the
channel for regulating the temperature of the gases
behind the turbine and the frequency of rotation of
the gas turbine have been formulated. Dependences
of parameters for construction of control laws of

ACS of GTE, time diagram of BCM operation,
characteristic equations of the system were obtained,
and quality and accuracy of ACS were investigated.

Most often, digital laws are used in control
circuits of control systems (P-, PI-, PD-, PID-
regulators). In addition, due to the significant logical
and computational capabilities of the BCOM,
nonlinear control, changing the coefficients of the
regulators according to the operating modes of the
engine and aircraft are added to the laws in order to
obtain adaptive properties of the system and
optimize characteristics.

To create an adaptive ACS, it is suggested to use
soft computing: fuzzy logic and artificial neural
networks. The main methods of setting the PID
controller can be: "classic", fuzzy and neuron-fuzzy.

The obtained ACS GTE regulator is built on the
basis of the Liebman averaging process.
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C. C. ToBkau. 3axoHM KepyBaHHA aBianiiiHUM ra3oTypOiHHMM JBHTYHOM

CTaTTI0O TPUCBSYEHO BHPILNICHHIO BaXIIUBOI HAYKOBO-TIPUKIAIHOI IPOOIEMH YHAOCKOHAJEHHS JUHAMIYHHX
XapaKTEepUCTUK aBiallifHOro JBUI'YHa Ta 3a0e3nedeHHs Oe3NeKH MONbOTIB 1 €(EeKTHBHOCTI €KCIUTyaTallil MOBITPSIHUX
CyleH i3 BpaxyBaHHAM BIACTHMBOCTEH aJaNTHBHOI'O KEPYBaHHS aBialllfHOro ra3oTypOiHHOTO JIBUTYHa:
<OymoBa><(yHKII OHyBaHHA><aJaNTalis><pO3BUTOK>. [PYHTYIOUMCh HAa KOHIENIii CTBOPEHHS IEPCHIEKTUBHUX
aBiallifHUX JBUTYHIB 13 TWIJBUIIEHUM pIiBHEM aBTOMAaTH3allii KepyBaHHA Ta 3 arperarami, MpAIOIOYUX IPH
IiIBUIIEHAX TeMIEpaTypax i 3axXHIIEHUX BiJl eIEKTPOMArHITHUX BUIIPOMIiHIOBaHb BUCOKOI €HEprii BU3HAYE€HO OCHOBHI
3aKOHU KepyBaHHs aBialliiHUM Ta30TypOIHHUM JBHUTYHOM Ha JPOCEIBHUX PEXHMaX, PeKHMi Majoro rasy, pexkumax
MPUHOMHCTOCTI 1 CKHJaHHs ra3y, pexuMi 3amycky. s BIOCKOHAIEHHs poOOYOro mporecy JABUTYHA 3alPOIOHOBAHO
BUKOPHCTAaHHSI CHCTEMHU KEPYBaHHS Ia30TypOiHHUM JBUTYHOM, SIK MEXaTPOHHOI CHCTEMH 3a MPHHIMIIOM ajanTarii. 3a
JIOTIOMOT'OI0  TIepeTBOpeHHs1 Jlariaca BH3HAYEHO NUHAMIYHI XapaKTEpPUCTHKH CUJIOBOI YCTAaHOBKH Ta JIOCHIHKEHO
MaTeMaTU4Hy MOJEb CHJIOBOI YCTAHOBKH B SIKOCTI KOHCTPYKTHUBHOI'O ACHEKTy CHCTEMH aBTOMAaTHYHOTO KEPYBaHHSI.
lNazorypOiHHMI JBUT'YH 1 HA/JI3BYKOBHUIT MOBITPO30IpHUK A0 NESKOI CTYIEHI MOXKHA PO3TJLIATH K CAMOCTIiHI 00’ €KTH
KEpYBaHHs, 3aMIHIOIOYM 3B’S3KHM MDK HHMHU 30yprIOIOYMMH BIUIMBaMH. J[1s KOHTYpiB KepyBaHHS 1 OOMEXEHHS
HeoOXimHUM € (OpPMYyBaHHS TNPOrpaM KEpyBaHHS, Jie OOYMCIIOIOTHCS 3HAYCHHS KEPYIOUHMX IapaMeTpiB YacTOTH
oOepTaHHs poTopa TypOOKOMIIpEcopa, TeMIIEPATypH ra3iB 3a TypOiHO. PeryitoBaHHs BUTpAT MajIvBa 3AiHCHIOETHCS 3a
TOX1THOIO KEPYIOUMX MapaMeTpiB.

KawudoBi cioBa: aBromMaTHyHa cHcTeMa KepyBaHHs; aBiallilHWMI ra3oTypOiHHWH JBHUTYH; TEpeXiJIHUH MpOILEC;
aZlalITUBHUN PETyJIsITOp; CaMOOpraHi3allis; pe>KUMH MOJIBOTY.
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C. C. ToBkau. 3aKoHbI ynpaBJIeHHS] ABHALMOHHBIM ra30TYPOMHHBIM JIBUTaTeJeM

CraThsl TOCBSIICHA PEIICHUIO BAaKHOM HAyYHO-IPUKIIAJAHOW TNPOOJIEMBbI YCOBEPIICHCTBOBAHMS JIWHAMUYECKHX
XapaKTEepPUCTUK aBHAIIMOHHOTO JBHUrareis M olecriedeHHs: OE30MacHOCTH IMOJETOB M 3(PQEKTUBHOCTH 3KCIUTyaTaluu
BO3/YIIHBIX CYIOB C Y4YETOM CBOWCTB aJallTUBHOI'O YIPABJIECHUs aBUAIMOHHOTO Tra30TypOMHHOIO JBHIATENs:
<cTpoeHne><(yHKIIMOHUPOBaHUE><aNanTalys><pa3BuTHe>. OCHOBBIBAsICh HA KOHLENIUH CO3aHUs ePCIEKTUBHBIX
aBUAIIMOHHBIX JBUraTeled ¢ MOBBIIIEHHBIM YPOBHEM aBTOMAaTH3allMH YIPABJICHHS M C arperaraMu, pa0oTalomuX Ipu
MIOBBILIEHHBIX TEMIEpAaTypax W 3alIMIIEHHBIX OT 3JEKTPOMATrHUTHBIX HM3Jy4€HHH BBICOKOM DHEPIHH, OIpEJIENICHBI
OCHOBHBIE 3aKOHBI YIPABJIECHUsS aBHAIMOHHBIM T'a30TYPOMHHBIM [BHUTraTeleM Ha JPOCCENBHBIX PEXUMax, PEKUME
MaJIOro rasa, peXuMax HPHEMHCTOCTH M cOpoce rasa, pexume. [l ycOBEpIIEHCTBOBaHHMA pabouero mporecca
JIBUTATEINS MPEIJIOKEHO HCIIOJIb30BaHUE CHCTEMBI YIPaBJICHHs ra30TypOMHHBIM JBHIaTeNIeM B KA4ECTBE MEXaTPOHHOU
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CHCTeMbl MO TpuHIMNY ajantaimu. C ToMomblo mpeoOpa3oBanus Jlammaca ompeneNeHbl JAHHAMHYCCKHE
XapaKTePUCTUKH CHJIOBOM YCTAHOBKM M HCCIEIOBaHA MaTeMaTHdYecKas MOJICTIb CHJIOBOW YCTaHOBKH B KadyecTBe
KOHCTPYKTHBHOI'O aCMEKTa CHCTEMbl aBTOMATHYECKOrO YIpaBieHHS. [ a30TYpOHHHBIA JBHUraTeNb W CBEPX3BYKOBOM
BO3yXOCOOPHHK B HEKOTOPOH CTETIEHH MOXXHO PACCMATPUBATH KAK CAMOCTOSITENbHBIC OOBEKTHI YIPABICHHS, 3aMCHSISI
CBSI3M MEXIY HHMH BO30YXKTAIOMIUMH BO3AeHCTBUAMHU. JIJI1 KOHTYPOB YIPABJIEHHS W OrPaHUYEHHS HEOOXOIUMO
(hopMHUpOBaHHE MPOrpaMM YIIPABJICHUS, TJI€ BHIUUCIISAIOTCS 3HAYCHUS YIPABIIAIOIINX TAPAMETPOB YaCTOThI BPAILIEHHS
poTopa TypOOKOMIIpeccopa, TeMIIEpaTyphl ra30B 3a TYpOUHOU. PerynupoBaHue pacxoja TOILUTHBA OCYIIECTBIISETCS MO
MPOU3BOIHON YIIPABIISIONIMX TAPAMETPOB.

KnroueBble cioBa: cucTeMa aBTOMATHYECKOTO YIPABJICHHS; aBHAI[MOHHBIN ra30TYpOUHHBIH JIBHUTaTeNb; MEPEXOIHOM
MPOIIECC; AANTUBHBIN PErYJIATOpP; CAMOOPTAHH3AIIHS; PEKHUMBI TTOJIETA.
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