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Abstract

Creation of aircraft control systems that provide high
quality guidance is an urgent task associated with in-
creasing efficiency of the modern missile systems. Clas-
sical autonomous guidance systems without integration
with any other external correction systems are making
it impossible to ensure high-precision target engage-
ment. An approach based on the use of adaptive guid-
ance system is proposed. Besides, an approach to syn-
thesis and analysis of the self-tuning aircraft control
system that implements terminal homing is illustrated.
A technique for forming the control system structure
is presented ensuring the control quality constant level
in all operating modes due to self-tuning of the constitu-
ent elements variable coefficients. Structural schemes
and control equations were determined to correct the
aircraft flight. Implementation of the developed tech-
nique on board the aircraft is proposed determining
relationship between the aircraft control system parame-
ters and the apparent acceleration. Adaptive system
operation is demonstrated on a typical model of the
aircraft flying in the atmosphere with guidance at the
stationary target. Results of numerical simulation
are presented, and high efficiency of the developed tech-
nique is revealed
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Introduction. A rather complex technical task of the target engagement ensur-
ing high accuracy is assigned to modern aircraft control systems. Wide range

of studies in this area is a clear evidence [1-13].

More and more attention is being paid to practical issues of building
adaptive control systems. The main part of literature is occupied by sources of the

adaptive and optimal control theory [2-5, 7-10].

Various approaches are used in implementation of the adaptive control sys-
tems. The first type is based on the self-tuning systems adapted only by changing
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the control device parameters [7, 14-16]. If adaptation is achieved by changing
the control device structure or the control algorithm, such systems are the self-
organizing [14, 16].

If, constant control quality corresponding to a given value is achieved with
changing the control parameter values, such systems are the search systems.
The synthesis of such systems is presented in [14]. Systems are searchless [3, 7,
14, 16, 17], if the desired parameter values are established on the basis
of analytical analysis of the conditions, under which restrictions in regard
to adaptation quality would be lifted.

Despite the abundance of literature on the general theory of adaptive
systems, methods for analyzing such systems require further research.

Problem statement. It is required in synthesizing the adaptive control
systems to achieve the required quality indicators having certain information
about the control object and the system operating conditions. However,
properties of the control object could change during such systems operation
for various reasons, so it is not possible to reliably predict the nature of changes
in advance. For example, the aircraft dynamic properties depend on the
constantly changing speed and flight altitude, mass and moments of inertia
of the aircraft in flight. In addition, aerodynamic characteristics and elements
of the control system are characterized by significant non-linearity. Moreover,
the disturbing influences are non-stationary. All these alterations occurring
in large ranges could lead to the fact that the synthesized system designed
and oriented towards certain initial information, would no longer ensure in the
new operating conditions the quality indicators compliance with the existing
limitations.

The problem of synthesizing the adaptive homing systems (HS), which
would make it possible by self-tuning the variable coefficients of its constituent
elements, to compensate for the influence of the system non-linearity and non-
stationarity is currently extremely relevant. Such non-linear control provides
significant additional opportunities in improving the control processes.

Priority objective of the described study is to synthesize an adaptive HS
using the non-identification approach [14].

The essence of this approach lies in ensuring a constant or optimal level
of the control quality indicator in all the operating modes by maintaining con-
stancy of the control system parameters using self-tuning of the constituent
elements variable coefficients.

The following tasks were set to achieve the objective.

1. Construct block diagrams to analyze and synthesize the stabilization
system (SS) and the HS in general along the control channels.
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2. Form the structure of control equations for the control channels.

3. Form the control parameters equations relative to the basic HS (as a base
system, such a system was chosen, where the proportional approach method was
implemented known for ensuring its high operation accuracy against both the
fixed and the high-speed moving targets [1, 16]).

4. Determine functional dependencies in the variable gains of the HS and SS
constituent elements.

5. Evaluate the developed methodology efficiency on the example of a hypo-
thetical aircraft using the simulation software.

Flight mathematical model. Controlled spatial motion of the aircraft
at the homing stage is determined by integrating the system of motion differ-
ential equations.

Detachable nose (warhead) in the shape of a cone is considered as the con-
trol object. Aerodynamic coefficients are assumed to be known.

Spatial motion equations of the aircraft center of mass are written down
in projections on the OgX,Y,Z, axes of the normal terrestrial coordinate sys-

tem. These equations have the following form in the matrix form:

X X Gy
a2 |8
mos Y, |[=A|Y |+|G,|, (1)
Z, Z G,

where A is the transition matrix from the bound coordinate system to the
normal Earth coordinate system'.

In this case, the equations of the center of mass translational movement
have the following form:

: 1
VXg = ;(FXg + GXg); (2)

: 1
VYg = *(FYg + GYg)§ (3)

m

: 1
VZg = ;(FZg + GZg): (4)

where Vy,, Vy,, Vg are projections of the aircraft velocity on the axes of the
normal Earth coordinate system; X, Yg, Z, are projections of the radius vec-

tor connecting the Oy point with the aircraft on the axes of the normal Earth

"GOST 20058-80. Aircraft dynamics in the atmosphere. Terms, definitions
and designations. Moscow, Standardy Publ., 1981.
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coordinate system; Fxg, Fyy, Fzg are projections of the total aerodynamic
force on the axes of the normal Earth coordinate system; Gxg, Gyg, Gz, are

projections of gravity on the axes of the normal Earth coordinate system.
Equations of the aircraft rotational motion relative to its center of mass
written in projections on the OXY Z axes of the associated coordinate system

[1], provided that the inertia centrifugal moments are equal to zero, have the
following form:

. M, I -1,

O, = - W, 0,3 5

x Ix Ix y Wz ()
M I, -1

oy =—2 -2 Fo0; (6)
Iy I

. MZ Iy _Ix

W, = - 0,0, 7

i I 20y (7)

where I, I, I, are the axial moments of the aircraft inertia.

In order for the system of equations (1)-(7) that describes the aircraft spa-
tial motion to become closed, it is necessary to set the controls deviations
as functions of time. In this case, the control equations in the general form
are taking the following form:

F(3g, 8y, 0y, Xg, Yo, Zg, 8, 3, 7, ...) = 0, (8)

where 84, 8y, 8, are the equivalent controls rotation angles reduced to the

pitch, roll and yaw channels, respectively.

Methods formatting the HS and the mathematical model of its opera-
tion. Equation (8) contains both the low-frequency components and the high-
frequency components reflecting the processes occurring in the aircraft SS
and HS. Therefore, their numerical integration with system (1)-(7) generally
in the digital simulation requires significant amount of time due to the ex-
tremely small integration step. However, the noted high-frequency compo-
nents of the control signals in the real flight conditions are being filtered due
to the aircraft significant inertia. Thus, the principle of low-frequency limita-
tion of the spectrum of the considered technical devices of the aircraft angular
stabilization loop and of the guidance loop was applied in formatting the block
diagrams. Therefore, all elements of the onboard flight control system could
be assumed the ideal inertialess links in calculating the aircraft flight trajecto-
ries.

This paper considers a classical HS scheme consisting of three orthogonal
control channels, ie., the pitch and yaw channels that control longitudinal
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motion and the autonomous roll channel that keeps the roll angle equal to zero.
Due to the fact that differential equations describing spatial motion along the
pitch and yaw channels are identical, transfer functions and structural diagrams
for these channels would be the same, except for the corresponding indexation
(9 index characterizes the pitch channel, and y index characterizes the yaw
channel).

The principle of coefficient freezing is used to describe the aircraft longi-
tudinal perturbed motion characteristics in the theory of automatic flight con-
trol [16]. Since one of the work tasks is formation of the stabilization system
adaptation algorithm, which would be implemented in the onboard computer
(OBC) and used continuously, then the aircraft parameters could be consid-
ered unchanged and frozen within the discreteness interval of the machine
computing process during self-tuning. This makes it possible to use the follow-
ing block diagrams to analyze and synthesize the SS and HS controls as a
whole (Fig. 1). The transfer functions apparatus is used to simplify representa-
tion of the processes.

Usp Usemr Ugk Usgy dgy 0
Ko (1 + Tg3s) (1 + Tgys)

T92S2+2T9E_,9S+1

_e.

— Wogtc 9| WcsGu 9 Wamp 9 = WED 9

US WDG 9 9 1+ T19S
a
Uye Us, by X v
Y
U. =0 WAmp Y Wep Y
v EMT
Tys +1
U, Y
. Y
Uy + UY Wpa v s
U,
Y Y
WFG Y
b

Fig. 1. Block diagram of the guidance loop:

a is along the pitch channel, b is along the roll channel

In accordance with the assumptions made, transfer functions of the
onboard control system elements provided in the design block diagrams (see
Fig. 1) have the following approximate expressions:
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K.
WoBTC S = T(P 9)

are transfer functions that determine the onboard target coordinator (OBTC)
properties; transfer functions that determine the autopilot elements properties:
Wesgu g = Kcg is control signal generation unit (CSGU); Wampg = Kamp 95

Wampy = Kampy are matching amplifiers; Wgpg = Kgpg, Wepy = Kepy
are executive devices; Wpgs = Kpgg, Wpgy = Kpgy are damping gyro-
scopes; Wegy = Kggy is free roll channel gyroscope.

Basic HS control equations. The task of forming the control equations is to
establish functional relationships between the aircraft trajectory parameters
measured by the corresponding sensors of the controls rotation angles through
the corresponding channels. To solve this problem, it is necessary to determine
first the general structure of controls.

Taking into account the assumptions made about ideality and missing
inertia of the control system elements in accordance with the previously
mentioned calculated block diagrams of the dedicated channels, the control
equations in general form could be written as follows (EMT index is reference
model):

Uge =Ugrmr + Usgss (10)

— for pitch channel;
Uye =Uyss (11)
— for roll channel.
Here Uggmt is the control signal that directly implements the selected
homing method, and Ugss, Uyss are the control signals ensuring the aircraft

stabilization. The type of the latter is not depending on the homing method, but
is determined only by the SS structure.

In accordance with the diagrams (see Fig. 1), expressions (10) and (11)
could be expanded and reduced to the following form:

Usemt = K¢Kcod; (12)
Ugss =-Ug = —Kamp9sKpa 99; (13)
Uyss =-Uy -Uy = _KAmpyKDny — KampyKFGyY, (14)

where K, is the coefficient that determines the target coordinator properties;
Kcg is the coefficient that determines the CSGU properties; Kamps, Kampy

are the coefficients that determine the matching amplifiers properties; Kpg g,
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Kpgy are the coefficients that determine the SS damping gyroscopes properties
in the pitch and roll channels; Ky, is the coefficient that determines the free

gyroscope properties in the SS roll channel.
Therefore, substituting expressions (12)-(14) into equations (10)-(11),
the complete equations for the basic HS control signals are obtained:

Uge =K¢Kcsp — Kamp9KpGs9s (15)
Uye :_KAmpyKDGy'}" _KAmpyKFny- (16)

In general, equations of the controls rotation parameters are directly simi-
lar to the control equations and have the following form:

89 = dgEmT + Ogss (17)

— for the pitch channel;
Oy = Oyss (18)
— for the roll channel, where dggmT is the reduced angle that determines the
controls deviation necessary to implement the reference homing technique
dgss, Oyss are the reduced angles determined by the aircraft SS. The method

for establishing these angles also does not depend on the type of homing
and is determined only by the SS structure.
In accordance with the diagrams in Fig. 1, let us write:

09 =UgEKamp9Kepg = Ugemt —U9ss)K amp9KED Y =
= Kamp3KEp9K6Kc99 — KampsKepsKpg99 =
= SgEmT + d9ss = K19 — K299
0y =UyEK AmpyKEDy = ~UyssK ampyKEDy =
=—KampyKEDyKDGyY — KAmpyKEDyKFGYY =
= Oyss = ~Kiy7—Kayy,

where K19 = KampsKep9sK¢Kcg; K29 = KampsKepsKpcg; Kiy =
=K AmpyKEDyKDGy; K2y = KAmpyKEDyKFGY.

Due to the fact that during a controlled flight many parameters that
determine the aircraft state are changing intensively, control coefficients
describing the SS properties should also be variable to ensure high-quality
operation of the SS.

In the general case, dependences of the SS elements coefficients alteration
on the parameters of an aircraft being a control object have the following form:

Kig,29,1y,2y = Ki9,29,1y,2¢y(t, ¢ V., F, ..).
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The nature of alterations in certain parameters of the aircraft state and coef-
ficients describing the SS elements properties (see Fig. 1) for a hypothetical air-
craft under conditions of engagement in the homing final section and in the case
of a fixed target is illustrated by graphs in Figs. 2, 3. Calculation was carried out
for a test homing trajectory (the target was at the distance of 50 000 m along
the OX, axis from the point, where the aircraft started to stabilize, and was locat-
ed on the OZ, axis).

q(0), Pa Jx(2), m/s?
3' 106_ I 400
5. 106_ 4 300
. =200
1-10°F 1100
1 1 1 O
0 5 10 15 t,s

Fig. 2. Alterations in impact air pressure g(t) (green curve)
and axial jx(f) (blue curve) acceleration (hypothetical aircraft)

Kig IV Kyg IV K, 1V Ky LIV
L
311 ' ' '
40 12.5 312 12.5
30 120 313 12.0
314
20 1 115 315 115
316
10 110 317 11.0
0 Lo 15 L8 105
-31.9
10 M — 1y 320 : — 0
0 3 6 9 12 15 ¢s 0 5 10 15 ¢s
a b

Fig. 3. Alterations in the control coefficients for a hypothetical aircraft:
a is pitch channel Kj4(¢) (black curve), Ky4(¢) (blue curve);
b is roll channel K, (t) (black curve), K;,(t) (blue curve)

CSGU and OBTC amplification factors are constant throughout the entire
flight, and the constant elements variable coefficients should be self-tuned only
in the aircraft SS and HS.

Schemes in Fig. 1 could be transformed as follows (Fig. 4).

Block diagrams (see Fig. 4) were obtained under the assumption that all
control system elements are ideal inertialess links, and the aircraft transfer
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Fig. 4. Diagram transformation (see Fig. 1) along the pitch (a) and roll (b) channels

functions through the pitch and yaw channels become simplified under the
assumption that the normal force created by the controls is negligible [16, 17].

In view of these limitations, block diagrams in Fig. 4 take the form of os-
cillatory links of the second order:

KAmpSKEDSKS

P TTEe ¢ aTpegs w10 10 T KpesliTios)
9 3G9

K amp9KED 9K g
B Wy B Tg?s? +2Tgégs + 1 B
, KampoKepsKoKpgo(l + Tigs)
Tg%s? + 2Tg&gs + 1
B Kamp9KEDSK g 3
- K amp8Kep9K9KpGo(l + Tigs) + To%s? +2TgEgs + 1 N

1

B Kssg
Tss9?s? + 2Tss9Essgs + 1

— for pitch channel;

Ka KgpyvK
Wy = e . 5 Wﬂy = KDGys + KFGy§
s(Tys + 1)
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KampyKepy Ky
B wy 3 s(Tys + 1) B
“arcg g W, Way 14 KampyKepyKy(Kpgys + Krgy)
s(Tys +1)
_ KampyKepy Ky B
- KAmpyKEDyKy(KDGys + KFCy) + S(TyS + 1) -
Kssy

Tszsysz + ZTSSY&SSYS +1

— for roll channel.

Here
Kamp9Kgp 9Ky
Kssg = o , (19)
1 + Kamp9KEp K9 KpG 9
K ! (20)
SSy =
! KrGy

are the amplification factors of the oscillatory links in the respective control

channels;
Tesy = Ty , (21)
\/1 + Kamp 9Kep $ K9 KpG 9
T,
Tssy = ! (22)
KampyKepyKyKpGy

are the time constants of oscillatory links in the respective control channels;

289 Ty + Kamp9Kep K9 KpGsTig
ZTS\/I + Kamp 8 Kep § K9 Kpg 9

Essg = , (23)

_ 1+ KAmpyKEDyKyKDGy

Essy (24)

are the damping parameters of oscillatory links in the respective control chan-
nels.

These parameters should remain constant throughout the entire flight
to ensure the required HS quality. To do this, it is necessary to develop an adap-
tive system that should tune the SS and HS parameters to ensure this require-
ment.
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For the aircraft considered in this work, the following parameters are fixed
with the following values: &gsg = 0.35; Kgssg = 0.95 1/(V - s); Tssy = 0.01 s;
Essy = 0.35.

Based on the accepted fixed parameters, the system of equations (19), (21),
(23) is closed with respect to three unknowns Kamp g, Kep g, Kpg g; the sys-
tem of equations (20), (22), (24) is closed with respect to the unknowns
Kampy> Kepy> KeGy, Kpgy-

Based on the fact that the controls deviation equations (17), (18) include

variables determined earlier, let us write the final expressions to calculate the
coefficients:

_ Kssg(1 + K39Ks)

s = K KyKcgs (25)

Ky =
| 2T5(EsTie — s Ty - \/§§ng§ — 28989 ToThg + Toiss 26)

KyT?

and roll
285597y — Tgsg 27)
i KTy

T,

=—3 (28)
KT

Parameters of the transfer functions that describe the aircraft properties
are related to the dynamic coefficients by the following calculated dependencies
[17]:

ajpa43 — aj3a4n —a13
ary + ailaqr ajpa43 — A13a42
1 ail + a4q
Tg =

—; &y =
a2 + aiaa 2 /a2 + ar1a42

— for pitch channel;

— for roll channel.
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Calculated dependences for the ajj, ¢;; dynamic coefficients obtained after

linearizing the motion equations based on the aircraft state parameters are
provided in [17, 18]. Thus, the resulting system implements automatic search
for the required value of the controlled value under the object changing external
operating conditions according to the described algorithm. The main difficulty
lies in the fact that such a system is applicable only in the case, when the object
properties and external disturbances are well known. If parameters of the object
itself are not known reliably enough and if they could change randomly within
certain limits during operation, the controller parameters could only be selected
approximately [14, 17]. In addition, the use of such a principle in determining
the SS parameters throughout the entire controlled flight requires mandatory
presence on board of special equipment that determines the aircraft speed, the
angles of attack and slip, the current values of the speed of sound and of the
atmosphere density. As of today, it is technically unrealizable for the aircraft
of such a class.

In this regard, another approach is proposed based on indirect assessment
of the aircraft state as a control object. To implement this approach to determin-
ing the state parameters, it is proposed to use an accelerometer sensor oriented
along the aircraft longitudinal axis, which determines the axial accelerations.
The signal from the axial accelerometer output is transmitted to the onboard
computer, where according to the dependences of the following form:

Ki19,29,1y,2y = K19,29,1y,2¢y(jx (t)) (29)

coefficients are formed that are part of the control equations.

To determine dependencies (29), it is proposed to approximate the
corresponding expressions for the control coefficients depending on the axial
acceleration.

Direct implementation of this technique is reduced to transferring the
measured axial acceleration from the accelerometer sensor to the onboard
computer, which, in turn, controls the regulator devices of the SS elements
amplification factor level. These devices are inertial. However, their inertia is not
taken into account, since jx (t) is a slowly varying function, when simulating

the HS dynamics (see Fig. 2).

The curves obtained as a result of calculating the coefficients according
to the presented technique and the curves approximating the obtained
dependences are shown in Fig. 5.

Dependences of control coefficients on the axial acceleration have the fol-
lowing form (see Fig. 5):

ISSN 0236-3941. Bectaux MI'TY um. H.9. baymana. Cep. MammHaocTpoenne. 2022. Ne 4 71



A.N. Klishin, D.S. Kolesnikova

1185.0872 j 1741, jx > 0;

Kig = _
—0.00057668 jx + 3.1125589,  jx < O;
14.4398 j'°,  jx > 0;
Kyg = .
~0.000203 jx + 0.110762,  jx < O0; (30)
0.0000166 jx — 17.2986719,  jx > 0;
Ky =

0.0000019 jx — 17.2928544, jx < 0

Ky, = —31.4522,

KlSa s/'V Kzg, s/'V
60 i
50 |
40
30
20 ’
10 b
0 200 jy, m/s’
a b
Kig,s Ky
17.292 BL1F |
-17.293 =312
~17.294 Bl -
~17.295 B -
~17.296 Sielk
-17.297 317k 7
—17.298 -31.8 1 i
-17.299 =319+
—17.300 ' ! 5 3 -32.0 . L . 5
0 100 200 Jx, m/s 0 100 200 Jx, m/s
c d

Fig. 5. True (solid curves) and approximated (black dasheds (a—c), blue (d))
dependences of control coefficients on the axial acceleration:

a— Kls(jx); b— Kzs(jx)§ c— Kly(jx); d—sz(jX)

The polynomials order for approximating the corresponding functions
is chosen iteratively based on the trajectory analysis simulated for one or another
parameter. The order should be minimum possible, but able to generalize
the pattern with the required accuracy level.
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To evaluate effectiveness of the created adaptive control system, it is neces-
sary to calculate and compare the aircraft reachability areas obtained for cases,
where the control coefficients are determined according to formulas (25)-(28),
and where they are functions of only the axial acceleration, i.e., they are calculat-
ed during the flight using the system (30).

Target engagement zones are presented in Fig. 6 for the cases of calculating
the control coefficients according to the developed method using formulas
(25)-(28), as well as for expressions (30) obtained by approximating the control
coefficients depending on the axial acceleration. Since a specific warhead is not
considered in the simulation, the value of the maximum permissible miss at the
target, taken in all calculations equal to 5 m, was chosen as a conditional charac-
teristic of hitting the target. In accordance with the zones in Fig. 5, the engage-
ment areas obtained using the adaptive technique in determining the control
coefficients have similar sizes in range and direction, which indicates effective-
ness of introducing the considered approach to determining the aircraft guid-
ance and stabilization coefficients.

Xg, m

7-10*F -

6-10%F L
5.10*F .

4-10* i

3 . 104 L L L L
—15 000 —10 000 -5000 0 5000 10000  Z,, m

Fig. 6. Target engagement zones according to analytical formulas (black curve)
and approximated expression dependences (blue curve) for calculating the control
coefficients

An important role in creating the described technique of the coefficients self-
tuning is played by the dependences approximation accuracy shown in Fig. 5.
This directly affects coincidence of the engagement zones (Fig. 7).

Due to the fact that some of these dependencies (see Fig. 5) are not unam-
biguous, it is advisable to apply the classical methods of curve approximation
using information about the derivative of the function, or to apply the least
squares method [19].

The first proposed option is used in the considered example. When the
djx /dt derivative sign is changed, the coefficient dependences have different
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Xg, m

7-10%+ s

6-10*
5.104F

4.10

3.10%
~15000  —10000 ~5000 0 5000 10000 Z, m

Fig. 7. Target engagement zones according to analytical formulas (red curve),
approximation by power function and first-order, second-order Newton’s
polynomials (green, blue curves) and approximation by the least square method
(dashed) for determining the parameters of the adaptive guidance system
and of the control coefficients

character making it possible to divide them into two sections. The djx /dt > 0
derivative is on the first, and the djx /dt < 0 derivative is on the second.

Using this approximation method requires continuous derivative
calculation of the axial acceleration during the flight and switching from one
control law to another depending on the specified value. Introduction of this
principle makes it possible to improve regulation quality in the HS (see Fig. 7).

Conclusion. A technique for controlling amplification factor of the control
system elements was prepared for the homing phase compensating nonlinearity
and nonstationarity of the system under consideration. Based on the described
technique, its introduction on board the aircraft using the accelerometer sensor
that determines axial acceleration is proposed. Such an implementation is quite
simple in execution, and does not impose additionally high requirements to the
onboard computer.

The conducted study demonstrates consistency of the considered guidance
approach and determines feasibility of further research in determining the
guidance system structure based on information obtained from various
instrument sensors that are part of the onboard measurement system, since this
technique is one of the possible examples of implementation of the developed
adaptation algorithm.

REFERENCES

[1] Gurskiy B.G., Lyushchanov M.A., Spirin E.P., et al. Osnovy teorii sistem uprav-
leniya vysokotochnykh raketnykh kompleksov sukhoputnykh voysk [Theory funda-

74 ISSN 0236-3941. Becranxk MI'TY um. H.9. baymana. Cep. MammuocTpoenne. 2022. Ne 4



High-Precision Aircraft Guidance System with Axial Acceleration Self-Tuning

mentals of control systems for high-precision missile systems of the ground forces].
Moscow, Bauman MSTU Publ., 2001.

[2] Hou M., Liang X., Duan G. Adaptive block dynamic surface control for integrated
missile guidance and autopilot. Chinese J. Aeronaut., 2013, vol. 26, no. 3, pp. 741-750.
DOI: https://doi.org/10.1016/j.cja.2013.04.035

[3] Putov V.V., Nguen V.F,, Putov A.V. Adaptive control of the longitudinal motion
of unmanned aerial vehicles. Izvestiya SPbSETU “LETI” [Proceedings of Saint Peters-
burg Electrotechnical University], 2017, no. 4, pp. 35-43 (in Russ.).

[4] Andrievskiy B.R., Fradkov A.L. Adaptive flight control based on parameter identi-
fication procedure simultaneously with sliding mode motion. Upravlenie bolshimi
sistemami [Large-Scale Systems Control], 2009, no. 26, pp. 113-144 (in Russ.).

[5] Simonov V.F. Adaptive control system of unmanned flying vehicle T-10. Avi-
atsionno-kosmicheskaya tekhnika i tekhnologiya, 2008, no. 6, pp. 53-59 (in Russ.).

[6] Klishin A.N., Shvyrkina O.S. Parameter selection algorithm for proportional navi-
gation aircraft guidance based on target position. Inzhenernyy zhurnal: nauka i inno-
vatsii [Engineering Journal: Science and Innovation], 2016, no. 9 (in Russ.).

DOTI: http://dx.doi.org/10.18698/2308-6033-2016-9-1534

[7] Shvyrkina O.S., Klishin A.N. [Self-adjusting aircraft control system based on priori
information about the target position]. Tez. dok. XLIII Akademicheskikh chteniy
po kosmonavtike [Proc. XLII Academic Readings on Cosmonautics]. Moscow, Bau-
man MSTU Publ,, 2019, pp. 386-387 (in Russ.).

[8] Kalinovskiy T.A., Klishin A.N., Ilyukhin S.N. Employing functional lead to im-
prove homing system efficiency. Inzhenernyy zhurnal: nauka i innovatsii [Engineering

Journal: Science and Innovation], 2018, no. 10 (in Russ.).
DOIL: http://dx.doi.org/10.18698/2308-6033-2018-10-1812

[9] Kaufman H., Bar-Kana I., Sobel K. Direct adaptive control algorithms. New York,
Springer-Verlag, 1998.
[10] Nguyen V.B. Application of learning feed-forward controller based on model

reference adaptive system for missile stabilization. EESJ, 2021, vol. 1, no. 4-1, pp. 34—
39. DOLI: httpS://dOi.Org/10.31618/ESSA.2782-1994.2021.1.68.11

[11] Ilyukhin S.N., Ramazanova T.K., Klishin A.N. On several approaches to pro-
cessing the inertial navigation system readings. AIP Conf. Proc., 2019, vol. 2171, no. 1,
art. 190011. DOI: https://doi.org/10.1063/1.5133355

[12] Koryanov V.V., Kokuytseva T.V., Toporkov A.G. Concept development of con-
trol system for perspective unmanned aerial vehicles. MATEC Web Conf., 2018,
vol. 151, art. 04010. DOI: https://doi.org/10.1051/matecconf/201815104010

[13] Pupkov K.A., Faldin N.V., Egupov N.D. Metody sinteza optimalnykh sistem
avtomaticheskogo upravleniya [Methods for synthesis of optimum automated control
systems]. Moscow, Bauman MSTU Publ., 2000.

ISSN 0236-3941. Bectaux MI'TY um. H.9. baymana. Cep. MammHaocTpoenne. 2022. Ne 4 75



A.N. Klishin, D.S. Kolesnikova

[14] Babkov N.A. Teoriya avtomaticheskogo upravleniya. Ch. 1. Teoriya lineynykh
sistem avtomaticheskogo upravleniya [Automated control theory. Vol. 1. Theory
of linear automated control systems]. Moscow, Vysshaya shkola Publ., 1986.

[15] Benevolskiy C.B., Burlov V.V., Kazakovtsev V.P., et al. Ballistika [Ballistics].
Penza, PAII Publ., 2005.

[16] Lebedev A.A., Karabanov V.A. Dinamika sistem upravleniya bespilotnymi le-
tatelnymi apparatami [Dynamics of control systems for unmanned aircraft]. Moscow,
Mashinostroenie Publ., 1965.

[17] Lebedev A.A., Chernobrovkin L.S. Dinamika poleta bespilotnykh letatelnykh ap-
paratov [Flight dynamics of unmanned aircraft]. Moscow, Mashinostroenie Publ,,
1973.

[18] Besekerskiy V.A., Popov E.P. Teoriya sistem avtomaticheskogo upravleniya
[Theory of automated control systems]. St. Petersburg, Professiya Publ., 2004.

[19] Morgunov A.P., Derkach V.V. Approksimatsiya eksperimentalnykh krivykh raboto-
sposobnosti i nadezhnosti [Approximation of experimental curves of performance
and reliability]. Omsk, Omsk STU Publ., 2019.

Klishin A.N. — Cand. Sc. (Eng.), Assoc. Professor, Department of Dynamics and
Flight Control of Rockets and Spacecraft, Bauman Moscow State Technical University
(2-ya Baumanskaya ul. 5, str. 1, Moscow, 105005 Russian Federation).

Kolesnikova D.S. — Student, Department of Dynamics and Flight Control of Rockets
and Spacecraft, Bauman Moscow State Technical University (2-ya Baumanskaya ul. 5,
str. 1, Moscow, 105005 Russian Federation).

Please cite this article as:

Klishin A.N., Kolesnikova D.S. High-precision aircraft guidance system with axial
acceleration self-tuning. Herald of the Bauman Moscow State Technical University,
Series Mechanical Engineering, 2022, no. 4 (143), pp. 60-76.

DOIL: https://doi.org/10.18698/0236-3941-2022-4-60-76

76 ISSN 0236-3941. Becranxk MI'TY um. H.9. baymana. Cep. MammuocTpoenne. 2022. Ne 4



