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IIpedcmasneno memood peanizauii adanmuenozo PID-peey-
asamopa 3a 00noM02010 emanionnoi modeni 6e3niiomnozo Limais-
Ho20 anapamy. bBesninomnuii nimanvnull anapam mae HeniHil-
HY Xapaxmepucmuxy i 6UCOKY UYMIauUGiCMb 00 306HIUMHIX 6NIIUGIE.
Po6oma xaacuunozo pezyasmopa 6 HeJHIlNIN MOOeNi NPU SUHUK -
Henni énnueie, wo obyproromv, He 3a0060abHAE 3a0ani Kpumepii
axocmi. IIpooaemu, saxi 6nausaromv Ha 4aAC NONLOMY Ge3NLNOMHO-
20 imanvHo20 anapamy, npeocmasieni eapiayiamu aepoounamiv-
Hux xoeiuienmis y sidomux dianasonax. Ilpu ybomy 3minroromo-
ca aepodunamiuni napamempu, i cucmema cmae necmiiixoro. JIns
YCYyHenHns He bajcae 6i0XueHb 6 CUCMEMY KePYEAHH JiMAAbHO-
20 anapamy eésodumucs adanmuenui xowmyp PID-peeynamopa.
Buxopucmosyiouu emanonny mooens 00'ckma xepyeanus, nopieHio-
1ouuill npucmpiii adanmauii 6udac HeodXioHi napamempu Haiaumy-
eanns PID-peeynsmopa. Beedenns maxozo pody xopexuii xepyro-
4020 cuznaay 00360J4€ napupyeamu 6Ciiaxi 6i0moeu i odypenns,
AKL NPU3600ams 00 HEKOHMPOb08aH020 ynpaesainns. bynro ecma-
Ho6JIeH0, wWo uell cnocié Qopmyeanns Kepyrouozo énausy na Ges-
niomuuil vimaavHuil anapam oyoice eexmuenuil, max K ompuma-
nuil pesyvmam Oaudicuull 00 excnepumenmansiozo. Jlocaioxncenns
6i0M06 3011ICHI06AN0CS Hepe3 CNOCMePeXNceHH 3IMIHU aepoouHamin-
Hux xoepiuienmis. 3a60sxu 00CALONHCEHHIO 3IMIHU ACPOOUHAMIMHUX
KoeQpiuicnmie MoxnCHA 6UHAMUMU HOMIHATIbHI 3HAMEHHSA Koeiui-
enmis 06'ckma 6e3 npucymnocmi 6iomoe. Taxuii nioxio do mode-
JN0GAHHA 0e3NiINOMH020 JIMANLHOZ0 Anapamy maxoxc 0ae Moxic-
AUGICMb BUPIMUMYU €KOHOMIMHY CMOPOHY NUMAHHA — nposecmu
excnepumenmu 6 aepoounamiunomy ododamxy ANSYS-CFX ées
eumpam na 6i0H0BNEHHI BMPAMEHUX N0 UAC eKCnePeMeHMaATbHUX
eunpooyeans anapamis ma tiozo eiemenmis

Knrouoei crosa: adanmuene PID, emanonna moodenv adanmué-
Hozo kepyeanns (EMAY), aepoounamiuni xoeivienmu, neeusna-
yena mMooenn
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| DOT: 10.15587,/1729-4061.2019.155616 |

DESIGNING
ADAPTIVE PID
CONTROLLER

NON-SENSITIVE
TO CHANGES IN
AERODYNAMIC
CHARACTERISTICS
OF AN UNMANNED
AERIAL VEHICLE

O. Boudiba

Postgraduate student*

E-mail: boudiba.ouissem@yahoo.fr

S. Firsov

Doctor of Technical Sciences, Professor*
E-mail: sn.firsof@gmail.com

*Department of Electrical Engineering
and Mechatronics

National Aerospace University Kharkiv
Auviation Institute

Chkalova str., 17, Kharkiv, Ukraine, 61070

Since the flight process of an unmanned aerial vehicle
(UAV) has a high nonlinear characteristic and high sensi-
tivity to external disturbances [5], PID control cannot meet
technical characteristics of the UAV system as constant gain
of the PID controller is necessary. An adaptive controller,
such as adaptive control model sample that could learn and
adapt to changes in drone dynamics is needed. Each fault,
such as wing lock, velocity overload or aileron failure, is a set
of aerodynamic parameters and coefficients that represent a
new mathematical model of a control object in a spatial state.
The aerodynamic model of an object can be affected by the
lift coefficient, drag coefficient, torques [4, 6]. The reference
model is calculated by computing the coefficients with the
ANSYS-CFX software and the calculation is confirmed
experimentally. Errors are also modeled by this software,
and variation ranges of each coefficient are a set of failures.
Using this adaptive control, the maximum operating range
of aecrodynamic coefficients of the model is determined.

Development of an automatic control system adjustable
to changes in aerodynamic characteristics of the vehicle
based on the synthesized high-order models is relevant, since
its implementation will increase the stability of both the
system and the aerial vehicle — unmanned aerial vehicle. In
addition, the use of this system will ensure maintaining the

functional properties of the aerial vehicle when performing
a target task, and the introduction of this system does not
require significant hardware transformations.

2. Literature review and problem statement

To date, much attention is paid to the implementation
of various approaches to the adjustment of aerial vehicle
control systems to changes in aerodynamic characteristics
[1, 2]. In [3, 4], one of the promising ways to ensure stable
operation of automatic control systems of aerial vehicles —
intellectualization of onboard equipment is proposed. At the
same time, the process of intellectualization consists in en-
abling the system to self-diagnose, and then, by the results of
the diagnosis, adjust to the real working conditions, thereby
increasing efficiency.

In [5, 6] it is indicated that the development and imple-
mentation of intelligent control systems of unmanned aerial
vehicles is a relevant area for both modern and advanced
unmanned aircraft systems. The achievements are based on
the fact that adaptability to changing flight conditions of the
vehicle is ensured by using multi-level control algorithms.

The authors of |7, 8] identify the following necessary and
sufficient conditions of stability of a control system to uncer-
tainties: the presence of robustness properties in the system




(insensitivity to changes in system parameters or structure);
reconfigurability (purposeful change of some system param-
eters in order to compensate for uncontrolled changes) and
tunability (changes in system structure). However, there are
no accurate aerodynamic data. In [9, 10] there are aerodynam-
ic parameters on the basis of modeling in the ANSYS-CFD
package, while the synthesis of the adjustable aerial vehicle
control system does not consider the uncertainty of the
high-order mathematical model, as well as changes in environ-
mental parameters with the appearance of such natural factors
as wind, rain, etc.

In [11, 12], systems capable of countering failures in ac-
tuators by the implementation of algorithmic adjustments are
presented, but these adjustments do not take into account
changes in the vehicle motion parameters and changes in envi-
ronmental characteristics.

Thus, the use of the known approaches and tools when
creating aerial vehicles insensitive to changing flight condi-
tions and failures does not allow the aerial vehicle to perform
target tasks at the required level. This is confirmed by the re-
sults of the literature review and open statistical information
on operation duration, as well as laboratory facilities of the
Department of Mechatronics and Electrical Engineering of
the National Aerospace University “Kharkiv Aviation Insti-
tute”, Ukraine (Fig. 1).

Failure reason rate

B USA unmanned

® [n the laboratory

Fig. 1. Statistics of pilot and laboratory studies [1]

Consequently, the relevance of the implementation of
automatic control systems with the properties of adjust-
ing to actual flight conditions is growing. This should be
taken into account when designing the automatic control
system of an unmanned aerial vehicle, in particular, in the
absence of accurate aerodynamic data. Thus, the extension
of the approach [13, 14] to designing automatic control
systems, adjustable to changes in aerodynamic parameters
is promising. In this case, the implementation of adaptive
PID controller on board the aerial vehicle with high-order
models and changing coefficients previously obtained in
the ANSYS-CFX simulation package can be considered
reasonable.

3. The aim and objectives of the study

The aim of the study is a synthesis of an adjustable PID
controller on high-order models of the UAV automatic con-
trol system, which will provide the required quality indica-
tors of vehicle motion in changing environmental conditions
and object parameters.

To achieve the aim, the following objectives are set:

— to determine UAV mass-inertia characteristics in the
SolidWorks environment;

— to determine UAV aerodynamic characteristics in the
ANSYS CFX environment;

— to investigate the influence of deflection of the control
surfaces on UAV aerodynamic parameters;

—to perform a simulation of the synthesized adaptive
PID controller in the Matlab environment and conduct its
experimental testing on the operating UAV model.

4. Characterization of the investigated unmanned
aerial vehicle

4. 1. Determination of UAV mass-inertia characteris-
tics in the SolidWorks environment

In order to obtain the parameters of the inertia tensor of
UAV of the presented dimensions necessary for determining
the parameters of longitudinal and lateral motion models, we
use the SolidWorks automated design system.

The process of building a model is based on creating
elementary geometric primitives and performing various
operations between them. The model is built of standard ele-
ments and can be modified by either adding/removing these
elements or changing the characteristic parameters of the
elements. In the process of modeling, it is not the part that is
developed, but the algorithm (sequence of operations) of its
creation. Thus, the dimensions and geometric relationships
between the elements that determine the shape of a particu-
lar product are set [3].

The modeling process begins with a sketch or cross sec-
tion. Then the sketch with the help of a specific structural
element acquires a three-dimensional form (Fig. 2).

Fig. 2. Modeling of the control object in SolidWorks

Using the generated 3D model, the inertia tensor param-
eters were determined in SolidWorks:

Ixx=0.437 Ixy=0.007

Iyx=0.007 Iyy=0.551

Lzx =0

Ixz=0
yz=0
Ly=0 Izz=0.116 e

In order to obtain the parameters of the models of lateral
and longitudinal motion of SAV, it is necessary to conduct
studies of its aerodynamic characteristics.

4. 2. Determination of UAV aerodynamic characteris-
tics in the ANSYS CFX environment

The aerodynamic characteristics of the studied UAV
are obtained using the ANSYS CFX software package
based on solving Reynolds-averaged Navier-Stokes equa-
tions in a wide range of flight parameters. Further, the
results of modeling will be estimated by comparison with
experimental data.



The layout of the studied UAV is presented in Fig. 3.

Fig. 3. Modeling of the control object in ANSYS-CFX

UAV geometric dimensions are assumed to be equal to
those of the physical model used in wind-tunnel tests. The
program module that performs calculations is based on the
finite volume method. With this approach, to achieve the
required accuracy and convergence of the solution, it is im-
portant to build a rational computational grid.

Fig. 4 shows the dependences of lift (Cy), drag (Cx)
coefficients of the UAV on the angle of attack o for a num-
ber at a velocity of 10 m/s compared to the experiment and
modeling [9-14].
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CL,CX

Angle of attack in degrees

Fig. 4. Comparison of lift (Cx) and drag (Cz) coefficients with
the NASA model

On the basis of the obtained UAV characteristics, UAV
reference linear models were formed, which became the
basis for the subsequent synthesis of the adjustable PID
controller of the UAV automatic control system with the
fourth-order model.

The resulting reference model with unchanged charac-
teristics was implemented in Matlab and brought to the level
of 10 % coincidence with real flights. Further, research will
be focused on the synthesis of one loop of the adjustable PID
controller.

Based on the synthesized reference model, it is necessary
to synthesize the model of a parametrically perturbed UAV
motion — with varying coefficients [8, 11].

The simplified reference model of UAV motion has a
number of input and output parameters. Input parameters
are propeller velocity, deflection angles of UAV aerodynamic
surfaces, for example, v-tail. Output parameters are velocity,
pitch rate, pitch angle, flight altitude (Fig. 5).

The model, perturbed by parametric changes, as well as
the reference model, has the same structure and the same

order, with the additions related to the modeling of an ab-
normal situation.

Speed Speed
Angular speed
Object deflection angle

Deflection angles Altitude

Model

Fig. 5. Reference model of an unmanned aerial vehicle

Further, we consider the effect of aerodynamic angles, as
well as the tail (v-tail) and aileron deflections of the studied
UAV on the UAV longitudinal velocity (Fig. 6).

Fig. 6. Object of the study

4. 3. Study of the effect of deflection of control surfac-
es on changes in UAV aerodynamic parameters

It is known that by changing the angle of attack and
velocity, the lift coefficient changes. On the basis of the
conducted research [10], the table of influence of these pa-
rameters was formed (Table 1).

The obtained results reflect statistical correlation close
to unity 0.99888, 0.99925 (Table 1). These values are used
to adjust the UAV velocity depending on the angle of attack
in order to maintain a certain value of lift coefficient or
desired altitude by changing thrust or stabilizing the UAV
velocity by correcting the angle of attack. This cross-impact
allows countering a number of failures associated, for exam-
ple, with the locking of aerodynamic surfaces. The results of
influence of some parameters on others at an SAV velocity of
10 m/s are shown in Fig. 7, 8.

Table 1

Variation of the lift coefficient depending on flight velocity
and angle of attack

Angle of attack, deg. Velocity, m/s
10 11 12

29 0.383247 0.387452 0.391001

3 0.387189 0.391090 0.394538
3.1 0.391333 0.395321 0.398468
3.2 0.395297 0.39901 0.402313
3.3 0.399053 0.403084 0.406262
3.4 0.402564 0.40655 0.410049
3.5 0.405816 0.410116 0.413663
3.6 0.408912 0.413538 0.417167
3.7 0.411742 0.416477 0.420417
3.8 0.414074 0.419456 0.423313
3.9 0.418218 0.421981 0.425962

4 0.420574 0.42366 0.429292

Correlation coefficient 0.99888 0.99925
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Fig. 8. Variation of drag coefficients

The values of lift and drag coefficients depend not only
on the aerodynamic angles, but also on the area of deflecting
aerodynamic surfaces:

F.=YypVisC,; )

F.=Ypvisc,, 2)

where F, and F, are the forces of influence on the UAV, C, and
C, are the lift force variation coefficients, V is velocity, .S is
area, p is air density.

In order to study the influence of deflection angles of
aerodynamic surfaces on the values of forces, we expand (1),
(2) into a Taylor series to obtain linearized analytical depen-
dences for the aerodynamic coefficients:

C
F, = 12pV25[CL(oc)+CLq%q+CL5e8£|, 3)

C
EI :APVZSI:Cn(a)"'qu %q-’—clﬁese:l’ (4)

where 8, is deflection; ¢ is the effect of variation of the
object deflection angle on the lifting force and drag; Cr(a),
Cp(o) are the values of drag and lift coefficients in the mini-
mum angle of attack of the object.

Fig. 9 shows the range of aerodynamic coefficients
depending on deflection of one or another aerodynamic
surface [7, 8].

Based on the variation of aerodynamic coefficients, the
mathematical model of the control object in the spatial state
with varying coefficients in the obtained intervals was syn-
thesized:

X =(AA)X +BU,
Y =CX+DU,

)

Z.ﬂ) Aan Aaix Aaiz Aaus w Ab11 Ab12

? _ Aax Aan Aax Aaxy || g N Aby Abxn || 0, (6)
0 Aasz Aas Aass Aas 0 Ab31 Absz 8[,

/:l Aas Aawn Aas Aau )\ h Absyt Abg

where Vis the velocity in the X axis, v is the pitch rate, v, is
the pitch angle, y is height, ;4 is the tail effect on the UAV,
3. is the engine effect.
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Fig. 9. Variation of the range of aerodynamic coefficients
(failures) relative to the weather balloon (Aerosonde)

The variation ranges of the coefficients are shown in
Fig. 10.
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Fig. 10. Variation of the range of aerodynamic coefficients
of the matrix AAand Ab: a — the first row of matrix
parameters; b — the second row of matrix parameters

Based on the nominal values of the UAV, the reference
mathematical model was constructed:

{X:AX+BU; 7

Y=CX+DU,



ay dy a3 ais w b11 b12
C.] _ a ax axs az || 6 " b1 by Smi, (8)
0 as asz ass as || q bst by |\ 9,
/:l as as2 as3 Asg h b41 b42
Numerical values of the UAV reference model:
[-2.515 -0.9784 -2662 -9.656
-1.092 -3.995 15 -1.741
a= ;
-0.09325 -0.712 -3193 0
10.1775 —-0.9843 0 15.24
[-0.5528 229.7
b -5.528 0
-26.69 0 U
10 0
1 0 00 0 0
0100 0 0
c= i d=
0 010 0 0
0 0 0 1 0 0
-3.7375 + 3.0927i
-3.7375 - 3.0927i
eig(uav.NominalValue) = 1. .
-0.0037 + 0.0000i
-2.2244 + 0.0000i

Calculation of the nominal model was

Yo _

By simple transformations, for the subsequent synthesis,
on the basis of the reference model, the transfer function (9)
was synthesized:

3 2
b,s’+b,,s°+b,,s+b,,
s'+a,s*+a,,s"+a,.s+a,,

Y _

UC

)

Similarly, the transfer functions of the PID controller
and the adjustment loop were obtained:

ks’+ks+k
id =2 5
P s

bs+c
plant = ——————;
s +as’+a,s+a,

kys® +(kjc+k,)s* +(k,c+k)s+ck,

st (a,+ ks’ +(a, +kc+k))s +(a,+k,c+k)s+a,+ck; (19)
a,=a+k;
Q5 =0ay+kc+k,;
a,5=a;+k,c+k;
a,, =ck. (11)

On the basis of the obtained analytical dependences, the
block diagram of the reference model of the adaptive control
system in the velocity channel is shown in Fig. 13.

carried out at a flight velocity of 10 m/s, lift
coefficient of 0.19, drag coefficient of 0.05.

4. 4. Synthesis of the adjustable PID
controller of the UAV automatic control
system with the fourth-order model

The structure of the synthesized adap-
tive automatic control system with the
fourth-order reference mathematical mod-
el [11, 12] is shown in Fig. 11.

| Reference model | Ym
Gm(s)
control
control mechanism
parameter F
Uc v,

control U UAV P

Gp(s)

Fig. 11. Block diagram of the model adaptive control system
(MRAC)

In longitudinal motion, velocity, pitch rate and pitch
angle control can be performed using three types of feed-
back. In the first form, the PID controller manages the axial
velocity (thrust control by changing the engine velocity). In
the second form, the PID controller in the internal feedback
stabilizes the pitch rate, while the external feedback loop
controls the desired pitch angle [15] (Fig. 12).

[Velocity >—— ﬂ An U?.ar
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{ Pitch angle |
_SFj
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Fig. 12. Structure of the PID loop system and comparison with

the reference model
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Fig. 13. Structure of the reference model of adaptive control,
velocity control system

Using the second Lyapunov law or the MIT rule, it is
possible to synthesize the control law that ensures the as-
ymptotic stability of the system. For the synthesis, we use
the MIT rule:

Vzlez,
2
I}=ee, 12)



(13)

j:yeé.

The difference between the Lyapunov method and the
MIT rule is the way the error is determined. In the Lyapun-
ov method, the input signal is compared with the output
signal of the object, while in the MIT rule the output sig-
nal of the model is compared with the output signal of the
object [11, 12].

Using the MIT gradient rule:

() e )

dki d.] dyl
dt (ds)(dy J(dk,] (14
dk, (dj) dyd
dt \de dy dk,
L/
de O dy, g
>dyp B s’ +cs (

dT%_ st4(a,+k)s’ +(a, +kc+ k)" +(as +kc+k)s+ck,
dy;‘_ S+cC (
dk, 5" +(a,+k)s" +(a,+kc+k,)s" +(a, +k,c+k)s+ck,

dy, _ s* +cs?

we determine the parameter values of the PID controller:

dy

s’ +cs

=)

—< (U
»dkd s'4(a,+k)s’ +(a, +hc+k,)s*+(as +k, c+k)s+ck\ ‘

459s® +187s
Y = ; 18
P s +44.025 +443.15* +10055 +184.6 (18)

Y= i 459s +2187 : 19)
s"+44.02s° +443.1s" +10055 +184.6

4595 +187s>
Y, =— 3 5 . (20)
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Fig. 14. Structure of the reference model system of adaptive
control of the PID controller

The results of modeling of adaptive PID
control of the UAV in the velocity channel
are shown in Fig. 15.

Analysis of the results of modeling the
adaptive PID controller showed that the
output signal of the object almost coin-
cides with the reference model, if there are
two disturbances at 10 s and 10.1 s. These
disturbances were associated with tail de-
flection, and it affected the velocity of the
object (Fig. 15).

y,); (15)

~-9,)

Yooy (U . ) Fig. 16 shows velocity control of the
dt TSt (a,+ky)s +(ay+hc+ kS +(agHRc+R)s+ck O T UAV. The velocity value was compared
dy. ste with the control results of the standard
—L=—ye— \ = ) (16) PID controller and the adaptive PID
dt s (ks +(ay T ke +k,)s' +(ag ke +k)s+ck, controller. The value of the reference
dy, . s2+cs? (U ) model is d.isplayed in green, cgntrpl using
dr Ta ST (@, +h)s 4 (ay + kot k) +(ay +h o+ )s+ck, ¢ Yp) the adaptive PID controller is displayed

Thus, analytical dependencies of the adjustable coeffi-
cients of the adaptive PID controller, which minimize the
effect of changes in UAV aerodynamic characteristics and
increase the stability of the control system of the unmanned
aerial vehicle are synthesized [11, 13].

3. Modeling of the adaptive PID controller in
Matlab and experimental testing on
the operating UAV model

The block diagram of modeling in the Matlab program is
shown in Fig. 16, and the coefficient of regulation of adaptive
control GAMMA=0.001.

Each block presented in Fig. 14 was synthesized and
implemented as follows:

459s+187

UAV=— 5 ;
s°+12s°+476s+187

A7)

in blue, control using the standard PID
controller is displayed in red. The values
of the adaptive PID controller are closest to the reference
value, and control through it is optimal. Disturbance
is present at 10 s and is associated with tail deflection.

10 ! T ! ——
9+ — Model
GAMMA 0.001
8 - GAMMA 0.005
7 - PID
R
g 6
3 st
A
3 .
2L
1
0

12 14 16 18 2 22 24 26 28
time (s)

Fig. 15. Adaptive PID control and PID control for velocity
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Fig. 16. Adaptive control system of the unmanned aerial vehicle at a velocity of 10 m/s

Variation of aerodynamic coefficients of the nonstationary
model in the specified range of values that were calculated in
ANSYS and results of the adaptive system is shown in Fig. 17.
These changes in aerodynamic coefficients are failures.
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Fig. 17. Control of the unmanned aerial vehicle under
changing aerodynamic characteristics and flight parameters

Fig. 18 shows control of the UAV pitch angle. The angle val-
ue was compared with the control of the standard PID control-
ler and the adaptive PID controller. The value of the reference
model is displayed in green, control using the adaptive PID
controller is displayed in blue, control using the standard PID
controller is displayed in red. The values of the adaptive PID
controller are closest to the reference value and control through
it is acceptable in terms of minimizing the mismatch error.

Fig. 19 shows control of the pitch angle of the unmanned
aerial vehicle under changing aerodynamic characteristics
and flight parameters. Angle control was performed using
adaptive PID control.
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Fig. 19. Pitch angle control of the unmanned aerial vehicle
under changing aerodynamic characteristics and flight

parameters

Thus, the studies allowed synthesizing the adaptive PID
controller of the automatic control system of the unmanned
aerial vehicle, providing the required flight parameters
under changing aerodynamic characteristics and flight con-
ditions.

6. Discussion of the results of adaptive control study

The advantage of this study is the synthesized adap-
tive PID controller of the automatic control system of an
unmanned aerial vehicle, which ensures non-sensitivity of
the system to changing aerodynamic characteristics and
flight parameters, and, consequently, functional stability.
The basis of the synthesis is the synthesized models with a
sufficient degree of accuracy obtained using both numeri-

cal methods and real experimental testing.

Such a result is explained by the fact during

the controller synthesis that real ranges of
aerodynamic parameters were considered

and implemented.

The advantage of the proposed imple-

mentation of the adaptive PID controller is
that it uses the fourth-order model, which

ensures astatism of a higher-order system.
The impact on the quality of controlled mo-

tion of the UAV with higher-order models

requires additional research.
The use of the synthesized PID con-
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Fig. 18. Pitch angle control at a velocity of 10 m/s

troller on board the UAV provides con-
trolled motion with the required quality
indicators under changing parameters of



both the environment and the object. In case of locking of a
certain aerodynamic surface, by redistributing the control
between the remaining ones and adjusting the PID control-
ler, the UAV controlled motion with the required quality is
achieved.

Restrictions on the use of the proposed PID controller
are the aerodynamic configuration of the vehicle and the
energy of the controlled surfaces, as well as their sectional
distribution. If the criterion of spatial formation of the con-
trol action at a given frequency of an emergency situation in
the executive subsystem is not provided on the UAV, then
the synthesized PID controller will provide controlled UAV
motion with the required quality only when changing the
environmental parameters. It should also be noted that for
the operation of the synthesized PID controller, it is neces-
sary to obtain reliable information about flight parameters,
which determines the need to fulfill the criteria of functional
stability for the measuring subsystem.

However, in the absence of all specified restrictions and
possible flaws, as evidenced by the results of modeling and
experimental testing, the synthesized PID controller en-
sures the UAV motion with the required quality indicators.

Further, extension of adaptation loops with preservation
of the order of the reference model, and also order increase
is planned.

7. Conclusions

1. Using SolidWorks and ANSYS CFX tools, mass-in-
ertia and aerodynamic characteristics of the UAV are de-
termined, the adequacy of which is confirmed by real pilot
studies on the operating UAV model.

2. The influence of deflection of control surfaces on UAV
aerodynamic parameters was investigated, which made it
possible to reasonably form ranges of their variation when
changes occur both in environmental and UAV parameters.

3. UAV models adequate to real processes were devel-
oped, allowing to determine parameters affecting the con-
trollability and stability of the UAV control system. Their
adequacy in a wide range of input and output motion param-
eters is proved. The mathematical models of the UAV, de-
scribing both nominal and parametrically perturbed motion
were obtained. These models were used to solve the problem
of synthesizing a standard and adjustable adaptive PID con-
troller. The form of the models is convenient for obtaining
various representations of dynamic properties of objects.

4. The results of modeling are confirmed by the results of
real flights, which showed that the proposed adaptive control
method is effective for motion control of an unmanned aeri-
al vehicle under changing aerodynamic characteristics and
flight parameters. This provides functionally stable control.
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