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Abstract—The article deals with the problem of automatic control of the roll angle of an unmanned
aerial vehicle. Based on the complete mathematical model of the unmanned aerial vehicle and modal
control methods, two variants of the automatic control system are considered.: an autopilot implemented
as a closed-loop feedback system and a system with an observer device. The controllability and
observability conditions of the system are analyzed, and the autopilot equation with a structure
corresponding to a PID controller is obtained. Numerical simulation results are presented in the form of
time dependences of the roll angle, roll rate, and aileron deflection angle for different natural
frequencies. Analytical verification confirms the steady-state value of the roll angle obtained by
simulation. The parameters of the autopilot for different transient processes are determined. The roots of
the characteristic equations for the binomial and Butterworth standard forms are calculated, and
analytical expressions for the gain matrix of the Luenberger observer are obtained. The results show that
the use of an observer device significantly changes the transient response of the system. The proposed
approach based on modal control methods can be applied not only to roll control but also to the design of
automatic control systems for pitch and yaw angles of unmanned aerial vehicles and other aircraft.

Keywords—Autopilot, observer, automatic control system, roll angle, unmanned aerial vehicle,

PID controller.

I. INTRODUCTION

Today, unmanned aerial vehicles (UAVs)
perform a very wide range of tasks across various
fields — from military operations to cinematography.
The role of UAVs on the battlefield is rapidly
growing. UAVs used in modern warfare have
completely transformed military tactics by offering
unique operational advantages and improving
efficiency across various combat scenarios [1]. Each
UAV contains multiple automatic control systems
(ACS): for fuel management and power
consumption, communication, navigation and
orientation autopilots, and electro-optical video-
surveillance systems. The autopilot subsystem
includes platform-free inertial navigation systems
integrated with satellite navigation, barometric
altitude sensors, and air data receivers. Therefore,
improving flight control systems remains a highly
relevant scientific and engineering challenge.

Numerous studies have examined the development
and improvement of UAV control systems.

In article [2], flight control of a novel tiltrotor
aircraft is considered. This type of aerial vehicle has
two flight modes and one transitional mode. During
the vertical take-off and landing phase, the aircraft
operates as a quadrotor helicopter, while during the
horizontal flight phase, it functions as a conventional
airplane. The transitional mode lies between these
two flight states. In that work, a new tiltrotor aircraft
was introduced, where the transition is achieved by
dual forward tilting, and a corresponding
mathematical model was developed. During vertical
take-off and landing, a classical PID-controller
method was applied, and numerical simulations
confirmed good control performance. To ensure a
stable transition between vertical and horizontal
flight, a nonlinear control law based on the
backstepping method was proposed. The results
demonstrated that a stable mode transition can be
achieved, confirming the effectiveness of the
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proposed control approach. Finally, vertical flight
experiments were carried out on the newly designed
aircraft.

A multimodal UAV configuration was proposed
in [3], combining a tail-sitter arrangement with an
integrated channelized wing design. The tail-sitter
and semi-ducted structures complement each other,
improving UAV maneuverability, transition speed,
stability, and reliability during vertical-to- horizontal
transitions. The configuration also supports short-
takeoff-and-landing and vertical-takeoff-and-landing
modes, significantly expanding its operational scope.
For the transition phase, full-modal control rules
based on complementary filtering and fixed-point
target coordinate control were developed. These
rules allow the avoidance of complex logic
switching, making the control system smoother and
more concise. Simulation and flight test results
confirmed the feasibility of the proposed design.

The use of UAVs as aerial base stations has
attracted increasing scientific attention in recent
years [4]. The key challenge in this field is the
deployment of multiple UAVs in dynamic
environments, especially where user demands
change over time. To address this, an adaptive UAV
deployment scheme in dynamic wireless networks
was proposed, considering the mobility of UAVs
and users, state variability, and adjustable UAV
transmission power. Through joint optimization of
UAYV operating modes, transmission power levels,
and movement strategies, the goal is to balance
energy consumption minimization and ground-user
coverage maximization. A deep reinforcement-
learning-based approach was adopted. To capture
dynamic variations of users and UAVs in the
environment, a multimodal state-feature space was
developed, combining multi-channel image data and
vector representations. The image component
integrates user distribution and real-time UAV
coverage, while the vector component encodes UAV
operating modes, location, and temporal system
information. These multimodal features are
processed through convolutional neural networks
(CNN) and multilayer perceptrons for enhanced
feature extraction. To improve training stability and
efficiency, parameter updates are performed using
the proximal policy optimization method.
Simulation results demonstrate the effectiveness of
the proposed approach in balancing energy
consumption and coverage while efficiently
managing system dynamics.

The development of computer-vision algorithms
for UAV imagery largely depends on the availability
of annotated high-resolution aerial datasets [5].

However, the scarcity of large-scale real datasets
with pixel-level annotations poses a significant
challenge, as limited image counts in existing
datasets hinder the performance of deep-learning
models that require extensive training data. To
overcome this limitation, a multimodal synthetic
dataset containing both images and 3D data captured
at various flight altitudes was proposed. In addition
to object-level annotations, pixel-level labels for 28
semantic classes were included, enabling research in
tasks such as semantic segmentation. The dataset
contains over 72,000 labeled samples, enabling
efficient training of deep architectures and showing
promising results in synthetic-to-real domain
adaptation. The dataset will be made publicly
available to support further computer-vision research
focused on UAYV applications.

A new dynamic photogrammetry method using
UAVs was proposed in [6], establishing a UAV-
based operational modal analysis approach. This
method enables dynamic displacement measurement
of structures using one or two cameras. Stationary or
handheld cameras are often impractical for measuring
structural responses due to limited accessibility or
maintenance constraints; therefore, UAVs provide an
effective  alternative. A homography-based
perspective-correction method can be applied to UAV
imagery. However, traditional approaches rely on
only four calibration points and suffer from signal
drift. The presented study introduces, for the first
time, a time-varying homography matrix computed
from n calibration points to correct perspective
distortion at different times, while relative
displacement measurements are used to compensate
for UAV planar motion. Novel contributions include
the analysis and mitigation of UAV vibration effects.
The proposed method was validated experimentally
using a planar frame structure in laboratory
conditions. Results indicate that the method
effectively suppresses UAV vibrations and accurately
identifies structural modal parameters. Under impulse
and white-noise excitation, when n > 60 calibration
points were used, relative errors of natural frequency
and damping ratio were below 0.4% and 5.45%,
respectively.

In recent years, many researchers have
investigated UAV digital-twin technologies from
different perspectives [7]. However, this area
remains in the early stages of development, with
challenges such as incomplete data and model
fusion, limited algorithm migration, weak
correspondence between virtual and physical
domains, and insufficient application scalability. To
explore the potential of digital-twin technology in
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UAV applications, a digital-twin-based monocular
visual-navigation framework was proposed. The
framework integrates a deep-neural-network model
consisting of physical, virtual, dual-data, and
application layers. A multimodal decision-making
model with decoupling methods was constructed at
the application level, including perception and
control models to study global optimal solutions and
UAV behavioral control. Both the digital-twin
system and the decision-making model were verified
in virtual and physical environments, respectively.
The results show that the proposed digital-twin-
based visual-navigation system reduces algorithm
development and deployment costs and enhances
navigation adaptability. Compared with baseline
models, the proposed decision-making model
demonstrated improved navigation performance in
both virtual and physical domains — approximately
8.6% higher in simulation and 2.7 times higher in
real-world experiments.

UAV-based object detection aims to locate and
recognize targets in aerial images, widely used for
traffic monitoring, disaster response, and anomaly
detection [8]. However, due to the high cost of
sensors and computational constraints, deploying
large, accurate multimodal detectors on UAV
platforms is impractical. Inspired by model
compression and cross-modal signal-processing
techniques, a cross-modal knowledge-distillation
detection paradigm was proposed. This approach
achieves detection performance comparable to
complex multimodal methods while requiring
significantly ~ fewer  computational resources.
Selective feature imitation is introduced to reduce
redundant cross-modal feature transfer, while
adaptive prediction imitation dynamically adjusts the
distillation strength according to prediction quality.
Large-scale experiments on an aerial vehicle dataset
demonstrated improved detection performance with
reduced complexity.

Minimization of energy consumption in
interference-limited UAV networks was studied in
[9]. The optimization problem was formulated to
minimize total power subject to interference and
service-quality constraints. Since the problem is non-
convex, a deep-reinforcement-learning framework
was employed. The proposed multimodal model
integrates deep and shallow neural features to
enhance prediction accuracy while maintaining
computational efficiency. Simulation results indicate
that the proposed algorithm outperforms existing
methods.

In paper [10], a classical transfer-function
approach was applied to the aircraft roll-angle
automatic  control  system. However, the

mathematical model of the controlled object and
actuating mechanisms was not presented. The
simulation was performed using a Simulink model.

An analysis of scientific sources [1] — [10] shows
that a considerable number of studies are devoted to
UAV control-system modeling, PID regulator
design, navigation algorithms, modal-analysis
methods, and digital-twin technologies. However,
most of them lack a complete mathematical model
of the controlled object or ignore the dynamic
interaction within the “UAV-aileron actuator—
controller” system, which complicates the synthesis
of an optimal stabilization law.

Accordingly, this study addresses the scientific
and practical problem of developing a UAV roll-
angle stabilization system based on a full
mathematical model and modal-control methods,
using both an autopilot and an observer device to
ensure the desired dynamic quality of the transient
process. To achieve this goal, the research was
conducted in the following stages.

1) Development of a complete UAV
mathematical model considering moments of inertia,
aerodynamic forces, and aileron-actuator dynamics.

2) Analysis of controllability and
observability.

3) Synthesis of an autopilot regulator for roll-
angle stabilization using Butterworth and binomial
standard forms of the characteristic equation.

system

4) Design of a Luenberger observer and
investigation of the influence of the system's natural
frequency on stabilization quality.

5) Numerical simulation of the system dynamics
in MATLAB/Simulink and comparison of results for
different regulator configurations and characteristic-
equation forms.

The purpose of this work is to improve the
efficiency and accuracy of UAV roll-angle
stabilization by combining modal-analysis methods
with modern approaches to regulator and state-
observer synthesis. This paper has not been
previously published.

II. ROLL ANGLE STABILIZATION USING AUTOPILOT

Let Oxyz be the coordinate system associated
with the UAV as shown in Fig. 1. The equation of
angular motion of the UAV relative to the
longitudinal axis Oy is given as:

Iy+fy=M,,

where v is the roll angle, / is the moment of inertia
of the aircraft engine relative to the longitudinal axis
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Oy, fis the coefficient of aerodynamic drag, M, is the
moment of external forces applied to the UAV.

The equation of motion of the aileron actuator
has the form [11]:

T8+6=Ku,

where 6 is the aileron deflection, T is the time
constant, K is the gain, and u is the voltage supplied
to the aileron drive.

Fig. 1. Coordinate system associated with UAV

If we consider the overall dynamics of a UAV
with aileron drive, then the moment of external
forces applied to the UAV will depend on the aileron
deflection:

M, =cs,

where c¢ is the coefficient. Thus, the mathematical
model of the movement of a UAV with aileron drive
will look like:

I+ fy=cd,
: (1
T8+ 0 =Ku.
Further, new designations were introduced:
=98, Xx,=Y, X=Y. (2)
Then the equation of motion (1) in state space is:
x =Ax +Bu,
- 3)
Y= CX,

where the object matrix A, the control matrix B, and
the state vector x have the form, if K = ¢ =1:

1T T X
A=l — —i 0, B=/0|, x=|x,

1 1 0

0 1 0 %

In the considered case, the system has one input,
therefore the control vector u = u. The controllability

matrix P, = [BS AB: AZB] will have the form

L 1

T T 7
p-|o L _L(L./f
IT IT\T 1

0 0 1
L T J

It is obvious that rank Pc = 3, that is, the
condition of complete controllability of the system is
fulfilled.

Figure 2 shows a structural diagram of a closed
system with a regulator P [11].

—(QW (o)
B

Fig. 2. Block diagram of a closed system with a regulator P

Here v is the external influence, s is the Laplace
transform operator, W(s) is the matrix transfer
function of the open system, which has the form:

W(s)= (sI-A)fl B.
It is easy to see that
u=v—>Px. 4)

If we substitute the right-hand side of expression
(4) into the first equation of system (3), which was
previously written in the Laplace transform, we can
obtain the matrix transfer function of the closed-loop
system:

®(s)=(sI-A+BP) B.

Let P=[p, p, p;|. Here pi, ps, ps are the

controller parameters that need to be found.
In paper [11], analytical expressions for the
controller parameters are found through a laborious

procedure of finding the inverse matrix
(sI-A+BP )" . Another method was proposed in the
paper. Thus:
PRI
T T T T
d-a+BP=| -1 il o] 5
1 1
0 -1 N
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The characteristic equation of the transfer
function of a closed-loop system can be obtained
through the determinant of matrix (11):

det(sI-A+BP)=s"+ £+l+& s°
I T T

T T)I IT 1T
Butterworth form was taken as the desired
characteristic polynomial [11]:
H(s)=5"+20,s" +20,’s + o,’, (7)

where o, is the natural frequency of the system.

As a result of comparing the right-hand sides of
expressions (6) and (7), a system of equations was
compiled, after solving which the following
expressions for the controller parameters were

obtained:
1
P = T|:2(DO —[?+§):|,

Table I shows the roots of the characteristic
equation (7) for different natural frequencies of the
system. The roots of the characteristic equation are
complex, which indicates the oscillatory nature of
the transient process.

In the case where the autopilot is designed only
to maintain a given constant bank (external signal v
= 0 is absent), based on expressions (2), (4) and (8),
the following autopilot equations are obtained [11]:

u=—(p8+p,y+ psy). )

As can be seen, the structure of equation (9)
corresponds to the structure of a PID controller
without an integrator. If v # 0, the first equation of
system (3) can be rewritten in the form:

x=(A-B-P)x+B-v. (10)

The following parameter values were used for the
calculation: 7/ = 8.77-10 2 N-m-s?; = 0.12 N'm's;
T=0.1 s. Figure 3 shows the constructed graphs of
the dependence of the angle y (Fig. 3a), angular
velocity y (Fig. 3b) and angle o (Fig. 3c), which

were obtained as a result of the numerical solution of

f equation (10 ): curve 1 for o= 2.65s ' ; curve 2 for
Py =IT | 20 (@, = 1)+ |, (®)  wo=4.65s".
p, =ITw,.
TABLE L. PROBLEM SOLUTION ROOTS OF THE CHARACTERISTIC EQUATION (7)
®o=2.65s" ®o=3.655s"! wo=4.655s"

—2.6500 + 0.0000i
—1.3250 +2.2950i
—1.3250 — 2.2950i

-3.6500 + 0.0000i
—1.8250 +3.1610i
—1.8250 —3.1610i

—4.6500 + 0.0000i
—2.3250 +4.0270i
—2.3250 —4.0270i

w, 1/sec
L o 4 v e & o o o~

pu— —
—2

—

3 1.5

48, rad

Fig. 3. Dependences of angles vy, 6 and angular velocity y at different initial values of wo obtained as a result of

numerical solution of equation (10)

The solution of the differential equation (10)
consists of the solution of the homogeneous equation
and the steady solution. The steady solution of the
differential equation (10) has the form:

x =—(A-B-P) B-v.

Therefore, for v = 1 and o = 2.65 s the
following steady-state solutions are obtained:

X 0
% |=-(A-B-P) ' B=| 0

*

X 6.127
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Indeed, the graphs show that the steady-state
value for the roll angle is 6.127 rad (Fig. 3a), and the
steady-state values of the angular velocity ¥

(Fig. 3b) and the aileron angle 6 (Fig. 3¢) are zero.
As can be seen, the transient process takes from 2 to
4 seconds, depending on the natural frequency of the
system.

The study, in contrast to the standard Butterworth
form, also considered the binomial form:

(11)

As a result of comparing the right-hand sides of
expressions (6) and (11), a system of equations was
compiled, after solving which the following
expressions for the controller parameters were
obtained:

H(s)=s>+3w,5* + 30’5 + o, .
0 0 0

_ (LS
pl—T[3coO [Tﬁt[ﬂ,

D> =1T[3030 ((DO —1)+§}

p,=ITw,.

system (3) can be rewritten in the form:

Table II shows the roots of the characteristic
equation (11).

The obtained roots of the characteristic equation
(11) indicate the aperiodic nature of the transition
process. Fig. 4 shows graphs of the dependence for
the angle y (Fig. 4a), angular velocity y (Fig. 4b),

and angle & (Fig. 4¢): curve 1 for wo=2.65 s'; curve
2 for wo=3.65s"; curve 3 for mo=4.65s".

TABLE I1. ROOTS OF THE CHARACTERISTIC EQUATION (11)

wo=2.655"!

wo=3.655s"!

wo=4.655s"1

—2.6500 + 0.0000i
—2.6500 - 0.00001
—2.6500 + 0.00001

-3.6500 + 0.0000i
-3.6500 + 0.0000i
—-3.6500 - 0.00001

—4.6500 + 0.0000i
—4.6500 + 0.0000i
—4.6500 — 0.0000i

Time, s

Fig. 4. Dependences of angles v, 6 and angular velocity y at different initial values of wo obtained as a result of

numerical solution of equation (10)

From the obtained results it can be seen that the
transient process also takes from 2 to 4 seconds
depending on the natural frequency of the system,
but unlike the previous case (Fig. 3), the nature of
the transient process for the roll angle is aperiodic.

III. ROLL ANGLE STABILIZATION USING
OBSERVATION DEVICE

As shown in the previous study, the equations of
motion (1) in state space have the form (3):

x = Ax +Bu,
y =Cx.

The observation device according to Luinberger's
law [11] has the form:

X=A%+Bi+K(y-Cx),

where X is the state vector estimate x; 6 is the
generated control vector; K =[k k, k] - matrix

of gain coefficients. Passing in (12) to the Laplace
transform, we obtain:

%=(sI-A+KC) Bi+(sI-A+KC) KC-x.

From here, the matrix transfer functions of the
closed-loop system were obtained:

@, (s)=(sI-A+KC) 'B,
@, (s)=(sI-A+KC) ' KC.

In the case where only the roll angle is measured
C=[0 0 1], then the observability matrix

Q= [CT (ATCT E(AT )2 CT] takes the following form:
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00 1
I
S
=0 1 -L]|
Q I
10 0

It is obvious that rani< 0=3, tha_t 18, the condition
of complete observability of the system is fulfilled.
Thus, we obtain:

1
s+— 0 k,
T
sI-A+KC= L s+£ k, (13)
1 1
0 -1 s+k

The characteristic equation of the transfer
functions of the closed-loop system is obtained
through the determinant of the matrix (13):

det(sI-A+KC)=5s’ +(§+%+k3)s2

+Kl+1)k3 +k, +ll}s
T 1 T1I

1/ 11
+—Zk +k,—+~k. (14
T1 > 't 1" (14

Butterworth form (7) was taken as the desired
characteristic polynomial. As a result of comparing
the right-hand sides of (14) and (7), a system of
equations was compiled. As a result of its solution,

the following expressions for the amplification
coefficients were obtained:

ky, =20, —(Z-klj,

I T
1 1f
PR (A =L, 15
2 =% (1 Tj3 T 1 (15)
1 1
k, —[((03 —;§k3 —k, ?j

Table III shows the roots of the characteristic
equation for the standard Butterworth form (7). As
can be seen, the roots of the characteristic equation
are complex, which indicates the oscillatory nature
of the transition process.

The equation of the error X =X—x and its
derivative has the following form:

x=(A-KC)x+Bu, (16)
where =10 —u.

The following parameter values were used for the
calculation: 7 = 8.77-102 N'm's?, f = 0.12 N'm-s,
T=0.1s.

Figure 5 shows graphs of the dependence of the
angle y (Fig. 5a), angular velocity y (Fig. 5b) and

angle o (Fig. 5¢), which were obtained as a result of
the numerical solution of equation (16) for the
amplification factors (15): curve 1 for mp=2.65s;
curve 2 for mo=3.65 s'; curve 3 for wo=4.65 s'.

TABLEIIl.  ROOTS OF THE CHARACTERISTIC EQUATION (7)
wo=2.65s" o= 3.65s"" 0o=4.65s"
—2.6500 + 0.00001 —3.6500 + 0.0000i —4.6500 + 0.00001
—1.3250 +2.2950i —1.8250 +3.1610i —2.3250 +4.0270i
—1.3250 — 2.2950i —1.8250 —3.1610i —2.3250 — 4.0270i

7, rad
© 4 v w & O @ N ® ©

w, 1/sec

-20

-30

-40

-50

-60

b)

Fig. 5. Dependences of angles v, 6 and angular velocity y at different initial values of wo obtained as a result of
numerical solution of equation (16) for the amplification factors (15)

As can be seen from the obtained graphs, the
transition process is oscillatory and takes more than

10 seconds, so the next stage of the study was to
consider other options.
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For the binomial form, the following expressions
for the amplification factors are used:

ky, =3w, —(§+lj,

T
1 1
k2=3(03—(§+ij3—?§, (17)

1 f 1
kl ZI((D?) —?7](3 —k2 ?j

Table IV presents the roots of the characteristic
equation for the binomial form for the gain
coefficients (17).

The roots of the characteristic equation indicate
the aperiodic nature of the transient process.

Figure 6 shows graphs of the dependence of the
angle y (Fig. 6a), angular velocity y (Fig. 6b) and

angle 6 (Fig. 6¢), which were obtained as a result of
numerical solution of equation (16) for amplification
factors (17): curve 1 for mo = 2.65 s!; curve 2 for
®o=3.65s"'; curve 3 for mo=4.65s"".

From the results obtained, it can be seen that the
transient process is similar to the transient process
for the standard Butterworth form and takes from 2

to 4 seconds depending on the natural frequency of
the system.

Next, the form with the following expressions for
the gain coefficients was considered:

k, = 4o, —(§+%j,

k, =40 — (f+ljk3— i
I T I’

1

T

k 1[ )

Table V shows the roots of the characteristic

equation for the binomial form for the gain
coefficients (18).

The real roots of the characteristic equation

indicate the aperiodic nature of the transient process.

Figure 7 shows graphs of the dependence for the

angle y (Fig. 7a), angular velocity y (Fig. 7b) and

angle 6 (Fig. 7c), obtained as a result of the
numerical solution of equation (16) for the
amplification factors (18): curve 1 for wo= 2.65 s';
curve 2 for mo= 3.65s7!; curve 3 for mo= 4.65 s7.

(18)

TABLE IV. ROOTS OF THE CHARACTERISTIC EQUATION (7)

®o=2.65s" ®o=3.65s" wo=4.655s"
—2.6500 + 0.00001 -3.6500 + 0.00001 —4.6500 + 0.00001
-2.6500 — 0.00001 -3.6500 + 0.0000i1 —4.6500 + 0.0000i1
—2.6500 + 0.00001 -3.6500 — 0.00001 —4.6500 — 0.00001

Time, s

a)

w, 1/sec

-25

—_—
—

3

20+

Time, s

b)

25

20

Time, s

©)

Dependences of angles v, & and angular velocity ¢ at different initial values of ®, obtained as a result of

numerical solution of equation (16) for amplification coefficients (17)

TABLEV. ROOTS OF THE CHARACTERISTIC EQUATION

wo=2.65s"! wo=3.65s"! wo=4.65s"!
—6.9378 -9.5558 -12.1739
-2.6500 -3.6500 -4.6500
-1.0122 —1.3942 -1.7761
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7 10

—_—

—2

-+, rad
o o
w, 1/sec

w

4, rad

Time, s

a)

Time, s

b)

Time, s

©)

Fig. 7. Dependences of angles v, d and angular velocity y at different initial values of wo obtained as a result of
numerical solution of equation (16) for amplification coefficients (18)

Analysis of the obtained results shows that the
duration of the transient process, as in the previous
case, is from 2 to 4 seconds depending on the value
of the natural frequency of the system. At the same
time, the nature of the process undergoes a
qualitative change: if in the case shown in Fig. 6,
oscillatory (periodic) components of the system
response were observed, now the transient process
has an aperiodic character for both the roll angle and
the aileron rotation angle.

This means that the system reaches a steady state
without oscillations around the equilibrium position,
i.e. without exceeding the amplitude or phase shifts
characteristic of oscillating systems. This type of
transient process indicates increased damping and
improved system stability, which is a desirable
property for UAV attitude angle stabilization
circuits.

Thus, the use of the proposed parameters of the
observing device allows to provide smooth and
energy-efficient control of the roll angle, reduce
dynamic loads on the aileron drive and increase the
accuracy of stabilization in real flight conditions.
The obtained aperiodic nature of the transient
process indicates the optimal agreement between the
speed of the system and its stability, which confirms
the effectiveness of the developed approach to
modal control of UAVs.

IV. CONCLUSIONS

Based on the full mathematical model of the
UAYV and modal control methods, two variants of
the UAV roll angle control system were considered:
the first variant, an autopilot, which is built as a
closed-loop automatic control system with a
feedback controller, and the second - built with the
help of an observer device. The conditions of
controllability and observability of the UAV were
analyzed . The autopilot equation was obtained, the
structure of which corresponds to the structure of a
PID controller. The autopilot parameters for various
transient processes were obtained. Thus, the

transient process for the standard Butterworth form
takes from 2 to 4 seconds, depending on the natural
frequency of the system. Analytical dependences of
the Luinberger observer device gain coefficient
matrix were obtained for various standard forms of
the system characteristic equation. From the
obtained results, it was established that, unlike the
autopilot, the use of an observer device leads to a
qualitative change in the nature of the transient
process.

Thus, the use of modal control methods allows
obtaining the parameters of the autopilot and the
observing device for the ACS of the UAV roll angle.
This approach can also be used to construct the ACS
of the pitch and yaw angles not only of UAVs, but
also of other types of aircraft.
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B. B. ABpyToB, O. B. I'ereancbkuii, B. B. icapaxk, O. 5. ITa3apiii, M. 10. XyTko. MoaajibHe KepyBaHHSA KyTOM
KpeHy 0e3MiJI0THOrO JIITAJIbHOI0 anaparta

VY cTaTTi po3IIISHYTO 33hady aBTOMAaTHYHOTO KepyBaHHS KyTOM KpeHy Oe3MiloTHOro JiTaneHoro amapara. Ha ocHOBI
MOBHOI MaTeMaTHYHOI MOZETi Oe3MUIOTHOTO JITAIBFHOTO armapara Ta METOIIB MOIAIBHOTO KepYBaHHS IOCHIIKEHO IBa
BapiaHTH CHCTEMH aBTOMAaTHYHOTO KEPYBaHHS: aBTOIILIOT, PEai30BaHMH K 3aMKHEHa CHCTEMa 31 3BOPOTHUM 3B’ S3KOM, Ta
CHCTeMa 31 CHOCTEpiralodmM MpUCTpoeM. lIpoBemeHO aHai3 yMOB KEpOBAHOCTI Ta CIIOCTEPEKYBAHOCTI CHCTEMH,
OTpPHMaHO PiBHAHHS aBTOIIJIOTa, CTPYKTypa sikoro Biamosimae [11J[-perymsaropy. Pe3ymsTaTé 4rcesHOTO MOEITIOBAHHS
MIOIAHO Y BHUTTISl JaCOBHX 3aJI€XKHOCTEH KyTa KpeHy, KyTOBOI IIBUAKOCTI KPEHY Ta KyTa BiIXWICHHS €lepoHa ISl Pi3HUX
BJIACHUX YacTOT. AHAJITHYHA TepeBipka MiATBEPKYe 3HAYCHHS YCTAJCHOTO KyTa KpPEHY, OTPHMAaHOTO B Pe3yNbTaTi
MOJICIOBaHH. BU3HaueHO mapaMeTpd aBTOMIOTa JUIS PI3HUX IepeximgHux mnporeciB. OOYHCIEHO KOpeHi
XapaKTepUCTUYHMX PIBHAHb IS CTaHAApTHHX OiHoMianbHOI (opmu Ta Qopmm barrepBopra, a TakoX OTPHUMAaHO
aHaJITHYHI BUpa3H JUIl MaTpullil KoedillieHTIB miACHiIeHHs croctepirada JlroenOeprepa. [lokasaHo, 1110 BUKOPHCTaHHS
CIIOCTEPIraloyoro IMPHUCTPOI0 CYTTEBO 3MIHIOE XapakTep IEpexiJHOro MpOIECy CUCTEMH. 3alpoIOHOBAaHMH MiJXia,
3aCHOBaHMI Ha METOJIaX MOJAJIbHOTO KEpyBaHHs, MOXe OyTH 3aCTOCOBAHMIT He JIMIIIE JUIs KepYBaHHs KyTOM KpeHy, ae i
JUISL CHHTE3Y CUCTEM aBTOMATUYHOT'O KEPYBaHHS KyTaMH TaHTa)Xy Ta PUCKAaHHS K OE3IJIOTHOTO JITaJbHOTO arapara, Tak
1 IHIIKX JTITAIFHAX amaparis.

KoaiouoBi ciioBa: aBTONIOT, CriocTepiralounii MpuCTpiif, cHcTeMa aBTOMAaTHYHOTO KEPYBaHHSI, KyT KpeHy, Oe3mioTHIH
niTaneHUA anapart, [11/]-perymsatop.
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