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GENERAL CHARACTERISTICS OF THE THESIS

Relevance of the topic. Unmanned aerial vehicles (UAVs), including fixed-wing UAVs
with vertical take-oft and landing (VTOL), currently find exceptionally wide applications
in various civilian and military domains, including: monitoring the technical condition of
bridges, railway tracks, power lines, and main gas pipelines; traffic control and fire
detection; search-and-rescue operations and border security, agricultural and geological
surveys; reconnaissance and striking enemy targets in military scenarios, and many others.

The development of efficient control systems for multi-rotor UAVs and fixed-wing
UAVs with VTOL involves a complex set of scientific, technical, and practical challenges.
These challenges require consideration of numerous factors, such as maintaining operability
under various operating conditions, ensuring the required technical characteristics like
stability, precise trajectory tracking in the presence of external disturbances, etc.

The development of control systems for UAVs with VTOL has been extensively
addressed in many scientific publications. These works, based on modern methods of
feedback control, examine the selection of controllers that ensure stability and meet the
required dynamic and accuracy characteristics of UAV control systems in various flight
modes.

However, relatively little attention has been paid to methods for analyzing the
robustness of the VIOL UAV control systems, considering the structural and functional
features of these systems. This emphasizes the relevance of developing effective methods
for studying the robustness of feedback control systems for main UAV types and fixed-wing
UAVs with VTOL based on modern multivariable control theory.

Objective and research tasks. The aim of this dissertation is to develop engineering
methods for designing and analyzing the robustness of feedback control systems for UAVs
with VTOL, considering their kinematic and structural features, and enabling the selection
of system controllers based on the standard and well-known methods of classical control
theory.

To achieve this aim, the following tasks were formulated and addressed:

1. Development of methods and computer programs for analyzing the stability
robustness of control systems for multi-rotor UAVs and fixed-wing UAVs with VTOL,
considering possible motors efficiency losses.

2. Development of methods for analyzing stability robustness of UAVs’ control
systems under additive and multiplicative uncertainties with different and identical
controllers in the separate channels of the system.

3. Development of methods for analyzing the stability robustness of multidimensional
uniform control systems with an arbitrary number of inputs and outputs under additive and
multiplicative uncertainties in the individual matrix blocks.

4. Development of a graphical user interface (GUI) working in the MATLAB
environment for robustness analysis, controller parameter selection, and dynamic
investigation of the UAVs’ control systems.

Research methods. In the dissertation, there are used the methods from matrix calculus
and linear algebra, theoretical mechanics, classical feedback control, multivariable control
theory, robustness theory, and numerical methods for computer design and simulation of
dynamic systems in the MATLAB environment.



Scientific novelty. The following novel scientific results were achieved during the
research:

1. Methods for analyzing stability robustness of UAVs’ control systems under
arbitrary additive and multiplicative parameter uncertainties in cases of identical or
different controllers in the separate channels of the system.

2. Methods for analyzing stability robustness of a general class of linear
multidimensional uniform control systems, i.e., the multivariable control systems with
identical transfer functions of separate channels and rigid cross-connections, for cases of
additive and multiplicative uncertainties in the matrix blocks of the system.

3. Simple graphical criteria for analyzing UAVs’ control systems robustness on the
characteristic gain loci (characteristic transfer functions’ hodographs) planes of the open-
loop system's transfer matrix, which facilitate the selection of the separate channels’
controllers based on the classical methods of feedback control. Geometric interpretations
of these graphical stability criteria on the Nyquist, Bode, and Nichols planes were provided.

Practical significance. The developed methods, algorithms, and software tools can be
used in the design and analysis of robustness of feedback control systems of multi-rotor
UAVs and UAVs with VTOL, that are utilized in various technical and industrial fields. The
developed GUI can be used for computer-aided design and robustness analysis of the main
types of the UAVSs’ control systems kinematic configurations of the propellers.

The methods, algorithms, and programs have been utilized at the Center of Aerial
Robotics of the NPUA in the development and robustness analysis of various UAVs’ control
systems.

Key points proposed for defense:

1. The set of developed methods for analyzing the stability robustness of control
systems for multi-rotor UAVs and fixed-wing UAVs with VTOL, based on the characteristic
transfer function method.

2. The developed methods and graphical procedures for analyzing the stability
robustness of multidimensional uniform control systems with arbitrary numbers of inputs
and outputs under additive and multiplicative uncertainties in matrix blocks.

3. The GUI and computational programs in MATLAB environment for automated
stability robustness analysis and dynamic modeling of the UAVs’ control systems.

The main theoretical and practical results of the research have been reported at:

= Annual scientific conferences of the NPUA (Yerevan, 2022-2023),

= The International Conference on Computer Science and Information Technologies
(CSIT 2021,2023),

= Seminars of the “Control Systems” department and the Center of Aerial Robotics of
the NPUA.



Publications. The main results have been published in six scientific papers [1-6]:

1. Gasparyan O.N., Ispiryvan V.H.,, Melkonyan G.A., Simonyan TA.
ROBUSTNESS ANALYSIS OF UAVS’ CONTROL SYSTEMS IN CASE OF
MOTORS* PARTIAL EFFICIENCY DEGRADATION// Bulletin of High
Technology, N1(25) 2023. -pp. 67-80.

2. Tacmapsin O.H., Uctmpsin B.I'., Meakonsin I''A. AHAJII3 POBACTHOCTHU
CUCTEM YIIPABJIEHISI BECIIMJIOTHBIMU JIETATEJIbHBIMU
AIINIAPATAMM  IIPM  YACTUYHOM IIOTEPE  DBOOEKTHBHOCTA
MOTOPOB// Cwjwuwnwuh  Uggwihu Mnjhnbuuhlulwt  <wdwjuwpw,

(pwpbn, ghnwlwu hnndwdutph dnnndwdn. UUU 1, 2023.- te 166-173.

3. Hemupsitn BI. AHAJIM3 POBACTHOCTWU OJHOTHUIIHBIX CHUCTEM
VITPABJIEHUS TIPYT MYJIBTUTUIMKATUBHBIX HEOITPEJIEJIEHHOCTSX//
Lwjwunwuh Bwpnwpwghunwwu Uw-nbdhwh Lpwpbp, hwwnnp 20,
hwdwn 2, 2023p.- by 170- 174.

4.  Gasparyan O., Buniatyan L., Ispiryan V. Robustness Analysis of Multivariable
Uniform Control Systems// CSIT Conference 2023, Yerevan, Armenia. September 25
— 30, pp. 182-185,

5. Ispiryvan V. STABILITY ROBUSTNESS OF CONTROL SYSTEMS OF
MULTIROTOR UNMANNED AERIAL VEHICLES// “Furopean university”,
collection of scientific articles, 15(01) 2024, ISSN 1829-4359.- pp. 184-191.

6. Gasparyan O.N.,, Ispirvan V.H., Buniatyan LM., Melkonyan G.A.
ROBUSTNESS OF UNIFORM CONTROL SYSTEMS WITH MULTIPLICATIVE
UNCERTAINTIES// Cwjwuwmnwth ghnnigniuubiph wgguiht wlwnbdhwih b
Lwjwunwuh Ugqujhu Mnjhunblutuhulwu <wdwjuwpwuh Skntlwghn,
wbuuhywywu ghnnyegyniuubph ubphw, hwwnnp LXXVII N2 2024.- te 223-
233.

Structure and volume of the work. The dissertation consists of an introduction, five
chapters, a conclusion, and a list of references (111 sources). The total volume of the
dissertation is 125 pages, including 101 figures. The dissertation is written in English.

MAIN CONTENT OF THE WORK

Introduction justifies the relevance of the dissertation topic, formulates the aim and
objectives of the work, and presents its scientific novelty, practical significance, main
provisions submitted for defense.

In Chapter 1, there are presented classification and applications of multirotor and
fixed-wing UAVs, and short review of methods of their control systems implementation

It is noted that the most common types of VTOL UAVs are based on a hybrid model
combining a multirotor UAV and a fixed-wing UAV (Fig. 1.1). Such a combination allows
them to preserve the best aspects of both multirotor and winged UAVs, compensating for
each other’s drawbacks in different flight conditions. From a control system perspective,
hybrid UAVs integrate two essentially independent control systems for horizontal flight and
vertical takeoff and landing modes.



The review of the UAVS’ control systems revealed that linear controllers, particularly
PID controllers, are the most used in commercial projects. However, relatively little
attention in the scientific and technical literature has been devoted to the methods for
designing and analyzing the robustness of the UAVs’ control systems, taking into account
the kinematic and structural characteristics of UAVs.

In Chapter 2, there are considered the key ideas and concepts concerning canonical
representations of multi-input multi-output (MIMO) control systems with the help of the
characteristic transfer functions (CTF) method, as well as some essentials of robust control.

The matrix block diagram ofan N -dimensional linear control system is shown in Fig.
2.1, where W(s) is the transfer matrix of the open-loop systems.

Fig. 2.1. Block-diagram of the MIMO control system
Based on the method of the CTFs, the transfer matrices of the open-loop W(s) and

closed-loop ®(s)and  (s) system with respect to output f (s) and error s(s) vectors
can be represented in the following canonical forms:
W (s) = C(s) diag{qt(s)}C ~\s) (2.1)

®(s) =[I +W(s)\W (s) = C(s)diagj[1 : qt(S)JIC-\S) (2.2)

°e(s) =[I +W(s)] '= C(s)dlagl \JC ~1(s) , (2.3)

+0,(s)
where qt(s) are the CTFs of the open-loop system, and C(s) is a modal matrix composed
of the normed eigenvectors (axes of the canonical basis) of the transfer matrix W(s) . A

visual geometric interpretation of the internal structure of the open-loop and closed-loop
MIMO systems is presented in Fig. 2.2.
The characteristic equation of the closed-loop system has the form:



N

det[l +W(s)]=n[1 +qOs)] =0. (2.4)

i=1
It shows that for stability of the cross-connected N -dimensional system in Fig. 2.1 it
is needed that all N one-dimensional characteristic systems with open-loop transfer
functions q.(s) be stable.

a) open-loop system b) closed-loop system
Fig. 2.2. Canonical representation ofthe MIMO control system
It is presented the multidimensional Nyquist criterion which states that the closed-loop
MIMO system in Fig. 2.1 is stable ff none of the characteristic hodographs q.(ja>) ofthe

open-loop system encircles the critical point -1,j0 (Fig. 2.3)

Fig. 2.3. Characteristic gain loci of a stable MIMO system (N =3)
In Section 2.1, it is also considered the class of uniform MIMO systems, that is MIMO
systems with identical transfer functions w(s) of separate channels and rigid cross-

connections described by a square numerical matrix R (Fig. 2.4).

Fig. 2.4. Matrix block diagram of a uniform MIMO system
Section 2.2 presents some basic notions of robust control. It is presented the Basic
Perturbation Model (BPM), which is shown in Fig. 2.5.



Fig. 2.5. Basic Perturbation Model
Sufficient conditions for the feedback loop in Fig. 2.5 are given by the Small Gain
Theorem which states that the BPM is internally stable if and only if

hH Nel|a j |<1 (2.5)
where |l is the norm induced by the signal norm. The materials of Chapter 2 are used in
Chapter 4 for developing the methods of analysis of stability robustness ofthe hybrid fixed-
wing UAVs’ control systems in the VTOL modes.

Chapter 3 is devoted to the general issues of mathematical modeling of the dynamics
and structural features of hybrid VTOL UAVs’ control systems in the vertical take-off and
landing modes. Section 3.1 provides the rotation matrices for abody-fixed coordinate frame
ofa UAV relative to the inertial frame, expressed through Euler angles (roll, pitch, and yaw
angles). The general nonlinear dynamic equations of the UAV’s motion have the form:

dzr .
M =-mgZj +R*F (3.1 J  +mx{Im+Y"Q)=t (3.2)
where the following notations are used: m - UAV’s mass; g - gravitational constant; J -

inertia tensor of the UAV; m=[<®m ,mz]T - angular velocity vector of the body-fixed
coordinate frame relative to the inertial frame; J - identical inertia moments of motors

with propellers; Q - total angular velocity of the rotors.

The kinematic interconnections between separate channels of the UAV control system
are considered, taking into account possible partial loss of motor efficiency. A generalized
matrix block diagram of the linearized control system for hybrid multirotor UAVs in the
VTOL mode is presented (Fig. 3.1).

Fig. 3.1. Structural diagram of a hybrid UAV control system in the VTOL mode
The numerical matrix DM of kinematic cross-connections between separate channels

in Fig. 3.1 depends on the geometric features of the UAV, the number of rotors N, etc. The
matrix



AM=diag{AM}, where Af (0<Af <) 3.3
characterizes possible loss of motors efficiency, and the regulator matrix K, in Fig. 3.1 is
chosen based on the condition =DA, forN =4or =DA forN > 4, where DA
denotes the pseudoinverse matrix for DM. The transfer functions of PID regulators in

separate channels are denoted by wR(s).

Section 3.2 presents also an equivalent (transformed) matrix block diagram of the
UAV'’s control system, which is more convenient for analysis of the stability robustness of
the control systems in the VTOL mode (Fig. 3.2).

Fig. 3.2. Transformed structural diagram of a hybrid UAV control system
in the VTOL mode
The four-dimensional vectors i"Ref, pM , and the diagonal 4x4 matrix M E in Fig.

3.2 are given by the following expressions:
m 00O
ef z 0 | 0 O
r.Ref o P Out M 0 0 |y 0 (33)
SMRet- 000 iz

Sections 3.3 and 3.4 discuss the transfer matrices and stability analysis of the UAV
control system with different PID regulators in separate channels in case of partial losses of
motors efficiency.

The transfer matrix of the open-loop UAV control system in the VTOL mode has the
form:

W(s) =-2M~"Ddiag {wR(s)} , where A =DMAmKd (34)

and the stability of the closed-loop system is determined by the distribution of roots
of the characteristic equations

det[l + W(s)] =det[sA +M~D"diag {wR(s)}] =0 . (3.5)
In the case of normally functioning motors, all AM in (3.3) are equal to 1, i.e.,

AR1=1.The matrices AM (3.3) and DE (3.5) then reduce to identity matrices, and the

control system in Fig. 3.2 decomposes into four independent single-input single-output
control systems. Ifall wR(s) regulators in (3.4) are identical, that is wR(s) =wR(s),

instead of (3.4) we can write down



W (s) =w(s)R, (3.6)
where w(s) =wR(s)/s2and R =M~D™".. This implies that for wR(s) =wR(s) the control

system of the hybrid UAV in the VTOL mode belongs to the class of uniform MIMO
systems.

Section 3.5 presents the most commonly used in practice motor configurations for
hybrid UAVs in the VTOL mode, and the corresponding matrices of kinematic
interconnections between separate channels.

Chapter 4 is devoted to the methods of stability robustness analysis of hybrid UAV’s
control systems in the VTOL mode. The Basic Perturbation Model (BPM) ofa linear MIMO
control system is shown in Fig. 4.1.

Fig. 4.1. Basic perturbation model of a linear MIMO control system
For stability of the MIMO system with uncertainty A(jw) in Fig. 4.1 it is sufficient
that for all frequencies w , the following condition holds:
QW <1/[JAGW)II Vwe[-a>,>] (4.1)
with | denoting the spectral norm of the corresponding matrix, or
ihHi ih'H i (4-2)
where ||[g* stands for the Hardy norm [3] determined for any transfer matrix S (jw) asthe
strictupper bound ofthe largest singular value (denoted as a ) ofthe transfer matrix S (jw)
over the whole frequency range of w (0< w< 0>, and is equal to:

1S O'W)||,,=S\lllvpa (SGiw) (4.3)
The matrix block-diagram of the perturbed UAV’s control system in case of general

additive uncertainties AN(s) in the overall open-loop transfer matrix W(s) , assuming the

uncertainties may occur in any elements (motors, sensors, and other mechanical or electrical
devices) is presented in Fig. 4.2, where all uncertainties are accumulated in the additive
perturbation matrix A”(s) .

It is shown in Section 4.2 that the sufficient condition (4.1) for the perturbed system
in Fig. 4.2 has the following form:

sup maxj-------l--_----r l 4.4)
Wi 1+w (jw) i aj

where wt(jw) (i =1,2,3,4) denote the transfer functions of separate channels of the
UAV’s open-loop control system in case of AM =1 and no ther perturbations.
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Fig. 4.2. Block-diagram of the perturbed UAV’s control system with
general additive uncertainties A" (s)

Ifwe pass in (4.12) to the equality sign, then that condition is reduced to the form:
[RejrOffD)} + 1]2 + [imjrO'®)}]2=|| A4 L. (4.5)

6%

Fig. 4.3. Analysis of stability robustness in case of general additive uncertainties
Geometrically, this expression determines on the complex plane of the Nyquist

hodograph w (ja) a circle with the center at the point {-1, /0} and the radius equal to
r=| | (Fig. 4.3). The allowable value || Aa| is determined by the minimal radius of
the circle, which touches the hodographs wt{ja) for all i (i =1,2,3,4). Note that for
AP ]~ 0, the circle shrinks to the critical point {-1, /0}.

The matrix block-diagram of the perturbed UAV’s control system in case of general
multiplicative uncertainties AM{ja) is presented in Fig. 4.4.

Fig. 4.4. Block-diagram of the perturbed UAV’s control system with
general multiplicative uncertainties AM(s)

It is shown in Section 4.3 that the sufficient condition of stability robustness in this case
can be written in the form:

sup max W(_Jé) ! (4.6)
a I 1+wi(jm) [la Mn

Passing in (4.6) to the equality sign, this condition can be rewritten in the form:



1 . ii ii2
Re{M(j®)} - _ [Im{wf(j®)}j2= ="' @.7)
1 jiamii2 @ iJAM|22
Geometrically, this expression determines on the complex plane of the hodograph

M(j®) a “forbidden” circle with the center at the point c=| 1 /(1 | AM||2),j'0j and
the radius equal tor =||AM || /(1 | AM||2 (Fig. 4.5).

Fig. 4.5. Analysis of stability robustness in case of general
multiplicative uncertainties
Sections 4.4 and 4.5 are devoted to the stability robustness analysis of uniform MIMO
systems (Fig. 2.4) of an arbitrary dimension with additive and multiplicative uncertainties
of separate matrix blocks of the open-loop system. In Fig. 4.6 and 4.7, there are presented
the matrix block-diagrams of uniform systems with additive perturbations ofthe numerical
matrix R and the transfer matrix w(s)l.

It is shown in Section 4.4 that for the case of additive perturbations of the matrix R, the
sufficient condition for stability robustness has the following form:
m ® 1
max " 0®) )
1M n(j®) <y(CrA*
where
v(C) =||C||-\C-1>1 (4.9
is the condition number of the modal matrix C.
Expression (4.8) allows giving a simple geometrical interpretation to the robust
condition (4.1). Replacing the sign < in (4.8) by the equality sign, after some simple
algebraic manipulations that condition can be rewritten in the following form:
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Re{Xiw(jm)} +—3—  [Im{aw(jff)}]2= (4.10)
a -1 (a2- 1) (C)llAr

Geometrically, this expression determines on the complex plane of the j-th
characteristic gain locus Aw{jw) a circle with the center at the real point

C=-ay/(a2-1) withandtheradius r =a /(a] - 1) (Fig. 4.8). The sufficient condition
(4.8) is satisfied if the circles (4.10) do not intersect the corresponding graphs of Aiw(Jw)

for all i=12 N. Note that for ||AN| =0, all circles (4.10) reduce to the critical point
-1,jo0.
Fig. 4.8. Analysis of robustness: Fig. 4.9. Analysis of s robustness:
perturbations of the matrix R perturbations of the r matrix w(s)I

It is shown that analogous transformations in case of additive perturbations ofthe scalar
transfer matrix (Fig.4 .7) with the sufficient condition of stability robustness (4.2), bring to
the following equation:

[Re{w(i®)}+Re{l/A}]2+ [Im{w(w)}+Im{l/A}]2="2(C)|K (j®)|' (411)
Geometrically, it determines on the complex plane of the one hodograph of w(jw)
N circles with the centers at the critical points -1/ A , where all circles have the same

radius r =v(C)||AW(j®)||,, . For N =3 this is illustrated in Fig. 4.9, where the radiuses of

all circles are equal to r =0.51.

Section 4.5 presents analysis of stability robustness of uniform MIMO systems with
multiplicative perturbations of the numerical matrix R, transfer matrix ~ w(s)I, as well as
joint perturbations of the open-loop transfer matrix W(s) = w(s)l. All these three cases are
illustrated in Fig. 4.10-4.12.

It is shown that if the following condition:

max AWGW) L

< " 4.12
i 1+Aw(w)  /(OHAO'W)| (412)
holds for all frequencies w, then the sufficient condition (4.36) of stability robustness of
the uniform system with any type ofmultiplicative uncertainties also holds.

13



Fig. 4.10. Multiplicative perturbation of the numerical matrix R

Fig. 4.11. Multiplicative perturbation of the transfer matrix w(s)I

Fig. 4.12. Joint multiplicative perturbation ofthe open-loop transfer matrix W(s)
Geometrically, the expression (4.12) determines on the complex plane of N
characteristic gain loci *w(ja) (i=1.2,...,N) a “forbidden” circle with the center at the

real point ¢ =1/[(v(C)||A|))2-1] with the radius r =KO||A||/|1 -[V(C)||Al|]21 (Fig.
4.13a). The sufficient condition (4.12) is satisfied if the graphs of Aiw(ja) do not intersect
that “forbidden” circle.

Fig. 4.13. Analysis of stability robustness in case of multiplicative perturbations

14



Condition (4.12) can be rewritten in an equivalent form:
i 1
max  WOW) . (4.13)
I 1/mmw(w) KC)JAC/®)
Geometrically, it determines on the complex plane of the hodograph w(jw) of
identical separate channels N “forbidden” circles with centers at the following points ct

and the radiuses r :

¢ ! 1 1 tonA (i=12,..N), (4.14)
[0<c)|AD: 1 = (v(C)IAN2 1

where the centers ct lie on the half-lines starting on the origin of the coordinate axes and

passing through the critical points 1/ Kt. This is illustrated for N =3 in Fig. 4.13b.1t is

important to note that, as can be seen from (4.10) - (4.14), the radiuses of the “forbidden”
circles are proportional to the condition number v(C) (4. 9) ofthe modal matrix C .

In Chapter 5, a Graphical User Interface (GUI) “GUI_RobustUAV” is presented Fig.
5.1). The GUI works in the MATLAB environment and is destined for automatic analysis
of stability robustness of VTOL multirotor UAVSs’ control systems, interactive selection of
controllers, and dynamics analysis based on the frequency domain and root domain methods
of classical and modern feedback control.

The main features of the GUI “GUI_RobustUAV” are presented by the design
procedure and dynamics investigation of a quadcopter having the following transfer matrix
of the open-loop system:

043478 0 0 0
0 45372 0 0
0 0 45372 0 1)
0 0 0 22686

where it is supposed first that there are no losses of motors’ efficiency. Identical
proportional-integral-differential (PIDF) controllers with the first-order filter were chosen

15



as the controllers for separate channels ofthe system. The application ofthe GUI has given
the following transfer function ofthe controller:

WEDF(S) =Kp + K.S gy 001999 2245 -
PT e a1 s 0.1834s +1 (5.2)

Fig. 5.2 Nyquist and Bode plots of the corrected control system

Nyquist and Bode plots ofthe corrected control system are shown in Fig. 5.2. All graphs
produced by the GUI can be sentto a separate figure in MATLAB.FIG format This allows
the user to save the figure in any graphic format (JPG, GIF, PNG, etc.).

The graphs in Fig. 5.3 illustrate analysis of stability robustness of the corrected system
in case of AM=1 on the Nyquist planes. The analysis showed that the allowed values of
norms of perturbations that guarantee the stability robustness are 0.52 for additive (Fig.
5.3a) and 0.61 (Fig. 5.3b) for multiplicative perturbations.

a) additive perturbations | [|=0.52 b) multiplicative perturbations |JAM||=0.61
Fig. 5.3. Stability robustness analysis on the Nyquist plots
Consider now the analysis of stability robustness in case of motors’ efficiency losses.
Assume the matrix AM in (3.7) has the form:

0.7 0 0 0
0 1 0 0
0 0 08 0 (5:3)
0 0 0 06
Then the eigenvalues of the matrix R are equal to
\= 0.3242, ~= 3.7471, \= 3.4093, =1.6472 (5.4)

16



The stability robustness analysis on the Nyquist and Nichols planes for the
multiplicative uncertainty | AM| =0.021 is shown in Fig. 5.4 This value is about 30 times

as small as the corresponding allowable value |AM| =0.61 in case of ideal motors.

a) Nyquist Plane b) Nichols plane
Fig. 5.4. Stability robustness analysis in case of loss of motors’ efficiency

CONCLUSION

1 The dissertation is dedicated to developing methods for studying the stability
robustness of control systems of multi-rotor UAVs and hybrid fixed-wing UAVs
during vertical takeoff and landing, considering the structural and functional
characteristics of these control systems, particularly possible partial losses of motors
efficiency.

2. The analysis of stability robustness ofthe UAVs’ control systems is based on the Basic
Perturbation Model and the Small Gain Theorem, applied to multidimensional cross-
connected feedback control systems. Parameters perturbations can be represented as
additive or multiplicative matrix uncertainties, and sufficient conditions for stability
robustness are expressed through the characteristic gain loci ofthe open-loop control
system.

3. Itis shown that, in the general case of additive uncertainties, the initial (not perturbed)
UAV’s control system represents a diagonal transfer matrix with respect to the
system's output vector or, in other words, represents the system's complementary
sensitivity matrix. For multiplicative uncertainties, the not perturbed system is
described by a diagonal transfer matrix with respect to the error vector (or by the
system's sensitivity matrix). A graphical interpretation of sufficient conditions of
stability robustness is presented in the form of some “forbidden” areas (“forbidden”
circles) on the plane of Nyquist hodographs of separate channels of the open-loop
UAV'’s control system. This enables the user to design the regulators of separate
system channels using well-known methods from classical (SISO) feedback control.

4. The problem of analyzing the stability robustness of a general class of uniform
multidimensional control systems of arbitrary dimension N, i.e., multidimensional
cross-connected systems with identical transfer functions of separate channels and
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rigid cross-connections described by a numerical square matrix, is addressed. The
class of uniform systems allows for a more detailed description (for N=4) of the
hybrid UAV control system with identical regulators in separate channels in vertical
takeoff and landing modes, in case of possible partial losses of motors efficiencies.

It is shown that, for both additive and multiplicative perturbations of the numerical
matrix of rigid cross-connections or of the scalar matrix of identical transfer functions
of separate channels of a uniform system, sufficient conditions for stability robustness
require that the characteristic gain loci of the open-loop system do not intersect certain
"forbidden" circles on the Nyquist plane. It is shown that the radii of these "forbidden"
circles increase with the increase of the condition number of the system's modal
matrix. This implies that the stability robustness of a uniform system deteriorates as
the canonical basis of the system deviates from the orthogonal basis, for which the
condition number equals one.

A graphical user interface (GUI) named "GUI_RobustUAV" has been developed,
operating in the MATLAB environment. This tool is destined for interactive studying
the stability robustness and dynamics of hybrid UAVs with vertical take-off and
landing, based on the methods proposed in the dissertation. The GUI
"GUI_RobustUAV" allows selecting the parameters perturbations model (additive or
multiplicative) and the type of the control system’s regulators (Lead-Lag or PID).
Stability robustness analysis and regulator parameters’ selection can be performed
using Nyquist, Bode, and Nichols plots of the characteristic gain loci of the UAV's
open-loop control system.
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3AK/IIOYEHHUE
HccepTarysl IOCBAIeHa pa3paboTke METOIOB M3YUeHHsT POOACTHOCTH YCTOHYUBOCTH
CHUCTEM YIpaBlIeHUS MHOro-poropHelMu bBIIJIA u rubpwmaeiMu  BIIJIA ¢
(UKCUPOBaHHBIM KDBUIOM IIPU BEPTHKAIBHOM B3JIET€ U IIOCAJKE C YUETOM
CTPYKTYPHBIX U (DYHKITMOHAIBHBIX 0COOCHHOCTEH 3THX CUCTEM YIIPABJIEHUS, BKIFOUAS
BO3MOKHBIE YaCTUYHBIE TIOTEPH 3 PEKTHBHOCTH JABUraTENEH.
Hanu3 poOacTHOCTH YCTOMUMBOCTH cucTeM yipaieHus bILUJIA ocHoBaH Ha GazoBoii
MO/IETTH BO3MYIIIEHHH U TEOpEME MaJIoro IIPUPAITICHHS], IPUMEHSEMBIX K MHOTOMEPHBIM
[IEPEKPECTHO CBSA3aHHBIM CHCTEMaM YIIPABICHUS ¢ OOPaTHOH CBS3BIO. Bo3MyIieHus
r1apaMeTpOB MOT'YT OBbITh IIPE/ICTABICHBI B BUIE &//IITUBHBIX WM MYJIETUIITUKATUBHBIX
MaTPUYHBIX  HEOINPEJIelIeHHOCTeH, a  JIOCTaToOYHBle  YCIOBUS — PoOacTHOCTH
YCTOHUMBOCTH BBIPa)KEHBI Yepe3 XapaKTePUCTUKU aMINIUTYTHO-(Ga30BbIX HYaCTOTHBIX
XapaKTEePUCTUK Pa30MKHYTOH CHCTEMBI YIIPaBIICHHSL.
OKa3aHo, YTO B OOIIEM CIIydae aTUTUBHBIX BO3MYIIICHUE UCXO/THAs (HE BO3MYITIEHHAS )
cucrema yrpapierus: bIIJIA npeacrasnser coColt [UaroHAIBHYIO MaTpPHUILy IIepeIadn
OTHOCHUTEIBHO BEKTOPa BBIXOJIOB CHUCTEMBI, WIM, HHa4de TIOBOPS, MaTpHUIly
JIOTIONTHUTENBHOH ~ UyBCTBUTENBHOCTH  CHUCTeMBL.  JUI  MyIBTHILTUKATHBHBIX
BO3MYIIIEHHMII HE BO3MYIIEHHAsl CHCTEMa OIMCHIBACTCS JMArOHATBHOM MaTpuIleit
repejiaud  OTHOCHTEIBHO BeKTopa OMmMOOK (WIM MaTpUIledl UyBCTBUTENBHOCTH
cucreMbl). Ipaduueckas HHTepIpeTalys JOCTaTOUHBIX YCIOBUIM poGacTHOCTH
YCTOHUMBOCTH IIPEJICTaBIEHa B BHJIE «3allpENIEHHBIX» 0OIacTel («3alperieHHBIX)
OKpY)XHOCTEH) Ha IDIOCKOCTH rojorpadoB HalikBucra OT/ENBHBIX —KaHAJIOB
pazoMKHyTO cucTeMbl yipaBieHus bIIJIA. D10 103BOISET IIPOEKTUPOBATh
PETYISTOPB! OT/AENBHBIX KaHAIOB CHCTEMBI C HCIIONB30BAaHUEM M3BECTHBIX METOJOB
knaccuueckoro (SISO) yrpapneHus ¢ 00paTHOH CBSI3bIO.
accMaTpuBaeTcsl 3ajlada aHalu3a PpoOACcTHOCTH YCTOMUMBOCTU OOINEro Kiacca
OTHOPOJTHBIX MHOT'OMEPHBIX CHCTEM YIIPaBIICHUS IIPOM3BOIBHOIN pasMepHocTH N, TO
€CTh MHOT'OMEPHBIX ITEPEKPECTHO CBSI3aHHBIX CUCTEM C MJIEHTUYHBIMU IIePE/IaTOUHBIMU
OVHKIMSIME - OTJENBHBIX  KAHAIOB M JKECTKUMM  IT€PEKPECTHBIMHU  CBSI3SIMH,
OIIMCHIBAEMBIMM UMCIIOBOH KBajpaTHOH Marpuiel. Kiacc OJHOPOJHBIX CHCTEM
TO3BOISIET Oolee JETANbHO ormucarh (Uit N=4) cucteMy YIpaBlIeHHS THOPUIHOTO
BIIUIA ¢ uWmeHTWYHBIMH pETYISITOPaMU B OTJEIBHBIX KaHalaX B  peXUMax
BEPTUKAILHOIO B3JIE€Ta M II0CAJKU, B CIIyda€ BO3MOXHBIX YaCTHUHBIX IIOTEPh
3 PEKTUBHOCTH ABUTATENCH.
OKa3aHO, YTO IS a/UTUBHBIX W MYIBTHUIUIMKATUBHBIX BO3MYIIEHHH HHCIOBOM
MAaTpPHUIBI KECTKUX IIEPEKPECTHBIX CBS3eH WM CKAISPHOW MAaTPHUIlBl MIECHTHUHBIX
TIepeIaTOMHbIX (QYHKIMIT OTHENBHBIX KAHAIOB OJHOPOJHOM CHCTEMBI JOCTATOYHBIE
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yCNoBWSA PO6aCTHOCTM YCTOWUMBOCTMN TPEOYIOT, YTOObI XapaKTEPUCTUKN aMMAUTYAHO-
(ha30BbIX YACTOTHbIX XapaKTePUCTUK PasOMKHYTOW CUCTEMbl He Mepecekanu
onpefeneHHble  «3anpelleHHble»  OKPYXHOCTM  Ha  MA0CKOCTM  HalikBucTa.
YCTaHOBMEHO, YTO pagMycbl 3TUX «3arpeLLeHHbIX» OKPYXHOCTE YBeNM4MBaTCA C
pOCTOM 4ucna 06yCNOBAEHHOCTU MOLAbHON MaTPULLbl CUCTEMbI. DTO YKasblBaeT Ha
TO, 4YTO po6ACTHOCTb YCTOWYMBOCTM OLHOPOLHON CUCTEMbI YXYALIAETCs, €ec/u
KaHOHWYeCKMiA 6a3nc cmcTeMbl OTKIIOHAETCA OT OPTOrOHaNnbHOro 6asunca, Ans KOTOporo
4yncno 00YyCNOBIEHHOCTW PABHO efuHULE.

PaspaboTaH rpadmyeckuin unHTepdeiic nonb3osatens (GUI) nog HasBaHUEM
npefHasHayeH [AN19 WHTEPAKTUMBHOIO W3y4yeHMs pOBGACTHOCTU YCTOMYMBOCTU U
OMHaMUKN rubpuaHbix BIMJTIA ¢ BepTMKanbHbIM B31eTOM W NOCALKOW Ha OCHOBE
MeTOf0B, MNpPeaoXeHHbIX B gucceptaumm. GUI "GUI_RobustUAV" nossonsieT
Bbl6MpaTh MOAENb BO3MYLLEHWI NapameTpoB (aAAUTUBHYIO WU MYNbTUMNIMKATUBHYHO)
N TUN PerynsaTopos cucTembl ynpaenenuns (Lead-Lag nnum PID). AHanu3 pobacTHOCTK
YCTOMYMBOCTM W BbIGOP NapameTpoB PerynsTopoB MOryT ObiTb BbINOAHEHbI C
ncnonb3oBaHneM guarpamm Halikeucta, boge n Hukonca Ans XapakTepucTUYecKux
amnanTyaHO-(ha30BbIX YaCTOTHbIX XapaKTepUCTUK Pa3OMKHYTOM CUCTeMbl YNpaBieHns
BMNNA.
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