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Abstract. The article discusses the concept of a heterogeneous or polymorphic interacting
team of unmanned aerial vehicles (UAVs or drones) to assess the potential for further
development of a swarm system based on this approach. Several options for the structure of
interaction between individual UAVs in a group are explored: decentralized, centralized,
and hybrid architectures. An analysis of control efficiency was based on flight simulations
of a UAV formation in accordance with several metrics. As a result, the advantages and
disadvantages of each of the studied options for the structure of interaction in a heterogeneous
UAV team were identified.

The study was conducted using computer flight simulation with realistic dynamics of
individual vehicles. The influence of time delays in communication channels on the quality
of the cooperative control system was also considered. The simulation results yielded
quantitative metrics reflecting the performance of the coordinated control system for a
heterogeneous UAV formation, which were then analyzed. Flight parameter graphs are also
provided, allowing conclusions to be drawn about the influence of the interaction structure on
the behavior of individual vehicles during operation.

Autonomous heterogeneous groups and swarms of UAVs are a promising area of research
that is attracting increasing attention. Such systems have significant advantages over
homogeneous UAV teams. This article presents an analysis of the influence of different
interaction structure options on the operation of the control system of a heterogeneous UAV
group and the flight dynamics of such a formation. The results of the study may be useful for
evaluating possible ways of practical implementation of a heterogeneous autonomous UAV
swarm. (Linked article texts in English and in Russian).
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Introduction

One of the most promising areas of research on autonomous unmanned
aerial vehicles (UAVs or drones) is the field of cooperative or swarm
control [1,2]. Currently, quite a few publications study swarm systems of
UAVs [3-5]. However, the groups studied in these articles are usually
homogeneous, consisting of vehicles of the same type (e.g., quadcopters
[6,7] or fixed-wing UAVs [8]).

Recently, however, an increasing number of publications have specifically
addressed heterogeneous teams of UAVs — groups consisting of different
types of aircraft. Heterogeneous swarms enable the full potential of different
UAV types to be exploited [9]. Nevertheless, differences in dynamic
constraints and energy consumption models create problems in accurately
describing flight path planning tasks for such a UAV swarm [10]. Therefore,

researching various aspects of heterogeneous swarms is relevant.

In [11], a heterogeneous group consisting of one helicopter and several
quadcopters was studied. In [12], a heterogeneous team of UAVs was used
for power line inspection. By utilizing the different characteristics of the
UAVs, the time required for planning and executing the inspection mission
was reduced. Work [13] considers a heterogeneous group of UAVs and
refers to it as a “polymorphic swarm”. Different roles were assigned to the
UAVs depending on their type when surveying a given area. Fixed-wing
UAVs were used for high-altitude observation, and quadcopters were used
for close-range inspection. The effectiveness of various configurations of
heterogeneous swarms with different compositions, in terms of the ratio of
fixed-wing UAVs to quadcopters, was preliminarily assessed. Article [14]

studies a heterogeneous swarm that makes decisions based on precedents.

This article proposes a structure for a heterogeneous team consisting of
two subgroups: fixed-wing and multirotor (rotary-wing) UAVs. Each
subgroup can perform specific tasks, and the subgroups interact through
designated UAV retransmitters. Generally, a team of two subgroups forms

a coherent, heterogeneous group that can solve known tasks more effectively
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FIGURE 1. A heterogeneous group consisting of two subgroups:

fixed-wing UAVs and quadcopters

and possibly perform new tasks beyond the capabilities of a homogeneous

group. Figure 1 shows a generalized diagram of the proposed system.

To study such a heterogeneous group’s structure, we analyzed different
types of interactions using computer modeling: decentralized, centralized,
and hybrid. Eventually, the consideration chose a decentralized structure

for further study due to its greater potential and flexibility of application.

A comparative analysis of the structures and justification for the choice
will be presented in the modeling results section, which demonstrates
advantages such as smaller integral mismatches and less influence from
imperfect communication channel performance. Some advantages of a
decentralized structure were also identified in the analysis of system
stability, which is reflected in the “Stability analysis” section of this article.
The decentralized interaction structure described above can also be referred
to as a “swarm”, since each individual UAV is controlled based solely on
local information from its neighbors. In addition, scaling such a system will
not cause any problems, even with a small initial number of vehicles in

subgroups. Therefore, preliminary research can be carried out on a small
number of UAVs.
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Article [15] compares different interaction structures, but focuses on a
homogeneous group controlled by an operator rather than an autonomous
team. In [16], a heterogeneous group of UAVs was used for coverage
path planning in precision farming. However, this team cannot be fully
considered heterogeneous since the group consisted of aircraft of the same
type (multirotors), albeit different models. The authors of article [17]
consider the task of reconfiguring a two-level heterogeneous group of
UAVs. Their study investigated a team consisting of different aircraft types
(multirotors and fixed-wings). Article [18] studied the distribution of tasks
in a heterogeneous swarm of UAVs, with vehicles differing in specialization;
however, the types of aircraft were not specified.

Some studies focus on the process of information exchange. For
instance, article [19] proposes a scheme for information exchange between
unmanned aerial vehicles (UAVs) within a group and between the group
and the control center. This scheme allows one to calculate the optimal
parameters of the transmitting devices. However, this article considered a
homogeneous team of UAVs and focused primarily on organizing information
exchange rather than on how the interaction structures influence the flight
dynamics of the group. Work [20] is closer to our article, but the group
studied there was also homogeneous.

Let us also consider the patent “Self-organizing and self-controlled
swarm of UAVs and method for monitoring territory for the presence of a
predetermined event using such a swarm” [21] and the main differences
between the system studied in our article and the one presented in this
patent. In the present patent, the swarm consists of aircraft of the same
type (with different types of attachments on them), which are assigned
different roles. There is a description of the scenario for “detecting an event”
using such a swarm.

The main difference between the system we propose is that it uses
different types of aircraft (fixed-wing and multirotor), which gives rise to
new properties of such a heterogeneous swarm (the term “polymorphic
swarm” is also used in some articles [13]). These new properties are
provided by the possibility of different types of attachments and by the
characteristics in the flight dynamics of the aircraft themselves, such as
fundamentally diverse speeds, maneuverability, the ability or inability to
hover in a given area, and flight duration.
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One example of a heterogeneous swarm application is a mission to
reconnoiter, observe, and detect forest fires and how they spread across a
certain area. As stated in article [13], different stages of the mission
require diverse types of aircraft with dissimilar capabilities and flight
dynamics. If the search area is large enough, which it usually is, the most
effective way to survey and monitor the territory is to fly at a high altitude

for a long time because a larger area is covered at high altitudes.

In such a situation, using a multirotor is not rational in terms of
energy consumption. Fixed-wing UAVs are most effective at surveillance
tasks. However, detecting an event, such as a fire, is often only the first
step in a mission, especially when false positives are possible. For instance,
a bright spot in a thermal image could be either a fire or a living organism.
Next, the information must be verified, but high flight altitude hinders this
second step of the mission. At this stage, it is much more effective to use
multirotor UAVs that fly at low altitudes.

Thus, the fixed-wing subgroup detects and directs the multirotor
subgroup to the specified area to verify the information. The need for
different types of aircraft arises from the fact that each type is more
effective at performing its assigned step in the mission. However, unlike our
article, [13] does not divide UAVs into subgroups of the same type, within

which they interact to build a formation.

There is a need to use several interacting vehicles of different types in
each subgroup of a heterogeneous swarm. In patent [21], the UAVs in each
subgroup operate independently and interact with each other to a limited
extent. For instance, in the “research drone” subgroup, each UAV conducts
a survey independently and then sends a detection signal via a “tag” or
directly to other UAVs. Thus, its interaction is limited to alerting other
UAVs. Similarly, in the “search drone” subgroup, the UAVs do not interact
with each other to complete the task; rather, they only alert others after

completing their task.
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Patent [21] states that “worker drones” and “coordinator drones” can
move in formation; that is, they can interact to build a formation within
these subgroups. However, it does not explain how this is implemented or

what control algorithm is used.

In this article, formation control and interaction are decentralized,
leading to inherent swarm scalability and initial adaptability to vehicle loss
in the group. The key difference in the system we propose is that the fixed
wing-type UAV subgroup conducts a joint survey of the territory. Data
exchange can occur not only for formation flight but also for information
integration — i.e., fusion of sensor data — which provides more effective
event detection. Additionally, decentralization renders the system insensitive

to aircraft loss (damage of vehicles does not lead to mission failure).
The main advantages of the proposed system are:
« Covering a larger area in less time by increasing the speed of mission
tasks (using several vehicles instead of one).

« Cost-effectiveness: using multiple inexpensive aircraft instead of one

expensive one.

The use of different types of UAVs in different subgroups leads to
more efficient completion of mission subtasks by each subgroup due
to the variances in flight dynamics characteristics of each vehicle type

(difference from patent [21]).

Interaction for fusion of sensor data leads to more effective event

detection (difference from patent [21]).

Observation takes place from diverse points and angles. A group
of UAVs can perform observations more effectively than a single
UAV. A single UAV can send information obtained from a camera,
for example, to other UAVs in the group for further processing
and improvement of observation efficiency. Additionally, UAVs can
coordinate their actions based on the exchange of sensor data to

improve data collection about the environment.



ENZRY COMPARISON OF INTERACTION STRUCTURES FOR A TEAM OF UAVs 9

For example, when a detected object must be classified (recognition
task), the recognition is facilitated by the exchange of data between
UAVs and by inspecting the object from different angles and using
different types of sensors (e.g., infrared and computer vision).

Data from diverse angles can be fused using a Bayesian or Kalman
filter. The fusion can be centralized, decentralized, or hybrid,
depending on the structure of data exchange within the group and its
subgroups.

Initial adaptability of the system to the loss of vehicles in the group
due to decentralization of each subgroup of a heterogeneous team,
which leads to increased reliability (difference from patent [21]).

The ability to quickly and efficiently redistribute roles by decentralizing
each subgroup of a heterogeneous team (difference from patent [21]).

Interaction between subgroups can occur during the mission and not
only after a subgroup completes a task. This allows for the flexible
application of the team and more effective execution of complex
missions in dynamic conditions (difference from patent [21]).

To evaluate the advantages and disadvantages of different types of
interaction in a heterogeneous group of UAVs, we conducted detailed
comparative modeling and analysis. The purpose of this work, therefore,
is to propose and conduct a preliminary comparative analysis of three
interaction structures (centralized, decentralized, hybrid) specifically for a
heterogeneous team (fixed-wing UAVs and multirotor UAVs). Thus, the
novelty of the work lies not in the development of new control laws for
individual UAV agents, but in their integration within a heterogeneous
system and comparative analysis of different interaction structures
specifically for such a heterogeneous group. The results of this study may
be useful for evaluating possible ways of implementing a heterogeneous

autonomous UAV swarm in practice.

Table 1 presents a generalized comparison of the key characteristics
of the works reviewed above and our study, highlighting the systemic

differences among the main research directions.



TABLE 1. Comparison of existing approaches relative to the proposed system

Group of
works

Key features in the context of comparison

Distinctions of our study

Works with lim-
ited or formal

heterogeneity
[11-13], |16,
(18]

Heterogeneity is often reduced to different types
of payload, different models of the same UAV
type, or role assignment without considering
flight dynamics. There is no in-depth analysis of
interaction structures (centralized/decentralized)
or the impact of differences in UAV dynamics.

In our study, heterogeneity is achieved by using
fundamentally different UAV types (fixed-wing and
multirotor) with separation into subgroups. Within
subgroups, interaction is implemented for formation
flight and the possibility of sensor data fusion, which
allows efficient use of dynamic differences.

Works that in-
vestigate similar
issues but on
homogeneous
groups

[15], [19], [20]

Interaction structures, information exchange, and
stability are analyzed, but for groups composed
of UAVs of the same type. The results cannot be
directly transferred to a heterogeneous swarm due
to differences in dynamics and communication
requirements.

For the first time, a comparative analysis of struc-
tures (centralized, decentralized, hybrid) is performed
specifically for a heterogeneous group. The specifici-
ties of interaction between subgroups with different
dynamic characteristics and the influence of non-ideal
communication channels are taken into account.

Works with
heterogeneous
UAV types
(fixed-wing  +
multirotor)

[13] (partially),
[17]

Heterogeneous groups are considered, but the
focus is on reconfiguration or roles at different
mission stages. Interaction between UAVs is
either absent or limited; there is no decentralized
control within subgroups or real-time sensor data
fusion capabilities.

A two-level structure is proposed, where each sub-
group of homogeneous UAVs operates in a decen-
tralized manner, and interaction between subgroups
is carried out through dedicated relay UAVs. This
ensures scalability, robustness to UAV loss, and
flexible role redistribution during the mission.

Patent [21]
(closest  ana-
logue)

Self-organizing swarm of UAVs of the same type
with different equipment. Interaction between
subgroups (explorers, searchers, coordinators,
workers) is essentially notification of stage comple-
tion; there is no decentralized formation control
or real-time data fusion capabilities.

Key differences:

— Use of different UAV types (fixed-wing + multiro-
tor).

— Possibility of decentralized control within each
subgroup.

— Adaptability to UAV loss due to the potential of
decentralization.

— Interaction between subgroups during mission execu-
tion, not only after stage completion.

(028

AOWITSAIN "7 HMIDV],
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Below we describe the dynamic models used to simulate the aircraft.
The use of generally accepted nonlinear rigid body dynamics models for
UAVs in the literature and the consideration of upper limits on linear and
angular velocities increase the realism of these models.

1. Models used
1.1. Fixed-wing UAV model

In the earth (world) frame, the position of this UAV is specified as

a vector [me Ye h]T in meters. The angular position is specified by
the angles: course angle, flight-path angle, and roll angle [X ~y @]T in

radians.

We assume that the UAV is equipped with a tuned autopilot that
successfully stabilizes its motion. The high-level model assumes that the
UAV flies in a coordinated turn mode with zero sideslip. The autopilot
controls flight speed, altitude, and roll angle. The corresponding equations
of motion for the high-level model are as follows [22]:

To = Vg COSX COS7Y, Yo = UgSin x COS",
. _geos(x —v)
X=——

9
vg sin(y®) = min(max(kp (h° — h), —vg), vg),

h = Vg sin -y, tan @,

j/:k/’v(’yc_')/% Vg :kva(vg _Ua)7

gcos(x — 1)
Vg

¢ =kp, (¢ — ) +kp,(—p).

tan o = ky (x“ — x),

Here v, and vy are the air and ground speeds of the UAV; k, is the
controller parameters; ¢ is the gravitational acceleration. As can be seen,
this approximation of dynamics is consistent with standard PD- and

P-controllers with corresponding coefficients.
This high-level model assumes that the autopilot receives the specified
T
values of the course angle, flight path angle, and airspeed [XC ~€ vfl]

At the same time, the specified roll angle ° is calculated before it is sent
directly to the autopilot.
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Thus, the states of this model are the elements of the following vector:

e ve h va x v ¢ ¢

1.2. Multirotor type UAV (quadcopter) model

In the earth (world) frame, the position of this UAV is specified as a
vector [me Ye ze}T in meters. The angular position is specified using
ZYX Euler angles: [w 0 go] :

as [p q r] " in radians per second. The high-level model of the motion
of a multirotor (quadcopter) is specified in accordance with [23].

in radians. Angular velocities are denoted

The rotation matrix, which translates a vector from the body frame to
the earth frame, looks the following way:
COCy  CpSpSH — CpSy  CupCySe + SpSy
RZ = [CoSy CuCy T SpSeSy —CySyp T CpSeSy
—Sg CoSyp CypCo
Here, c. and s, denote cos (*) and sin (%) respectively.
The acceleration of the UAV’s center of mass in the earth frame is
given as follows:

Te 0 0
m g | =]0|+RS 0 ,
ée mg _Fthrust

where

m is the mass of the UAV,

g is the gravitational acceleration,

—Fiprust is the total force generated by the propellers along the —z;
axis of the body frame (pointing upward when the UAV is in a
horizontal position).

The closed loop of the controller for the roll and pitch angles is
approximately represented by the behavior of two independent PD-
controllers for the two rotation angles and two independent P-controllers
for the yaw rate and thrust force. Angular velocities, angular accelerations,
and thrust are specified by the following equations:

1 sinptanf cosptan6
J=10 cos ¢ —sing |,

0 sin ¢ cos
cos 0 cos 0
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14 p

o1 =J\q|,

Y| T

P 1 0 —siné Kp, (¢ —¢) + Kp,(—¢)

G| =10 cosy sinpcosd| | Kp,(0°—0)+ Kp,(—0) |,
l 0 —siny cospcosf Kp, (¢ —1)

Fth'r‘ust = KPF (Ftchrust - Fthrust)~

This high-level model assumes that the autopilot receives specified
values for roll, pitch, and yaw angular velocity
[¢c o° ,&c]T7
as well as a specified total thrust force Fj,,., ;-
The coeflicients (proportional and derivative) of the control loops are
specified as Kp, and Kp_, respectively, where the symbol x denotes either

Euler angles or thrust. These coefficients, along with the mass of the UAV,
are parameters that can be specified in the model properties.

Thus, the states of this model are the elements of the following vector:

[me Ye Ze Te Ye 2¢ ¥ 0 ¢ p q T Fthrust]T

1.3. Model of interaction structure within a fixed-wing UAV
subgroup

In [24,25], a model of interaction structure in a UAV team was
presented and described in detail using the example of circular formation
movement (this approach can also be applied to other types of group
movement, such as parallel formations [26]). Note that works [24, 25]
consider homogeneous systems and a single interaction structure.

Let us assume that there are N fixed-wing UAVs in the group. Let us
introduce the vector of relative phase shift errors &g = (¢; ;) € RNWV=-1)x1,
where €, ; is the error value for the directly interacting ith and jth UAV
agents. The flight speed control laws use elements of the vector ey [24,25]:

e €12

(1) € = |er| = | —€r—1,k +Erry1| = Moy + D,

en —eN—1,N
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where

AT
D= —M(gH;1 (PgTd, P@) is the system control vector in the relative

state space (a space of dimension (N — 1) generated by the columns
of the interaction graph incidence matrix);

Hy is a matrix that assigns relative distances between UAV agents,

defined as follows:

T
qi1 1 nr
92 ] 1
H9: : , di = ’ Z<N7 qN = )
) -1
an 1

here

H6’ c RNXN q; € RlxN;
the values “1”7 and “1” in q; essentially determine between which

sides the calculation of the relative phase shift angle occurs;
this, in turn, affects how the vector Pgg € RV—1*1 _ the vector
of desired relative phase shift angles — will be set;
]39 = Zévzl Dg,, is the sum of current phase shift angles;
&g = (éi,i+1)£\;_11 e RIN=1x1 g the vector of current phase shift angles
for directly interacting UAV agents, calculated using a triple product.

For example, when selecting a finite clockwise motion (top view):

(di,diy1)
9 B =arccos —————, n-(d; xd;;1) >0
i1 = [ () 20,
21 — 3, any either case
where

di, k€1,2,..., N is the distance vector from the center of the

circle to the vehicle at the current moment in time,
n=(0,0,1)T;
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My € RV*N ig an interaction matrix, which in the case of
decentralized “neighbor-to-neighbor” interaction defined by the
interaction graph, has the following form:

1 -2

My £ M™ = | o Lo
o1 =201
0 - 0 1 -1

ﬁg e RV*(N=1) ig a4 matrix obtained from the matrix MgHgl
by removing the Nth column.

A remarkable feature of the above model is that to change the
interaction structure in a team, it is sufficient to adjust the matrix Mjy
and the placement of “1” and “-1” in q; in accordance with the structure.
For example, consider a “leader-followers” interaction structure with an
interactive leader, i.e., a leader who participates in building the formation:

3 1 1 .. 1
1 -1 0 - 0

Me2My =|1 o0 -1

: : . 0
|1 0 - 0 1]
The “leader-followers” structure with an interactive leader refers to hybrid
structures that combine the advantages (and disadvantages) of both

decentralized and centralized approaches.

Under an “all-to-all” interaction structure (no decentralization), the
M, matrix looks as follows:

ata 1 -3
My= M, =
1 - 1 -3
If the leader does not participate in the creation of the formation (this
is the structure that will be used in the case of a centralized structure), then

the matrix ﬁg is obtained from the matrix E (Méf H, 1) by removing the
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Nth column, where the matrix E € RV*¥ is defined in this way:
000 -+ 0
010 --- 0
E21(0 0 1 0
000 --- 1

It should be noted that in this article, a decentralized structure is
understood to mean the absence of a single control center for the entire
system as a whole, while a hybrid structure is understood to mean a
combination of centralized and decentralized control within subgroups. In
some terminologies, such a system is referred to as a hierarchical centralized
system with feedback. We also note that within the framework of this
study, the roles of leaders are fixed, and the possibility of their dynamic
replacement is a subject for further study.

2. Control laws for building a given formation with fixed-wing UAVs

Let us choose the control law for fixed-wing UAV speeds v¢ in the
following form [24,25]:
T
ve = [vl Vg ... ’UN:| L0l + L,
where
2 1 ... 1",
L2 (vf (%) arctan (keei))
account (1);

i € RY*is determined taking into

v is the cruising speed, optimal in terms of the aerodynamic charac-
teristics of the UAV;

vy is the maximum value of the additional velocity vector norm, which
is selected in accordance with the minimum and maximum possible
speed of the UAV;

kg is a positive coefficient on which the smoothness of the vehicles’
exit to the specified relative positions depends.

Let us choose the control law for the course angles of fixed-wing UAVs
x¢ in the following form [24, 25|:

x° £ (i + A /2 + arctan(ko{d; — p})]);_1v € RV,



ENZRY COMPARISON OF INTERACTION STRUCTURES FOR A TEAM OF UAVs 17

where

(; is the phase angle of rotation of the ith UAV;

A = %1 is a parameter that sets the direction of rotation of the formation
(clockwise or counterclockwise);

k, is a positive coefficient that determines the smoothness of the
vehicles’ exit onto a given circular path;

d; is the distance from the ith UAV to the center of rotation;

p  is the radius of rotation.

3. Interaction structure in a heterogeneous team of UAVs

The heterogeneous UAV group (or team) consists of two types of
vehicles: fixed-wing and multirotor (quadcopters). The fixed-wing UAV
subgroup performs circular motion with a common radius and builds a
given formation through phase shift angles. The quadcopter subgroup
performs circular motion within the area outlined by the trajectories of the
fixed-wing UAV subgroup, but with smaller rotation radii. Note that this
task serves as an illustrative example for testing the algorithm, rather than
a description of a real mission.

We assume that these two subgroups interact with each other through
one selected UAV relay in each subgroup (two UAV relays in total). Note
that due to the interchangeability of vehicles of the same type in each
subgroup, the aircraft designated as a UAV relay may be changed, i.e.,
another UAV may be selected as a relay during the mission.

This means that the quadcopter subgroup is capable of receiving
information about the status of one fixed-wing UAV relay. We assume that
the quadcopter relay seeks to maintain the same phase angle of rotation
@' as the fixed-wing UAV relay. That is, this quadcopter uses this phase
angle as a control input to obtain the desired position:

n,quad __ R e,quad __ : R
P =prcosp”, py?" = prsing™,

where
p1 s the radius of rotation of the first quadcopter (relay aircraft);
n,quad pi,quad] T

[pl 9
the earth frame.

is the coordinate vector of the first quadcopter in

The motion is considered using the example of a subgroup of three
quadcopters. For the second and third quadcopters, the equations of
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motion are as follows:
Py = pycos(p™ + Apf), py ™ = pysin(p™ + A®),

e,quad

= pgcos(p” — Ap™), P

n,quad

= p3sin(p” — Ap™),
where

P« is the radius of rotation of the quadcopters;

[pmquad pe,quad] T
* *

is the vector of coordinates of the quadcopters in

)

the earth frame;

AT is the specified phase shift angle.

Next, let us consider how the rotation radii are controlled in a subgroup
of quadcopters. We assume that the quadcopter relay can be assigned as
the leader in this subgroup. If the “leader-followers” interaction structure is

selected, the formation of control inputs by radius [p§ p5 p5]7T is set as
follows:

P = p1+ ko1 (p’™ — p1 — Agun),

Py = p2 + ki2(p1 — p2 — A12),

p5 = p3 + kiz(p1 — ps — Aig),
where

kfw1, ki, k13 are tunable coefficients;

pf™ is the current radius of rotation of the fixed-wing UAV relay:

Ajy,1 is the specified offset in the radius of rotation between the
fixed-wing UAV relay and the first quadcopter (leader);

A1s is the specified displacement along the rotation radius between the
leader and the second quadcopter;

Aq3 is the specified displacement along the rotation radius between the
leader and the third quadcopter.

Here it is assumed that the quadcopter relay receives data on the
radius of rotation of the fixed-wing UAV relay. Therefore this quadcopter
sets its radius of rotation by subtracting from this final radius.

In the case of a decentralized interaction structure, the formation of
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control inputs along the radius [p§ p§ p§]* is defined as follows:

p§ = p1+ kpwa(p’™ — p1 — Agu),
p5 = p2 + ki2(p1 — p2 — A12) + k32(ps — p2 + Asz2),
p5 = p3 + k32(p2 — p3 — Asz2),

where

k3o is a tunable coefficient;
A5 is the specified offset along the radius of rotation between the first
and second quadcopters;

Ajs is the specified offset along the radius of rotation between the third
and second quadcopters.

If the fixed-wing UAV relay is far from the final circular flight path, to
speed up the quadcopter subgroup’s exit to the specified rotation orbits, it
is advisable to calculate the rotation radius of the quadcopter relay not
from the current position of the fixed-wing relay. Instead, the calculation
should be based on the final circular flight path.

When calculating the specified rotation radius, the first quadcopter is
guided by the fixed-wing UAV relay. The second quadcopter is guided by
both the first and third quadcopters (they are considered its neighbors).
The third quadcopter is guided only by the second quadcopter (it is
considered its neighbor).

4. Stability analysis

This section analyzes the stability of the proposed system. First,
works [24,25] demonstrated global asymptotic stability for a subgroup of
fixed-wing UAVs. Next, the stability of the system is analyzed in terms of
Input-to-State Stability (ISS).

Let us define the dynamics of deviations in Euler angles for a subgroup
of quadcopters in the following form, based on the model presented earlier:

€o+ Kp, b, + Kp,e, = wy(t),
éo + Kp,éo + Kpyeg = wy(t),
ey + Kp,ey = wy(t),

ér + Kpyep = wp(t),

where w,, we, wy, and wr are bounded disturbances from interaction
with a subgroup of fixed-wing UAVs.
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Let us introduce the state vector:

Then the system in state space is written as follows:

x = Ax + Bw,
where
0 1 0 0 0 0
~Kp, —Kp, 0 0 0 0
o 0 0 1 0 0 6x6 -
A= g 0 —Kp, —Kp, 0 0 | ER s
0 0 0 0" —Kp, 0
0 0 0 0 0" —Kp,

a block-diagonal Hurwitz matrix,

B = I is an input matrix defined as a unit matrix,
r o0
Wy
W= U(J)e — is a vector of bounded disturbances.
Wy
LW E

Since matrix A is Hurwitz, for any matrix Q = QT > 0 there exists a
unique solution P = PT > 0 to the Lyapunov equation

ATP + PA = Q.
A quadratic form is chosen as the Lyapunov function:
V (x) = xTPx.
Derivative of the Lyapunov function:
V(x) = (Ax 4+ Bw)"Px + x"P(Ax + Bw)
=x"(ATP + PA)x + 2x"PBw
= —xTQx + 2x"PBw.

Using Young’s inequality, for any € > 0, we can obtain:

1
2xTPBw < ~xTPBB"Px + ¢|w]%.
€
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Then the derivative of the Lyapunov function can be estimated as follows:
. 1
V< —x" <Q - PBBTP> x + ¢ w]|?.
€

Let us introduce the notation M £ PBBTP (symmetric positive semidefi-
nite matrix).

We choose ¢ sufficiently large so that the matrix Q — %M remains
positive definite. Since M > 0, then

< (@ 20 x2 (huin(@ = Dhuc))

Therefore, it is sufficient to choose € > );\'"LEQM)) to ensure that

Amin (Q — 1M) > 0.
We will introduce new designations:
Am 2 Amin (Q — 1M) >0, A2 Amin (P) >0, Ay, = Apax (P) > 0.
Then the evaluation for the Lyapunov function derivative is written as

. A
(2) V< A [x|* + el wll* < ==V + el jw.
p

Let a = % >0, 8 =¢e> 0. Then, multiplying both sides of the last
inequality (2) by e* and integrating, we obtain:

V(t) < e ™V(0) + s sup [|w(7)|*
Q 0<r<t

Using A, [|x[|? < V(x) and V(0) < A,||x(0)||, we reduce this inequality

to

A —«
(3) [x(@)[* < ~Ze " |x(0)[1> + b sup [w(7)|%.
Ap aXp 0<r<t

Let us define the functions of class KL and class K:

A o
Brss(s,t) = 4 /A—;’e_?ts eEKL, mss(s)= \/ Cf)\ps € Koo

By taking the square root of both parts of (3), we obtain the standard
form of Input-to-State estimation:

|mwnsm%wﬂmhw+m$<££ﬂwvm)
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Thus, the system is stable in state x with bounded input w (ISS-stable).
This means that external inputs introduced by interaction with a subgroup
of fixed-wing UAVs will not cause undesirable effects in the operation of the
system.

The above analysis was conducted in a generalized form, so let us
highlight some features that arise when using a specific interaction structure
option. In the case of a decentralized structure, the disturbance from the
fixed-wing relay passes through several interaction cascades (a chain of
quadcopters), each of which has its own dynamics. This leads to the fact
that the influence of the disturbance on the quadcopters further down
the chain is additionally filtered. In a centralized structure, quadcopters
receive information directly from the relay quadcopter of their subgroup, so
disturbance filtering occurs only once (by the dynamics of that relay).
Consequently, a decentralized structure has better filtering properties with
respect to high-frequency disturbance components. In terms of input-state
stability (ISS), this means that the gain yrgg for a decentralized structure
is smaller than for a centralized one, at least for those state components
that correspond to the quadcopters at the end of the chain. This aspect
is explained by the relationship between v;gs and the H,-norm of the
system:

Y155 X |G(8)]|oo = SUP Omax| G (jw),
weR

where G(s) = (sI — A)7!B and matrix A is Hurwitz [27]. As for the
hybrid structure, its interaction topology is the same as in the centralized
one, but due to the active participation of the fixed-wing relay in the
formation building, its state changes more intensively. This intensification
is equivalent to an increase in the disturbance amplitude w (). Therefore,
despite identical transfer functions, the final disturbance effect may be
more significant.

Let the disturbance w (¢) contain a bounded variable delay 7 (t) < Tmax,
i.e., w(t) = w(t —7(t)). The system with delayed input is obtained
by composing the original ISS-system (operator G : w — x) and the
pure delay operator (A, : W +— w). Since the delay operator does not
amplify the signal in the Loo-norm (||A;||cc = 1), the ISS estimate for G
directly implies the ISS estimate for the composition GoA, with respect to
the original input w. Thus, bounded delays in this case do not violate
ISS-stability.
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Fixed-wing Fixed-wing
A=1 UAV Relay (Leader)

Quadcopter
UAV Relay %

(a) decentralized (b) centralized

A=1 Fixed-wing
UAV Relay (Leader)

Quadcopter ."-,
UAV Relay
(Leader)

(c) hybrid, with feedback from followers to the leader

FIGURE 2. Interaction structures in a heterogeneous group

5. Comparison of centralized, decentralized, and hybrid interaction
structures

For experimental verification of the interaction structures, the diagrams
of which are shown in Figure 2, a MATLAB/Simulink model of a
heterogeneous UAV team was created, fragments of which are shown
in Figure 3 and Figure 4. The flight simulation parameters used are
presented in Table 2.
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TABLE 2. Simulation parameters
Parameter Value
x{ = [190 920 100]T
. . i x9 = [255 250 100]7T,
Initial positions of fixed-wing UAVs, [m] § (720 145 100]T,
x§ =[920 770 100]T
le = [430 450 100]7,
Initial positions of quadcopters, [m] x2Q [420 440 100]T,
x§q = [410 430 100"
Vector of initial course angles of fixed- o _ T
wing UAVs, [rad] X' =1[0000
Initial speed vector of fixed-wing UAVs, v0=[13 13 13 13|T
[m/s]
Final cruising speed of fixed-wing UAV _
. v =13
formation, [m/s|
Radius of circular path, [m]| p = 200
Gains ko =10, ko =0.02
Vector of desired phase shift angles ar 137 29 T
between fixed-wing UAVs, [rad] Poa = {77( o Tsw—‘
Specified phase angle shift angle for a AR = /6
subgroup of quadcopters, [rad] =
Specified deviation along the radius of _
rotation between quadcopters, [m)] (A12, A, Asz) = (20,35, 15)
Specified deviation along the radius of A — 150
rotation between UAV relays, [m] fw1 =
Quadcopter weight, [kg| m = 0.1
Gravitational acceleration, [m/s2] g=19.81
Gains in the control loops of the fixed- kn =kp, =39, ky =39,
wing UAVs kv, =1, kxy =0.39, kp, =5.9414,
Gains in the control loops of the pr = KPg = 3402.97, KPw = 1950
quadcopters Kp, = Kp, =116.67, Kp, =3900
Minimum and maximum bank angle min _ _m max _
values of fixed-wing UAVs, [rad] ® 90 #

During the simulation process, the following metrics are calculated to

evaluate the effectiveness of the control algorithms.
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Integral quadratic path error IP%t":

o= [75 (e

to ;=1
where tg is the start time of the simulation; T is the end time of the
simulation; e " is the path error of the ith UAV (distance to the specified
path line).

Integral quadratic angular error IPt":

Iangle / Z angle) dt

to =1
where "9 is the angular error of the ith UAV (the difference between
the desired and current phase shift angles).

Integral quadratic control input for course angle 1279'¢Effort (course
angle control effort):

IanqleEffort / Z X _ XC)Z dt.

to =1

Integral quadratic control input for speed I*P¢¢4E/fert (speed control
effort):

IspeedEffort / Vg — UZ)Q dt.

to = 1
Integral quadratic coordinate errors for the subgroup of quadcopters
along the x., y., 2. axes, respectively:

/Z?Idt

to j=1
]Qy_/ Qy dt

= [ 3 (@)

011

Time delays are an important factor in the operation of both centralized
and decentralized control algorithms [28]. In [29], 900 MHz RF modems
were used to implement data exchange in a circular formation of real
fixed-wing UAVs. For this type of modem, the delay is usually in the range



28 TAGIR Z. MusLIMOV ENZRY

of 10-100 ms. This delay includes the time for signal encoding/decoding,
radio channel transmission, and data processing. In [29], a delay time of
less than 30 ms was obtained. Therefore, the delay time in the simulation
was set to 30 ms and simulation time was set to 180 s. The delay was
introduced into the Simulink models in the communication channels
between the fixed-wing UAV relay and the quadcopter relay, as well as
between the vehicles in the subgroups.

6. Discussion of simulation results
6.1. Main results

A centralized interaction structure leads to a significantly higher
integral quadratic angular error (35.7-39%) compared to a decentralized
one. At the same time, in the presence of delays in the interaction channels,
this metric increases by 2.8% for a decentralized structure and by 5.2% for
a centralized structure. This fact indicates that decentralized control
algorithms are less sensitive to the presence of time delays.

The integral quadratic path error is 7.4% higher for the centralized
interaction structure. At the same time, this error does not increase when
time delays are introduced, which is explained by the lack of interaction
between vehicles in the control law for entering a circular path.

The speed control effort is significantly higher for the decentralized
structure, mainly because the leader UAV does not participate in the
formation building in the case of a centralized structure, i.e., its flight speed
remains constant. The course angle control effort is slightly higher for the
centralized structure, which is due to the independence of the control laws
for entering the flight path from the interaction between vehicles.

A significant increase in control effort in the case of time delays is
determined by an increase in the oscillation of transient processes in this
control loop. A reduction in oscillation can be achieved by decreasing the
gain kyg.

Table 3 summarizes the simulation results. The final trajectories of
the heterogeneous group for different control structures are shown in
Figures 5-7, while the angular errors in the fixed-wing UAV subgroup and
the coordinate errors of the quadcopters are shown in Figures 8-10.



TABLE 3. Simulation results

Integral quadratic error

Integral quadratic control effort

Delay path angle coordinate for quadcopters for course angle for speed
Ipath7 [km] Iangle7 [deg] IQalc7 [km] ‘ IQy, [km] ‘ IQZ, [Nk] IangleEﬂ”orty [rad/s] IspeedEffort7 [m/c2]
Decentralized structure
0 ms 3421 184900 467.5 81.4 0.043 60.18 141.9
30 ms 3422 190100 467.9 81.7 0.048 60.19 256.6
Centralized structure
0 ms 3674 251000 294.6 137.3 0.036 62.46 81.5
30 ms 3675 264200 294.7 137.6 0.037 62.48 88.5
Hybrid structure
0 ms 3597 114900 292.0 133.4 0.046 60.08 198.3
30 ms 3595 127900 291.6 133.8 0.049 60.09 456.4
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The integral quadratic coordinate errors for the subgroup of quadcopters
remain essentially unchanged when time delays are introduced, which
is justified by their significantly lower movement dynamics and higher
maneuverability. At the same time, it can be seen that along the .
axis, this metric is significantly higher ( 58.7%) for the decentralized
structure. This difference is due to the fact that in the case of decentralized
interaction, the fixed-wing UAV leader participates in the formation
building and significantly changes its speed. Therefore, the quadcopter
relay, which adapts to this vehicle, is also forced to vary its trajectory to a
greater extent. As a result, the other quadcopters in the subgroup adapt to
the quadcopter relay and its variable movement.

However, as can be seen, the integral quadratic coordinate error along
the y. axis is significantly higher ( 68.5%) for the centralized structure.
The reason for this difference can be understood from the graphs—the
main contribution to this metric is made by the third quadcopter, whose
movement is highly oscillatory. Note that this third vehicle was the furthest
away from the lead vehicle.

In a centralized structure, the third quadcopter is guided by the lead
quadcopter, which does not participate in the formation building. In a
decentralized structure, the third aircraft is guided by the second, which in
turn interacts with the first (lead) and third. The leader quadcopter also
contributes to the formation building. As a result, due to the feedback
from the leader and the second quadcopter, the trajectory of the third
vehicle becomes smooth with a quick exit to the required coordinates. The
integral quadratic coordinate error along the z. axis is insignificant because
the formation is built in projection onto a horizontal plane, so the flight
altitude remains close to the specified value.

The hybrid structure shows the lowest integral quadratic angular error
value of the three selected structure options. However, this is accompanied
by a significant increase in speed control efforts, especially when time
delays are introduced. This increase is associated with a significant increase
in oscillation of the flight speed control loops. It should also be noted that
for the hybrid structure, the integral quadratic path error is approximately
5% higher than for the decentralized structure, which indicates a slight
decrease in the speed of reaching the specified path.
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As for the integral quadratic coordinate errors for the quadcopter
subgroup, in the hybrid structure, the values of this metric are comparable
to the centralized structure variant along the z. (approximately 1% less)
and y. (approximately 3% less) axes. The coordinate error graphs are very
similar to the centralized variant for the second and third quadcopters
(however, there are still some differences in the graphs). The graphs for the
first quadcopter are closer to the graphs of such a quadcopter in the case of
a decentralized structure, although the mismatch is still significantly
smaller for the hybrid variant. This pattern of graphs can be explained by
the fact that in the case of a hybrid structure, the quadcopter relay (leader)
tracks the angular position of the fixed-wing UAV relay, which in turn
participates in the formation building of its own subgroup.

6.2. Energy consumption analysis based on available simulation
results and stability assessment

The energy consumption of UAVs is directly related to the nature
of their movement: sudden changes in speed, frequent maneuvers, and
trajectory fluctuations lead to increased energy consumption. In the context
of this work, the key indicators that allow for an indirect assessment of
energy efficiency are:

« Integral speed control effort (I°P¢¢2E/fort) — this metric reflects how
actively the control system changed the UAV speed relative to the set
speed. For fixed-wing UAVs, the power consumption in steady state
is approximately proportional to the cube of the speed. Therefore,
even minor but frequent deviations in speed from the optimal cruising
value can significantly increase the energy consumption of the entire
group.

Integral course control effort (19m9¢Efforty  characterizes the activity
of roll and course maneuvers. Performing maneuvers requires the
creation of additional lift and overcoming increased drag, which also
leads to increased energy consumption.

The nature of trajectories and coordinate errors—“uneven”, fluctuating
trajectories, especially for multicopters, indicate constant acceleration
and deceleration. For a multicopter, the energy consumption for
such movement is significantly higher than for smooth movement or
hovering.
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The decentralized structure exhibits lower values of the integral angular
error (1%"9¢) compared to the centralized structure, indicating rapid
and accurate formation building with maneuvers of acceptable duration.
Although the speed control effort (I°Pee¢Effort) for this structure is higher
than that of a centralized structure without delays, when a 30 ms delay is
introduced, the increase in this metric is not as significant as in the hybrid
structure. This indicates the robustness and stability of decentralized
control. The smooth trajectories of multicopters with small oscillations
also indicate the energy-efficient movement of this subgroup. It can be
concluded that a decentralized structure provides the most balanced and
predictable energy consumption, especially in conditions of non-ideal
communication channels.

The centralized structure has the largest angular error, which implies a
longer and more energy-intensive formation building process. At the same
time, the speed control effort for this structure is significantly lower in the
absence of delays, since the leader does not participate in the formation
building and flies at a constant speed. However, this advantage is reduced
when delays are introduced: I°P¢¢@Effort increases by 8.5%. Moreover,
for the multicopter subgroup, there is a pronounced oscillation in the
trajectory of the third aircraft (Figure 9d), which indicates the high energy
consumption of this quadcopter. Thus, a centralized structure may be less
energy-efficient in real conditions due to the occurrence of trajectory
oscillations in the followers.

The hybrid structure shows the best result in terms of angular
formation accuracy (minimum 79"9'¢ value), which may correspond to an
energy-efficient process of reaching the specified formation. However, a
key drawback is the extremely high sensitivity of the speed control loop
to delays: when a delay of 30 ms is introduced, the I*P¢¢@Effort ymetric
increases 2.3 times (from 198.3 to 456.4). Such significant speed fluctuations
require fixed-wing UAVs to constantly accelerate and decelerate, which,
according to the cubic dependence of power on speed, leads to a significant
increase in the energy consumption of this subgroup. From an energy
perspective, a hybrid structure appears to be the least efficient under
conditions of real communication delays.

Based on the indirect metrics presented in the paper, it can be argued
that a decentralized interaction structure has the greatest energy efficiency
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potential for long-term autonomous missions of a heterogeneous swarm. Its
advantages in terms of low sensitivity to communication delays, smooth
trajectories, and no significant increase in control efforts make energy
consumption more predictable compared to centralized and, especially,
hybrid approaches. This qualitative conclusion is consistent with the
general advantages of decentralized systems noted in the article and adds
an important practical aspect to their comparison.

Conclusions

This article presents a preliminary analysis of various interaction
structures of a heterogeneous group of UAVs. This is in contrast to
previous works [24,25], which consider homogeneous systems and a single
interaction structure. For the proposed heterogeneous group of UAVs, an
Input-to-State Stability (ISS) analysis was performed, which confirmed the
stability of this type. The simulation results showed that, despite its greater
structural complexity, decentralized control has a number of advantages:

« higher accuracy and speed of reaching the specified formation;
« lower sensitivity to delays in communication channels;

« less tendency of vehicles farther away from the UAV relay (leader) to
experience trajectory oscillations with significant amplitude.

The hybrid structure has both advantages and disadvantages:

« the lowest value of the integral quadratic angular error, which
indicates higher speed and accuracy of formation construction in
terms of angular positions;

« some reduction in the speed and accuracy of the group’s exit to the
specified flight path compared to the decentralized structure;

« exceptionally high sensitivity of the group flight speed control loop to
delays in communication channels.

The choice of a decentralized structure is also determined by the measuring
equipment used for formation flight implementation. Here, it is important
which parameters of the relative position of aircraft are used in the control
laws. We also note that this study has a limitation: the modelling is
based on a single set of initial conditions. However, the stability analysis
conducted prior to this justifies this choice.
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CpaBHeHHe deleHTPaJIN30BaHHOM, ITEHTPAJIN30BaHHON 1 TUOPUTHOMN
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AnHoTaums. B craTbe paccMaTpuBaeTCsl KOHIEIIHUS MeTepOreHHol (pasHopoaHoil) nin
nosinMopdHOI B3anMoelicTByIoNeil rpy bl 6eCIUIOTHBIX JeTareabHbix annaparos (BITJIA uan
JIDOHOB) J|JIs1 OLIEHKH IEPCIEKTUB AajbHEHIIero moCTpoOeHNsI POEBOl CUCTEMBI Ha OCHOBE TaKOTO
noaxona. Vccienyorcs HECKOIBKO BaPHAHTOB CTPYKTYPbI B3ANMOJEHCTBUAS MEXKY OTJEIbHBIMU
BIIJIA B cocraBe Irpynmbl: JeleHTPAJIM30BAHHAs, [[EHTPAJIM30BAHHASI U M'UOPUIHAS AaPXUTEKTYPBI.
Ha ocnose mopnenuposanus nosiera ¢dpopmanuu BITJIA nposenen ananus sdpdekruBHoCTU
YIPaBJIEHUsI B COOTBETCTBUH C HECKOJBKUMU METPUKaMU. B pe3sysbrare BbISBIICHBI IIPEUMYIECTBA
¥ HEJIOCTATKHU KarKJOr'0 U3 U3y4IaeMbIX BAPUAHTOB CTPYKTYPbl B3aMMOJIEHCTBUS B M€TEPOreHHOMN
rpynmne BILJTA.

HWccnenoBanue MpoBeeHO Ha OCHOBE KOMIIBIOTEDHOTO MOJEIHPOBAHHUS [I0JI€Ta C PEeAIMCTHUIHOMN
JIHH&]\/IPIKOﬁ OTAEJIBHBIX JleTaTeJIbHBIX allllapaTOoB. PaCCMOTpeHO BJINAITHUE BPEMEHHBIX 3a/l€pP?KeK B
KaHaJIaX CBs3M Ha KaveCTBO pabOTbI CUCTEMBI yIpaBjeHus rpynmnoi. Ilo uroram MomeanpoBaHust
IOJTyY€Hbl 3HAUEHUsI KOJIMYeCTBEHHBIX METPHUK, oTpakaromue 3h@eKTUBHOCTb CUCTEMBI IPYIIIIOBOIO
yupasieHus: rereporennoit dopmanueit BIIJTA, u Bbinonnen ux anauaus. IIpusenens: rpaduku
napaMeTpOB II0JIETa, KOTOPBIE [TO3BOJISIIOT CAEJIaTh BBIBOALI O BJUSHUU CTPYKTYPbI B3aUMOLEHCTBHA
Ha IOBeJE€HUE OTAEJIbHBIX JETATEIbHBIX AlllapaTOB B IIpolecce UX OyHKINOHHPOBAHUSI.

ABTOHOMHBIE TeTeporeHHsblie rpynnsl u pou BIIJIA sBsfOTCS MEPCIEKTUBHBIM HAIIPABIEHHEM
JJISI MCCJIEJOBAHUIl, KOTOPOE IIPUBJIEKAET BCe OOJIbIle BHUMaHUs. Takue cucreMbl 06J1a1ai0T
CyIIECTBEHHBIMH [IPEUMYIIECTBAMHE 110 CDABHEHHIO C OJHOPOJHBIMHU IO cocTaBy rpynnavu BITJIA.
Crarbsl CONEPXKUT AHAJIU3 BJIMSHUS PA3HBIX BAPDUAHTOB CTPYKTYPbI B3aUMOJEHCTBHUS Ha PaboTy
CHCTEMBI ylpaBJjeHust rereporennoi rpynmnoi BIIJTA u nunamuky nosera Takoil dopMaliuu.
PesynbraTe! ncciesoBanusi MOryT GbITH [IOJIE3HBI JJIsl OLEHKU BO3MOXKHBIX CIOCOOOB MPaKTHYECKON
peaJiM3alii reTePpOreHHOro aBToHOMHOro posti BITJTA.

(CG.ES’(IHHTJLE mexcmosl Cmamosyu Ha AH2AUTUCKOM U HG pyccrom .ﬂ3’bL7C(L’1?)
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44 T.3. MyciuMoB RUmEEN:

Onsi untuposanuns: Mycaumos T. 3. Cpasrernue deuenmparu3osarnoli, YUeHMPAAU30BAHHOT
U 2ubpUIHOT CcMPYKMYP 63aAUMOIETUCMEUA OAA 2emepo2erHolu 2pynnv. 6ecnUAOMHBLL
saemamenvrux annapamos // IIporpaMMHubIe cucTeMbl: Teopusi u npuaoxkenusi. 2026. T. 17.
Ne2(71). C. 3-82. (Anen.+pycc.) https://psta.psiras.ru/read/psta2026_2_3-82.pdf

Beeaenne

O a0 M3 HamboJiee TEPCIEeKTUBHBIX HAIIPABJIEHUI MCCJIEIOBAHUI 110
ABTOHOMHBIM O€CITHIOTHBIM JieTaTesbHbIM annaparam (BILJTA win nporam)
OTHOCUTCS K O0JIACTH yIIpaBjieHus rpyinamu uwiu pogmu [1,2]. B macrosimnee
BpeMsi IyOIKyOTCs paboThl, B KOTOPBIX M3y4aroTcsi poeBbie cucrembl BITJTA
[3-5]. IIpwm 3TOM Ha CETOMHATHUI JIEHD B MOJABJISIONIEM OONBITHHCTEE CIIyIAEH
TaKUe U3ydaeMble TPYIIBI (B TOM YHCJIE DOEBbIE) SBJIAIOTCA OJHOPOIHBIMHU 10
COCTaBY, TO €CTh COCTOSIT U3 JIETATEJBHBIX AIIAPATOB OJJHOTO THIIA (HAIPHMED,
KBa[pOKOUTEPOB [6, 7] mwin camonerasix BILJTA [8]).

B nocnennee Bpemst Bce darie B IyOTHKAIINSIX PACCMATPUBAIOTCA PA3HOPO/I-
uble (miu rereporennbie) rpynnsl BIIJIA| o ectb cocrosiiue u3 jieraTebHbIX
aImmapaToB Pa3HBIX THUMOB. VIMEHHO reTeporeHHbIe POU TMO3BOJIAIOT B TTOTHOMN
Mepe HCIOJIb30BaTh BO3MOXKHOCTU oryndaonuxcs Turnos BILJIA [9]. B To xe
BpeMs Pa3/IUINs B IUHAMUIECKUX OTPAHUIEHUSX M MOJEJISIX SHEPTOonoTped-
JICHUS CO3AI0T IPODJIEMBI JJIsi TOYHOTO OIUCAHUS 33/1a9 IJIAHTPOBAHUS
Tpaekropun mnosera rakoro post BIIJIA [10]. TlosroMy nccrenoBasus aclieKToB
GbYHKIIMOHUPOBAHUS T€TEPOTEeHHBIX POEB SABJSIIOTCSA AKTYAJbHBIMH.

B paBore [11] usyvasachk rereporeHHasi IpyIIa, COCTOSIBINAS U3 OJHOTO
BEPTOJIETA W HECKOJIBKUX KBAJPOKONTEpOB. B crarbe [12] rereporenHast
rpyIina TPUMEHSIJIACH JIjIs WHCIEKIUN JIHHUN 3JIeKTporepegad. 3a caer
ucnoJibzoBanus ocobernnocreit BITJTA pasHbIX THUIIOB yIAJI0Ch JOCTUYL
COKpAIIleHNsI BpeMeH! Ha IJIAHUPOBAHUE ¥ BBINIOJHEHNE MUCCUMA UHCIEKITUN.
Pa6ora [13| paccmarpubaer rereporennyio rpymmny BIIJIA, npuvenss K meit
TepMUH «MOIUMOPhHBII poity. [Ipu 3rom ma BILJIA Bozmaraiorcs pasubie
pOJIi B 3aBHCUMOCTH OT WX THIIA [P BBIIIOJHEHUN MUCCUU 00CJI€I0BAHMS
zamannoii obmactu. BILJTA camoseTHOro THIIA NCIOIB30BAINCE JJIs1 HAOJIIOACHUS
¢ OOJIBINION BBICOTHI, & KBaIPOKOIITEPHI — JjIsi MHCIIEKIIAU C OJIN3KOr0 PACCTOSHUS.
B wurore 6buta npegBapuTeibHO OlleHeHa 3 (HEKTUBHOCTh pabOThI Pa3JIMIHBIX
KOHMUryparuii reTeporeHHOro posi Ipu PA3HOM €r0 COCTaBe 10 COOTHOIIEHUIO
BIIJTA camoserHnoro tuna u KBaJpokonTepoB. OObLEKTOM UCCIIE0BAHS
B cTaThe [14] siBasiercst reTeporeHHbIi poii, KOTOPBI IIPUHUMAET DeIleHus Ha
OCHOBE IIPEIEe/IEHTOB.

B crarbe npejyiaraeTcst CTPYKTYpPa reTepOreHHOro (PasHOPOIHOrO UK
HoJIMOPMHOTO) POst, KOTOPBIIl COCTOUT M3 JBYX MOArpymir: moarpynmsl BILTA
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camoJjieTHoro tuna u noarpynisl BILJTA mynbsruporoproro tuma. Kaxaas
MOAIPYUIIA BBIIOJHSIET WH/IUBUIYAJIbHYIO 33/1ady, IIPX 3TOM IIOATIDYIIIBI
B3aMMOJIEHICTBYIOT MeXK 1y coDOil depes creruabHO HasHaueHHbie BITJTA-
PETPAHCJATOPSI (0 OTHOMY B KaxK10it oarpyime). B mesom rpymmna, cocrosiast
"3 JIByX MOArPYII, 00pa3yeT MeJOCTHBIN TeTepOreHHbIN KOIIEKTHB, CIIOCOOHDIHT
60stee 3(PHEKTUBHO pelaTh U3BECTHBIE 331291 U BO3MOXKHO BBIIIOJHUTH HOBBIE
3a/1a91, KOTOPbIE He IOJI, CUJIY OIHOPOIHOM rpytie. Pucynok 1 moka3siBaer
00ODIEHHYIO CXeMY TIPeIaraeMoi CUCTEMBI.
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PucyHok 1. Tereporennast rpyIma, COCTOSINA U3 JBYX HOATPYII:
BITJTA caMoieTHOro TUIA U KBAJIPOKOITEPHI

it n3ydeHust CTPyKTYyphl TAKOI TeTepOreHHON TPYIIILI ObLIN ITpoaHa-
JII/I3I/IpOBaHbI C IIOMOIIIBIO KOMIII)IOTepHOFO MO,ZLe.HI/IpOBa.HI/IH paBHbIe THUIIBI
B3aUMOJENHCTBUS B TPYIINE: [IEIeHTPAJIN30BAHHbIN, [IEHTPAJIU30BAHHbBIN 1
rubpuanbiit. JIia maabHeRIero nceiei0Banns BhIOpaHa JeeHTPaTH30BAHHAS
CTPYKTYpa BBULY ee OOJIbIIel TePCIEKTUBHOCTU U THOKOCTH.

CpaBHUTENbHBINH aHAJIN3 CTPYKTYDP U 000CHOBaHUE BBHIOOPA OY/IyT IpeaCcTaB-
JIEHBI B Pa3Jiesie Pe3yJIbTaTOB MOJIEJINPOBAHUS, KOTOPBIN IIPOJEMOHCTPUDYET
TaKue IPENMYIIEeCTBa, KaK: MeHbIINe HHTErPAJILHBIE PACCOTJIACOBAHUS 1
MeHbIIIee BJIUSHNE HECOBEPIIEHCTBA XapPAKTEPUCTUK KaHaja cBa3u. Hekoropsie
JIOCTOMHCTBA JIEIEHTPAJIN30BAHHON CTPYKTYPhI TAKXKE BBISIBJIEHBI [IPH AHAJIN3E
YCTONYUBOCTH CUCTEMBI, YTO OTPAYKEHO B pas3jiesie « AHAIN3 yCTOWINBOCTI»
JaHHOW cTaThbu. TepMHUH «pOily MCHOJIB3YETCs JJIs OIUCAHUS JIeIEHTPATN30-
BAHHOM CTPYKTYPhI B3aNMOJIEACTBUSI BHYTPU I'PYIIIbI IOTOMY, YTO KaXKJIbIi
BILJIA ynpaisieTcst CKJIIOUUTEIBHO HA OCHOBE JIOKAJIBHOM UH(MOPMAIMU OT
cBomx cocedeti. Kpome Toro, MacirabupoBaHue TaKoi CHCTEMbI HE BBI30BET
pobJieM J1azke pu HeDOJIBIIOM UCXOTHOM KOJIMYECTBE JIeTATeIbHBIX AIllaApATOB
B nmoarpymnmnax. CiieqoBaTebHO, MIPEIBAPUTEbHBIE UCCIEIOBAHUS MOTYT
[IPOBOJINTHCS C MCIIOJIb30BaHueM MaJioil rpymmsl BITJIA.
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B crarbe [15] npoBoquioch cpaBHEHHE PA3HBIX CTPYKTYD B3aUMOJEHCTBU,
HO JIJIg OOHOPOAHOII I'PYIINbI, YIPABIAEMONA OLIEPATOPOM, & HE aBTOHOMHON
IPYIIIBL, KaK B Hamel cratbe. B pabore [16] rereporennas rpymma BIIJTA Gbuia
UCIIOJIH30BAHA JIJIsI 33/Ia4H [IJIAHUPOBAHUS 00CJIEI0BAHIS TEPPUTOPUN B HEJIAX
TouHOrO 3eMeaenns. OIHAKO TAKON KOJIJIEKTUB HeJIb3s B IIOJIHON Mepe Ha3BaTh
reTepOreHHbIM, TIOCKOJIBKY PACCMOTPEHHAs! TPYIIa, COCTOSLIA U3 JIeTaTeIbHbIX
alapaToB OJHOIO TUINa (MYJIBTUPOTOPOR), XOTS U PA3HBIX Mojeseil. ABTOpBI
crarpu [17] usyyaror 3a1a1y pekoH(bUIrypaIUy JIBYXYPOBHEBOI IeTepOreHHoi
rpyunsl BITJIA. TIpu stom B [17] uccienoBanach TpyIma, COCTOSBIIAS
U3 alaparoB pa3HbIX TUIIOB— MYJIbTUPOTOPOB U CaMOJIeTHBIX. B pabore
[18] m3yuasnocs pacnpesnenenne 3amaa B rereporednoM poe BILJTA, npuaem
PA3IUYIAIONIIXCS O CIEIHAIA3AIIAM, HO UIMEHHO THITBI JIETATEIHHBIX AIIAPATOB
HE YTOYHEHHI.

B mexoropsix paboTax BHUMAHNE OOPAIEHO Ha MPOECC MHEMOPMAIHOHHOTO
obmena mexk iy Gopramu. Hanpumep, B crarbe [19] npenmoxena cxema
nHpopManoHHoro oomena mex 1y BILJIA BHyTpu rpynmbsl U camoil TPYIIIbI
C IIYHKTOM YIIPABJIEHNUSI, TIO3BOJISIONIAS PACCINTATEH ONITUMAJIbHBIE TTAPAMETPHI
nepeaionux ycrpoiicts. OMHAKO IIPU 9TOM PACCMATPUBAJIACH OTHOPOIHAS
rpymma BITJ/TA u ocHOBHOe BHUMAaHUE yIIeJIeHO OpraHu3aIu HH(MOPMAIMOHHOIO
obMeHa, a He BIUSHUIO CTPYKTYPBI B3aUMOJIEHCTBUSI HA JIMHAMUKY IIOJIETA
rpyunsl. Bosiee 6u3Koii K Harlell crarbe sBisiercs pabora [20], ogHako
nccyeayeMast TaM rpynna ObLIa OIIHOPOIHOM.

Paccmorpum Takzke narent «CaMOOPraHU3yOMUICS U CAMOYIPABIISIEMbIi
poit BITJTA u criocob KOHTPOJIsI TEDPUTOPUH HA HAJTUYIUE YCTAHOBJIEHHOTO
COOBITHSI TIOCPEJICTBOM TAKOrO Posi» [21] 1 OCHOBHBIE OTJIMYHS HCCIIEILYEMO B
HAIel CTaThe CUCTEMBI OT TOM, YTO MpeJICTaBIeHa B 9TOM HaTeHTe. B qaHHOM
[aTeHTe POl COCTOUT U3 JIETATEJIbHBIX aIlllapaTOB OJHOIO THIA (C pa3/iud-
HBIMU TUIIAMU HABECHOI'O ODODYIOBAHMS Ha HUX), KOTOPHIM HA3HAYAIOTCS
OTJIMYAOIIUECS] POJIH. TaKKe MMeeTCsl OIMCAHNE ClieHApUsl JAeficTBUA J1J1st
«OOHAPYKEHUST COOBITHS» TTOCPEICTBOM TAKOTO POSI.

OcHoBHOE OTJIHINE TIPEIaraeéMoil HAMU CUCTEMBI COCTOUT B TOM, YTO
UCTIONB3YIOTCS AMAPATHI PA3HLLEL TUIOB (CAMOJIETHBIE U MYJIBTUPOTOPHBIE), U3
Yero BBITEKAIOT HOBBIE CBOHCTBA TAKOT'O Pa3HOPOJIHOIO UM I'€TePOreHHOI'0 Posd
(BCcTpeuaercs TakyKe TePMUH «NOJUMODPMHBINA POiiy B AHIVIOA3bIYHBIX CTATHIAX
[13]). HoBble cBoiicTBa 06€CIIEUNBAIOTCS HE TOIBKO BOSMOXKHBIMU OTJIHIHSIMU
B HABECHOM ODOPYIOBAHUU, HO U PA3IUYUSIMA B JUHAMUKE [IOJIETA CAMUX
aIrnapaToB: IPUHIUIINAJIBHO Pa3Hble CKOPOCTh, MAHEBPEHHOCTH, BO3MOXKHOCTD
MJIN HEBO3MOXKHOCTD 3aBHCAHUS B 33/IaHHON 00JIACTH, IPOJIOJIZKUTEIBHOCTD
1I0JIeTa Y PA3HBbIX THUIIOB allllapaToB.
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B kagecTBe mpuMepa puMeHEHUsT PA3SHOPOIHOTO POsi MOXKHO Ha3BaTh
MHCCHIO 110 Pa3Be/jiKe, HAOJIIOAeHUIO, OOHAPYZKEHUIO 09aroB U IIPOIECCOB
PACIIPOCTPAaHEHUs JIECHOI'O [OYKapa, 110 HEeKOTOpoii Teppuropuu. Kak ormeueHo
B [13], Ha pasHBIX TAlAX MUCCHHM TPEGYIOTCSI AIAPATHL ¢ PA3HOOOPA3HBIMU
BO3MOXKHOCTSIMI W C OTJIMYAOIIENCs JTUHAMUKOM 11oJieTa. Ecaun objractb
MTOKMCKa JIOCTATOYHO OOJIBIAsI, UTO OOBIYHO BEPHO, TO Hambosee 3 HEKTUBHBIE
Pe3yJIbTATHI IPU 00CJIeI0BAHNN TEPPUTOPUN U HAOIIOAEHUN 33 Heil MOXKHO
[IOJIyYUTD [IPH II0JIETE HA OOJIBIION BBHICOTE B TEYEHHUE IIPOIOIKATEIHHOIO
BpeMeHu (Ta BLICOTA II0JIeTa JaeT HOKPbITUe Gosibliedl mwomaau) ¢ 6osee
BBICOKOI CKOPOCTBIO.

B Takoit curyanun npuMeHeHe MyJIBTHPOTOPA HEPAIMOHAIBHO C TOYKHU
3penns pacxojia sueprun. Hambosaee 3dhPeKTUBHO ¢ 3a/1axeit HaOIIOIeHIST
cupasJistiorcest BITJTA camosiernoro tuna. OHaK0 00HAPYKEHHE HEKOTOPOTO
coObITHsl (HAIPUMED, 09ara BO3IOPAHUs) 3a4aCTyIO SABJISETCS TOJIBLKO II€PBbIM
IIIATOM MUCCHHU, OCOOEHHO B CUTYAIlUd, KOTJa BO3MOXKEH JIOYKHOTIOJIOKUTETHHBII
pesynbrar. Hampumep, spKoe IMATHO HA TEIJIOBOM M300ParKEHUN MOYKET OBITh
KaK 09aroM BO3TOPaHUsl, TaK M YKUBbIM 00beKkTOM. Jlajiee Hy»KHO mpou3BecTu
yTouHeHre WH(MOPMAIMK, U DOJIbINAsT BHICOTA II0JIETa SIBJISETCSI [IPEIsiTCTBIEM
JIJIsI BBITIOJIHEHUS 3TOIO BTOPOI'O IIIara MUCCUU. 3J1€Ch, HA JAHHOM IlIare,
ropaso 3¢ddeKTUBHEE UCII0JIB30BaTh MyJibrupoTropabie BILJTA, nersmue Ha
HU3KOH BBICOTE.

Takum obpasom, noarpynna BILJTA camoseTrHoro Tuma mpousBoIAT
OoOHapy2KeHNe U HAIPaBJISeT IOArPYIITY MYJbTHUPOTOPOB B 33 IaHHYI0 00J1aCTh
Jyisi yrouHeHus nHdopMmarmu. HeobXoMuMoCTh UCIIOIb30BaHUSI PA3HBIX TUIIOB
amnnapaToB BO3HUKAET U3-3a TOr'O, YTO OIpeJleJIeHHAasl KaTeropus 60pToB
addekTrBHEE BBITOTHIET Ha3HAUYEHHBIN el mar muccuu. Bmecre ¢ TeM
B OTJIMYME OT 3TOH cTaThu B pabore [13] HeT pasmeseHns HA MOATPYIITIHI
OJTHOTO THTA, BHyTpH KOTOPBIX BIIJTA B3amMmomeiicTBYIOT MeKTy cOOOU mjist
[IOCTPOEHUs 33JaHHON (hopMaIuu.

Cy1ecTByeT HEOOXOIUMOCTD UCIOJIB30BAHUS HECKOJIbKUX KOMMYHUIIU-
PYIOIIMX AIIIapaToB Pa3HOIO TUIIA B KaXKJOH IOAIPYIIEe Pa3sHOPOIHOIO
post. B marenre [21] BIIJIA B moarpymme meficTBYIOT CAMOCTOSITENBHO,
B3aUMOIENCTBYs MexKy coboil orpanmdenHo. Hanpumep, B moarpyiiie
«JIPOHOB-MCCIIeI0BaTe el» KaxKaplii Takoil BILJIA nposomuT obcienoBanue B
OJIMHOYKY U Jlajiee PACCHLIAET CUTHAJ ODHAPYKEHUSI 4epe3 «METKY» WU
CaMOCTOSITeIbHO JPYTUM ammaparaM. TakuM o0pa3oM, ero KOMMYHUKAITIS
orpaHuyeHa orosernienneM octaabubix BIIJTA. Anajoruyno, B mojarpyiie
«IPOHOB-ITONCKOBUKOBy» Kaxk bl BIIJIA He B3aumomeiicTByer ¢ apyrumu
B IIeJISIX BBINIOJIHEHUS 3aJaHUs, & JIUIIb OIOBEIAEeT UX IOCJIEe 3aBEPIIEeHMS
CBOETO 3aJaHUsl.
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B narente [21] ckazaHo, 9T0 «JAPOHBI-PAbOYUE» U «IPOHBI-KOOPIUHATODBI»
MOI'YT JBUTATHCs cTpoeM (opmarnueii), To eCTh B JAHHBIX IOArPYIIIAX OHU
CIIOCOOHBI B3AaMMOJIEHCTBOBATE I TIOCTPOEHUs 3a1antoi gpopmarmu. B To xe
BpeMsI He COODILAETCH, 3a CUeT Yero 3TO JOCTUIAeTCa U KAKOH IPUMEHSeTCs

AJITOPUTM YIIpaBJIC€HUS.

B sr0it cTtaTpe ynpasienne rpymmoil U B3aUMOIEHCTBIE TPOUCXOMAT JIETICH-
TPaJIM30BaHO, YTO BEJET K BO3MOXKHOCTH OeCIIpoOJIeMHOI MACIITaOnPyeMOCTH
pOs ¥ M3HAYAJILHON aJalTHPYEMOCTH K HOTepe amnmapaTos B rpyuie. Kiouesoe
OTJIMYHE TPEeJJIaraeMoil HuzKe CUCTeMbI COCTOUT B TOM, 4To nojarpynmna BITJTA
CaMOJIETHOI'O THIIA IIPOBOJMUT COBMECTHOE 0bOciieioBanne Teppuropuu. [Ilpu
9TOM OOMEH JAHHBIMU MOXKET IIPOUCXOIUTH HE TOJIBKO JIJIS IIOJIETA CTPOEM
(dbopmanueii), HO U JJId KOMILIEKCUPOBAHUS MHMOPMAIUN, TO €CTh CJIUSIHUS
CEHCOPHBIX JIAHHBIX, YTO OTKPBIBAET BO3MOXKHOCTHU OoJjiee 3(PppeKTUBHOIO
obmapyxkennst coobrTuii. Kpome Toro, 3a cuer JenenTpan3aii CHCTEMA,
CcTaHOBUTCS HedyBcTBUTEbHON K morepe BILJIA B rpyrmie, mockoIbKy yrpaTa

almnapaToB He BeJleT K CPbIBY MUCCHUU.

OcHOBHBIE TPEUMYIIIECTBA MIPEJJIATAEMON CUCTEMBI:

« ITokpoiTHe OOJIBINIEl TIIOMAAN 38 MEHbIee BPEMSI YBEJNINBAECT CKOPOCTH
BBIIIOJTHEHUS 33/1a9 MUCCUU 33 CYET IIPUMEHEHNs HECKOJbKUX allllapaToB
BMECTO OJIHOTO.

« DxoHOMUYIECKasA IDDEKTUBHOCTH: MHOZKECTBO JIEIIEBBIX AIIIaPATOB
BBITOJ[HEE OJIHOTO JIOPOTOCTOSAIIETO.

« NcnonszoBanne oramaatonuxcs tunoB BITJIA B pasubix moarpynmnax
BesleT K Oostee 3 PEKTUBHOMY BBITIOJTHEHUTO TOI3aa9 MUCCHH KaXK IO
MOJIMPYIIION 38 CYET pa3jinduil B XapaKTEPUCTUKAX JTUHAMUKH MTOJIETa
OTJIEJILHOTO THIIA AIapaToB, YeM B mareHre [21]:

» BaaunmoneiicTBue 1jisi CIUSHAS CEHCOPHBIX JAHHBIX BeJeT K Oojiee
abdexTuBHOMY 00HAPYKEHUIO COOBITHI B CpaBHEHUU C aTeHToM [21]:
Habronenne nponcxoauT ¢ pa3HbIX TOUYEK O[] PASJIAIHBIME yTJIAMIA;
undopmarys, noxydaemas oraenbabivM BITJTA (manpumep, ¢ Kamepsbr)
upeoaraer nepeceuiky apyrum BILJTA B cocrase rpynnbl (Hanpumep,
cocelHUM ) JIsl JaJibHeiineil o6paboTku u yiydmenns 3bheKTUBHOCTH
Habuirojierns u obHapykenusi. Takxke BITJIA, Ha ocHOBe 0OMeHa ceH-
COPHBIMHY JIAHHBIMU, MOTYT CTPOUTH CBOM COBMECTHbBIE JIECTBUS JIJIsI
VAYYIIeHusT ©®TONOBOTO cOOpa JAHHBIX 00 OKPYKAIOIIeH cpeie.
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Korpa, sanpumep, Hy?KHO OTHeCTH OOHAPYKEHHBIN 0OBbEKT K OIpe/ie-
JIEHHOMY KJiaccy (3a/iada paclo3HaBaHUs), TO IOMOIAIOT U caM OOMeH
narabiMu Mexxty BITJTA, u To, 910 0CMOTp 00BEKTA IIPOMCXOIUT C Pa3-
HBIX YIVIOB PA3JIMIHBIMUA OOPTAMU U, BO3MOXKHO, PA3INIHBIMA BUIAMUI
CEeHCOPOB (HAIpUMeD, ¢ OJHOrO GopTa B HHGMPAKPACHOM J[MaNa30He, a
C APYTOro— ¢ MOMOIIBIO KOMIIBIOTEPHOIO 3DEHUS).

Ciusinue naHubIX ¢ pa3abix BILJTA M0XKHO TPOU3BOJUTEL Ha OCHOBE
dunvrpa Baiieca ninn dunbrpa Kanvana. Peanmszanus ciusinust Mo-
JKeT OBITH MEeHTPAIN30BAHHON, JTEIEeHTPATN30BAHHON W THOpU THOI
B 3aBUCHMOCTH OT CTPYKTYPbI OOMEHa JAHHBIMU B I'PYIIIE U MOJTPYIIIax.

N3navaipHas aJalTHPYEeMOCTh CHCTEMBI K [OTEPE allllapaToB B IPYIIIe
32 CUeT JIENEeHTPAIN3AINN KaXK 0N TOArPYIIIBI PASHOPOHOTO POsT BEJIET
K HOBBIIIEHUIO HAJIEZKHOCTU OTHOCUTEJIBHO IareHTa [21].

BosmozkaOCTh OBICTPOTO 1 3P hHEKTUBHOTO TIepepacipee/ieHus poyeit 3a
CYeT JEMEHTPATU3AINN KAYXK IO TOATPYIIIBl PA3SHOPOIHOTO POsi OTJINIAET
or nmarenTa [21].

BzanmoseiicTBue MoArpyInn posi MOXKeT IPOUCXOJUTh 6 NPOUeCce BBIMOJI-
HEHUsI MUCCHH, & He TOJBKO ITOCJIe 3aBePIICHUs 3aJaHnsd KaKOH-1160
HOArPYIIIOi. TO TPUBOIUT K THOKOMY IPUMEHEHUIO posi U Oosiee adhdek-
TUBHOMY BBIIIOJTHEHUIO CJIOXKHBIX MUCCHUH B JUHAMUYECKUX yCJIOBUAX
(ornmume ot narenta [21]).

JlJist OTIeHKY TIPEUMYIIECTB ¥ HEJOCTATKOB PA3JIMIHBIX TUIIOB B3AMMO-
JHeficrBust B rereporennoii rpynmne BIIJTA Humxke npusomsaTcst jgeraibHOE
CpaBHUTEJIbHOE MOJeIupoBanue u anaans. [lesabio 310t paboThl SABJIETCS
MIPeJI0’KEHNEe U TPOBEIEHNE TPEIBAPUTEILHOIO CPABHUTEIHHOTO aHAIN3a
TpeX CTPYKTYD B3auMOJeicTBUsl (IEHTPAIM30BAHHOMN, JEIEHTPAIN30BAHHOI,
rubpuHOil) crenuanbHo i rereporennoro kojulektusa (BIIJIA camosernoro
tuna u Mysabtuporopublie BITJTA). HosusHa paGoThl 3aK/IIOUAETCS HE B
pa3paboTKe HOBBIX 3aKOHOB yIIpaBJIeHHs JJIsi OTAeIbHbIX areHToB-BIIJIA| a
B UX UHTErpalii B PAMKAX MeTEePOreHHOW CUCTEMBI U CPABHUTEJBHOM aHAJII3E
Pa3JIMYHBIX CTPYKTYP B3aMMOJEHCTBHUsI UMEHHO J[JIsl TaKOil PasHOPO/IHOM
rpyumsl. Pe3ysabrarsl nccjieqoBaHust MOT'YT OBITH MOJIE3HBI JIjIsi OIEHKH
BO3MOXKHBIX CIIOCODOB PEAIM3AIMN TeTePOreHHOr0 aBTOHOMHOrO post BITJTA Ha
[IpaKTHUKE.

B rabsurne 1 npezncrasieno 0600IIEeHHOE CPABHEHIE KIIIOYEBBIX XaPAKTEPH-
CTUK PACCMOTPEHHBIX BBINE PAbOT U MPEJIaraeMoro UCCIeI0BaHUsI, YTO
MIO3BOJISIET YBUJIETh CHCTEMHbIE OTJIMYNs OCHOBHBIX HAIPABJICHUN CyIIECTBYIO-
MAX HAYYHBIX Pa3pabOTOK.



Tapmuna 1. CpaBHeHue CyIecTBYIONUX [IOJIX0/0B 10 OTHOIIEHUIO K UCCJIE/LyeMOIl cucreMe

I'pynna paGor

Kunro4uyeBble 0COGEHHOCTH B KOHTEKCTE
cpaBHeHUdA

OTauyuusi HaUIero HICCJieJOBAaHUA

Pabors! ¢ orpa-
HUYEHHONH WJIH
dbopmasbHOiL re-

leTeporeHHOCTH YaCTO CBOAMTCS K PAa3HBIM THIIAM
HaBECHOIO 00OPYIOBAHUS, PA3HBIM MOJEJISAM OJIHO-
ro tuna BIIJIA unm pasaenenuto podieit 6e3 yuera
nauHamMuky rosera. OTcyTcTByeT riyboKHil aHa-
JIU3 CTPYKTYD B3aMMOJEHCTBHA (IEHTPAIN30BaH-
Hasl/ IelleHTPaIM30BaHHas!) U BIUSHUS PA3JINIuii
B JJMHAMUKE allapaToB.

B namem wncciieioBaHuM reTeporeHHoCTb obecredeHa
NPUHOMNNAAIBHO pasHbiMu Tunamu BILJIA (camo-
JIETHBIMU U MYJIBTUPOTOPHBIMHU) C PA3eJICHUEM Ha
MOATPYIIBI. BHYTPH HOATPYII PEAN30BAHBI B3aMMO-
HeficTBUE ISl HOCTPOoeHus (POPMAIHl I BO3MOYKHOCTH
CJIMSIHUSI CEHCOPHBIX JIAHHBIX, 4TO MO3BOJIsieT 3 dhek-
TUBHO KCIIOJIb30BATDH JUHAMUYECKHAE PA3ININSL.

TEPOTEHHOCTHIO
[11-13], [16],
(18]

Paborsr, uc-
clIeyonme
OsnsKue BO-
OpOCHI, HO Ha
OJIHOPOJTHBIX
rpynmax  [15],
[19], [20]

AHaIU3UPYIOTCH CTPYKTYPbI B3aUMOIAEUCTBUSI,
nHQMOPMAIMOHHBIN 0OMEH, YCTORYINBOCTD, HO JIJIst
TPYIIIBI, COCTOSIIEN U3 alllapaToB OJHOI'O THUIIA.
PesynpraTsl He IepeHOCATCA HAIPSAMYIO Ha Te-
TEPOreHHbIN POl U3-3a PA3JIMYUNA B JUHAMUKE U
TpeOOBAHUSX K CBSI3U.

BriepBbie npoBejieH CpaBHUTEJIBHBIN aHAJNA3 MeTEPO-
TeHHOH, IIeHTPaJINn30BaHHOMN, JeIeHTPAJIU30BaAHHON 1
rUOPUIHON CTPYKTYPBI YIIPABJIEHUsI POSIMU C IIPUHIIN-
NIHAJIbHO PA3/IMYHON nuHaMuKoil. IlokasaHno BiausiHuE
XapaKTEPUCTUK allllapaTOB U CTPYKTYPbI B3aUMOJEH-
CTBUSI Ha HAJEXKHOCTh U 3(PHEKTUBHOCTD CBSI3H.

Pa6orer ¢ pas-
vorunueivu BII-
JIA (camourer-
Hble -+ MYJIb-
Tuporopsr) [13]
(uacTuuno), [17]

PaccMmarpuBarorcst reTeporeHHble IpyIIIbI, HO
aKIIEHT CJeJIaH Ha PEKOMUTypaly UK POJISIX Ha
Pa3HBIX dTamax MECCHU. BaaumoseiicTrBue Mex Iy
anmnaparamy JIM00 OTCYTCTBYET, JINOO OrpaHUYEHO,
HeT JIeIeHTPAJIN30BaHHOIO yIIpaBJIeHUs BHYTPU
TOAIPYIII ¥ BO3MOXKHOCTEH CJINSAHUS CEHCOPHBIX
JAHHBIX B PEaJIbHOM BDEMEHU.

IIpennozkena gByXypOBHEBasI CTPYKTYpPa, T KarKaast
noarpynna ogunoporaubix BITJIA dyukiumonupyer B
TOM 4HCJIE B JEUEHTPAIU30BAHHOM PEXKUME, a B3aH-
MOZENCTBHE MEXKy MOATPYIIIAMU OCYIIECTBIISAETCS
gepe3 BBIIEIEHHBIE PETPAHCIATOPHI. DTO 00eCIeInBaeT
MacCIITabUPyEMOCTh, YCTOWYNBOCTD K IIOTEPE Y3JIOB U
rubKoe IepepacipeeieHre 3a1ad.

ITarent [21]
(nanbonee Gmus-
KUl aHaJjor)

CaMOOpraHu3yOIIUiCs POil U3 allapaToB OJHOIO
THIA ¢ pa3sHbIM obopymoBaHueM. BaanmozeiicTBue
MeKy noArpynnaMu (UCcie oBaTeabCKO, 1Mo-
HMCKOBOM, KOODJAMHAIMOHHOM!, IIPOYUMHU) HOCHT
XapaKTep OIOBEIIEHUs O 3ABEPIIECHUHN TAIla, OTKa-
3a MM CMEHBI 33724, OTCYTCTBYeT €IUHOE II0JIE
YIPAaBJIEHUSI CTPOEM U BO3MOYKHOCTHU CJIMSTHUS
JAHHBIX B PeajbHOM BPEMEHU.

OCHOBHBIE OTJINYUSA:

— Ucnonb3osanue pasmmaabix tunos BILJIA (camoser-
HBIX + MYJIBTUPOTOPHBIX).

— BO3MOXKHOCTD JIEIEHTPAIN30BAHHOTO YIIPABJICHUST
BHYTPHU KazKJO0# MOATDPYIIIIHI.

— CnocobHoCTh ajanTupoBaTbesa K norepe BITJTA
Giaromapsi BO3MOXKHOCTSAM JIEIEHTPATU3AIUN.

— BzaumopgeiicTBre MexK/ 1y HOJAIPYIIIAMA BO BPEMs
BBIIIOJIHEHHUS] MUCCUH, & HE TOJBKO [OCJIE 3aBEPIIEHUS
Jrarmna.
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Huwuzke mpejicraBiieHO olucaHue UCIIOIb3YEMbIX JIJIsi MOJIEIUNPOBAHUSI JIeTa-
TEJLHBIX alllapaToB JUHAMUYIECKUX Mojeseil. Vcnoap30Banne oOMEnpuHSTBIX
B JINTEPAType HeJIMHEHHBIX MOJeell MHAMUKU TBepaoro reia jist BILJIA u
ydeT OrpaHUYeHUl CBepXy Ha JIMHEWHBIE U YIJIOBbIE CKOPOCTHU ITOBBIMIAIOT
PEANTMCTHIHOCTD ITUX MOJIEJIEN.

1. Ucnonb3yembie mogenu
1.1. Mogenb BIMNJIA camoneTtHoro Tuna

B 3emHoit (ry106asbHOiT) cucreme KoopauHaT moJioxkerue sroro BIT/TA

3a/1aeTCd B BUJE BEKTODA [xe Ye h]T B MeTpax. YIJIOBOE ITOJIOXKEHUE
3a/1aeTCsl Yepe3 yIVIbL: KyPCOBOW yroJl, YroJl HaKJOHA TPAEKTOPUU I10JIeTa U
yTOJI KpeHa [X ¥ <p] B pajiMaHax.

Cuuraem, uro BIIJIA ocHalleH HACTPOEHHBIM aBTOIIUJIOTOM, KOTOPBIH
YCIEIIHO CTADUIN3UPYeT JBIKEHIE. BBICOKOYPOBHEBaAsI MOJIEIIb MIPEJIIIOJIATAET,
aro BITJIA setur B pekume KOOPIMHUPOBAHHOIO MTOBOPOTA C HYJIEBHIM
GOKOBBIM CKOJIbXKEHUEM (CHOCOM). ABTONMJIOT yIIpaBJIsieT CKOPOCTHIO HOJIETa,
BBICOTOI U yriioM KpeHa. COOTBETCTBYIOINE YPABHEHUS JBUYKEHUS JJIsI
BBICOKOYPOBHEBOI Mojien uMeror Buj [22]:

Te = Vg COSX COS7Y, Ye = Vg Sin x cosy,
_ geos(x —¢)

Ug
vg sin(y¢) = min(max(ky(h — h), —vg), vg),

v = kv('yc - 7)7 Vg = kva(vg - Ua)’

geos(x —¢)

Vg

¢ =kp,(¢° —¢) +kp,(—¢).

31ech depes v, U vy 0003HAUEHbI BO3IyIHAsA U 3eMHast ckopoctu BILJIA;
qepes k, — koaddurmenTr! peryisitopa (KOHTpoJLIepa); depes3 g — yCKOpeHue
cBobosiHorO TasieHus. Kak MOXKHO 3aMETUTD, 9Ta allllPOKCUMAIINST JTUHAMUKA

cornacyercs co crammaptabivMu 1IJI- u II-peryasgropamMu ¢ COOTBETCTBYIONTIMEI
KO3 purmenTaMu.

h = vgsiny, X tan @,

c

tan ° =k, (x“ — x),

BricokoypoBHeBas MOJIENIb MPEOIATAET, UTO B aBTOMUJIOT MOCTYIIAIOT
3aJIAaHHbIC 3HAYEHUS KYPCOBOI'O YIUIa, YIJIa HAKJIOHA TPACKTOPUU M BO3JIYIITHOM
CKOPOCTH [XC ¥ vg] T. [Ipu 3TOM IPOUCXOIUT pacyuer 3a,1aBAEMOI0 3HAYEHUsT
yIUla KpeHa ¢° Iepe/l ero HelroCPeICTBEHHBIM IIOCTYIJIEHIHEM B aBTOIUJIOT.
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Taxum 06pa3z0oM, COCTOSTHUSIMU JTAHHON MOJIEN SIBJISTIOTCS SJI€MEHTDI
CJIEAYIOIIEr0 BEKTOPA:

e ve h va x v ¢ ¢ .

1.2. Mogens BIMJIA mynsTupotopHoro tuna (kBagpokonTepa)

B 3emHoit (ry1o6aiibHOl) cucreMe KoopauHaT Hosioxkerue sroro BITJIA
T
3aJ1a€TCs B BUJIE BEKTOPA [;ve Ye ze] B MeTpax. YIJIOBOE IOJIOXKEHHUE
. T
qepe3 ZY X-yriibl Ditiepa: w 0 gp] B pajpaHax. YTJIOBble CKOPOCTHU
T
0003HATAIOTCA KaK [p q r} B pajJinaHax B CEKYyH/Iy. BbICOKOypOBHEBast
MO/IEJIb JBUKEHUS MYJIBTUPOTOPA (KBAIPOKOIITEPA) 3a/1aeTCsl B COOTBETCTBUM €
paboroit [23].
Marpuria moBopoTa, KOTOpas IMEPEeBOIUT BEKTOP U3 CBSI3AHHON CHCTEMBI
KOOD/IMHAT B 36MHYIO CHCTEMY KOODJIMHAT, BBILVIAUT CJIELYIONUM 00Pa30M:
COCyp  CpSpSe — CpSy  CupCySe + SpSy
e __ _
Ry = |cosy  CpoCy + 54505y CypSp + CpS89Sy
—Sp ChpSyp CypCh
3ech yepes ¢, U S, 06o3HAYEHBI oS (*) U sin (*) COOTBETCTBEHHO.

Yckopenue nieatpa mace BJITTA B 3eMHO# crcTeMe KOOPIUHAT 3a/8€TCs
B TAKOM BHJIE:

Te 0 0
mljge| =0 |+R| 0o |,
26 mg _Fthrust

e
m — wmacca BILJIA,

g — YCKOpeHme CBODOIHOTO IAJICHHUS,

—Fiprust — obOIIas cuia, co3mapaeMas IIPOIE/LIepaMy BIOIb OCH —Z2p CBH-
3aHHOMN CHCTEMBI KOODIMHAT (YKA3BIBAMOINIEil BBEPX IIPU TOPU30HTAIBHOM

nostoxkennn BITJIA).

3aMKHYTHI KOHTYD PEryjisTopa yIJIOBOTO IOJIOXKEHUS 10 yIyIaM KpeHa-
TaHTayKa, MTPUOJINKEHHO MPECTABJISIETCS Yepe3 MOBEIEHNEe IBYX HEe3aBUCUMBIX
I1JI-perysnaTopoB Jijis IBYX YIVIOB TIOBOPOTA U JIByMs He3aBucumbiMu 1I-peryiis-
TOpPaMHU IS YIJIOBOH CKOPOCTU PBHICKAHUS U CHUJIBI TATH. Y IJIOBbIE CKODOCTH,
YIJIOBBbIE YCKOPEHUS U CHJIa TATU 3a/laloTcsd Yepes cileIyIolie YpaBHeHUs:

1 sinptanf cosptané

J=10 cos —siny |,
0 sin cos ¢
cos 0 cos 0
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14 p

0l =J|qf,

P r

P 1 0 —sin@ Kp,(¢¢—¢)+ Kp,(—¢)
gl =10 cosp sinpcosf| | Kp,(0°—0)+ Kp,(—0) |,
| 0 —sing cospcosf Kp, (¢ =)

" c
Fthrust = KPF (Fthrust - Fthrust)-

BbICOKprOBHeBaH MOJIeJIb IIpeAIiojaraeT, 9To0 B aBTOIINJIOT IIOCTYIIaOT
3a/IaHHbIE 3HAYEHUs] KpPeHa, TaHTaXKa, YIVIOBOIl CKOPOCTU PBHICKAHUS
c c 1T
[p¢ 0 ¥,

a Tak’Ke 3aJlaHHas CyMMapHasd CHJIa TATH g, .. ..

KoadbdunuenTs! (pornopiuoHaibHbIe U 110 IPOU3BOJIHON ) KOHTYPOB
yupassenus 3ajanbl B Busie Kp, u Kp, COOTBETCTBEHHO, IJleé CUMBOJIOM *
0003HAYEHBI JIMOO YIJIbl Ditjiepa, JUbO CHIa TATH. ITH KOIPPUIMEHTI HAPSITY
¢ maccoit BIIJTA asisttoTcst mapamMerpaMu, KOTOPbIe MOT'YT OBITH 3a1aHbI

B CBOMCTBaxX MOJIE/IN.

Taxum 06pa3zoM, COCTOSTHUSIMA JTAHHON MOJIEIN SIBJISIOTCS 3JI€MEHTHI

CJIEIYIOIIIEro BEKTOpa:

[CEE Ye Ze i.e ye 'ée QZ) 9 90 p q r Fthrust]T

1.3. Mogenb cTpykTypbl B3anmogeiicteus B nogrpynne BIrNJ1A
camoneTHoro Tuna

B paborax [24,25] npezcrasiena u mogpobHO OmucaHa MOJEIb CTPYKTYPhI
B3aumoieiictust B rpymre BITJTA Ha npumepe KpyroBoro JBuKeHust (pOpMaIun
(HaHHBI TOJXO MOXKET HPUMEHATHCH M IS JPYTUX TUIOB JIBUXKEHUS
[PYIUIIBI, HAIPUMED HapauiesabHbIX dhopmanuii [26]). OTMmeruMm, 4To B CTaThaX
[24,25] paccmaTpuBalOTCs OJHOPOIHBIE CUCTEMbI U €IMHAYHASA CTPYKTYpPa

B3aUMOJIENCTBUSI.

IIycte B rpymme N orpenbuabix BITJTA camosnernoro tuma. Onpeennm

BEKTOP OIMMOOK (PaccoryIacoBanmii) OTHOCUTENBHBIX YIJIOB ¢apura a3 &g =
= (&;;) € RNWN=DX1 'pre ¢, . — 3Hauenue ommubKn (PaccOrTACOBAHUS) TSt

HEIIOCPEJICTBEHHO B3aMMOJIECTBYIOIUX i-10 1 j-ro arentos-BIIJIA. B 3akonax
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YIPaBJIeHHUs CKOPOCTBIO I10JIeTa UCIIOJIb3YIOTCS JIEMEHTBI BEKTOpa €g 24, 25]:

el €12
(1) e = |ex| = | —€r—1k + kit | = Mpéy+ D,
en —éN—1,N
e
1 ~\T
D =-MyH, (P;Fd7 Pg) — BEKTOp YIPAaBJIEHUs] CUCTEMON B IIPOCTPaH-

CTBE OTHOCUTEJIbHBIX COCTOsHMI (IIpocTpancTBo pasmepuoctu (N — 1)
[IOPOKIAEMOE CTOJIOIAMU MaTPUIbl UHIMJIIEHTHOCTH I'pada KOMMYHUKa-
)

Hy — marpuna, maznauaromast Mexk1y Kakumu arearamu-BILTA 6ymayT
3a/[aBaThCsl OTHOCUTEJIbHBIE PDACCTOSIHUS, OIPeIesieMast CJIE Ty OIIIM

obpazom:
T
: T
q1 1
92 ! ) 1
H@ = : , i = , 1< N7 aqN = : )

an _.1 1

TIPW 9TOM

HG c RNXN q; € RlxN;

noaootcenus «I1» u «-1» B Q; IO CyTH OIPEAEIAI0T MEXK/1y KaKUMUI
60pTaMI/I IIPOUCXOAUT BBIYHUCJICHUE OTHOCUTE/IBHOTO yIJVia CIABUTIA
bas;

2Mo 6 €8010 ouepedv sausem Ha TO, Kak OyneT 3amaBaTbed Pyg €
R(N —x1 _ BEKTOD KeJla€MbIX OTHOCUTEJIbHBIX YTIJIOB CABUIA CbaS;

A N
Py =3, _1 Do, — CyMMa TeKyuux yrjios casura das;

. . N-1 _
€y = (€iit1);_, € RW=1x1 _ pexrop Tekymmx yrios casura dhas mus

HEIOCPeJICTBEHHO BlanMo/ieiicTByomux areatoB-BILJTA, Beraucasemsrii ¢
HOMOIIHIO CMENTAHHOTO MPOU3Be/IeHus BeKTOpoB. Hamnpumep, npu BeiGOpe
KOHEYHOIO JBUZKEHUS 110 YaCOBOI cTpesike (BUI CBEPXY ):

divdi
B_arCCOSHE}HHdtBH’ n-(d; xd;y1) >0 ’

2m — B OCTaJIBHBIX CJIy4dadAX
)

€ii+1 =

3/1eChb
di, k€ 1,2,..., N — BeKTOp paccTosiHus OT IEHTPa OKPYKHOCTH
10 6opTa B TEKYIIU MOMEHT BPEMEHH,
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n= (07 07 ]‘)T;

My € RVXN - yvarpuna B3anMogeiicTsus, KoTopasi B cilydae JleleH-
TPAJTM30BAHHOTO B3aNMOJEHCTBHS «COCEM, C COCEIOM», OIIPeIeIsTeMO-
ro rpadoM KOMMYHUKAIUN, UMEET BT

—1 1 0O --- 0

1 -2
M@éMgtnz 0

. 1 0

: .. 1 -2 1

o .- 0 1 -1

M, € RVx(N-1) _ MATPUIIA, OJydaeMasi U3 MaTPHUIIHI MQH;I
yaaseaneM N-ro cToJora.

3amedaTesibHOe CBOWCTBO BBIIIEOTMCAHHON MOJIETH 3aKJII0UAETCS B TOM, 9TO
JJI CMEHBI CTPYKTYPBI B3aUMOJIEHiCTBHSA B IPYIIIIe JOCTAaTOYHO CKOPPEKTUPOBATh
matpuity My, a Takke pacCTaHOBKY «1» 1 «-1» B ; B COOTBETCTBUH CO
cTpyKTypoit. Hanmpumep, mpu cTpyKType B3auUMOJICHCTBUS «BEIYIIHI-BEOMbIC

C WHTEPAKTUBHBIM 6€0YUjUM, TO €CTh yIACTBYIOMIUM B MOCTPOEHUN (DOPMAITHH,
TIOJIY UM

1
Mg2M; = |1 0 -1
: : . 0
1 o --- 0 -1
CprKTypa «BeﬂyH_H/IIU/I-Be,HOMbIe» C UHTEpaKTUBHBIM 66(?yw,um OTHOCUTCHA

K TUOPHUIHBIM CTPYKTYpaMm, KOTOPBIE COYETAl0T B cebe JTOCTOMHCTBA U
HEJIOCTATKM KaK JENEHTPAJIN30BAHHOI0, TaK U IEHTPAJIM30BAHHOIO IIOJXO0B.

IIpu crpykType B3auMOIEHCTBHS «KaXKIbIi ¢ KaXKJIbIM» (OTCYTCTBUE
JlerieHTpasm3anun) Marpuna My uMeer Bu

ata
My2 M, =
1 - 1 -3
B CJIy4dae ecCJjin eeaymuﬁ HE y49aCTBYET B IIOCTPOECHUN d)OpMaLLI/II/I (I/IMeHHO

TaKasl CTPYKTYyDa 6y,ILGT HCHOJIB30BAThCA B CJIydae L[eHTpaJII/ISOBaHHOﬁ CTPYKTY-

PBbl), MATPHUIA ﬁg nosryvdaercs u3 MaTpuisl (Mlef H, 1) yrasenneM N-ro
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crosbua, rae marpura E € RV*YN 3anaercs taxuM o6pasom:
000 ---0
o1 o0 --- 0
E2(0 01 .-~ 0
o0 o0 --- 1

CieyeT OTMETUTD, UTO B JAHHOI CTAThE IO, «JIEIEHTPATN30BaAHHON»
CTPYKTYPO# HMOHUMAaeTCsA OTCYTCTBUE €JIMHOrO IIEHTPa YIIPaBJICHUA BCEl
CUCTEMOIl B IeJIOM, & TOJ[ «TUOPUIHOMY CTPYKTYPOil — COUeTaHue IeHTPAJIA30-
BAHHOIO U JIENEHTPAJIMIOBAHHOIO YIIPABJIEHNsI B HOArPyNIax. B HEKOTOPBIX
TEPMUHOJIOIUAX TaKad CUCTEMa HA3bIBACTCA UEPAPXUICCKON IIEHTPAIN30BAHHON
cucTeMoil ¢ obpaTHON CBs3bi0. Takyke oTMedaeM, 9TO B PAMKAaX HAIIEro
UCCJIeZIOBAHUST POJIH 8e0YUWUT SBISIIOTCS (DUKCHPOBAHHBIMHU, & BO3MOXKHOCTD UX
JUHAMUYCCKONA 3aMEHBl ABJIACTC IIPEIMETOM JaJIbHEHINero n3yYeHusl.

2. 3akoHbl ynpasneHus ons noctpoeHwus 3agaHHoin dopmauun BMJIA
CaMoJsIeTHOro Tuna

Bribepem 3akon ynpasienus i ckopocreir BILJIA camonernoro tumna v©
B TakoM Bujze [24,25]:

V':[m V2 ... UN]Téle—i_L’
rje

lNé[1 1. 1]T
L2 (vf (%) arctan (keei))i:ﬁ

v — Kpeficepckasi CKOPOCTh, OITUMAJIbHASI C TOUYKN 3PEHUs] a9PO[MHAMEIIe-
ckux xapakrepuctuk BITJTA;

€ RY*! onpenensierca ¢ ygerom (1);

Vf — MaKCUMAaJILHOE 3HaUEHHE HOPMBI BEKTOPa JOHOJHUTEILHON CKOPOCTH,
KOTOPO€e BBIOMpAETCs B COOTBETCTBUU C MUHUMAJIBHOM M MaKCHMAaJIbHOI
BO3MOXKHO# cKOpocThio BITJIA;

ko — 1mOI0KHUTEJbHDBIN KO3(]D(UIMEHT, OT KOTOPOI'O 3aBUCUT ILIABHOCTD
BBIXO/a OOPTOB Ha 33 aHHBIE OTHOCUTEIbHBIE ITOJTOXKEHMSI.

Breibepem 3akoH yrpasienus Jjist KypcoBbix yryios BITJTA camoserHoro
tuna x° B caenyomeM Buge [24,25]:

X© £ (i + A[m/2 + arctan(ko{d; — PH])i—Tw € RN>1,
re

p; — dasosblit yros Bpaimenus i-ro BILJIA;



\RUmENE CPABHEHUE CTPYKTYP B3AMMOJIENCTBUSA B Irpyine BITJIA 57

A = +1— mapamerp, KOTOPBIil 3ajiaeT HAIIPABJICHIE BPAIEHUsT (DOPMAIIUAH
(110 MIIE IPOTUB YACOBOIl CTPEJIKN);

ko — TOJOXKUTENBHBIA KOI(DDUIMEHT, OT KOTOPOTO 3aBUCUT ILJIABHOCTD
BBIXOJIa GOPTOB Ha 33a[AHHYIO KPYTOBYIO JIMHUIO IIyTH;

d; — paccrosinue ot i-ro BILJTA 10 nenTpa BparieHus;

p— PpaJuyc BpalleHud.

3. CrpykTtypa B3aumogeiictBusa B reteporeHHoi rpynne BIJ1A

lereporennas rpynma BILJIA cocrout u3 60pTOB JABYX THIIOB: CAMOJIETHBIX
U MynbTUPOTOPHBLIX (KBajpokonrepos). [Tonrpyuna BIIJIA camosernoro
THIIA COBEPINAET KPYroBOe JBUKEHHE C ODIIUM PaJInyCOM U BBICTPAUBAHUEM
3aJaHHoi hopmarmn depe3 yribl ¢aBuroB (das. [loarpynma KBaapoKonTepoB
COBEpINAET KPYroBoe JBIKEHNE BHYTPU 00JIACTH, 09ePINBAEMO TPAECKTOPHIMU
noarpynnsl BIIJTA camosterHOro THiia, MpUYeM ¢ MEHBITUMEI PaJILyCAMI
Bparternsi. OTMETHM, 9TO 9Ta 33/1a9a CJIYKUT WITIOCTPATHBHBIM TPUMEPOM
JIJIST TECTUPOBAHUS aJITOPUTMA, a He ONMUCAHUEM DPeabHON MUCCHUU.

CuunraeM, 9TO JIB€ HMOATPYIIIBI B3AUMOIEHCTBYIOT MEXK Ty cODOil depe3
oxun Beibpanubiii BIIJIA-perpanciagarop B KaxkI0il moirpyiie (HToro jsa
BILJIA-perpancisTopa). 3aMeTuM, 9TO BCJIEACTBUE B3aAUMO3aMEHIEMOCTI
6GOPTOB WJIEHTUIHOTO THUMA B KAXKJIOH MOATPYIIEe MOXKET IIPOUCXOIUTH CMEeHa,
anmnapara, HazHadaemoro B kadecrse BIIJTA-perpancisaropa, To ecTh usbpanue
apyroro BITJIA B kadecTBe peTpaHC/IATOPa MOXKET [IPOU30ATH B IPOIECCe
BBITIOJTHEHUST MUCCHUU.

IIpeamnosaraercst cioCOOHOCTH HOAIPYIIIBI KBAIPOKOIITEPOB IOy YaTh
cBeJieHus o cocrostausax oxuoro BILJTA-perpancisgTopa caMOJIETHOTO THIA.
IlogpasymeBaercs, 9T0 KBaIPOKOITEP-PETPAHCIIATOD CTPEMUTCS I1O/IEPIKU-
BaTh TaKoi e hazosbi yroa spamenus ¢, kax u BILTA-perpancisaTop
caMoJIeTHOro Tuna. To ecTh JaHHBIN KBaJPOKONTED UCIOJIB3YET 3TOT (Pa30BbIil
YIoJ1 B KaveCcTBe yIIPaBJISIIONIEr0 BO3/I€MCTBHS sl ITOJIy YeHUs] 33 aHHON

THO3UITNN:

n,quad __ R e,quad __ : R
Py =pireosp”, py?" = prsing™,

rJe
1 — Pajuyc BpallleHus IIEPBOro KBaJIpoKonTepa (60pT-perpaHciisaTop),
T
] — BEKTOD KOODJWHAT II€PBOr0 KBAaJPOKOIITEPA B
3eMHOI CHUCTEeME KOOP/IMHAT.

n,quad e,quad
[P1 y P

JlBr>KeHne paccMaTpPHUBAETCs Ha IIPUMepE IMOAPYIIBI U3 TPeX KBaJIPOKO-
nTepoB. i BTOPOro u TpeTbero KBaJIpOKOITEPOB YPABHEHUS JIBUXKEHUST
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BBITJIAJAT TaKUM 06paSOM:

Py = pycos(pf + Ap®),  pyI = pysin(pf + Ap™),
n,quad e,quad .
py T = pgcos(p — Apf),  piT = pysin(pf — Ap™),
riue

P« — PaJIMyChbl BpallleHUs KBaPOKOIITEPOB,

T .
[pf’q““d, pi?quad] — BEKTOpa KOOPJAWHAT KBAIPOKOITEPOB B 3€MHOIA
cucTeMe KOODJINHAT,

A(pR — 3aJaBaeMblil yros cMmenienusi ha30BOro yria Bpalnenus (CaBur

da3z).

Jlasee paccMOTPHUM, KaK IIPOUCXOIUT YIIPABJIEHNE PAINyCaMU BPAIEHS
B MOJrpyIe KBaJapokonTepoB. CunraeM, 9T0 KBaJIPOKOIITEP-PETPAHCISATOD
MOXKeT Ha3Ha4YaThCs B KadecTBe 6edyuse20 B 3TOd moarpyume. B ciydae Boibopa
CTPYKTYPBI B3aUMOJIeHCTBUS 8edyuiuli-6edomvie (DOPMUPOBAHUE YIIPABJISIONINX

BogieiicTmit o pamycy [p§  pS  p§|T zamaerca Tax:

5 = pr+krwa(p’ = pr— Agwn),
P = p2 + ki2(p1 — p2 — A1),
pg = p3+ le(Pl —pP3 — A13)7
riue
kfwi, kg, k13— macrpamsaembie KO3DPUIMEHTEL,

pf W — rekymmit paguyc Bpamenus BILJTA-perpancagTopa caMoIeTHOTO
THIIA,

A fw,1 — 33JaBaeMoe CMeIleHue 110 pajuycy BpaineHua Mex iy BITJIA-
PETPAHCIISITOPOM CAMOJIETHOTO THIIA U IIEPBBIM KBAJPOKONTEPOM (6edy-
W),

A1o — 3ajaBaeMoe CMeIeHne N0 PAIuyCy BPAIICHUS MEXKILY 6€0yujuM 1
BTOPBIM KBaJ[POKOIITEPOM,

A13 — 3a7aBaEMOe CMeIeHne 10 PAIUYCY BPAIIEHUS MEXKIY SE0YUUM 1
TPETHUM KBaJIPOKOIITEPOM.

3/1ech IPEIoIaraeTcs, 9T0 KBaIPOKOIITEP-PETPAHCIISITOD Oy IaeT
Januble 0 pajguyce Bparienus BITJIA-perpancisitopa caMOJIETHOIO THIIA.
ITosromy nmaHHBIN KBaJPOKOITED YCTAHABINBAET CBOH PAIyC BPAIIEHUS depe3
BBIUMTAHUE OT STOTO KOHEYHOT'O PAIUyCa.

B cayuae genenTpaanzoBaHHON CTPYKTYPBI B3aUMOJIEHCTBUsT (DOPMU-
" . T
pOBaHUe yIpaBJIAINIIX Bo3aelicTuil no pamuycy [pf p5  p§l't samaercs
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TaK:
i =1+ kpwa (P’ = p1 = Agu),
p5 = p2 + k12(p1 — p2 — A12) + k3a(ps — p2 + Asa),
ps = p3 + ka2(p2 — p3 — As2),

rie

k3o — HacTpamBaeMblii KOahduImenT,

A1 — 3aJaBacMoe CMeEIIECHNE 110 PAIUYCy BPAIIECHUS MEXKy II€PBbIM U
BTOPBIM KBaJIPOKOIITEPaMHU,

Aso — 3aJaBaeMOe CMEHICHHUE 110 PAJMyCy BPAIICHUSA MEXKJLy TPETHAM U
BTOPBIM KBaIPOKOIITEPAMHU.

Ecyin BITJTA-perpascistop caMOJIETHOTO TUIA CUIBHO YIAJEH OT KOHETHOM
KPYTOBOI IIyTEBOM JINHUH, JJIsi YCKOPEHHUs BBIXOa HOJAIPYIIIBI KBAIPOKOIITEPOB
HA 33/IaHHble OPOUTHI BPAIEHNs 11€JIeCO00PA3HO BBIYUCIATDH PAJIAYC BPAIIEHUS
KBa/[POKOIITEPA-PETPAHCIATOPA HE OT TEKYIIErO MOJIOKEHUST CAMOJIETHOTO
peTpanciadATopa, a OT KOHEYHOU KPYrOBOM IIyTeBOHR JIMHUN.

[lepBrrit KBaAPOKONTEDP IPU BHIYUCIEHUN 33/I1aBAEMOTO PAJIyCa BPAIIEHIs
opuentupyercst Ha BILJIA-perpancisitop camosieTHoro tuma. Bropoit KBaapo-
KOIITEP OPMEHTUPYETCs KaK Ha IEPBbI, TaK U HA TpeTuil KBajapokonrep (oOHu
CUUTAIOTCS €ro cocedamu). TpeTuil KBaJpOKOLTEp OPUEHTUPYETCs TOJBKO Ha
BTOPOIl KBaJPOKONTEP (OH CUUTAECTCH €r0 cocedom).

4. AHanus ycToiAiumBOCTM

B nannom pazjiesie mpoBOIUTCS aHAIN3 YCTOMYIUBOCTHU TIPEJJIaraeMoi
cucremsr. [Ipexze Beero, B paforax [24,25| Gbuta OKA3aHA ACHMIITOTHIECKAS
YCTOWYHMBOCTD B TiesioM st toarpynnbl BILJTA camosnernoro tuna. Hamee
POBOJUTCST AHAIM3 YCTONIUBOCTU CUCTEMBI TI0 BXOIy-cocrostHuo (Input-to-
State Stability —ISS).

OnpezesinM IUHAMEUKY PACCOTIACOBAHUN MO yryiaM Diijiepa, [Jisi OArPYIIIIbI
KBa/IPOKOIITEPOB B CJIEYIOIIEM BUJIE€, OCHOBBIBASICH HA MPEJICTABIIEHHON paHee
MOJIEJIN:

éga + KD(pé@ +KP¢6¢ = W,
€9+ Kp,éo+ Kp,eg = wy
€y + Kp, ey = wy(t),
ér + KPFeF = U)F(t),
IJIe Wy, Wy, Wy, ¥ Wp — OTPAHIYEHHBIE BOSMYIIEHUs OT B3aUMOJIEHCTBUs C
noarpyimoii BITJTA camosierHoro tuma.
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Bgesiem B paccMoTpeHmre BEKTOP COCTOSTHUIA:
€o
€y
€o
€o
€y
er

Torga cucrema B IIPOCTPAHCTBE COCTOSHUIT 3AIMUCHIBACTCS CJIEAYIONIM 0OPA30M:

x = Ax + Bw,

rie

0 1 0 0 0 0

~Kp, —Kp, O 0 0 0
| o 0 0 1 0 0 6x6

A=10 0 -Kp, —Kp, O 0 | ERVT-

0 0 0 0’ —Kp, 0

0 0 0 0 0" —Kp,

6JI0YHO-IMAarOHAJIbHASI TYPBUIIEBA MATPUIIA,

B = IG — MaTpulla BXO/a, Oollipe/aesideMasd KaK eJIMHUYHad MaTpHlia,

0
“650

W = |, | ~ BEKTOp OrPaHIT{EHHBIX BO3MYIIEHUIL.

W
wr

[ockonabKy Marpuna A rypsunesa, To s jo6oit Mmarpuisl Q = QT > 0
cymectByer eauncrsennoe pemenne P = PT > 0 misa ypasuenus Jlsmynosa

ATP + PA = Q.
Bribupaercsa kBajgparutinas dopMma B KadecTBe dyHKImn JIamyHoBa
V (x) = x Px.
IIpousBonnasa dbyukun JIsmynosa
V(x) = (Ax + Bw)"Px + x"P(Ax + Bw)

=xT(ATP + PA)x + 2x"PBw

= —xTQx + 2xTPBw.
Wcnonbsys mepasercTso FOHra, st 106010 € > 0 MOXKHO TOJTIy YUTh

2xTPBw < %xTPBBTPx + ¢||w|?.

Torma mpoussoanasa dyuknuu JIgmyHoBa MOXKeT OBITH OIEHEHa, CJIeTYIOIIIM
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obpazom:
. 1
V< —x" (Q — -PBB'P ) x + ¢[|w]|*.
€

Baesem oboznadenne M 2 PBBTP (cuvveTpidnas HOJI0KITEIBHO TOTYOIIPe-
JIeJICHHAsT MATPUIIA).

Bribupaem € gocrarodso 60sbimuM, 9To0bl MaTpuia Q — %M ocTaBaJach
MOJIOKUTENIBHO onpefiesiennoit. Tak kak M > 0, To

xT (Q - 11\/1) x > (Amin(Q) - 1Amax(M)) Ix]1%.

IlosTomy mocrarouno BeIOpATDH € > );\"LEQM))

1
Amin <Q - 6M) > 0.

BeesieM HOBBIE 000O3HAYEHUS:

, 9T0OBI 00ECIIEYNTh BBIITOJIHEHIE

1
A 2 Amin (Q — EM) >0, Ap 2 Amin (P) >0, Ay 2 Apax (P) > 0.
Torga onenka st npon3Bonnoil Gyukiyy JISmyHoBa 3amncbiBaeTcs Kak

3 A'rn
2) V < Al + ellw? < =52V + elfw.
P

IIycts o = )/‘\—’" >0, f =¢€>0. Torga, ymaOXKast 06€ IaCTU TOCTETHETO
P

HepaBeHcTBa (2) Ha €' M UHTErpupys, MOXKHO MOJIYYUTh

Vi) < e VO + D sup fwin)”
Qo< r<t
Ucnonbzys \p||x|? < V(x) u V(0) < A,|x(0)]|?, nannoe nepasencTso
cBeJieM K
A

_ B
(3) [x(@®)]> < e x(0)]|* + <= sup [[w(r)]*.
Ap aXp o<r<t

Ompenenum dyukiun kiacca L u kinacca Ky

Ly _ | B
Brss(s,t) = )\pe seKL, mss(s) = a)\pSEICOO'

Yepes usB/edeHne KBaJIpaTHOIO KOpHs u3 obenx 4dacreil (3) mosydaem
CTAHIAPTHYIO (POPMY OIEHKH II0 BXO/Ly-COCTOSTHUIO:

IO < s + s  sup w1
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Takum 06pazoM, cucTemMa yCTONYNBA 10 COCTOSHUIO X IIPU OTPAHUYEHHOM
BXOZIe W. DTO O3HATAET, ITO BHEITHUE BXOIbI, BBOAUMBIC B3AUMOICHCTBHAEM C
noarpymmnoit BITJTA camosieTHOro Tuiia, He BBI30BYT HexKeJIaTeIbHBIX 3(PDEKTOB
B paboTe CHCTEMBIL.

Boimensmoxkenupiit ana 3 ObLT MPOBEIEH B 000OIIEHHOM BUIE, TIOITOMY
BBIJIEJINM HEKOTOPBIE OCOOEHHOCTH, BOZHUKAIOIINE B CJIyYae UCIIOJIb30BAHUS
KOHKDPETHOI'O BapHaHTa CTPYKTYPBI B3auMOjeiicTBus. B ciiydae menenTpasmnso-
BAHHOM CTPYKTYPBI BO3MYIIIEHUE OT CAMOJIETHOIO PETPAHCISITOPA IIPOXOIAT
yepe3 HECKOJIBKO KaCKaJI0B B3auMoeicTBus (IEI0YKY KBaIPOKOITEPOB),
KaXKJIBII U3 KOTOPBIX 00/1a/1aeT CBOEH MUHAMUKOI. DTO MPUBOIUT K TOMY, 9TO
BJINSIHME BO3MYIIEHNS Ha KBaJPOKOIITEPDI, HAXOMAIIIECS JAJIbIIe 110 IIEeN0YKe,
JIOTIOJTHUTETFHO (DUIIBTPyeTCs. B IeHTpa/m30BanHONl CTPYKTYpe KBaPOKOIITE-
PBI HOJIyYaroT HH(MOPMAIUIO HAIIPSIMYIO OT KBaJIPOKOIITEPa-PETPAHCIATODA
CBOEIl TOATPYIIIIBI, TIOITOMY (DUIBTPAIINAs BO3MYIIEHNUS TPOUCXOIUT TOJIBKO
OJlMH a3 (IMHAMUKON JaHHOro perpancisitopa). CreloBaTesbHO, JIeleHTPaN-
30BaHHAA CTPYKTYpPa 00Ia1aeT JIydmuMu DUIBTPYIOMIMA CBOCTBAMHI 110
OTHOIIIEHHUIO K BBICOKOYACTOTHBIM KOMIIOHEHTaM BO3MYyIIeHus. B TepMuHax
ycroitunBocTu 110 Bxojy-cocrosauio (ISS) aro oznauaer, yro kosdduiuent
YCUJIEHUS Y1gs IJIsl JAEIeHTPAJIM30BaAHHON CTPYKTYPBI MEHBIIE, YeM JIjIsi
[EeHTPAJM30BAHHON, 110 KpaliHell Mepe JJId TeX KOMIIOHEHT COCTOAHUA, KOTO-
pble COOTBETCTBYIOT KBaJIPOKOITEpPaM B KOHIIE MenodYKu. J[aHHBINH acnekT
00BSICHSIETCST B3ANMOCBSA3BIO Y755 U Hoo-HOPMBI CHCTEMBI:

V155 < |G(8)l[oc = SUP Omax |G (jw)],
weR

rie G(s) = (sI — A)7!B, u marpuna A sBasgercs rypsuresoit [27]. Yto
KAcaeTcst TMOPUIHOI CTPYKTYDBI, TO B Heil TOIOJIOTHsT B3aNMOJIEHCTBHS TaKast
JKe, KaK B IEHTPAIM30BAHHON, HO N3-3a AKTUBHOI'O Y9IACTHs CAMOJIETHOTO
PETPAHCIATOPA B TOCTPOEHUH (DOPMAIAU €r0 COCTOSHHUE U3MEHSIETCS Gostee
NHTEHCHUBHO, YTO 3KBUBAJIEHTHO yBEJIMYICHNUIO aMIIJIUTY/bl BOSMYIIIEHUSA W (t)
ITosTOMY, HECMOTDSI HA OJIMHAKOBBIE MEPEIATOIHbIE (DYHKIINH, HTOTOBOE
BO3MyIIAOIee BO3/EIiCTBIE MOXKET 0Ka3aThCsl G0JIee 3HATNTEIbHBIM.

ITycrs Bo3MyIIeHre W () COIEPKUT OMPAHMIEHHYIO IIEPEMEHHYO 3a/IePKKY
7 (t) € Timax, To ectb W (t) = W (t — 7 (¢)). Cucrema ¢ 3ana3/1pIBAIONIIM BXOJOM
noJrygaeTcst Komnosunueii ncxouoit ISS-cucremer (oneparopa G @ w — X) u
onepaTopa 4ucToit 3aaepkku (A, : W — w). [TockosbKy OI1epaTop 3a/1epKKu
He ycuiuBaeT curHai B Loo-HOpMe (||AL|lec = 1), u3 ISS-onernkn mis G
HEIOCPEJICTBEHHO ciieayeT [SS-omenka st kommosuiuu GoA, 0THOCHTEJIBHO
HCXOHOTO BX0sia W. TakuM 00pa3oM, OrpaHIMYeHHbIE 3aJ€PXKKH B JJAHHOM
cllydae He HApymaT [SS-ycToidunBoOCTb.
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5. CpaBHeHMe LEeHTPaM30BaHHON, AELEHTPaNIN30BaHHOW U rudpuaHoii
CTPYKTYp

151 9KCIIepuMeHTaIbHOM MPOBEPKU CTPYKTYP B3AMMO/IEHCTBUS, CXEMbI
KOTODBIX [OKa3aHbl Ha pucyHKe 2, Obuia cozmana B MATLAB/Simulink momens

A - 1 CaMoneTHbIH )\ = 1 CaMONeTHEIH
BILTA-perpancnsTop (THzAep)

(@) meneHTpaJn30oBaHHaA (6) LeHTpaJIn30BaHHAaA

)\ — 1 CamMoneTasiit

K BIIJIA-perpancnsaTop (uaep)

(6) TUOpHUIHASI — C OOPATHBIMU CBSI3SIMU OT 8€JOMBIT K 6edyulemy

PucyHok 2. CrTpyKTypbl B3aUMOJEHCTBHs B T€TEPOreHHO IPyIIIIe

rereporernoii rpymsl BILJIA, dbparmenTsr KOTOPOit TIOKAa3aHbI HA PUCYHKAX 3
7 4, a UCHOJIb3yeMble TapaMeTpbl MOIEINPOBAHNS TOJIeTa — B Tabinie 2.



Low Fidelity Fixed Wing Kinematic Mod

Height

o,
laa]

Control
[m]
o m
State Airspeed I—, State
TargetHeading H€34N9  TargetRoll > f — »|Environment
Control RollAngle
Environment UAV Guidance Model”
Heading Control1
] J
Environment
m m )

Windless1

PucvHok 3. ®@parment crpykrypHoii Mozen B MATLAB/Simulink, omuceisaronuit koukperssiit BILJTA

CaMOJIETHOI'O TUIIa

79

GONUIORIN "€ L



h_2_quad

<WorldPositioa

<EulerZYX>

bt

psi_2_quad

theta_2_quad

phi_2_quad

Control

State

Environment

Radius calculation1

Desired Yaw|

Control Signal Desired Position

Quadrotor Plant1

Gravity

UAV Stat

Controller1

PucyHok 4. Yacrs crpykryphoii Mmogenu 8 MATLAB/Simulink, onucpisaromas KOHKPETHBIA MyJIBTHPO-

topubrit BITJTA

&

VI[119 duusdda g BULLOUATONUVED dRIMAILO HUHAHAV])

<99



66 T.3. MycauMoB RUmEN:

TasnyA 2. Ilapamerpbl MOJIETUPOBAHMST

ITapameTrp 3HayeHUne
x{ = [190 920 100]T,
Havanbuele nonoxennst BITJTA camoner- xJ = [255 250 100]7T,
HOTO THIa, [M] x$ = [720 145 100]7,

x$ = [920 770 100]T

x9o = [430 450 100]T,
HagabHble moI0XKEHUsT KB, OKOIITEPOB,
AP p x9, = [420 440 100]T,

[]
x§q = [410 430 100]T

BekTop HagampHBIX KypcoBbIxX yrios BII- 0 _ T
x" =100 0 0]

JIA camoserHoro tuna, [paz]

BekTop navanbubrx ckopocreir BITJTA V0 =[13 13 13 13T

CaMOJIETHOTO THIA, [M/c] -

PunanbHas KpelicepcKkas CKOpoCcThb Gop- v =13

manuu BIIJTA camosnersoro Tuma, [m/c| -

Paamyc kpyrosoii myTepoil suanN, [M]| p =200

Koaddurnmenrsr ycnmenns ko =10, ko =0.02

BekTop kestaeMbIx yriioB casura ¢as 3r 137w 20 T

mexky BIIJIA camonernoro tuna, [paj) Poa= |3 5 T8

3agaBaeMblil yroJs cMmerenust (pa3oBoro
yIJla BPAIEeHUs JJIsl MIOArPYIIIBI KBAIPO- Apft =T
KONTEPOB, |pax]

ol

3alaBaeMoe CMeIIeHIe [0 PAJIyCy Bpa- (A12,A13,As) = (20,35,15)
LIeHUsT MeXKy KBaJpOKonTepamu, [M| 12,213, 232 Y

3amaBaeMoe CMeIeHHe 10 PaIuyCy Bpa-

menus Mexay BILJIA-perpancisitopamy, Afyp,1 =150

[n]

Macca kBagpokomnTepa, [Kr| m=0.1

Vckopenue cBoGoHOTO Taenusd, [M/c? g=9.81
KoaddunuenTsr ycunenusi B KOHTypax kp = ka =39, ky=39,
yupagsienuss BITJTA camoserHoro Tuma kv, =1, ky =0.39, ]gpw = 5.9414,
Kosddunpentsr ycunenus B kourypax | Kp, = Kp, =3402.97, Kp, = 1950
yIpaBJIeHUsI KBaJPOKOIITEPOM KD@ = KDB = 116.67, KPF = 3900
MunuMaabHOE U MAKCUMAJIBHOE 3HAUECHUE )

yria kpena BITJIA camosieTHOro THNA, pmn = —g, pmax = T

[pax]

B nporecce MoziesmpoBaHust BEIYUCISIOTCST CJIEIYIONIAE METPUKH, KOTOPbIe
CJIY2KAT JIJTsT ONIeHKHU 3P DEKTUBHOCTA PabOTHI AJITOPUTMOB yIIPABJICHHUSI.
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Wurerpanbhast KBaIpaTuIHAS HyTeBaH ommbKa (paccornacosamme) [Pah:

path _ / Z path) dt,
to

=1
rie tg — MOMEHT BPEMEHU HadaJjia MOJenpoBanust; T — MOMEHT BpeMeH!
3aBEPIIEHNs] MOJEJNPOBAHHUSL; €} “th _ 1yrepast omubka (paccormacosamnue) i-ro
BILJTA (paccrognue /10 33JaHHOMN IIyTE€BON JUHUMY).

WNurerpanbHas KBaapaTuaHast yrnosaﬁ ommGKa (paccornacopanne) 29l

Iangle / Z angle) dt
t i=1
angle

rie e, — yruoBag omubOka (paccorsacosanue) i-ro BILTA (pasuuna mexkiy
JKEJIAEMBIM U TEKYIUM yryiaMu c¢pura ¢das). HTerpagbHoe KBajpaTuaHOe
YIPaBIISIONIee BO3AEHCTBIE 0 KypcoBoMy yrury [engteEffort (3arparhl Ha
yIIPABJIEHUE 10 KYPCOBOMY YTJIY):

IangleEffort :/ Z = X dt.
to i=1

WMuTerpanpHoe KBaIpATUIHOE YIPABJSIONEe BO3AEICTBIE IO CKOPOCTH
IspecdEffort (zarparel na yrmpaBleHIe 1Mo CKOPOCTH):

T 4
speedE f fort c\2
[epecdBS S :/ E (vg — v5)* dt.
=1
Nurerpasibible KBaJpaTuuHble KOOPAUHATHBIE OIUOKH (PACCOIIACOBAHMS )
JIJIst TIOJIPPYTIIBI KBAPOKOITEPOB IO OCAM ¢, Ye, Ze COOTBETCTBEHHO:

/to Z QI) dt

i=1

Qy _ Qy
I /to Z ) dt

i=1

/ Z QZ) dt.
to =1

JlocTaTo9HO BazKHBIM (PAKTOPOM PabOThHI U NEHTPAJIU30BAHHBIX, U JEIeH-
TPaAJIN30BAHHBIX AJI'OPUTMOB YIIPABJIEHUS SIBJISIFOTCSI BDEMEHHBIE 3aJI€PXKKHI
[28]. B pabore [29] amst peanmsanyu o6MeHa TAHHBIMU B KPyroBoii dbopma-
muu peanbabix BITJTA camosiernoro Tuna 6nuin ncnoab3osanbl 900 MI'
RF-monemsr. Jljist Takoro Turia MOAEMOB 3a/IepKKa OOBITHO HAXOIUTCH B
nuanasone 10-100 mec. Dra 3aeprKKa BKIOYIAeT BpeMsl Ha KOJAUPOBaHUE
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JIEKO/IMPOBAHNE CUTHAJIA, TIePeIady 10 PaJinoKaHaIy U 00pabOTKY JaHHLIX. B
pabore [29] sKcrepuMeHTaIBLHO OBLIO MOJLYIEHO BpeMs 3alep:Kku Menee 30 Mc.
ITosromy manHOE BpeMsi mpu MojeMpoBaHuu ObLIO BbIOpaHO paBHbIM 30 MC, a
BpeMst MojiesinpoBanus — paBHbiM 180 c¢. 3ajiepkKa ObLIa BBEJIEHA B MOJIEJIH
Simulink B kanasb! cBsi3u Mexk iy BILJTA-perpaHcagTOpoM caMoIeTHOrO TUIIA
U KBaPOKONITEPOM-PETPAHCIATOPOM, & TAKKE MEXKIy OOpTaMu B MOATPYIIIAX.

6. Ob6cyxaeHne pe3ynbTaToB MOAENNPOBAHUS
6.1. OcHoBHble pe3ynbTaThbl

Henrpann3zoBannas CTPYKTYpa B3aUMOIEHCTBUS 110 CPABHEHUIO C JIEEHTPa~
JIN30BAHHON NMPUBOJUT K 3HAYUTEIHHO DOJIBINENl HHTErPAIbHON KBAIPATUIHON
yrsoBoit ormmbke (35.7-39%). IIpu Hasnumun 3a7epKKHU B KaHAJIAX B3ANMO-
JeACTBUA [JId JeHeHTPAJIN30BAaHHONU CTPYKTYPBI IPOUCXOAUT POCT 3TOU
merpuku Ha 2.8%, a IpU MEHTPATN30BAHHON cTpyKType—Ha 5.2%. DToT
daKT CBUAETEILCTBYET O MEHBIIEH 4yBCTBUTEILHOCTH JCIEHTPAIN30BAHHBIX
aJIrOPUTMOB YIPaBJICHUA K HAJIMINIO BDEMEHHBIX 33/CPKCK.

WuTerpanbhas KBaJpaTudHas IIyTeBas oMMOKa Ha 7.4% Goubine jrs
MEHTPAJN30BAHHON CTPYKTYPHI B3anmo/eiicrBus. OHA He pacTeT MpU BBEICHUN
BPEMEHHBIX 3aJIEPIKEK, UYTO OObSICHSIETCS OTCYTCTBUEM yUeTa B3aMMOJIEHCTBIS
MeX 1y OOpTaMu B 3aKOHE YIIPABJIEHUS BBIXOIa HA KPYTOBYIO IIyTEBYIO JIMHUIO.

3arpaThbl Ha yIpaBJieHHE 110 CKOPOCTH CYIIECTBEHHO BBIIIE JJIsl JeIeH-
TPAJU30BAHHON CTPYKTYDPBI — IJIABHBIM 00Pa30M OObSICHSIETCS T€M, YTO
BIIJTA-Bemymuit He ygacTByeT B mocTpoeHun (hOPMAIUE B CIyUae MEeHTPATIA30-
BaAHHOI CTPYKTYPhI, TO €CTh €r0 CKOPOCThH I10JIETA OCTAETCS ITOCTOSIHHOM.
3aTpaThl Ha yIpaBJIeHNE [0 KYPCOBOMY YIVIy HE3HATUTEIHHO BBIIIE JIJIsT
[IEHTPATU30BAHHON CTPYKTYPBI, YTO 00YCJIOBJIEHO HE3ABUCUMOCTHIO 3aKOHOB
VIIPABJIEHUsI 110 BBIXOMY HA IIyTEBYIO JUHUIO OT B3aUMOAEHCTBUS MEXKIY
GopTamu.

Cy1ecTBeHHBII pOCT 3aTpaT Ha YIIPABJIEHNE B CJIyvae BBEIEHIs BPEMEHHbIX
3aJIePKEK OIPEIEJISIeTCA TIOBBIIIEHIEM KOJ1e0aTeJIbHOCTH IIEPEXOIHBIX IPOIECCOB
B 9TOM KOHTYype yrpasienus. CHUXKeHne KojaebaTeIbHOCTH MOYXKET OBITh
JIOCTUTHYTO Yepe3 yMeHbIleHne KO3 duiimenTa ycuieHus ky.

B Tabune 3 ceesennt pesysbrarhl MojempoBanus. OKOHYaTEIbHBIE
TPAEKTOPUH ME€TEPOreHHON I'PYIIIBI IPU PA3JINYHBIX CTPYKTYPAX YIIPABJIEHUS
MOKa3aHbl Ha PUCYHKaX H—7, & yrJIOBble paccoriacoBanus B moAarpyime BITJTA
CaMOJIETHOT'O THIIA W KOOPJMHATHBIE PACCOTJIACOBAHUS KBAIPOKOIITEPOB —
Ha pucynkax 8-10.



TABUUA 3. Pe3ynbpraThl MOIEINPOBAHUS

3agep>kka

NuaTerpanpHas KBagpaTUdYHasl olndka

3aTrpaTbl Ha ynpaBJI€eHUE
(MHTerpajabHOEe KBaApaTUYIHOE
yhnpasJsiiolee Bo3aelcTBue)

nmyTeBasi yrJioBasi KOOpJAMHATHAasA KBa/JIPOKOIITEPOB | IO KYPCOBOMY YIJULy II0 CKOPOCTH
IPath oy | Jangle ppanyenr | 197 kM | 19V, kM 197, MM JangleEffort pajx/c JspecdEffort M/C2

JenenTpajuzoBaHHas CTPyKTypa

0 mc 3421 184900 467.5 81.4 0.043 60.18 141.9

30 mc 3422 190100 467.9 81.7 0.048 60.19 256.6
IlenTpasinzoBaHHasi CTPYKTypa

0 mc 3674 251000 294.6 137.3 0.036 62.46 81.5

30 mc 3675 264200 294.7 137.6 0.037 62.48 88.5
T'ubpuagHasa cTpyKTypa

0 mc 3597 114900 292.0 133.4 0.046 60.08 198.3

30 mc 3595 127900 291.6 133.8 0.049 60.09 456.4

Y

HlE)
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Ocp Cenep-I0r (M)

800 N Tpackropms BITIA Nel
——Tpaexropusi BITJIA No2
Tpackropus BITIA Ne3
Tpackropms BILIA Ned Tpaciropna BIUIA Nel
‘Tpaektopus kKBaapoxonTepa Nel Tpackroprs BILTA Ne2
Tpaeiropus kpazpokorrrepa N2 Tpaexropis BILIA N3
700 Tpaexropus kBaapokomnTepa No3| - Tpackropis BILIA No4
‘Tpackropus KsaapokonTepa Nel
‘Tpaekropus KBaapokonTepa Ne2
‘Tpaexropus KBapokonTepa No3
600
140
120
500 =
=2
= 100
]
S
. / R
400 0
750
250
300
/ ! 550
300 400 5(;0 600 700 800 600 o
> . ; 650 350 Ocs Cesep-IOr (M)
Ocb Boctok-3amaj (M) Ocr, Bocroxk-3anaz () 700 300

Pucvynok 5. OkoH4are/bHbIE TPAEKTOPUH I'PYIIIILL C JEIEHTPAIUZ0BAHHON CTPYKTYPOit
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Ocb Cegep-10r (M)

\ Tpackropust BITJIA Nel
800 Tpaekropus BITJIA Ne2
Tpaekropust BITJIA Ne3
Tpaextopusa BITJIA Nel
\ ——Tpackropus BITJIA Ne4 Tsaem'\)ﬁml BILIA Ne2
750 e TpaeKTOPHST KBapokomnTepa Nel| ™ Tpackropis BILTIA Ne3
\ TpaekropHs kBagpokorTepa Ne2 Tpackropus BILIA N;4
700 Tpaekropist keazpokorrepa Ned| Tpaekropus kBaapoxonTepa Nel
Tpackropus kBaapokonTepa No2
\ ‘Tpaekropua KBaapokonTepa Ne3
650 /, N\ - i
600
140
550 120
g 2
500 g 100
2
A 80
450
60
700
400 \ /
350 \ \/
450
300 ] 400
T~ 600
300 350 400 450 500 S50 600 650 700 750 800 Ocs Boetok-3anan (M) 300 Ocb Cenep-10r (m)
Ocb Bocrok-3anaj (M) 700 250

PucyHOK 6. OkoHuaTesbHBbIE TPAEKTOPUH IPYIIIILI C IEHTPAJIM3OBAHHON CTPYKTY POt
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WNurerpanbable KBaIpaTUIHbIE KOOPAUHATHBIE ONTUOKH JJTsI TIOATPYIIIBI
KBaJIPOKOIITEPOB MTPAKTUYECKA HE MEHHAIOTCS IPHU BBEJEHUU BPEMEHHBIX
33/1epKeK, I9TO OOOCHOBAHO 3HAYUTEHLHO O0OJiee HU3KOU JTUHAMUKONW HX
JBUYKEHUS U 3HAYUTEIHLHO 00Jiee BHICOKON MAHEBPEHHOCTHIO.

IIpw 3TOM MOJKHO 3aMETHTE, UTO TI0 OCH T, JAHHAS METPUKA Oy THMO BhIIIE
(=59%) 11t JenenTpain30BanHoll cTPYKTYphl. Takoe ormdue 00yCIOBJICHO
TeM, UTO B Clly4ae JeleHTpain3oBaHHoro s3anmopeiicrsust BITJIA-pemymit
CaMOJIETHOTO THIA yIACTBYET B MOCTPOCHUHN (POPMAIIAA U B 3HAUUTETLHOM Mepe
MeHsIeT CKOPOCTb CBOETO JIBUZKeHHUs. [103ToMy KBaIpOKOIITep-peTPaHCIsTop,
MOJICTPAMBAIOIIAICS IO/, 9TOT GOPT, TAKYKE BHIHYKJEH B OOJIBINEN Mepe
BAPBUPOBATH CBOIO TPACKTOPHUIO [[BUYKEHUS. B HTOre OCTATBHBIE KB IPOKONTEPDI
B TIOJIPYIIe HOJACTPAMBAIOTCH I10] KBaPOKOIITeP-PeTPAHCIATOD U €ro
NepeMeHINEOe TBIZKEHNE.

O/Hako, KaK MOXKHO 3aMETHUTh, HHTErpajibHasi KBaJIPATHIHAST KOODAUHAT-
Hasi OIIUOKA 110 OCH Yo CYLIECTBEHHO Bbile (R269%) yaKe JyIst HEHTPAIM30BAHHOM
cTpyKTypbl. [IOHATH TPUYUHY TAKOTO OTJIMYUS MOXKHO U3 IPAGUKOB— OCHOBHOM
BKJIAJ B 9Ty METPUKY BHOCUT TPETUI KBaJIPOKOITED, NBUXKEHNE KOTOPOTO
00J1a/1aeT 3HAYUTEILHON KOJIe6aTeIbHOCTBI0. 3aMETUM, YTO JIAHHBIA TpeTuii
BILJTA 6but Haunbostee yiaieH o 60pTa-BeIyIero.

B nenrpanusoBanmoit crpyKType TpeTuil KBaJIPOKOITEDP OPUEHTUPYETCS IO
KBa/[POKOIITEPY-BEIYIEMY, KOTOPBI HE YIACTBYET B IOCTPOEHUH (DOPMAIIUN.
B nenenTpannzoBanHOil CTPYKTYpE TPeTHil O0PT OPHEHTHPYETCS 110 BTOPOMY,
KOTODBIil B CBOIO 09€peilb B3aUMOJIEHCTBYET € IEPBBIM (8edyusum) U TPETHUM.
Ksagpokonrep-BeyIuii Tak:Ke BHOCUT CBOI BKJIAJ] B OCTPOEHUE (POPMAIIUH.
B pesynbrare, n3-3za Hajauuusi oOpaTHON CBSA3U OT 68edyusez0 U BTOPOTO
KBaJ[POKONTEpa, TpackTopus jBukenus tperbero BITJIA cranoBuTcs maBHOM
¢ OBICTPBIM BBIXOIOM B TpeOyeMble KOOpJAUHATHI. VIHTerpaabHas KBaIpaATUTHAS
KOODJMHATHAST OIITHOKA [0 OCH Z, HECYIIECTBEHHA M3-33 TOTO, YTO IOCTPOEHUE
dopmaIy TPOUCXOAUT B IPOEKIIUU HA TOPU30HTAIBHYIO IIJIOCKOCTD, IOTOMY
BBICOTa IIOJIETA COXPAHAETCH OJIM3KOI K 33/JaHHOMY 3HAYEHUIO.

l'ubpunnas cTrpyKTypa HnoKa3blBaeT HAUMeEHbINlee 3HAUYEHe HHTErPAIbHON
KBaIDATUIHON yTIJIOBOI OIMMUOKYM U3 TPEX BHIOPAHHBIX BAPUAHTOB CTPYKTYP.
O tHAaKO HApSIY C STUM CHJIBHO PACTYT 3aTPaThl Ha YIIPABJIEHHE 10 CKOPOCTH,
0COOEHHO TIPU BBEJIEHNN BPEMEHHBIX 3aJlepKeK. TaKoil pocT CBS3aH CO 3HAYU-
TEJIbHBIM yBEJIMIEHIEM KOJIEOATEIbHOCTA B KOHTYPaX yIPaBJIEHUS CKOPOCTHIO
moJieta. OTMETHM TakKzKe, YTO JJIsi TUOPUTHON CTPYKTYPbI HHTErPaJIbHAS
KBaIpATHYIHAS IIyTEBast OIMUOKA BBIIIE MPUMEPHO Ha 5% 110 CpaBHEHHIO
¢ JIENEHTPAJIM30BAHHOM CTPYKTYPOI, YTO FOBOPUT O HE3HAYUTEILHOM CHUKEHUU
CKOPOCTH BBIXO/a Ha 33JaHHYIO IIyTEeBYIO JIMHUIO.
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LITO KacCaeTCd MHTeI'PaJIbHbIX KBaJIPATUIHBIX KOOPJAMHATHBIX OIHI/I6OK JJIA
[TOJINPYIIITbI KBAPOKOIITEPOB, TO JjIsl TUOPUIHON CTPYKTYPhI 3HAYEHUST ITOM
METPUKHU COIIOCTABUMBI C BAPUAHTOM IEHTPAJIU30BAHHON CTPYKTYPHI II0 OCSIM
x. (menbine npuMepHo Ha 1%) u y. (Menbiie npumepro Ha 3%). Ipadukn
KOOPJIMHATHBIX OIMMUOOK CYIIECTBEHHO CXOXKK C IEHTPAJIN30BAHHBIM BAPHAHTOM
JIJIS BTOPOI'O U TPETHEro KBaJIPOKONTEPOB (HEKOTOPbIE OTJIMYULA B IPApUKOB
Bece ke ecThb). I'paduku Jjig nepBoro KBaIpokonTepa O/mxKe K rpadpukam
[IEPBOTO KBAIPOKOIITEPA B CIyYae JEIeHTPATN30BAHHON CTPYKTYPhI, OJTHAKO
paccorjacoBaHus BCE YK€ 3HAYUTE/ILHO MEHbIIE i THOPUIHOTO BAPUAHTA.
Takoit xapakTep rpaduKoB 00bACHIETCH TEM, UTO B CIydae TUOPUTHOMN
CTPYKTYPBI KBAJIPOKOITEP-PETPAHCIATOP (6edytuil) OTCIEKUBAET YIIIOBOE
nojsioxkenre BILJTA-perpanciisiTopa caMOJIETHOTO THUTIA, KOTOPBIA B CBOIO
0dYepeib YIACTBYeT B IMOCTPOEeHNH (POPMAIMH B CBOEH MOATPYIIIE.

6.2. AHanus 3HepronoTpebseHns Ha OCHOBE MMEIOLLMXCA Pe3ys/ibTaToB
MOZE/IMPOBAHUS N NPOBEPKU YCTOWYNBOCTMN

Ouepronorpedsierne BITJTA HanpsMyio ¢Bsi3aHO ¢ XapaKTePOM UX JIBUKE-
HUS: Pe3KHe M3MEHEHUs CKOPOCTH, 9aCThble MAHEBPHI U KOJIeOaHUus TPAEKTOPUU
MIPUBOJISIT K TOBBINIEHHBIM dHepro3arparamM. B KoHTeKcTe JaHHON paboTh
KJTIOYeBBIMU WHMKATOPAMH, TO3BOJISTIOIIAME KOCBEHHO OIEHUTH SHEPTroahheEK-
TUBHOCTD, SBJISTIOTCS:

« NurerpaibHble 3aTpaThl HA yIPaBJIeHHE CKOPOCTHIO (1 specdEff °ort) —sra
METPHUKA OTPAXKAET, HACKOJIHKO AKTHBHO CHCTEMA YIIPABJICHUS U3MEHSLIA
ckopoctb BILJTA ornocurensao 3amannoit. g BILJIA camonernoro Tuma
moTpebIisieMasi MOITHOCTD B YCTAHOBUBIIEMCST PEXKMME ITPUOIM3UTEBHO
[IPOIIOPIINOHAJIBHA KyOy ckopoctu. [losToMy marke He3HAUUTEIBHBIE, HO
YaCThIE OTKJIOHEHUS CKOPOCTH OT ONTUMAJILHOTO KPEHCepCKOTO 3HAYCHMUST
MOI'YT CyIIIECTBEHHO yBEJIUUYUBATH SHEPIOMOTPEO/IEHNE BCEHl IPYIIIIBI.

HHuTerpasibable 3aTpaThbl HA yIIPABJICHUE KYPCOM (I‘mgleEffm"t) — Xa-
pakTepu3dyeT aKTUBHOCTH MAHEBPOB IO KPEHY U Kypcy. BoIiosnenne
MaHEBPOB TPeOyeT CO3JaHUA JOIOJHUTEIbHON OIbEMHON CHJIBI U
IIPEO/I0JIEHNs] BO3POCIIIETO JIOOOBOI'O COIPOTHUBJIEHUS, UTO TaK>Ke BeJIET
K POCTY 9HEeprosarpar.

Xapakrep TpaeKTopuil u OmubOK KOOPIMHAT — «HEPOBHBIEY, KOJIEOTFOIITH-
ecsi TPAEKTOPUU, OCOOEHHO JIJIsi MYJIBTUKOIITEPOB, CBUIETEIbCTBYIOT
O TIOCTOSTHHBIX PAa3roHaX W TOPMOXKeHUsAX. [T MyJIbTUKOIITEPA SHED-
rozarparbl Ha TaKOe JIBUKEHNE 3HAYUTEJILHO BBIIIIE, YeM Ha IIJIABHOE
repeMelleHue nin 3aBUCaHue.
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IemeHTpaan30BaHHAs CTPYKTYPa JEMOHCTPUPYET MEHbBINNE 3HATCHIS
HHTErpajIbHOM yraoBoil ommbkn (paccormacosamns) (1979'¢) no cpasrenmo ¢
[EHTPAJIN30BAHHO CTPYKTYPOil, 9TO TOBOPUT O OBICTPOM U TOYHOM TIOCTPOEHUN
dopmalun ¢ NpueMIeMbIMA TI0 JIJINTETBHOCTH MAHEBPAMU. XOTsI 3aTPaThI
Ha ylpaBJIeHHE II0 CKOPOCTHU (I‘SpeedEff‘”'t) Y 9TO# CTPYKTYDHBI BBIIIE, YeM Y
[EHTPAJIN30BAHHON CTPYKTYPBI 0€3 3a/1epKeK, PN BBeJeHNH 3a/1epKKU B 30 Mc
POCT 3TOTO ITOKA3ATEJIs He CTOJIb 3HAYUTENEH, KaK ¥ THOPHIHON CTPYKTYPDL. DTO
YKa3bIBaeT Ha POOACTHOCTD U CTAOUIBHOCTD JEIEHTPATH30BAHHOTO YIPABICHNUS.
IInaBHBIE TPAEKTOPUN MYJIBTUKOIITEPOB ¢ MAJIBIME KOJICOAHUSAME TaKKe
CBUJIETETIBCTBYIOT 00 9HEPTO3(MMOEKTHBHOM JIBHKEHIH JAHHON ITOATPYIIIHL.
MoxkHO cenaTh BBIBOJ, UTO JENEHTPATIN30BAHHAS CTPYKTYPa 00eCcednBaeT
HanboJjiee cOATAHCHPOBAHHOE U IIPEJICKA3yeMOoe IHepronoTped/ienne, 0COOEHHO B
YCJIOBUSIX HECOBEPIIIEHCTBA KAHAJIOB CBSI3H.

Ienrpasnmm3oBannasi CTPyKTypa UMEET HAUOOJIBIIYIO YIJIOBYIO OITHOKY
(paccoryiacoBanue), 4T0 MoApasyMeBaeT 60Jiee IIUTENbHBIA U 9HEPro3aTpaTHbI
poriecc nocrpoenusi popmarnnu. Bmecre ¢ TeM 3aTpaThl Ha yIpaBjeHue
CKOPOCTBIO y 9TOH CTPYKTYPBI 3aMETHO HUKE B OTCYyTCTBHUE 33JIePXKeEK, TaK KaK
gedyuyuli He yIACTBYET B IOCTPOCHUU (POPMAIUU U JIETUT € IHOCTOSTHHON
ckopocTbio. OJIHAKO TaKoe MPEUMYIIECTBO CHUXKAECTCS [IPH BBEJCHUN 3a/I€PKKU:
[specdBffort nacrer na 8.5%. Bouee Toro, st TIOAPYIIBI MY/ ILTUKOITEPOB
HabJII0/1aeTCsl BhIPasKeHHas! KoJ1ebaTe/IbHOCTh TpaeKTopun Tperbero BITJIA
(pucyHOK 92), 9TO yKa3bIBAeT HA BBICOKHME SHEPIrO3aTPaThl JAHHOIO KBAJIPOKO-
nrepa. Takum o0pa3oM, IEHTPAJTH30BAHHAS CTPYKTYPA MOYXKET OKA3aThCS
MeHee SHeProddEKTUBHON B PEAJbHBIX YCJIOBUAX N3-33a BOSHUKHOBEHUS
TPAEKTOPHBIX KOJiebaHuit y edomuiz OOPTOB.

l'ubpupnast crpyKTypa HOKa3bIBAET HAUIYUIIAN PE3Y/IbTaT 110 TOYHOCTU
nocTpoeHns yrioBoil dpopmanuu (MEHEMAJIbHOE 3HAaYeHUe | “"916), 9TO MOYKET
COOTBETCTBOBATE 3(D(MDEKTUBHOMY C IHEPTETUIECKON TOUKY 3PEHUST ITPOIECCY
BBIXOJIA B 3JIAaHHBINA ¢TPOii. OHAKO KJIIOYEBBIM HEJOCTATKOM SIBJISIETCS KpaiHe
BBICOKasl 4yBCTBUTEILHOCTH KOHTYPA YIPABJIEHU CKOPOCTHIO K 33IEPIXKKAM: [TPU
BBeIeHnn 3a1epKKH B 30 Mc MeTpuka [PedESfort pospacraer B 2.3 pasa (co
198.3 10 456.4). Crosb 3HavmTEbHBIE KOJIebanus ckopoctu Tpedyior or BILJTA
CaMOJIETHOTO THIIA TIOCTOSTHHBIX PEZKUMOB PA3TOHA M TOPMOYKEHUsI, UTO, COTJIACHO
KyOMYecKoii 3aBUCUMOCTH MOIHOCTU OT CKOPOCTH, MPUBOJUT K 3HAYUTETLHOMY
pocty 3Hepromnorpebsenus 3Toil moArpynmbl. C SHEPreTHIecKoi TOYKN 3PeHus
rUOpHUIHAST CTPYKTYPA B YCJIOBUSIX PEAJBHBIX 33JIEPXKEK CBSI3U MPEJICTABIISIETCS
nanMenee 3pHEKTUBHOIL.

Ha ocHOBe KOCBEHHBIX METDPHK, IIPEJICTABJIEHHBIX B PabOTe, MOXKHO
YTBEPKJIATh, UTO JIENEHTPAIN30BAHHAsI CTPYKTYPa B3aUMOIeHCTBIs 001a1aeT
HauOOJIBIIUM TOTEHITUAJIOM dHEProaddEKTUBHOCTH JIJIsl TOJTOBPEMEHHBIX
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ABTOHOMHBIX MUCCHI reTeporeHHoro posi. [IpenMyinecrBa TaHHON CTPYKTYpPbI
B BUJIE M&JIOH IYBCTBUTEJLHOCTH K 38JI€PXKKaM CBSI3U, IJIABHOCTH TPAEKTOPHIA 1
OTCYTCTBHS 3HAUUTETHLHOTO POCTA YIIPABJISIIONINX YCUIU JEJIAl0T TOTped/IeHrne
SHeprum 0oJiee MMpeCKa3yeMbIM [0 CPABHEHUIO C IEHTPAJIM30BAHHBIM U,
0COOEHHO, THUOPUIHBIM MOIXOJAMA. DTOT KAYECCTBEHHBIA BBIBOJ XOPOIIO
corjiacyercst ¢ OOIIMMH IIPEUMYIIECTBAMU JIEIEHTPAIN30BAHHBIX CUCTEM,
OTMEYEHHBIMU B CTaThE, U JOOABJSIET BayKHBII MPAKTUIECKUI ACIIEKT MX
CpaBHEHUSI C JAPYTUMU PEIIEHUSIMHU.

BbiBoab!

B crarbe npencraBien npeaBapuTebHbBI aHAIN3 CTPYKTYP B3aUMO-
JeficTBust B rereporenHoit (pasaoponnoii) rpymmne BITJIA B omimune or
npeapLyux pabor [24,25], rie u3ydaauch OMHOPOJHBIE cucTeMbl. s
IIpeJIOsKEeHHON pa3HopoHoi rpymunbl BIT/TA mnposenen anajimus3 ycTORYMBOCTH
cucreMsl 110 Bxozy-cocrosuuio (Input-to-State Stability —ISS), ycranosusimmit
COXpaHeHre JAaHHOTO Tuna ycroitunsoctu. [lo pesysbraram MomempoBaHus
ObLIO BBISIBJIEHO, ITO, HECMOTPs Ha H0Jiee BBICOKYIO CTPYKTYPHYIO CJIOXKHOCTD,
JENeHTPAIN30BAHHOE YIIPABJIEHNE UMEET PsiJl IPEUMYIIECTB:

« GoJiee BBICOKYIO TOYHOCTb U CKOPOCTBH BBIXOJa B 33/ [aHHYI0 (DOPMAIIMIO;

e MEHbIlTasd 9YBCTBUTE/IbHOCTD K 3aJ€pP>KKaM B KaHaJlaX CBA3U;

* MEHbIIIasi CKJIOHHOCTH 6O0PTOB, 6oJtee yaanenubix or BILJTA-perpanciasropa
(8edyuwse20), K BOSHUKHOBEHUIO TPACKTOPHBIX KOJEOAHUI CO 3HAUNTEIbHOIL
AMILJIUTYIOU.

l'ubpunnas crpyKTypa nMeer Kak MPEUMYIIECTBA, TAK U HETOCTATKH:

* HAUMeEHbIIee 3HaUeHNe MHTErPAJTbLHON KBAIPATUIHON YIIOBOM OITHOKM
(paccoryiacoBanus), 9TO yKa3blBaeT Ha 60Jiee BHICOKYIO CKOPOCTH U
TOYHOCTH TOCTPOEHUs (DOPMAIUH IO YIJIOBBIM ITOJIOXKEHUSIM;

* HEKOTOPOE CHUKEHUE CKOPOCTH U TOYHOCTH BBIXOJIa I'PYIIIBI Ha 33/ IaHHYIO
IIyTeBYIO JINHUIO 110 CPABHEHUIO C JElCHTPAJIN30BAHHOU CTPYKTYPOIL;

» KpaiiHe BBICOKadA 9yBCTBUTEJIBHOCTHb KOHTYPAa I'PDYIIIOBOTO YIIPABJICHUSA
CKOPOCTBIO IOJIETa K 33JIeP2KKaM B KaHaJIaX CBA3H.

OrmernM, 9TO BBIOOP MMEHHO JIENEHTPAJIN30BAHHON CTPYKTYPHI 00y-
CJIABJINBACTCS TAKXKE U3MEPUTEIHHBIM 000PYIOBAHUEM, UCIOJIb3YEMbIM I
peaJjim3anuu 1oJjiera Ipynibl. 371eCch UMeeT 3HaUYeHue, KaKue IapaMeTphbl
OTHOCHUTEJILHOT'O TIOJIOXKEHUsT OOPTOB IIPUMEHSIOTCA B 3aKOHAX YIIPABJICHUS.
JlanHoe mccieIoBaHne COMEPAKUT OIPAHUYIEHUE: MOJIEJUPOBAHUE CTPOUTCS HA
O/THOM HabOpe HAYAJIbHBIX YCJIOBUI, OHAKO ITPOBEJEHHBIN TIepe] STUM AHAJIN3
YCTONYINBOCTU OOOCHOBBIBAET TAKOH BBLIOOD.
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