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Method of Multi-Agent Reinforcement Learning in Systems
with a Variable Number of Agents

Abstract

Multi-agent reinforcement learning methods are one of the newest and actively developing areas of machine learning. Among the
methods of multi-agent reinforcement learning, one of the most promising is the MADDPG method, the advantage of which is the
high convergence of the learning process. The disadvantage of the MADDPG method is the need to ensure the equality of the number
of agents N at the training stage and the number of agents K at the functioning stage. At the same time, target multi-agent systems
(MAS), such as groups of UAVs or mobile ground robots, are systems with a variable number of agents, which does not allow the
use of the MADDPG method in them. To solve this problem, the article proposes an improved MADDPG method for multi-agent
reinforcement learning in systems with a variable number of agents. The improved MADDPG method is based on the hypothesis that
to perform its functions, an agent needs information about the state of not all other MAS agents, but only a few nearest neighbors.
Based on this hypothesis, a method of hybrid joint / independent learning of MAS with a variable number of agents is proposed, which
involves training a small number of agents N to ensure the functioning of an arbitrary number of agents K, K> N. The experiments
have shown that the improved MADDPG method provides an efficiency of MAS functioning com-parable to the original method with
varying the number of K agents at the stage of functioning within wide limits.

Keywords: multi-agent systems, machine learning, multi-agent reinforcement learning, collaborative learning, independent
learning, variable number of agents
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MeTton MyJIibTUAreéHTHoro oGyHeva C noaKpensfneHnem
B cucrtemax c nepeémMeHHbIM YHUCJTIOM areHToB

Memodsr myarvmuazenmno2o 00yueHus ¢ NOOKpenieHuem A6ASLOMC 00HUM U3 HOBeUWUX U AKMUBHO PA38USANOUUXCS
HanpasaeHul mauwuHHo2o obyuenus. Cpedu memodos MysbmuaceHmMHo20 00yueHUs ¢ NOOKpenaeHueM O00HUM U3 Hauboiaee
nepcnekmuerbix aeasemcs memod MADDPG, docmourncmeom Komopoz2o A643emcs 8biCOKAs CX00UMOCMb npoyecca 00yueHus.
Hedocmamxom memoda MADDPG seasemcs Heobxodumocms obecneueHus pasencmea yucaa azeumoe N Ha cmaduu o6y4eHus
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u yucaa acenmoeé K na cmaouu @yHkyuonuposanus. B mo jce epems yesegvie mysomuaeenmuvie cucmemol (MAC), makue kak
epynnot BIIJIA uau mobuavHbiX Ha3eMHbIX POOOMOB, AGASAIOMCS CUCMEMAMU C NePeMeHHbIM YUCAOM A2eHMO08, Ym0 He N0360151-
em npumenamo 6 Hux memod MADDPG. Jlns peuienus 0auHoU npobaembvl 6 cmamove npedaodHceH YCO8ePUleHCMBEOB8AHHbII Memod
MADDPG 015 mysbmuaeeHmuozo o6y4eHus ¢ noOKpenieHuem 6 CUCmemMax ¢ nepemMeHHblM YUCAOM A2eHmMOo8. YcosepuleHCmeo-
eannbviti memod MADDPG 6azupyemcs na eunomese 0 mom, 4mo 045 GblNOAHEHUS C80UX DYHKUUL aceHmY HYICHA UHGOpMAa-
yus o cocmosnuu He ecex npouux azenmosé MAC, a moavko Heckoabkux 6audcatimux cocedeti. Ha ocnoee dannoii eunome3ol
npeonoxcern memoo eubpudHoeo coemecmuoeo/nezasucumoeo o6yvenuss MAC c nepemenHbIM HYUCAIOM A2eHMO8, KOMOPbLL Nped-
nonazaem obyueHnue HeKOmMopo2o He60AbUI020 Yucaa azeHmod N 045 obecneyeHuss QYHKUUOHUPOBAHUS NPOU3BOALHO20 YUCAA
aecenmos K, K > N. IIposedennvie s3xcnepumenmol nokazaiu, 4mo ycosepuieHcmeoganuoii memod MADDPG obecneuusaem
CONOCMABUMYIO C OPUSUHANBHBIM Memodom dppexmuenocmov Gyukyuonuposanus MAC npu éapvuposeanuu yucia K acenmos
Ha cmaduu GYHKUYUOHUPOBAHUS 8 WUPOKUX Npedesax.

Karwueeuvie caosa: MYyabmuaeeHmHbsvle cucmembsl, MauuUHHoe 06y‘l€HH€, MyabmuaeeHmHoe 06y‘{€HH€ c noalcpen/leﬂueM, Cco-

emMecmuoe ooyuenue, He3asucumoe 00yuerue, nepemMeHHoe YUCA0 A2eHMO8

Introduction

With the development of reinforcement learning
methods more and more com-plex problems fall
into the area of interest of researchers. One of the
newest and actively developing areas of reinforce-
ment learning is multi-agent reinforcement learning
MDRL multi-agent systems (MAS). The interest in
the MAS is due to two rea-sons: 1) economic effi-
ciency of using, instead of one complex agent, a set
of technically simpler agents with comparable total
productivity; 2) higher efficiency of decentralized
problem-solving using MAS in comparison with
similar centralized methods [1—3].

MAS find application in such areas [4] how pro-
duction [5], transportation, smart homes, robotics
[6—9], aviation, infrastructure facilities, medicine
[10] and etc. An important problem in the develop-
ment of MAS is the ambiguity and nontriviality of
the synthesis of the policy of behavior of individual
agents according to the specified target indicators of
the MAS [11—13]. At the same time, single-agent
reinforcement learning SDRL has established itself
as a powerful and versatile tool for solving intel-
lectual problems at a level comparable to that of a
person [13—15]. Taken together, these factors de-
termine the relevance of development single-agent
deep reinforcement learning (SDRL) for use in
MAS in the form of MDRL.

The two main challenges of MDRL are learning
convergence and scalability [16]. The scalability
problem also includes the problem of the possibility
of dynamically changing the number of agents during
the operation of the MAS. The problem of the possi-
bility of dynamically changing the number of agents
is of particular importance in the context of mo-
bile MAS. Mobile MAS such as UAV groups [17]
or ground mobile robots, in comparison with other
types of MAS, are characterized by functioning in
a non-deterministic environment with a relatively

high probability of failure of individual agents, un-
stable bandwidth and topology of communication
channels [18] and etc. Also, in mobile MAS, higher
requirements for the reliability of control methods
[19, 20]. Calculation error [21, 22] can damage and
disable mobile MAS agents. These factors lead to
the fact that mobile MAS in the general case can be
considered as MAS with a variable number of agents.

To ensure the operation of the MAS with a vari-
able number of agents, the article proposes an im-
proved method of deep multi-agent learning with
reinforcement based on the gradient of the deter-
ministic policy MADDPG. The article is structured
as follows. Section 2 reviews the existing methods
and problems of MDRL, substantiates the use of the
MADDPG method as a prototype, and describes
its main features. Section 3 describes the proposed
improved MADDPG method. Section 4 presents
experimental results confirming the effectiveness of
the proposed improved MADDPG method.

Target setting

The target set in this paper is to develop a sca-
lable MDRL method based on the MADDPG. The
developed method must be able to work with a vari-
able number of agents. In this case, the computa-
tional complexity should grow no more than lin-
early in a wide range of the number of MAS agents.

Current state of the problem

The subject of this work is such a type of MOP
as learn cooperation [16]. The current section ex-
amines various approaches and methods of teaching
cooperation from the point of view of their effec-
tiveness, mechanisms for overcoming the nonstatio-
nary of the environment in the process of learning
and functioning, and the possibility of working with
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Fig. 1. An example of a spatially distributed problem [23]

a variable number of agents. This paper discusses
MOS methods for cooperative MAS without explicit
pre-organized or self-organizing communication,
designed to solve spatially distributed problems.
A generalized example of such a task is given in [23]
under the name "Cooperative navigation”, is shown
on Fig. 1.

The problem includes an MAS of K agents (green
circles) and an environment in which there is a set
of K target objects (black crosses). The goal of MAS
agents in this task is to occupy all target objects.

Let us introduce the following notation to de-
scribe the interaction between the MAS and the
environment:

s — state of the environment, which also includes
the state of agents s € .S, where S is set of possible
states of the environment;

0; — observation state of the environment avai-
lable i-th agent, o; € O; where O is the set of pos-
sible observable states of the environment of the
i-th agent;

a; — action, undertaken by the i-th agent, a; € 4;
where A; — set of possible actions of the i-th agent;

r; € R — reward, received by the i-th agent for
performing an action g; in a state of environment s,
and the transition of the environment to the state s’;

n; — the policy of the i-th agent used by the i-th
agent to transform the current observable state of
the environment o; in the probability distribution of
the action to be taken a; and parameterized by some
vector of parameters 0 :

m; 1 0;x A; > [01], ()
w;, — notation for deterministic policy m;:
Wi 20 x A = {013, @

O, — value function used by the i-th agent to
estimate the expected value of the future cumula-
tive reward when performing an action g; in the
observed state of the environment o;, and param-
eterized by some vector of parameters 0o,

0 :0,xA; > R. 3)

According to the concept of reinforcement lear-
ning used by a policy agent n; and the value func-
tion Q; are approximations of some ideal policy n:
and/or ideal value function Q;. In the process of
training, the optimization of the parameter vectors
takes place 0, and 0o, to improve the accuracy
of the approximation. Deep reinforcement learn-
ing uses artificial neural networks as approximators
(ANNSs), and as vectors of optimized parameters
0., and 0, the weights of the respective ANN:S.

Methods MDRL can be divided according to the
object of approximation into value-based methods
and policy gradient methods, under the conditions
of training on methods of joint training of agents
and methods of independent training of agents. In
value methods, the object of approximation is the
value function Q;, in gradient methods, the object
of approximation is the policy =; without/with value
function Q;. Value-base methods [24—31] presen-
ted mainly by methods based on the learning algo-
rithm DQN [14] and its modifications DRQN [32].
The main disadvantages of value-based methods
are the low learning efficiency compared to gradi-
ent methods. [33, 34] and focus on working with
discrete action space A;. An example of a gradient
method for independent learning of agents is the
method FTW [35]. The FTW method is an adap-
tation of the SDRL method based on the actor-
learner structure IMPALA [36]. In article [23] it
is shown that adapted gradient SDRL methods in
multi-agent problems have weak convergence. This
phenomenon is because the reward received by
the i-th agent r; depends not only on his actions
a; also from the actions of other agents {g; | j = i},
therefore, the probability of obtaining the correct
direction of the gradient with an increase in the
number of agents decreases exponentially. To solve
this problem at work [23] proposed a gradient meth-
od for collaborative learning of MADDPG agents
(Multiagent Deep Deterministic Policy Gradient),
DDPG-based (Deep Deterministic Policy Gradi-
ent) [37]. The DDPG method is based on the use of
two ANNSs. First ANNs — actor, used to approxi-
mate deterministic policy p; another ANNSs. critic,
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used to approximate the value function Q,. In the
MADDPG method, each agent uses its own ANNSs
pair actor and critic. At the entrance of the ANNSs
critic i-th agent approximating the value function
0,, not only action is given a; i-th agent, but also
the actions of all other agents {aj| J # i}. An impor-
tant disadvantage of the MADDPG method is the
need to ensure equality of the number of agents at
the training stage. N and the number of agents at
the stage of functioning K.

Based on the analysis of publications, the follow-
ing conclusions can be drawn. The MDRL value
methods are applicable only for problems with a
discrete set of actions. Gradient MDRL methods
with collaborative learning of agents are applicable
to problems with a continuous set of actions and
have good convergence, but they have poor scala-
bility and fault tolerance. Gradient MDRL methods
with independent learning of agents have good
scalability and fault tolerance, however, they have
problems with overcoming the nonstationary of the
environment [16].

The listed features of gradient MDRL methods
with joint and independent training of agents de-
termine the relevance of the development of hybrid
gradient MDRL methods with high convergence,
scalability, and fault tolerance. In this paper, we
propose such a hybrid method based on the MAD-
DPG method and the concept of parameter separa-
tion. Details of the implementation of the parame-
ter sharing concept in the enhanced MADDPG
method are described in the next Section.

MADDPG method

In this work, the MADDPG method is taken
as a basis for improvement in view of its following
advantages [23]:

1) versatility of work in cooperative and competi-
tive environments;

2) efficiency in comparison with other gradient
methods of joint MDRL;

3) the choice of actions can be carried out from
a continuous set of possible values.

The prototype of the multi-agent MADDPG
method is the single-agent DDPG method. [37].
The essence of the DDPG method is as follows.
Let there be a deterministic policy u(o|e“) making
decisions by an agent to take an action a in the ob-
served state of the environment o, parameterized by
a parameter vector 0,. When describing the single-
agent DDPG method, the subscript "i", indicating

the agent number, not used in values. The DDPG
method is based on the optimization of the param-
eter vector 6, with the aim of maximizing the ex-
pected total discounted remuneration J. New value
of the vector of parameters 9;” at each optimiza-
tion iteration is determined by the formula:

t+1 _ nt T

0, —9H+OLV9LJ, 6]
where 6; — the current value of the parameter
vector 0,; o — optimization step size; VQ,J

gradient J over the vector of parameterS 6y;
\% 6,J — estimated gradient value V of J.

According to the policy gradient ‘theorem [38],
provided that the medium is partially observable for
the gradient V o the following relation is true:

it

e

VGLJ B {VGLQM(O,a | 65)

o_o,,a~u(o,|6L):|

=Qw{V£4aM6@\ x )

0=0;,a~p(o; ‘GL)

t
X VGMM(S | e“)‘s=st :l )

where u[x] — mathematical expectation
of a quantlty x provided that the state of the
environment s, has distribution p, policy-driven p;
0,(0,a | G’Q) — value function Q, used by an agent
at a point in time ¢ when following a policy pu,
taking as arguments the state of the environment o
observed by the agent and the action taken by the
agent a, parameterlzed by a parameter vector eQ,
a~u(o, | 0 ,) means the agent chooses an action a
according to the dlstrlbutlon returned by u(o, | 0’ W

Ideal value function Q with full observablhty
of the environment (o = s) is given by the Bellman
equation:

0, (s;a,) = el #7055, (6)

Tt58t41

where E = Eu[x] mathematical expectation of
a quantlty x subJect to receiving the award r, and the
transition of the environment to some next state s,
according to the distribution returned by the math
entity £when using the policy p; £ — a mathematical
entity describing the functioning of an environment,
usually described as a mathematical model or an
algorithm for the dynamics of the environment;
vy € [0;1] — a discounting parameter reflecting a
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decrease in the importance of a subsequent reward
r,+; compared to the current award r,.

In DDPG method for policy approximation
and value functions Q, two ANNs are used, re-
spectively named actor and critic. The weights of
the ANNs actor act as a vector of parameters 6,
policy u, and the ANN weights critic act as a vector
of parameters 0, value functions Q,. During train-
ing, optimization of the vector of parameters 0, is
carried out according to the formula (4). Optimi-
zation of parameter vector values 6 is performed
by a gradient machine learning method in order to
minimize the following loss function:

LO) =B, ., . pl(©Qu0,a,100)~ )1, (7)

s~p*ay

Vi = r(staat) + ’YQH(Ot+lsat+l | etQ)J (8)

where y, — expected total discounted remuneration.
The MADDPG method is a multi-agent exten-
sion of the DDPG method. For each i-th agent
from N agents MAS uses two ANNs (Fig. 2, see
the second side of the cover) for policy approxima-
tion w; and value functions Q; — actor and critic,
respectively. At the stages of learning and function-
ing i-th agent uses decision policy p; for transform
the current observable state of the environment o;
in the action taken ag;. Value functions Q, the i-th
agent is used only at the training stage to assess the
usefulness of the action taken by the i-th agent a;.
In contrast to the single-agent variant of the
value function Q(o, a) the DDPG method, which
takes as an argument the action a of one agent, a
multi-agent value function Q,(o;, a;) method MAD-
DPG takes as an argument the actions of all agents:

a={a;|i=1N}. )

The following is a more rigorous mathematical
description of the method, MADDPG. Consider a
problem with N agents whose policies p;, i =1, N
parameterized by parameter vectors 0, . Optimiz-
ing parameter vectors 9 using the gradlent rise
method, it is carried out accordmg to the formula:

o, =0 + oV vV . J., (10)

where J; — expected total discounted remuneration
of the i-th agent.

Gradient Vo J calculated by the formula:

—_

Vefli Ji= Es~p“i {VaiQu;(O’a | GIQ,,)

t
0=0;,a;~1;(0;16},;)

(11)
X Vepl_u,-(s | eﬁi )L:sr } )

where etQ,- — vector of parameters of the value
function Q“l_ now f.
Qu,— updated to minimize the loss function £(0 0 )

L(6g,) =
& Lo (12)
LI (( M OR AL LSS AR P
Vi = r(st’at) + YQH,-(OHIJaHl | eth) (13)

In the article [23] the effectiveness of the MAD-
DPG method was investigated when working with
a fixed number of agents, the same for the training
stage and for the execution stage. As the authors
note, one of the further directions in the develop-
ment of the method is its development for working
with a variable number of agents.

Advanced MADDPG Method

The advanced MADDPG method differs from
the original method in the following modifications.

1. At the training stage, N agents are used, at
the functioning stage, an arbitrary number of K > N
agents.

2. At the stage of functioning, a "scope" is intro-
duced for agents. The state of the environment o;
observed by the i-th agent includes the state of only
those agents that fall into this scope. Let’s desig-
nate the field of visibility, determined by objective
reasons, such as the range of the communication
channel or the range of visual observation, as the
natural field of visibility. If more than N — 1 agents,
the method uses an artificial scope, which includes
N — 1 nearest agents (Fig. 3, a, see the second side
of the cover). If the natural scope falls M < N — 1
other agents as states (N — 1) — M of unobserved
agents, their last observed state is used (Fig. 3, b,
see the second side of the cover).

3. According to the concept of parameter sha-
ring, the same decision-making policies are used for
all agents. y; = ... = uy = p and the value function
0, =...0y=20 (Flg 4, see the second side of the
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cover). At the training stage, one ANN actor and
one ANN critic are used for all agents. At the stage
of functioning, all agents use identical copies of the
actor ANN.

Expressions (10)—(13), taking into account the
listed features, take the following form. Common
policy for all agents u parameterized by the parame-
ter vector 0,. Parameter vector optimization 6, uing
the gradient rise method, it is carried out according
to the formula:

. S
0.7 =6, + aVeLJi, (14)
where J; — expected total discounted remuneration
of the i-th agent.
Gradient V o J;, calculated by the formula:
u

—

ToTnsB, {va,.Qp(o,a |05)

t
ozot’aiNHi(Otlepi)

(15)
Xveuiui(s | GLf )‘s:s }’

where G’Q — vector of parameters of the value
function Q, at the moment 7.
0, updated to minimize the loss function £(6):

L(6y) =

[(Q,(0,a|0p)-y)%l, (16)

s~pta~pr~E

Ve =1(s1,0,) + 70, (01415444 | etQ) 7)

The modifications of the MADDPG method
proposed in the work lead to the following results:

1. Computational complexity of each training
step with an equal number of agents being trained
N remains the same. The number of ANN actor
and critic decreases by N times, while the num-
ber of acts of optimization of the weights of these
ANNSs increases by the same number of times at
each learning step.

2. The introduction of the scope allows us to re-
duce the task of ensuring the functioning K agents
to the task of ensuring the functioning N agents. As
follows from the results of experimental studies in
the next section, it is enough to conduct training
N < K agents, in contrast to the original method,
where N = K.

3. Because N < K, in the improved MADDPG
method, it will be possible to significantly reduce
the computational complexity of MAS training
to ensure the functioning K agents. Consider the
factors affecting the computational complexity of
one step of training when switching from training

N, agents for training N, agents in the MADDPG
method with N, > Ni:

I) the number of ANN inputs actor and critic,
which are responsible for information about other
agents, increases by N,/N; times, which leads to
a quadratic increase in the number of connections
in the ANN actor and critic and a corresponding
increase in the number of necessary computational
operations;

2) the input data space increases proportionally
N,/N,, which may require an increase in the num-
ber of perceptrons in individual layers of the ANN
and lead to an additional abrupt increase in the
number of computational operations;

3) the number of ANNSs actor and critic increases
by N,/N, times, which leads to a linear increase in
the required memory for storing the ANN weights
actor and critic.

Taken together, these factors lead to a non-linear
increase in the computational complexity of each
training step.

4. In the analogous method, in the learning
process, agents "get used” to each other’s behavior,
since the input data is an ordered tuple, where in-
formation about the state of the i-th agent is in
the corresponding i-th position of the input data.
By using identical copies of the ANN actor, the
impersonality of agents is achieved — one of the
prerequisites for scalability.

Results

The results of an experimental comparison of the
original and improved MADDPG method are shown
in Fig. 5—7 (see the second side of the cover). Fig. 5
shows graphs of the frequency of training steps exe-
cution on the same hardware for the original and
improved MADDPG method with the number of
agents being trained. N = {3;5}. The jump in the
frequency of training steps at the initial stage is
explained by the accumulation of data in the retry
buffer and the absence of an optimization operation
for the ANN weights. The graphs show approxi-
mately equal frequency of learning steps for the
original and improved method.

Fig. 6 (see the second side of the cover) shows
graphs of learning curves — the dependence of the
total reward received by the MAS during an episode
on the number of learning steps for the number of
agents being trained N = {3;5}. As it follows from
Fig. 6, the learning rate for the improved and origi-
nal method is approximately equal.
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Fig. 7 (see the second side of the cover) shows
the average values of the total reward received by
the trained MAS per episode for the original and
improved MADDPG methods for various values of
the number of K agents at the stage of functioning.
For the original method, the results were obtained
for N = K. For the improved method, the results are
given for various N.

As follows from the results, the efficiency of the
functioning of the MAS trained using the improved
method is comparable to the efficiency of the MAS
trained using the original MADDPG method. In this
case, using the improved method, it suffices to train
the number of agents NV less than the number of agents
K at the stage of functioning for different values of K.
For example, an MAS trained using the improved
method for N = 3 for K= {5;7} demonstrates the same
efficiency as the original method, which requires strict
compliance N= K=50or N=K=1.

Conclusion

In this paper, we propose an improved multi-
agent reinforcement learning method based on the
MADDPG deterministic policy gradient. The im-
proved MADDPG method is based on the use of
the concept of shared parameters and the introduc-
tion of artificial scoping for agents. The obtained
results of experimental studies have confirmed the
following theoretical expectations:

1) with an equal number of trained agents N,
the computational complexity of the improved and
original MADDPG methods are the same;

2) the efficiency of training using the improved
method of N agents for an MAS of K agents for
K > N comparable to the learning efficiency with
the original method of K agents.

The results obtained confirm the possibility of the
improved MADDPG method working with a vari-
able number of agents. In the future, the solutions
proposed in this work can also be used to reduce the
computational complexity of the original MADDPG
method by reducing the number of trained agents N
for a given number of K MAS agents.
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KomneHcauuns oTKNOHeHU MoounbHON NNaTopMblI
napannenbHOro TPOCOBOro po6oTa No cunam HaTsaXXeHUs TPOCoB*

Ilapaaneavhvle mpocosvie pobomosr 06aadarom NPOCMOMOU KOHCMPYKYUU U BO3MONICHOCMbIO macuimaodupyemocmu. Bmecme
¢ mem napannenvHbvie Mpocogvle POOOMbL CAONCHbI 8 NPOCKMUPOBAHUU 6 CUNY CReyuuKu onpedeienus obaacmu paboyezo npo-
CMpPancmea mpocogozo poboma, npobaemvl CMOAKHOBEHUS MPOCO8, A MAKICE 2eOMEeMPUHECKOU U KOHCMPYKMUBHOU HeAUHEeUHOCMU
6 Mamemamu4ecKux Mooeasx OCHOBHbIX dAeMeHmo8 poboma. B nacmosiwel pabome paccmampusaemcsi npobiemMa UCKAIOMeHUs
HeonpeoeaeHHOCMU, C8A3AHHOU ¢ 0eOPMAUUAMU HECYUUX IAeMEHMO8 KOHCMpYKyuu poboma. Boibupaemes makas kongueypayus
Mpocoeol cucmeMmvlt, RpU KOMOPOU MOUKU €X00a HEKOMOPbIX MPOCOE MONCHO CHUMAMb He OMKAOHAIOUWUMUCST OM 3A0aAHHO20 NOAO-
acenus. Tpocosas cucmema kpynunoeabapumno2o poboma monmupyemcs Ha Hecyuux 6awnsx. OmkKioHeHUue Mouex cxo0a 6epXHUX
Mpoco8, pAcnoAOICCHHBIX 6 6epXHell vacmu 0aueH, CMAaHO8UMCS CYUECMBEHHbIM 6CACOCMEUE 3HAYUMEAbHOU Oeopmayuu eepxHell
yacmu bawen. Jegopmayuro 6awen 6 cpedHeli 4acmu MOJCHO CHUMAMb He3HAYUMEAbHOL, NOIMOMY MOUKU CX00a HUICHUX MPOCO8,
DACNOA0NCEHHBIX He 8biule cepedulbl OQuHU, MOJNCHO CHUMAMb COOMEEMCMEYIOWUMU 3a0anHomy noioxcenuro. Cmasumcs 3adaua
KOMRNeHcauuu OMKAOHEHUS OM 3A0AHHO20 NOAONCEHUS UeHMPAa Macc MOOUAbHOU NAam@opmbl mpocoso2o poboma eciedcmeue
deghopmayuii mpocoeé u necywux 6auwen. Takxce cmasumces 3a0a4a KOMREHCAUUU OMKAOHEHUS 8 OpUEHMAUUU MOOUAbHOU NAGM-
gopmol. Obe 3adauu nodpasymesarom HeonpeoeseHHOCMb 8 OMHOUWEHUU KOOPOUHAm moyek cxoda eepxHux mpocos. Jepopmauuu
mpocoeé onpedeasromes us 3akona I'yka ¢ ucnoavzoeanuem 0amuukoe cui HAMAJNCeHUss mpocos. 3adaua KOMReHCauuu OMKAOHeHUL
pewaemcs 6 0éa smana. Ha nepeom smane naxooumcs npubaudceHHoe 3Ha4eHue OMKJAOHEHUs YeHmpa Macc MOOUALHOU NAaM-
ghopmbl no eepmukanvHoli KoopouHame, KOMopas onpedesiemcs KaKk eblcoma yceueHHol nupamudst, pebpa Komopou 06pa3oeamsl
deghopmuposannvimu HuxcHumu mpocamu. Ha emopom smane onpedeastomes omiaonenus opuenmayuu MoOUAbHOU NAAMPOPMbL
U C UCNOAb30BAHUEM MAMPUYbI NOGOPOMOE HAXOOAMCS OMKAOHEHUS NO BbICOME MOUeK KPenAeHUs MPOCo8 6 NOOBUICHOU cucmeme
Koopdunam. B paccmompennuvix npumepax ucnoavsyemes [I1HJ] pecyruposanue, o0nako 6oaee cosepuietinbie Memodsl agmomamu-
uecK020 ynpasaeHus, Hanpumep, ONMUMAAbHOe Pe2yauposanue, Mocym obecneyums aAyyuiue pesyiomameot. 3a0a4uu paccmampued-

romcs Ha npumepe napanienbHoco CUMMeMpUUYHO20 60CbMUNIPOCOB0c0 poﬁoma.
Karoueevte caosa: mpocoeblﬁ poﬁom, OMK/AOHEHUA, N0A0IHCeHUe, opueHmauus, OaﬂocmOPOHHﬂﬂ CBA3b

[MapannenbHble TPOCOBbIE POOOTHI COYETAIOT
B cebe MpOCTOTY TPOCOBBIX IOABEMHBIX MeXa-
HU3MOB U 3¢ GEKTUBHOCTh COBPEMEHHBIX CUCTEM
ABTOMAaTUUYECKOro YIIpaBlCHUS. YCTPOUCTBO CO-
BPEMEHHBIX MapajjeibHbIX TPOCOBBIX POOOTOB
BO MHOTOM aHaJOTMYHO MEXaHM3MaM KaOeIbHBIX
KPaHOB, KOTOPbIE LIMPOKO MCMOJL3YIOTCS ¢ KOHIIA
XIX Beka [1]. bojiee Toro, mogbeMHbIE MEXaHU3-
MBI, TAKME KaK JeOeaKH, ObLIM XOPOIIO U3BECTHHI
B AHTUYHOM MHUPE, U UX KOHCTPYKIMUS HE IIpe-
Tepreaa CYIIECTBEHHBIX W3MEHEHUI BIJIOTH 0
Hamux gHei [2]. MexaHU3MBlI U3 MPOLIJIOTO OT-
JIMYAIOTCS OT COBPEMEHHBIX, IJIABHBIM 00pa3oM,
THUIIOM UCIIOJIb3YEMbIX UCTOYHUKOB SHEPTUU U OT-

*PaboTa BBIMOJIHEHA MpU (UHAHCOBOW moanepxke PHO®
(rpaHT 22-29-01618).

CYTCTBMEM aBTOMaTMYECKOro ympanieHus. Tpa-
JTUIMOHHBIE KUTAallCK1e U KOPeCK1e MOaAbeMHbIE
KpaHbl, U3BECTHbIC MO IpaBlOpaM W OMNUCAHUIM
XVII—XVIII BekoB, npeacTaBiasiltoT coboil Mexa-
HU3MBI C TPOCOBBIM MPHUBOJIOM, aHAJOTUYHbIE CO-
BpPEMEHHBIM TPOCOBLIM poboTaM [3, 4]. Otnuuue
OT COBPEMEHHBIX TPOCOBBIX CHUCTEM C BJIEKTPO-
MPUBOIOM M aBTOMAaTUYECKUM YIIPaBJICHUEM CO-
CTOMUT JIMIIb B TOM, YTO NPUBOIMJIMCH OHU B IBU-
XKEHUE MYCKYJBHOM CHJION JIOAEW MOJ PYKOBOI-
CTBOM OIIBITHOTO Y€JIOBEKA.

IlapanienbHble TPOCOBBIE POOOTHI CTaJIU MC-
MOJIb30BaThCs B IMMPOKOM CIIEKTpE MHpaKTuye-
CKHX 3ajJad ToJbKo ¢ Havajga XXI Beka. OgHO u3
MEePBBIX MCCIENOBaHUU MapaslJIeIbHBIX POOOTH-
3MUPOBAHHBIX CUCTEM C TPOCOBBIM IIPUBOAOM IIO-
aBuyiocb B 80-x rogmax XX Beka [5]. B kauecTBe
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MPaKTUUYECKOTO MpUMepa MOXHO IIPUBECTH ILJIaT-
¢dopmy CrioapTa ¢ TPOCOBBIM MPUBOAOM, KOTO-
pasi MCHoab30BaJiach [JISI CTaOMIM3allMM KpaHa
Mopckoii minardopMmbl NIST Robocrane [6]. Ha-
yrHag ¢ 90-x rogoB XX BeKa, ObIJIM U3rOTOBJIEHbI
MHOTOYMCJIEHHBIE B3KCIepPUMEHTAJIbHbIe 00pa3-
bl TMapaJlleJIbHBIX TPOCOBBIX poboToB. Hamnbo-
Jiee M3BECTHBIMM M3 HUX SIBJISIIOTCS ONMCAHHEIE
B Hay4YHBIX cTaThdXx 1 otyeTax: FALCON, WARP,
SEGESTA, IPANEMA, CableBOT, CoGiRo [7—12].
[TapannenbHble TpOCOBbIE POOOTHI pa3IUYaAIOTCS
OCOOCHHOCTSIMM MEXaHUKM (HaIlpuMep, JUCIOM
cTemeHeil cBoOOAbBI), yIpaBlieHUWEM (HarpuMmep,
ONTUMAJILHOE MJIM HEYEeTKOE), BKCIJIyaTallMOH-
HBIMU XapaKTepUCTUKaMu (CKOPOCTb U YCKOpe-
HUe MOOUJIBbHOU MJIAaT(GOPMEI), CIIOCOOHOCTHIO
MepeBO3UTH MOJIE3HYI0 HArPy3Ky pa3IMuyHON Mac-
CHI, C pa3HBIMHM JIMHEWHBIMU pa3MepaMu (IeCITKU
CaHTHMETPOB U JeCSITKM METPOB) U Tak najee [13].
MonenupoBaHue IBUKEHUS MOOMJIBHOM T1J1aT-
(opMBI KakK TBEpHOrO TejJa OIMCHhIBACTCSI BHIpa-
KEeHUEM
Mi+Dg+g.=-w,+A"f, (1)
rne M — martpuua macc; DD — MaTpuia 3aryxa-
HUS; ¢ — BEKTOp O0OOLIEHHBIX KOOPAUHAT; g, —
(akTOp BO3MEUCTBUS LIEHTPOCTPEMUTEIBHON U
KOPUOJIMCOBOW CUJI; W, — AMHAMUYECKHUH BUHT
BHeWHUX cuit, A" TpaHCIOHMpPOBaHHAs Ma-
Tpula fxobu, mmpeacTasBiasoolias codoil MaTpully
CMEXHOCTH, KOTOpasl CBSI3bIBACT IIPOCTPAHCTBO
0000IIeHHBIX KOOPAMHAT IMIPUBOIOB M IMPOCTPaH-
CTBO O0OOILIEHHBIX KOOPAWHAT pPaboyero MHCTPy-
MEHTa; / — BEKTOp CHMJI HaTSIKEHHUH B TpOcCax.
ITpu ncnonb30BaHWM METONOB JIMHEWHOM ajre-
OpbI HEOOXOAMMO 3HATh TOUHbIE KOOPAMHATHI TOYEK
CXOJla TPOCOB C HANPaBISIOIIMX POJUKOB HA HECY-
LIMX OAIIHSIX B HEMOABUXKHOM CUCTEMe KOOpAUHAT.
[IpoGaemy mpeacrasisieT olpeacaeHre KOOpAuHaT
TOYEK CXOJa TPOCOB C HAIpPaBIAIOLIMX POJTUKOB
¢ ydyetoMm jgedopmauuii OamieH. IlpencraBieHue
OalllHu Kak 0anku Diiaepa—bepHyIn ¢ KOHCOJb-
HOI 3aJIeJIKOU IIPU HEBBICOKMX BBIYMCIMTEIBHBIX
3aTparax JaeT CIUIIKOM TIpyboe TpubIukeHue,
a Oojiee TOUHOE KOHEYHO-3JIEMEHTHOE IpeCTaB-
JieHue OalllHM MJIM MadThl MpeanosjaraeT BbICOKHUE
BBIYMCIUTEIBHBIE 3aTpaThl. B WHXXEHEpPHBIX pac-
yeTax TPOCOB HauboJiee pacnpoCTPpaHEHO MOIEIU-
poBaHue AedopMalnii B COOTBETCTBUM C TeOpUeE
Tskenoi rubkoi Hutu [14, 15]. KoHeuHo-3€-
MEHTHOE IIPEICTaBJICHUE TPOCOB TAKKE UCITONb3Y-
€TCsSI B HEKOTOPBIX MHKEHEPHBIX 3aJa4yax, OJHAKO

MIPAaKTUUECKNU He IPUMEHSIETCSI B MOIEINPOBAHNM
TPOCOBBIX poOOTOB. B MomenupoBaHUU TPOCOBBIX
poOOTOB YacTO WCIIOJB3YIOTCS 0o0jee IIPOCTHIC
CIIOCOOKI TIpeACTaBICHUSI TPOCOB, HAalpUMep, Kak
BJIACTUYHBIX CTEpXKHEW C BKIIIOUCHHEM YCIIOBUS
oIHOCTOpPOHHEN cBsa3u [16, 17]. Haubosee monHble
OIMMCAHMS TIPUHIIAIIOB YCTPOICTBA ITapaslyIeIbHBIX
TPOCOBBIX POOOTOB, a TAKXKE METOIMKM UX MPOCK-
TUPOBAHUS NpUBeAeHBI B padorax [18, 19].

IIpodaema nedopmanuu
3JIEMEHTOB TPOCOBOIO podoTa

B mpouecce paboThl mapaijieIbHOTO TPOCOBOTO
pobora B cuny aedopMalMii KaK caMUX TPOCOB,
TaK ¥ HECYIINX 3JIEMEHTOB BO3HUKAIOT OTKJIOHE-
HUS MOOUJIBHOHN MaaTdopMbl OT 3aJaHHOIO ITO-
noxeHusd. [lpy HeGONBIIMX JTUHEWHBIX pasMepax
poboTa, mopsiika HECKOJIbKMX METPOB, Hecyllas
KOHCTPYKIIMSI MOXET BBIIIOJTHSITHCS B BUIE IPO-
CTPAaHCTBEHHOIO MHOIOIpaHHUKA, OOJafarole-
ro JOCTAaTOYHOW KECTKOCThIO. B TakoMm cnyuae
neopMallui HECYIIMX 3JIEMEHTOB MOXHO CYM-
TaTh HECYIIeCTBEHHBIMHM. Tak:ke NIpM OTHOCH-
TeJIbHO HeOOJBIION Macce II0JIe3HOM Harpy3ku
Ha MOOWJBHOU TuUIaTDopMe (TOpsinKa HECKOJb-
KUX KHJIOTpaMMOB) aedopManid TPOCOB MOIYT
CUMTAThCA IIPeHeOpeskuMo MallbiMU. CKOPOCTU U
YCKOpPEHMsI LIEHTpa Macc MOOMJILHON MaaT(OPMBbI
Mmapajjie/ibHbBIX TPOCOBBIX POOOTOB IIPU IBHKE-
HUU B OOJBLIMHCTBE IPAKTUYECKUX 3adad He-
BEJIMKM M, KaK IIpaBUJIO, HE IIpeBbIIIAIOT 1 M/cC
1 1 M/c? cooTBeTCTBEHHO. [IpH TPOESKTUPOBAHIN
KPYIHOTAa0ApUTHBIX ITapaJUIeAbHBIX TPOCOBBIX
pOOOTOB ¢ JMHEHHBIMU pa3MepaMu IMOpsaka Ae-
CSITKOB METPOB U MOJIE3HOM HArpy3Ke mopsiaKa He-
CKOJIbKMX COTEH MJIM THICSAY KMJIOTPaMM Hecyllast
KOHCTPYKIIMSI MOXET BBIIIOJHSTHCS B BUIE OallleH
UM MauT (puc. 1, M. TpEeTbIO CTOPOHY OOJIOXKU).
OTKJIOHEHMS BepXHeil yacTh OalllHUW MM MauThl
B cuIy AedopMalMii oA BO3MEUCTBUEM M3rubda-
IOIIMX HArpy30K CTaHOBSITCS 3HAYUTEIbHBIMHU.
B cnyvae xecTkoi Hecyllleil KOHCTPYKIIAU OT-
KJIOHEHNEe MOOUJIBLHOMN TIaTMOPMBI OT 3aJaHHOTO
MOJIOXKEHUST OOYCJIOBJIEHO TOJBKO AecopMaliueit
TPOCOB U MOXET OBITh C JOCTATOYHON TOYHOCTBIO
ornpeneseHo u3 3akoHa ['yka 1mo mokaszaHusM AaT-
YUKOB CHUJI HATSIXKCHUS. TPOCOB.

B cayyasgx wMcroib30BaHWS B KOHCTPYKIIMH
poboTa OalleH MJIM MauyT TOYHOE OTKJIOHEHUE
TOYKM CXO0Jla TPOCA B BepXHEi YaCTH OITOPHI OIIpe-
IeauThb 3arpygHuTenbHo. K gedopmanuum tpoca
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no0OaBIseTCSd HEW3BECTHAs BEIWYWHA, BBI3BaH-
Has OTKJIOHEHWEM TOYKHM cxoma Tpoca. I[losgsius-
eTcs (pakTop HeomnpeneaeHHOCTU. OTpenenuTh
TOYHOE TOJIOXKEHWE MOOWJIBHOW TIaTOOPMBI pO-
060Ta UCXOO S TOJBKO U3 MMOKa3aHUUW JaTYNUKOB CHAJ
HaTSIXEHUSI TPOCOB M, COOTBETCTBEHHO, IJIUH
TPOCOB CTAHOBUTCS HEBO3MOXHO. L1 onpenesne-
HHUSI TTOJIOKEHM S MOOMJIbHON maaT@opMbl poboTa
B HENOJABUXHOW CUCTEME KOOPAMHAT MOTYT MC-
MOJb30BATHCS METOMNBI HEIOCPENCTBEHHOTO W3-
MEpEHUS TIOJOXEHUs, TaKue KaK: OINTUYECKHE
YCTpOMCTBa (Ja3epHBIN TaJIbHOMEDP, JIa3epHBIN
TpeKep), PaauOIleJIeHT, 3XO0JoKalusl, KOMIbIO-
tepHoe 3penue [20, 21]. I[lepeuncieHHBIE METOIBI
TMOKAa3bIBAIOT XOPOIINE PE3YNABTAThI B JJaOOpaTOp-
HBIX YCJIOBUSX, OMHAKO HE BCErma MOAXOASAT IS
WCMOJb30BaHUSA B IIPOMBINIJIEHHON pPOOOTOTEX-
Huke. K mpumepy, OOIHUM H3 IEPCIEKTUBHbIX
HaIpaBJICHUII NPUMEHEHUsI KPYNHOrabapUTHBIX
napaJuieJIbHBIX TPOCOBBIX POOOTOB SIBJISIETCS WC-
MOJb30BaHUE UX B KAYECTBE OCHOBBI CTPOUTEb-
Horo 3D-mpuHTepa. B ycioBusx crpouTenbHOMU
MJIOLIAIKU W3-3a HAJIU4YUS 3arpsI3HEHUU ITOCTO-
SSHHO€ MCII0JIb30BAHUE OITHUYECKUX AaTYMKOB
M KOMIIBIOTEPHOIO 3PE€HHUS BUIWUTCS 3aTPYIHHU-
TEJIbHBIM, a UCIIOJIb30BAHUE MPOYUX BHICOKOTOY-
HBbIX WM3MEPUTENbHBIX CPEACTB MpPEACTaBIsSIETCS
SKOHOMMYECKU HEOOOCHOBAHHBIM.

3aMeTUM, 4YTO 3HAUYeHWE OTKJIOHCHUS TOYKU
CXOJla TPOCa OT 3aJaHHOTO TIOJIOXEHUS HA YPOBHE
HE BBILIE CEPEAWHBI BBICOTHI OAlIHW WJM MaudThl
BCJeACTBUE AedopMaluy CyIIeCTBEHHO MEHbIIIE,
YeM OTKJIOHEHUME TOYKHU CXONa TpOca HA BEPIIUHE
GalIHM UaM MadyThl. B TakoM ciydyae TOYKM cxojaa
HUXHUX TPOCOB MOXHO CUYMTATh HAXOASILIUMMUCS
B 3alaHHOM TMOJIOXEHWUU, W TIPU OMNPEACTCHHOMN
KOH(pUTYpalluUd TPOCOBOM CHUCTEMBI CTAaHOBHUTCS
BO3MOXHBIM MPUOIUKEHHOE OIPEAECTIEHUE OT-
KJIOHEHU S LIEHTpa MacCc MOOMJILHOW MaThOpMbl
MO BEPTUKAJILHOW KOOPAUHATE HA OCHOBAHUMU TO-
Ka3aHMM JaTYMKOB CUJI HATSIXKEHUS TOJbKO HUK-
HUX TPOCOB.

CraBuTcsl 3ajaya yMOpaBJieHUSI TOJOXEHUEM
MOOMJIbHOM MaaTGOPMbl TApaielbHOTO TPOCO-
BOro poboTa ¢ IOMOIIbLIO OOpaTHOW CBS3U, ITIO-
CTPOEHHOI Ha 0a3e MAaTYMKOB YCUJIMM B TpoOcax
U HaKJOHAa TPOCOB OTHOCUTEJBHO IIAT(HOPMBI,
06€3 MPUMEHEHHUS CPEICTB UBMEPEHUSI KOOPAUHAT
niaaTdopMbl. B uccaeqoBaHuM paccMaTpuBaeTcs
JBYX3TAITHBIM METOJA KOMMEHCALlMM BEPTUKAJb-
HBIX OTKJIOHEHWH MOOMJIBHON TIaTPOpPMBI ITa-
pajilieIbHOTO TPOCOBOTO PoOOTa OT 3aJaHHOIo
OpOrpaMMHOIO ABUKECHMUS.

Onucanne pacyeTHOil MOJEJH TPOCOBOIO PodOTA

PaccmaTpuBaeTcss TpocoBasi cuctema, B KO-
TOPOM HAIPABJSIOLINE POJUKU HUXHUX TPOCOB
3aKperJieHbl Ha TMOIBMXXHBIX KapeTKaX, IepeMe-
IIAIOLIMXCS BEPTUKAIBHO BAOJbL OMOpP, U CUCTEMA
yIIpaBJIeHMUs 00ecreynBaeT COrjlacoBaHHOE Iepe-
MellleHUEe KapeTOK TaKUM 00pa3oM, YTOObI TOUKHU
cxola BCEX YEThIpeX HUXKHUX TPOCOB 0OPa30BHI-
BaJIM TOPU30OHTAJILHYIO IIJIOCKOCTDb HA BHICOTE XKe-
JIaeMOTO TIOJIOXKEHU ST MOOMJILHOM M1aT(OPMHBI.

Ha moG6unbHOI m1atgopme Tpochl 3aKpernie-
HbI TAKUM 00pa3oM, YTO BEPXHUE TPOCHI KPEIIAT-
csl K BepxHeil yacTu ILIaTPOpMBI, a HUXHUE —
K HuxHei. Takasg KoHdurypanus TpPOCOB IIpU
3aJaHHOM OpUEeHTAUUM MOOUIBHOI IIaTGOPMBI
C HYJIEBBIMU yrjJaMM 3iijiepa TapaHTUPOBaH-
HO MCKJIIOYAeT MpoO0JIeMY CTOJKHOBEHHUS TPOCOB
B IIpoliecce nepeMellieHus MIaT¢opMbl B paboyeM
MPOCTPAaHCTBE PoOOTA.

ITpu sToMm niaardopma (pakTUYECKU BUCUT Ha
BEPXHUX TpOcax, IJIMHBI KOTOPHIX 00eCIeYnBaIOT
yIIpaBJIeHHE IOJOXEHHEM ILI1aTGOPMbI, B TO Bpe-
MS$ KaK HUXKHHE TPOChI 00€CIIeYMBaIOT TOJIBKO CO-
XpaHeHUE OpUEHTALUU MJIaT(HOPMBI.

Hns o0o3HayeHHOW KOHMUTYypallud TPOCO-
BOI CHUCTeMbI po0OTa M OpUEHTALMM MOOMJILHOMU
IIaTOpPMBI €€ IOJOXKEHHUE B ClIydae HepacTSIKU-
MBIX TPOCOB OIHO3HAYHO OIpeAesieTcsl IIMHA-
MU 4YeThIpeX HMKHMX TPOCOB, JIEXKAIIMX B OJHOMU
iockoctu. [Ipu paccMOTpeHUHM 3adadyu C YUYETOM
PACTSIKMMOCTU TPOCOB ONHO3HAYHOCThH TEPSAETCS,
1 MOTYT UMETh MECTO IBa CUMMETPUYUHBIX CIydas:
LIEHTP Macc MaaT(GOpMbl HAXOOUTCS BbILIE WU
HUXEe YPOBHS 3aJaHHOro IojoxeHus. Ciaeayer 3a-
METUTh, YTO B CJy4yae BbICOKOHATPYXKEHHOTO TPO-
COBOro poboTa JOMYCTUMO CUUTATh TPOCHI pacTs-
KUMBIMU CTepxXHIMU. [IpruHMMaeTcs1, 4To Iojae3-
Has Harpy3ka o0OecIieurMBaeT CHUJILHOE HATSXKEHHUE
TPOCOB, U, TAKUM 0O0Opa30M, MCKJIIOUAETCSI FeoMe-
TpuYecKasli HeJIMHEHHOCTb TPOCOB. YCJIOBUE KOH-
CTPYKTUBHOM HEJIMHEWHOCTU TPOCOB COXPAHSIETCS.

B TakoM ciyyae mys ompeneacHUsT I1OJI0Xe-
HUSI LIEHTpa Macc MOOWJIBLHON IIaTGOpMbI PO-
06oTa HeoOXOAMMO O00OPYIOBATh YEThIPE HUKHUX
Tpoca JaTYMKaMM HATSXKEHUS U JaTYMKaMU yria
HakJIOHa. []aT4nMKy HATSXKEHUSI TPOCOB ITO3BOJISI-
0T HATKU yIJIMHEHUE KaXJOTo Tpoca M3 3aKOHA
I'yka. JlaTumku yrja HakJOHA TPOCOB ITO3BOJISIOT
OIpeIeJUTh BOCXOASIIEe WMAM HUCXOASAIIee Ha-
npaBjeHue TpocoB. Takum oOpa3oM, IJs pelle-
HUSI IIOCTABJIEHHON 3ajauyu poOOT MOJXKEH OBITh
000pydoBaH JaTYMKaMM HATSXKEHUS HMXHUX
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TPOCOB, JaTYMKaMHU yTja HaKJOHA HUXHUX TPO-
COB, a TaKXe TMPOCKOIIOM, OIpEaeIsIOIIUM Opu-
EHTALMI0 MOOMJIbHOU MaaT(hOPMBI.

JIunelinbple pazmepsl pobOTa B pacuYeTHONW MO-
nenu coctaBiagioT 15..20 m. Tpocsl M3 BBICOKO-
MOJIEKYJIsIpHOTO mnosuaTuieHa Dayneema mmeroT
MJolaab IONEePEYHOro CEYCHUS 1,13-107% w2
OTKJIOHEHUS TOYEK CXO/a BEPXHUX TPOCOB OT 3a-
JaHHOTO TMOJIOXKEHU S 3alaHbl MPOU3BOJILHBIM 00-
pas’oM M M3MEHSIOTCs B auamnasore 1...3,5-1072 M.
[To mcreyenum mepBbIX 60 ¢, B TeUeHHE KOTO-
PBIX MPOUCXOAMT 3aTyxaHue KojieOaHWil TBepao-
ro Tejia, 3aKpelnjeHHOro Ha TPOCOBOM CHUCTEMeE
W JIMIIEHHOTO OMOPbl, HAUMHAETCS JBUXEHUE IO
3a/laHHOl TpaekTopuu. MoOunbHas maaTgopma
poboTa ABUXKETCS MO MPOCTPAHCTBEHHON KPUBO-
JIMHEMHON TPaeKTOPUU CO CKOPOCTBHIO HE OoJee
0,15 m/c. Macca MoOUIbHON TLIATHOPMBI C MO-
JIe3HOM Harpy3koit coctasiseT 1200 xr.

Komnencanus oTKJIOHEHHS MO BBICOTE

IlepBolii 3Tan pelleHUs 3aJadyM IIPearoJiaract
BBIBOJ, ILIEHTpa MacC MOOMJILHOM TmiaT(popMBI Ha
3aJaHHBIA YPOBEHb BBICOTHI. B mpoiecce aBuke-
HUS maTgopMa OTKIIOHSIETCS OT 3aJaHHOIO XeJjla-
€MOTO YPOBHS (pHC. 2), IpUYeM OTKJIOHEHE MOXET
MIPOU30MTU KaK BHU3, €CJIM BEPXHHE TPOCHI OYIyT
IJIMHHEe TpeOyeMoro, Tak M BBEpPX, €CJIM BepxXHUE
TPOCHI OKaXyTCsI Kopoue Tpedyemoro. B atom ciry-
yae 4YeTbIpe HMXKXHMX Tpoca 00pa3yloT OOKOBHIC
pebpa ycedeHHOU TMpaMUABI, OOJIbllIee OCHOBA-
HHE KOTOPOIi 00pa30BaHO TOUKAMU CXOAa HUXKHUX
TPOCOB, a MEHbIlIEe OCHOBaHMUE OOPa30BaHO TOY-
KaMM KperuIieHUs TPOCOB K TuiaTdopme. B obiiem
clydyae OCHOBAaHMS YCEUEHHON MUPAMUIbLI MOLYT
OBITb TIPOM3BOJIBHBEIMU YEeThIPEXYTOJbHUKAMU, HO,
He Tepssl OOLIHOCTU, MOXHO OTpaHUYUTHLCS pac-
CMOTpPEHHUEM IIPSIMOYTOJbHBIX OCHOBAHUI CO CTO-
poHamu a, b u c, d.

Crporo rosopsi, mocjie ae-

Hng onpeneneHus: OTKJIOHEHUST LIEHTpa IiaT-
(OpMEI IO BBICOTE OT YPOBHSI XKe€JIaeMOIO IT0JIO-
KEHUS PeLIaeTCs CIEeAyllas TeOMETPUYECKas
3ajgavya. CHavasa, nojiarasi AJWHBI TPOCOB U3BECT-
HBIMM, OIIPEACHSIIOTCS BBICOTBI TpAICLUN IBYX
JIIOOBIX IIPOTHBOIIOJIOKHBIX OOKOBBIX IpaHelt yce-
YEHHOU TMUPAMUIBL:

2 22 2\2
hlz 1:;2_ (d_a) +l4 _11 ’

2(d —a) @

* * 2
d-a)?+12-1°

2(d - a) ’

rae ll*, l;, l;, l: — JIJWHBL Ae(OPMUPOBAHHBIX
HUXKHHUX TPOCOB, OIIpeAeeHHbIE Ha OCHOBaHUU
MOKAa3aHUM NAaTYMKOB YCUJIMIA U M3BECTHHIX Mapa-
METPOB TPOCOB; @ — PACCTOSIHUE MEXAYy IBYMS
COCEIHMMHU TOUYKAMU KPEIJICHUSI HUXHUX TPOCOB
K MOOMJILHOM Tiatdopme; d — pacCTOSTHUE MeEXK-
Iy OBYMsI COCEIHMMM TOYKAMHU CXOJa HUKHUX
TPOCOB C OIIOPHBIX OallleH.

Hanee cTpouTcss TpeThs Tpareuus, TaK YTOObI
€e MaJIoOE OCHOBaHUE JIeXKajo B IIOCKOCTU HUXK-
Hell TpaHW MOOUIBHON MaaTGOpPMBI TTapajjieib-
HO CTOpOHAaM a, a OOKOBBIC CTOPOHBI OBLIJTM 00-
pa3oBaHbl HaliICHHBIMU BHICOTAMM PACCMOTPEH-
HBIX BblIIEe Tpamneuuii. Toroma oTKJIOHEHME LIeHTpa
IJ1aTOPMBI IO BHICOTE OT YPOBHS IIPOTPaAMMHOTO
MMOJIOKEHM S OIIPEAEIsSIeTCSI BhIpaxkKeHeM

hy = |15

(©)

c=b)2+hi—hY
2c—b) ’

rae b — paccTosSHUE MEXAY IBYMsI COCETHMMMU
TOYKAMU KpEIUIEHUSI HUXKHUX TPOCOB K MOOUJIb-
HOU TIaTdopMe; ¢ — pacCTOSHUE MEXAY IBY-
MSI COCEIHMMM TOYKAMU CXOJa HUXHUX TPOCOB
C OIMOpPHBIX OallleH.

)

h=|hi-

¢dopMaLIMu  TPOCOB TMOJIydYa-
€TCA HempaBUJIbHASL YCEUCH-
Hasl mUpaMuaa, a e¢ OOKOBBIE
rpaHu SBJISIOTCS BBINYKJIBIMU
YeThIPpEeXyTOJbHUKAMU. On-
HAKO C y4eTOM OTHOCHUTEIHLHO
HeOOJIbIIOro yAJTUHEHUS TPO-

COB OTKJIOHEHUSIMU ILIaTdop-
MBI OT 3aJlaHHOI OpHEHTalNU
MOXHO IIpeHeOpeub U CUMTATh
OOKOBbBIE TPaHU TpaIELUSIMU.

Puc. 2. l'eomeTpus HUKHHX TPOCOB 0€3 HArpy3Ku (IJIOCKOCTb) M MO HATPY3KOi (yceueHHas
nUpamMuaa)
Fig. 2. Geometry of lower cables without loading (plane) and with loading (frustum)
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Puc. 3. Onpenesnenne OTKJIOHEHHS MOOMIbHON MiaTdopMbl Mo
BBICOTE OT 33JaHHOI0 MPOrpaMMHOro asuxkenusd. Ilepsrrii aTan

Fig. 3. Computation of height error. The first stage

OCHOBHBIM UCTOYHUKOM OIIMOOK TIPU OIpeae-
JIEHWU OTKJOHEHMI TaKUM CIIOCOOOM B peajbHOM
poboTe MOXET CTaTh LIYM B MOKa3aHUIX AaTUYMKa
YCUJIMI, HA OCHOBAaHUM KOTOPBIX BBIYUCISIOTCS
JIJUHBL TPOCOB. OIHAKO B TEOPETUYECKOW MOAE-
JIV MpeariojiaraeTcs, YTo IIyM B 3TUX TOKa3aHU-
sax 3¢ dexkTuBHO uasTpyetcs. B kauecTtBe mpu-
Mepa Ha puc. 3 MOKa3aH pe3yJbTaT YMCIEHHOTO
MOJEIUPOBAHUS MPU MPOrPaMMHOM JBUXKEHUU
niaaTopMbl IO HEKOTOPON TPaeKTOPUU B TOPU-
30HTAJIbHOW TJIOCKOCTH.

HaiineHHoe 3HayeHWe Bcerga HeoTpULlaTeNb-
HO, W IJISI PEryJMpOBaHUSI OTHOCUTEJIBLHO HYJe-
BOTO YPOBHS 33JIaHHOTO TOJOXEHUsT HEOOXOAMMO
ONpeNeUTh 3HAKM Y4YacCTKOB TMOJYYEHHON Kpu-
Boii. Ilpeanaraercs omnpenensiTh IpPeBbILICHUE
WV 3aHUXEHUE OTHOCUTEIBbHO 3aJaHHOrO YPOB-
HsI BBICOTHI LIEHTPa Macc IJIaTOpPMBbl C UCMOJIb-
30BaHMEM IIOKa3aHU JaTYMKOB yrIja HaKJOHA
HUXHUX TPOCOB. [y1s1 onpeneseHust 3Haka MOXHO
WUCTOIb30BaTh PyHKLMIO sign. Torma 3HaK OTKJIO-
HEHU S BBIUYMCIISIETCSI COTJIACHO BBIPAXKEHUSIM

)

n
o= 0
i-1

f (o) = sign(a), (6)

II€ o; — YroJl HaKJOHAa HUXHETo Tpoca K ropu-
30HTAJILHOUN TJIOCKOCTH.

[IpennoxeHHBI aJlropuTM OIpenesieHusl 3Ha-
Ka QYHKUUM A KakK 3HaKa aJredpamyeckoil CyM-
MBI YTJIOB paboTaeT 10CTaTOUYHO ajgekBaTHO. Hemo-
CcTaTKaMU SIBJISIETCS HEIVIAAKOCTh M HEIMJIaBHOCTH
¢dyukauu sign. IIpeanoxeHHBIN crOcO0 OLICHKU

3HaKa MMEET HEeUyBCTBUTEJIbHOCTh K 3HAUCHUSIM
OTKJIOHEHUSI, OJIM3KUM K HYJII0, YTO MHPUBOAUT
K Apebe3ry Ha HauaJbHOM 3Tare HeyCTaHOBMBILIE-
rocs IBUXEHUS, IJISI KOTOPOTO XapaKTEPHBI Bbl-
COKOYAaCTOTHBIE KoJjiebaHus maaTgopmbl. OmHaKo
9TO He SIBJSIETCS NMPOOJIEMOIi, TaK KakK B ciydae
HEYCTaHOBMBILIETOCSl ABUXEHUS 3aaadya KOMIIeH-
callMM OTKJOHEHUI He aKTyasbHa.

B nensix crnaxuBaHus (PyHKIMU 3HAKa BMe-
CTO (PyHKULMM Sign MOXHO HCIOJb30BaTh CUTMO-
WAANbHYIO €IMHUYHYIO CTyMeHYaTryio (YyHKIIUIO
aKTUBalMU, B KoTopoil o(a) € (—1, 1):

o(0) = ey~ )
rae k, ¢ — HEKOTOPBIE ITOCTOSTHHBIE KOA(P(PULIMEHTHI.

PesynbpraT MomenmpoBaHuUS IpUBEACH Ha puc. 4
(cM. TPeThIO CTOPOHY 00J10XKM). Kak MOXHO BU-
IeTh, IIPEAJOXEHHBIM aJIrOpUTM OIIPEACICHUS
3Haka (YHKIUM A KaK 3HaKa ajreopandyeckoit
CYMMHBI yIJIOB paboTaeT ageKBaTHO U C CHUIMO-
UAAJIbHOM (YHKIIMEH, KoTopasi oOeclednBaeT
[JIAAKOCTh MOJYYEHHON 3aBUCHMMOCTH B YCTaHO-
BUBIIEMCS PEXUME IBUXKCHUSL.

OKOHYAaTe/IbHO 3HAaYeHNE OTKJIOHEHMUS 10 BBICO-

T€ C YUYCTOM 3HaKa OIIPEACIACTCA BbIPAKCHUAMMU:

h=fd, b, 0, 1) ®)
Ah = ho(a). )

Pesynbsratr MomennpoBaHUsS MPUBEIEH HAa puUC. 5
(CM. TPETBIO CTOPOHY 00JIOXKM). [TonydeHHBIE 3HA-
YEHUST SIBJISIIOTCSL TIPUOJIMKEHHBIMU, ITOCKOJBKY
3HAYMTEIbHbIC OTKJOHEHMS 1IEeHTpa Macc miaaTdop-
Mbl B MPOEKIIMU HA TOPU3OHTAJIBHYIO ILJIOCKOCTh
OynyT yBeJMYMBATh TOTPEIIHOCTh OIpeneaCHUS
YPOBHS OTKJIOHEHMS T10 BBICOTE C UCIOJIb30BAHUEM
MPEIJIOXKEHHOT0 MeToma Tpamneuuii. Bmecte ¢ Tem,
MO0 Mepe YMEHBbIIEHUs] 3HAuYeHUsI OTKJIOHEHMUS
B TPOLIECCE PETryJIUPOBAHUS ITOTPEITHOCTh OyIeT
yMeHBIIaThCs (pUC. 6, CM. TPETHIO CTOPOHY OOJIOXK-
ku). IloaTsikka BepXHUX TPOCOB Ha MEPBOM 3Talle
MOXET OCYILECTBISIThCSI, HAITPUMEP, CUHXPOHHBIM
I perynrupoBaHWEM [UIMH BEPXHUX TPOCOB
C MUHMMMU3aIEeNd OTKJIOHEHUS LIEHTpa Macc IiaT-
(bopMBI IO BBICOTE OT 3aJaHHOTO YPOBHS.

ITpennaraemblit MeTOA MOXET ObITh TAKXKe 0000-
IIIEH Ha TPOCOBBIE pOOOTHI C HUCXOASIIIMM HaIlpaB-
JIEeHMeM HMKHUX TPOCOB, a TakKe ¢ OOJIbLIUM WU
MEHBIIIUM YUCJIOM TpoCcOB. HeoOXOMMMBIM yCITOBH-
€M MMPUMEHUMOCTH METOAA SBJSETCS YCIOBHUE CO-
OTBETCTBUS ITOJOKEHM S TOUYEK CX0/1a HUKHUX TPO-
COB 3aJJaHHOMY TIOJIOXKEHUIO. B MOTOOHBIX CITydasx
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CHauajia CJeAyeT OMNpeAeasiTb BBICOTY YCEUEHHOM
(urypsl o 3aJaHHOrO MOJIOXEHHS, 3aTeM BbI-
COTY yceueHHOW (urypsl misi 1e(hOpMUPOBAHHBIX
TPOCOB U MOCJIE€ HAXOAUTh Pa3HOCTb MX BHICOT. AJI-
TOPUTM OIIpenesIeHNs 3HaKa PYHKIIMK /1 KaK 3HaKa
anredpanvyeckoil CyMMbl YIVIOB HAKJIOHA HUXXHHUX
TPOCOB TakKxXe OyIeT HECKOJIbKO OTIMYAThCSI, HO
03 NPUHIMITAATBHBIX U3MEHEHUA.

Ilo pesyapraTaM KOMIIBIOTEPHOI'O MOAEIMPOBA-
HUS NpeIJIOXEeHHbIN MeToa B KomouHauuu ¢ ITH /I
peryimpoBaHueM o0eCIIeYMBaeT MOTIPEIIHOCTh OT-
KJIOHEHUS MO BLICOTE He OoJiee i2,5-10_3 M, TIpU
OTKJIOHEHUHU B OTCYTCTBUE pPEryJIMpPOBaHUS —
0 =502 Mu COXPAHSIOLIUXCS 3HAYEHUSX OT-
KJIOHEHUI B MPOEKLMU Ha TOPU3OHTAIbHYIO ILIO-
cKoCcTb — 10 +5+1072 M (puc. 7 u 8, CM. TPETHIO

| YPOBHSI B MOABMXHOM cHCTeMe KoopauHar. Ta-
|
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KM 00pa3oM, HUXHSS IJOCKOCTb MOOWJIbHON
maaTOpMBl IIPUBOAMUTCS K 3aJaHHOMY TOpPHU-
30HTAaJbHOMY IOJOXE€HUIO. IIOBOPOTHI BOKPYT
BEpTUKAJbHONM OCHU ILIAaT(POPMBI B JAHHOM IIpU-
MEpEe HEe pacCMaTpMBAIOTCS BBUAY UX MAJOCTHU U
HECYILeCTBEHHOCTH, YTO, B CBOIO ouepenb, CBSI-
3aHO C BbIOpaHHOW KOH(pUrypauueir TpoCOBOM
CUCTEMBI.

Ilo pesyapraraM KOMITBIOTEPHOI'O MOACIUPO-
BaHMSI BUAHO, YTO IIOCJIe HMPUMEHEHUSI KOMIIEH-
CHPYIOIINX BO3ICHCTBUU OTKJOHEHUS B IIPOEK-
IIUM Ha TOPU3OHTAJIbHYIO IIJIOCKOCTh HE ITPEBBI-
uralotr 2,5-1072 M. [TorpemHocTs OTKIOHEHMUS
IO BBICOTE COCTaBJsIeT He OoJee i2,5-10_3 M
rnocje TMPUMEHEHUs KOMIIEHCUPYIOIIETO BO3-
JIIEVCTBUSI BMECTE C KOMIIEHCAIIMEN OTKJIIOHEHUI
opueHTaMu. sl MpakKTUYECKOTO MCIOJIb30Ba-
HUS KPYITHOrabaprMTHOTO MapajieIbHOTO TPOCO-
BOTO po0OOTa B KA4eCTBE OCHOBBHI CTPOUTEIBHOTO
3D-nipuHTEpa OTKJIOHEHUS B TOPU30HTAJIBLHON
MJIOCKOCTH B i2,5-10_2 M U OTKJIOHEHMUS IO Bep-
TUKAJbHOIA KOOpAMHATE B +2,5:1073 M MOXHO
CUMTaTh AOMYCTUMBIMU.

B nmanpHeinx mcciaenoBaHUSIX MpeacTaBisIeT-
Csl TIPEeANOYTUTEIbHBIM BBEACHUE CHUCTEMBI ONTH-
MajibHOTO peryaupoBaHus BMecto ITU]I peryng-
TopoB. TakxXe ciaeayeT yaeauTh BHUMaHuEe pobacT-
HOMY YIIPABJICHUIO TPOCOBOW CHUCTEMOU poborTa,
MOCKOJIbKY CTaOWJIbHOCTh YHpaBJEHHUS TPOCOBOI
CUCTEMOM SBJIIETCI KPUTUYECKMU BAXHOW TIpHU
MIPOMBIIIJIEHHOM MCIIOJIb30BaHUM poOOTa.

KomneHcanusa oTKJIOHEHHH OpUCHTAIIMH

Bropoii aTanm 3amayy mpeamnojaraeT MUHUMMU-
3allMI0 OTKJIOHEHUI OpMEHTAallMU TBEPIOro Teja
OT 3aJaHHBIX 3HaYeHUI. PaccCMOTpeHHBIN BBIIIE
METOJ, ITO3BOJISIET BBIBECTH LIEHTP Macc Tejla Ha
3aJJaHHBII YPOBEHbB, ITOYTH HE OKa3bIBasl BIUSITHUE
Ha ero opueHrtauulo. s yrnpaBjaeHHUs OpUeHTa-
el MOOUJIBHOM I1IaT(OPMBI TPOCOBOTO poOOTa
HeoO0XoAMMO O0OpYyIoBaTh MaaTGoOpMy Tpexoce-
BBIM THPOCKOIIOM U C MCITOJIb30BAaHHEM MAaTPHUIIBI
MOBOPOTOB HAWTH BEPTUKAJIbHYIO KOOPAMHATY zZ
KaXX 0¥ M3 TOYEK KPEIUICHUSI HUXKHUX TPOCOB OT-
HOCHUTEJIBHO MOABUXHON CHUCTEMBlI KOOPAWHAT:

x; c(W)e(@) + s(v)s(0)s(9)  —c(w)s(@) + s(w)s(B)c(p)  s(y)c(®) || x,

Y |= c(0)s(¢) c(0)c(o) =s(9) || yp |» (10)
2 | L=S(We(e) + c(w)s(0)s(e)  s(y)s(e) + c(w)s(B)c(e)  c(w)e(®) ]| 2,

TOE X, Yy, 3p — KOOPAMHATHI i-il TOYKM Kperuie- Cnncox simreparypbl
HUSI HUXHETro Tpoca K MOOWJIbHOW miaTdopme
poboTa; 0, y, ¢ — yIrabl MOBOPOTOB IJIAT(OPMBI;
¢(0) = cos(0), s(0) = sin(0) u 1. 1. B popmyie (10) B Ka-
YECTBE YIJIOB MMOBOPOTA UCTIONBb30BAHBI KOPAOETBHBIC
yrbl. UX TpuMeHeHne OMpaBIaHHO TEM, YTO TaKOU
HabOp YIJIOB HE BBIPOXIAETCS MPU COXPAHEHUU TO-
PU3OHTAJIBHOW OPUEHTALUU TLIaTHOPMBI.
IMToaTsizkka BEpXHUX TPOCOB HA BTOPOM 3Talie
MoxeT ocymecTBasAThes [IN]] perynupoBanuem
JUIMHBI KaXJOTO0 W3 BEPXHUX TPOCOB C MUHHU-
MU3alMEN OTKJIIOHEHUS KAaXIOW TOYKHU Kperie-
HUS HUXHETO TPOCa MO BBICOTE OT 3aJaHHOTO
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Abstract
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The paper deals with a problem of position and orientation errors of mobile platform of large-sized parallel cable-
driven robots. The advantages of parallel cable-driven robots are simplicity of structure and scalability. At the same time,
parallel cable-driven robots are difficult to design due to the specific problems such as collision of cables, geometric and
structural nonlinearity in the mathematical models of the main elements of the robot. In this paper, we consider the problem
of eliminating the uncertainty associated with deformations of the elements of the robot structure. Such a configuration of
the cable system is selected, in which the proximal anchor points of some cables can be considered without errors relatively
to given positions. The cable system of a large-sized robot is mounted on the towers. The errors in the proximal anchor
points relatively to given positions become significant due to the significant deformations of upper sections of the towers.
The deformations of the towers in lower sections can be considered insignificant, and the proximal anchor points have to be
located no higher than the middle of the tower to be considered corresponding to a given position. The aim is to compensate
the position and orientation errors of the mobile platform of large-sized parallel cable-driven robot due to deformations
of the cables and towers. The task suppose uncertainty about the coordinates of the proximal anchor points of the upper
cables. Cable deformations are determined from Hooke’s law using tensile forces measurement in cables. The problem of
compensations is solved in two stages. At the first stage, the approximate bias of the center of mass of the mobile platform
along the vertical coordinate is found. It is defined as the height of the truncated pyramid, the edges of which are formed
by stretched lower cables. At the second stage, rotation angles of the mobile platform are determined. Using the rotation
matrix, biases in the heights of each distal anchor points are found in the tool coordinate system. In the studied cases PID
regulation is used, however, more advanced techniques of automatic regulation, for example, optimal control, can provide
better results. The tasks are applied to the model of large-sized symmetric parallel eight-cable-driven robot.

Keywords: cable-driven robot, position, orientation, errors, tensometer
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CTabunnanpoBaHHbIN poTaTop ANA MeXaTPOHHbIX aBTOMaTU4Y€CKUX CUCTEM

Llenvro pabomel s645emcs HAXOHCOCHUE MEXAHUYECKO20 AHAN02A YUKAOMPOHHO20 OBUNCEHUS U OnpedeneHUe cXembl COOm-
6emcmeyuez0 ycmpoicmea, Komopoe yMecmuo Ha36ames cmMaduAu3uUpo8anHoim pomamopom. H3 kawuesoeo ob6cmosmens-
cmea, onpedensoujeco 603MONCHOCMb 0000ujeHUsT YUKAOMPOHHO20 OBUNCEHUS HA MEXAHUKY, 3aAKAYAI0We20Cs 6 MoM, 4mo
AAPAHNCUAH INEKMPOHA 8080¢e D0AbULE €20 KUHEMUYECKOU IHepeUU, Ymo NPUMEHUMENbHO K CMAOUIU3UPOSAHHOMY DOMAMO-
Py caedyem mpakmoeams KAK pageHCmeo KUHeMUYecKol U NOMeHYUANbHOU dHepeuli, Heobxo0umo caedyem, 4mo 8 cocmae
CcMabuAU3UPOBAHHO20 POMAMOPa O0ANCHbl 6X00UMb dAeMeHmMbl, KOMOpble 8 COCMOAHUYU 3anacams 006a 3mux euda 3Hepeuu,
a umeHHo, epy3 u npyxcuna. CoocmeeHHas yacmoma epaujenuss cmaduiu3upO8aAHHO20 pomamopa cmpo2o QuxKcuposana (He
3a8UcCUm HU OM MOMEeHMA UHePYyUU, HU OM MOMEHMA UMRYAbCA) U 3amMedamenbHslM 06pazom coenadaem ¢ cO6CMEEHHOU 4a-
cmomotul KoneOaHull MAAMHUKA ¢ UOeHMUYHbIMU napamempamu. [Ipu uzmeHenuu MoMeHma UMNYAbCA USMEHAemecs paouyc u
MAHeHYUANbHASL CKOPOCMb (YACMOma epaujenuss npu 3Mom He MeHsemcs u pagHa cobecmeennoi). Iloaroxcenuro epysa, npu
KOMOpoM €20 yeHmp Macc cognadaem ¢ 0Cbl) 8paujeus, coomeemcmeyem cocmosHue HeonpedeaeHHo2o pasrogecus. Ilpu epa-
WeHUU epy3 pasHo8epoIMHO MOXCem OMKAOHUMbBCA 8 AI00YI0 U3 08YX CMOPOH U, COOMBEMCMEEHHO, MOJNCEM PA38UBAMbCA KAK
cocamue, maxk u pacmscernue npyycunsl. CocmosHue HeonpedesenH020 PasHOBEeCUs MONCHO UCKAUUMb, 00ecne4us Ha4aab-
Hoe (cmamu4eckoe) cMeuwjeHue epy3a u pagHy emy Ha4aivHy degopmayuro npyycunsl. [10006H0 momy, KaK npu GvIHYICOeH-
HbIX K0AeOAHUAX MAAMHUKA YACMOma He coenadaem ¢ coOCMBeHHOU Yacmomou, Yacmoma epaweHus cmabuiu3upo8anHnHo2o
pomamopa npu HazpyjuceHuu He cognadaem ¢ co6cmeeHHol yacmomou epauweHus. Ilpu Hyreeom epawjarouem momenme 6 cma-
YUOHAPHOM Dedcume 4acmoma 8pauseHus cmaduAu3upo8anHo20 pomamopa He moxcem Gbimb NPOU3EOAbHOL U NPUHUMAEm
eduncmeernnoe 3nauenue. Cmabuau3upo8anHbvlll pOMamop Moxcem UCHOAb308AMbCS ONS YRPABACHUS COOCMBEHHOU Yacmomou
K0A1e0aHull paduanbHo20 OCYUALAMOPA, XOMs 6 IMOM Ka4ecmee OH MOJCem UMemdb CUAbHYIO KOHKYPEHUUI0 CO CHOPOHbL Me-
xampoHubix cucmem. Hanpomus, 6 kavecmee cmabuauzamopa epaujeruii e20 KOHKYDeHmMHble 803MONCHOCIMU HEOCHOPUMbL U
onpeoeastomcs npedeabHoU nPOCMOmol KOHCMPYKYUU.

Karwueevie caoea: pomamop, masimHuk, 1acmoma, cma6u/1u3auu;z, 6bl5€2, IHepeusd, MomMeHm umnysbca, UUKAOMPOHHOE

deudxcerue

BBenenue

Mexanudeckue 1 3J1eKTPOMarHUTHEIE SIBJICHU S
M MPOLECChl BO MHOTHUX CIIy4yasix MaTeMaTU4eCKU
n3oMmopdHbI [1—3]. DTO maeT BO3MOXHOCTL 0000-
IAaTh OOCTUXEHUSA OJHOM HAyYHOU CIelualib-
HOCTH Ha JApyryto. B aToM cMbicie TpeacTaBisieT
MHTEpeC UMKIOTPOHHOE JIBMXKEHUE DJIEKTpUUE-
CKOro 3apsiia, KOTOpOe XapaKTepHu3yeTcsl @ukcu-
POBAHHOU Yacmomol epaujeHus. DTO CleayeT U3
OajlaHCca CUJI:

2
m B w18

r m m

F=qvB =

31ech ¢ — 3NEKTPUYESCKUI 3apsil, Vv — TaHTEeH-
LIMaJbHasl CKOPOCTh 3apsiia, B — MarHUTHas WH-
OyKIUS, m — Macca 3apsiKeHHOM YacTHIbI, # —
pamuyc UMKIOTPOHHOTO IBUXEHUS, @ — 4acTOTa
BpallleHHSI.

Yacrora OEWCTBUTEIBLHO HE 3aBUCUT HU OT
CKOpPOCTH, HU OT pajauyca.

KimoueBbIM 0GCTOSTEIBCTBOM IJISI BO3MOXKHO-
CTH O00OOIIEHUS LMKJIOTPOHHOIO IBUXEHUS Ha
MEXaHUKY SIBJIsIeTCS TOT (hakT, YTO JIarpaHXUaH
3JICKTPOHA, IBUXYILErocsl MOMepeK MOCTOSIHHOTO

MarHUTHOTO TIOJISI, BIBOE OOJIBIIIE €r0 KMHETUYE-
CKOU 3HEpPruu:

2
L =%+6(V,A).

BekTopHBINI TOTEHLMAaJl MAarHUTHOTO IO
paBeH

1
A=—[B,r].
5 [B.r]

IIpu a3ToM v = [, r]. TakuM oOpazom,

mv? qz B22
2 2m
Bropoe cinaraemoe paBHO

L:

q2B2r2 - qu2 m2v2 ~ mv2
2m 2m ¢*B* 2
Torma
2
L=2""
2

Lenpio paboOTHl SIBASIETCS HaXOXJIEHUE Mexa-
HUYECKOIO aHajora IHUKJIOTPOHHOIO JIBUXKEHUS
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U ONpeNeIeHUE CXEMbI COOTBETCTBYIOLIETO YCTPOA-
CTBa, KOTOPOE YMECTHO Ha3BaTb cMAOUAUIUPOBAH-
HbIM DOMAMOPOM.

Tema crabuamzanuu BpallleHUW akTyaJbHa
B aBTOMATHU3UPOBaHHBIX cucTtemax [4—S].

CuHTE3 CTA0MJIM3HPOBAHHOTO POTATOPA

M3 xnroueBoro oOCTOSITENBCTBA, OMNPEISIISTIO-
1IEr0 BO3MOXHOCTb OO0OOILIEHUS LMKJIOTPOHHO-
ro OBMKEHUS HAa MEXaHMKY M 3aKJII04Yalollerocs
B TOM, UTO JIaTpaHXMaH 3JEKTPOHA BABOE OOJIbIIIE
€ro KMHETUYECKONM SHEPIUM, YTO IIPUMEHUTEIHLHO
K CTaOMJIM3MPOBAaHHOMY pOTATOpPY CJleNyeT Tpak-
TOBaTh KaK PaBEHCTBO KMHETUUYECKOUN U MOTEHIIN-
aJbHOI BHEpPruii, HeoOXOAMMO clieayeT, UTO B CO-
CTaB CTAOMJIM3UPOBAHHOIO pOTAaTOpPa HOJXKHBI BXO-
IUTh 3JIEMEHThI, KOTOpPbIE B COCTOSIHMHU 3allacaTh
00a 3TUX BUJA BHEPIUM, a UMEHHO, e¢py3 (Maccoi
m) 1 npyycura (C KoadPuuMeHTOM YIPYTOCTHU k).

B cooTBeTCTBUU C XapaKTepoOM LUKJIOTPOHHO-
ro IBUKEHMSI M, COOTBETCTBEHHO, poTaTopa He-
00X0AMMO MMEET MEeCTO paduyc BpallleHUs (r) u
yukauveckas yvacmoma ().

M3 paBeHCcTBa SHEPrUil claeayeT

k(Ax)?  mv?  mrie? N k Ax
2 2 2 mr

3meck Ax — abcomoTHasa aeopManus MpyKHBL
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CTaOuau3upoBaHHbIi POTATOP
Stabilized rotator

HeusMeHHOCThP IIMKIIMYECKON YacTOTHI obec-
MEYMBAETCS OYEBUIHBIM KJIIOYEBBIM YCIIOBUEM

AX =r.

YcTraHoOBIEHHBIE HEOOXOMUMBIE OOCTOSITENhb-
CTBa OIPEIEISIIOT MPUHIUIIMAIBHYIO CXeMYy CTa-
OMIM3MPOBAHHOTO POTATOpa, KOTOpas MpeAcTaB-
JIeHa Ha PUCYHKE.

Cobcmeennas 4acToTa BpallleHUS CTaOMIIU3U-
pOBaHHOIrO poTaTopa

k

m

wy = (D
crporo ¢puKcrupoBaHa (HE 3aBUCUT HU OT MOMEH-
Ta MHEPUMU, HX OT MOMEHTAa MMIIYJIbCa) U 3aMe-
yaTeJbHBIM OOpa3oM COBMNAaJaeT C COOCTBEHHOM
YacCTOTON Ko4ebaruil MasiITHUKA C MACHTUYHBIMU
nmapamerpamu [9].

KunemMaTuka cTa0MJIM3MPOBAHHOrO POTATOPA

MOMEHT MMITyJIbCca CTAOMIU3UPOBAHHOIO PO-
Taropa paBeH

L=Jo,=mrle, = mr2\/E = r2Jmk.
m

3necb J — MOMEHT MHepUMM; X, =~mk —
BOJIHOBOM peakTaHc [10].

v
r=—,
®o
Toraa
2
v m m
L=r’x, =X, = v =mk = —v2.
% k o)

[Ipy n3aMeHeHUM MOMEHTA UMITYJbCa M3MEHSI-
eTcsl paAuyC M TaHTeHUMaJbHash CKOPOCThb (4a-
CTOTa BpalllcHUS MPU 3TOM HE MEHSIETCS U paBHA
COOCTBEHHOIA).

INonoxeHuio rpys3a, Opd KOTOPOM €T0 LIEHTP
Macc COBITaJaeT C OChIO BpallleHUs, COOTBETCTBY-
€T COCTOSIHME HEONpeAeICHHOIO paBHOBECHUS.
IIpu BpalllgHUU Tpy3 PaBHOBEPOSITHO MOXET OT-
KJIOHUTBHCS B JTI00YI0 M3 JBYX CTOPOH M, COOTBET-
CTBEHHO, MOXET pa3BUBAThCI KaK CXaTue, TaK U
pacTsiKeHue MPYyKUHBI.

CocTossHME  HEOIPENEICHHOTO  PaBHOBECHS
MOXXHO MCKJIIOUYUTh, 00ECNeYnB HavyajabHOE (CTa-
TUYECKOE) CMEIIEHUE TPy3a 7y U PAaBHYIO €My Ha-
YyaJbHYIO 1eOopMalIO TIPYKUHBI.
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JIuHaMMKa CTaOMJIM3HPOBAHHOIO POTATOPA

[Ipu packpyuymBaHMU IPEeIHAIIPSIKEHHOTO PO-
Taropa 0o 4acTOThl ®, LEHTPOOEXKHas cuja ma’r
MEHbIIIE CHJIBl HayaJbHOUI AedopMalluy IPYKU-
HBl krj, IOBTOMY paguycC r, HE U3BMEHSIETCI. DTO
YyYaCTOK JUMHENHON nruHamMuku [0, o)

M
r=rn, o=—sl
mry

3a Bpems f, IpU TNOCTOSSHHOM BpAalLAKOLIEM
MOMeHTe M poTaTop AOCTUTHET YacTOThI Bpallle-
HUS O

wgmrg  mkrg L,
UMMM

[Ipu panpHeillleM Harpy>keHUU CTAOMJIM3UPO-
BaAaHHOrO poTaTopa BpallalollMM MOMEHTOM €ro
OIMHAMUKa (HEJIMHEHHBIN YYacTOK) OINMCHIBAET-
cs cucTeMoil AByX nuddepeHLnaabHbBIX YpaBHE-
HUII — BpalllaTeJIbHOTO U IOCTYMNaTeJbHOro (pa-
JUAJILHOIO):

do M _ M
dr J mr2
2 2 2.2
m&L Y O (me? - k)
dt r

TpeHI/Ie 31€Ch HEC YUUTHLIBACTCA.
HauanbsHble YCJI0BHMA:

dr
dt

M3 crucTeMbl ypaBHEHU M U HavyaIbHBIX YCIOBUI
ciemyeT

=0.

°)|t:t0 = ®o> r|t:t0 =, .
=1

do  _ M
dt|,_, mroz’
d’o __, M dr d’| _
dt? mrdt’ dr*|
d2r 2 2 d2r
—=(@ —op)r, —| =0
a7 =T g .
=0
d3r_2 @r+(w - )
dr dt @0
3
% :2030&270:2@0&;
! 1=t mry mry

Lo (M () M 4 ool
dr’ mr* \ dt mr® dt*’ dt? i ’
4 3 2
do_ g M (ﬂj vo M pdrdr
dt mr> \ dt mr* ~ dt di?
¢ M dr d’r , M d’r
4 g 1.2 3737
mr” dt dt mr> dt
4 2
Qo] M g Mg M
ar*| _, mr; mr, mr,
4 2 2
d:—2(d—m) r+20——sr+2 dodr
dt dt dt dt
do dr 2 2 d2r
205250 SRS
ar ar @ OV yn
d*r MY am?
7 =2 3| T =53
dt =ty mry m-r;
Takum o0paszowm, yacToTa BpalllcHUS

CTaOMIM3UPOBAHHOIO POTATOpa M PaanyC IIpel-
CTaBUMBI B BUC

1 do 1
o(0)” + ——(0)" +
<>+1,d<> o

4
(0)r3 —W(O)t“ +o=

1 d?
7 L2002 +

1 0

+_
31 de?
Loz, L

M t+—0t

mr 2! 3‘ 4!

1 dr
1! dt

L) +

1 d%r

AU AU

1 d*
4t

l'r(O)t0

1d3

4 —
3'd3 — 0" +... =
€)
=1 +Ot+i0t2 +L2w0£t3 +

2! 3! mr,

12M°

1 9y 2,.3
4! m°ry

t4

Bonpoc o cxonumMocTH psiioB 3€Ch HE paccMart-
puBaeTcs.

CMBICT TIOCJIEAHUX JBYX YpaBHEHUH COCTO-
UT B WJUIIOCTpPAlUM HEJUHEHHOCTU IMHAMUKU
CTabMIM3UPOBAHHOTO pOTATOPa MPU HATPYKEHUU
€ro TMOCTOSHHBIM BpallalOIUM (TOPMO3SIIUM)
MOMEHTOM.
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[Tono6HO TOMY Kak TpU BBIHYXXJIEHHBIX KOJIe-
0aHMSIX MAasITHMKA YacTOTa HE COBMANAeT C COO-
CTBEHHOU yactoToil [11—15], yacToTa BpalieHUS
CTaOMIM3UPOBAHHOTO POTATOpa MPU HATrpyKEHUU
HE COBITANAET C COOCTBEHHOU 4aCTOTOM BpAIEHUS.

N3 cooTHoleHus (2) ciieayeT, UTO YeM MEHbIIE
MOMEHT M ¥ OOJIbLIE M U Fy, TEM MEHBIIIE OTKJIO-
HEHME YaCTOTHI BPALIEHUSI ® OT COOCTBEHHOW .

Bropoe 3ameuaresibHOE CBOHCTBO
CTa0MJIM3NPOBAHHOTO POTATOPA

(IlepBeiM ~ sBISIETCST (pUKCHMpPOBaHHAsI COO-
CTBEHHas 4yacToTa BpalueHus (1) u ee coBnaaeHue
¢ COOCTBEHHOI YaCTOTOI KoJieOaHUIl MasiTHMKA.)

IIpu ebinyscdenHom BpallleHUM CTaOMIM3UPO-
BAHHOI'O pOTaTOpa ¢ HOCTOSIHHOM 4aCTOTOU

O = 4o

(a — 6e3pa3mMepHBbIl KO3(hGULIUEHT) eTo paanaib-
Hasgd AMHaAMHKa OIPEACIACTCA YPAaBHECHUEM

d*r k
— = o’ —=|r=(a’0} —od)r = —(1-a*)olr.
dt m
B 3aBUCMMOCTH OT 3HaYEHHUSI @ BO3MOXHBI TPU
BapUaHTA.

1. IIpu a < 1 umeeT MecTo nuddepeHInaIbHOE
ypaBHEHME CBOOOJHBIX TapMOHMYECKMX He3aTy-
XawIMX KoJieOaHUI ¢ COOCTBEHHOMN YacCTOTOM

o, = ogVl —a?.

Takxum o06pa3oM, CTaOMIM3UPOBAHHBIN poOTa-
TOp IOCTaBJISIET BO3MOXHOCTb YIIPaBISTh COO-
CTBEHHOM YacTOTOM KoJIeOaHUI paanajbHOTO OC-
LHMJLISITOpA.

pa. 42 dr

r
2IMpna=1 — =0,
P dr? dt
Konebanus He mpoucxoasrT.

=V=const, r=ry + Wi

3.1pua>1 Na?=D1

KonebaHus He NpoUCXOAsIT.

3aTyxaHue KoJieOaHUI B CTaOMIM3MPOBAHHOM
poTaTope MPUHIMUIIMAJILHO HE OTJAMYAeTCS OT 3a-
TyXaHHUSI B OOBIYHOM MasiITHUKE.

d2
T;: (@’ -Doir, r=rye™

BoiOer poraropa B cTAOMIM3MPOBAHHOM peXHME

MuHuManbpHasl MOJHAS DHEPrus CTaOUIU3U-
pOBaHHOrO poTaTopa B CTaOMJIM3UPOBAHHOM pe-

KM€ COOTBETCTBYET CTaTUUYECKOMY CMEIICHUIO
rpysa ry:

W, =Ky +Uy =2K, =2U, = kr.

MakcumanbHasi IIOJIHasT DSHEPrusi TeOopeTu-
YeCKM HEOrpaHMYeHHa, a IPaKTUYECKU OIIpeiae-
JIIETCSI KOHCTPYKTHUBHO YCTaHOBJIGHHBIM MAaKCH-
MaJIBHBIM PAaIUyCOM 7',

ITycTh cpenHsis 3a BeIOET MOIIHOCTH AUCCHUIIA-
TUBHBIX MIOTEPb paBHa P.
Torma BpeMms BeIOEra COCTaBUT

2 2
T=Wm_W0 =krm_FO .

P P
OuyeBUAHO, YTO YeM MeHblle P, TeM MeHbLIe
OTKJIOHEHUE YaCTOThbl BpalLEHUS ® OT COOCTBEH-
HOM .

3akaoyenue

3asgBiaeHHas Ueab padboThl AOCTUTHyTa. Me-
XaHUYECKMI aHaJor LMKJIOTPOHHOIO IBUXKEHMS
omnpeneneH. UM gBisieTcsl cTaOMIAM3MPOBAHHBIN
poraTtop, obnagamKnii (PUKCUPOBAHHOM YacTo-
TOM BpallleHUsI, HE 3aBUCAIIEH OT MOMEHTa HUM-
MyJbCa 1 MOMEHTA UHEPLINMU.

DTO 03HAyaeT, YTO MPU HYJIEBOM BpalllalolieM
MOMEHTE B CTAllMOHAPHOM pEXMME 4acToTa Bpa-
IIEHUS CTAaOMJIM3UPOBAHHOTO POTATOpPa HE MOXET
OBITH TPOM3BOJILHOM Y MTPUHUMAET €AUHCTBEHHOE
3HauYEHUE.

dpyrumMu OCOOEHHOCTSIMU CTAOUJIU3UPOBAH-
HOTO pOTaTopa SIBJISIOTCS UASHTUYHOCTb (hOpMY-
JIbl 4acTOThI BpallleHUus (Qopmysie 4acTOThI IIpy-
JKMHHOTO MasTHMKA, PABEHCTBO KMHETUUECKON U
MOTEHIIMAJILHOM SHEPTUil U BBITEKAIOIIEe U3 3TO-
ro paBEHCTBO pajauyca BpallleHus rpy3a u aedop-
Malluy OPYXXKUHBI.

CTabuiaM3upoBaHHBII POTATOP MOXKET UCIIOJb-
30BaThCs Ui YOpaBJeHUS COOCTBEHHON 4acTo-
TOM KoJebaHUI paauaJbHOrO OCUUJLISTOPA, XOTS
B 9TOM Kau€CTBE OH MOXET UMETh CUJIbHYIO KOH-
KYPEHIIMIO CO CTOPOHBI MEXaTPOHHBIX CUCTEM.

HanpotuB, B KauecTBe cTabuamM3aTopa Bpalle-
HUI ero KOHKYPEHTHbIE BO3MOXHOCTU HEOCIHO-
pUMBI M OMNpEAeHsoTCs MpeaeabHON MPOCTOTOM
KOHCTPYKLIMH.
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The aim of the work is to find a mechanical analogue of cyclotron motion and to determine the scheme of the cor-
responding device, which is appropriate to call a stabilized rotator. From the key circumstance that determines the possibility
of generalizing cyclotron motion to mechanics, which consists in the fact that the Lagrangian of an electron is twice as large
as its kinetic energy, which, as applied to a stabilized rotator, should be interpreted as the equality of kinetic and potential
energies, it follows that the composition of a stabilized rotator should include elements, which are able to store both of these
types of energy, namely, the load and the spring. The natural frequency of rotation of a stabilized rotator is strictly fixed (it
does not depend on either the moment of inertia or the moment of momentum) and remarkably coincides with the natural
frequency of oscillations of a pendulum with identical parameters. When the angular momentum changes, the radius and
tangential velocity change (the rotation frequency does not change and is equal to its own). The position of the load, in
which its center of mass coincides with the axis of rotation, corresponds to a state of indefinite equilibrium. During rotation,
the load can deviate with equal probability in any of the two directions and, accordingly, both compression and extension
of the spring can develop. The state of indefinite equilibrium can be eliminated by providing the initial (static) displacement
of the load and the initial deformation of the spring equal to it. Just as the frequency does not coincide with the natural
[frequency during forced oscillations of the pendulum, the rotation frequency of a stabilized rotator under loading does not
coincide with the natural rotation frequency. At zero torque in the stationary mode, the rotational speed of the stabilized
rotator cannot be arbitrary and takes on a single value. A stabilized rotator can be used to control the natural frequency of
a radial oscillator, although in this capacity it may have strong competition from mechatronic systems. On the contrary, as
a rotation stabilizer, its competitive capabilities are undeniable and are determined by the extreme simplicity of the design.
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MPTH

XX HAUMOHAJIbHAA KOH®EPEHUNA NO NICKYCCTBEHHOMY UHTEJINEKTY
C MEXAYHAPOAHbLIM YYACTUEM (KNN-2022)

r. MockBa, ¢ 21 no 23 gekabpsa 2022 r.

OcCHOBHble HanpaBneHUsA KoHtepeHLUU

*  WHXeHepus 3HaHuI
*  WHTennekTyanbHbIN aHann3 gaHHbIX

e WHTennekTyanbHbIN aHann3 TEKCTOB N ceMmaHTudeckun Web
¢ KOrHMTMBHbIE M NCUXONOrMYECKNE UCCITEA0BAHUS B UCKYCCTBEHHOM UHTENNEKTE
* MopgenvpoBaHue paccy>xaeHui nu Heknaccu4eckmne rnornku

* HeyeTkne mogenun n Msrkne BblYNMCNEHNSA

. MHTeﬂﬂeKTyaﬂbele CUCTEMbI NogAEPXKN NPUHATUA peLLIeHVIVI n ynpasiieHnA
* MHoOroareHTHble CUCTEMbI U NCKYCCTBEHHbIE coobulecTBa

* PoboToTexHu4eckne cuctemsl

* HenpoceTeBble MeToabl, HEMPONHOPMATHKA

e 3OMoumu 1 obpasbl B UCKYCCTBEHHOM UHTENIEKTE
* KomnbloTepHoe 3peHune

¢ OOBbACHsIEMBIW MCKyCCTBEHHbIVI MHTENNEKT B KPUTUYECKNX NPUNOXKEeHNAX
. MHCprMeHTaﬂbele cpenctBa KOHCTPYMpPOBaHUA NHTENNEKTYallbHbIX CUCTEM
. MHTeﬂﬂeKTyaﬂbele TEXHONOIrMmM U NpuknagHble MHTennekTyaribHbie CUCTEMbI

OCHOBHbIE KOHTaKTbI
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MockoBCKMi? aBUALMOHHBIN MHCTUTYT (HaumoHanbHbIM nccnegoBaTenbCKUN YHUBEPCUTET)

YnpaBrneHne 6eCKOHTaKTHbIM NpodnnomMeTpom
npu CKaHMPOBaHUN MNOBEPXHOCTEN CNOXHOro npoduns

Pacemampusaemes 3adaua uccaedoganus npoPuas HOGEPXHOCMU NPOMANCCHHOU NPEUUUOHHOU 0emanu CAOHCHOU Popmbl
0eCKOHMAKMHbIM CKAHUPYIOWUM NPOPDUAOMEMPOM ¢ 3a0aHHOU mouHocmblo. Konmakm uzmepumenvnoeo 640Ka ¢ KOHMPOAU-
DPYeMOll N06ePXHOCMbIO He0OX00UMO UCKAIOHUMb U3-3A 03MOICHOCIU NOBPeNCOeHUs u3deaus U, 00HO8peMeHHO, obecneuums
Heo0X00uMyo mouHOCMb OUeHKU e2o npoguas. [is pewenus 0anHol 3a0a4u 6 pabome UCNOAb3YEeMCS 08YXKOHMYPHAS CU-
cmema, codepicau,as 06a damuuka: npeo6pas0eamenb paccmMosHUs Ha 0CHO8e ONMUUECK020 MYHHEAUPOBAHUS 04 "MOoYH020"
KaHaaa u npeo6pazoeamens Ha 0CHOGe Xpomamuueckoll abeppayuu daa "epy6oeo” kanara ckanupoganus. Ilokazano, ymo Ha
0CHOBe 0aHHbIX uzmepenull "2pyb6oeo” Kanaaa, obecneyusarujeco eapanmupyemoe UCKAYeHUe KOHmaxkma damuuxka "2py60eo”
KaHana ¢ noGepxXHOCMbIO UCCAe0YeM020 U30eAUsl, MOJICHO NPOCHO3UPOBAMb HOAONCEHUEe U CKOPOCMb nepemeujeHus damuuka
"MouH020” KaHana 6 yeaax UCKAHeHUs KOHMAKmMA ¢ uccaedyemol nogepxnocmoio u obecnevenus Heo0Xo00UuMou mo4Hocmu
uzmepenuii. Paspabomana mamemamuyeckas mooenv OUHAMUYECKOU cUCMeMbl CKAHUPOBAHUS HA OCHO8e anpuopHoi UHpop-
Mayuu o 6x005ux 6 Hee dnemenmax u 6a0kax. Ilposeden anairu3 0CHOBHbIX OUHAMUYECKUX CEOLICME CUCMEMbl CKAHUPOBAHUS
U NOCMpOeH 3aKOH ee ynpaeaenus, obecneuusaroujuii mpedyemoe Kayecmeo nepexoonbix nPOYecco8 Ha 0CHO8e Mamemamuye-
cK020 modeauposanus. Pazpaboman areopumm npoeHo3a nociedyouweco0 noA0JCeHUs damyuka "moyHo20"” KaHaia Ha 0CHOGe
O0aHHbIX usmepeHuil "2py6oeo” Kkanaaa, Komopulii obecnevugaem mpedyemyo CKOpOCmMb U MOYHOCMYb CKAHUPOBAHUS 8 3A8UCU-
MOCMU OM NPOSHO3UPYeMOU 8biCOMbL NPOGuUAA nosepxHocmu obsekma. Pazpabomana 6a0k-cxema aseopumma, onpedeasioue-
20 3HAYeHue nepemeujeHus 0amyuxka "moyHo2o" Kanaia é 6epmuUKaIbHOM HANPABACHUU 6 3A8UCUMOCIU OM NOAYHEHHOU OUeHKU
uzmepenuti "epy6oeo” kaunana. Ilpoeedennvie uccaedo8anus no360AUAU pazpabomams CMpPYKMYPHYIO cXemy 08YXKOHMYPHOU
uzmepumenvHou cucmemul. bviao npoeedeno modeauposanue danrnoi cucmemut 6 cpede MATLAB/Simulink, komopoe no3zéonu-
A0 OUeHums dPpexmueHocms ee YYHKYUOHUPOBAHUS 045 PAZAUMHBIX Uccaedyemblx npoduael. Pezyiomamor modeiuposanus
nokasaiu 3gppexmugnocms npedraeaemoli cxemul CucmeMsbl YRpagieHus npopuiomempa.

Karoueenie caosa: memood onmuuecikoeo myHHeabH020 3 dhexma, Memoo oyeHKU NOA0NCEHUSI YYBCMBUMENbHO0 dNeMeHma,
@yHKYUs NPeobpa308anus NOA0NCEHUS U CKOPOCMU nepeMeujeHus, npeyu3uoHHbll npouiomemp, 6eCKOHMAKmMHOE CKAHUPO-

6aHue noeepxHocmu

BBenenne

B HacTostiiee BpeMsi OSCKOHTaKTHEIE ITpodu-
JIOMETPBI IIMPOKO MCIOAb3YIOTCSI B IMPOMBIILICH-
HOCTU JJisi KOHTPOJS TOYHOCTU M3rOTOBJIEHUU
CJIOXHBIX JeTajieli B pa3IMUYHbIX IMPOM3BOJACTBEH-
HBIX HarpaBiieHusix [1—6]. beckoHTakTHBIE cKa-
HUpPYIOILIME IIPODUIOMETPhI, MUCIIOIb3yeMble IJIS
OCYIIECTBJICHUSI M3MEpeHUil 0e3 KacaHus u3Me-
puTeabHOro 0JI0Ka ¢ MCCIeIyeMOl MOBEPXHOCTHIO
00BbEKTa, MOTYT MCIOJIb30BaTh Pa3IMUHbIE CEHCO-
pel [1—3, 5, 7—9], B TOM 4ucCle TaKue, KaK IIpeoo-
pa3oBaTesib PacCTOSTHUS HAa OCHOBE ONTHYECKOIO
TYHHeJIUpoBaHus [5, 6] uiu nmpeobpa3oBareiib Ha
OCHOBE Xpomaruueckoil adeppamuu [7—9]. OmHa-
KO Ja)e MCMOJIb30BaHUE TaKMX M3MEPUTEbHBIX
YCTPOMCTB HE MOXET UCKJIIOUUTh KOHTAKT CEHCOP-
HOTO OJIOKA C TOBEPXHOCTBHIO UCCIEIYEMOTO O0b-
ekTa. Takoe CTOJIKHOBEHMWE MPUBOAUT HE TOJIBKO
K BBIXOY U3 CTPOSI CEHCOpa, HO M MOXET MPUBECTU
K ITOpyYe HUCCaeayeMoro oobeKTa, A5l KOHCTPYUpO-
BaHUSI KOTOPOTO ObLIM 3aTpayeHbl 3HAYUTEIbHBIC
MaTepuajibHble U BpeMeHHble pecypchl. [loaTomy

BO3HMKAeT 3ajada pa3pabOTKM TaKOro H3MepH-
TEJILHOTO YCTPOMCTBA, KOTOPOE OBl 00eCTIeurBalo,
C OJHOI CTOPOHBI, MCKJIIOUYEHUE MEXaHUYECKOro
KOHTaKTa CEHCOpa C ITOBEPXHOCTHIO OOBEKTA U €Tr0
MOBPEXAEHUS B IIPOLIECCE CKAHUPOBAHMS, a C ApY-
rOlif CTOPOHBI, TapaHTHUPOBAJIO OBl MOJYyYEeHUEe JaH-
HBIX O IIpoduie NCCaeayeMoil ITOBEPXHOCTH O0b-
eKTa ¢ 3aJaHHOM TOYHOCThIO [10—14].

ITocTanoBka 3amaum

JdaHHBIe pe3yJbTaTOB U3MEPEHUI MOBEPXHOCTU
HUCCIENYEMOT0 OOBEKTa OOBIYHO MPEACTABISIOTCS
B BUJIE pacTpa C paBHOMEPHOM CETKOM C 3aJaHHbIM
0 Hayaja WM3MEPEHUU IaroM, OIPeaeasSIOIIuM
pacCcTOsIHWE MEXAY IBYMS ITOCJIEAOBATEIbHBIMU
ToukamMu. OmHAKO, eClIM MOBEPXHOCTh OOBEKTa He
SIBJISICTCSI TJIOCKOM, a MMEET CJIOXHBIN IpoduiIb
C yYyacTKaMM pa3IMYHOr0 HAKJIOHA U BBICOTHI OT-
HOCHUTEJIBHO HEKOTOPOIro 3aJaHHOTO YPOBHSI, TO
TOTIa BpeMs IS Tepexoia OT ONHOW MCCIEIYEMOM
TOUYKHU ITOBEPXHOCTH K IPYTOii TaKKe JOJKHO ObITh
pa3aUYHBIM. DTO HEOOXOAUMO JIJISI TOCTPOCHUS
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PaBHOMEPHOI CETKM CKaHWPOBAHMS MOBEPXHOCTU
00BbEKTa, YUMTHIBAIONIEH aBTOMAaTUUECKHA PACCTOSI-
HHE MEXIY TOYKAMM Pa3IMYHON BBICOTHIL. TakuMm
00pa3oM, CKOPOCTh CKAHMPOBaHUSI TTpoduioMeTpa
oInpeaeaseTcsd He TOJAbKO 3aJaHHBIM 1IaromM cKa-
HHUPOBaHMUS, HO M YIVIOM HAaKJIOHA MCCIEeAYyeMOM
noBepxHocTr. OTCIOIa BOZHUKAET 3aa4a yIIpaBie-
HHS 3HAUYCHHMEM IIIara IepeMelieHnsT 0€CKOHTaKT-
HOTO NpodUIOMETpa B 3aBUCUMOCTH OT 3HAYCHU S
yIja HaKJIOHA MTOBEPXHOCTU MCCIENYEMOIro OO0beK-
ta. [loaTOMy cuctema ynpaBiieHUS MepeMEeIeHMSI-
MU U3MEPUTEILHOTO 0JI0KA MO BEPTUKAJIBLHON OCHU
JIOJKHA YMETh IIPOrHO3UPOBATh BHICOTY €ro IT0JI0-
JKEHUS Ha CJIeAYIOLIEM 1Iare ¢ y4eToM COXpaHEHU S
3aJJaHHOT0 MTPOMEXYTKA MEXIY CEHCOPOM U UCCJIE-
JYEMOI TTOBEpXHOCTbIO, TaK KaK 3TO OMpeaessieT
TOYHOCTH ITOJTy4aeMBbIX JAaHHBIX U3MepeHuil. Tpym-
HOCTb peLIeHMS JaHHOK 3aJa4yM TaKXke 00yCIoBIIe-
Ha TeM, 4TO MepeMeIIeHMs N3MEPUTEIBHOTO OJIoKa
OCYILECTBISIOTCS C IOMOLIbIO HCHOOJIHMUTEIbHBIX
YCTPOMCTB, 00JIaIaloOlIMX ONpeAcIeHHBIMHA IMHA-
MUYECKMMHU CBOMCTBAaMHU, KOTOPHIE HE ITO3BOJISIIOT
MTHOBEHHO IepeMellaTb CEHCOp B Tpedyemoe Io-
JoxxeHue. IIpy 3TOM CTaBUTCS YCIOBUE MCKJIIOYE-
HHSI MEXaHMWYeCKOro KOHTaKTa CEHCOPHOro OJioka
C TIOBEPXHOCTBIO UCCIEAYeMOro 0ObeKTa.

Cxema pelieHus MOCTABJIECHHON 3a1a4u

Hst pelieHusT MOCTaBACHHOM 3aJa4yd UCIIONb-
3yeTcsl ABYXKOHTYpPHAsl MU3MEPUTENIbHAsl CUCTEMA,
COCTOSI11Iasl U3 TYHHEJILHOTO ONTUYECKOIo Mpeos-
pazoBatens (OINIl) u mpeoOpa3oBaTelisi HA OCHOBE
xpoMaTuueckoit abeppauuu (ITITXA).

Biok-cxeMa OGECKOHTAKTHOrO CKaHUPYIOIIETO
npoduiIoMeTpa COIEPKUT CIACIAYIOLINE DIEMEHTHI
(puc. 1): ucrounux uznyuenus (MN); ontuueckuii
npeobpaszoBatenb npudauxenus (OI1II) Ha ocHO-

BE OITHUYECKOro TyHHenabHOro 3ddekra (OTI);
doronpuemHuk (®I1); mpeobpazoBaTeab "TOK—
Hanpsixxenue" (/—U); ook oopadorku (BO); ycu-
murenp (YC); mponopuuoHalbHO-IUMdepeHIIn-
anbHbI peryastop (IIAP), koTopslii peain3oBaH
B 0J10Ke 00paboTku 6y0ka narunkos (b/1); narunk
noaoxeHus HII, uaMepsdolIMii NEepeMEHHYIO Z;
JIMHEWHBINA [IBUTATEJIb TMEPEMEIICHUN BIOJb OCHU
0Z, HatipuMep, JTUHEWHBIN TThe302JIEKTPUUYSCKU I
nBurarenb Piezolegs (PL); MOABUXXHBIE MOTOPU30-
BaHHbIe CTOJMUKU 1ist oceli OXu OY (IICM(0OX) u
I[ICM(OY)); natyuk mnepeMelieHus Baoab ocu OZ
(II1) m mpeobpa3oBaTeph MEepeMEIICHUST Ha OC-
HOBe XpoMmatuueckoro abeppauus (ITITXA) [6, 8].
OnTnueckuii mpeobpa3oBaTeab MPUOIMKEHU S
(OI1Il) uMmeeT crenymolue mapamMeTphl: YTOJ ma-
meHus 0 = 51°, mokasareib MpPEJOMJICHUS TIpe-
oo6pazoBatens OIIIl »n; = 1,53; nokasarenp mpe-
JOMJIEHUS Bo3ayxa n, = 1,0, BXoIHasi MOLIHOCTb
nsnyuenus Py, = 100 MxBT, 11MHa BOJIHBI U311Y-
gernst A = 1,31-107° u, pagnyc U3MEpPUTEIBHOTO
yactu npeodbpazosarens OINII r, = 1,5-107° m.
[Ipn nepemeleHn 6€CKOHTAKTHOTO MPOdUIO-
MeTpa OT TeKYIIEl TOYKU Ay K CIEAYIOLIEH TOYKe
h, paccrosnue nuxeHus [NICM(OX) no ocu OX
OyzneT paBHO IMaMeTpy U3MEPUTEIbHON YacTH Mpe-
oo6pazoatens OINI. B aTom cnydae yrona HakJioHa

CKaAaHHUPOBAHUA Oy, MOXKHO OIPEACTINTD KaK

Ah
Oyax = arctg (Ej’
rae Ah — pasHMLA BBICOTBI MEXIY TOYKHU hy U
TOYKU hy; Dy paccTosiHME NpU IBUKCHUU
[ICM(OX) u3 Touku h, B TOUKY A;.

Ha ocHoBe nndopmauuu o ckopoctu V, nepe-
MenieHus mnpeoopasoBarens OIIIl mo ocu OZ u
ckopoctu Vy nepemewenuss [ICM(OX) yron Ha-
KJIOHA MCCJIeNyeMOH MOBEPXHOCTU MOXKHO TaKKe

OIpeaeaInTh Kak

dr(?;i-k)—.l onn lﬂ’q on |ﬁ'£| I-U” MNXA I-—hu:ﬂ
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Puc. 1. Baok-cxemMa cucTeMbl CKAHHPOBAHHUS 0ECKOHTAKTHOrO CKAHMPYIOIETO MPO-

dunnomerpa
Fig. 1. Flowchart of contactless scanning profiler’s system

Vz
Oy = arctg Vol
X

Cxema 1y MaTeMaTHUYECKOro
MOAEIMPOBAHMWS HaKJIOHA HCCIe-
IyeMOIl MOBEPXHOCTU C ITOMOIIbIO
0OeCKOHTaKTHOTO TMpoduiaoMeTpa
MpHUBeIeHa Ha puc. 2.

B kayecTBe HMCHOTHUTEIHLHOTO
aneMeHTa PL HamMu Obl1 BbIOpaH
JIMHEWHBIA  TMbE303JEKTPUIYECKU
nBuratenb Piezolegs. Ero Makcu-
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Puc. 2. 3aBUCMMOCTb CKOPOCTH JABHIKEHHS ONTHYECKOrO Mpeod-
pa3oBaTeJis OT yIJa HAKJIOHA MOBEPXHOCTH

Fig. 2. Dependence of motion speed of optical converter on a sur-
face slope angle

MaJibHasi CKOPOCTh ABMKeHUsI paBHa 10 mm/c.
B kauecTtBe KaHaja rpyooro uaMepeHust OblJI Bbl-
OpaH IIpeoOpa3oBaTe/ib, MaKCUMAaJbHBINA aMana-
30H U3MepeHUus Kotoporo paseH 100 MKM.

I1pu 3HaueHun cmeleHus @ ; = 30 MKM 10 ocu
OX MakcMManbHO ONpeaesieMblii HAKJIOH UCCIIe-
JyeMOI TTOBEPXHOCTH OyIEeT paBeH

hmax _
- j_1,279.

L yak, max = arctg [
1

o.ooi- ——————— P Jo

Puc. 3. 3aBucumocts ckopoctu Vy nBuxkenus no ocu OX ot yria
Olyax HAKJIOHA CKAHMPYEMOi MOBEPXHOCTH

Fig. 3. Dependence of axis OX movement speed Vy from a slope
angle a,,, of the scanned surface

B aToM ciyyae makcuMasnbHasi CKOPOCTb JIBU-
XKeHus no ocu OX Oynet paBHA

Z,max
arCtg(aHaK,max)

= 3,004-103 m/c.

X,max

Ecnu ckopoctb asurarens PL paBHa V,= 1 mM/c,
a HaKJIOH cKaHupoBaHMs usMeHsieTcs otT 0,01 mo
1,279 paguaH, TO 3aBUCUMOCTb CKOPOCTHU IBMKE-
HUs Vyno ocu OX OT yriia HaKJIOHA UCCIIENyeMOt
MOBEPXHOCTU CKAaHUPOBAHUS MMeeT BUI, IIPUBE-
JIeHHBIN Ha puc. 3.

3aBUCUMOCTb CKOPOCTU V), NBUXEHUS MO OCU
OZ ot yria HakJIOHa MCCJIeIYyeMOil IMTOBEPXHOCTHU
nmpu ckopoctu nepemeiieHuss I1ICM(0OX) mokasa-
Ha Ha puc. 4.

W3 rpacdukos (puc. 3 u puc. 4) MOXHO MOHSATh,
YTO CKOPOCTh CKaHMpPOBaHU 1o ocu OX oOpaTHO
MIPOIOPLIMOHAJIbHA YIJIy HAaKJOHA ITOBEPXHOCTHU
00beKTa U MPOIOPIMOHAIbHA CKOPOCTHU IIepeMe-
IIEHUSI MbE303JIEKTPUYECKOTO ABUTATEINSI IO OCHU
0OZ. TlockonbKy O€CKOHTAaKTHBIII ITPOGUIOMETP
KUCMOJAb3yeT IIpeobpa3oBaTeib  NPUOJUKEHU S
Ha ocHoBe OTD @11 TOUHOro M3MEPEHUSI BHICO-
Thl TIOBEPXHOCTH OOBEKTa, a IIpeoOpa3oBaTeib
IIIIXA — nias1 mporHO3MPOBAHUS BBICOTHI Cllie-
JIYIOLIeil TOYKH, TO C IIOMOIIBIO ITbe303JIeKTPpUYIE-
CKOT0 JBUTATEJISI MOKHO KOMIIEHCHUPOBAaTh pPa3HU-
1y B 3HAYEHUU 3a30pa MeXIy ImpeoOpa3oBaTeieM
MpUOJNXKEHHUS U MMOBEPXHOCTHIO 00BEKTa. DTO UC-
KioyaeT KOHTaKT OTD ¢ MoBepXHOCThIO 00BEKTa.

PaccMoTpuM anroputMm paboThl OECKOHTAKT-
HOTO IIpodUIoOMeTpa C CUCTEMOI MPOrHO3a BHICO-
Tol. Ilepen HayajaIoM CKaHUPOBAHUS IIPOUCXOIUT

caMOTeCTUpOBaHMUE IIpoduIoMeTpa, M OaTYUK
r-r—-—-—m—m—™""""""""""""""-"-""=-"-""=-""=-"-""=-"-""=-"-""=""=-"-""=""=-"-""=""=-"-""=""=-"-""="—""=-—""="—""=-—-""="—""="-—"="—"=—-—"—-—"—-——-—-—-=- al
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Puc. 4. 3aBucumocts ckopoctu V, nBuKenus no ocu OZ ot yria
Oy HAKJIOHA MOBEPXHOCTH CKAHHPOBAHUS

Fig. 4. Dependence of axis OZ movement speed V, from a slope
angle a,,, of the scanned surface
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CHUCTEMBbl YCTAHABJIMBAETCSd Ha HaYaJbHYIO TOUKY
MOBEPXHOCTHU Teja. Tak Kak pacCTOSTHUE MEXIy
natuukamu OINIT u ITTTXA npeBbliiaet mar ropu-
30HTAJILHOIO CKAaHUPOBAHUS B k pa3, TO MepBble k
1IarOB CKaHMPOBaHUs paboTaeT KaHan "rpyboro”
U3MepeHU s 3a30pa, nHPopMauus 00 U3MEPEHHbBIX
JaHHBIX KoToporo moctynaer B bO (61ok obpa-
00TKM nmaHHBIX). Yepe3 k 11aroB cKaHUpPOBAHUS
HauMHaeT NOCTymnaTh MHMOpMalus OT KaHalia
"TouHOro" m3MepeHus 3a3opa (mepemeHHass Z7T).
Takum 006pa3oM, K MOMEHTY IOSIBJICHUS MEPBOIroO
TOYHOTO 3HaueHus 3a3opa B namsiatu bO umeetcs
yrnpexnaamonas nHpopmauusg o k + 1 3HayeHU-
sIX TpyOOro 3a3opa, M CUCTeEMa MPOTrHO3a BBICOTHI
HaunMHaeT cBoio pabory. Mcmonb3ys unHbopma-
uuio garuuka nojoxeHus (JI1) o Beicore OINI n
[TITXA B cooTBeTcTBYyWOIIUX Toukax, bO Bbluuc-
JIsIeT TOUHOEe 3HaYeHUe BBICOTHI B TOUKE CKaHUPO-
BaHUsA Ne 1 u rpyboe 3HaYeHUE BBICOTHI B TOUKE
ckaHupoBaHuss No 2. Jlajee BBIYMCISIETCS IPO-
THO3MpPYeMOe 3HaueHue Tepernaaa BhICOT.

Ecau mporHo3upyeMoe 3HaYeHUE TPEBBIIIAET
3alaHHYI0 MaKCUMaJbHYIO Pa3HUILY BBICOTHI MO-
BEPXHOCTH, TO CUCTEMA CKAHUPOBAHUS HE MOXET
KOMIIEHCMPOBATh Pa3HMILY BBICOTHI TTOBEPXHOCTH.
B aTOoM ciyyae cucteMa CKaHMPOBAHUS MPUHU-
MaeT pelleHue: cieayeT JU OCTAHOBUTH CKaHMU-

| Beog cursanadi+l s ONN |
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Puc. 5. Aaroputm ¢yHKOIHOHMPOBAHUSI CHCTEMbl CKAHWPOBAHHS
0€CKOHTAKTHOr0 CKaHupywouero npoduiomerpa

Fig. 5. Algorithm of scanning system of the contactless profilo-
meter

poBanme. Ecnm "Jla", cucteMa OCTaHOBMTCS; €CIIU
"HeTt", To ymeHnbiaetcs koapduuuent [ICM(OX),
1 TIOBTOPHO MPOUCXOIUT 3TAI BHIUMCIEHUSI.

B cnyuae, ecnu 3HaueHue mepernaaa BbICOT HE
MpPeBbIIIAET MAaKCUMaJbHYIO Pa3HUIY BBICOTHI,
CUCTEMa CpaBHMBAET 3HAUYCHME Tepenanga BbICOT
CO 3HAYEHUEM HavajbHOro 3asopa d,. Eciu ero
3HAaYeHMEe TPEBBILIAECT d), TO cleasiias cucrema
MoAHWMaeT OJIOK TaTYMKOB Ha BEIUUYMHY AZ, IpU
KOTOPOM TIPOTHO3UPYEMOE 3HaueHue Iepernana
BBICOT OyAeT paBHO d,. lajee mogaercsi KoMaHaa
Ha nipuBoa [ICM(OX), u 610K 1aTYNKOB TepeMe-
maeTcs B TOUKy Ne 2.

B cnyuae, ecnu mporHo3upyemMoe 3HauYe€HUE Tie-
perana BbICOT HE MPEBbILIAET d;, Cpa3y MoJaAeTCs
komaHa Ha npuBoa [ICM(OX), u 610K 1aTUMKOB
nepemenaeTcd B Touky Ne 2. B Touke ckaHuMpO-
BaHus Ne 2 3amyckaeTrcsl cieasinasi CUCTeMa CH-
CTeMBbl MPOTrHO3a, KOTOpasl yCTaHABJIMBaeT HOMMU-
HaJIbHOE 3HaueHue 3a3opa d7, paBHOE d,,.

HaHHas mpolienypa IMOBTOPSETCS 0 TeX Iop,
rnmoka OJOK AATYMKOB HE JOCTUTHET IMOCIeIHeN
TOYKM CKAaHMPOBAaHMS, TIOCJIE€ 4Yero CKaHUPYIO-
U OJIOK BO3BpAIAETCsl B UICXOMHOE TTOJOXEHHUE,
1 momaeTcss KomaHma Ha npuson [ICM(OY). Co-
OTBETCTBEHHO, MPOMCXOAUT MepeMelleHre 0oka
JaTYMKOB Ha OAWH IIar BAOJAb KoopauHatel OY,
1 paboTa CUCTEeMbl CKAHWPOBAaHMSI TTOBTOPSIETCS.

Ha puc. 5 mpuBeneHa 610K-cxeMa paboThl 6ec-
KOHTAaKTHOI'O CKaHUpYylollero mpoduioMeTpa,
HCTIONB3YIOIIEeTO aJITOPUTM IPOTHO3a IepemMellie-
HUSI ONITUYECKOTO Mpeobpa3oBares.

MoneaupoBanue npouecca (hyHKIHOHUPOBAHUS
0EeCKOHTAKTHOTO npoduiomerpa

MopenupoBaHue pabOThl CUCTEMbI CKAHUPOBA-
HUS TIPU pa3IMYHBIX 3HAYCHUSIX BBICOTHI /4 B Cpe-
ne MATLAB/Simulink ocyuiecTBislJIoch AJs 3a-
JaHHBIX ITApaMETPOB 3BEHbLEB MCCJECAYEMOl ITbe-
303JICKTPUYECKOro aBurarenst PL M MOABUKHOIO
MoTopu3oBaHHoro croiauku IICM(OX), npuse-
JEHHBIX HUXeE:

e 60...240
Ky (M/O)/B Lo 4,42-10%
A 1,5-107¢
Do Coeeee e e 9,9-107
knems HM/C)/B ..o o 100...200
THOMs C- v v eeeee e e e 1-107°

B kxauecTBe HCMOJHUTENBHOro 3JieMeHTa PL,
KaK yXe yKa3blBaJIOCh B TaHHOI paboTe, OB BbI-
OpaH Nbe302JIEKTPUUECKUI JBUTATE]Ib Ha OCHOBE
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oOpaTHOro mnbe3oaiekTpuueckoro sddexra. Ile-
penaTouHast (pyHKIIMSI OBUTATENsI, OTpaxkaromias
IMHAMUYECKYI0 3aBUCUMOCTDH IIepEeMEIeHUsI OT
HATIPsIKEHU S, OTIpeesisieTCsl Kak

1 ky.k,,
LL = V —_ = —yc p .
»(S) pl(s)s (T,s +1)s
3nech ky, — KOIPOUIMEHT yCHIUTEIsT Ha-

npsikeHust; k,, (HM/c)/B — koabduiineHT nepe-
Ja4y, OMNpPEACsIIOIUIU CKOPOCTh IMepeMEeLIeHUs
MbE302JIEKTPUYECKOTO ABUTATEIsI B 3aBUCMMOCTU
OT BEJIMYMHBI, IOJAHHOTO HA HEro HAaIMpPSXCHUS;
T,, ¢ — TOCTOSIHHAsI BPEMEHU ITbe303JIEKTPUYe-
CKOTI'O JBMIaTesl.

B xauecTBe MCHOJHUTEABHOrO aeMeHTa [ICM
(mo ocssm OX u OY) Ob11M BbIOpaHBI MOABUXHbBIE
MOTOpPU30BaHHBIE CTONUKU. Ilepenarounast pyHK-
LIMSI UCIOJHUTENbHBIX 2JIEMEHTOB, OTpaxkalolas
JIMHAMUYECKYIO0 3aBUCHUMOCTD Tepe-

MEILIEHUS OT HAIPSI)KEHUS, Oompene- | h um X104

TEJILHOUM Pa3HUIIE BHICOTHI MEXAY ABYMSI TOUKaAMU
MOBEPXHOCTU O0OBEKTa CUCTeMa CKaHMpPOBaHMS
OyaeT uMeTb HauOOJIbIIYI0O CKOPOCTb M3MEPEHM I
npu 3HayeHuM Koddduimenra k, = 60. B aTom
cllyyae MakcUMajbHble 3HAYeHUS yrja HakKJoHa
Ola¢ M CKOPOCTU ABUXEHUS Vy 1o ocu OX umeror
caenytoumme 3HaueHus:: Vy =1 mm/c, oy, = 39,8°.

IIpu 5ToM OECKOHTAKTHBINA MPOGUIOMETP IIO-
3BOJISIET UBMEPSTh MAaKCUMAJIbHYIO pa3HUIY BBICO-
THI TIOBEPXHOCTU O0BEKTa, paBHYIO A/l = 25 MKM.

Ha puc. 6 mokasan rmpumMep CKaHUPOBAHUS T10-
BepxHOCTH Tesa B 10 Toukax mpu M3MEHEHWU Bbl-
COT & B cleaylollei TocaeaoBaTeabHOCTH: 250 HM,
150 aMm, 1500 am, 3000 am, —2000 aM, 1000 HM,
—1000 uM, 24 000 um, 74 000 um u 44 000 HM.

Ha puc. 7 npuBeneH rpacduk nepemnagoB BHICOT
Ah, HM, HUCCJIeIyeMOIl TOBEPXHOCTHU B TOUYKAX MU3-
MEPECHUM.

JIAC€TCA KakK

Whem(s) =

1 k
_V 1_ ncM
ncM(S)S (Thcems + s

rae kpcem, (HM/c)/B — kKoappuuu-
€HT YCUJICHUS TOJBUXHOIO MOTO-
pusoBaHHOro cronuka; Tpcm, € —
MMOCTOSTHHASI BpEMEHU.

|
|
|
|
|
|
|
| 4
|
|
|
|
|
|
|
|
|

3 4 5 6 7 8 9 10
Ne ToukH H3Mep.

Puc. 6. IIpoduas BbicOT HCcenyeMoii TOBEPXHOCTH
Fig. 6. Profile of surface’s heights under study

AHaIN3 TAaHHBIX MOTEIUPOBAHMSI  r—— — = — = — = — = — - — o .

mokKasalj, 4YTo:

— eca KoahdunueHt ky, = 240,

TO IIpU OOJIBLLIONM pPa3HUIIC BBLICOTHI

MEXAYy ABYMA TOUYKaMM ITOBCPXHO-

CTU O00BEKTa CHUCTEeMa CKaHupoBa-

HUSI HUMEET caMylo OBICTPYIO CKO-
pOCTh M3MEpeHHs, a B JUaIlla30He

TOYHOCTHU U3MCPCHUA CUCTCMA UMC-

3 4 5 6 7 8 9 10
Ne TouKH H3Mep.

€T 3HAQUYUTEJbHbIE OCUUJIJIAIUU Bbl- "~~~ -~~~ "~~~ -~~~ -~~~ -~~~ -~~~ - - - - - - - - - - - - - -

XOTHOTO CUTHAJa;
— ecau KoahduumeHt ky, = 60,
TO TIpY OOJBIION Pa3HUILIE BBICOTHI

Puc. 7. I'paduk nepenaoB BHICOT HCCJIelyeMOii MOBEPXHOCTH
Fig. 7. Diagram of height differences of the studied surface

MEXAYy OABYMA TOYKaMHU IIOBCPX-

HOCTM OOBEKTa CHUCTEMa CKaHHpoO-

POCTb UBMCPCHUA.

B mnpomexyToO4HOM Oumamna3zoHe

Y CUCTEMBbI HaO104aeTCsI HEOObIIOE

|

|

|

15

4
BaHUA MMEET CaMyIO HU3KYIO CKO- : 3

12

l

1

0

l

|

|

L

YBEJIMYEHUE MHEPUMOHHOCTU KaHA- ‘“————————————————m— o T 4

Ja TpSAMOro mnpeoOpa3oBaHUs MpU
MOJITHOM OTCYTCTBMU OCHWJISILIAN
BbIXomHOTO curHaga. [lpu 3Haum-

Puc. 8. Tpaekropus nepeMenieHis ONTO3JIEKTPOHHOrO 010K JATYHKOB BI0JIb ocn OX
Npd CKAHUPOBAHUH MCCJIEAYEMOi MOBEPXHOCTH

Fig. 8. Trajectory of optoelectronic block’s movement along OX axis during scanning
of studied surface
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Ha puc. 8§ nmpuBeaeHa TpaeKkTopus IepeMelie-
HUs 6J10Ka TaTUMKOB MbE303JeKTPUUECKUM JBUTA-
TejeM BIoJAb ocu OX mpu CKaHUPOBAHWUM TOBEPX-
HOCTH, MTpodUJIb KOTOPOI yKa3aH Ha puc. 6 u 7.

Ha puc. 8 moka3zaHo, 4To B Touke No 6, yka-
3aHHOW Ha puC. 7, UMEIOIIEH Tepenaa BBICOT OT
54 000 um go —24 000 HM, pa3HHIIA BBICOT IO-
BEpPXHOCTU OyneT mMpeBbIIIaTh MaKCHUMaJbHYIO
pas3HUIly, a MO3TOMY OECKOHTaKTHBINM MpohuIo-
METP OCTAHOBUT CKAHMPOBAHME M €r0 BBIXOAHOM
CUTHAaJ NpUMeET 3HaYeHue, paBHoe 0.

Ecnu pa3Huiia BBICOT TOBEPXHOCTHU MTPEBBIIIIAET
MaKCUMaJbHYIO pa3HUIy (25 MKM) 1 HE MpeBbIIIa-
€T MaKCUMaJIbHYIO nuama3oH uamepenus [TT1XA
(50 MKM), TO OECKOHTAKTHBIN TTPODUIOMETP IMO-
3BOJISIET YBEJINYMBATh KO3 GUILIMEHT yIIpaBJIeHUs
MbE303JIEKTPUIECKUM JIBUTATENIEM Ky, U MPOIOJI-
XaTh CKaHWpoBaHUWE. TakuM 0Opa3oM, aJrOpuTM
yIpaBjeHUs OECKOHTAKTHBIM TPOGUIOMETPOM
MOXeT 00ecCleuyuTh TOYHOCTh CKAaHUPOBAHUS Y-
TeM M3MEHEHMU ST COOTBETCTBYIOIIEH CKOPOCTH CKa-
HUPOBaHUS, a TAKXe MCKIIOUUTh MeXaHUYECKUM
KOHTAaKT M3-3a OOJIbIIMX YIJIOB HAaKJIOHA MOBEPX-
HOCTEN O0BEKTA.

3akiaoyeHue

HccnenoBaHa CTPYKTypHasi cXeMa CHUCTEMBI
CKaHUPOBAHUSI OECKOHTAKTHOIO IpodUIIOMETpa,
comepxkaiass TpyObIifi M TOUHBIM KaHaJbl M3Me-
peHusi. B kxauecTBe rpyboro msMepureis Iiepe-
MelIeHUs] OEeCKOHTAKTHOro IIpoduioMeTpa OBLI
BbIOpaH IpeoOpa3oBaTelib HAa OCHOBE XpOMAaTH-
yecKoll abeppaluu AJIsl IPOTrHO3MPOBAHUS BBICO-
Thl IOBEPXHOCTH TeJIa B IIPOLECCEe CKAHUPOBAaHU S
("rpyOn1it” KaHaa usMepeHus). B "TounoM" KkaHase
M3MEPEeHU ST UCHOIb3YeTCs IIpeoOdpa3oBaTeiib Ipu-
onuxxeHus: Ha ocHoBe OTO.

Jng cucteMbl CKaHUPOBAHUS OBIT pa3pado-
TaH aJITOPUTM YIpaBlIeHUs, O0ecIeunBaloOUIni
MnepeMellIeHe CEHCOpa TOUHOTO M3MEpPEHUs IIpu
HCCJIEIOBAHUM IIOBEPXHOCTU CO CIIOKHBIM peibe-
¢dom m OonpmimM mepemnanoM BeIcOoT. IlokaszaHo,
YTO CKaHMPOBAaHME OCTaHABIMBAEeTCs, KOrma Iie-
penan BBICOT CIMIIKOM BeIUK, YTOOBI UCKIIOYUTh
KOHTAaKT JAaTuyMKa C ITIOBEPXHOCThIO OOBEKTA.

Ha ocHoBe nuHeapu30BaHHOW MaTeMaTU4Ye-
CKOM MOIEeNN IIPEeIIOXEHHOro IBYXKaHaJbHOIO
npopuaoMeTpa, C YYETOM OSKCIIEPUMEHTaIbHO
MOATBEPXKIEHHBIX XapaKTepUCTUK IIpeodOpaso-
BaTeJsd C ONTUYECKUMM TYHHEJIMPOBaHUEM OBLIO
MpPOBEACHO MOAEAUpPOBaHUE DYHKIIMOHUPOBAHMU S

cuctembl yrpapiaeHusa nonoxenuem OIIII B cpene
MATLAB/Simulink nns pa3Hbix poduei BbICOT
MOBEPXHOCTH.

[TokazaHo, 4TO TpeajiaraeMasi cxeMa CUCTEMBbl
VIIpaBJICHUS SBJSETCS pabOTOCHOCOOHOW U 0be-
CMEeYMBAeT CKAHMPOBAHUE BBHICOTHI MOBEPXHOCTH,
a Tak>e MCKJII0YaeT MeXaHWYeCKM KOHTAKT JaT-
yuka Ha ocHoBe OTD c mccaemyemoii IMMOBEPXHO-
CTBIO B TPOIIECCE €€ CKAHMPOBAHUS.
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Abstract

The research problem of a surface’s profile with an extended precision detail of irregular shape with a given accuracy is
considered by the contactless scanning profilometer. The contact of the measuring block with a controlled surface needs to be
excluded because of a possibility of damage of a product and, at the same time, to provide the necessary accuracy of assessment
of its profile. For the solution of this task in work the double-circuit system containing two sensors is used.: the distance converter
on the basis of optical tunneling for the “exact” channel and the converter on the basis of a chromatic aberration for “rough”
channel of scanning. It is shown that based on these measurements of the “rough” channel providing the guaranteed exception
of contact of “rough” channel’s contact with a surface of the studied product. It is possible to predict situation and traverse speed
of the sensor of the “exact” channel for the purpose of an exception of contact with the studied surface and ensuring necessary
accuracy of measurements. The mathematical model of a dynamic system of scanning based on a prior information about ente-
ring it elements and blocks is developed. The analysis of the main dynamic properties of a system of scanning is carried out and
the law of its management providing the required quality of transition processes based on mathematical modeling is constructed.
The algorithm of the forecast of the subsequent position of the sensor of the “exact” channel based on these measurements of
“rough” channel, which provides the required speed and accuracy of scanning depending on the predicted object’s surface profile
height is developed. The flowchart of the algorithm determining the value of movement of the sensor of the “exact” channel in
the vertical direction depending on the received assessment of measurements of “rough” channel is developed. The conducted re-
searches allowed developing the block diagram of a double-circuit measuring system. Modeling of this system in the environment
of MATLAB/SIMULINK, which allowed evaluating efficiency of its functioning for the different studied profiles was carried
out. Results of modeling showed efficiency of the offered scheme of a profilometer’s control system.

Keywords: Optical tunnel effect method, sensor position scanning system, the conversion function, precision profilo-

meter, non-contact surface scanning
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r. MeTponasnoBck, KazaxcTaH

ApantnBHoe ynpaBrieHue nnaHnpoBaHmeM peaktTuBHOro cHapsina
Ha naCCMBHOM y4yacCTKe nosneTta no nporpaMMHo-sa,anHoﬁ TpaeKkTopuun

Pewaemcs 3adaua, nanpasiennas Ha cozdanue cUCMeMbl YNPAGACHUs NAAHUPOGAHUEM peakmugHnozo chapsda (PC) u
omHocawasca k kameeopuu 3adau eHeuwnell 6arrucmuku. Cywecmeywowas memoouka pacuema odaarvHocmu nosema PC,
OCHOBAHHAS HA 3ABUCUMOCMU MPAEKMOPUU HOAeMd OM HAYAAbHO20 YeAd MAH2ANCA CHAPAOA U NPOSHO3UPYeMblX 3HAHeHUl na-
pamMempos 803Myuaruux eo3oelicmeull, He obecneuusaem HeoOX00UMYI MOYHOCMb 3A0AHHOU 0AAbHOCMU NOAema CHapsoa.
Ilpakmuxa nposedenus npobHvix 3anyckoeé PC 041 onpedenenus Heo0X00UMO020 yeaa maneaxica c8s13aHA C CYU,eCmeeHHbIMU
mamepuanvhoimu 3ampamamu. Illosmomy npumenenue memooos UMUMAYUOHHO20 KOMNbIOMEPHO20 MOOCAUPOBAHUS A8AIEMCS
Haubonee nepcneKkmuHbiM N00X000M 0451 UCCAeD08aHUS 3aK0H08 pacceusanus PC u paspabomku Ha 5moil 0CHOGe cUCmeMbl
YRPAaBAeHUS NAAHUPOBAHUEM CHAPAOA HA NACCUBHOM YYACMKe MPAeKmopuu noiemad.

IIpedaoxncennas cucmema ynpaenrenus naanuposanuem PC ocHoeana na uchoab306anuu 3maioHHOU mpaeKmopuu noae-
ma PC, paccuumanHoli 045 nPOZHOZUPYEMbIX CPEOHUX 3HAUEHUU CKOpocmU npodoabHoU cocmasasiouei eempa. Tpednoxcen
aneopumm ynpaeaeHus naanuposanuem PC 3a cuem uzmeneHus yeaa nogopoma 20pU30HmMAanbH020 ONepetbs, 0CHOBAHHbIU Ha
3Q8UCUMOCIU 8ePMUKAALHOU U 20PU30HMAALHOLU KOOPOUHAM CHApA0a om yeaa maueaxca. Jlas pazpabomku aseopumma uc-
N01b30844ACH KOMNBIOMEPHASL CUCMEMA BU3YANbHO20 Npo2pammuposanus Simulink. B pesyismame noayuena cmpykmypHas
cxema ynpasaenus nianuposanuem PC, exaouaiowas modess mpaekmopuu e2o nosema Kaxk 00seKma ynpaeienus u 60pmo-
8y cucmemy YnpasieHus, opeaHu3068anHHy0 Ha 6a3e 08yxssdeprHoeo mukpoxonmpoarepa ESP-32. [Ipedioscena memoouxa
becnpogodHOU 3anucu npoepammsl YynpasieHus 6 namsams MUKPOKOHMpoalepa 6 nonegvix ycaosusx. Ha 6aze nakema Simulink
Desktop Real-Time pazpabomana noaynamypuas modeas nosema PC, exaouarowas mukpoxonmpoanep ESP-32, nanamy PCI-
1710HG u Simulink-modeav mpaexmopuu nosema cHapada ¢ nepemeHHOU Maccou 6 8epmukarbHol naockocmu. Ilposedena
cepusi IKCnepuUMenmos, NOKa3aguias 8blCOKYI0 CMeneHb mo4HOCmU NONAJAHUS CHAPAOA 8 Yeb.

Karwueevie caosa: peaxmusnoiii cHapso, cucmema ynpaeienus, mukpokoumpoasep, ESP-32, amaaronnas modenv, MAT-

LAB, Simulink

Bsenenue

CyxomyTHBIE BOMCKA, BOEHHO-BO3IYIIHEIE CHUJIbI
M BOCHHO-MOPCKOM (PJIOT MHOTMX CTpaH BOOPY-
KEH pPEaKTUBHBLIMM CHUCTEMaMU 3aJIIOBOrO OTHS
(PC30) — xommjaekcoM BOOpYXKEHMS, BKJrOYa-
IOIIMM MHOI'03apsIIHYI0 IIYCKOBYIO YCTAaHOBKY W
peakTtuBHbIe cHapsaabl (PC).

KanuOp coBpeMEHHBIX CHapsAOB JOOCTUTAET
425 MM, MakcuMalibHas AaJdbHOCTb CTPEIbObl —
no 45 kxm u 6onee. PC30 wHecyT ot 4 no 50 PC.
Kaxnmplii cHapsim MMeeT CBOIO OTISIbHYIO Ha-
MpaBASIONUIYIO I 3amycka [1—6].

CoBpeMeHHBIE CUCTEMBI KOPPEKIINU IBUKCHUS
PC mo3BonsiioT BO3AeiCTBOBAaTh Ha TPAacKTOPUIO
nonera PC, Omaromaps 4eMy MUHUMM3UPYIOTCS
OLIMOKY MPHUILEIUBAHUS, OCICACTBUS BO3MYIIIa-
IOLIETO BO3AECTBUS aTMOchepbl, Ha4albHBIX YC-

JIOBU¥ MMycKa U APYTUX (PaKTOPOB, OTKIIOHSIOIINX
CHapsa OT KoHeuHou uenu [7, 8].

HJocTaToyHO MHOro mnyoJMKaluid MNOCBSILUEHO
CO3JaHUI0 CUCTEM YIIpaBJeHUS IJIAaHUPOBAHUEM
nojeta PC. B nmyOonukauusx He ONMMUChIBAIOTCS He-
00XoaMMBble M1 NPUJIOKEHUIA U pealn3aluu MaTe-
MaTUYecKue MOJEIU U JIeTajlu aJITOPUTMOB, a TIpU-
BOMSITCSI TOJILKO OKOHYaTeJbHbIe pe3ysbTarhl. [1pu
5TOM MPAKTUYECKU OTCYTCTBYIOT UCTOUHUKU, B KO-
TOpPBIX MMeJIaCh Obl TOYHAsI aJITOPUTMHUUYECKasT CXe-
Ma, MoaXonsluas IJis HAIMCAaHWSI TPOrpaMMHOTO
obecrnieyeHus1. B OCHOBHOM 3TO CBSI3aHO C TE€M, YTO
Takoe IporpaMMHO-MaTeMaTU4eckoe obecrieueHue
SBJISIETCS MJIM KOMMEPUYECKOM TaWHOM, WUIW WHTEJI-
JIGKTYaJIbHOM COOCTBEHHOCTBIO pa3paboTyuKa Mpo-
rpaMMHO-MaTeMaTndeckoro obecrnedernud [9, 10].

AHany3 HaydyHBIX OyOAMKALIUA ToKas3ajl, 4To
MpeaokeHHbIE CUCTEMbBI, YCTPOMCTBA U aJITOPUT-
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MBI BKJIIOYAIOT TOCTAaTOYHO CJIOXHBIC PEIICHUS,
TpeOyoIe 3HAYUTETBHON NOPAOOTKU KOHCTPYK-
uuu PC, B yacTHOCTH, TOPMO3HBIX CUCTEM, OTKJIO-
HEHUS HOCOBOW YacTW CHapsjaa U T. 1. B To xe
BpeMS ocTaeTcs 0€3 JOJKHOTO BHUMAHUS TIOBOJIb-
HO IIMPOKUIN KPYr BOIPOCOB, HAMIPUMED, aHaIU3
MOJIETHBIX XapaKTEePUCTUK B YCJIOBMUSIX HeCTallMO-
HapHBIX a3pOAMHAMMWYECKUX TapaMeTpOB Cpeabl
WV CUHTE3 ONTUMAJbHBIX CUCTEM KOPPEKIIMY He-
yrpasasgeMbix PC, TpeOyoonux MUHUMAaIbHON 10-
pabOTKM KOHCTPYKIIMU M OOECIeYynBaIOIINX, B TO
XK€ BpeMs, MaKCUMaJIbHYI0 TOYHOCTb CTPEIbObI
[11, 12]. Bce 310 roBopuT 06 akTyajJdbHOCTH pac-
CMaTpUBAEMBIX TIPOOJIEM U TpeOyeT NTOMOTHUTENb-
HBIX UCCJIEAOBAHUMN.

ITocTanoBka 3agaum

CyuectBytomue PC30 ocHallleHbl HeynpaB-
assembiMu PC. TIoCKOMBKY OMHMUM W3 HEAOCTAT-
KOB JAHHBIX CUCTEM SBJISETCA 3HAYUTEIBHOE pac-
CeMBaHMWE CHApSI0B, TO TJaBHBIE TEHIACHIIUU WX
pa3BUTUS — pa3pabOTKM B 00JIaCTU yBEIWYEHUS
KaJmbpa 60enpuItacoB, paclIMPEHUs CIEKTpa pe-
IIa€MbIX 3a7ay, MOBBIIIEHUS CKOPOCTHU Mepe3a-
PSIKH, TAJILHOCTU Y TOYHOCTU CTPEILOBI.

3amaya JaHHOTO MCCJIeNOBaHUS — pa3paboTaThb
METON YNpaBjleHHs ITaHupoBaHUeM Toneta PC,
o0ecIeynBalOIIMil 3aJaHHYI0 HaJbHOCTb WU TOY-
HOCTb CTpEeNbOBI, a TaKXXe MHUHUMAaJbHOE BpEMS
JUTS MOATOTOBKM clienyronero 3anma. IlpeamoxeHo
pelllaTh ITOCTAaBJAECHHYIO 3aJady C IOMOIIbIO amar-
TMBHOI CUCTEMBI yIIpaBieHUs IJlaHupoBaHueM PC
Ha MaCCHUBHOM Yy4YacTKe I0JIeTa Mo IMporpaMMHO-3a-
JaHHOU TpaekTopuu. C 3TOM 1I€JIbI0 HEOOXOAMO;

— pa3paboTaTh CTPYKTYPY CUCTEMBI YIIpaB-
JIeHueM IlaHupoBaHueM PC ¢ HMCHOJIb30BaHUEM
MpOrpaMMHO-3aJaHHON 3TaJIOHHOW TpaeKTOpUU
nosieta PC mpu MpOrHO3UpyeMbIX 3HAYEHHUSIX CKO-
POCTH BCTPEYHOIO BETPA;

— pa3paboTaTh aJrOpuTM yIIpaBJIECHMUS Ilja-
HupoBaHueM PC u moctpouth Simulink-monens,
BKJIIOUAIOIIYIO CUCTEMY YIpPaBJICHUS IJIAHUPOBA-
HHMEM U cUCTeMY uMuTauuu mnojera PC;

— IIPOBECTU KOMITBIOTEPHYIO ampobanuio aj-
ropyuTMa ymnpasjieHUs njaaHupoBanuem PC;

— TMpPOBECTU IIOJYHATYpHOE MOACIMPOBAHUE
npouecca 3anycka PC B peaJlbHOM pexXuME Bpe-
MEHM C UCIOJb30BAaHMEM MPOrPAMMHOIO ITaKeTa
Simulink Desktop Real-Time, MHUKpOKOHTpOJLIe-
pa ESP-32, mHorogyHkuuoHaabHoil miatel PCI-
1710HG u Simulink-monenu tpaektopuu nojaeta PC
C IEPEMEHHOM MacCOM B BEPTUKAJIBHOMN IJIOCKOCTH.

MaremaTruueckad mozeab nuHamuku PC kak
00beKTa ynpaBJieHHs

HBuxenne PC B BepTUKaJbHON IJIOCKOCTH
OIMCHIBAETCSI CHCTeMOi auddepeHInanbHbIX
ypaBHeHul [13]:

— NIJIST CKOPOCTHOM cucTeMbl KoopauHat X0Y:

Fy=mV =T - D-W siny; (1)
2
3

@)

Fy=mVy=L-W cosy;
D=gSCr=0,5V28C, =V?Cp;
L=V*Cy;
— IS 3eMHOI cucTeMbl KoopauHaT x0y:

x =V cosy;
T 5)
y=Vsiny;

t3
m=mgy — | mdt.
0

()

3necy Fy — paBHOAEWCTBYIOLIAsI CUJIA, HAIPaB-
JieHHas 1o ckopocTH aBuxenus PC V; Fy — paBHO-
JecTBylolasi CuJja, HampaBjeHHas M0 HopMasu
K ckopocTu aBuxkeHus:t PC; m — nepeMeHHas1 macca
CHapsza; m, — CTapTOBasl Macca PakeTel; 7, —
MacCCOBBIM pPacXoji TOIJIMBA B €AWHUILY BPEMEHMU;
o — YTOJ araku; pu — Yyroj KpeHa (B ypaBHEHUSIX
OTCYTCTBYET YTOJI ¢, IIOCKOJbKY Ha BpPEeMEHHOM
yJacTke pabOThl peaKTMBHOIO ABUTATENS (~ 2 ¢) MO-
naraetcs, 4to oo = 0 u u = 0); D — asponuHamuye-
CKO€ COMpPOTHUBJIEHUE; ¢ — CKOPOCTHOI HAmop Ha-
Oeraollero HeBO3MYIIEHHOIO MOTOKA; S — Xapak-
TepHasi riowanb paketsl; Cp — 0e3pa3MepHbIi
adpONMHAMUYECKUI KOI(PDULIMEHT, 3aBUCAILIUI
B OCHOBHOM OT (hOpMBbI pakeThl, ynucia Maxa M,
yucnaa PeitHconbaa Re = Vdp/u, yriaoB araku o 1
ckonbxeHusd B (mpuusto p = 0) [14]; Cp — koadpdu-
LIMEHT, uMeronnii pasmepHocts H/M; W — Bec PC;
y — yrois TaHraxa; F, — paBHOACHCTBYIOILAsI CUJIA,
HampaBJieHHasi 0 HOPMaJi K CKOPOCTU JBUKECHUSI
PC V; L — asponuHamuueckasi moabeMHas CUJa,
L = CLV?, rue C, = (1/2)C,apS);, ¥ 1IpA MaJbIX
yrjax araku o CTaHOBUTCS MPOMOPLUOHATBLHBIM
yriy araku [15]; u — yron kpeHa; [x, y]" — ckopo-
CTU moctynareabHbiX apuxeHuit PC; T — Ttsra pe-
aKTMBHOI'O JIBUTATEJIS:

f, — BpeMs CrOpaHus TOIJIMBA.
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CrpykTypa cuCTEMbI
ynpasJjieHus njianuposanuem PC

Ha puc. 1 npencraBiieHa CTPYKTypHasl cxema
OOpPTOBOI CHUCTEMBI YyIIpaBJeHMs IJIAHUPOBAHU-
em PC. boproBasg cuctema ynpaBjeHUS TTOCTPOE-
Ha Ha OCHOBE IBYXSIAEPHOTO MUKPOKOHTPOJLIEpa
ESP-WROOM-32. Taxkoii BbIOOp OOBSICHSIETCS
TeM, YTO IpU peaju3alluy IporpaMMbl YIpaBiie-
HUS 1LIeJIecoo0pa3Ho pa3AeauTh BO BpeMEHU JBa
mnpoliecca: Ipolecc CUMYISILIUMU 3aJaHHONW Tpa-
€KTOpUU IIoJleTa U MPOLECC HEMOCPeICTBEHHOrO
ynpasiaeHus muaHupoBaHueMm PC, BKirouas u3-
MepeHHue TeKylux napametrpos mnosera PC u ¢op-
MHpPOBaHME aJITOPUTMa YIIPaBICHUS YIJIOM IIOBO-
poTa ropU30HTaJILHOTO omnepeHus. Kpome Toro,
Hanuuue B cocTtaBe ESP-32 Wi-Fi — npuemore-
peIaTuYMKOB MO3BOJISIET B MOJIEBBIX YCIOBUSX OIlE-
paTUBHO U B OECIIPOBOTHOM pEXHME 3arpyxKaTb
yIIPaBJISIOLIYIO IPOrpaMMy B IaMsITh MUKPOKOH-
TpoJLiepa.

Takxum obpa3zoMm, cTpykTypHast cxema (puc. 1)
BKJIIOUAET Ba OCHOBHBIX OJI0Ka: OJIOK peaju3a-
LYMU IIPpOrpaMMHOMA MOMAEIMU 3aTaHHOM Tpaek-
topun PC (IIMT), unu reHeparopa xXejaaemoi
TpaekToOpuu, U OJIOK yIpaBieHUus onepeHueM PC
(bYO), Bkiarwouas anajoro-uudpossie (ALII) u
uudpoananorosele TpeodpaszoBarenu  (LIAIT),
KOTOpBI€ TaKKe BXOASAT B COCTaB MUKPOKOHTPOJI-
Jepa. Takxke K cUCTeMe YIIpaBA€HMSI MOXHO OT-
HECTU 2JIEKTPOMEXaHMYECKMI IPHUBOI OIEPEHbs
(BI10), matunku BbicOThl HaxoxaeHus PC ([IB)
M ero ropuszoHTanbHOi ckopoctu ([1C), BKiIouas
anmapatHbiii uaTerpatop (M) nas momxydyeHus ro-
pusoHTanbHoil KoopauHathl PC. IlpuBom 3I1O
MOXHO CUMUTaTh MHEPLUOHHBIM 3BEHOM C MUHMU-
MaJIbHOM MOCTOSIHHOM BPEMEHHM.

AJroput™ ynpasjienus njanuposanuem PC

PeanbpHast Tpaektopusi nojera PC B mosieBbIx
YCJIOBUSIX B OCHOBHOM ITOJI BIMSIHUEM BCTPEYHOIO
BETpa MOXET 3HAYUTEIbHO OTJIMYAThCS OT 3aJaH-
HOH TpaeKTOpUU, T. €. CO3IaeTcs olunoka [16]

s(t):fxy(t)_fmxy(t)a (7)
rne fy, = Jx?+y? m mxy = JX2 +y2 — coor-

BETCTBEHHO MOIYJU BEKTOpPA NBUXKEHUS PAKETHI U
€€ MOJICJIM B BEPTUKAJIbHON IMJIOCKOCTH.

MUHUMU3UPOBATh OMIMOKY MOXHO C IOMO-
IIbIO YIpaBJIeHUs a’3pOAMHAMMUYECKON IOIbEM-
Hoit cuitoit L = CLV?. Koadpduuuent C; moxHo
npeacrasuth B Buae C; = (1/2)C,onS,, = aCy;.
Takum o6pa3oM, ynpaBisTh a3pOAMHAMMUUYECKOMN
MOABEMHOM CUJION, a 3HAYUT, U MUHUMU3UPOBATh
OlIMOKY £(f) MOXKHO M3MeHeHMeM yria ataku PC.
B aToM ciyuyae yrou araku o siBisieTcss QyHKIIMEH
apryMeHTa € paccorjiacoBaHus MoJyJjeil BEKTOPOB
neuzkeHnss PC u momenu PC, 1. e. a = f(¢). B 6op-
TOBOU cucTeMme ympapiaeHusa (puc. 1) curHan &(f)
MOCTYyIaeT Ha DBJIEKTPOMEXaHUUYECKUI TPUBOI,
KOTOPBIN yMOpaBjsieT MOBOpOoToM omepeHbem PC.
[ToBOpOT omepeHbsl TPUBOAUT K U3MEHEHUIO yTjia
araku PC. Bce mepeuncieHHble 3BEHbS, CBSI3bI-
Balolllve MepeMEHHbIE o U €, OTHOCSITCS K KJiaccy
MPONOPILMOHATBHBIX, TO3TOMY MPU MOACIUPOBA-
HUU mnpouecca nojera PC ucmonab3oBanoch Ju-
HellHOEe COOTHOIlIeHUE o = Kke.

YpaBHeHue (2) B JaHHOM cJy4yae MOXHO Mpej-
CTaBUTH B CJAEAYIOIIEM BUJIE:

mVy:aCLle—WCOSV. )

O6beauHssa ypaBHeHus (1) u
(8) n mckiovyast U3 ypaBHEHUI
yToJ TaHTaxa y, MOXHO TIOJIy-

Puc. 1. CtpykTypHas cxemMa 0OpPTOBOi CMCTEMbI yHpaBjieHus mianuposanuem PC
Fig. 1. Block diagram of the on-board control system for planning a rocket projectile
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i —»| TIMT : i YUTh HEJIMHENHYI0 (DYHKIINIO
1
[ [ Se—— . I [
| [ Il by ittt |
| I |
. . f AR | . a=Fm VL W.T.D. O
: i A 3} BYO » DACO [+ 3I10 PC !
] g 1
A IAAY | " ' k | 3amava 3aKJIIOYAETCS B TIOUC-
| | ADCO 1 | _
oo : | Ke QYHKIMHA & = fIX, ; Xy Vs
L ‘gfc}l Snpo 1 i | KoTOpast Obl obecrieunia MUHU-
] 1)
| L S : B | MAJIbHOE€ PACXOXICHUE TPACK-
: ky i topuit nosera PC u ee mozaenu.
i | Hawubonee yacTo B cucTemax
! ac I C BTAJIOHHOI MOZEJBbIO IJI TIO-

WCKa BJKCTpemMyMa  (PyHKIUH
MHOI'MX MepeMEHHbBIX HCIIOIb3Y-
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10T MeTOz rpaaueHTa. OIHAKO CylIeCTBEHHBIE HEJIU-
HEMHOCTU cucTeMbl ypaBHeHUU nojeta PC co3maroT
omnpeaeseHHbIe TPYIHOCTU B IPUMEHEHUH 3TOTO Me-
TONA U BBI3BIBAIOT HEOOXOMUMOCTD TTPeIBAPUTETLHOM
JIMHeapyu3alMy CUCTEMBbI, YTO TTPUBOAUT K HETOUHO-
MY U JOCTaTOYHO T'POMO3IKOMY MaTeMaTHUYeCKOMY
BBIpAXEHUIO [JIs1 BekTopa (YHKLIMM KOPPEKIIUU.
B pesysbrare cepuy 3KCIepUMEHTOB KOMIBIOTEPHO-
T0 MOAETUPOBAaHMSI PA3TUYHBIX YIIPOILEHHBIX Bapy-
aHTOB peajn3aliuyd BeKTopa (PYHKLMMW YIpaBJIEeHUS
115 koppekiuu nosera PC Obu1 monobpaH crenyto-
LM 3aKOH YITPaBJeHUS ONEPEHBEM:

Ikx(xm_x)dt+ky(ym_y)s X >
T Tk — 0t %<0,

tae ky, ky, k,
HaJbHOCTHU.

CurHall ¢ IOCTyHaeT Ha »3JIEKTpOMeXaHUYe-
CKUI MPUBOJ OIEPEHUSI, IIOBOPOT KOTOPOTO MpHU-
BOAMUT K U3MeHeHuIo yria araku PC.

B pabote [17] xoppekuus tpaektropuu PC oc-
HOBBIBaJlaCh Ha CJIEXEHUU CUCTEMbI YIpaBJIeHUS
3a MonayJeM BekTopa nepemeieHusi PC aTanoH-
HOI MOJeNIn B MpocTpaHcTBe KoopauHat x0y. Omn-
Hako peaju3alids IPeaJoXeHHOTO aJirfopuTMa
MNpUBOAMIIA K TOMY, YTO IIPU PaBEHCTBE MOAYyJIei
BEKTOpOB Mozaeau TpaekTopuu PC u neiicTBUTEb-
HoWt TpaekTopuu Toneta PC He obecreumBalioch
pPaBEeHCTBO KOOPAMHAT BEKTOPOB, T. €. [X,,, ¥,|" U
[x, ¥]". D10 06CTOATENBCTBO MPUBOAMIIO K 3HAYM-
TEJILHOM CTAaTUYECKON OIIMOKE B KOPPEKIIMU Tpa-
€KTOPUU MpPU pa3HBIX HAIIPaBJICHUSIX BCTPEUHOTO
BeTpa. B 1aHHOM ciyyae IpeajiaraeTcsl ynpaniie-
HME, KOTOPO€ MOXHO pa3lIeliuTh Ha JBa BpeMEH-
HBIX 3Tafa: IepBblil OAJUTCS OT MOMEHTAa 3amlycKa
PC no moctuxkeHUS UM TOUKM MaKCMMyMa TpaeK-
TOpPUM, T. €. TOYKH, TIe BepTUKAJIbHASI CKOPOCTh
cHapsiga paBHa 0. DTOMY y4acTKy COOTBETCTBYET
nepBoe ypaBHeHue cucteMbl (10), KoTopoe BKIIIO-
yaeT IBa cllaraéMbIX: IIepBO€ — MHTErpaj oT pas-
HOCTH rOpu30HTaJIbHOM KoopauHaThl PC 1 ee Mo-
Jesiu, U BTOpoe — JIMHellHas ¢GyHKIUS OT pa3HO-
cTu BhicoT HaxoxaeHus1 PC u ero mogenu. B atom
ypaBHEHUU JOMHUHUPYET BTOpOE cllaraemoe, T. €.
Ha 3ToM yuacTke nojera PC cucteMa KoppeKunu
CTPEMUTCS MOAIEPXKMBATh 3aJaHHYIO BBICOTY IIO-
nera PC. Ilpu 3tToM mepBoe ciiaraeMoe TIpuaaeT
OIlpeleeHHBI acTaTu3M IIPOLECCY KOppeKIUU
KoopAMHATHl x. BropoMy y4acTKy, y4acTKy ILIa-
HMpPOBaHMS, COOTBETCTBYET BTOpPOE YypaBHEHUE,
KOTOpPO€ MUHUMM3UPYET OTKJIOHEHUE HaJIbHOCTU
peanbHOU TpaekTopuu nojera PC oT gaabHOCTH

0,
(10)

— KO3(pPUILIHMEHTHl MPOMOPILINO-

IIPOrpaMMHO-3aJaHHON TPAeKTOPUU U IIPU 3TOM
obecIieunBaeT acTaTMUECKMil XapaKTep yHpaBlie-
Hus. Takoe TMapaMeTpuuyecKoe pasiejieHue IMpo-
lmecca ympaBJIieHHS o0OO0eceYnBaeT YCTOMYMBHIN
xapakrtep nosera PC, 3amaHHYI0 TOYHOCTh U HC-
KJII0YaeT BO3MOXHOCTh BO3HMKHOBEHUS aBTOKO-
JlebaTeNbHbIX MPOLIECCOB B CUCTEME KOPPEKIIMH.

B peanbHBIX MOJIEBBIX YCIOBUSIX IIPOLECC TOATO-
ToBKM PC K 3aIrycKy BKJIIOYaeT IIpeaBapUTEIBHYIO
3aITMCh B 0JIOK YIIPABJICHUSI IPOTPaMMbl UMUTALIIN
TpaekTopuu mojeta PC ¢ ycTaHOBKOI IIpOrHO3M-
pyemoii ckopoctu BeTpa. Ha puc. 2 mpencraBieH
aJTOPUTM OOIEH IIporpaMMBl YIIPaBJIEHUSI Tpa-
ekTopuell mianupoBanust PC, BKiouast aaropurm
BBITIOJTHEHUST IIPOTpaMMbl UMUTALIMUA TPAaeKTOPUMU.
IIporpamMa pacmpenensieTcsl Ha ABa siapa MHKpPO-
KoHTposiepa. Aapo 0 npegHazHayeHO AJisl 3aMUCH
MMOATIPOrpaMMBI peajin3allii 3aJaHHOM TPAeKTOPUH
PC u BeIBO#A TeKyIIMX mapaMeTPOB TPAeKTOPUM Ha
Anpo 1, koTopoe IpeagHa3HAYEHO IJIST U3MEPEHUS U
3aIIMCH TEKYIIUX peaJIbHBIX ITapaMeTPOB ABUKCHU S
PC u peanuzamum anropurMma yIIPaBJICHUS YIJIOM
MOBOPOTa TOPU3OHTaJIbHOTO onepeHus (7).

Ha puc. 2 OpuHATH CIEOYIOIINE YCIOBHBIC
0003HAYEHUS:

— "MTPC" — mognporpaMmma peaau3aliiu 3a-
JaHHoU TpaekTtopuu PC;

AOPO 0 momyns ESP32 :

—

Yeranoska y0

AOPO 1 monyna ESP32

1.7

Hamepenne y (ADCO) J
)
Hamepenne Fx (ADCI1) |

)
X =_(Vx

dxm /dt, xm, ¥m

JHa

Aux, Auy, [Aux

[ ea = flAux, Auy, [Aux) ]

Puc. 2 Anropat™M paGoThl MPOrpaMmsbl 3aNMHCAHHOW HA MHKPO-
KOHTpOJLIep

Fig. 2. The algorithm of the program recorded on the microcon-
troller
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— "dx,/dt, x,,, ¥, — BBIBOIL. CKOPOCTH TOpH-
30HTaJIbHOM KOOPAMHATHI, FOPU3OHTAJIBHON 1 BEP-
TUKaJIbHOM KOOpAMHAT 3aJaHHoi TpaekTopuu PC;

— "Usmepenune y (ADCO0)" — uzmepeHue Teky-
1LIeT0 3HAYeHU ST BEPTUKAJIbHON KOOPAUHATHI AcH-
CcTBUTENbHOU TpaekTopun PC;

— "U3mepenue V, (ADCI)" — usmepeHue Te-
KYILETO 3HAYeHUSI CKOPOCTU FOPM30HTAJIbHOM KO-
OpAMHATHI IeMCTBUTENbHOU TpaekTopuu PC;

— " V" — BBIUMCIEHME TEKYLUErO 3HAYECHUS
TOPU3OHTAJIBHOU KOOPAMHATBHI AEUCTBUTEIbHOM
TpaekTopuu PC;

— "DACO" BblUMCIEHUE (QYHKUUU g, =
= flAu,, Auy, [Au,) B cootBeTCTBIM ¢ BRIpaxeHueM (10).

B moneBbix ycioBusx mepen 3amyckom PC mins
3arpy3KM UCIIOJIHSEMOM TIporpaMMbl B TIaMSITh
mukpokoHTposiaepa ESP32 pexkomenmyercss mipu-
MEHSITh TEXHOJIOTMIO O€CITPOBOIHOM 3arpy3KM C HUC-
noab3oBaHueM o6ubanoreku AsyncElegantOTA, mo-
ckobKy aTdopma ESP-32, kak y:ke ymoMHHAJIOCh,
BKJIIOYaeT HaaexHble Wi-Fi-ipruemonepenaTynku.

KomnsloTepHasi anpooanus
aJIrOpUTMA yYNpaBJeHUs NJIAHHPOBAHHEM
PEaKTHBHOTO CHApsIa

Ha puc. 3 npeacraBieHa Simulink-monenb aBuU-
xeHus PC B BepTuKanbHOM MiockocTu. bioku 1 1 2
peanu3oBbiBaloT ypaBHeHUs (1), (2) u (5). bioku 3
1 4 COOTBETCTBYIOT ypaBHeHUAM (3) u (4). BxonHoit
napameTp Vp s 610ka 3 onpenensieT mporHo3upy-
€EMYI0 CKOPOCTb BeTpa. Bxon oy 0;10ka 4 B najibHei-
1eM OyIeT MCIIOIb30BaThCs ISl YIIPABJIEHUS YIJIOM
aTaky Kpblia TOPU30OHTAJIbHOIO OMNEPEHMUSI.

CyuiecTBylonas TexHojorus 3amnycka PC B 1o-
JIEBBIX YCJIOBUSX IIpeAriojlaraeT HavyaJlbHYlO ycTa-
HOBKY YIJIa TaHTaxa y, N0 CIIPaBOYHUKY, B KOTO-
pOM mpelcTaBjeHbl TaOJMIBI 3aBUCMMOCTHU yIJa
Yo OT U3MEPEHHBIX METEONAPAMETPOB (METEOJAH-
HBIX) B paiioHe mnoJyieta PC, B mepBylo ouepenb, OT
CpE€OHEN CKOPOCTHU BETpA.

Ha puc. 4 npencraBieHbl pe3yJbTaTbl MOJE-
nupoBaHuda 3anyckoB PC mpu oTCyTCTBUU BeTpa

Aerodymamic drag

e

3

alocity
qbar 1/2PaV*2
Alr Diansity [

Lrrag{ ViPa}

VYron Tanrasa y0

F(X)=T-D-Wsimy 1
F(Y)=L-Weosy;

Lift
Tara asuratens

2o o2} -t

Ralay

Thrust

Macca crapaza

[
]

Yeropenne PC

Weight

—L—

_ [eefel” =
fDI—V =]

COESA At Model
Fo=mV7: Fiy)=mVy': X'=Vcosy; Y'=Vainy:

— - |q— M L2PAF ) n.—m al

Ak Density

Lift'V.Pa)

Puc. 3. Simulink-mMoaenp 1BMXKeHHS PEAKTHBHOIO CHApPAAA B BEPTHKAJbHOM IIOCKOCTH
Fig. 3. Simulink-model of the movement of a rocket projectile in a vertical plane

! |
! l
! l
| a000 | 4000 4000 !
! |
! 3000 | 3000 3000 !
! |
' Vg = —20 m/c .
2000 | Ve=0wm/ 2000 B M/c
! s c Vi = 20 wlc 2000 !
| [ |
| 1000 | 1000 1000 |
! l
| - 8 |
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! a) 6) 6) |

Puc. 4. Pe3yabTaTsl MoaeanpoBanus 3anyckoB PC npu pa3amyHbpIX CKOPOCTAX BeTpa
Fig. 4. Simulation results of rocket launches at different wind speeds
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(puc. 4, a), a TakXe NMpPU Pa3aIMIHBIX CKOPOCTSIX
BcTpeuHoro (puc. 4, 6 — 20 M/c) U TOMYTHOIO
(puc. 4, 6 — —20 m/c) BeTpoB. B manHoM ciyuyae
yCTaHOBJIEH yrou TaHraxa y, = 0,7 pan [18]. Ilpen-
CTaBJICHHbIE Tpad®UKM IOKa3bIBAIOT, KaK 3HAUU-
TEJILHO OTJIMYAeTCS MOaJbHOCTh IIOJIeTa B B3TUX
Tpex ciaydasix.

IToxyHaTypHOE MOIeJHMPOBAHHE NMPOLECCA 3aAMyCKa
PC B peasbHoM MacmTade BpeMeHH

TexHomorns IOJYHATYPHOTO MOAEIMPOBAHUS
TEXHUUYECKOM CHUCTEeMBl TIIpeArojaraeT WCITOJIb-
30BaHUE MPU MOJACIUPOBAHUM, HAPSIAY C BUPTY-
aJIbHBIMU 3JIEMEHTaMHU, PeajbHBIX KOMIIOHEHTOB
MpPOEKTUpPyeMOil cucTemMbl. BbiOOp Karteropum,
K KOTOPOiIl MOXHO OTHECTHU T¢ WJIM MHBIC DJIEMEH-
THI, OTIpeeIIsIeTCS 3aJadyaMu, sl pelIeHUs KOTO-
PBIX UCTIOJIB3YETCSI MPOEKTHpyeMasl CUCTeMA.

Ha puc. 5 mnpencraBiena Simulink-monens,
WMUTUPYIOLIAs 3aMycK U TpaekTopuio noyera PC
C UCITOJIb30BAHUEM peaJibHOM OOPTOBOM CUCTEMBI
yIIpaBJeHMs TJIAaHUPOBAaHHEM Ha MUKPOKOHTPOJI-
nepe ESP-WROOM-32.

B xauecTBe 00BbeKTa yIpaBIeHU S UCIIOJIb3yeTCs
Simulink-monens nBuxeHus PC (cm. puc. 3). nsa
CcBI3U OopToBOi cucTembl ¢ Simulink-Monpenbio
(cM. puc. 3) UCIONB3YIOTCS IMTPOTPAaMMHEBIN MaKeT
Simulink Desktop Real-Time, obecneunBaromimii
(yHKUIMOHUMpPOBAHWE MOJEIU B peajbHOM Mac-
mradbe BpeMEHM, M anmnapaTHBINM MHTepdeiic Ha
6a3e MmHorogyHKIMoHanbHOM 1miaatel PCI-1710HG
" Kabeis ¢ pazbeMoM ADAM-3968 SCSI.

Ha cxeme (puc. 5) mITpuxoBOil JUHUEH 000-
3HayeH MUKpokoHTposuiep ESP-32, koTopshlit ye-
pe3 aHaJoTOBbIE-IIM(POBBIE U IU(PPOaHATOTOBBIE
npeoo6pazoBarenu 1iaarel PCI-1710HG nonkimio-
yeHBl K Simulink-Momenu o0BbeKTa ympaBIeHUS.

| RFC |
| |
| |
! P In out |
| |
| |
| |
| VYron ranraxa y0 AdpoarHaMHKa AdpOAHHAMHYECKHE |
| o7 nonera PC CHJIBI COIPOTHBICHHS] |
i ) |
| |
i L Y b »a i
| |
| T: |
| ira JBHUraTesist Am » D . o L |
i 1215 % f i
: ‘ Relay 3 |
! Macca cHapszia = T ¥ v !
! o 4 —1l T !
| |
i HTO I ’ m X —| * ’ h D i
i g m _’ x - i
: 9.8 w Vx > Vs :
| |
1 P !
i ) Ycxopenue PC - - V& 10-hnp-(-10) i
| |
I Y -m I
! Scope Analog 1 le—lout inle !
! - : P Output s !
I L nalog ' _ - |
! mput [€ 1 ESP-320 by 710061 DH — !
| IR M) |
! PCI-1710HG3 o x N |
i Outpou% =] Out In |« . i
| |
l PCI-1710HG2 xy Graph |

Puc. 5. Simulink-mMoaenp MMUTHpYOIIAS 3aMYCK W NMOJIET PEAKTHBHOTO CHapsAaa
Fig. 5. Simulink-model simulating the launch and flight of a rocket projectile
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IIporpammMHo-
anmnapaTHbIA KOMILIEKC
HACTPOWKU OOPTOBOM
CHCTEMBI YIIPABICHUS

Puc. 6. IlporpamMMHo-annmapaTHblii KOMIUIEKC [Jisi HACTPOMKH
00pTOBOIi cucTeMbI ynpaBieHus njaaHuposanuem PC

Fig. 6. Hardware and software complex for setting up the on-board
control system for planning a rocket projectile

BxogHbIMU cMIHajaMu IS MHUKPOKOHTpPOJJepa
SIBJISIIOTCSL KOOPIMHATBHL X U ), a BBIXOOAHBIM —
CUTHAJ g,, YIPABJISAIOLIKUNA MOBOPOTOM TOPU30OH-
TaJILHOTO OIePEHbs 1 YIJIOM TaHraxa o.

OnucaHHas CTPYKTypa IIOJIYHATypPHOTO MOZE-
JIMPOBaHUSA ObljIa peajnu30BaHa B BUAEC HMPOTPaMM-
HO-amIapaTHOro KOMILJIEKCa, IIPeACTaBJIeHHOro Ha
puc. 6.

B cocTtaB KoMILIeKca BXOAAT CJACIYIOLIME KOM-
TIOHEHTHI:

— MEePCOHAJbHBIN KOMIIBIOTED;

— MHoro¢yHKIMOHAJIbHAS IIJlaTa BBOAA-BbI-
Boga PCI-1710HG, kotopas ycTaHaBIMWBaeTCs
B PCI-pa3bem koMmbioTepa;

— 1utatopma ¢ MUKpoKoHTposuiepom ESP-32 (7);

— paszbem ADAM-3968 SCSI (2), yepe3 KOTO-
PhIii aHAJOTOBbIE BXOIbI-BBEIXOABI MOAKJIIOYAIOTCS
K nmate PCI-1710HG;

— ocumiorpad (3).

B MomeHT 3amycka mpolecca MOIEINpOBa-
Hus noyieta PC B cucteme MATLAB cuHXxpoHHO
BKJIIOYaeTcsd OJIOK yIpaBjieHUs IJaHWUPOBaHU-
€M, BBIMOJHeHHBIN Ha matgopme ESP-32. Biok
yIIpaBJIEHWs BbIpAaOATbhIBACT TEKYLIME KOOPAMHA-
THI 3aJaHHOM TpaeKkTopuu nojera PC, 3anporpam-
MHPOBAHHOI B COOTBETCTBHU
C U3MEPEHHOI CKOPOCTBIO IIPO-
JIOJBHOTO BETpa B YCJIOBHOM
patioHe wucnblTaHuii. OpHO-
BPEMEHHO C 3TUM Ha MUKPO-
KOHTPOJIJIEp IIOCTYIalOT KO-

4000

3000

2000

Simulink-monenn 4epe3 0J10-
ku AIIT nmnarer PCI-1710HG.

1000 |

MaeT Ha ocHuuiorpad M Ha aHaJoro-uudpoBoit
Bxoa (Analog Input) mnarer PCI-1710HG. [lanee
CUTHAJI yIIPABJIEHUS €, TOCTYNAET YePe3 JIEKTPO-
MeXaHWYEeCKUl MPUBOJA OIMEPeHbsI Ha BXOH OJioKa
"AsponmHaMuyecKkue CUJIbl conpoTuBaeHus". M3-
MeHEeHMe yrja artakud (Mpu MajblX yIJax aTaku)
MPUBOAUT K MPSIMO MPOIMOPLUOHATIBHOMY M3Me-
HEHUIO adpOAMHAMUYECKON MOAbEeMHON CUJbl L,
YTO TIPUBOAUT K M3MEHEHUIO TPAEKTOPUHU IIOJe-
Tta Mogean PC u MUHMMU3AIUM OTKJIOHEHUS ee
FOpPU3OHTAJbHONW KOOpPAMHATHI OT 3ajaHHoi. Ha
9KpaHe BUPTYyaJbHOro ocuuyiorpada 5 u skpaHe
peasipbHOro ocuujuiorpada MpeacTaBjieH OAWH U
TOT e cUTHal g,. Ha skpaHe koMmnbloTepa Tak-
Ke mpencrasieHa Simulink-monmens 4 B cucteme
MATLAB u pe3yabTaT MOOEIUPOBAHUS HA BUP-
TyaJbHOM ocuujaorpade 6 ¢ IeMOHCTpAUEH Mo-
jgeta PC B KoopauHaTax AaJibHOCTb-BBICOTA.

Ha puc. 7 u B Tabauue npeacTaBieHbl pe-
3yJbTaThl psifia SKCIIEPMMEHTOB 110 OIMPEACICHUIO
panbHOCTH Tojietra PC mpu OTKJIOHEHMU CKOpPO-
CTM BeTpa OT pacuyeTHoro 3HauyeHus. [Ipu otcyT-
CTBUU BETPaA NaJbHOCThH IOJIETa CHapsia COBIaaa-
€T C JAJIbHOCTBIO MoJieTa 0€3 CUCTEMBI yIpaBJie-
HUS TUIAHMPOBAHMEM, a MTPU BETPOBBIX HArpy3Kax
CHapsJl C CUCTEMOU yIIpaBJIECHUS UMEET 00JIee BbI-
COKYI0 TOYHOCTh MomnaaaHus.

JIaIbHOCTD MOJIETA PEAKTHBHOTO CHApsaa

The range of a rocket projectile

Vy -0 | -10 0 10 20
x (nanbHocTb) | 12186,3 | 12185,6 | 12186,3 | 12184,3 | 12186,9
IpennoxeHHass CTPYKTypHass Moaeiab (cM.

puc. 1) gBIsIETCSI OCHOBOW [Jis1 KOMMbIOTEPHOTO
HUCCJIENOBAaHUS a3POAMHAMUYECKUX TIPOIECCOB,
onuchiBawuux mojetr PC, ocHallleHHOTO cucCTe-
MOI yIpaBJ€HUs TUJIaHUpOBaHUEM. Moaenupo-
BaHue HekoHTpoaupyemoro mojera PC B Bep-
TUKAJBLHON TIIOCKOCTU B cucteMe Simulink (cM.

Vg=-20mM/c

\ ol |

Jlanee B COOTBETCTBUM C 3a-
JaHHBIM aJITOPUTMOM BBIpa-
OaTbIBaeTCs CUTHAJ yIpaBjie- |
HUA g,, KOTOpbIA yepe3 LIAII
MHUKPOKOHTpOJIJIEpa MOCTY-

4000

|
|
|
I
I
|
|
I
I
|
|
opauHathl HaxoxjaeHus PC or !
|
|
|
I
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|
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Puc. 7. laapHOCTb MOJIeTA PEAKTHBHOTO CHAPAA MPHU PA3JIHYHONH CKOPOCTH BeTpa
Fig. 7. The range of a rocket projectile at different wind speeds
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puc. 3) C HCIIOJIb30BaHMEM KJACCUYECKON CH-
cteMbl ypaBHeHu# (1)—(6) mokaszajo, 4To cylie-
CTBEHHOE BJIMSHME Ha MaJbHOCThH TOJIeTa OKa3bl-
BaeT HEKOHTPOJUPYEMOE OTKJIOHEHHE CKOPOCTHU
MPOJOJILHOTO BeTpa OT pacueTHoro. M3meHeHwue
CKOPOCTHU Ha 2 M/C MPUBOAMUT K TMOTPELIHOCTH IO
100 M. B Takux ycnoBUsIX MPUXOAMIOCH UCTIOIB30-
BaTb METOAMKY MPOBEpOUYHbBIX IMyckoB PC, 4To yBe-
JNYMBAJIO SKOHOMMWYECKUE M BPEMEHHBIE 3aTpaThl
Ha MPOBEeACHNE UCITBITAHWI B MOJIEBbIX YCIOBUSIX.

[IpuHATHI B yNpaBJeHUM KOMOMHMPOBAH-
HBII aJTOPUTM, BKJIIOYAIOIIUUN YIPAaBJIEHUE BBI-
cotoil monera PC (mepBblii BpeMeHHOW 3Tam) U
JaJIbHOCTBIO MoJieTa (BTOPOM 3Tal), a Takxke Mpu-
JAIOIIEH CUCTEME aCTaTUYECKUE CBOMCTBA TMO3BO-
mun 3¢ GEeKTUBHO YHOpaBlIATh yriaoMm araku PC
U, B KOHEYHOM HTOTe, JajibHOCThiO mojeta PC.
[IporpammHasi peaau3anus aJropuTMa ¢ UCIoib-
30BaHUEM JBYXbSIJEPHOTO MUKPOKOHTpOJLIEpa
co BCTpoeHHBIM Wi-Fi-MmpueMHUKOM rapaHTUPO-
BaJla BBICOKME KayeCTBEHHbIE U KOJIMYECTBEHHBIC
XapaKTepUCTUKHN pa3pabOTaHHONW CUCTEMBI.

HMtoroM mpoBeaeHHBIX MCCIENOBAaHUMN SIBUJIOCH
co3laHue MmojayHaTypHoi Mozaeau nosera PC ¢ 6io-
KOM KoppeKuuu (cM. puc. 5). PazpaboTaHHbIii TTPO-
rpaMMHO-arnIapaTHbIi KOMILIEKC (CM. puc. 6) mo-
3BOJIMJI OLIECHUTh PabOTy peasibHOW OOpPTOBOM CU-
cTeMBbl yTpaBieHus aHupoaHueM PC coBmecTHO
C KOMITBIOTepHOI Mozenkio 1ojieta PC B ycIoBUSIX,
NPUOTUXKEHHBIX K HATYPHBIM UCTTBITAHUSIM.

[IpyMeHeHWe METOAMKM MOJYHATYpHOTO MOJE-
JUPOBAHUSI C MCIIOJIb30BAaHUEM MUKPOKOHTPOJI-
JiepHOTO 0JI0KA YIIpaBJIeH U TTO3BOJISIET TPUHUMATh
MOJyYeHHbIE Pe3yJIbTaThl UCIIBITAHUN W CXEMOTEX-
HUYeCKHMEe pelIeHUs] KaK OCHOBY [UIS pa3pabOTKU
MPAaKTUYECKON CUCTEMbl KOPPEKILIMU TPAECKTOPUU
cHaps 0B Kiacca "['paq”.

AHalu3 CyUECTBYIOUIUX CHUCTEM KOPPEKIINU
TpaekTopuu monera PC mokazas, 4To Bce mpe-
jJaraeMbie aJITOPUTMbl KOPPEKLUU TPaEKTOPUU
OCHOBaHbI Ha JIOCTAaTOYHO CJIOXHBIX M3MEPEHUSIX
BHEIITHUX BO3MYIIECHUN U TPEOYIOT 3HAYUTETBHON
nopaboTKu KOHCTpyKuu PC u BKIIOYEHUS HO-
TMOJHUTEJbHBIX KOMITIOHEHTOB, TAKUX KaK TOPMO3-
HbIE CHUCTEMBbI, OTKJOHEHUSI HOCOBOW 4YacTu CHa-
psifia, cucTeMa ymnpaBJieHUSI pacXoloM TOMJIWBa U
T. A. [IpenyioxxeHHast B JaHHON paboTe TEXHOJOTUS
KOPPEKILIMU TPAEKTOPUU CHapsijia OrpaHUYMBAETCS
BKJIIOYEHUEM B COCTaB CUCTEMbI (hyHKIIMOHUPOBA-
HUSI CHapsja CTaHIAPTHBIX JaTYMKOB U HECJIOX-
HOI I0pabOTKON B BUAE 3SJIEKTPOMEXaHUYECKOM
CHCTEMbI MTOBOPOTA FTOPU3OHTAJIBHOTO OMEPEHbSI.

3akiaoyenue

B cTtaTbhe pemaercs 3agavya aganTUBHOTO yIIpaB-
JIeHus TpaekTopuei mojeta PC B ycloBusX mapa-
METPUYECKOIl HeolpeneJeHHOCTH. OCHOBOM IS
pellieHUs TIOCTaBJICHHON 3aJauu SIBJSIETCS pa3pa-
6oraHHas B cucteMe Simulink KoMnbloTepHast MO-
JIeNb Imojieta Heympasasemoro PC B BepTuKalbHOM
IJIOCKOCTH, 0a3Mpylomasicsa Ha KJIACCUYECKOM CH-
cTeMe ad’pOoAMHAMUYECKUX YpaBHEHMU IPOCTpaH-
CTBEHHOTO IBUKeHUS cHapsaa. [IpoBeaeH psia sKc-
TMEPUMEHTOB 10 OIpPeNe/IEHUIO JAaJTbHOCTH I0JIeTa
PC B 3aBHCMMOCTM OT BHEIIHUX W BHYTPEHHUX
nmapaMmeTpoB. OnpenenaeHo, YTO OCHOBHOE BIMSHUE
Ha JajabHOCTh IojieTa PC oka3biBaeT OTKJIOHEHUE
pe€aJIbHOM CKOPOCTU BETpPa OT IIPOTHO3UPYEMOM.
Jns xoppektupoBaHus TpaekTopuu Tonera PC
MIPEIIOKEHO MCIOIb30BaTh BCIIOMOTaTeIbHYIO CH-
cTeMy IUIAHUPOBAHMSI, YIIPABISIEMYIO C TIOMOIIBIO
IIPOTPAaMMHOIO TeHepaTropa KeJlaeMOM TpaeKTo-
pUH, BHITIOJHSOIIETO POJIb 3TAJJOHHOM MOJICIIH.

IIpenioxeH ABYX3TalHBIA MPOIIOPLIMOHAIBHO-
WHTErpaJIbHbIA aJrOpUTM YHOpaBJIEHUS ILIAaHUPO-
BaHueMm PC. IlepBblii 3Tall OTHOCUTCSI B BOCXOHASI-
et TpaekTopuu no jgera PC u BKIIIOUaeT mpe-
HMYILIECTBEHHO CJIEXKEHME 32 BBICOTOM HAXOXACHU S
PC u 4yacTMYHO KOppEeKTUPYET TI'OPU3OHTAJIbHYIO
koopanuHaty PC, BTopoii aTam XapaKTepu3yeTcs
acTaTUYECKUM YIIPaBJICHHEM OaJIbHOCTBIO IIOJIETa
PC na Hucxozasiueil BETBU TPaeKTOPHUH.

Pa3paboTaH mporpaMMHO-amIapaTHbIA KOM-
IJIEKC IJIS1 MOJAYHATYpHOIO MOACIMPOBAHMS CH-
CTeMBI yIIpaBJeHUs miaHupoBaHueM PC, BKioua-
IOI[MI KOMIBIOTEPHYIO CUMYJSILIUIO TPaeKTOPUU
noneta PC ¢ 3agaHHBIM OTKJIOHEHMEM TeKyllei
CKOpPOCTH BeTpa OT IIPOrHO3UPYEeMON U OOPTOBYIO
CHCTEMY MMKPOKOHTPOJIJIEPHOIO YIIpaBJICHUS
mianupoBanusi PC, mocTpoeHHYI0O Ha MHUKpPO-
KOHTpoJuiepe. Pe3ynbTaTel IpOBEIEHHBIX 3KCITE-
PMMEHTOB ITOKa3aJIx, YTO IIpeaIoXKeHHas CUcTeMa
yHOpaBJIeHUS MPaKTUYECKU YCTPAHSET BIWSHUE
HEKOHTPOJUPYEMBIX OTKJIOHEHUIH CKOPOCTHON
Harpy3ku Ha gajbHOCTh nojeta PC.

HWtorn mnojyHaTypHOro MOIEIUPOBAHUS IIOA-
TBEPXKAAIOT IIPaBUJILHOCTh HCIOJIb3YEMON METO-
JUKWN pas3ielibHOM KOPPEKTUPOBKU BBIXOTHBIX KO-
opaHAT OOBEKTa YNpaBJieHUs, OOecreunBaroNnieii
ACUMIITOTHYECKOE COJIMKEHNE BBEIXOMHOM TOPU30H-
TaJIbHOM KOOPOWHATHI K KeJaeMol 0Oe3 Iepepery-
JupoBaHus. IIpenToxXeHHbI KOMILJIEKC ITpOrpaMM-
HO-aMIapaTHBIX CPEACTB IO3BOJSET MCIOJIb30BaTh
OECIIPOBOIHYIO 3arpy3Ky MPOrpaMMbl B MUKPOKOH-
TPOJIJIEP U TEM CaMbIM YCKOPUTbH IPOILIECC MOATO-
TOBKH K 3a1mycky PC B IOJIEBBIX YCIOBUSIX.
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The article solves a problem aimed at creating a control system for the planning of a rocket projectile. The existing
method of calculating the missile range does not provide the necessary accuracy. The use of computer simulation methods is
the most promising approach for the development of a rocket planning control system based on laws. The proposed control
system is based on the use of a reference trajectory of the rocket flight calculated for the predicted average values of the
velocity of the longitudinal component of the wind. An algorithm for controlling the planning of a rocket by changing the
angle of rotation of a horizontal support is proposed, based on the dependence of vertical and horizontal coordinates and
on the pitch angle. The computer system of visual programming Simulink was used as a platform for the development of the
algorithm. As a result, a block diagram of the rocket planning control was obtained, including a model of the rocket flight
path as a control object and an on-board control system organized on the basis of a dual-core ESP-32 microcontroller.
The technique of wireless recording of the control program into the memory of the microcontroller in the field is proposed.
Based on the Simulink Desktop software package, a half-scale rocket flight model was developed in real time, including
an ESP-32 microcontroller, a PCI-1710HG board and a Simulink rocket flight trajectory model with a variable mass in
the vertical plane. A series of experiments were conducted that showed a high degree of accuracy of the missile hitting the

target because of the projectile planning control system.
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3apaya AMHaAMMYeCKOW MMUTaLMKM NoneTa netateNibHOro annapara
Ha po6OTOTEXHUYECKOM cTeHae™

Jlaa obyuenus nuaomoe ynpagieHuio AemamenbHblMU Annapamamu UcCnoAb3yIomcs mpeHadcepHvle KOMNAEKCbl, 8KAI0-
yaruue 6 ceds cmenovl 0451 JuHamu4eckol umumayuu. JlanHvie mpenasicepvl 00ANCHbL CO30a8amb 045 ONepamopa ycao8us,
Haubonee npubaUINCEHHbIE K DEalbHbIM, M. e. UMUMUPOBAMb noBedeHue 1emameabho2o annapama. B cmamve paccmompena
nocmanoéxka 3a0avu OUHAMUYECKOU umMumayuy 041 cmeHoa Ha 6aze npomMbiuaeHH020 poboma-manunyasamopa. Ha konyeeom
apexmope poboma ycmanasaueaemcs KabuHa ¢ Kpeciom 045 RUAOMA.

Ancopummbl OuHamMuveckou umumayuu exkaouarom 6 cebs dee gasvi: azy umumayuu 08udlCeHUs 045 nusoma u ¢asy
6038pama 6 yeHmp paboueil obaacmu ¢ 00NOPO2OBLIMU 3HAYCHUAMU Nepeepy3Ku, Koeda cmeHd Haxooumcsa 6AU3K0 K epaHuye
paboueii ooaacmu. Ilpu evinoanenuu @asvl umumayuu cmeHd 00a%CeH peasu3’08vi8ams makoe 08udiceHue, 4moovl y2ea08sie
yckopenus, delicmeyoujue Ha 4ea06eKa, U 6eKmop nepeepy3Ku, 0elcmeyouull Ha yeHmp Macc yeni08eKa Ha cmende, NOAHO-
CMbl0 c08NA0alU ¢ peasbHoviMu, AUO0, ecau Hem 603MOJNCHOCMU, MO 4mobsl c06nadaio HanpaeieHue s3mux eéekmopog. llpu
peaausayuu 6mopoil hazvl KOHUEBAs MOYKA CMeHOa 00ANCHA 8bINOAHAMb 8038PAM 6 UeHmp paboyell 06aacmu ¢ 00nOPO20BbIMU
3HAYeHUAMU YCKOpeHUll, Ho Hauboaee bbicmpuim 06pazom. Takum obpazom mel noayuaem 3adauy o nepegode cmerda U3 00H020
noaoNceHus 8 Opyeoe npu HAAUMUU 02PAHUHEHUL HA pA38ueaemvie CKOPOCMU, YCKOPeHUsA U mMomeHmyl cua. [annas 3adaua
Modcem Obimb npedcmagaeHa Kak 0600ujenue Kiaccueckol 3adayu o 6paxucmoxpone.

B cmamve paccmompeno pewenue 3a0avu 0 08UdCEHUU MAMEPUANbHOU MOYKU 6 OOHOPOOHOM noae CUAbl msadcecmu no
KpUueoli, pacnonodiceHHou 6 8epmuKaabHol NAOCKOCMU, NPU HAAUYUU 02PAHUYEHUL Ha Kpueu3Hy mpaekmopuu. Heobxodumo
evlOpamv hopmy Kpueoi maxum o06pazom, umoolvl 8pems CHYCKa 66110 MUHUMAAbHOIM. Pewenue smoti 3adauu noay4yeno memo-
damu onmumanbHo20 ynpagieHus, paccCMompensl CAy4au peaiudayuy pecyiapHozo u 0cob6020 ynpagieHuil, uzy4yeH 60npoc ux
CONPAJCEHUS, HUCAA NePeKAIOUeHUTI MeXHCOY YHaACMKAMU Pe2YAAPHO20 U 000020 YNPABACHUL.

Karwueevie caosa: ounamuuecxkas umumauu, 6paxucm0xpona, onmumanbHoe ynpaeieHue, NpUHUUN maKkcumyma Honmpﬂ—

cuHa, 0coboe onmumaibHoe ynpaenrernue

ITocTanoBka 3agaum
I[HHaMH‘lECKOﬁ HMUTAIIAH NOJIETA

Jnsi KayecTBEHHOTO OOyYeHHs MUJIOTOB BO3-
HUKaeT HeOOXOAMMOCTh UCMOJIBL30BaTh Pa3IMYHO-
ro poaa AMHAMHUYECKUE TPEeHaXKephl, MO3BOJSIO-
1IYe MPOBOAUTH OOyYeHUE MUJIOTOB B YCJIOBUSAX,
Haubosee NPUONUKEHHBIX K peaJdbHbIM. Pa3s-
JUYHbIE KMHEMATUYECKME CXeMbl TaKMX CTEHJIOB
U aJrOpUTMbl AMHAMMUUYECKON MMUTALIUU IOJIeTa
paccMoTpeHBI B paboTtax [1, 2].

B kauecTBe IepCHEeKTUMBHOI'O TpeHaxxepa JIs
MUJIOTOB CBEPX3BYKOBOIO JIETaTEJbHOIO ammapa-
ta (JIA) npenmnosaraeTcs UCHOJIb30BaTh CTEHJ Ha
0asze MPOMBIIIJIEHHOIO poOOTa-MaHUIYJISITOpPA.
Cxema Takoro cTeHjaa npeacrapieHa Ha puc. 1. Ha
KOHILIEBOM 3¢ deKTope MaHUMYJISATOpa yCTaHAaB-
JIMBaeTCsd KabMHa ¢ KPecJoM IJIsl TUJI0Ta.

*PaboTa BbIITOJHEHA MpU (UHAHCOBOW MoAanep:xke MUHU-
cTepcTBa HayKW M BbICLIEro oOpasoBaHusi PD B pamkax Mpo-
rpaMMmbl 1ieHTpa "CBepx3ByK" (cornameHue 075-15-2022-331).

3ajaya OMHAMWYECKON MMUTALUM pPelIaeTCs
B paMKax KOHLENIMHN JUHAMHYECKON MMHUTALINU
IUISI CUCTEMbI UYBCTBUTEIBHBIX MacC IUJI0Ta, Ha-
XOISIIIIMXCS Ha cTeHae u B KabuHe JIA [2].

st mocTaHOBKM 3ala4yd mepBoi ¢a3bl AMHA-
MUYECKOM MMUTAIMU CICAYET paCCMOTPETh OMHY
U3 OCHOBHBIX JMHAMMYECKHMX XapaKTEPUCTUK
IBUKEHHUSI — BEKTOP Ieperpy3Ku

e |gy| — Momyb ycKopeHusi CBOOOIHOro maje-
HUs Ha 3KkBarope (9,78 M/Cz); g — BEKTOp I'paBU-
TAaLlMOHHOT'O YCKOPEHUSI; W — BEKTOpP abCOJIOT-
HOrO YCKOPEHMSI pacyeTHOil TOouku N (4yBCTBU-
TEJbHOM Macchl MEXaHOPELENTOpa MUJI0Ta).
[MycTe M3BeCcTHA Tekyliasi meperpyska n'(z)
pacyeTHOM Touku N B peanbHoM mouete JIA. Ma-
TeMaTH4eckass MOCTaHOBKA 3aJauyu JWHaAMM4Ye-
CKOMl MMHUTALIMM BBITJSOUT KaK OIpeleicHue
YCKOPEHUS KOHIIEBMKA CTEHIA wj(t) (cooTBeT-
CTBEHHO, MEPEerpy3ku B pacueTHOM Touke N) u
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Puc. 1. lunamuyecKuii cTeH HA 0a3e MPOMBINLIEHHOTO POOOTA-MAHUIIYJASTOPA
Fig. 1. Dynamic stand based on an industrial robotic arm

KBa3UCTAallMOHAPHBIX YIJIOB IIOBOpOTa KaOWHBI
creHaa j(f) Mcxomsi M3 pelIeHUs 3aJauu MUHU-
MU3alUU KPUTEPUST

min |,
Wi (£),%(7)

AN, 1) =" (N, )l >

roe 7i(N,t) — BeKTOp IIeperpy3kuM B pacuyeTHOM
Touke N cTeHna.

AHaJorn4yHasi 3agadya MOXeT OBITb CHOPMYIIH-
poBaHa AJSI UMUTALIMM YTJOBBIX YCKOPEHU M

l5(t) - %* )| - min.
%(1)

Ecnu pacuetHas Touka N pacriojiokeHa B IICH-
Tpe moaBeca KaOWHbI, TO 3TU 3aJa4d MOXHO pas-
JIEJIUTh.

JJ1s1 IPOCTOTHI PACCMOTPUM IEPBYIO 3aa4y —
UMUTALMU TIeperpy3KHu nmpu MaHeBpax JIA B Bep-
TUKAJbHOM IJIOCKOCTH. B cuny pasznuyHoro poxa
OrpaHMYEHUM Ha KMHEMaTUYeCKHEe U TMHAMHUYEC-
CKME IapaMeTphl CTeHAa 3aJaya AUHAMMYCCKOU
MUMUTALUKM MOXET ObIThb pelicHa C IpUEeMJIEMOM
TOYHOCTBIO TOJIBKO [JISI OIPaHUYEHHBIX MaHEB-
poB JIA Ha CpaBHUTEJIBHO KOPOTKOM WHTEpBaJie

BpemeHu. Ha ¢daze coOCTBEHHO AMHAMUYECKOM
MMUTALMKA KOHIEBOK 3¢¢heKTop cTeHaa JOJIXKeH
HaxXOAMTbCS B TaK Ha3bIBaeMOl pabdoueil objacTu
IUHaMudeckoro creHma. Paboyas oOGiacTp ABS-
€TCSl HEKOTOPBIM Cy>K€HHWEeM 00JIaCTH TOMYCTUMBIX
MOJIOXEHUI KOHIEBOro 3ddekTopa MaHMITYJS-
Topa. Ha puc. 2 mokazaHa o0JacTb JTOMYCTUMBIX
nojgoxeHuit D addexkropa myiss podoTa-MaHMITY-
asitopa FANUC M2000iA. I3 TpaHUYHBIX TOYEK
paboueit obmactT MaHuIyasiTopa R (puc. 2) Bo3-
MOXHO OCYIIECTBUTh TOPMOXKEHNE KOHIIEBOI TOY-
k1 (3dpdekropa) 6e3 BrIXOAA 3a paMKH TOMYCTH-
MBIX TTOJIOKeHMI cTeHaa D.

Ecnu Ha mepBoii (paze nMHAMUYECKON MMUTA-
MU KOHLEBON 3(p(eKTOop BBHIXOAUT Ha TpaHUIy
paboueii obnactu R (Touka B Ha puc. 2), ocylecT-
BJIsIeTCS BTOpas ¢haza aaropyMrMa JMHAMHUUYECKOMU
MMUTAUMU — CKOPEUIIMil Mo BpeMEHHU IepeBO.
CTeHJa Ha MHOXECTBO CTapTOBBIX ITOJOXEHMI
CTEeHJIa C IOMOPOTOBBIMU MEeperpy3KaMmu

[A(N, D] <,

rac € — MOpor YyBCTBUTCIBbHOCTHU ITIO IICPEIPY3KE
IJ1A 4CJIOBCKaA.
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Puc. 2. MHOXeCTBO JAONYCTHMBIX MOJOXKeHHH D KOHIEBOro 3¢¢exkropa maToro 3seHa ma-
HUNYJSTOPA, €r0 CyXKeHMe — padouyas odsactb R, BepTHKAJbHAS JUHUA P — MHOXeCTBO

CTApPTOBBIX TOYEK

Fig. 2. The set of admissible positions D for the manipulator end effector, the set constriction

is the work area R, vertical line P is the set of starting points

Takum o0pa3oMm, aaropuT™M JIMHAMMUYECKON
MMUTAIMA COCTOUT M3 ABYX (a3: ¢a3bl TMHAMU-
yeckoil umutauuu aBuxeHus JIA u ¢a3bl Bo3Bpa-
Ta Ha MHOXECTBO CTapTOBBIX MOJOXEHMUI KOHIIE-
Boro s dexrTopa.

Peanusanus BTopoii ¢a3pl ajropurmMa
JUHAMAYECKOH HMHTAIMH

PaccMoTpuMm 3amadyy Bo3BpaTa Ha MHOXKECTBO
CTapTOBBIX IIOJOXEHUI. MHOXECTBO CTapTOBBIX
MOJIOXKEHUIT HAaXOOUTCSA B LIEHTpe pabodeii obia-
CTU Y B HallleM cJiy4yae IIpeacTaBiisieT BepTUKaIb-
Hy0 OpsMmyio P (puc. 2). JIas coxpaHeHUsI Kade-
CTBa JMHAMHUYECKOW HMMMTaALuUM ¢a3a BoO3BpaTa
(nepeBon u3 Touku B B Touky C Ha puc. 2) 10JXKHa
COCTaBJISITh MUHUMAJIbHO BO3MOXHBIM MHTEpPBaJ
BpemeHu. OrmpeaeanB OINTHUMAJbHOE IBUXEHUE
KOHIIEBOTO 3 (dekTopa, MOXHO BBHIYMCIUTH IIPO-
rpaMMHBbI€ IBUKEHUS 3BEHbEB MaHUITYJISATOPA.

Taxum ob6pa3oM, 3agada Bo3BpaTa CBOAUTCS K 3a-
Jlaue ObICTpeillero rnepeBojga MarepuaibHOM TOUKU
B BEPTUKAJILHOM MJIOCKOCTHU B MOJIE CHUJIBI TSXKECTU
MpY HAJIMYUY OorpaHUYeHU. JIaHHYIO 3a1a4y MOX-
HO Ha3BaThb 00OOIIEHNEM 3a1aul O OPaxXUCTOXPOHE.

Knaccnueckast mocTtaHoBKa 3ajadyuM O Opaxm-
CTOXPOHE M OJHO M3 €€ IIEePBBIX PElIeHUI MpUuHaa-
nexatr Moranny bepuymnu. Ilockonbky 3Ta 3aaa-
ya M ee pasjMyHble MOOUGPUKALMUA U O0OOIIEHM ST
MMEIOT MHOTO Pa3JIMYHBIX IPUIOXKEHU M, OHU TIPeI-
CTaBJSIOT OOJIBIION MHTEPEC AJIST UCCIIeJ0BaTEeIICH.
Taxk, B paborte [3] mpuBeneHBI KpaTKast UCTOPU S pe-

m D - MHOXX€CTBO IOIYCTHMbIX

|:| R - pabouas obnacte

P - MHOK€CTBO CTapTOBBIX

IIEHUS KJIACCUYECKOM 3aa4u
U HeKoTopas Kjaccudukaius
UMEIOIMUXCSI €€ OOOOILICHUIA.
D10 M "dIeMeHTapHbIe" pelle-
HUSI, HE UCIIOJIb3YIOIINE METO-
OBl BapUallMOHHOI'O MCYMCIIC-
HHUS ¥ ONTHUMAJIBHOTO YIIpaB-
JICHWUS, M 3aJa4yd O JBUXKCHUU
YaCTULIBI B Pa3HBIX CHUJIOBBIX
nosisx [4—6], persiTHBUCTCKUE
0000meHus. PaccmarpuBaercs
TaKXe OpaXUCTOXPOHHOE IBU-
JKeHME YaCTHIIBI IO TIOBEPXHO-
CTH, OBUXEHME IIPOTSKECHHBIX
TeJT W OpaxXMCTOXpOHA HJIST CH-
CTEMbI NEpeMEHHOM Macchl [7].

B pabGore [8] mMeromamm
BapMAIlMOHHOTO WCYMCJICHUS
pelaeTcd 3agadya Npuxoaa He
TOJIBKO M3 TOYKHM B TOUYKY, HO
1 ¢ KpUBOI Ha KpuBy0. B cratwe [9] paccmarpu-
BaeTCs MPOCTPAHCTBEHHAsI OPaXMCTOXPOHA.

Ocoboe BHMUMaHME yaeasieTcs 3ajgadyaM o Opa-
xuctoxpoHe ¢ tpeHmeM [3, 10—12]. B padote [3]
KWCCEAOBAH Cllyyail CyXoro TpEeHMS KaK pelie-
HUE M30IIEPUMETPUICCKON BapuallMOHHON 3ama-
yn. B pa6ore [10] ucciaenoBaH ciydyail TMHEHHOTO
1 KBaJpaTUYHOIO 3aKOHOB TPEHUSI, B KauyeCTBE
YIOpaBJICHUS paccMaTpuBaeTCsd YroJ HaKJOHa
TPaeKTOPHUMU.

B craTtpax [11, 13] nomoaHUTENIBHO Hpeamoa-
raeTcs HaJIW4YMe Pa3rOHSIONIEN CUJIBI, JEUCTBYIO-
IIeil Ha MaTepuabHYIO0 TOUKY. B KauecTBe ympas-
JICHUSI TMPUHUMAETCS OTHOILIeHWE HOPMaJIbHOMI
COCTaBJISIIOLIEH peakUMMU CBSI3U R K KOJMUYECTBY
JBUKeHUS yacTulbl MV.

CyluecTByI0OT paOOTHI, M3y4YalOIINe IBUKCHUE
MIPOTSIXKEHHBIX TEJ BAOJIb OPaXMCTOXPOHHON KpH-
Boii [14, 15]. B yactHocTH, B cTtaThe [14] paccMo-
TPEH clydaili OpaXMCTOXPOHHOTO IBMUKEHMS ca-
Heil YamyiplruHa.

B mHacTosieit craTbe paccCMOTpPEHB MUHU-
MaJIbHBIE 10 BPEMEHU TPAaeKTOPUM YACTHUIIBI IS
cllydasi, Korma SIBHO 3aJaHbl OrpaHMYEHUS Ha
KPUBHU3HY TPAaeKTOPUMU.

BoibepeM cucteMy KOOpAMHAT, COBIAJAIOIIYIO
¢ TpexrpaHHuKoM PpeHe paccMaTpUBAEMOM KPUBOIA.

B kauectBe ymnpaBieHusl OyneM HMCIOJb30BaTh
KPUBU3HY U TpaeKTopuu dyactunbl. IlycTts Hemon-
BUXKHAsI KOOpAMHATHAs TIOCKOCTh 07,7, pacnoo-
JKeHa B BEPTUKAJbHOU ITIOCKOCTH M ) < 5 < § —
JUIMHA NYTU TJIAJKOM PEryJsipHON KPUBOM, JiexXa-
el B miuockoctu 0z,z,. O603HaYMM KOOPAMHATHI
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eIMHUYHOTO BEKTOpa KacaTeJlbHOU T = (X; X,)",
a KOOpIMHATBI HOpMaiH 7 = (—x, x;)". O603HaYUM
X3 = v — KBaapaT CKOpOCTU TOUKU M, a x, = L(s),
X5 = H(s) — ee TOPU3OHTAJBHYIO U BEPTUKAJIBHYIO
KOOPIMHATHI.

YpaBHeHUST NBUKEHUSI MaTepUabHON TOUYKM
€AMHUYHOM MacChl BAOJb KPUBOM CJIETYIOILINE:

Py e

ds 2 s P

dx dx

s T gy T ®
dx; dx 1

—2 =-2gxy; % = —,

i~ T T n

TIe Xg(s) — Texkyliee BpeMs ABUXKEHUS TOUKUA M.
Kpaesble ycnoBus B (1) ciaeayroliue:

x;(0) =cosfy; x4(0) =0; .
x,(0) =sinBy; x5(0) =0; ?Ejk; :Z @
x50 =vi %O =0 T

IToctaBum 3agayy MMHMMHM3allM1 BPEMCHU IIPU-
XO04a B 3aJaHHYIO TOYKY Ha IIJIOCKOCTHU OX4)C53

©)

X¢(f;) > min .
|| < uy,

[MonyuyuMm pellleHUe MOCTaBJICHHON 3agauu, UC-
MOJIb3Ys HEOOXOOMMBIEC YCJIOBUSI ONTUMAJIbHOCTU
B BUJe IpUHILIMIIA MaKcuMyMa [loHTpsiTuHa.

®Oynkuus [MoHTpsTMHA UMEET BU

H = uxyy, —uxyy, —28%y;5 + X194 +

+ Xo¥5 +%: Hy+uH,,
3

W
e Hy = xy; - xyy, a Hy = xppy + X(ys ‘28W3)+76-

Ha QKCTpEMAJIAX HOHTpHFI/IHa yinpaBJICHUC
MNOAYNHACTCA YCIIOBUAM:

u, npu H, >0,

u(s) ={u®" pu H, =0, )

-u, npu H; <0.
PaccmoTpum nBukeHue mo ocoboit ayre mpu

sels’,s ).

31ech BBIIOJHEHBI CIEeAyIOLIME COOTHOLUEHUS:
Hy =Xy, - xy, =0; ()
Hy = =xy4+ % (=285 +ys5) =0, (7)

.. x
Hy =u(xyy +x5(=28y5 +ys)) + gx3_}2 =0; (8)
3

Hy = xpy4 +x(vs —28v3) +% =0.
3

©)
W3 ycnouit (7) u (8) HaiimeM ocoboe ympas-
JIeHUe
2
~ X
sin _ 1
w' =-g—n—.
X3 Wy
Ecnu vy, > 0, ycnoBus Kenin onTuManibHOCTU
0Cco00ro yrpaBJieHUS BBITIOJHEHBI. [leficTBUTENb-

Ho, noAcTasiss (7) B (9), moiydyum

(10)

*
X cosf
= COHSt ==

Vg = —7—
VX3 v
3aKOH U3MEHEHUs 0COOOro ynpaBJIeHUs Mepe-
MUILETCS B BUE

> 0.

(11)

IloacraBasis Bo BTOpoe ypaBHeHue (1), momy-
YKMM, YTO Ha 0CO00iI1 TpaeKTOpUU

*
dx, cosf?

3
YuuThIBas YCIOBUS TPAHCBEPCAIbHOCTU TIPUH- _COSY T _ 4.2 const.
HUMa MaKCUMyMa, 3alullIeM COMpPSXEHHYIO CH- ds y?
CTEMY C KPAeBBIMU YCJIOBUSIMU Ha TPABOM KOHIIE Torna
TPaeKTOPUU:
dxy 2 -
-2y,
dy;, _ Uy, — g dys _ 0; dx, c
ds ds dx 1
d d —h = 1= x3;
S oy g By S0 dx, g
ds %3 ds (12)
G dxs _ 1 .
dy; _ X% 1. vi(s) =0; . =?xzs
ds EVs x3 Ve x3’ yo(sy) = 0; ?
(s,) =0 dxg _ 1 1
dve Vatoel =5 dx, gcx;’
ds ’ Welse) =-1.
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OTKyla cjedyeT ypaBHeHHUE OcO0O0il KpuUBOil Ha
TIOCKOCTU OX,X;3

1
X3 =c—2((x§)2 - x3)+v¢, (13)

KOOPAMHATBI 0C000i1 KPMBOIi Ha MIOCKOCTU Ox4X;5

1 .
5 (X241 =X, +arcsinx; —

.X4=

2gc (14)
— xIx) —arcsinx¥) + xJ;
1
X5 =55 (63 = (x2)") + x5, (15)
2gc

BpeMs nBukeHus Mo oco0Oif KpUBOU ompene-
JsseTcsa popMynoi

(16)

Xg—Xg = L(arcsin X, —arcsin x)).
2gc

PaccMoTpuM MomumduKaluioo MNOCTaBISHHOMR
BKCTpeMajlbHOI 3aJa4yl, KOrja BepTUKajabHas KO-
OpAMHaTa KOHEYHOM TOUKH X5(S;) HE (PUKCHMpOBaHa.

[Monyuyaem 3amayy 0 MUHUMYME BpEMEHU IIPU-
X0a Ha 3aJaHHYI0 BEPTUKAJIbHYIO MPSIMYIO.

B sTOM ciiyyae u3 yclioBUii TpaHCBepCaJbHO-
CTU IMPUHILKIIA MAaKCUMyMa COIIpSI)XKEHHasl Iepe-
MeHHas ys = 0, 1 u3 paBeHcTBa (7) MOJyYUM Kpa-
€BOC YCJIOBUE

X2(tk) = 0. (17)

PaccMoTprM Teneph ABUKEHUE MO PETYISIPHOMY
y4yacTKy akcTpemanu IIoHTpsirmHa, TAe u = const.
B sToMm ciyyae

% = _2_g = const
dx, u
"
2g 2g

X3 :—7xl +v§+7coseo. (18)

KoopauHatel peryiasipHoil KpuBOIi:

(19)

X 1x +1sin6'
g =—— X+ — 0
u u ’

1

X5 = 1-x3 —%coseo. (20)

OnTtuManbHasg KpUBas TpeACTaBisieT coOoi
4acTh OKPYKHOCTHU

2 2
[x4 —%sineoj +(x5 +%cos60j =L2.

st Toro 4ToOBl HAWTH BpeMs ABUXEHHS IIO
peryJsipHOMY y4YacTKy, ClieJlaéM HEeKOTOpbIe Tpe-
obpazoBanusa. O603HAYNM

vy + —Cc0s0, = —=cos0,.
0 0 n

Toraa u3 (18) monyuyum

v? = 2—g(cos 0, —cos0).
u

1d6
Ho v = ——, cnemoBaTenbHO
u dt
2
do
— | =2gu(cosH, —cosO) =
( dtj gu(cos0, - cos )

= 4gu(sin’0,/2 —sin’ /2).

Crnenas 3ameHy sin6/2 = sin6,/2-sine = ksing,
MTOJTYYUM BpeMsl IBUKCHUSI

. 1 2 2
Xg = —Signu——=(F(p, k") - F(9y,k7)), (21)
6 M P Do

rne F(o, k%) — HemoNHbIA SUTUNTUYECK Ui NHTe-
rpaJl IepBoro poja.

PaccMoTpuM CTpyKTypy ONTUMAIBLHOTO YIIpaBIIe-
HUS B MOCTaBJIeHHOM 3ajaye o OpaxucToxpoHe. Or-
THMAaJIbHAsI TPAGKTOPHUSI MOXKET COCTOSITh M3 Y4yacT-
KOB C PETrYJISIPHBIM JINOO OCOOBIM YIIpaBJICHUEM.

Ilycts cHavana g = 0. Torna nmocraBieHHas 3a-
Jlaya eCTh BapMaHT 3amadyu o MainuHe JlyooOuHca:
HAaWTHU HA IJIOCKOCTU KpaT4YaWllWi IyTh, COCIU-
HSOIIWI ABe TOYuKU. PelieHWe COCTOMT M3 Ky-
CKa OKPY>KHOCTHM, MPEACTABISIOIIECH PEryJIsIpHbIA
Y4acTOK, M MpsSMOI, IpeAcTaBISIONIE 0coboe
pelleHue.

PaccMoTpuM BOIIPOC COMPSIKEHUST PETYISIPHO-
ro 1 0coboro yyacTKoB ONTMMAaJbHOW TpPaeKkTo-
pun. IlycTh B HEKOTOPHIMI MOMEHT BpeMEHH * MO-
MmajJii Ha OCOOBIM ydyacToK. Paccmorpum mpoek-
LMI0O pEeLIEHUSI Ha IUIOCKOCTh Ox,x;. Yepes
(x;, x; ) 0003HAYMM TOUYKY COIPSIXKEHUSI.

ITycTs ocobast KpuBas IMomagacT Ha KOHEYHOE
MHoroo6pa3sue (0, xé‘) 1 TIpA 3TOM 0Cc000€e yIpaB-
JIeHWE JIEXKWUT BHYTPU IONYCTUMOIO HHTEpBaia
YIPABICHUS [Upins Umaxl-

HomycTM, 4TO Ha OTpe3Ke BpeMeHu [¢, "] om-
TUMAaJbHOE pellIeHNe COILLIO C 0CO00 KpMBOH U
BepHYJIOCh 00paTHO. [TocKoIbKY ocoboe pelreHue
MOJy4YeHO W3 YCJIOBUS HEOTPULATEJIbHOCTU BTO-
poii Bapyuauuu (pyHKIIMOHAJA, Takoe pelleHre He
MOKET OBITh JIyYIIle II0 BpEMEHH, YeM IPU JIBHKE-
HUU IO 0COOOMY yUacTKy.
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[ToaToMy cOlTH ¢ 0COOOro yyacTka pelieHue
MOXET TOJIbKO €CJIU:

a) ocobas TpaeKTopus He IMoMafgaeT Ha KOHeY-
HOe MHOrooopasue;

0) ocoboe ympaBlieHHE JOCTUTAET TOMYyCTHUMOM
TPaHUIIBI.

IIpumep onTHMAJIBHOTO MEPEX0Aa HA 3aIAHHYIO
BEPTHKAJBHYIO NPAMYIO

PaccmMorpuMm Temepp 3ajadyy IomagaHuUs 3a
KpaTyaiiliee BpeMs Ha NpsIMylo x4(f) = L. bynem
CYMTATh OTPaHMYEHMS Ha YIpaBJICHUE CHUMME-
TPUYHBIMHU |Upi| = Upay > 0.

B cuny (11) ocoboe ympaBieHHe MOHOTOHHO
pacTeT, IIOTOMY €CJIM B MOMEHT COIIPSIKEHMSI ero
3HaUYeHME IIPUHAMJICKUT IONYCTUMOMY OTPE3KY,
TO B JAJIbHEMIIEM 5TO CBOMCTBO COXPAHSIECTCS.
Oco0bag KpuBas IoragaeT Ha KOHEUHOE MHOT000-
pasue, 1ae x,(%) = 0.

[TosTOMy CTpyKTypa pelleHusl TaKoBa, YTO Ha
HavyaJbHOM OTpe3Ke BPEMEHM OINTUMAaJIbHOE yIIpaB-
JIeHUe JISXXUT Ha IpaHuUIIe JOIMYCTUMOIO OTpe3Ka 0
VIIpaBJIEHUIO, a Jajiee — 0coboe pelleHue 10 MO-
MEHTA #;, TIONaJaHUsI HA KOHEYHOE MHOTroo0pasue.

PaccMoTrpuMm cHauana ciaydaii, Korma orpaHu-
YeHUs Ha YNPaBJIEHUE OTCYTCTBYIOT: Uy, = —0.
Torpa Ha BceM oTpe3Ke BpeMEHM OCYIIECTBIISIETCS
ocoboe yIpaBJieHHE.

-81°
-80 °
-78 °

-76 °
-72 °

-1.0 -0.8

B =l OA——0:2 9.0

Puc. 3. Oco0Obie TpaekTopuu (a) u ocodbie ynpasjenus (6)
Fig. 3. Singular trajectories (a) and singular control (6)

Ha puc. 3 mokazaHbl ocoOble TpaeKTOpuu U
COOTBETCTBYIOIIIE UM OCOOBIE YMNpaBJICHUS IIPU
(pukcupoBaHHOU HayaNbHOW CKOPOCTH TOUYKHU
vo = 0,1 M/c ¥ pa3IMyYHBIX HAYaJbHBIX yIJax Ha-
kyoHa TpaekTtopuu 0(0). 3aMeTHa OoJbIIAs YyB-
CTBUTEJIBHOCTh OCOOOW TpPAEKTOPUU K HU3MEHE-
HUIO HAaYaJbHOT'O HAKJIOHA.

3aMeThM, YTO HAKJOH TPAeKTOPUHU U CKOPOCTh
TOUKH Ha 0co0o0i nyre cBsA3aHbl MHTerpajaoMm (13).
COOTBETCTBEHHO, KaxXJIOMy (DUKCUPOBAHHOMY
MOJIOXKEHUIO TPAHUYHOM BEPTUKAJIBHOM IIPSMOM
COOTBETCTBYET OIPEAECICHHBIN HAYaJbHBIA YroOJI
HakJaoHa Tpaektopum 0(0). OH ompenenseTcsa u3
TPAaHUYHOTO YCJIOBUS x4(x§ )= L, toe x, BbIYUC-
nsieTcs 1mo popmyne (14).

Ecnu HayanpHBIN yTo HAKJIOHA OTIMYAETCS OT
HakKJIOHA 0CO0O0I TpaeKTopuu, JIMOO B HaYATbHBIA
MOMEHT HE BBITIOJTHSIOTCS OTPAaHUYECHUS HA KPH-
BU3HY, HayaJbHBIA OTPE30K TPACKTOPUU TIPEA-
CTaBJIIeT cOo0OM peryasipHyto ayry. Paccmorpum
BOIIPOC COMPSIXKEHUS PETYISIPHONU U OCOOOW ITyTH
skcTpemanu [ToHTpsATMHA Ha MpUMeEpe.

[TycTh 3amaHbl TapaMeTpbl 9KCTPEMAJIBHOU 3a-
auyu

L=1wm,v,=0,1 m/c,
0y = —1,54, u,,;, = —30,5 M.
B o6111eM ciiyyae TOUKY COMPSIXXEHUS PETYIsp-
* *
HOTO M CHUHTYJSIPHOTO KYCKOB (X,,X3;) HaXOIMUM,
BBIYMCJIMB KOPEHb KBaJPaTHOIO ypaBHEHUSI

- a2
ﬁmf’c
I

0.030
0.025

Perynsipnas nyra

0.020 Ocobas ayra
0.015 X
2 2
Xy, MY/C? | ootofp 4L e R—"
F 0.005 Dk
[ i i " 1
25F "1.0000 -0.9998 -0.9996 -0.9994 -0.9992
20f \
15¢ OcoGas nyra
10F

Perynapnas nyra

-0.8 -06

\

Puc. 4. ConpsixkeHne peryisipHoOii © 0C000i Iyr ONTHMAJbLHOM
TPAaeKTOPUH

Fig. 4. Conjugation of the optimal trajectory regular and singular arcs
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[TpoBepuM, sBIsIeTCS JU
yrojl HakJioHa 6, COOTBET-
CTBYIOLIUI 0COOOMY yUYacTKy,

/

OIITUMAJIbHBIM C TOYKH 3pPC-
HUA O6H_[CFO BPCMCHMU IIPpUXO-
aa T Ha TCPMHUHAJIBbHOC MHO-

i
i PerymspHoe

-0.9998 -0.99p6 -0.9994

Ocoboe

Perynapﬁoe/

rooopasue — BepPTUKAJIbHYIO
MPSAMYIO.

Ha puc. 6 moka3zaHo cpaB-
HEHUE BPEMEHU IBUKCHUS I10
ONTMMAJILHON  TpaeKTOpUU
IUIST Ppa3IMYHBIX HavyaJIbHBIX

Puc. 5. OnTuMaibHOEe yNpaBjieHHE B TOYKE CONMPAKEHHUS
Fig. 5. Optimal control in conjugation point

_(x{)” gcos0y _

2
m¥0 u

042
*) X
i g G

mY0

- (x})? 0,

m

rae 6, — HavyaJbHBIN yTroJl HaKJOHA PEryJsipPHOTO
TPaeKTOpHH, a X, — KOOPAMHATa 0COBOro Kycka
TPaeKTOPMU, COOTBETCTBYIOIIASI HAayaJlbHOUN CKO-
pOCTH V.

Ha puc. 4 moka3zaH mpumep CONpsiK€HUsT Ha
TIOCKOCTU OX,X3.

ComnpsixkeHUe peryasipHOro U 0Co0Oro yIpaB-
JIEHW# TIpeaCcTaBIeHO Ha pUC. 5.

B Touke compsikeHus ynpaBieHUe MpeTeprieBaeT
CKayOK, UTO COOTBETCTBYET YCJIOBUSIM ONTUMAIBLHO-
TO COMNPSIXKEHUS PETryIsIPHOIO M 0COOOro ympasJie-
HUI A1 0co00i nyru nepBoro nopsaka [15].

Kak mokazaHo Bbillle, mapameTpy L cOOTBeT-
CTBYET OIpele/IeHHOEe 3HaueHUe HauyaJbHOTO yrjia
0co00i1 nyru.

Puc. 6. OnTumanbHoe BpeMs ABuKeHHs T B 3aBUCUMOCTH OT Ha-
YaJbHOTO YIJIa HAKJIOHA BEKTOPAa CKOPOCTH

Fig. 6. Motion time 7 dependence of initial inclination angle of
velocity vector

YIJIOB HaKJIOHA.

PesynbraThl, mpeacTaBiieH-
HBbIe Ha puC. 6, TTOKA3bIBAIOT,
YTO HayaJbHBIA HAKJOH Tpa-
ektopuu 0, = —88,6°, cooT-
BETCTBYIOILIMI 0COOOMY pelIeHUIO, SIBASIETCST OIl-
TUMaJIbHBIM.

MoxxHO ToKa3aTh, YTO 3TOT Pe3yjbTaT BepeH
st obuiero ciayvasi. OH ciaeayeT W3 NpUHIMIA
Makcumyma IloHTpsirnHa. [leiicTBUTENbHO, U3Me-
HUM HayaJbHbIE YCIOBUS: ClieJlaeM Yrojl HakKJjoHa
HAYaJIbHOM CKOPOCTU TOYKHU 6, CBOOOJHBIM.

Torma xpaeBoe ycjioBME Ha J€BOM KOHIE (2)
MIPUMET BUT

x2(0) + x3(0) = 1, x5(0) = vy,
x4(0) = x5(0) = x4(0) = 0.

4 K] yCiaoBUud TpPaHCBEPCAJIBbHOCTU Ha JICBOM
KOHIIC TPACKTOPHUU CJICAYIOT COOTHOLICHU A

vi1(0) = 22,x1(0), w,(0) =2%,x,(0).

IlonctaBuB 3THM 3HaueHuUs B BbipaxeHue (7)
st yHkumu Hp, monydum

H{(0) = x5(0)y1(0) = x;(0)y,(0) = 0.

(22)

DTO 03HayvaeT, 4To BKcTpeMmanb IloHTpsITH-
Ha B HadaJIbHBII MOMEHT HaXOOMTCS Ha 0COOOM
yuacTtke. Ecau ocoObIil yyacToOK SIBJISIETCS AOITY-
CTUMBIM, TO BCI BKCTpeMajb OyAeT COBMNaIaTh
C 0COOBIM yyacTKoM. B aTOM ciyyae onmTmmaib-
HBbIM HAYaJbHBIM YTOJ HAaKJIOHA CKOPOCTH COOT-
BETCTBYET HAaKJOHY Ha 0COOOM ydJacTKe.

PaccMoTpuM Bompoc O uymciie IepeKIIOUCHU I
Ha peryJasipHOM y4YacTKe 10 MOMEHTA COMPSKCHUS
¢ 0coObIM yyacTKoM. Kak ObIJIO TOKa3aHO BHIIIIE,
OCYIIECTBUTh CONPSKEHNWE MOXHO IPH IIOCTO-
SHHOM YTpaBJIEHWH, 3HaK KOTOPOTO 3aBHCUT OT
TOro, 0oJjblie JUOO MEHbIIEe HayaJbHBIM HAKJIOH
HaKJIOHa Ha 0COOOM y4YacTKe.
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g pemieHus 3agadyW HaMOBICTPEHMINIETO II0-
nagaHuss B TOYKY COIPSIKEHUS (x;,x;)Hauo pe-
IINATH 3aJa49y OBICTpEHIIero Iepexoaa 13 Hadalb-
HOWM TOYKHM (X,(0), vy) Ha BEPTUKAJIBHYIO NPIMYIO
X, :x;. ITockoapKy BTOpOE ypaBHEHMWE CHUCTE-
Mbl (1) oTmensieTcsl OT OCTajJbHBIX, CMEHA 3HaKa
YIpaBJeHUS ¥ TPUBOAUT K YBEIUUYEHUIO BpEMEHU
MIpUXoAa B TOUKY x;.

3akiaoyenue

B crarbe maHa mocTtaHOBKa 3amadyyd IMHAMMU-
YeCKO MMUTALMX YIPaBIASIEeMOro IIojieTa Jis
TpeHaxxepa Ha 6a3e MPOMBILIJIEHHOIO poboTa-Ma-
HunyasgarTopa. ITokazaHo, 4TO aJrOpuTM OTUHAMMU-
YeCKOl MMHUTAllMM COCTOMUT U3 ABYX (ha3: UMHU-
TallMU TIEPErpy3Ky B paboyeid 00JacTH CTeHAA U
BO3BpaTa Ha MHOXECTBO CTapTOBBLIX IOJOXEHUI.
IlocnenHss 3agadya MOXET OBITh IpeacTaBieHa
Kak o0o0lIeHre 3aJa4i 0 OpaxUCTOXPOHE.

[IpuBeneHo penieHue 3aJa4yv O ABUXKCHUU Ma-
TEPUAJbHOM TOYKM II0 KPUBOM B BEPTUKAJIBHONI
MJIOCKOCTH B OMHOPOIHOM ITI0JI€ CHJIBI TSIKECTH IIPHU
HaJIMYUU OrpaHMYEHUI HA KPUBU3HY TPACKTOPUU.
[losydyeHO TONyaHAJMTUYECKOE PEIICHUE 3aladu
ONTUMM3ALIMM, ONKCAHA CTPYKTypa COIPSKEHUS
PETyIISIPHOTO M CUHTYJISIPHOTO PelIeHUN U U3y4YeH
BOIIPOC YMCJIa MEPEKIIOUYECHUI MEXIY yJ4acTKaMu
PEryJISIPHOIO U 0COOOro yrnpaBJIeHUIA.

CnuCcOK uMTepaTypbl

1. Alexandrov V. V., Lemak S. S. Algorithms of dynamic
piloted flight simulator stand based on a centrifuge with a
controlled cardan suspension // Journal of Mathematical Sciences.
2021. Vol. 253, N. 6. P. 768—777.

2. Anekcannpos B. B., Boponun JI. U., T'nazkos 0. H., Nm-
suHckmii A. 10., Cagosununii B. A. MaremaTruuyeckue 3aiayu aQu-

HaMUYeCKO MMUTALINU a3POKOCMUYECKHUX MmoieToB. M.: 3n-Bo
MockoBckoro yHuBepcureta, 1995.

3. Cymbaros A. C. 3amaya o 6paxucToxpoHe (KJiaccugpuka-
1St 0000IIEeHU T U HEKOTOPbIE MOCIeAHUE pe3yabTathl) // Tpymsl
MockoBcKoro ¢usuko-TexHuuyeckoro uHcturyta. 2017. T. 35.
C. 66—75.

4. Gemmer J., Umble R., Nolan M. Generalizations of the
Brachistochrone Problem // Pi Mu Epsilon Journal. 2011. Vol. 13,
N. 4. P. 207—218.

5. Grimm C., Gemmer J. Weak and Strong Solutions to the
Inverse-Square Brachistochrone Problem on Circular and Annular
Domains // Involve, a Journal of Mathematics. 2016. Vol. 10, N. 05.

6. Vratanar B., Saje Miran. On the analytical solution of the
brachistochrone problem in a nonconservative field // International
Journal of Non-Linear Mechanics. 1998. Vol. 33, N. 05.
P. 489—505.

7. Tnaakos C., Bormanoea C. K Teopum ABUKEHUS Tel
¢ nepeMeHHoi Maccoit // BectHuk Tomckoro ['ocynapcTBeHHOro
Yuusepcutera. 2020. T. 6, Ne 65. C. 83—91.

8. Mertens S., Mingramm S. Brachistochrones With Loose
Ends // European Journal of Physics. 2008. Vol. 29, N. 11.

9. I'maakos C., Bornanosa C. K Teopuu npocTpaHCTBEHHOMU
o6paxuctoxponsl // BectHuk Tomckoro ['ocynapcTBeHHOTO YHU-
Bepcuteta. 2020. T. 5, No 68. C. 53—60.

10. Cherkasov O. Y., Zarodnyuk A. V. Brachistochrone
problem with linear and quadratic drag and accelerating force //
Mathematics in Engineering, Science and Aerospace. Cambridge,
2015. Vol. 6, N. 1. P. 35—44.

11. Bouapyxos A. C., Toayoes 0. ®. OnTuManbHble Tpaek-
TOpUHM B 3aJaue 0 OpaxUCTOXPOHE C CYXUM TpeHueM // U3BecTus
Poccuiickoit Akagemun Hayk. Teopusi u cuctembl yrpaBjieHusl.
2016. C. 11.

12. Wensrich C. Evolutionary solutions to the brachistochrone
problem with Coulomb friction // Mechanics Research
Communications. 2004. Vol. 31, N. 03. P. 151—159.

13. 3apoaniwk A. B., Yepkacop O. 0. O makcuMuzaunuu
FOPU30HTAJbHOM NAJbHOCTU UM OpaXMCTOXPOHE C pas3rOHSIIOLIEH
cuJioil U BA3KMM TpeHueM // M3Bectusi Poccuiickoit akageMuu
Hayk. Teopust u cuctembl ynpasiaenus. 2017. T. 4. C. 3—10.

14. Radulovich R., Obradovich A., Salinik S., Mitrovik Z.
The brachistochronic motion of a wheeled vehicle // Nonlinear
Dynamics. 2017. Vol. 87, N. 01.

15. Benham G. P., Cohen C., Brunet E., Clanet C. Brachis-
tochrone on a velodrome // Proceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences. 2020. Vol. 476.
N. 2238. P. 20200153. http://dx.doi.org/10.1098/rspa.2020.0153.

16. Ta6aco P., Kupniiosa ®@. M. OcoGbie ONnTUMaIbHbIE
ynpaieHusi. MockBa: Hayka, 1973.

To the Problem of Motion Cueing Simulation
on a Robotic Stand for Aircraft Flight

S. S. Lemak, lemaks2004@mail.ru,
Educational School "Fundamental and Applied Space Research", Lomonosov Moscow State University,

Moscow, 119192, Russian Federation,

M. D. Belousova, mb@vrmsu.ru,
Educational School "Brain, Cognitive Systems, Artificial Intelligence", Lomonosov Moscow State University,

Moscow, 119192,Russian Federation,

V. V. Alchikov, bestvladi@mail.ru,
Lomonosov Moscow State University, Moscow, 119192, Russian Federation

Corresponding author: Belousova M. D., Junior Researcher, Lomonosov Moscow State University,

Moscow, 119192, Russian Federation, e-mail: mb@vrmsu.ru

MexaTpoHnKa, aBTOMaTH3anus, ynpasjenue, Tom 23, Ne 10, 2022

553



Accepted on July 11, 2022

Abstract

Various simulators with motion cueing simulation stands, which make it possible to create an acceleration environment
Jor the pilot that is close to a real flight, are used for training aircraft pilots. The article considers the formulation of the
motion cueing simulation on a stand based on an industrial manipulator. Motion cueing simulation algorithms include two
phases: motion cueing simulation phase and phase of return to the working area center. During simulation phase the stand
must implement such a movement that the angular accelerations acting on the person and the overload vector acting on the
center of mass of the operator completely coincide with the real ones. If it is not possible then just the directions of these
vectors should coincide. During the second phase the stand end point must return to the working area center with accelera-
tion values below the threshold, but in the fastest way. This task can be presented as a generalization of the brachistochrone
problem. The article considers the problem of the material point motion in a uniform gravity field along a curve located in
a vertical plane, in the presence of restrictions on the trajectory curvature. It is necessary to choose the curve shape in such
a way that the descent time is minimal. The problem solution is obtained by optimal control methods, the cases of regular
and singular control realization are considered, the question of its conjugation. Also, the switching number between sections
of regular and singular control is studied.

Keywords: motion cueing imitation, brachistochrone, optimal control, Pontryagin’s Maximum Principle, singular op-

timal control
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3apayva conuxkeHusa ABYX CNyTHUKOB Ha opouTe
MeTOAOM YUCNEHHOro MoaerIMpoBaHuA

JceHue, kKpyeogas opouma

Paccmampusaemces 3a0aua coauxiceHus 08yX KOCMUHECKUX ANNAPAMO8, HAX0OAUUXCS HA 08YX 20UCHMPUHECKUX KPY20BbIX
opbumax. lleavto cOaudiceHus Kocmuteckux annapamos moxcem Ovimo, Hanpumep, OUCMAHYUOHHAS 3APAOKA AKKYMYAAMOPa
HA NACCUBHOM KOCMUYECKOM annapame nocpedcmeom nepedaiu céema Ha coaHedHvle 6amapeu 3moeo annapama. Boicoma op-
Oumsl naccueHo2o Kocmuueckoeo annapama 500 Kkm u ébicoma opOuUmMsL. MAHEBPUPYIOWE20 KOCMUHECK020 Annapama é nepeom
paccmompennom cayuae pagna 499,9 km. 3adaua pewaemcs npu marom 3naveruu yeaa dasvHocmu (AS = 0,01°) mexncdy eek-
Mmopamu coCMOoAHUA KOCMUYECKUX annapamos U npu HecKOoAbKUX 3HA4eHUAX 8bICOMbL OPOUMbL MAHEBPUPYIOU20 KOCMUHECK 020
annapama (r; = 499,9; 499,8; 499,7 km). B kauecmee memoda cOaudiceHus KOCMU4ecKux annapamos Gulbupaemcs memoo
napannenbHoeo cOAuNCeHUs ¢ npamoim 002onom. Ilpu smom deuicenue Kocmuteckux annapamos paccmampueaemcs KaxK He-
603MYUeHHOe U 0ONYCKaemcs, Ymo HAOCKOCMb COAUNCEHUs cO8nadaem ¢ NAOCKOCHbIO OPOUMbL NACCUBHO20 KOCMUUECKO20
annapama. B pabome ucciedyomces 3asucumocmu napamempos cOAUNCEHUS KOCMUYECKUX annapamos om epemMeHu noiema.

Karoueesnie caoea: ynpasienue KoCMUMecKux annapamos, Hagu2ayus KOCMU4eCKux annapamos, npobaema ecmpeuu, coau-

BBenenue

OnHoit 13 HamboJiee aKTyaJIbHBIX ITpo0JeM pa3-
BUTHS TEXHUKH OPOMTAJIbHBIX ITIOJICTOB SIBJISICTCS
npobieMa BCTPeYM ABYX KOCMUUYECKMX aIllapaToB
(KA) Ha opOute. PaznuyHBIM acmekTaMm, CBsI3aH-
HBIM C TAHHOU TTPOOJIEMOM, MOCBAIIEHO MHOXECTBO
pa6ot [1—7]. Tloag BcTpeueil MOHMMAaETCsl BbIBeIE-
HUe OBYX Wiu 0ojee OOBEKTOB B HEKOTOPYIO OT-
HOCHUTEJILHO Majlylo 00JIACTh KOCMUYECKOTO IIpO-
CTPaHCTBa, COJIMXKEHUE 0OBEKTOB U, IIPU HEOOXOAU-
MOCTH, OCYIIECTBICHNUE MEXITY HUMU (PU3UUECKOTO
KOHTAaKTa UM KOHCTPYKTUBHOTO COEIUHEHUSI.

IlepBoe B Mupe conmxeHne IByX MUIOTUPYEMBIX
KopabJieit ObIJI0 BHITIONHEHO 15 mekabpst 1965 roma
kopaomssmun HACA "[Ixxemuuu-7" u "JIxkemMuHU-
6A". Komanmup kxopabis "IxemuHu-6A" Yourep
Iluppa BHIMOAHMA COMMKEHHE [0 pPACCTOSHUS
30 caatuMmerpoB. M3BecTtHO, uTOo 30 OKTSIOpS
1967 roma miepBasi B MUpe TOJHOCTBIO aBTOMaThye-
ckasg cteikoBka n1Byx KA 6bi1a BeinosHeHa B CCCP
IBYMsI O€CIMIOTHBIMM KOCMUUYECKMMU KOPAOISIMU
tuma "Coro3": "Kocmoc-186" u "Kocmoc-188" [8].

Onepauust Bctpedyn KA BBINOTHSIOTCS C pas-
HBIMU LIEJIIMU, HAIIPUMED, IJISI TPAHCIOPTUPOBKU
TPy30B M 3KUMaxXell Ha OpOUTAIbHYIO CTaHIMIO
WU AJs1 YOOPKU KOCMHUYECKOTO Mycopa.

ITocTanoBka 3agaum

PaccmarpuBaercst 3amaua conuxkeHusi KA Ha
JIBYX KOMILIAHAPHBIX KPYTOBBIX I'€OLIEHTPUYECKUX

opbuTtax. B yacTHocTH, maHHas 3ajadya akTyajibHa
JUTST MTUCTAHIIMOHHOM 3apsiiKy aKKyMyJsiTopa Ha
naccuBHoM kocmuueckoMm amrmapate (ITKA) rmo-
CPEACTBOM Ilepedadyr CBETOBOIO IOTOKAa OT MaHEB-
perHoro KA Ha conmneuynsie 6arapeu Ha [1KA. Koc-
MUYECKUE aIlapaThl HAXOMSATCSI Ha OJIM3KUX KPYyTro-
BbIX OPOMTaX OTHOCUTEIBHO 3EMJTH, PACTIOJIOXKEHHBIX
B €IWHOI IIOCKOCTH, IIPU 3TOM BBICOTA OPOMTHI
ITKA cocrasnster 500 KM 1 BbICOTa OpPOMTHI MaHEB-
pupytolero kocmuyeckoro anmnapara (MKA) B nep-
BOM paccMaTpMBaeMOM Cily4yae McCieqoBaHWs paBHA
499,9 kM. B maHHOI paboTe YMCIEHHO MCCAEIYIOTCS
3aBUCMMOCTH OT BPEMEHU MapaMeTPOB COTMKEHMUSI,
B ToM umche: paccrossHue D mexny MKA u TTKA,
CKOpOCTb D) COMVIKEHMS, YTON ¢ COMVXKXEHUS MEXIY
BEKTOpPOM D M OChIO X OpOMTAIbHOM CUCTEMBI KOOP-
JIMHAT, a TaK>Ke YIJIOBAasi CKOPOCTh ¢ JIMHUU BU3UPO-
BaHMsI, IIOKa3aHHbIe Ha puc. 1. YucneHHoe Moaenu-
pOBaHME BBITIOJHSETCS MPU MaJiOM 3HAYEHWU yTiia
JAJbHOCTH MEXIY BEKTOpaMM pacrojoxeHuii KA
(A9 = 0,01°) 1 ipu pa3HBIX 3HAYEHUSIX BBICOTHI OP-
outel MKA (ipu r; = 499,9; 499,8; 499,7 xm). Ha
puc. 1 r, r, — BekTopbl pacnojoxeHuss MKA u
[TKA; V,, V, — opburanbHble ckopoctu MKA u
ITKA; AS — yrona majabHOCTM MEXIY BEKTOpaMU
pacrnionoxeHust MKA u I1KA; O' — Havano nHep-
LIMAJIbHOM CUCTEMBI KOOPAMHAT.

IIpy wuccienoBaHUM MNPUHUMAIOTCS CIEAYIO-
HIUE TOMYILIeHUS:
e 3ajaya paccMaTpUBaeTCs IPU OTCYTCTBUU BO3-

MYIIEHUI U B LIEHTPaJIbHOM OJHOPOIHOM I'pa-

BUTALIMOHHOM MOJI€ TSATOTEHUS 3eMJIU;
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OpGuta ITKA

Puc. 1. Cxema otHocuTeabHoro pacnonoxenus MKA u I1KA

Fig. 1. The scheme of relative positions of the active and passive
spacecraft

* TUIOCKOCTh MaHeBpa cOonmxeHus KA coBmana-
€T C TJIOCKOCTBIO opouThI TTKA;

* B KayeCTBE NBUTATEbHON YCTAaHOBKM IJIsI KOp-
pexunu opoutel MKA ucronb3yeT peaKTUBHBIN
JIBUTaTeb ¢ pacxoaoM TorumBa m = 0,1 K1/c;

* macca MKA — 400 xr.

Meroa pemenns 3a1a94

Hns pelieHUs MOCTaBJICHHOW 3aJavyd B Kaye-
CTBEe MeToma CONMXKEHHWS NMpHUHHMaeM MeTOoHm Iia-
pamiensHoro conuxenus [9] (puc. 2). Ilpu satom
HCITOJIb3yeTCs NH(pOpMAaILKs O TTOJOXECHUN JTUHUN
BU3MPOBAHUS.

MeTon mnapasielbHOro COJUKEHUS SIBIISETCS
HauboJiee TIPOCTBIM M JEerko peaausyeMbiM. OH

MKA

Puc. 2. Cxema cOaMKeHNs NPH WAEATBHOM MAPAJIJIeJIbHOM COIH-
JKEHHH C MPAMBIM IOTOHOM

Fig. 2. The approach scheme in the case of an ideal line-of-sight
approach

MO3BOJISIET OCYIIECTBUTh ToeT KA B ympexaeH-
HYIO TOYKY BCTpeud. IIpy MCIIOJIb30BaHUU BTOrO
METOIa BEKTOp OTHOCHTEJBHON HajibHOCTH D
B Ipoliecce COJMMXKXEeHMsI He MEHSIET CBOero HallpaB-
JIEHUSI B MPOCTPAHCTBE, a BEKTOP OTHOCUTEIbHOM
CKOpPOCTH HEM3MEHHO HarpasiieH Ha [TKA.

3anuiueM guddepeHIMaabHble YpaBHEHUS,
OIMChIBAIOLIUE OTHOCHUTENIbHOE OBMKeHHMe MKA
n IIKA B cucremMe KOOpIMHAT, NOKa3aHHOM
B puc. 3 [9]:

D - D¢* -20D¢ -3w*Dsin’q = ap;

D +2Dg +20D -1,50°Dsin2q = a,, M
rae D — MOAyJb BEKTOpa OTHOCUTEJIbHOU Jalb-
HOCTH; ¢ — YIOJ MeXIYy BEeKTOpoM D U OChIO X;
® — YTIJIoBasl opOuTaJbHasl CKOPOCTh ITACCUBHOTIO
KA; ap, a, — npoekiuy BEKTOpa yMnpaBJisioUIero
YCKOpEHMS Ha JIMHUIO BU3UpoBaHUS D 1 Ha HOP-
MaJjib K HEM.

Ha puc. 2 D — nuHusa Bu3upoBaHusi, I — op-
outa I1KA, 2 — onopuas opouta MKA, 3 — tpa-
eKTOpUS COMMKEHUSI.

IIpu MeTome mapalIeTbHOTO COJIMXKEHUSI CO-
CTaBJdIOLIAs ap OyAeT paBHa HyJI10. B pesynbrare
HMEEM:

D - Dg? -20Dg - 3w*Dsin’q =0, ,
D +2Dg+20D —1,50*Dsin2q = a, @

Ha puc. 3 nagano cucremsl koopamHaTt O pac-
rmoyioxxeHo B 1ieHTpe macc I1KA. Oce y HanpaBite-
Ha BHOJb BekTopa pacnonoxeHus [1KA r,, a ocb x
MepHeHAUKYJISIpHA OCH ).

OpGura [MKA

Puc. 3. Cucrema Koopaunar, cesasannas ¢ [IKA
Fig. 3. The coordinate system fixed on the passive spacecraft
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Bsenem B cucteme (2) criegyioinne 0003HAYCHUST:

D(t):Xls D:X27 q(t):Yla q:YZ‘ (3)

3anuieM cucTeMy ypaBHeHui (2) B cieayio-
1eM BUJIE:

dx,
dr
dx,
dr
dy,
dr
dY,
dt

=X,

= X\Y,2 +20X,Y, + 30X, sin? ¥};
)
_a,-2X,Y, 20X, +1, 5w’ X, sin2Y,
Xl

ITpu commxenun MKA u IIKA yrimoBas cko-
pOCTh ¢ JWUHWMW BU3UPOBAHUS NOJIKHA MOMIECPKU-
BaThCsl OJIM3KOM K HYJEBOMY 3HAUCHMIO C yYETOM
COCTABJISIOIICH YIPABJISIOLIETO YCKOPEHUS d:

&)
V=,

rone m = —0,1 KI/c — CKOpPOCTh pacxoja TOIJIMBA
MKA; m = 400 xr — HavaabHasi Macca MKA.
IIpu sToM B mpoiecce cOMMXEHUST OOKOBOM MM-
MyJbC CKOPOCTH V B KaxXOblii MOMEHT BpEeMEHU
komrneHcupyercest (V, (1) = Dq ), uto6s1 MKA ocra-
BaJICSI HA JUHUU BU3UPOBAHMUSIL.

CkopocTh  M3MEHECHHWsI  COCTABJAIOLIEH 4,
YIPaBJISIONIETO0 YCKOPEHUSI MOXHO OoIucaTh gud-
(bepeHLIMATIBHBIM ypaBHEHUEM

da, — (m\dV _ (m), ;. ;.
7"[%)7— (mj< Da-ba =

:(%)(X2Y2 +aq—2X2Y2— (6)

~ 20X, + 1,502 X, sin 2Y)).

Cucrema auddepeHUIaNbHBIX YpaBHEHUN (4)
U ypaBHeHUe (6), OnUCHIBaIOlIee CKOPOCTb M3ME-
HEHUsI COCTAaBISIOIIEH @, PEUIaloTCs YHUCICHHO
MmetonoM PyHre—KyTThl 4-rO0 mopsaka. B kaue-
CTBE HayaJbHBIX 3HAYCHUU NMPUHUMAEM CIEIYyIO-
1l11€ BeJIUYUHBL:

— HavaJbHOe paccrosiHue Mexay KA

X1(0) = (x5 +y)'?, ™)

TI€ X, Yy — KOOPAMHATBI HAYAJbHOTO MOJIOXEHUSI
MKA otHocutenbHo [IKA. DT 3HaYueHUS BBI-
YUCIISIEM U3 CICAYIONINX COOTHOIICHMIA:

Xy =1 SInAS,

Vo = —(ry, — 1, cOsAY);

— HayaJIbHOC€ 3HAYCHUEC CKOPOCTHU CONMMKEeHU S

X,(0) =V cosa, ()

rae V — HavanabHas ckopocTh MKA oTHOCUTENb-

Ho ITKA; oo — yroa Mexay BEKTOPOM OTHOCUTENIb-
HOW CKOPOCTHM U JTMHUEH conuxeHus (puc. 4):

V =(WVE+VE=2VV,cosA9)/2,

a:'Y_B,
V2_V2_V2
y = arccos| 2—1L " |
=2V
B:arctg[|r2C0SA8_r1 |j
rsinAg )

— Ha4yaJIbHOC 3HAUYCHMC yIJjia ¢

Y,(0) = arctg (%), e

0
— HavaJibHOE 3HAu€HUE YTJOBOW CKOPOCTU ¢
JMHUW BU3MPOBAHUS

Y,(0) = Vsina

. 10
X,0) (10

YucaenHbie HCCAEAOBAHNS
H pe3yJbTaThbl MOACIUPOBAHUA

PaccmoTpuM rpadmky 3aBUCMMOCTH OT Bpe-
MeHM pacctosHud D Mexny KA, monydyeHHBbIE U3
petieHust auddepeHunalbHbIX YpaBHEHUN OT-
HOCHUTEJIBHOTO ABUKEHUS U CKOPOCTHU M3MEHEHUSI
ynpasisouero yckopeHus. I3 puc. 5 (cM. yeTBep-
TYIO CTOPOHY OOJIOXKKM) BUJHO, UTO YEM MEHbIIIC
pasHuua BeicoT opout KA, tem Obictpee MKA
mogyetuT K IIKA. Ilpm BeIcOTE 499,7 xM MKA
B TeueHue MeHee 50 ¢ momnertaer K IIKA Ha pac-
cTossHUS MeHble 80 METPOB, KOTOPOE TOCTATOYHO
JUJIS BBINOJHEHU S 3apsiakuy akkymynsaTopa ITKA.

Ilpy 3TOM nOA9 AOCTUXEHUS HEOOXOMMMOIO
paccTossHUSA OJd 3apsSaKM aKKyMyJasaTopa Halo
MPOBOAUTL KOPPEKTUPOBKY OPOMTHI COMMKEHUS
AMITYJIbCOM TSATH, YTOOBI TMOAIEpXaTh 3aAaHHOE
pacctossHue. M3 puc. 5 cienyeT, 4YTO B cliydyae He-
BBITIOJTHEHU ST KoppeKuuu opoutel MKA ynansger-
cs Ha 3HaYMTeJNbHOE paccTosHue oT ITKA.
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Puc. 4. CxeMa OTHOCHTEJIbHOI CKOPOCTH H YIJIa MEXKIY BEKTOpa-
MM OTHOCHTEJIBHOI JAaJbHOCTH H OTHOCHTEJIbHOM CKOPOCTH

Fig. 4. The scheme of the relative velocity and the angle between
the relative state vector and the relative velocity

Puc. 6 (cM. 4eTBepTYIO0 CTOPOHY OOJIOXKH) I10-
Ka3bIBAeT, YTO CKOPOCTb COMMXKeHUsT D) yBennuu-
BaeTCs IIPU YMEHBIICHUN PACCTOSTHUS MEXIY Op-
outamu KA.

N3 puc. 7 (cM. 4eTBEPTYIO CTOPOHY OOJOXKMU)
cliefyeT, 4yTo Ipu BeicoTe opouThl MKA, paBHOI
499,9 KM, yToJI ¢ COBepIIaeT MaJible KojaeOaHUs OT-
HOCUTENbHO 3HaueHusT —5°. [Ipu yMeHbIIeHUN pac-
CTOSHMS Mexay opontamu KA HadaiapHOE 3Haue-
HHE yTIJla ¢ YMEHBIIAETCS U OO OIPeneIEHHOIO MO-
MEHTa BpeMEHU coBepllaeT Kojaeoanus. [Ipu aTomMm,
HayMHas ¢ HEKOTOPOTO MOMEHTA BpeMEHHU, YTOJ ¢
spoJironoHupyet, 1 MKA ynansercs ot ITKA.

Ha puc. 8 (cM. 4eTBepTYIO CTOPOHY OOJIOXKKH)
MOKa3aHO, YTO YIVIOBasi CKOPOCTb ¢ SBISIETCS
OU3KOMN K HYJIO (Ipy HEBO3MYILUEHHOM COJIMXKe-
Hum 1n1Byx KA B ciyuyae ucrmonb3zoBaHuss MKA
KpYyroBoii opOUTHI ¢ BhicoTOM 499,9 km). [1pu sTOM
VIJIOBasl CKOPOCTh ¢ HMMEET MaJible KOJcOaHMs.
[Ipu ocTanbHBIX ABYX 3HAYEHUSIX BHICOTHI OPOUTHI
MKA yrnoBass CKOpOCTb B OIIPEACICHHBIN MO-
MEHT BPEMEHU PEe3KO MEHSeTCS U Jajiee IoCTe-
MeHHO cTabuausupyercs npu 3HadeHuu —0,1 °/c.
ITpu s3ToMm MKA yaansercs ot ITKA.

N3 puc. 9 (cM. 4eTBEpTYIO CTOPOHY OOJIOXKKM)
BUJIHO, UTO B OIpPEACICHHBII IepUOd BpPEMEHU

3HAYEHUE YTPABJISIONIETO YCKOPEHUS a, YBEINIH-~
BaeTcs ObICTpee IpM MEHbIIEM HayaJbHOM pac-
crogHumn Mexnay KA. IIpu 3ToM cOauXKeHUE Bbi-
MMOJIHSIETCSI OBICTpEe, M OHO TpeOyeT MEHBIIE pac-
XoJa pabouero Tena.

AHaIU3Upysd pHUC. 5, MOXHO IPEINOJOXUTD,
YTO IIPU PACCMOTPEHHBIX 3HAYEHUSIX BBICOTHI Op-
outel MKA (499,9, 499,8, 499,7 xM) BpeMsI BBIIOJI-
HEHUSI COJMMXKEHUSI, COOTBETCTBEHHO, COCTaBIISIET
250, 90, 40 c. Eciu cpaBHUTH 3HAYEHUS a, B 9TH
MOMEHTBI BpEMEHH, TO ITOJy4YaeM, UTO IPU BHIOO-
pe 3HaueHUs BhICOTHI MKA 4997 kM cOnmxeHue
OCYILIECTBIISIETCSA 32 MEHbIIIEe BPeMSI.

3akiaoyenue

B nmanHOM HccienoBaHMM pacCMOTpeHa 3ajada
conumxeHus npyx KA nias AUCTaHUMOHHOMN 3apsia-
ku akkymysasitopa Ha [TKA mocpeacTtBom nepena-
yMu cBeTa Ha cosHeuyHble O0aTapen ITKA ot mcrtou-
Huka cBeta Ha MKA. B KxauecTBe MeTOIa pelIeHUS
3aJa4u MPUMEHIETCS MEeTO/I, IapajjiebHOro coMu-
KEHHUS ¢ MPSIMBIM JTOTOHOM. B pabore ObLIM Moy-
YeHBbl YMCJIEHHBIE pelieHusT auddepeHIInaIbHbIX
ypaBHEHUI OTHOCUTEJIBHOTO COJMMXECHUS W IUd-
(hepeHIIMaIbHOIO YpaBHEHMSI, OIMCHIBAIOIIETO U3-
MeHEHHWe VIIpaBIISTIomero yckopeHus. Ilpu stom
OBLIM MCCJIENOBAHbI CIEAYIOIINE 3aBUCUMOCTH OT
BpeMEHHU MapaMeTpOB COJMXEHMs: pacCTOssHUS D
mexny KA, ckopoctu commxenust D, yrma cOmu-
KEHMS ¢ MEXIY JIMHWEeH BU3UPOBAHUS U OCBHIO X
CHCTEMBbI KOOpAMWHAT, M YIJIOBOI CKOPOCTH ¢§ JIH-
HUW BU3WPOBAHUSI.

AHanu3upys TMOCTpOeHHBbIe TpadUKU 3aBUCU-
MOCTEIl ImapaMeTpoB OT BpPEMEHM B paMKax BbI-
OpaHHBIX 3HAYEHUI BBICOTHI OIIOPHOII OPOUTEHI
MKA, MOXHO caesiaTh CIAeAYIOLIe BbIBOIBI:

1. ITpu MeHbIUEl pa3HOCTH BhICOT opoUT MKA
n [TKA conmxenne KA BoITIONHSIETCST OBICTpEE, UYTO
CIIOCOOCTBYET YMEHBIIIEHUIO 3aTpaT paboyero Tena.

2. Ilpu mMeHbIIEH pa3HOCTU BLICOT opout MKA
u I1KA paccrosnue mexny KA mpu cOnmxeHuun
JOCTUTraeT HAMMEHBIINX 3HAYCHUIA.

3. Tlocyie mOCTUMXEHUST HEOOXOAMMOTO PAcCTO-
STHUSL OJIS 3apsAAKU aKKyMYyJIsTopa HaJo KOppek-
TUPOBaTh OPOUTY COJMKEHUS UMITYJIbCOM TSTH,
yTOOBI TIOAAEPXKaTb 3TO paccTosiHue. B ciyuae
HEBBITIOJIHEHUSI KOPPEKLMU OPOUTHI COJIMKEHMU S
MKA 1mocie npoXoxXAeHWsI TOYKM C HauMEHb-
muM pacctogsHueM oT ITKA B manpHeueM Ha-
omonaerca ynaieHue MKA ot ITKA.
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Abstract
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In this work, a rendezvous of two satellites is considered. The active satellite approaches the passive satellite for a
remote partial recharge of the passive spacecraft’s dead battery. In the first case, the active and passive spacecraft are in
geocentric circular orbits, having an altitude of 499.9 km and 500 km, respectively. It is assumed that the rendezvous is
unperturbed and the rendezvous plane coincides with the plane of the passive satellite’s orbit. Close-range guidance starts
as soon as the sensor on the active spacecraft recognizes the passive spacecraft. A method implementing the line of sight is
used for the close-range guidance process. A mathematical model of the relative motion is formed and numerically solved
to investigate the rendezvous parameters against time. For solving the model, different values of 499.9, 499.8, 499.7 km
are considered as the initial orbit altitude of the active spacecraft, assuming that the angle between state vectors of the
spacecraft has a small value of 0.01 degrees. The results show that the active spacecraft with an initial altitude of 499.7
km approaches the passive spacecraft to a distance of §0 meters in less than 50 seconds, where a final velocity impulse is

needed to maintain this distance.
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Hayuno-npakTnyeckas KoHdepeHnuus

"UMUTAIIMOHHOE MOJAEJIMPOBAHUE CUCTEM BOEHHOI'O HASHAYEHW A,
JENCTBHUU BOUCK U ITPOLIECCOB NX OBECITEYEHU A"

("IMCBH-2022")

Bropass Bcepoccuiickasi Hay4YHO-TIpaKTH4eckass KOH(MEpeHLUs 10 WMUTAIMOHHO-
MY MOJAEJMPOBAHUIO U €r0 MPUMEHEHUI0 B BOeHHOH cdepe "MIMUTALIMOHHOE MOAEIMPO-
BaHME CHCTEM BOCHHOI'O Ha3HA4YeHUS, ACHCTBMII BOMCK M MPOLIECCOB MX obecredyeHus"
("UMCBH-2022") coctoutcs B Cankr-Iletepoypre 20 oktsiopst 2022 roga B BoeHHoi1 aka-
IIeMUU MaTepHaJIbHO-TEXHUUYECKOro obecIieueHnsT MMeHU TeHepaja apmuu A. B. Xpynéna.

Opranm3aTopsl U yUpeauTe I KOH(pepeHInn:

BoenHnas akagemMust MaTepualbHO-TEXHUYECKOTO obecrieueHss UMeHU TeHepaja apMuu A. B. Xpynéa, CaHKT-
ITeTepOypr;

HekommMmepueckoe naptHepcTBo "HanuoHalibHOE 001€CTBO MMHMTALIMOHHOrO MoaenupoBanus (HI1 "HOUM"),
Cankr-IleTepOypr;

AO "LIeHTp TEXHOJOTUH CYyAOCTpOoeHUs U cynopemoHTa”, CankT-IleTepOypr;

CaHkrT-IleTepOyprckuii MUHCTUTYT MH(pOpMaTUKU U aBToMaTu3auuu PAH.

3agayamu KOH(epeHIHH ABJISIOTCS:

— OOMEH OIBITOM MCCJIEIOBAHUM M MPAKTUUYECKUX MPHUIOKEHUN CPEACTB MMUTALMOHHOTO U KOMIIJIEKCHOTO
(cMcTeMHOTO) MOJETMPOBAHUS CIIOXKHBIX OPraHU3allMOHHO-TEXHUYECKUX CUCTEM U TIPOILIECCOB B BOEHHOU cdepe;

— pacrnpocTpaHeHHWe METOMOB U CPEACTB MMUTAILIMOHHOTO MOAEIUPOBAHUS IJs PellieHWs HayYHBIX U Tpak-
TUYECKUX 3a7ad yIpaBJIeHUs BONCKAMU M OPYXXKHEM, B TOM YKCJE COBMECTHO C TEXHOJOIMSIMU MCKYCCTBEHHOTO
MHTEJIEKTa,;

— olpezesieHue TIePCIeKTUB IesITeIbHOCTH HayYHBIX, HAyYHO-UCCIEA0BATEILCKMX U 00pa3oBaTeIbHBIX Opra-
HU3ALWN, TPEATIPUSITUIN MPOMBILIJIEHHOCTH B UMUTALlMUOHHOM MOJAEIUPOBAHUY MTPOLIECCOB BOOPYKEHHON G0PHObI
1 MX BCECTOPOHHETO 00eCIICUeHHUST;

— pacrnpocTpaHeHUe OMNbITa O0yUeHU s TEOPUU U NMPAKTUKE UMUTALIMOHHOIO MOJIEJINPOBAaHK I B BOGHHOU cdepe.

Hayunas nporpamma KoHdepeHIIMM BKJIIOYAET CJICAYIONINE TeMaTUYeCKHUe HaIlpaBJICHUS:

— IpUMEHEHWe MMUTAIIMOHHOTO MOJCIVPOBAHUS IJIST IIPUHSATUS PELICHUN 1O YIIPaBJICHUIO BOMCKAMU U OpY-
K1EeM, B TOM YHCJIE COBMECTHO C TEXHOJIOTHUSIMHA MCKYCCTBEHHOTO MHTEJIJICKTA;

— IpUMEHEHNEe UMUTALIMOHHOTO MOACINPOBAHUS Ha pa3IMYHBIX 3Tanax KM3HEHHOT0 [MUKJIA KOMIJIEKCOB BO-
OpPY>KEHU S, BOEHHO! U ClellaJlbHOM TEXHUKU,

— TEOpPEeTUYECKUE OCHOBBI U METOAOJOI M UMUTALIMOHHOTO MOAEIUPOBAHUS AEICTBUII BOMCK U IPOLIECCOB UX
BCECTOPOHHETO O0ECITEUEHHUSI;

— MHCTPYMEHTaJbHbIE CPEACTBA aBTOMATU3aLMU U BU3yaIN3allui UMUTALMOHHOIO MOJAEINMPOBAaHNSI OOBEKTOB
M MPOLIECCOB B BOGHHOM cdepe;

— NpUMEHEHWe MMUTAIIMOHHOTO MOIEINPOBAaHUS B 00YYEHU M BOCHHBIX CITEIIMAJIMCTOB.

CBOeBpeMEHHO HampaBsgiTe NOKJIAaAbIB ceKpeTapuaT KOH(pEepPEeHLIUU MO 3JeKTPOHHOMY aJapecy
imsvn2022@simulation.su.

Odunnanpnbiii caiit kongepennun UMCBH-2022 — www.simulation.su.

U3spatenbcTtBo "HOBBLIE TEXHOJIOTMAN"
107076, MockBa, MaTpocckas TuwunHa, 23c2

TenecdoH pegakumm xypHana: +7(499) 270 16 52

Texuuueckuii penaktop E. B. Konosa. Koppekrop M. IO. bezmenosa.

Cnano B Hab6op 25.07.2022. IMoanucano B mevats 14.09.2022. ®opmar 60%88 1/8. Bymara odcerHasi.
3aka3z MH1022. llena noroBopHasi.

XKypnan 3apeructpupoBan B Komurere Poccuiickoit @enepanuu no aejaam mnevyartu,
TeJepaIuoOBEIIAaHNS ¥ CPEACTB MACCOBBIX KOMMYHUKALIMIA

CauzerenbeTBo 0 peructpamuu [T Ne 77-11648 ot 21.01.02
Yupenutenab: U3narenbctBo "HoBble TexHOIOTUN"

Opurunan-maker OO0 "AxBancen comomH3". Orneyatano B OO0 "AnBaHcen COMIOIIHS",
119071, r. MockBa, JleHuHckuit nip-T, a. 19, ctp. 1. CailT: www.aov.ru

560 MexaTpoHuKa, aBTOMaTH3anus, ynpasienne, Tom 23, Ne 10, 2022



