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MAGLEV’S MECHANICAL SUBSYSTEM’S IN SPACE OF IT’S STATES MOTION
HIERARCHICAL CONSTRUCTION ALGORITHMIC MODEL

AJTOPUTMIUHA MOJIEJIb IEPAPXIYHOI'O IOBYJIYBAHHSA PYXY MEXAHIYHOI
HIJCUCTEMHU MATHITOJIEBITYIOUOT'O MOI3A ¥ IPOCTOPI ii CTAHIB

The key criterion for an a maglev train’s evaluating consumer properties is the quality of
transportation. Therefore, the construction of the necessary quality of the movements of its trains
should be chosen as the ultimate goal of the study of the mentioned system.

Usually, the mechanical system, which can be accepted as an adequate calculation scheme of
the mechanical subsystem of the train, is large, significantly non-linear and complex. In addition, with
rare exceptions, such a system is multi-connected, and its movement occurs in an unpredictable exter-
nal and internal environment. The use of single-level regulators for the construction of movements of
the described type of systems usually leads to unsatisfactory quality of movements. The resulting colli-
sion can be eliminated during their hierarchical construction, which significantly increases the effi-
ciency of the associated processing and use of large arrays of information, and therefore the resulting
quality of the controlled movement.

Factors affecting the quality of movement of the train's mechanical subsystem are: properties
of this subsystem; the current internal and external situation in which it is implemented; features of
the subsystem regulator. Based on the above, the three-level structure of the aforementioned regulator
is sufficient: at its grassroots level — the introcontroller, which implements the necessary set of
movement patterns of the train's mechanical subsystem, as well as their sustainable synergies; at the
intermediate level — an adapter that adapts the movement to the situation; at the top level - a coordi-
nator, which comprehensively solves, in synthetic interaction with blocks of previous levels, the motor
task of the mechanical subsystem. So, the resulting movement of the mechanical subsystem of the train
is built in the process of synthetic interaction of the three described levels of the regulator.

The main advantage of the proposed algorithmic model for the hierarchical construction of
the motion of the mechanical subsystem of the magneto-levitating train in its state space is the possi-
bility of accurate, adequate and heuristic decomposition of the global task of such construction into a
number of simpler sub-tasks, many of which, to a large extent, can be solved in advance. Thanks to
this, there is a real possibility of a more accurate solution to the mentioned sub-tasks, which, in turn,
allows you to significantly increase the quality of the designed movement without using complex con-
trol algorithms.

Keywords: maglev train; mechanical subsystem; motion’s quality; hierarchical construction
of motion; state space.

Cnooicusua yinHicms mpaucnopmuoi cucmemu 3 MazHimoNesimyouumu noizoamu 00OHOZHAYHO
BUZHAYACMBCA AKICMIO MEXAHIYHO20 PYXY yux noizodie. Tomy, K KiHyesa Mema 8UGUeHHs 32A0aHOI CU-
cmemu, RosuHHa Oymu oopana noby0osa HeobXIOHOI skocmi pyxie ii noizdis.

Jlns HaoanHs pyxam HeoOXIOHUX 61ACMUBOCHEN, MOOENIOIOUT DIGHAHHS NOGUHHI Oymu cymic-
HUMU 3 YIIbOGUMU CHIBBIOHOWEHHAMU, SKI ONUCYIOMb Yi eracmusocmi. HAKwo 3eadana cymicHicmo
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docsieaemvpcsl, Mo pyx niOCUCMeMU 2apaHmosano mac oascani eracmusocmi. Ilpoyec nepexody 6io
NPUPOOHO20 00 KEePOBAHO20 PYXY HAZUBAEMBCS 11020 NOOYI0BOI0.

3azeuuail, mexaniuna cucmema, AKa Modxce Oymu NPUUHAMA AK AOEKBAMHA PO3PAXYHKOBA
cxema MexaniyHol niocucmemu noizoa, € 8enuKo, iCMoOmHO HeliHiliHow 1 cknaduow. Kpiv mozo, 3a
PIOKICHUM 8UHAMKOM, MAKa cucmema € 6a2amo3e'si3ko6om, a it pyx eiodysaemvcs 6 Henepedbauysa-
HIll 306HIWHIT Ma 6HYMPIWHII 00cmano8yi. Bukopucmants 00OHOpieHesux pe2yisimopis 01 nobyoosu
PYXI8 ONUCAHO20 MUNY CUCHEM 3a36Uddll 8ede 00 He3a008iIbHOL AKocmi pyxie. Bunuxaroua xonizis
Modice Oymu ycyHena npu ixXHill iepapxiunitl no6yoosi, wo 3HA4HO NIOGUYYE eqheKMUBHICMb NOB ' A3AHOT
3 Helo nepepodKU Mma GUKOPUCIAHHS BEIUKUX MACUEI6 TH(OpMayii, a momy — i pe3ynbmyrouy AKicms
Kepo8amnozo pyxy.

Daxmopamu, AKI GNAUBAIOMb HA AKICMb PYXY MEXAHIYHOI niocucmemuy noizoa, €. 61acmugoc-
mi yiel nidcucmemu; NOMOYHA BHYMPIWHS MA 308HIUHSA 0OCMAHOBKA, 8 AKIU 6IH Peanizyemuvcst; 0co0-
ausocmi pezynamopa niocucmemu. Buxooauu 3 3a3nauenozo, docmamuvoio € mpupienesa cmpykmypa
32a0aH020 peynamopa. Ha tio2o0 HU3080MY PIGHI — IHMPOKOHMPOEp, AKULL peanizye HeoOXiOHUll Ha-
Oip namepu pyxie mexaniuHoi niocucmemu noizod, a MaKol’c ix cMiUKUx CUHep2ill; Ha NPOMINCHOMY
pisHi — aoanmep, Wo npucmoco8ye pyx 00 00CMAaHOBKU; HA 8EPXHLOMY DPi6HI — KOOPOUHAMOP, SKUU
BUYEPNHO BUPIULYE, Y CUHMEMUYHIT 83AEMOOIL 3 OIOKAMU NONEPEOHIX PIGHIB, PYX08Y 3A0aYy MeXaHiu-
Hoi niocucmemu. Omoice, pe3yIbmyrouuil pyx Mexariynoi niocucmemu noizoa 6yoyemvcsi y npoyeci
CUHMEMUYHOT 63A€MOOIT MPbOX ONUCAHUX PIBHIG pecyiamopda.

OcHogHa nepesaza NponoHOBAHOI Al2OPUMMIYHOL MOOeNE IEPapXiuHol N0OYO08U PYXy MexaHi-
YHOI nidcucmemu MasHimMoaesimyo4020 noizoa 6 npocmopi ii CMauie noasA2aomsd Yy MONCIUBOCIE MO-
YHOT, A0EK8AMHOI Ma e8PUCMUYHOI 0eKOMNO3uYii enobanvHol 3a0a4i maxoi nooyo0osu Ha HU3KY OLlbu
npocmux niozadau, 6a2amo 3 AKUX, Y 3HAUHIN YACMUHI, MOJICYMb Oymu supiuteri 3a30a1e2ios. 3a605-
KU YbOMY GUHUKAE PeabHa MONCIUBICG DOLIbUL TMOYHO2O GUDIUEHHS 32A0aHUX Ni03aA0aY, WO, V C80I0
yepey, 00360J1A€ ICMOMHO NIOBUWLYEAMU AKICHb KOHCMPYUO0BAHO20 PYXY 63 GUKOPUCMAHHS CKIAOHUX
ancopummie KepyS8amHHs HUM.

Knrouoei cnosa: macnimonesimyouuti noizo; mexauwiuna niocucmema; saxicmos pyxise; i€papxi-
yHa noby006a pyxie, NpoCmip CMawis.

Formulation of the problem

Transport system with magnetically levitating trains is designed to move passengers and cargo.
This movement is the main function of this system. Being a complex artifact, it includes various sub-
systems. Their functioning is based on various physical, chemical, and other natural principles and
effects. However, based on the main function of this system, the quality of the mechanical movement
of its trains, as a result, unambiguously determines the consumer value of the system as a whole.

Modern stage of development of society is characterized by an exponential increase in the in-
tensity of this development. This has a direct bearing, in particular, on the transport systems that serve
it. In this regard, the purely analytical level of research on their functioning is insufficient. Therefore,
the paradigm of such research will inevitably have to be shifted in order to achieve its maximum crea-
tivity. As for transport systems with magnetically levitated trains, this means, in particular, the need to
build, as the ultimate goal of studying such systems, the required quality of their train movements

Analysis of recent research and publications

Until now, researches on the problem of controlled dynamics of the mechanical subsystem of a
magnetic levitating train have not been comprehensive. As a rule, either the purely mechanical aspects
of this problem were considered separately [1, 2] or its cybernetic issues [3, 4]. This problem was not
considered comprehensively. In addition, research on such dynamics has not been performed using
subsystem state space methods. This inevitably had a negative impact on the objectivity, and therefore
on the resulting value of the results of such research.

Formulation of the research purpose

Natural (i.e., those that occur under the influence of only uncontrollable — natural distur-

bances) movements of the train's mechanical subsystem can be described by the model [5]
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where n* Vv ,ue[l,_L] , L — generalized coordinates of the design scheme of the mechanical subsys-
tem of the train, as well as the number of such coordinates; clﬂ,CMvv}b,y,v e[l,_L] — covariant
metric tensor of the mentioned aggregate, as well as its three-index Christoffel symbol of the 1st kind,;
Bl YA ne [1,_L] — dissipative and quasi-elastic coefficients of the above model; E,VAie [1,_L] —

external disturbances of the subsystem.

Natural motions usually do not have the required properties. To give the motions such proper-
ties, the modeling equations must be modified so that they become compatible with the target relations
that describe these properties and link the components of the subsystem state [6]. For example, control

influences can be applied to it I1,VA € [1,_L] . If the above compatibility is achieved, the surface de-

scribed by the target relations becomes an attractor of the subsystem's depicting state point, and its
motion is guaranteed to have the desired properties. The process of transition from natural to con-
trolled motion is called its construction [6].

Typically, a mechanical system that can be accepted as an adequate design scheme for a train's
mechanical subsystem is large, significantly nonlinear, and complex [7]. In addition, with rare excep-
tions, such a system is multi-connected, and its movement occurs in an unpredictable external and in-
ternal environment. In such cases, as is known [8], the main difficulties that complicate the construc-
tion of movements of real technical systems are: a large number of their degrees of freedom to be con-
trolled, the finite rigidity of the links of kinematic chains, as well as the requirement (in the vast ma-
jority of cases) of a merged, continuous, interconnected implementation of the phases of such move-
ments in the form of their expedient synergies.

Using single-level controllers to build movements of the described type of systems usually
leads to unsatisfactory quality of movements [9]. The arising conflict can be eliminated by their hie-
rarchical construction, which significantly increases the efficiency of the associated processing and
use of large amounts of information [10], and therefore the resulting quality of the controlled motion.
This is achieved, among other things, through systematization, structuring, level gradation, detailing
and specification, and therefore the completeness of coverage and use of the above information about
the system state at different levels of its control. Each of these levels is characterized by structural and
functional information selectivity and differentiation, and therefore by the ability to implement the
range of functions selected for it with high quality. The emergence of such a system is manifested by
the hierarchical synthesis of the functioning of the levels of movement construction in its resulting
quality.

Presentation of the main material

Results of the analysis of the problem of constructing the movement of the mechanical subsys-
tem of a magnetically levitating train indicate that the main factors affecting the quality of this move-
ment are: the properties of the subsystem that determine its sufficiency (kinematic and dynamic) to
perform such movement; the current internal and external environment in which it is implemented,;
features of the subsystem regulator, first of all, its functioning algorithm.

Based on the above, a three-level structure of the above regulator is sufficient: at its lower lev-
el — an introcontroller that implements the required set of movements of the train's mechanical sub-
system, as well as their stable synergies; at the intermediate level — an adapter that adapts the move-
ment to the situation; at the upper level - a coordinator that exhaustively solves, in synthetic interac-
tion with the blocks of the previous levels, the motor task of the mechanical subsystem. The functional
globosity of these blocks increases in the inverse order: the coordinator is the leading synthesizing
level of the controller; the adapter is the intermediate, matching level; the introcontroller is the back-
ground, provider level.

If the programmatic relations of the attractor of the depicting point of the subsystem state are
complete, then a law can be explicitly obtained from them, which is a constructive representation of
the movement that has the desired properties:
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n*=n*(t) Vie[iL], 2)

where t — current time.
For realization of such motion, as mentioned, control influences can be applied to the mechanical
subsystem, in particular, to control the motion. Since, in this case, we are talking about the “intra-
system” control of the subsystem motion synthesized at the lower level of the controller hierarchy,

then (for this case) in equations (1), we should accept E, =0VA e [1,_L] and, in addition, supplement
their right-hand sides with the terms IT,, VAe[L_L], which are the basic components of the values

I1,VAie [1,_L], that are realized in a “pure” form only for the synthesis of the original movement pat-

terns. After that, from the model (1) transformed in the above way, the laws according to which the
control of this lower level should change can be found:

I, (©) =c,, (-7 O+ [C, ., O-n" O+8,OI7"O+1,O-n"C) YAuvelll]l ()

that the * inner-system” (i.e., externally undisturbed) motion is described by the necessary equations (2).
Therefore, the considered lower level of motion construction (introcontroller) to best meet its
purpose (in addition to wide, accurate and prompt access to the information constituting the first ma-

cro group of information support of the regulator) should have the most complete set of laws of type (2)
and (3), as well as, of course, a developed search module that allows efficient display of the following

types:

R:H >R H={n"(s) VAc[LL]} R ={,(s) VAc[iLI} (4)
where H,R — sets of laws of the desired, externally undisturbed movements of the subsystem, as
well as lower-level controls that are necessary for the realization of these movements; R — is a dis-

play operator that operates with H in B .

Hereinafter, any function with a point in place of an argument implies a set of values of this
function for all valid values of such an argument.

One of the expedient forms of organizing this mapping may be to place in the memory of the
described controller level the “motion-control” dictionary, the allocation of which as a separate block
will simplify the logical structure of the controller algorithm, as well as quite simply change and in-
crease the rules of its response in the process of processing current information flows.

Synthesized movement of a subsystem occurs in a changing environment that is generally un-
predictable. However, this movement must remain purposeful. One of the most effective ways to
overcome this difficulty is to correct and coordinate the components of the said movement (imple-
mented by the intro controller), which requires, in turn, prompt monitoring of the internal and external
environment of the movement. Therefore, the main functional purpose of the intermediate level of
construction of such a movement should be to give it the property of adaptability to the environment,
which is possible based on the results of processing the second information macro group and requires,
first of all, the classification of this environment. For motor adaptation, it is obviously sufficient to
classify the environment according to the principle of dichotomy — in the form of successive levels of
classes, which should be followed by its parameterization. The latter means that each distinguished
class of environment should be unambiguously matched with a set of parameters that are essential for
movement, available for observation, and uniquely identify such a class of environment. When solving
different motor tasks, the classification (and, as a result, parameterization) of the same environment
can differ significantly.

When the external and/or internal environment of the movement changes from class to class, a
decision must be made on the strategy for adapting this movement, that is, how to form controlling

influences on it I, (t) VAe[L_L] from the adaptation level of the regulator (adapter) in the new

conditions. Like the situation, solutions must be parameterized. After that, the following dependencies
should be established:

ag =ay (vVe,h), ®)
where v, a, — environment and solution parameters.
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In other terms, solutions should track the situation. Then the current structure of interaction of
the functional modules of the considered level of the controller in the process of building the move-
ment can be determined by the block of classification of the situation depending on the class that has
been implemented, and, in each specific situation, be a reflection (generally speaking, ambiguous) of
the structure of the situation, for example, according to the ratio

N:T—>S, (6)
where T" and S — sets of environment classes and adapter structures; X — is a (ambiguous)
mapping operator that operates from T' in S.

Traffic conditions, as noted, can change unpredictably. Therefore, sufficiently adequate algo-

rithms for synthesizing the necessary laws of the IT_, (t) VA e[l,_L] can be constructed only using

differential game methods [11], which conceptually guarantee the quality of adaptation, which is as-
sessed by the value of the integrative (multi-criteria characterizing the mentioned quality of adaptation)
functional . Then these laws can be determined from expressions such as:

| =inf sup A (IT,,, (1), E,(t): P, ={I1,,, ()} W ={E, ()} V2e[lL]telt,7D), (7)

m '
where P, W — sets of controls of the adaptive level of motion construction, as well as its perturba-
tions; A — functionality used to assess the quality of motion adaptation; [t,,z] — interval for

building the movement of the mechanical subsystem of the train.

Adaptation level of the controller may include a “situation — control” dictionary. To do this,
in addition to the situation classification (recognition) unit, which has a rich set of parameterized ex-
pected traffic conditions, this level of its construction should include a search module that effectively
implements the display of the following:

N:T—>P,, (8)
where N —display operator that operates from I' in P, .

The result of the subsystem movement implementation should be an exhaustive solution to the
tasks it faces. However, the described levels of construction of this movement (neither individually nor
in combination) are not able to provide such a solution. This is purpose of the top level regulator
(coordinator). Processing the information of the third macrogroup, and, therefore, based on the global
goals of the constructed movement, this level of its construction should, first of all, determine the al-
gorithm for achieving such goals, i.e., display the following:

Q:A-E, 9)
where A, E — sets of objectives arising from the motor tasks to be solved, as well as algorithms for

—

solving them; Q — mapping operator (in the general case, ambiguous), which operates from A to =.

Similarly to the mappings (4) and (8), the relation (9) can be reasonably realized by the corres-
ponding search module after placing the coordination level of the “task-algorithm” dictionary control-
ler in the memory.

Movement tasks to be solved (with their detailing to the goals pursued) should be set before
the subsystem from the outside (for example, by means of a tasking module) and adjusted to the cur-
rent situation (which is assessed by the adapter). Therefore, specification as an element of a set A,
and the type of operator Q in each case should be carried out taking into account both the goals and the
traffic situation. Algorithms that are elements of the set =, in the vast majority of cases, may have a
chain structure in the sense that each of them may involve the sequential implementation of a number
of more or less diverse groups of movement patterns interconnected by the meaning of the motor task,
such that, as a result of this implementation, naturally lead to its exhaustive solution. Therefore, after
identifying a general algorithm for such a solution, the motor composition of the task (i.e., the mini-
mum sufficient set of the mentioned movement patterns) should be determined, requests for their im-
plementation should be initiated (under the direct control of the introcontroller in interaction with the
adapter), and careful monitoring and adjustment (for example, using the arcane algorithm [6]) of this
implementation should be carried out. The result of this block of operations is the synthesized control

IT,, (t) VAe[l,_L]. Thus, at any given moment, both the information flows of the coordinator (be-
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tween it, on the one hand, and the tasker, adapter, and introcontroller, on the other) and the back-
ground patterns of movements that serve its functioning must be relevant to the task they solve (in ag-
gregate). At the same time, the functional organization of such a solution should always precede its
motor organization.

Thus, the resulting movement of the train's mechanical subsystem is built in the process of
synthetic interaction of the three levels of the controller described above. The leading role in such a
construction always belongs to its upper “level - coordinator”, which, with the help of the synthesized

controls IT,,(t) VA e[l,_L], coordinates the work of the two lower levels so that the resulting move-

ment always remains focused, i.e., exhaustively solves the tasks it faces. These tasks, with details of
the goals pursued, are set externally, for example, using a tasking module. The basis of the construc-
tion is motion patterns, as well as their stable synergies, constructed by the lower level of the control-
ler - the intro controller (taking into account all the “internal” features of the control system) under the

influence of the following controls IT,, (t)V A e[l,_L]. Finally, motion adaptation to the environment

is carried out under the influence of controls IT ,(t)VAe [1,_L], synthesized by an intermediate level

of the regulator — an adapter that also adjusts the motor tasks to be solved based on the results of the
situation assessment.
Conclusions

Thus, as a result of this work, an algorithmic model of the hierarchical construction of the
movement of the mechanical subsystem of a magnetic levitating train in the space of its states has
been developed. The main advantage of this model is the possibility of an accurate, adequate and heu-
ristic decomposition of the global problem of such construction into a number of simpler subproblems,
many of which can be solved in advance, under stationary conditions at the design stage of the subsys-
tem regulator. Due to this, there is a real possibility of a more accurate solution of these subtasks,
which, in turn, allows to significantly improve the quality of the designed motion without the use of
complex control algorithms.
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