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MAGLEV’S MECHANICAL SUBSYSTEM’S MOVEMENT’S
ANALYTICAL DESIGN ALGORITHM

AJI'OPUTM AHAJITUYHOI'O )
KOHCTPYIOBAHHSA PYXIB MEXAHIYHOI IIIJICUCTEMHU MAT'EB IIOI3 1A

Improving the quality of analysis and synthesis of processes occurring in the mechanical subsys-
tem of a maglev train inevitably requires the transition to nonlinear models of their controlled dynamics.
Therefore, it is urgent to develop, in a nonlinear formulation, a rational algorithm for the analytical con-
struction of such dynamics. Currently, a number of methods have been developed that allow for a fairly
high level of synthesis of the motions of systems whose models are considered linear. However, linear
models, in addition to other features, have an inherent drawback: they are adequate in describing regimes
of only small deviations of system states from specified levels. The current level of development of methods
for designing the movements of nonlinear objects, despite the intensive development of information tech-
nologies, remains insufficient for the implementation of full automation of such design. The feasibility of
developing such methods is also due to the fact that the widespread use of onboard and stationary infor-
mation complexes, as well as individual microprocessors, allows, to a significant extent, to reduce the
problem of the complexity of implementing nonlinear regulators and reduce the main part of the global
problem of constructing movements to the synthesis of control algorithms taking into account its dominant
properties, which leads to the need to use nonlinear dynamics models. Based on the above, this stage of the
research is devoted to building a rational algorithm for analytically constructing the desired movements of
the subsystem under consideration. This construction is based on the concept of joint use of methods of
Lyapunov stability theory and terminal control. This approach was chosen because it is characterized by a
fairly rigorous mathematical formulation of the main control problems related to asymptotic stability, other
important qualities of motion, and the synthesis of its controller.

Keywords: maglev train; mechanical subsystem; movement design; analytical design; algorithm.

Ilpu nobyoosi pyxie mexaniunoi niocucmemu MacHimMoAe8imMy0O4020 noizoa NoSUKHI Oymu 3a-
0080/1eHi 8UMO2U 3a0e3nedenHs DaXCanux nacmueocmell Yux pyxie, a maxkodxic 0oMedxnceHsb, Wo HaKaa-
0aomvCs HA HUX.

Tiosuwenns axocmi ananizy ma cunmesy npoyecis, Axki npomikaioms y niocucmemi, aKa po3e-
N0aemMbesl, 6e3a1bMEPHAMUBHO BUMALAE NEPexody 00 HEeMHIlIHUX Modenell iXHboi Keposanoi OuHaMi-
ku. Tomy akmyanvhoio € po3pooKa, 6 HeHIUHII NOCMAHO8YL, PAYIOHANLHO20 AICOPUMMY AHAIMUY-
HO20 KOHCMPYIO8AHHS MAKOT OUHAMIKU.

Hapasi possunenuil pso memodis, aAxi 00380110ms 3a6e3neuysamu 0oCumy GUCOKUL piGens
cunmesy pyxie cucmem, MooOeii AKUX 8axcaromvcs HiHiuHumu. OOHax, AiHiUHI MoOeni, Kpim iHuux
ocobaugocmeti, MarOmMov IMAHEHMHUL HEOOIIK: BOHU AO0eKBAMHI NPU ONUCI PEHCUMIB JuLe MATUX 810-
Xunensb cmawie cucmem 6i0 pignia, wo sadaromuca. CyuacHull pigeHb po3gUmMKy Memoodié KOHCMpYIo-
BAHHSL PYXI6 HENIHIUHUX 00'€Kmis, He36aNCAIOUU HA THMEHCUBHUL PO3GUMOK THGOPMAYITHUX MEXHOJIO-
2lil, 3anuuaemovcsi HeOOCMAamHim 0Jis 30IUCHEHHS NOBHOT AGMOMAMU3AYii Mako2o KOHCMPYIOGAHHS.
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JloyineHicms po3pobKu maxux memooie 00YMOGIIOEMbCSL we U MUM, Wo NOBCIOOHe 3aCmOC)-
8amHs OOPMOBUX | CIMAYIOHAPHUX THOHOPMAYIUHUX KOMNAEKCI8, A MAKOIIC OKPeMUX MIKponpoyecopis
00360715€, 8 3HAUHIl MiIpi, peOyKysamu npobniemy cKlaOHOCmi peanizayii HeliHIUHUX pe2yisimopis i
38eCcmu OCHOBHY YACMUHY 2100AIbHOT npodaemu n06y008uU pyxie 00 CUHME3) AN2OPUMMIE KepYBaHHS 3
VPAXySauHaM iT OOMIHYVIOUUX GAdCcmusocmell, ujo 6ede 00 HeOOXIOHOCMI GUKOPUCTAHHSA HEAIHIUHUX
MoOenel OUHAMIKU.

Buxooauu 3 suxnadenoeo, yetl eman 00CaiodcenHs npucesderuil no6y00si payioHaibHO20 Al
20puUmMy aHATIMUYHO20 KOHCMPYIOBAHHS OANCAHUX PYXi6 NiOCUCmeMU, Wo po3aasioacmbes. B ocnogy
yiei no6y0osu noxk1adeHo KOHYenyiro CnilbHO20 BUKOPUCIAHHSA Memo0die meopii cmitikocmi Jlanynosea
ma mepmiHanbHO20 KepysauHs. Taxuti nioxio o6panul, OCKiIbKU oMY NPUMAMAHHE 00CUMb CIMpO2e
Mamemamuyne GopMymo8anHs OCHOBHUX 3a0ay KepPyB8anHs, NO6'a3aHUX 3 ACUMAMOMMUYHOIO CIIIKIC-
Mio, THUWUMU BANCTUBUMU AKOCMAMYU PYXY MA CUHME3Y 1020 pe2yasimopa.

Knrouoei cnoea: mazcnes noizo, mexaniuna niocucmema, KOHCMPYIOBAHH PYXY, AHANIMUYHE
KOHCMPYIOBAHHSA, ANICOPUTNM.

Problem’s formulation

Currently, a number of methods have been developed that allow for a fairly high level of syn-
thesis of the motions of systems whose models are considered linear. However, linear models, in addi-
tion to other features, have an inherent drawback [1]: they are adequate in describing regimes of only
small deviations of system states from specified levels. Therefore, improving the quality of analysis
and synthesis of processes occurring, including in MLT’s MS, inevitably requires a transition to non-
linear models of their controlled dynamics. Therefore, improving the quality of analysis and synthesis
of processes occurring, including in MLT’s MS, inevitably requires a transition to nonlinear models of
their controlled dynamics. In this regard, the development, in a nonlinear formulation, of a rational
algorithm for the analytical construction of such dynamics is relevant.

Analysis of recent research and publications

The development of information systems, and particularly artificial intelligence systems, is
gradually increasing the achievable quality of modeling analyzed processes, including nonlinear ones.
Despite the noted intensive development of information technology, the ability to fully automate such
modeling remains insufficient [2].

The possibility of developing such methods is also due to the fact that the use of on-board and
stationary information systems, as well as microprocessors, makes it possible to reduce the main part
of the problem of constructing the movements of the analyzed MS to the synthesis of control algo-
rithms, which leads to the need to use nonlinear dynamics models [3].

Formulation of the study purpose

Based on the above, this stage of the study is dedicated to maglev’s mechanical subsystem’s
motion analytical design algorithm construction, the main concept of which is the combined use of
Lyapunov stability theory and terminal control methods [4].

Presenting main material

When solving the problem of designing the maglev train’s (MLT’s) mechanical subsystem’s
(MS’s) desired motions, one of the central tasks is the synthesis of a controller that satisfies the per-
formance requirements for these motions. In a fairly general case, the synthesized dynamics can be
described by nonlinear differential equations of the form

% (8) = @; (%, %) +b;-U; (%, %) + D, Vielln], jellmlke[Lr], 1)
where x;, % Vi e[l,_n],n — MS’s calculation scheme’s phase coordinates, as well as the number of
such coordinates; @,;Vi e[l,_n],b- vj e[l,_m],t — continuous, continuously differentiable functions in
their arguments, weighting coefficients of dynamics model controls, as well as the independent varia-
ble of the current time; U; Vj €[1,m],D, Vk €[L,r];m,r — subsystem's controls, it's perturbation and

their number.
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In model (1), the form of the functions @, (x;, % )Vi [Ln] is known from the description of
the natural dynamics of the subsystem. At the same time, the type of functions
U; (%, %)Vie [1,_n], je [1,_m] is subject to definition, from model (1). To synthesize this dynamics, it is
rational to adopt the terminal principle of control by it as one of the most flexible and universal [5].
The type of admissible controls U, {x; (t), % (t)}Vi e[l,_n], j e[l,_m],t e[t,,t;] can be selected from the

class of piecewise-continuous functions and, then, the motion synthesis problem is reduced to deter-
mining a specific type of these functions that would ensure the transfer of the subsystem from the ini-

tial state {X., % }Vi e[l,_n] to the terminal {X; , %; }Vi e[l,_n], on the current segment of motion con-

struction, state within a given time interval t .

To date, creative methods of motion synthesis have been developed, to a sufficient extent, on-
ly for systems whose dynamics can be described by linear models, which in principle do not allow
modeling regimes of any significant deviations of their states from those established [6]. Meanwhile, it
is obvious that in many practically important cases, to increase the efficiency of MLT’s MS’s motion
control, a transition to nonlinear dynamics models is required, which allow implementing its qualita-
tively new properties. The dynamic properties of the analyzed MS can be described using various
quality indicators. In turn, these indicators are inherently related to the requirements for the nature of
transient processes in the subsystem, which can be fixed in various ways [7].

Any physical law can be written in two equivalent forms: as differential equations that reflect
the balance of interactions that take place, or in the form of the corresponding variational principle,
from which the specified equations directly follow [8]. Among the many requirements for the quality
of motion of a subsystem, the most important and fundamental is the requirement of asymptotic stabil-
ity of its motion. This requirement must, of course, be satisfied by means of control synthesis, the law
of which, in this case, is called stabilizing [9].

However, stability, as a rule, is far from exhausting the set of requirements that are imposed
on the quality of motion of the synthesized subsystem. Chronologically, the first attempt to formulate
requirements for the quality of movement was a method based on setting the limit values of the prima-
ry indicators of this quality [10]. This allows for a reasonable compromise between different, to some
extent conflicting requirements. This method of assessing the quality of transient processes largely
corresponds to intuitive ideas about the essence of the control problem, but it can be applied mainly
only for one-dimensional linear and, sometimes, nonlinear objects [11].

A different way of formalizing the requirements for the quality of transient processes, which is
based on the problem of the desired differential equation by the regulated coordinate of the system
[12], has wider possibilities for constructing movements.

F[x.0,,C1=0vie[Lr],r e[Lm], )
where g, Vvr [1,m] — impacts on the subsystem that are specified; C, Vi e[1,r] — configuration op-

tions; F — a continuous function of its arguments.
These equations describe a class of motions that have properties determined by the influencing

factors g, Vr [L,m] and the settings C, Vi [Lr].

Both of these methods of taking into account the requirements for the quality of movement are
not effective if it needs to be endowed with extreme properties with respect to the dominant criteria.

To ensure this possibility, control Uj(xi,Xi) Vi e[],_n], J e[],_m], over the trajectory of motion must
deliver the extremum of the corresponding functional being optimized, of the integral type — the cri-

terion of motion quality — and the controller should be synthesized as an optimizing one. Typically,
the problem of such synthesis is solved for linear objects [11]. That is, we are looking for controls

U, (%, %) Vi e[l,_n], Jj €[Lm] by the phase coordinate {x.,% }Vi e[]?]] function that would ensure the

asymptotic stability of the motion described by model (1), as well as the extremum of the quadratic
quality criterion of the form [13]
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1=05-[(By - % - % -8 -5 +a® -UP-57)-dt Vike[Ln], je[Lm], ©)
0

where 3, Vi,k e[L n],a;vj e[L m] — weighting factors to be selected; &',5*Vi,k e[Ln], §'vj [Lm]

— unit column vectors; A, - - X, -6 -8 Vi, k [1,n] — definitely positive quadratic form.
The expressions for the controls, that deliver the extremum of criterion (3) on the trajectory of
representing subsystem’s state point motion, which is described by model (1), have the form [13]
N i =
— 2
Uj—aj 6—5]VJ€[1,m], (4)

X

where V(x)Vi [1,n] — is the solution of the basic functional equation

ﬂ.f,gi_gga(-@. ﬁ
ox b o

(2)
5i] =-=05 By - %X 55 ‘v’i,ke[l,_n],jE[l,_m]- ()

Then, using criterion (3), the control synthesis problem is reduced to finding a forced solution
V(x,) Vi e[Ln] to the nonlinear partial differential equation (5), the solution method of which is cur-

rently unknown [14].
To eliminate the collision that thus arises, a method was proposed that involves searching for
an optimizing control based on the generalized work criterion [15]

JZO’S'“ﬂik‘Xi XSS +a® UD .5+
0

ov

(2)
—-5ij -5‘}-dtVi,ke[1,_n],je[1,_m], (6)
OX;

+(0{j By

which is semi-definite and differs from criterion (3) by an additional term
< aV i (2) H . P . -
[ a; By ——-0'| -8’ dtvielln] je[Lm] )
0 i

The control that delivers the extremum of criterion (6) on the motion trajectories described by

model (1) can be defined according to the expressions
U, =-a{?-8, -2 -5 vienl jefm] ®)

X.

] ]
i

where the function V/(x) Vi [L, N] is a solution to the functional equation

ZX—V- f(x)-8' =-05-B, % -x -5 -8 Vi,k e[Ln]. 9)

The advantage of the method of constructing optimizing controls using criterion (6) is that
equation (9), unlike (5), is a linear partial differential equation. This allows finding their numerical

solutions [15] and therefore constructing optimizing controls U,V j e[ m].

Thus, to date, considerable progress in solving the problem of analytical construction of mo-
tions has been achieved for linear systems. At the same time, as noted, the MLT’s MS, in order to cor-
rectly construct its necessary movements, must often be considered as significantly nonlinear, which
reveals an urgent need to develop an algorithm for such construction. The results of the analysis of
possible approaches to this development indicate the feasibility of dividing it into two metablocks:

— structural synthesis of subsystem’s control which is guaranteed the general fundamental
properties of its movements (their asymptotic stability in general, or in the desired region of the phase
space; coarseness; the desired nature of transient processes, as well as other most cardinal ones);

— parametric synthesis of these control, which allows to provide the desired special properties
of movements in different operational modes of the train.
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The above methods of taking into account the requirements for the dynamic properties of the
subsystem are certainly not independent, or, even more so, contradictory to each other. They are im-
manently related, as they are different attempts to formalize the requirements for the same dynamic
system. Depending on the specific conditions of the subsystem design, one or another method, or some
combination of them, may be used, since each of them has its own advantages and disadvantages.

When constructing effective controls for a moving object, a complex problem arises of satisfy-
ing the set of requirements imposed on the quality of this motion in steady-state and transient regimes.
Such requirements can be not only diverse but also antagonistic. This can significantly complicate
their reflection by a single, constant in all modes, criterion of traffic quality. Therefore, in cases where
"competing", equally important requirements cannot be satisfied equally separately, there is a need to
use some aggregate of them. One of the ways to construct rational and, moreover, optimizing control
in such a case is to introduce a vector criterion consisting of a number of secondary criteria that the
movement must simultaneously satisfy [16].

In the general case, achieving the optimum simultaneously according to several criteria is very
difficult, if even possible in principle. Therefore, solving the vector optimization problem requires
making a certain compromise by forming a generalizing criterion. Its formation is an informal proce-
dure determined by the choice of a compromise scheme. This reduces the vector problem to a scalar
problem and makes it essentially indeterminate [17].

The complexity of formulating and solving the problem of vector optimization of the motion
of a dynamic system significantly depends on the chosen compromise scheme, that is, the principle of
its scalarization [16]. As for dynamic systems, most of such schemes, depending on the optimization
principle they apply, can be mainly divided into two groups:

— those in which optimization is assumed according to an integral criterion, the expression for
determining the values of which can be represented by the sum of weighted secondary criteria

S=min 4 - Y, -6*vk e[LP], (10)
where Y, , 4 Vk e[l,_P] — the private optimization criteria and scalarization weight coefficients;

P,5kVK e[l,_P] — the number of such criteria that are taken into account, as well as the unit column

vector; ¥ — summarizing optimization criterion;

— those in which optimization is assumed according to the minimax criterion:

Z=min max Y\ Vk €[1P]. (1)
Other compromise schemes are usually based on various modifications of these or similar criteria.

The scalarization scheme used should be, if possible, most adequate to the current operating
mode of the subsystem. In practice, for most operating conditions, it is possible to conditionally limit
ourselves to considering two basic states of the MS: its small and large deviations from the required
motion, which correspond to the division of the state space into internal and external areas. In the
small deviation mode, when the representing state point is in the internal region, the behavior of the
subsystem can be described by first approximation equations in the form of linear or linearized differ-
ential equations and optimization can be carried out according to the integral optimization criterion
(20). In tense, in particular, transitional, regimes, when the imaging point is in the region of large de-
viations, an adequate mathematical model of motion is usually nonlinear. This circumstance signifi-
cantly complicates the procedure of movement synthesis. In such modes, the minimax quality criterion
of type (11) is appropriate, which allows limiting the permissible deviations of the imaging point from
the required state [18]. However, a criterion of type (11) is not analytic [19]. Therefore, to construct
movements in the mode of large deviations of the representing state point of the subsystem, one
should use other, more convenient functionals, which, to a greater extent, have the properties of ana-
lyticity when approximating the minimax criterion in the sense of the proximity of the transient pro-
cesses obtained in this case. Of the criteria used in optimal control theory, the one closest to the mini-
max criterion is the speed criterion [10]. However, in regimes of large deviations, the subsystem dy-
namics model, as noted, is significantly nonlinear, which significantly complicates the synthesis of
control laws that optimize its speed [12]. In intermediate modes, as well as in a wide range of changes
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in the external and internal conditions of train movement, it is advisable to choose a conditionally
“universal” compromise scheme that would ensure, in accordance with the mode, an approximation to
both the integral and minimax criteria for optimizing movement.

Thus, there is a need to form a convenient-to-use generalized indicator of their quality — a
functional — when constructing subsystem movements, including extreme ones, which: in the external
region of the phase space, it would allow effectively suppressing large deviations that have arisen in
the shortest possible time of the transition process; in the regimes of small deviations of the represent-
ing state point from the required one, it could be used to ensure the required quality of movements in
the internal region of the phase space by maintaining the corresponding number of the first terms of
the expression of the specified indicator.

The synthesis of movements using such a criterion will allow for a regulated approximation of
the compromise scheme to a universal one and can be interpreted as some consistent rationalization of
these movements. Its essence lies in the phased construction of movement, when the synthesis of each
subsequent level is carried out taking into account the movements of the previous levels synthesized
according to their own criteria. For this purpose, at each subsequent stage of synthesis, a model of the
current level subsystem’s dynamics is used.

The efficiency of achieving the set of goals that ensure the solution of the q-th movement

problem in its i -th situation can be described by the vector
{95 [u;; (0),w; ()]; uij (¢) € Uj; (o), w; (0) e W(e) V je[LE]},, (12)

where gg;j,Ugj — is the value of the criterion spent on achieving the j -th goal when solving the ¢ -th

qij
motion problem in its i -th situation, as well as the control necessary for this; w;, W — the value of
the disturbing influence on the subsystem, as well as the limitations on this possible value; Ug; — the

value of the permissible control that is necessary to ensure implementation of gg; ; =, — the total

number of movement goals being pursued.
In expression (12) and further, any function with a point in the place of arguments implies the
set of its possible values for all possible values of these arguments.
Then (assuming that the vector ug; is I -dimensional) to ensure the possibility of joint
achievement of such goals it is necessary that
Ugi(®)cU()cE' V jelLE], (13)
where E' —isa | -dimensional euclidean space.

The last condition formalizes the requirement of changing the criteria (12) on a single set,
which limits the possible control U (e) of the subsystem and allows transforming the set of these

criteria to the form
9ij Ugij (#),Wg; (0)]; Ugi (0) € U (o), wy; (0) e W (o) V je[LE,] (14)
In this case, from solving single-criteria optimization problems of the form
Vaij = uinf.){gqij [Ugij (.)’W;i (®)]; Ugij(®) € U(e), W;i eW(e)}
v je[ﬁ], (15)
where qu*(o) — extremely possible, when solving the g -th motion problem in its i -th situation, a
disturbing influence on the subsystem private controls can be found
Ugij (0) ={Ugip (9) Vke[LI]} V jelLE] (16)
each of which is optimal with respect to one of the criteria (14).

The first property of these criteria is their possible mutual antagonism. Therefore, the com-
plete optimizing control of the subsystem

Ugi (#) ={0gi () ¥ je[LE Tk LI} (17)
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on the set U(e) must occupy some intermediate position between the controls (16). To find the

control (17) from the mentioned set, it is necessary to select elements that correspond to the idea of a
compromise between the extreme values of the criteria (14). Such elements, as is known, form a
Pareto region [20] (7~ -domain), within which it is impossible not to simultaneously deteriorate all the

private criteria (14). Therefore, the control [U,], (e) is Pareto-optimal according to such criteria if
—3 Ug; (*) | 9qij [Ugi (')vW;i (9)1=< 94 {01, (.)!W;i ()}
vV jelLE,] (18)
and at least for one j e[l,?q] the last inequality is strict. For convex objective functions (14) the se-
lection of points of the 7 -domain (compromise domain) can be obtained [20] in the form

P L1 (&)W ()3=min ( Py {T0g (&)W ()1Ver €ILEGDY): Py = Agi - G
v jellE,], (19)
where A,V je[LE,] — constant for each point [U],V je[LE,] positive coefficients
Aqij €[0,0] V je[L,E,].
Algorithmically, points of the same region are selected [15] according to the expressions
min mjax Aqii * 9qij [Ugij (.)1W;i (@)1= mo?x Ogiiee * Yaij LULUqij) 2 (.)aW;i (O}

Uqij

Ugij () €U(®) V o, je[LE,], (20)

where gq;[Ug; (9),Wy ()]>0; Cgigq =L j#a=> 0y, =4y, Ya, je[LE,]. For unimodal func-

tions gg;;[Uqi; (#), W (9)] Vi e[l,?q], relations (19) allow us to select all points of the compromise

region and only them [15].

Application of the described hierarchical approach to the problem of motion synthesis accord-
ing to consistently applied private criteria of its quality leads to the following methodology. At the first
stage, the motion is synthesized taking into account the first criterion, ensuring general, basic require-
ments for it (asymptotic stability in general or, at least, in the required region of the phase space; auton-
omy; specified time of course and nature of decay of transient processes; speed, and others), which are
inherent in all subsequent motions of different levels. Then, at the second stage, synthesis is carried out
using the second criterion and the corresponding level of the motion model, the dimensionality of
which is, as a rule, lower than the dimensionality of the first-level model. At the same time, the charac-
teristics of new control loops are determined. The characteristics of the contours synthesized in the pre-
vious stage remain unchanged. Then, motion synthesis is performed based on the third criterion, taking
into account the lower-dimensional motion model, etc. he specified procedure allows to carry out the
synthesis of the motion using a consistently applied set of private criteria of its quality. In other words,
the synthesis of this motion is performed on the basis of variable, in phase space, functionals.

The developed methodology for a maglev train’s mechanical subsystem’s dynamic’s
constructing will allow significantly improving the quality of synthesized complex multi-purpose
controlled movements. This possibility arises due to the implementation of an operational, compro-
mise, harmonious adjustment of the target ratio and structure of the movement task being solved. At
the same time, the generalized resources spent on this are minimized.

References
[1] Yongduan S., Kai Z. & Hefu Y. (2025) Control of Nonlinear Systems Stability and Performance.

CRC Press. ISBN 9781032755274. URL: https://www.routledge.com/Control-of-Nonlinear-
Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274

© TTonsxos B.O., 2026.
Jlinensia Creative Commons CC BY 4.0


https://www.routledge.com/search?author=Yongduan%20Song
https://www.routledge.com/search?author=Kai%20Zhao
https://www.routledge.com/search?author=Hefu%20Ye
https://www.routledge.com/Control-of-Nonlinear-Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274
https://www.routledge.com/Control-of-Nonlinear-Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274

46 Marematrune moaemoBanHs Ne 1(54)2026

[2] Dragana C. (2024) New Generative and Al Design Methods for Transportation Systems and Ur-
ban Mobility Design, Planning, Operation and Analysis: Contribution to Urban Computing Theo-
ry and Methodology. Keeping Up with Technologies to Imagine and Build Together Sustainable,
Inclusive, and Beautiful Cities. 8th International Academic Conference. Article 59 P. 490-503.
DOI: https://doi.org/10.18485/arh_pt.2024.8.ch59.

[3] Guzman J. L., Costa-Castell6 R., Berenguel M. & Dormido S. (2019) Automatic Control with
Interactive Tools. Springer Cham. DOI: https://doi.org/10.1007/978-3-031-09920-5.

[4] TaT., Hwang Y. & Chen C. (2019). Optimization of Multibuy Dynamic Systems using Meta-
Model Based Robust Design Optimization. In: Uhl, T. (eds) Advances in Mechanism and Ma-
chine Science. IFToOMM WC 2019. Mechanisms and Machine Science, V. 73. Springer Cham.
URL: https://doi.org/10.1007/978-3-030-20131-9_314

[5] Efymenko M. V. & Kudermov (2025) R. K. Terminalne keruvannia prostorovymy rukhamy
kvdrokoptera.  Radioelektronyka, informatyka, upravlinnia. Ne 2. P. 232-243.
https://doi.org/10.15588/1607-3274-2025-2-20.

[6] Zhang Z. & Liu X. Recent Advances in Nonlinear Control Theory and System Dynamics. Mathematics.
Special issue. URL.: https://www.mdpi.com/journal/mathematics/special_issues/7337918908#

[7] Probst F. L., Ferreira M. V. da L. & Tenbohlen S. (2023) Modeling of a capacitive voltage trans-
former for evaluation of transient response in conformity with the IEC 61869-5 Standard. Electric
Power Systems Research. V. 223. 109591. ISSN 0378-7796.
https://doi.org/10.1016/j.epsr.2023.109591

[8] Rovelli C. (2016) Seven Brief Lessons on Physics. 96 p. Riverhead Books. ISBN-13: 978-
0399184413. URL: https://www.studentapan.se/kurslitteratur/seven-brief-lessons-on-physics-
9780399184413

[91 Guzman J. L., Costa-Castello R., Berenguel M. & Dormido S. Automatic Control with Interactive
Tools. (2023) DOI: https://doi.org/10.1007/978-3-031-09920-5

[10] Palani S. (2022) Automatic Control Systems. With MATLAB. Springer Cham. DOI:
https://doi.org/10.1007/978-3-030-93445-3

[11] Golnaraghi F. & Kuo B. Automatic Control Systems (2017) McGraw Hill. ISBN:
9781259643835 URL: https://www.biblio.com/book/automatic-control-systems-tenth-edition-
golna-
raghi/d/14463399947srsltid=AfmBOopnP4sJpcd_pUq9zEx1bEel33kCilBiguLdteuzCD1swoVETaCn.

[12] Hernandez-Guzman V. M. & Silva-Ortigoza R. (2019) Automatic Control with Experiments.
Springer Cham. DOI: https://doi.org/10.1007/978-3-319-75804-6

[13] Kulczycki P., Korbicz J. & Kacprzyk J. (2021) Automatic Control, Robotics, and Information
Processing. Springer Cham. DOI: https://doi.org/10.1007/978-3-030-48587-0

[14] Pinder G. F. (2018) Numerical Methods for Solving Partial Differential Equations: A Compre-
hensive Introduction for Scientists and Engineers. E-Book. ISBN: 978-1-119-31638-1. URL.:
https://www.wiley.com/en-
us/Numerical+Methods+for+Solving+Partial+Differential+Equations%3A+A+Comprehensive+l
ntroduction+for+Scientists+and+Engineers-p-9781119316381

[15] Stenin A., Pasko V., Soldatova M., Drozdovich I. & Stenin S. (2023) Synergetic Synthesis of Op-
timal Control Laws of Nonlinear Dynamic Objects. Adaptive automatic control systems. Ne 2 (43).
P. 64-72. ISSN 1560-8956. URL: https://ela.kpi.ua/server/api/core/bitstreams/8afdfd4a-46ff-
449e-831e-77b23fe7ab66/content

[16] Jia Z., Siyuan C. S., Zhang Z., Nan Z. N., Zhang P., Qu X., Jinhua X. J. & Ouyang F. (2020). Tri-
Criteria Optimization Motion Planning at Acceleration-Level of Dual Redundant Manipulators.
Robotica. V. 38, Iss. 6. P. 938-999. Doi: https://doi.org/10.1017/s026357471900119x. URL.:
https://www.cambridge.org/core/journals/robotica/article/abs/tricriteria-optimization-motion-
planning-at-accelerationlevel-of-dual-redundant-
manipulators/0F252AD7674DF7CB731ED288FACF92A5

[17] Gopfert A., Riahi H., Tammer C. & Zilinescu C. (2023). Scalar Optimization under Uncertainty. In
book: Variation Methods in Partially Ordered Spaces P. 463-516. DOI: 10.1007/978-3-031-36534-8 6.

© TTonsxos B.O., 2026.
Jlinensia Creative Commons CC BY 4.0


https://doi.org/10.18485/arh_pt.2024.8.ch59.
https://doi.org/10.1007/978-3-031-09920-5.
https://doi.org/10.1007/978-3-030-20131-9_314
https://doi.org/10.15588/1607-3274-2025-2-20.
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/journal/mathematics/special_issues/73379189O8
https://doi.org/10.1016/j.epsr.2023.109591
https://doi.org/10.1007/978-3-031-09920-5
https://doi.org/10.1007/978-3-030-93445-3
https://www.biblio.com/9781259643835
https://doi.org/10.1007/978-3-319-75804-6
https://doi.org/10.1007/978-3-030-48587-0
https://www.wiley.com/en-us/search?filter%5bauthor%5d=George%20F.%20Pinder&term=++
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Zhaoli%20Jia&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Siyuan%20Chen&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Zhijun%20Zhang&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Nan%20Zhong&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Pengchao%20Zhang&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Xilong%20Qu&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Jinhua%20Xie&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Fan%20Ouyang&eventCode=SE-AU
https://doi.org/10.1017/s02637471900119x.

Poznin 1. MaremaTnaHe MOIEITIOBaHHS B MPUPOJTHUINX HAyKaX Ta iHPOpMAaIiiHi TEXHOJIOTil 47

URL.: https://www.researchgate.net/publication/376316494_Scalar_Optimization_under_Uncertainty

[18] Ulansky V. & Roza A. (2021) Generalization of minimax and maximin criteria in a game against
nature for the case of a partial a priori uncertainty. Heliyon. V. 7, Iss. 7. P. 1-6. URL:
https://www.cell.com/action/showPdf?pii=S2405-8440%2821%2901601-7

[19] [Shafer G. (2016). Constructive decision theory. International Journal of Approximate
Reasoning. V. 79, P. 45-62. DOI: https://doi.org/10.1016/j.ijar.2015.12.010. URL.:
https://www.sciencedirect.com/science/article/pii/S0888613X1500198X

[20] Rebello C. M., Martins. M., Santana D. D., Rodrigues A. E., Loureiro J. R. & Nogueira I. R.
(2021). From a Pareto Front to Pareto Regions: A Novel Standpoint for Multi objective Optimiza-
tion. Mathematics. 9 (24): 3152. DOI: 10.3390/math9243152.

Cnucox BUKOPHMCTAHOI JiTepaTypu

1. Yongduan S., Kai Z., Hefu Y. Control of Nonlinear Systems Stability and Performance. CRC
Press, 2025. 323 p. ISBN 9781032755274. URL: https://www.routledge.com/Control-of-
Nonlinear-Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274

2. Dragana C. New Generative and Al Design Methods for Transportation Systems and Urban Mo-
bility Design, Planning, Operation and Analysis: Contribution to Urban Computing Theory and
Methodology. Keeping Up with Technologies to Imagine and Build Together Sustainable, Inclu-
sive, and Beautiful Cities. 8th International Academic Conference. Article 59. 2024 P. 490 — 503.
DOI: https://doi.org/10.18485/arh_pt.2024.8.ch59.

3. Guzmaén J. L., Costa-Castell6 R., Manuel Berenguel, Sebastian Dormido. Automatic Control with
Interactive Tools. Springer Cham. 2023. DOI: https://doi.org/10.1007/978-3-031-09920-5.

4. TaT., Hwang Y., Chen C. Optimization of Multibuy Dynamic Systems using Meta-Model Based
Robust Design Optimization. In: Uhl, T. (eds) Advances in Mechanism and Machine Science.
IFToMM WC 2019. Mechanisms and Machine Science. 2019 V. 73. Springer, Cham.
URL.: .https://doi.org/10.1007/978-3-030-20131-9 314

5. Edumenko M. B., Kynepmos P. K. TepminanbHe kepyBaHHS IPOCTOPOBUMHU PyXaMH KBIPOKOII-
tepa. Paodioenexmponuka, ingopmamuxa, ynpaeninns. Ne 2, 2025. C. 232-243.
https://doi.org/10.15588/1607-3274-2025-2-20.

6. Zhang Z., Liu X. Recent Advances in Nonlinear Control Theory and System Dynamics. Mathematics.
Special issue. URL.: https://www.mdpi.com/journal/mathematics/special_issues/7337918908#

7. Probst F. L., Ferreira M. V. da L. & Tenbohlen S. Modeling of a capacitive voltage transformer
for evaluation of transient response in conformity with the IEC 61869-5 Standard. Electric Power
Systems Research. 2023. V. 223. 109591. ISSN 0378-7796.
https://doi.org/10.1016/j.epsr.2023.109591

8. Rovelli C. (2016) Seven Brief Lessons on Physics. Riverhead Books. 2016. 96 p. ISBN-13: 978-
0399184413. URL: https://www.studentapan.se/kurslitteratur/seven-brief-lessons-on-physics-
9780399184413

9. Guzman J. L., Costa-Castello R., Berenguel M., Dormido S. Automatic Control with Interactive
Tools. DOI: https://doi.org/10.1007/978-3-031-09920-5

10. Palani S. Automatic Control Systems. With MATLAB. Springer Cham. 2022. 908 p. DOI:
https://doi.org/10.1007/978-3-030-93445-3

11. Golnaraghi F. & Kuo B. Automatic Control Systems McGraw Hill. 2017. 864 p. ISBN:
9781259643835 URL: https://www.biblio.com/book/automatic-control-systems-tenth-edition-
golna-
raghi/d/14463399947srsltid=AfmBOopnP4sJpcd_pUqg9zEx1bEel33kCilBiguLdteuzCD1swoVETaCn.

12. Hernandez-Guzman V. M., Silva-Ortigoza R. Automatic Control with Experiments. Springer
Cham. 2019. 992 p. DOI: https://doi.org/10.1007/978-3-319-75804-6

13. Kulczycki P., Korbicz J., Kacprzyk J. Automatic Control, Robotics, and Information Processing.
Springer Cham. 2021. 843 p. DOI: https://doi.org/10.1007/978-3-030-48587-0

14. Pinder G. F. Numerical Methods for Solving Partial Differential Equations: A Comprehensive In-

© TTonsxos B.O., 2026.
Jlinensia Creative Commons CC BY 4.0


https://www.researchgate.net/publication/376316494_Scalar_Optimization_under_Uncertainty
https://www.cell.com/action/showPdf?pii=S2405-8440%2821%2901601-7
https://www.sciencedirect.com/journal/international-journal-of-approximate-reasoning
https://www.sciencedirect.com/journal/international-journal-of-approximate-reasoning
https://www.sciencedirect.com/journal/international-journal-of-approximate-reasoning/vol/79/suppl/C
https://doi.org/10.1016/j.ijar.2015.12.010
https://www.routledge.com/search?author=Yongduan%20Song
https://www.routledge.com/search?author=Kai%20Zhao
https://www.routledge.com/search?author=Hefu%20Ye
https://www.routledge.com/Control-of-Nonlinear-Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274
https://www.routledge.com/Control-of-Nonlinear-Systems-Stability-and-Performance/Song-Zhao-Ye/p/book/9781032755274
https://doi.org/10.18485/arh_pt.2024.8.ch59.
https://doi.org/10.1007/978-3-031-09920-5.
https://doi.org/10.1007/978-3-030-20131-9_314
https://doi.org/10.15588/1607-3274-2025-2-20.
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/journal/mathematics/special_issues/73379189O8
https://doi.org/10.1016/j.epsr.2023.109591
https://doi.org/10.1007/978-3-031-09920-5
https://doi.org/10.1007/978-3-030-93445-3
https://www.biblio.com/9781259643835
https://doi.org/10.1007/978-3-319-75804-6
https://doi.org/10.1007/978-3-030-48587-0
https://www.wiley.com/en-us/search?filter%5bauthor%5d=George%20F.%20Pinder&term=++

48

Marematrune moaemoBanHs Ne 1(54)2026

15.

16.

17.

18.

19.

20.

troduction for Scientists and Engineers. E-Book. 2018. 304 p. ISBN: 978-1-119-31638-1. URL:
https://www.wiley.com/en-

us/Numerical+Methods+for+Solving+Partial+Differential +Equations%3A+A+Comprehensive+l
ntroduction+for+Scientiststand+Engineers-p-9781119316381

Stenin A., Pasko V., Soldatova M., Drozdovich 1., Stenin S. (2023) Synergetic Synthesis of Op-
timal Control Laws of Nonlinear Dynamic Objects. Adaptive automatic control systems. 2023. Ne
2 (43). P. 64 — 72. ISSN 1560-8956. URL.: https://ela.kpi.ua/server/api/core/bitstreams/8afdfd4a-
46ff-449e-831e-77b23fe7ab66/content

Jia Z., Siyuan Chen S., Zhang Z., Nan Zhong N., Zhang P., Qu X., Jinhua Xie J., Ouyang F. Tri-
Criteria Optimization Motion Planning at Acceleration-Level of Dual Redundant Manipulators.
Robotica. 2020. V. 38, Iss. 6. P. 938-999.Doi: https://doi.org/10.1017/s026357471900119x. URL.:
https://www.cambridge.org/core/journals/robotica/article/abs/tricriteria-optimization-motion-
planning-at-accelerationlevel-of-dual-redundant-
manipulators/OF252AD7674DF7CB731ED288FACF92A5

Gopfert A., Riahi H., Tammer C., Zilinescu C. Scalar Optimization under Uncertainty. In book:
Variation Methods in Partially Ordered Spaces. 2023. P .463-516. DOI: 10.1007/978-3-031-
36534-8 6. URL:
https://www.researchgate.net/publication/376316494 Scalar_Optimization_under_Uncertainty
Ulansky V. Roza A. Generalization of minimax and maximin criteria in a game against nature for
the case of a partial a priori uncertainty. Heliyon. 2021. V. 7, Iss. 7. P. 1-6. URL:
https://www.cell.com/action/showPdf?pii=S2405-8440%2821%2901601-7

Shafer G. Constructive decision theory. International Journal of Approximate Reasoning.
2016. V. 79, P. 45-62. DOI: https://doi.org/10.1016/j.ijar.2015.12.010. URL:
https://www.sciencedirect.com/science/article/pii/S0888613X1500198X

Rebello C. M., Martins, M., Santana D. D., Rodrigues A. E., Loureiro J. R., Nogueira I. R. From
a Pareto Front to Pareto Regions: A Novel Standpoint for Multi objective Optimization. Mathe-
matics. 2021. 9 (24): 3152. DOI: 10.3390/math9243152.

Haoitiwna oo peoxonezii 09.01.2026
IHpuiinama nicns peyensysanns 19.01.2026
Onyb6nixosana 22.01.2026

© TTonsxos B.O., 2026.
Jlinensia Creative Commons CC BY 4.0


https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Zhaoli%20Jia&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Siyuan%20Chen&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Zhijun%20Zhang&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Nan%20Zhong&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Pengchao%20Zhang&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Xilong%20Qu&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Jinhua%20Xie&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5bauthorTerms%5d=Fan%20Ouyang&eventCode=SE-AU
https://doi.org/10.1017/s02637471900119x.
https://www.researchgate.net/publication/376316494_Scalar_Optimization_under_Uncertainty
https://www.cell.com/action/showPdf?pii=S2405-8440%2821%2901601-7
https://www.sciencedirect.com/journal/international-journal-of-approximate-reasoning
https://www.sciencedirect.com/journal/international-journal-of-approximate-reasoning/vol/79/suppl/C
https://doi.org/10.1016/j.ijar.2015.12.010

