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BIFURCATION ANALYSIS OF THE STABILITY
OF ONE DYNAMICAL SYSTEM WITH A FOLLOWER FORCE

In this paper, for an inverted double pendulum with asymmetric follower force a
mathematical model has been constructed in generalized coordinates. The dynamics of
the system has been explored through both analytical and numerical approaches.
Stability diagrams have been presented. The influence of the follower forces parameters
on the dynamical behavior of the pendulum has been analyzed. Numerical simulation has
been applied to obtain integral curves and phase portraits. The trajectories of the lower
and upper poles of the pendulum have been constructed too.
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Introduction

Many researchers have studied the dynamic of pendulum systems. An inverted double
pendulum is a combination of two individual pendulums which represents an example of
a nonlinear and unstable dynamic system. This model is currently actively used for
research and experiments in such fields as automatic aircraft landing system, biped
locomotive machines, in robotics, aerospace, marine vehicles, etc. An inverted pendulum
with a follower force simulates the structural elements of the props of railway bridges,
track-laying machines, and other structures.

An inverted pendulum is a popular benchmark problem in control theory too. The
main reason for this is that it constitutes a nonlinear system with unstable and
nonminimum-phase behavior and thus reveals many interesting system-theoretic
properties

Although the pendulum systems have widely used in engineering, the qualitative
behavior these systems has not been investigated enough. Bifurcation analysis allows
revealing special modes of functioning of the corresponding mechanical systems. The
study of the peculiarities of the dynamic behavior of the indicated pendulum makes it
possible to optimize its parameters in order to avoid violations of the normal conditions
of the functioning of the corresponding mechanical systems and to ensure the strength
and stability of its elements.

Analysis of recent research and problem statement

Studying the oscillations of multilink inverted pendulums is a task of current
importance in theoretical mechanics. This is a favorite example of a system for
demonstration at lectures by students and faculty of physics, dynamics, and theory of
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control [1]. A dynamics of the inverted pendulum are similar to many real-world systems,
for instance, in robotics, for modeling of human walking, Segway, biped locomotive
machines, flexible space structures, and many more industrial applications [2, 3]. For
solving the problems of balancing rockets during vertical take-off investigate the stability
of the rotary inverted pendulum. It is also a very good model for an automatic aircraft
landing system, aircraft stabilization in the turbulent air-flow, stabilization of a cabin in a
ship, etc. [4, 5].

A double inverted pendulum on a cart is a popular benchmark problem in control
theory. This system in control laboratories is widely used as a benchmark for testing
control algorithms [6, 7]. The main reason for this is that it constitutes a nonlinear system
with unstable and nonminimum-phase behavior and thus reveals many interesting system-
theoretic properties [8, 9].

In theoretical mechanics, it is important to study the behavior of inverted multilink
pendulums with an elastically secured upper end, to which the follower force is applied.
Such a model simulates the structural elements of the pillars of railway buildings and
bridges. The inverted mathematical pendulum with a follower force is designed too to
study the dynamic stability of the cantilever tube that conducts a moving fluid. The first
works of this cycle were initiated by the problems of the functioning of oil pipelines [10,
11]. Later, Japanese scientists, when examining the Ziegler's double inverted pendulum,
supplemented the model with asymmetry of the follower force [1].

In [12, 13] author presents a study of the optimal mass distribution in a classical
Ziegler’s pendulum where local and global extrema can be found explicitly. In the article,
proposed to consider an m-link Ziegler-Lobas pendulum loaded by a follower force as a
model problem for studying the basic properties of optimization of circulatory systems
with respect to stability criteria.

In recent years, there has been particular interest in the bifurcation analysis of
nonlinear behavior of inverted pendulums with follower force [14]. Analytical
calculations and numerical modeling show that sequential force is the controlling factor
in the dynamic behavior of the system. From the standpoint of the qualitative theory of
differential equations, this force is a bifurcation parameter on whose values the behavior
(stable or unstable) of the model depends. In contrast to conservative systems, the
inverted pendulum with a follower force is a non-conservative system that can lose
stability both by divergence and by flutter.

In this paper, the dynamic behavior of a double-pendulum system near critical
points is investigated both through analytic and numerical approaches. Two critical cases
of Lyapunov's theory of stability are considered, which are characterized by one zero
eigenvalues and a pair of purely imaginary eigenvalues. In the first case, the divergent
bifurcation occurs in the phase space of the pendulum. In the second case, we have a
flutter bifurcation.

Bifurcations in the phase space of a double inverted pendulum with a follower
force are determined by nonlinear dynamics. Our aim is to understand these dynamics in
a qualitative way, with a special interest in stability. All analytical results are verified
using the symbolic language of the Maple calculations. It is shown that all numerical
solutions agree with the analytic prediction, at least qualitatively.

The purpose and tasks of the study

The purpose of the work is to use the means of the theory of dynamic systems for
bifurcation analysis of the peculiarities of the behavior of an inverted double pendulum
with a follower force on the upper end.
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Mathematical modelling of an inverted pendulum system (in generalized
coordinates)

The double inverted pendulum system consists of two rigid weightless links of
length 1; and |, that carry two concentrated masses m; and m,, respectively. The
pendulum is attached to a firm basement by a viscoelastic revolute joint with the
stiffness coefficient c; and the damping coefficient 1. Another viscoelastic revolute
joint with the stiffness coefficient c, and the damping coefficient wx, connects the two
rods.

The positions of the pendulum’s lower and upper poles respectively are given by:

l:xl} 1, cos(¢,) Xy | [ X,+1;c080,

Y1 l, Sin((/’l) | Y, - y;+1,sing,

where ¢; and ¢, are the generalized coordinates (the angular displacements measured
from the vertical).

A follower force P, generally asymmetric, is applied to the upper pole of the
pendulum. Asymmetry of this force determine the angle eccentricity o = const and

orientation parameter k = const. The direction of action of the force P varies depending
on the change in the configuration of the mechanical system, caused by this force. The
presence of a follower force makes the dynamical system under study non-conservative.

To achieve a mathematical description, system behavior is described by Lagrange’s
equations:

)

d T (p.¢) T(p. 9)
dt  dg, o9,

:Qj((p, ¢), j=1,2. (2)

) T
where T (gp, (p) — kinetic energy of the system, @ = [gol, (pz] — the vector-column

of the generalized coordinates.
The method begins by writing down the kinetic energy T of the system. This energy
consists of a two component (for the lower and upper poles of the pendulum):

m m
T =T1+T2=?l(>'(f +yf)+72(>'<§ +Y3)-
According to formulas (1) the total energy of the system in generalized coordinates is:
1 —_— . .o
T :E(m1+m2)|12 ¢12 +E m, I§¢§ +m, |1|2¢1¢2-

Then Lagrange equations (2) for the inverted pendulum can be written in a more
compact matrix form:

M(¢)-9=C(o, ¢)-0+G(p). @3)

Here M is a matrix of mass:
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(m,+m,) I} m, 1,1, cos(¢, —¢,)
m, 1,1, cos(¢, ~¢,) m, I;

Therefore, the equation (3) is the dynamic equations for a mechanical system with 2
degrees of freedom.
Next, we use the parameters of the lower link (my, 13, ¢;) as the base and introduce the

dimensionless time:
. ;c
1
7=t ———.
l,\/m,

Dimensionless quantities of the pendulum marking with overbars: P is a
dimensionless module of the follower force, C is dimensionless stiffness of the
horizontal spring at the upper pole of the pendulum. We consider these two parameters as
the essential parameters of the studied system. At different values of essential parameters,
we observe various patterns of motion of the studied dynamic system.

The linear model of the triple link inverted pendulum is represented in state-space
form as follows:

X=A-Xx+B. (4)

T T
Here x:[xl,xz, X5, XJ :[gol,(pl,(oz,(bz} — the vector-column of the variables

state of system.

The eigenvalues associated with matrix A of the linearized differential equations (4)
determine the stability of the position of the equilibrium of the pendulum. We will denote
the dimensionless value of the follower force through Py if one eigenvalue of the matrix A
is zero. If the pair of eigenvalues is purely imaginary, then we denote the module of the
force Pr. The symbols are associated with divergent and flutter bifurcations. For values Py
and P¢ we have critical cases of the Lyapunov’s stability theory.

When the image point of the system passes through the P4 boundary, the divergent
bifurcation occurs. In the phase space of the pendulum, the point X =0 loses its stability,
but another stable point appears. The pendulum has a non-vertical equilibrium position.

When the image point of the system passes through the P; boundary, the Hopf
bifurcation occurs. The vertical equilibrium position of the pendulum (¢, =0, ¢, =0)

loses its stability, the periodic solution of the equations (3) appears. In the phase space of
the pendulum, for this periodic solution corresponds to the limit cycle (stable or
unstable). For the pendulum we have oscillatory motion.

Simulation results

After obtaining the mathematical model of the system, we need to analyze the stability
of the system in order to further understand the features of the system. Here we carried
out some numerical simulations using the Maple system. Numerical simulation is carried
out for an inverted double pendulum with the parameters specified in Table 1.
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Table 1. List of Parameters for the double pendulum

Symbol | Description Value/Unit
m; mass of the first pole 10 kg
m, mass of the second pole 5 kg
I, length of the lower rod 0,5m

I, length of the upper rod 0,5m
Cy stiffness coefficient of the lower 400 N-m

spiral springs (in the joints O)

C2 stiffness coefficient of the upper 400 N-m
spiral springs (in the joints A;)

g acceleration due to gravity 9,81 m/s*

Fig. 1 shows the stability diagram for the double pendulum. The domain D (4, 0) is an
asymptotic stability domain in which the matrix A of equation (4) has 4 eigenvalues /;
with negative real parts.

=)
5_
Instability
k =0,25
] D(2, 2)
|:>]c i Instability
3 o (divergent motion)
Instability D@3, 1)
(flutter)
D(2, 2)
2-
Stability
a D(4, 0)
—r—t————r—t——t——t———t———t——
0 0.3 1 1.5 2

Figure 1. Stability diagram for double pendulum (k = 0,25)
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In the domain D (s, 4—s) we have s eigenvalues with Re A, <0. The change of the

eigenvalues of the matrix A in the change of the essential parameter P of the pendulum
is given in Table 2.

Table 2. Eigenvalues (the double pendulum with k = 0,25, T = 1,5)

] M Ay A3 A4 Domain
10 | -098+180i | -0,98-180i | —-0,12+1,31i | —0,12-1,311i

20 | -1,01+041i| -1,01-041i | —-0,10+1,17i | —0,10-1,17i D(4.0)
2,5 0,03 -2,14 -0,05+1,05i | —0,05-1,05i

3,0 0,51 - 2,67 -0,02+0,89i | —0,02-0,89i | D(3,1)
4,0 1,24 —3,40 -0,03+0,45i | —0,03-0,45i
45 1,53 -3,69 0,20 —-0,26 D(2,2)

At dimensionless stiffness C =1.1 of the horizontal spring at the upper pole of the

pendulum, the more complex change in the eigenvalues of matrix A is shown in Table 3.

Table 3. Eigenvalues (the double pendulum with k = 0,25, ¢ = 1,1)

P 4 Ay A3 Aa Domain
10 | -0,08+1,11i | -0,08-1,11i |-1,03+1,73i |—-1,03-1,73i

2,0 (-0,03+0,88i | -0,03-0,881 |-1,07+1,30i |-1,07-1,30i | D(4,0)
2,2 |-0,01+0,81i | —0,01-081i -0,44 -1,75

2,3 0,01+0,78 i 0,01-0,78 i -0,28 -1,94

2,5 0,02+0,69 i 0,02-0,69 i -0,04 2,22 D(22)
2,6 0,03+0,63 i 0,03-0,63 i 0,06 -2,34

2,8 0,04+0,51 i 0,040,511 0,25 -2,55 D(1,3)
3,2 0,01+0,14 i 0,01-0,14 i 0,66 -2,90

3,3 0,17 -0,17 0,76 -2,97

3,5 0,34 - 0,36 0,93 -3,12 D(2,2)
4,0 0,57 - 0,63 1,29 -3,45

In this case, the image point of the system first passes through the boundary P; of the
stability domain and enters the domain D (2, 2) of flutter instability from domain D (4, 0)

asymptotic stability. Next, the image point passes through the boundary of P4 and passes
to the domain D (1, 3) . After this, the point again passes through the boundary of P4 and

falls into domain D(2,2).
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In Fig. 2 influence of the follower forces orientation parameter k on the system’s
stability is represented. As the magnitude of k increases, the domain D (2, 2) of the flutter

instability extends. The curve P; which corresponds to a pair of purely imaginary
eigenvalues of matrix A, limits this domain.

P

0 0.5 1 15 » C
Figure 2. Influence of the orientation parameter k on the stability diagram

On the boundary of P; of the domain of stability, there is a bifurcation of Poincare —
Andronov — Hopf. The vertical position of the equilibrium of the pendulum is lost due to
the birth of the boundary cycle. Fig. 3 shows a stable boundary cycle that limits the
region of attraction of the phase trajectories of the pendulum. The phase portrait and time
profile in Fig. 3 are constructed with the supercritical value P =2.3> P, of the follower

force module. The initial conditions of motion given by:
[£,=0.1, =005, p,=0.2, ,=0.05].

The starting point of the integration of the system of the differential equations (4) in
Fig. 3 is denoted by S. Over time, the image point of the system goes away from the
origin and goes to a stable boundary cycle. A phase trajectory constructed in space
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[t, ®,, (/';2} more clearly demonstrates the behavior of the system (Fig. 3, b). Curves on

Fig. 3 are constructed for the angle ¢,, which characterizes the position of the upper pole
of the pendulum. For the lower pole the corresponding curves have a similar

configuration.

Figure 3. Phase portraits (a) and time profile
(b) in the case domain D(2,2)

The asymmetry of the follower force has a strong influence on the stability and the

bifurcation of the system. Fig. 4 shows how the angular eccentricity ¢ of the force P
affects the angles of deviation of the pendulum links from the vertical.

P oA P e~
0.4 Pendulum angle (upper) 0.6
0.4
0.2 Pendulum angle (lower)
0.2
0 m - . X
Vv 50 100 150 ¢ 50 100 150
02 -0.2
Pendulum angle (lower) 04
-0.4 Pendulum angle (upper)
-0.6
a) b)

Figure 4. Simulation curves of state variables in the case domain D(3,1):
a) foro=0, b)fors=0.01
The trajectories of the lower and upper poles of the pendulum are shown in Fig. 5.
They allow you to get more information about changing the position of the pendulum
links over time.
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a) b)

<A

Fig. 5. Trajectories of the poles of the double pendulum:
a) lower poles, b) upper poles

To fully analyze the behavior of the pendulum, it is still necessary to identify safe and
dangerous areas of the boundary of the stability domain. A task of current importance in
the qualitative analysis of a double pendulum is to study the behavior of the solutions
near the asymptotic stability boundaries in the first approximation because this behavior
determines the mechanisms whereby the pendulum loses stability in equilibrium
positions. As termed in [14, 15], the stability boundary of an equilibrium state is safe if
the stability is asymptotic in a critical case and dangerous if not asymptotic. Physically, a
safe asymptotic-stability boundary means soft loss of stability. In this case, stable
oscillations (limit cycles) occur instead of asymptotically stable equilibrium. If a
dangerous stability boundary is approached by a representative point of the system
moving within the stability domain, the equilibrium state will practically lose stability,
though equilibrium state is asymptotically stable in the sense of Lyapunov from the
formal-mathematical point of view.

4. Conclusions

In the present study, using Lyapunov’s stability theory, features of the dynamical
behavior of an inverted pendulum with follower force were investigated. By means of
the theory of dynamical systems, a bifurcation analysis of the pendulum's behavior
peculiarities was made when the essential parameters of the system were changed.
Numerical methods are used to study bifurcation cases. A specially developed Maple-
program for determining Lyapunov values allows you to analyze the behavior of a
dynamic system near the boundaries of stability domains. The study of the features of
the dynamic behavior of the indicated pendulum makes it possible to optimize its
parameters in order to avoid violations of the normal conditions of the functioning of
the corresponding mechanical systems.

3oipnux naykoeux npaus JJYIT. Cepin «Tpancnopmui cucmemu i mexnonoziin, 2019. Bun.33. T.2

46



MATEMATHNYHE MO/JIEJIFOBAHHSA

REFERENCES

1. Lundberg K. H., & Barton, T. W. (2010). History of inverted-pendulum systems. IFAC Proceedings
Volumes, 42(24), 131-135.

2. Boubaker, O. (2017). The inverted pendulum: history and survey of open and current problems in
control theory and robotics. The Inverted Pendulum in Control Theory and Robotics: From Theory to New
Innovations, 111, 1.

3. Moysis, L. (2016). Balancing a double inverted pendulum using optimal control and Laguerre
functions. Aristotle University of Thessaloniki, Greece, 54124,

4. Mathew, N. J,, Rao, K. K., & Sivakumaran, N. (2013). Swing up and stabilization control of a rotary
inverted pendulum. IFAC Proceedings Volumes, 46(32), 654-659.

5. Sultan, G. A.,, & Farej, Z. K. (2017). Design and Performance Analysis of LQR Controller for
Stabilizing Double Inverted Pendulum System.

6. Nalavade, M. R., Bhagat, M. J., & Patil, V. V. (2014). Balancing Double Inverted Pendulum on A
cart by Linearization Technique. International Journal of Recent Technology and Engineering (IJRTE), 3(1),
153-157.

7. Wu, S. M., Song, J. W., & Zhang, W. Q. (2014). Optimal Control Theory Research on Inverted
Pendulum System. In Applied Mechanics and Materials (\VVol. 494, pp. 1118-1121). Trans Tech Publications.

8. Gliick, T., Eder, A., & Kugi, A. (2013). Swing-up control of a triple pendulum on a cart with
experimental validation. Automatica, 49(3), 801-808.

9. Sharma, K., & Sahu, V. (2016). Modeling and Stabilization of Cart Triple Link Inverted Pendulum
using LQR Controller Incorporating Degree of Stability. International Research Journal of Advanced
Engineering and Science, 1(4), 148-152.

10. Pfliger, A. (2013). Stabilitétsprobleme der Elastostatik. Springer-Verlag.

11. Ziegler, H. (2013). Principles of structural stability (Vol. 35). Birkhauser.

12. Kirillov, O. N. (2010). Structural optimization of the Ziegler's pendulum: singularities and exact
optimal solutions. arXiv preprint arXiv:1101.0246.

13. Kirillov, O. (2011). Re- visiting structural optimization of the Ziegler pendulum: singularities and
exact optimal solutions. PAMM, 11(1), 717-718.

14. Nikolov, S., & Nedev, V. (2016). Bifurcation analysis and dynamic behavior of an inverted
pendulum with bounded control. Journal of Theoretical and Applied Mechanics, 46(1), 17-32.

15. Kuznetsov, Y. A. (2013). Elements of applied bifurcation theory (Vol. 112). Springer Science &
Business Media.

JITEPATYPA

1. JlynnGepr K. X., bapton T. B. Icropis mepeBepHYTHX MasTHHKOBHX cucteM. [Ipayi MPAK. 2010.
Bum. 42(24), C. 131-135.

2. by6akep O. [lepeBepHyTHII MasSTHUK: ICTOpis Ta OIIAA BIAKPUTHUX 1 CydacHHX MNpoOieM Teopii
YIpaBIiHAA Ta pOOOTOTEXHIKH. [lepeseprymuil MAsmHux 6 meopii ynpaeninua i pobomomexuiyi: 6i0 meopii
00 Hosux innosayiu. 2017, 111, 1.

3. Moiizuc JI. banancyBaHHs NOABIHHOTO HEPEBEPHYTOr0 MasTHUKA 3 BUKOPHUCTAHHSIM ONTHMAJIBHOTO
ynpasninasg i ¢yskuiit Jlareppa. Yuisepcumem Apucmomens ¢ Canonixax, I'pentis. 2016. TexHiuHuUi 3BiT
IKEERPT-2016-005.

4. Mertsto H. Ix., Pao K. K., CuBaxymapan H. [ToBopoTHWMii i cTabimizaniifHuii KOHTPOJIE POTAIHHOTO
nepeBepHyTOro MasitHuKa. [Ipayi MOAK. 2013. Bun. 46(32), C. 654—659.

5. CynranI'. A., ®apeii 3.K. Po3poOka ta anani3z mpoaykruBHOcTi LQR-koHTponepa ans crabdimizamii
MOJBIIHOT TepeBepHyTOI MasTHUKOBOI CHCTeMH. Lfupxynayis ¢ xomn tomeprux naykax. 2017. T.2, Ne 9,
C.1-5.

6. HamaBane M. P., bxaratr M. ., [Tatun B. B. BanancyBanHs HOABIHHOTO MepeBEepHYTOr0 MasTHHKA
Ha Bi3Ky METOJOM JiHeapu3allii. Midxchapoonuil JcypHan cyuachux mexuonozii ma iHoicenepii. 2014.
Bum. 3(1), C. 153-157.

7. Byl M., Conr [Ix.B., WxaunB.K. JdocmipkeHHs ONTHMalIbHOI Teopii KepyBaHHS CHCTEMOIO
MepeBEePHYTOT0 MasiTHUKA. [Ipuknaona mexanika ma mamepianu. 2014. T. 494, C. 1118-1121.

8. I'mok T., Emep A., Kyri A. IloBOpPOTHHII KOHTPONIb TOTPIfHOTO MAasATHHKAa Ha BI3Ky 3
eKCIIepIMEHTAIILHOIO TepeBipkoto. Aemomamuxa. 2013. Bum. 49(3), C. 801-808.

3oipnux naykoeux npaus JJYIT. Cepin «Tpancnopmui cucmemu i mexnonoziin, 2019. Bun.33. T.2

47



MATEMATHNYHE MO/JIEJIFOBAHHSA

9. IIlapma K., Caxy B. MozentoBanHs Ta cTabini3awisi MOTPIHHOrO MEPEeBEPHYTOr0 MAasTHHKA Ha Bi3Ky
3a goromoror koutposepa LQR, mo mae cryminb criiikocTti. MiKHapOHUI HayKOBHH JKypHa MepeIoBoi
imkerepii Ta Hayku. 2016. Bum. 1(4), C. 148-152.

10. TIdurorep A. TIpoGemu criiikocti enacroctatuku. bepumin, Springer-Verlag, 2013. 473 c.

11. HMurnep X. Ipunimnu cTpyKTypHOI criiikocti. basens, Birkhauser, 2013. 150 c.

12. Kupunos O. M. CrpykrypHa onTuMi3amis MasTHHKa Llurmepa: ocoOGmuBoCTi Ta TOYHI ONTHMaibHI
po3B’s3ku. Acta [lonimexnixa. 2010. Bun. 51(4), C. 32-43.

13. Kupuno O. M. TloBropHe HOCIIHKEHHs CTPYKTYypHOI onTuMizarii MasTHuka [{urnepa: ocobauBocTi
Ta TOYHI ONTUMAaJbHI PO3B’A3KU. [Ipayi 3 npukiaouoi mamemamuxu i mexanixu. 2011. Bum. 11(1), C. 717—
718.

14. Hixonos C., Hene B. Bidypxauiifauii ananiz 1 AMHaMiYHa IOBEIiHKA ITCPEBEPHYTOTO MasTHHKA 3
00MEKEHIM KOHTpoJeM. JKypHan meopemuuroi ma npukinaonoi mexanixu. Codis, 2016. Bum. 46(1), C. 17-32.

15. Kysnenos [O. A. Enementn npukmansoi Teopii Gidypkauiii. Huro-Hopk, Springer-Verlag, 2013.
632 c.

B. B. Koeanvuyk, K. ¢h.-m.Hn, 0ouenm
(oouenm xagheopu «Teopemuuna i npuknaona mexamnikay,
Hepoicasnuil ynieepcumem ingppacmpykmypu ma mexnonoziit)

BI®YPKALIMHUMN AHAJII3 CTIMKOCTI OJHIET JMHAMIYHOI CHCTEMHU
31 CJIIIKYIOUOIO CUJIOKO

Y Oaniti pobomi 0nsa nepeeepnymozo NOOSIlIHO20 MASMHUKA 3 ACUMEMPUYHONO
CNIOKYIOY0I0 CUNIOI0 NOOYO08AHA MAMEMAMUYHA MOOENb 6 Y3a2abHEeHUX KOOPOUHAMAX.
Jlunamira cucmemu 00CRiONCYEMBCA AHANIMUYHUMU | Yuciosumu mMemodamu. HagedeHi
diaepamu cmivxkocmi. Ilpoananizoganuii 6nIue napamempis CclioOKywOuYoi cuiu Ha
OUHAMIYHY NOBEOIHKY Masmuuka. [[na OmpumanHs iHMeSparbHux Kpueux i ¢azosux
nopmpemis 3acmoco8yeEmMvCs uuceivHe Mooenoeants. Taxoc nobyoosani mpackmopii
HUIICHBOZ2O | 6EPXHBLO20 NOIOCI6 MASIMHUKA.

Masmnukosi cucmemu € 06’€Kmom 00CHIONHCeHHA 6a2amvoX CYYACHUX HAYKOBYIS.
Mooenv nepeeepnymozo 6a2amonanko8o20 MAasIMHUKA AKMUBHO 3ACMOCO8YEMbCA OiA
00CNiOdCeHHs. ma eKCNEePUMEHMIE Yy MAaKuX HAYKOGUX 2aNy3sAX 5K NPOEKMYBAHMHS
asmomMamuyHoi cucmemu nOCAOKU JNiMAaKie, 0B0X0008UX JOKOMOMUBHUX MAWUH, 6
pobomomexHiyi, aepoxocmiunii eany3i ma in. [lepesepuymuti Masmuux 3i CIiOKyHOUY0I0
CUnow, Wo € 00’€KmomM OaH020 OO0CHIONCEHHS, MOdce IMImyeamu KOHCHMPYKMUGHI
eleMeHmy ONnop 3ANI3HUYHUX MOCHMIE YU [HWUX CHOpYO, KOMEYKIAOAIbHUX 360018,
2YCEHUYHUX MAWUH MA THUUX KOHCIMPYKYIU.

Poszenauymuii y yiti pobomi nepesepuymuii 0801AHKOBUL MAAMHUK, BEPXHIll KiHeyb
K020 NPYIHCHO-3AKPIneHull i nepebygae ni0 Oi€w CHIOKVIOUOI Cuiu, € HPUKIAOOM
HeniniiHoi ma HecmabinbHol Ounamiunoi cucmemu. Ilpu 00CaioNceHH] OUHAMIKU MAKUX
MEXAHIYHUX Cucmem 3 HEKOHCEPBaAMUSHUMU NOZUYIHUMU CULAMU  GENUKY Y8a2y
npUOiAOmMs  GUPIUEHHIO NpOOaeM CMIUKOCMI, WO GUHUKAIOMb HpU NPOEKM)8AHHI
KOHCHMPYKMUGHUX el1eMEeHmi6 y 3a3HAYeHUX euuje NpomMucrosux 2anyssax. Hasewicmo
CALOKYIOHOI Cunu NiOCUNIOE OUHAMIYHY HecmiliKicmb cucmemu. Y yiti pobomi nokazao,
WO NOCMYNO06a 3MIHA CYMMEBUX NAPAMEMPIE CUCMeMU Modice npuzeecmu 00 Oigyprayiti
¥ ¢hazosomy npocmopi masmuuka. Ilpu nepexodi 3naueHv YKA3AHUX napamempis uepes
Oihyprayitini 3navenns 8i00y8aOMbCsi SAKICHI 3MIHU Y NOBEOTHYL CUCmEMU.

Kniouogi cnoea: oumamiuna cucmema, nepesepHymuli  NOOSIUHUU — MASIMHUK,
CAOKYIOHa cund, CMItKicmo.
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BHU®YPKALIIOHHBINA AHAJIN3 YCTOMYMBOCTH OJHOM
JTAHAMHUYECKOM CUCTEMBI CO CJIEJSIIENA CUJION

B Oannoii pabome 0ns nepeseprymozco 080UHO20 MASMHUKA C ACUMMEMPUUHOU
credsugeli CUNol NOCMpPOeHa MamemMamudeckas mMooeib 8 0000UleHHbIX KOOPOUHAMAX.
Junamurxa cucmemvl uccre0yemcs AHATUMUYECKUMU U YUCTIOBbIMU  MEMOOAMU.
Ilpusedenvt Ouacpammol  ycmotiyugocmu. Ilposeden ananus 6uusHUe NAPAMEMPOs
cnedsiell  Culbl  Ha  OuHaAMuUYeckoe nosedeHue Masmuuka. [us  nocmpoenus
UHMESPATbHLIX — KPUBbIX U (QA306bIX  NOPMPEmMo8  NPUMEHSEeMmCs.  YUCTIeHHOoe
Mmoodenuposanue. Taxdce ROCMPOEHbI MPACKMOPUU HUNCHE20 U BEPXHE20 NONI0CO8
MasmHuKa.

Knrouesvie cnosa: ounamuueckas cucmema, nepesepHYmblil O0GOUHOU MASIMHUK,
Cnedsawast CUid, YCmoudugoCo.

3oipnux naykoeux npaus JJYIT. Cepin «Tpancnopmui cucmemu i mexnonoziin, 2019. Bun.33. T.2

49



