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MOTIONS MODELS OF A TWO-WHEELED EXPERIMENTAL SAMPLE

The subject of study is the physical processes of translational and angular motion of a two-wheeled experimental
sample. The goal is to develop physical, mathematical, and graphic models of the translational and angular
motions of a two-wheeled experimental sample as an object of automatic control. The objectives: to form phys-
ical models of a two-wheeled experimental sample; to develop a nonlinear mathematical description of the pro-
cesses of translational and angular sample’s motions using the Lagrange approach; to obtain a linearized math-
ematical sample’s description as an object of automatic control in the state space and frequency domain; to
generate graphic models in the form of structural diagrams in the time and frequency domains; to analyze the
functional properties of an object of automatic control: stability, controllability, observability, structural and
signal diagnosability concerning violations of the functional properties of electric drives and sensors of the
angular position of the body and wheels. The methods of the study: the Lagrange method, Taylor series, state-
space method, Laplace transformations, Lyapunov, Kalman criteria, and diagnosability criterion. The results:
physical models of a two-wheeled experimental sample have been obtained in the form of a kinematic diagram
of the mechanical part and the electric circuit of an electric drive; mathematical descriptions of translational
and angular motions have been developed in nonlinear and linearized forms; structural diagrams have been
developed; functional characteristics of a two-wheeled experimental model as an object of automatic control
have been analyzed to solve problems of control algorithms synthesis. Conclusions. The scientific novelty lies in
obtaining new models that describe the translational and angular motion of a two-wheeled experimental model
as an object of automatic control. The obtained models differ from the known ones by considering the dynamic
properties of sensors and electric drives, as well as the relationship of movements.

Keywords: two-wheeled experimental sample; motion models; object of automatic control; mathematical mod-

els; state space; controllability; observability; diagnosability.

Introduction

Motivation. The property of unstable angular mo-
tions relative to the center of mass is a feature of a num-
ber of aircraft classes. So, to ensure the maneuverability
of fighters, the center of pressure of aerodynamic forces
is placed in front of the center of mass. The same is true
for the design of passenger and transport wide-body air-
craft if it is need to ensure higher technical and economic
performance indicators. At the initial stage of movement,
the launch vehicles are affected by the overturning mo-
ment of aerodynamic forces. In space where damping en-
vironment is absent flying vehicles are affected by a
number of perturbing influences leading to unstable an-
gular motions relative to the center of mass [1].

The simplest dynamically similar prototypes for the
study and investigation of unstable angular motions are
various devices of the "reverse pendulum" type [2]. Us-
ing pendulum devices allows to transfer the study the
properties of unstable aircraft angular motions to simpler
objects of unstable motions. There are necessary to use
simple objects of unstable motions with the aim to study
structurally unstable control objects and methods of their
stabilization in the courses "Automatic control theory"

and "Digital control systems". Such objects are interest-
ing not only because of their unstable and non-linear na-
ture, but also due to their application out of the academic
sphere.

Pendulum devices, which are an autonomous two-
wheeled vehicle, are used as passenger carriage in urban
environments [3], helping people with disabilities [4],
luggage transportation [5], working in dangerous condi-
tions for human life and health [6], and in other cases.

Two-wheeled vehicles have a number of ad-
vantages over other vehicles: small size, simple and com-
pact design, high maneuverability, low cost, significant
environmental friendliness [7].

State of the Art. The need of research on the mod-
eling motion of the two-wheeled vehicle is reasoned by
the certain circumstances. In the known models of two-
wheeled vehicles, only part of motions are taken into ac-
count, which are caused by the angular position instabil-
ity [8]. To solve the problems of trajectory algorithms
synthesis there are needed the models that reflect the re-
lationship of translational and angular motions both in the
form of nonlinear and linearized equations. Moreover,
for the development of high-precision control system for
two-wheeled vehicle, it is necessary to take into account
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not only its dynamics, but also the dynamic properties of
electric drives, angular position sensors and displacement
sensors, i.e. to consider it as an object of automatic con-
trol.

Objectives and structure. The purpose of the
study presented in the article is to build physical, mathe-
matical and graphic models of the translational and angu-
lar motions of a two-wheeled experimental sample on a
flat surface as an object of automatic control.

The first section of the article presents a general
view of a two-wheeled experimental sample and de-
scribes the physical models of its mechanical and elec-
tromechanical parts. The second section is devoted to the
formation of a nonlinear mathematical description using
the Lagrange formalism. The linear mathematical de-
scription of a two-wheeled experimental sample is given
in the third section. It describes mathematical model of
the sample as an object of automatic control in the time
and frequency domains. In the fourth section of the arti-
cle, graphic models are given in the form of structural di-
agrams, which reflect the transformation processes in a
two-wheeled experimental sample as an object of auto-
matic control. The fifth section is devoted to the analysis
of the functional properties of the object of automatic
control. In conclusion, the results of research on the for-
mation of a two-wheeled experimental sample models as
an object of automatic control are summarized.

1. Physical models of a two-wheeled
experimental sample

The variety of pendulum devices are used at the Air-
craft Control Systems Department to research unstable
angular motions relative to the center of mass. Fig. 1
shows a two-wheeled experimental sample (TES). The
physical model of the rectilinear sample motion with a
small angular deviation of the body relative to the vertical
axis is shown in fig. 2.

Fig. 1. Two-wheeled experimental sample

The sample is a rectangular parallelepiped, placed
on two coaxial wheels, driven by internal DC electric en-

gines with a total torque Tg. The sample is affected by
the force of gravity P applied at the center of mass (c.m.)
and the force of friction f . The sample makes motions
along the Ox axis with speed V.

X

Fig. 2. Physical model of the TES mechanical part

The physical model of the electric wheel drive is
shown in fig. 3.

Fig. 3. Physical model of the electric drive

The model uses the following notation: u — control
voltage; § — armature current; R — armature winding

resistance; L — armature winding inductance; ® - per-
manent magnet excitation flux; Rd —reducer; o —angu-
lar speed of wheel (W).

2. Nonlinear mathematical description

To formalize the processes of TES motion, there
have been used the Lagrange approach [9] in the follow-
ing form:

dfar) o g —
— | |- =4 soi=1n, 1
dt(axi] g, 9t @

where T — the kinetic energy of modeling object;
A;j — the generalized coordinate;

Q:J — the generalized force of control impacts;

Qf — the generalized force of disturbances.
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The TES motion has four degrees of freedom and is
characterized by such generalized coordinates: displace-
ment — X ; angular position of the body — 3 ; angle of
wheel rotation — ¢ ; charge quantity — q .

The kinetic energy of the TES is described by the
following expression:

1 o 1. .2 1. -, 1 .-
=—mxX"+—-Jp9 +=Jp" +-LQg°, 2
2 5% 50T+ o L 2

here m — TES weight; J, — TES moment of inertia rel-

ative to the axis of rotation; J — total kinetic moment of
rotating parts of electric drives.

The generalized forces for each generalized coordi-
nate are described as follows:

QU =Tt mi§; Qf =mI§—f;
:

Q) =-mix ; sz =Plsing; 3)
Q§ =Ts; Q% =—fr;
Q4 =u;Q, =-Rg-e,

where r — wheel radius; e — back-EMF induced in the
armature winding of an electric drive when it rotates with
an angular velocity ®=¢.

Performing the appropriate actions in accordance
with equation (1), the following system of equations has
been obtained:

mX = > - mI§ - f;
r
Jp9 = Plsin 9 —mlx; 4)
Jo =T, —fr;
Lj=u-Rqg-e.

The moments and forces on the right-hand sides of
the equations depend on the generalized coordinates.
These dependencies can be described analytically. So,
the torque of the electric drive is characterized by the fol-
lowing expression:

Ts =Kgem®Pq=xmq, (5)

where k4 — the reducer’s gear ratio;
€y, — constructive constant of the electric motor;
Ky, — transmission ratio of electric drive.
Back-EMF is defined as follows:

e=CePP =K, (6)
where ¢, — constructive constant of the electric motor;

Kg — transmission ratio.

Equations (4) — (6) together describe the nonlinear
processes of the TES motion. The nonlinear relationship
between the variables characterizing the motion of the
sample significantly complicates the understanding of the
motion processes in a wide range of their variation. To
simplify the understanding of the TES motions, it is pos-
sible to significantly reduce the range of variables™ vari-
ation and go to the equations of the first approximation
using the method of analytical linearization.

3. Linear mathematical description

The method of analytical linearization is based upon
the use of nonlinear function expansion in a Taylor series
under the certain initial conditions and discarding the
terms of the series with small variables deviations start-
ing from the second terms. As the initial conditions for
the variables, the state of unstable equilibrium has been
chosen, i.e. Xg=0; 99=0; ¢y =0 and g3=0.Asa
result of the linearization procedure, the following sys-
tem of equations has been obtained:

MAX = SM AG — mIAS — Af:
r

JpA8 = Plcos ggAS — mIAK; @)
JAY = Kk AQ; —TAT;
LAG = Au — RAG — K Ad.

Solving the equation for the higher derivatives, ob-
tain in a specific form:

AX = KM Ag _1A5 - L Af;
mr m

oo (8)

R K
A =L Au-—AG— -2 AG
=" A EAP

or in general form

AX = 831Aq —8;,A8 —a 3Af;
AS = apA9 —ayAX;

A = a3)AG —agAf;

AG = —a41A0 — a4 A +ay3AU.

©)
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Using substitutions, the system of equations (9) can
be transformed to the following:

a20811
agy(1-azay)

. a
AG=—221 A9+
1-agay

_ app(a1183p-831813) AF:
agy(1—apagy)
AQ = —a21AQ +ag1aAQ +agjaszAu -

(10)

—a32Af - a41a32Af .

In accordance with the state space method [1] the
resulting system of equations (10) has been represented
in the following state variables:

X (1)=A9; X2(1)=A8; x3(t)=A¢; x4(t)=Ad;
X5 (t) = Ap. The external influences are relabeled as fol-
lows: Au=u(t); f=F(t). Assuming constancy of Af,
it is considered that Af =0. As a result of the correspond-

ing transformations, a system of equations in vector-ma-
trix form has been obtained:

% (t) o 10 o o x()
%2(t)| |ay 0 0 0 apg|[X2(t)
%3()[=| 0 0 0 1 0 | xg(t) |+
X4 (t) 0 00 0 1 |x,()
%s(t)| LO 0 0 a5 ass] xg(t)]
11)
0 0 Xl(tO) _X10_
0 b2 x2(to)| | 0
o0 Ju(®)+] 0 (1) | xa(to) || O |.
0 0 X4(to)| | O
b5 b5 _X5 (to)_ L O i
a —ag5a
where ahy =—21 - abe = 281 .
ez ® " ag (1-agar,)

—app (311832 —a31313)

' oAl oAl .

b5 = , 84 =831842; 55 =—841;
agg(L—apagy)

. [ !
bs =a31843; bs =-asas; -
For automatic control of the TES motion, sensors of
its angular position 3 and wheel angle ¢ sensors are

required. Then the output signals of the sensors ug (t)
and ug, (t) are related through the corresponding trans-

mission coefficients kg and kg, with the state vector as
follows:

X
i
—_

—
~

X
N

X
N
—
~— — — ~—

.(12)

x
w

0 0
0 0

s[5

x
o

In a more compact form, the system of equations
(11) can be written as:

X (t) = Ax(t)+bu(t)+bef (t);
X(tg) =Xo; s (t) = Cx(t).

To obtain a mathematical description of the TES
motions as an object of automatic control in the fre-
quency domain, the Laplace transform for equations (13)
with zero initial conditions was used and, as a result, the
following operator equations have been obtained:

(13)

sX(s)=AX(s)+bU(s)+bsF(s);

U (s) = CX(s), 4

where s — Laplace transform variable;
X (s) — state vector image X (t);

U(s) - control impact image;

F(s)

Us (s) —image of sensor signals vector;

— disturbance image;

The operator equation for the image Ug (s) has the
form:

Us(s):C[sJ—A] bU(s)+C[sJ - A] #F(s), (15)

where J — (5x5) identity matrix.

This operator equation allows to obtain all transfer
functions reflecting the connections between the output
and input signals images of the TES as an object of auto-
matic control.

So, according to the control impacts:

Uga(s) Kslﬁl'25b58 .
W, = 1 (16
UG T ) )
W ( ) (S) K82b5 (17)

( ) 5(52 +a55s+a54)

According to the disturbance:
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Wlf (s) _ Ug (s) _ Kg1bh ; 1) Tlh.e s:]ruitural diag(rjam qf thg object ?f z}utom_atic
F(s) (sz —ay) control in t.e requer.\cy- omain using transfer functions

(16) — (19) is shown in fig. 5.
W{ (s) _ Us, (5) _ —Kgpbg a9 The given structural diagrams reflect both the com-
F(s)  s(s®+akgs+aky) position of the converting elements of mathematical de-

scriptions, and the relationship between the elements and
signals characteristics in the mathematical object of au-

The obtained mathematical descriptions of the TES, .
tomatic control.

as an object of automatic control, in the time domain —
equations (11) and (12), and in the frequency domain —
transfer functions (16) — (19) can be used in algorithms
synthesis for the automatic control device of rectilinear
motion with a balancing body position.

5. Analysis of the object of automatic
control functional properties

The obtained mathematical descriptions of the
transforming properties of TES as an object of automatic
control make it possible to evaluate the functional prop-
erties using analytical analysis tools. So, to assess the
state of equilibrium, it is necessary to form a characteris-
tic equation using the following formula:

4. Structural diagrams of the object
of automatic control

The graphical representation of mathematical de-
scriptions allows to visualize the structures of transfor-
mation processes for a visual assessment of their proper-
ties. det[sJ-A]=0, (20)

The equations (11) and (12), describing the pro-
cesses of motion in the time domain, can be graphically ~ where det — determinant symbol.
represented using the structural diagram as shown in

fig. 4.
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Fig. 4. Structural diagram of the object of automatic control in the time domain
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Fig. 5. Structural diagram of the object of automatic control in the frequency domain
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To obtain the characteristic equation the determi-
nant of the matrix [sJ—A]should be calculated as fol-
lowing:

s(s2 —a'21)(52 +a’555+ag4) =0. (21)

The roots of the characteristic equation are the fol-
lowing values:

$=0;S3=+F a5y ;

(22)

The coefficient a’, in terms of physical character-
istics:

b = a21 _ PI
8872 (Jb +ml )

(23)

If the coefficient a5 >0, then the roots s, 3 are

real and have different signs.
Accordingly, the coefficients agg and ag, :

a
o _da_ R

55 (24)

Al —a.. Ke
a3, KmL’ 54 =842 =™
In steady-state functioning of the electric drives

Ky =k, - If, for example, for low-power electric drives
Km = 50-10°Nm/A, then ags >as,, consequently,

roots Sy 5 are real and negative.

Such values of the roots of the characteristic equa-
tion indicate an unstable TES state of equilibrium since

s;=0 and s, =+\/@.

The ability of control of all variables of the vector
X (t), when we can state and observe all its changes, is
estimated using Kalman criterion [1].

Thus, the ability to control the TES estimated using
controllability criterion:

rangR = rang[b,Ab, A%b, A3b,A4b} =5, (25

where rang — controllability matrix rank symbol R; 5 —
state vector dimension. Making operations with matrices
A and b, according to the criterion, a controllability ma-
trix of size dimR =5x5 can be obtained. Among the
columns of this matrix, the first two: b and Ab differ from
others and among themselves in structure. The column b

contains 4 zero components, and the column Ab contains
2 zero components. The columns A%b, A%b and A%b do

not contain zero components, but they are linearly inde-
pendent in terms of components, therefore, the object of
automatic control has the property of complete controlla-
bility.

In addition to controllability, the object of auto-
matic control must have the property of observability,
which means the ability to observe the change of the state

vector as the results of available measurements X (t).
Observability can be estimate by means of the criterion:

rangQ = {CT (CA)" (cA? )T (ca? )T (ca’ )T} =5 (26)

Performing the appropriate transformations with
matrices A and C, the observability matrix Q,

dim Q =5x10 can be obtained. The observability matrix

has 5 columns, which are structurally and parametrically
linearly independent, that indicates the full observability
of the object of automatic control.

Controllability and observability are criteria that re-
flect the structural properties of an object of automatic
control. These properties can be qualitatively assessed
using the structural diagram (fig. 5), having analyzed the

links of the control action u(t) with the components of
the state vector x(t) and its relation with the output vec-

tor u, (t) In the development of linear motion control

system with the balancing position of the TES body, the
following control principles can be used:

1) disturbance control principle;

2) deviation control principle;

3) diagnostic control principle.

To use the first two principles, an object of auto-
matic control must have obligatory controllability and
observability properties. Due to the third principle using
the object of automatic control must have the property of
diagnosability [10]. Diagnosability of an object of auto-
matic control is understood as a property of its structure
and signals, that allow to identify destabilizing influ-
ences.

Any changes in the functional characteristics of
electric drives and sensors may have destabilizing effects
on the considered object of automatic control during
functioning. Then the set of destabilizing influences D
includes the following events:

D={dy.dp.d3,d,) | (27)

where d; — change of inertial properties of electric
drives;
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d, — reduction of torque of electric drives;

d; — reduction of the transmission coefficient of the
first sensor;

d, — reduction of the transmission coefficient of the
second sensor.

By means of parameterization, the following set has
been formed:

P:{J, Km,Ksl,KSZ}. (28)
To assess the structural properties of the object, the
criterion of structural diagnosability [11] has been used
with the separate applying to each equation in the state
space. The first two parameters are the part of the matri-
ces A and b of the equation (11) and are included into
apdqq B Ji

ag1(1-az817) r(Jb +m|2) ’

the coefficientsayg =

RJ Km
agg =———; bg =agja;z=—-.
55 L 5431843 = 5
Sensitivity matrices for these parameters looks like
following:

0000 O 0
0000 O !
r(Jb+mI2)
Li=loooo o 0 ;
0000 O 0
0000 —R _Xm
I KL P
(29)

0000 O 0]
0000 O 0
I__ooooo 0
% 10 000 O 0/
ooooRji

L KmL‘]L_

The parameters kg and kg, are the part of the ma-
trix C of equation (12), therefore

o
o
o
o
o

(30)

In accordance with the criterion of complete struc-
tural diagnosability [11], the sensitivity matrices should
be linearly independent in all pairwise combinations. Ob-
viously, the reduced matrices (29), (30) are linearly inde-
pendent; therefore, the object of automatic control is fully
diagnosed regarded to the destabilizing effects of the
set D.

To assess the signal properties of the object of auto-
matic control, the signal diagnosability criterion [11] has
been used with the applying to each sensitivity matrix.
The following functions have been obtained:

0
I
X (t
r(Jb +m|2) ®
YL = 0 ’
0
K
— t)——m t
KmLX4( ) .]2LX5( )
_ 0 -
ks (1)
r(Jb+|2) *
Vi, = 0 S CEY
0
RJ 1

According to the criterion of complete signal diag-
nosability [11], the sensitivity functions (31) should be
linearly independent in pairwise combinations. Paired

combinations of functions v, and vy, as well as

functions Vig and Vi, are linearly independent in

transient modes. Thus, the object of automatic control are
fully signally diagnosed in transient modes.

Conclusion

The physical models of mechanical and electrome-
chanical processes have been developed as the result of
investigations of the translational and angular motions of
the TES as a dynamically similar prototype of the decom-
posed simplest motions of aircraft. These models allow
to formalize the processes of TES motion as the mathe-
matical models using the Lagrange approach. The model
was developed in the form of a system of four nonlinear
differential equations, that relate the linear x and angular
v motions with the control u and disturbing f influences.
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Mathematical models of linear approximation have been
obtained to study the processes of motion "in small" us-
ing the method of analytical linearization. Linear approx-
imation models are represented by a linear differential
equations system of second order with constant coeffi-
cients. TES as an object of automatic control, including
the mechanical part, electric drives and linear and angular
sensors, is represented by mathematical models in a five-
dimensional state space and using transfer functions. The
structural diagrams of linear mathematical models in the
time and frequency domains have been developed.

The analysis of the functional properties of the TES
as an object of automatic control allow to establish the
instability of angular movements, its controllability, ob-
servability and the possibility of diagnosing changes in
the functional properties of electric drives and sensors in
transient modes.

The obtained models and the results of the analysis
of the TES functional properties as an object of automatic
control might be useful in the educational process during
the carrying on of the course and diploma projects. As
well the results might be of great use at the stages of con-
ceptual design of automatic control systems for dynami-
cally similar experimental models of modern and ad-
vanced autonomous maneuverable aircraft and also two-
wheeled vehicles for various purposes.
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MOJEJI PYXIB IBOKOJICHOI'O EKCIIEPUMEHTAJIBHOT' O 3PA3KA
A. C. Kynik, K. 0. /lepzauos, C. M. Ilaciunuk, C. A. Awiun

IIpenmeTom BHBUEHHS B CTATTi € (hi3UUHI NPOLECH MOCTYNAIBHOTO i KYTOBOTO PYXiB ABOKOJIICHOTO EKCIIEpH-
MEHTaJILHOTO 3pa3ka. MeTa nossirac B po3po0ui GisnyHMX, MaTeMaTHYHHX 1 TpadiyHuX MoJienel MoCTynaabHOro i
KYTOBOTO PYXiB JBOKOJIICHOTO €KCIIEPUMEHTAJIBHOTO 3pa3ka K 00'€KTa aBTOMAaTHYHOTO YNpaBIiHHI. 3aBJaHH:
cthopmyBaTH (Bi3UuHI MOJEII TBOKOJICHOTO SKCIIEPUMEHTAILHOIO 3pa3ka. Po3poOuTH 3a J0TIOMOrOI0 JIarpaHkeBoro
MiAXO0y HEeNIHIHUNA MaTeMaTHYHHUN OITUC MIPOIIECIB MOCTYMAIBHOTO i KyTOBOIO PyXiB 3pa3ka. OTpuUMaTH JliHeapu30-
BaHMW MaTeMaTHUYHHI ONHUC 3pa3Ka K 00'€KTa aBTOMaTHYHOTO YIPABJIiHHS B MPOCTOPI CTaHIB 1 4aCTOTHIH 00JacTi.
Cdopmysartu rpadiuni Mogeni B popMi CTPYKTYpHHX CXeM B YacOBill 1 yacToTHIN obmacTsax. [IpoananizyBatu hyHK-
[iOHAJTBHI BIACTHBOCTI 00'€KTa aBTOMATUYHOTO YIPABIIHHA: CTIHKICTh, KEPOBAHICTh, CIIOCTEPEKHICTh, CTPYKTYPHY
Ta CUTHAJIBHY JIarHOCTOBAHICTh MIOAO MOPYIICHs (DYHKIIIOHABHIX BIACTUBOCTEH EIEKTPOIIPUBO/IIB i TaTUUKIB Ky-
TOBOTO TIOJIOKEHHS KOPITYCY 1 KoJtic. MeToam, 1110 BUKOpUCTOBYBasHcs: MeTox Jlarpamka, pan Tenopa, meron npo-
CTOpY CTaHiB, nepeTBoperHs Jlamnaca, kpurepii JismyHoBa, Kanmana, miarHocroBanocti. OTprMaHi HAacTyIHI pe-
3yJabTaTH: CPOpMOBaHi (Hi3HIHI MOJEI TBOKOJIICHOTO €KCIIEPUMEHTANIBEHOTO 3pa3ka B (OpMi KiHEMAaTHIHOI CXeMHU
MeXaHIYHOT YaCTHHU 1 €JIEKTPUYHOT CXEMH €JIeKTPOIPHBO/LY; OTPUMaHi MaTeMaTHYHI OMKCH MOCTYNAIBHOTO 1 KyTO-
BOTO PYyXIB B HEJIHIKHIH 1 JiHeapu3oBaHiil popmax sk 00'€ekTa aBTOMATUUHOTO YIPABIiHHSI; PO3pO0JIEHO CTPYKTYPHI
CXEMHU Ta MPoaHasIi30BaHi ()YHKIIOHAIBHI BIACTHBOCTI JBOKOIICHOTO €KCIICPUMEHTAIBHOTO 3pa3Ka K 00'€KTa aBTo-
MaTHYHOTO YIPaBIIHHS, 110 HEOOXIHI JJIsi BUPIIICHHS 3aBJlaHb CUHTE3y aJITOPUTMIB KepyBaHHs BucHoBku. Hay-
KOBa HOBH3HA IOJISITa€ B OTPUMAaHHI HOBHMX MOJIENIEH, 1110 ONMUCYIOTh MOCTYNAJbHUIl I KyTOBHH PYX JBOKOJIICHOTO
eKCIIEPUMEHTAIBHOTO 3pa3Ka sIK 00'€kTa aBTOMATUYHOTO yIpaBIiHHSA. OTpUMaHi MO BiPi3HIIOTHCS Bill BIZOMHIX
ypaxyBaHHSIM IMHAMIYHHUX BIACTHBOCTEH NAaTUMKIB i €JEKTPOIPHUBO/IIB, @ TAKOXK ypaxyBaHHSIM B3a€MO3B'SI3KiB PYXiB.

Koro4oBi ci10Ba: 1BOKOTICHUHN €KCTIEPUMEHTAILHUN 3pa30K; MOJIET PyXiB; 00'€KT aBTOMaTHYHOTO YIIPABIIiHHS;
MaTeMaTHYHI MOJEIIi; IPOCTIp CTaHIB; KEPOBAHICTh; CIIOCTEPEKHICTD; JIarHOCTOBAHICTb.

MOJEJIA IBUKEHUM JBYXKOJECHOI'O SKCIIEPUMEHTAJIBHOI'O OBPA3ILIA
A. C. Kynux, K. 10. /lepzaues, C. H. Ilacuunuk, C. A. Awiun

IIpeaMeToM M3y4eHHUs B CTaThe SABILIIOTCA (DPM3MUECKHE MPOIECCHI MMOCTYIATENbHOTO W YTIIOBOTO JBHKCHUH
JIBYXKOJIECHOTO 3KCIIEpHMEHTaIHOTO 00pasma. Ilenapb 3akmrodaeTcsa B pa3paboTke GU3MUECKUX, MATEMATHIECKUX H
rpaduIecKux MoJelell MOCTymaTeNbHOTO U YTIIOBOTO ABIKEHHUH ABYXKOJIECHOTO SKCIIEPUMEHTAIBHOTO 00pa3ia Kak
00BEKTa aBTOMATHYECKOTO YIpaBiIeHus. 3agaum: chopMHUPOBaTh (HU3NIECKHE MOJIEITH ABYXKOJIECHOTO SKCTIEPUMEH-
TaJIbHOTO 00pa3ua. Pa3paboTaTs ¢ MOMOIIBIO JIATPAHKEBOTO MOIX0Ja HEIMHEHHOE MaTEMaTHIECKOE OMHUCAHHE IIPO-
LIECCOB MOCTYNATEILHOTO U YIIIOBOTO JBM)KEHHH 00pa3ua. [TomydnTs JTrMHeapr30BaHHOE MaTeMaTHYECKOE OIMCaHUE
oOpasia Kak 00beKTa aBTOMAaTHYECKOTO YIIPaBJIEHHsI B IPOCTPAHCTBE COCTOSIHMI 1 yacToTHOH oOnactu. Chopmupo-
BaTh rpayecKkue MoJiesid B JOpMe CTPYKTYPHBIX CXEM BO BPEMEHHOH M 4acTOTHOH obnacTsax. [IpoananusupoBatsb
(yHKIMOHANbHBIE CBOWCTBa OOBEKTA aBTOMATHYECKOT'O YNPABJIEHUS: YCTOHYMBOCTB, YIPaBIsIEMOCTh, HAOJIIOIae-
MOCTb, CTPYKTYpHYIO U CHTHAJIbHYIO JHarHOCTHPYEMOCTh OTHOCHTENIBHO HApyIICHUH (YHKIMOHAIBHBIX CBOMCTB
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9JIEKTPONPUBOIOB U IaTYMKOB YIIOBOIO MOJIOKEHHUS Kopiyca U koJiec. Mcnonb3yeMble MeToabl: MeTon Jlarpanika,
psn Teitmopa, METOT MPOCTPAHCTBA COCTOSIHUH, TpeoOpa3oBanus Jlamaca, kputepun JlsmyHoBa, Kanmana, nuarto-
crupyemMoctu. [TomydeHs! cienyronre pe3yabTaThl: CQOPMUPOBAHBI (PH3HUECKIE MOJEIH JBYXKOJIECHOTO SKCIICPH-
MEHTaJBHOTO 00pa3ma B (hopMe KHHEMATHISCKON CXeMBl MEXaHWIECKON JacTH ¥ AJIEKTPHUECKONU CXEMBI IJICKTPO-
MIPUBOJIA; TOJIy4EHbI MATEMATUUECKHE OMUCAHUS TOCTYNATENBHOTO U YIVIOBOT'O ABMKEHUM B HEJTMHEWMHOM U IMHEapU-
30BaHHOH (hopMax Kak 0OBEKTa aBTOMATHIECKOTO YIIPaBICHUS; pa3pad0TaHbl CTPYKTYPHBIE CXEMBI U IIPOAHATU3UPO-
BaHBI (PYHKIIMOHAIBHBIE CBOMCTBA JBYXKOJIECHOTO JKCIIEPUMEHTAIHHOTO 00pas3ma Kak 0OBeKTa aBTOMATHYECKOTO
yIpaBJIeHUs, HeOOXOAUMBIE IS pEIICHHUs 3a/1a4 CHHTE3a aITOPUTMOB yIpaBieHus. BoiBoabl. HayuHast HOBH3HA 3a-
KJIFOYAETCs B MOJYYEHUH HOBBIX MOJEJIECH, ONUCHIBAIOIINX MTOCTYNATEIbHOE U YIVIOBOE JBHKEHHUS IBYXKOJECHOTO
IKCIEPUMEHTAILHOTO 00pa3iia Kak 00beKTa aBTOMATHUCCKOTO yrpaBieHus. [TomydeHHbIC MOACTH OTIUYAIOTCS OT
WU3BECTHBIX YUYETOM TMHAMHUYECKUX CBOWCTB JATYMKOB U AJIEKTPOINPHUBOJIOB, a TAKXKE YUETOM B3aUMOCBS3EH JIBHKE-
HUM.

KarwueBble cjioBa: IBYXKOJECCHBIA IKCICPUMEHTAIBLHBIA 00pa3ell; MOIEU JABIKEHU;, OOBEKT aBTOMAaTHYC-
CKOTO yTPaBJICHHS, MATEMATHUCCKUE MOJICITH; MPOCTPAHCTBO COCTOSIHUN; YIPABISIEMOCTh; HA0II0JaeMOCTh; TUATHO-
CTUPYEMOCTb.
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