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Abstract. The various technical systems consist of separate parts, which are in a certain way orga-
nized as a whole and interact with each other. The interaction is due to the connections of the parts,

the external influences and the anticipation of the desired consequences. One of the problems of such

interaction is the study of the temporal evolution of the effects of action on objects of different nature.

The methodology of the systematic approach to solving management problems is based on two basic
principles of modeling and purposefulness. One of the effective methods in which the ideas of compo-

nent modeling at the lower level (level of energy domains) are implemented is the method of bond
graphs. The language of bond graphs allows to build models of dynamic systems in the state space. As
a result of the analysis of existing researches and publications, the purpose of research is set, namely:

creating dynamic models of technical systems with using the method of the bond graph. In this work,

the structural model of control of the harmonic oscillator, which is described by the system of equa-
tions in the state space, is presented. In addition to state equations, we obtain observation equations
that connect the state with the initial parameter of the system. An oscillatory system with one degree of
freedom in which the resistance R is a model for the transformation of mechanical energy into other
forms is considered. Also, the principle of constructing a control model in a state of space for a vibra-
tional system with one degree of freedom is considered in the conditions that the system is not per-
turbed by force, but by speed. The next stage of the complication of the model was the consideration of
the case when the support of oscillator has velocity which not equal zero. In accordance with the sym-

bols of the language of the bond graphs, the equations of the system state, transitional structures and
observation were compiled. A practical value of the work is the proposed method of building models

of control systems in the state space. The originality is that the models have generalizations in case of
increasing the dimensionality of the system, as well as when using nonlinear elements of different
types. In the language of bond graphs, we can construct a model of a control system in the form of a
system of differential equations. Then the search for the output or consequences of the action on the
system consists in solving the system of differential equations with a determine control, or action u(t),

substituting the found state x(t) into the observation equation and determining y(t).
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Introduction

Modeling plays an important role in design-
ing machines and processes. The exact mathe-
matical description of various systems makes
the process of designing machines fast and flex-
ible [1]. Most mathematical models of systems
contain elements of different physical nature
(electrical, mechanical, hydraulic, pneumatic),
which complicates their description [2]. Howev-
er, the exact modeling of such systems is neces-
sary in the design of energy-efficient machines

[3].

Analysis of research and publications
There is a large number of systems simula-
tion methods. One of the effective methods for
obtaining models of technical systems is the
method of functionally completed elements [4].
It is based on the distribution of typical elements
of a technical object, completed in a construc-

tive manner and designed to perform certain
functions: engine, spool, amplifier, etc. [5]. Its
essence is that in the system there are stand out
elementary material elements that are considered
as carriers of certain physical properties in terms
of generating, accumulation, transfer and trans-
formation of energy. They are called energy
domains [6]. However, we need, at a minimum,
models of energy sources and converters of en-
ergy flow parameters. In sum, such a set can be
considered as a structural basis of the lower
level [7].

Another effective method in which the ideas
of component modeling at the lower level (level
of energy domains) are implemented is the bond
graph [8]. One of the directions of the develop-
ment of the theory of bond graphs is given in the
source [9]. This direction is represented by a
method that generates bond graphs of the La-
grange function. He gives the right but complex
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link structures. Later this method was improved.
As a result, he began to provide the correct
structure of the bond graphs, but used complex
formulas using inertial terms for the modules of
the transformer and the gyrator.

In another work, we investigate the applica-
tion of the Lagrangian bond graphs with the dis-
crete finite element scheme for simulating a
wide range of problems of the dynamics of a
solid continuous environment [10].

Identification of previously unsettled parts of
the general problem

The modern theory of management is based
on the understanding of space and state. For dy-
namic systems of mechanics, the state is deter-
mined by a pair of variables: coordinate x and
speed X, or displacement q and impulse p,
which form the so-called state space or phase
space. In control systems, not only mechanical
but also other methods of energy conversion are
used. Almost always these transformations are
carried out on one object. Due to these circum-
stances, the notion of a state requires the expan-
sion and use of such a set of variables that its
elements have been universally adapted to ap-
plication in various cases. One of the methods
by which the simulation of such systems is car-
ried out is the bond graph. This method belongs
to a group of topological methods. It allows on a
single methodological basis to model objects
containing elements of different physical type.
One of the problems of dissemination of the
method is still limited scope of its application
for the expansion of which it is necessary to find
an appropriate interpretation of the general defi-
nitions of the method in the corresponding sub-
ject area. The bond graph is promising for auto-
mated modeling, as a means for forming models
of components of complex objects. However, in
the field of machinery for the production of
building materials, it has not yet become wide-
spread.

Statement of assignment and methods of
its solving. Creating dynamic models of tech-
nical systems with using the method of the bond
graph.

Study results and their discussion
The language of the bond graphs allows us to
construct models of dynamic systems in the state
space. Considering the harmonic oscillator,
which is governed by the influence of the exter-
nal force e (t), at the exit there is a displacement
g, or velocity f.

Overall
¢ speed f
/ Eq 1 I
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Figure 1. Harmonic oscillator a — physical mo-
del; b — bond graph

For the bond graph presented in fig. 1, b the
following dependencies are fulfilled.

h=fh=ra=1"p 0
e,=e +e,; e=p+C'q.
The structural model of control of the har-
monic oscillator is presented in Fig. 2.
The system equations of structural model is
shown in Fig. 2 as follows:

h=—C"' 0);
p g +e(t); 2
g=1I"p.
or in curtailed form
Ij+C'g=e(?). (3)

The system of equations (2) is transformed
into a matrix form in the state space. Equation of
states:

p| [0 -C"|[p] [1
M _L] 0 }M{O}(t) or (%)
X = Ax + Bu.
In the formula (4) A = {0 _OC }

I—]

1 P
B=| |[; x= — state of the state;

ult) q(t)
olt) L%” 7

Figure 2. Structural model of control of the har-
monic oscillator
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In addition to the state equations, one must
obtain the observation equation in the form
y = Cx + Du, which binds the state to the desired
output parameter of the system. To find these
equations, you need to specify which parameter
is the output of the system. In the case under
consideration, this may be the displacement of
mass I from the equilibrium position q or veloci-

ty f. Assuming that the state vector is x = {p}
q

known, we obtain the observation equation:
displacement:

y=¢,y=[0 1]x;y=[0 1]{5} SN

y=fy=[T" 0]x;y=[1" O]H.

q

Thus, in the considered example, the model
of the control system in the state space is of the

form:
1o -c! 1
state: x = x+| |u; (6)
I o0 0

observation: y=[0 1]x.

Complex object, supplemented by its re-
sistance r, which is a model for converting me-
chanical energy into other forms, for example,

velocity: thermal acoustic radiation.
In accordance with the designation of the
language of the communication graph (Fig. 3):
State: Transitional structures: Converting equations:
P=e; = =1 61264—65264—62:—C1q2+e];
q =f; e, =e, +eg; f,=f,—f,=f —f,=1"p,—R e, = o
pr| T2 7% =I"p,~R"'Cq,.
| =1, +1f;
1 5 A
input U(f) put p? I ?CI SEQS IQP

/57 Y(H out
—= R —= s
e(t) f.q

a

p overall force

verall e(t) 3
JLP1 YR

b C

Figure 3. Modeling of the element of control system by bond graphs:a — structural model; b — physical

model; ¢ — bond graph

Using equations of state and transitional
structures, as well as determination of elements
of energy concentrators, we transform the equa-
tion in such a way that only the state variables
remain and the input control actions then we
obtain the equation of state:

p] = _C_]qZ + e4 (8)
g, = I_]p] _R_]C_]CIZ ,

S e

The system model in the state space has the

form
1o - 1
state: x = x+| |u, or (9)
I—] R—]c-] 0

x =Ax + Bu;
observation: y=[0 1]x, or y=Cx.

0o -C' 1 P
Here A= ;B=| | x= -
I' —R'C 0 q

vector of the state; u(t)=e,— control; y — ob-

servation.
Let’s consider a similar system, but not dis-
turbed by force, but by speed (Fig. 4).
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Figure 4. Modeling of control system by bond graphs when system disturbed by the speed: a — physi-
cal model; b — bond graph; ¢ — state and observation equation

Transitional structures:

f,=1f, =1;

€, =€, t€;;

Total
strength

e =es;
f, =1 +1;

After transformations we have a system of
equations:

p, =—RI'p, +C'q, +Rf, )
q, = _Iilpl +1,

IR N

The system model in the state of space has

(11
f

4

the form
_ -1 -1
State: x=| € P}{R}Q. (12)
-0 q 1
o)
c(t)
—p |

p=¢= e, te, =C71q2 + Rfs =
=C'q, +Rf, -RI'p,;

. ) (10)
q, =f2 =f5 =f4_f1 =-1 ]pl +f4-

Equation of observation of speed f; to inertia I:

y=[I" 0]x. (13)

If you choose the desired vector of observa-
tion is not speed, but moving on a spring qp,
then the equation of observation will look
y=[0 I]x.

The next stage of the complication of the
model is consideration of the case when the
speed of the oscillator support is not zero

(Fig. 5).

Figure 5. Modeling of control system by bond graphs when the speed of the oscillator support is not

zero: a — physical model; b — bond graph

In accordance with the notation of the language of bond graphs:

Condition of the system

Overall speed
pl :el . f] = f4 = f6
) ; S: ;
qz:fz €, =€, 1t¢€

Observation y = .

The transformation is to find the expression
for e, and f, through the state variables p;, q, or
f1, e, that is, in the equations must remain state
variables and input functions e; and fs. The rule
of signs — input in s, p+, output - :

Transitional structures

Total strength Overall speed (14)
€s=€=¢ f, =1, =1,
; S: .
fi =1, +1, e, =¢,+e,
D, =€ =e,+e;=e,+e,=¢e,+e, +e
bPr=¢é=¢tes=¢ te =€ 16 +6& (15)

=e,+C'q, +Rf; =e,+C'q, + Rf,.

Last member:
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RE, =R(fs — fs)=Rfs —Rfs =

=Rfs—Rf, =Rfs =Rl 'p;;
G=fh=lh=G-fs=l-/=
=fs—1"p;.

(16)

Then the equations of state have the form:

p,=—RI"'p, +C'q, +e, + Rf;
q, :_j_]pl +f5;

p,| |-RIT C {pl]{l R} e,
Q@) [-I'" 0 g [0 1T]If ]
Ultimately, the equation of the system will

look:
state:

. {—Rr‘ C“} {1 R}{eﬂ
X = X+ . (18)
1! 0 0 1]|f;

If the output in: f5 then the equation observa-
tion:

y:[O l]x;

(17)

fi=f,+f =1 +1,

19
fs = I_]p] + q2 ( )

If y = qu, then the equation of the observation
y= [0 l]x.

Conclusions

Considered in the work of dynamic systems
demonstrate the ability of the
language of bond graphs for the construction
of simple models of control systems in the state
space. These models have a generalization in the
event of an increase in the dimension of the sys-
tem, as well as in the application of nonlinear
elements of different types.

On the basis of analysis of the dynamical
systems considered in the work it becomes clear
that for solving simple problems of control theo-
ry: under the well-known control u(t) in the
model of the system in the state space to find the
desired yield y(t), it is necessary to compile and
solve a system of differential equations of state.

In the language of bond graphs, we can con-
struct a model of a control system in the form of
a system of differential equations. Then the
search for the output or effects of the system is
to solve the system of differential equations with
a given control, or actions u(t), substitution of
the found state x(t) into the observation equation

and determination y(t).

Thus, the main method of solving this prob-
lem is to solve the linear first-order differential
equations given in the normal form.
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MonesiloBaHHA JAWHAMIYHHX CHCTEM METOIXOM
rpadis 3B’s13Ky

Anomauin. YV pobomi npeocmaeénena cmpykmypHa
MoOenb KepyBaHHsl 2APMOHIYHUM OCYUTSAMOPOM, SIKA
ONUCYEMBCA CUCMEMOIO PIGHAHb Y NPOCMOPL CMAHIS.
Kpim pieusne cmany, ompumani pieusnus cnocme-
pedicennsi, AKi no8’s3yloms Cmamn 3 GUXIOHUM napa-
mempom  cucmemu.  Pozensmyma  xonueanvha
cucmema 3 OOHUM CMYNEHeM GLIbHOCMI, Y SKIl ONip
R ¢ mooennio nepemeopenns mexaniunoi eumepeii 6
inwi popmu. Taxoowc posensnymo npunyun nobyoosu
MoOeni  KepyGamwHmsi 6  HNpocmopi  cmany — 0ns
KONUBATILHOI cucmemit 3 0OHUM CIYHeHeM GilbHOCHI
3a yMo8, wo cucmema 30Yplocmvcsi He CUioln, d
weuoxicmio. Hacmynnum —emanom  ycxkiaouenns
MmoOeni  6y8  poszensio  GuUNAoKy, KOIU — Onopa
OCYUIAMOpA Mac He HyIbosy, a 0y0b-5Ky THULY
weuokicms. Bionosiono 0o nosnawenv mosu epagie
38’A3KY Oyau CKAAOeHi DIGHAHMSI CMAHY CUCMeEMU,
nepexionux CmpyKkmyp ma cnoCmepediCeHus..
Knrouosi cnosa: cucmemmne moolemosanns, pagu
36 53Ky, GLOpayitiHi MauuHy, OUHAMIKA GIOPAYiiHUX
cucmenm.
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'KuiBChKHiT HAI[OHATBHUIT YHIBEPCHTET
OyniBHMIITBA 1 apXiTekTypH, 1p. [ToBiTpodor-
cekui, 31, M. KuiB, Ykpaina.

MonenupoBanue THHAMIYECKHX CHCTEM METOAOM
rpa¢oB cBA3HM

AnHoTamus. B pabote mpencraBieHa CTPYKTypHas
MOJICTIb YIIPABJICHUS! TAPMOHHYHBIM OCLUILIATOPOM,
KOTOpasi OIKCBIBAETCS CUCTEMOH ypaBHEHHUH B IpO-
cTpaHcTBe coctosHuil. Kpome ypaBHEHHi cocTos-
HUS, TOJIy4eHbl ypaBHEHHUs HAOIIOIEHHs, KOTOpBIE
CBSI3BIBAIOT COCTOSIHME C MCXOJAHBIM IapaMeTpoM
cucreMbl. PaccMorpena koneOarenbHas cucremMa C
OJTHOH CTeNeHbI0 CBOOO/BI, B KOTOPOH CONPOTHUBIIE-
Hue R sBisieTcst MoJeNbio peoOdpa3oBaHKs MEXaHH-
4YecKol PHepruu B apyrue ¢popMbl. Tarke paccMorT-
PEHBI NPUHIUI MTOCTPOCHUSI MOJIENN YIIPABICHUS B
MIPOCTPAHCTBE COCTOSHUS IS KojeOaTelbHON CH-
CTEMBI C OIHOHM CTENEeHBIO CBOOOJBI MPU YCIOBHUH,
YTO CHUCTEMa BO3MYIIAETCS HE CHIIOH, a CKOPOCThHIO.
CrnenyromuM 3TanoM YCIOKHEHHS MOJENH ObLIO
paccMOTpeHue ciiydas, KOrja OIopa OCHUIUIATOpa
UMEeT HE HYJEBYIO, a JIIOOYI0 IPYTyl0 CKOpPOCTb.
CornacHo ¢ 0003HA4EeHHSIMHU S3bIKa TI'padoB CBS3H
ObUTH COCTABIICHbl ypaBHEHHS COCTOSHUSI CHCTEMBI,
MIEpEXOHBIX CTPYKTYp M HaOmronenus. [Ipaktuue-
CKOM LIEHHOCTBIO B paboTe SIBIISETCS MPeAI0KEHHBIN
METOJI TIOCTPOEHUSI MOJENIeH CHCTEM YIIPaBJICHUS B
MIPOCTPAHCTBE COCTOSTHUN. OpPUTHHAIBHOCTD 3aKIIIO-
Yaercs B TOM, YTO MOJENU HMEIOT 0000IIeHHs B
cilydae yBEJMUEHHs] pa3MEPHOCTH CHCTEMBI, a TaK¥Ke
IIPU UCIIOJIb30BAaHUM HEJIMHEHHBIX 3JEMEHTOB pas-
HBIX TUIIOB. Ha si3b1ke rpadoB CBSI3U MOXKHO IOCTPO-
UTHh MOJIENb CHUCTEMBI YIPABIICHUS B BHIE CHCTEMBI
muddepeHnmanpHpIX ypaBHeHHd. Toraa mouck BbI-
XOfla WIM TIOCIEACTBUN BO3JEHCTBUS HA CHCTEMY
3aKITI0YAEeTCsl B PEIICHNU cUcTeMbl JuddhepeHnrab-
HBIX YpaBHEHWH INIpH 33/JIaHHOM YIPABIICHUH, WJIH
nericTBus U(t), MOACTAHOBKE HAMJEHHOTO COCTOSIHUS
x(t) B ypaBHEHHE HAOTIONCHUS U OnpeaeeHuu y(t).
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