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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). 
Key words: system simulation, connection graphs, vibrating machines, dynamics of vibration systems. 
 

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 х 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 
q, or velocity f. 
 

 
          a                                                  b 
 
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. 
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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: 
 

1

1

( );

.

p C q e t

q I p





   







               (2) 

 
or in curtailed form 
 

1 ( ).Іq C q e t                  (3) 
 

The system of equations (2) is transformed 
into a matrix form in the state space. Equation of 
states: 
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or (4) 

x Ax Bu.   

In the formula (4) 
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( ) ( )u t e t  – control. 
 

 
 
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 
p

x
q
 

  
 

 

known, we obtain the observation equation: 
displacement:  

y = q,  0 1y x ;  0 1
p

y
q
 

  
 

 ;         (5) 

velocity:  
 

y = f, 1y I 0 x    ; 1 p
y I 0 .

q
      

 
 

 
Thus, in the considered example, the model 

of the control system in the state space is of the 
form: 

 

state: 
1

1

0 1
00

C
x x u

I





   
    

   
 ;        (6) 

observation:  0 1 xy  . 
 

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

In accordance with the designation of the 
language of the communication graph (Fig. 3): 

 
State: Transitional structures: Converting equations: 
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a b c 
 

Figure 3. Modeling of the element of control system by bond graphs:a – structural model; b – physical  
model; c – 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: 
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The system model in the state space has the 

form 

state: 
-1

-1 -1 -1
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x u,

0I R C
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     or   (9) 

 
x Ax Bu;   

observation:  0 1 ,y x    or    y = Cx. 

Here 
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p
x

q
 

  
 

–

 vector of the state;   4u 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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State: 1

2

p
q
 
 
 

; 

Observation: q2; f1; y = f1 

a b c 
Figure 4. Modeling of control system by bond graphs when system disturbed by the speed: a – physi-

cal model; b – bond graph; c – state and observation equation 
Transitional structures: 
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After transformations we have a system of 

equations: 
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The system model in the state of space has 

the form 
 

State: 
-1 1

1
4-1

1

pRI C R
x f .

q II 0
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Equation of observation of speed f2 to inertia I: 
 

1y I 0 x    .                    (13) 
 

If you choose the desired vector of observa-
tion is not speed, but moving on a spring q2, 
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). 

  
a b 

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 

 
Transitional structures 
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Observation y = q2. 
The transformation is to find the expression 

for е1 and f2 through the state variables p1, q2 or 
f1, e2 that is, in the equations must remain state 
variables and input functions e4 and f5. The rule 
of signs – input in s, p+, output - :  
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Last member:  
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Then the equations of state have the form: 
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Ultimately, the equation of the system will 

look: 
state:  

1 1
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eRI C 1 R
x x .

f0 1I 0
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If the output in: f5 then the equation observa-

tion:  

 0 1 xy ;  5 6 7 1 2
1

s 1 2

f f f f f

f I p q

   

  
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If y = q2, then the equation of the observation 
 0 1 xy  . 

 
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 х(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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Моделювання динамічних систем методом 
графів зв’язку 
Анотація. У роботі представлена структурна 
модель керування гармонічним осцилятором, яка 
описується системою рівнянь у просторі станів. 
Крім рівнянь стану, отримані рівняння спосте-
реження, які пов’язують стан з вихідним пара-
метром системи. Розглянута коливальна 
система з одним ступенем вільності, у якій опір 
R є моделлю перетворення механічної енергії в 
інші форми. Також розглянуто принцип побудови 
моделі керування в просторі стану для 
коливальної системи з одним ступенем вільності 
за умов, що система збурюється не силою, а 
швидкістю. Наступним етапом ускладнення 
моделі був розгляд випадку, коли опора 
осцилятора має не нульову, а будь-яку іншу 
швидкість. Відповідно до позначень мови графів 
зв’язку були складені рівняння стану системи, 
перехідних структур та спостереження. 
Ключові слова: системне моделювання, графи 
зв’язку, вібраційні машини, динаміка вібраційних 
систем. 
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Моделирование динамических систем методом 
графов связи 
Аннотация. В работе представлена структурная 
модель управления гармоничным осциллятором, 
которая описывается системой уравнений в про-
странстве состояний. Кроме уравнений состоя-
ния, получены уравнения наблюдения, которые 
связывают состояние с исходным параметром 
системы. Рассмотрена колебательная система с 
одной степенью свободы, в которой сопротивле-
ние R является моделью преобразования механи-
ческой энергии в другие формы. Также рассмот-
рены принцип построения модели управления в 
пространстве состояния для колебательной си-
стемы с одной степенью свободы при условии, 
что система возмущается не силой, а скоростью. 
Следующим этапом усложнения модели было 
рассмотрение случая, когда опора осциллятора 
имеет не нулевую, а любую другую скорость. 
Согласно с обозначениями языка графов связи 
были составлены уравнения состояния системы, 
переходных структур и наблюдения. Практиче-
ской ценностью в работе является предложенный 
метод построения моделей систем управления в 
пространстве состояний. Оригинальность заклю-
чается в том, что модели имеют обобщения в 
случае увеличения размерности системы, а также 
при использовании нелинейных элементов раз-
ных типов. На языке графов связи можно постро-
ить модель системы управления в виде системы 
дифференциальных уравнений. Тогда поиск вы-
хода или последствий воздействия на систему 
заключается в решении системы дифференциаль-
ных уравнений при заданном управлении, или 
действия u(t), подстановке найденного состояния 
х(t) в уравнение наблюдения и определении y(t). 
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