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Pozensymo memoouxy po3pooxu 6i3yansHux MamemMamusHux mooe-
el CKAaoHuUx 0azamoKaHAIVHUX eJLeKMPOMEeXHIMHUX KOMNJIEKCi8, aKa
00360.J151€ CKOPOMUMU HAC CUHME3Y MAMEMAMUMHUX MOOeIel MA 3MEHUU -
mu imosipnicmo nomunxu. Memoouxa cknadaemvcs 3 0860x emanie: npeo-
CMABNEHHA eNIeKMPOMEXHIMHO020 KOMNAEKCY Y Popmi cmpyxmypu enepee-
MUHO20 MpaxKmy ma nepemeopeHus ii y 6i3yanvHo-010K08y mMooers.

IIpedcmasnenns cucmemu y 6uznsdi Cmpyxmypu eHepzemuuHux
mpaxmie 3acHO8AHO HA 3ANPONOHOBAHOMY ABMOPAMU NPUHUUNT OEeKOM-
nos3uyii cucmemu, axuii nepedéauae 6i100KpeMIeHHA Y cCmpyKmypi nepe-
MEOPEHHA NOMYNCHOCMI WICMbOX MUNIE CMPYKMYPHUX eJeMEeHMIs:
Odxcepena ma npuiimana, po3nodiivHuKa ma Koncoaidamopa, nepemeo-
prosaua enepeii ma Hakonuuyeaua exvepaii.

Ipunyun dexomnosuuii 0ozeonsne chopmyeamu oioniomexy mooeneii
cy60n0Ki6-KOMNROHENMIB 813YaNbHOT-010K060i MOdeai ma e6ecmu YHigi-
Kauio no3navenv cyoonoxie.

3 Memoro iarocmpauii 3anponorHoeanoi MemoouKu po3znaHymo npu-
Ka0 noGyodosu 6i3yansroi Modeni enexmponpueooda nocmiiinozo cmpy-
MY 6anKa NPOKAMHO20 CMAHA MA 1020 Peani3ayilo Ha NePCOHANLHOMY
Komn’romepi.

ITpusedeno Ppazmernm Gibaiomeru Komnonenmie 6i3yanvio-610Kx060i
MoOesi 3 MaMeMaAMuMHUM ONUCOM KOMNOHEHMI8, AKi 6X00anmb 00 pPo3-
2JIAHYMO20 NPUKAAY.

Begedena yniixauyia cmeoproe ymosu oas epexmuenoi pobomu po3s-
poOHuUKa 6 HaAnpAMKY po3eumky 0anoi Memoouxu cunmesy mooesell 6
wacmuni opmyeanns Gioniomexu cyéoaoxie. Kpim moezo, ynidixauin
dopmu noodanns xomnonenm 6ioniomexu Cmeoproe Ymoeu 0 epexmue-
Hol KoMyHiKaAUil 00CAIOHUKIE i PO3POOHUKIE Y PAMKAX CKAAOHUX KOMN-
JIeKCHUX Npoexmia.

Moodenv na cmaoii cmpyxmypu enepzemurHux mpaxmie € 6uzioHuM
inCmpymenmom 6izyanizayii po6omu cucmemu ma cnpuse po3yminiio ii
dynxyionyeanns.

Dopma ompumanoi mamemamuunoi Mooei € 3pyunoIo 01 no0aAb-
w020 nepemeopenns ii 6 Mo0easb Y IMIHHUX CMany, AKa, 6 C6010 uepey, €
810NPasHO0 MOUKOI0 NPU CUHME3T CUCEM YNPABIIHHS

Kntouosi cnosa: earexmpomexnivnuii KomMniexc, npuHuun 0exomno-
3uuii, enepzemuuHUll MPAKmM, KOMNOHEHM CUCMEMU, Bi3YANbHO-010KO-
6a moodenv
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Synthesis of a mathematical model of an electrotechnical
complex is one of the important stages when creating it.
Synthesis is used not only as a tool to verify effectiveness
and operational capability of technical solutions for power
equipment but also as a basis for the procedure of control
system synthesis where electrical equipment acts as a con-
trol object. Regarding the latter case, it should be noted
that according to experts [1], the procedure of synthesis of a
mathematical model averages 80—-90 % of the labor input in
designing control systems.

The use of libraries of system components is the main
means to reduce time spent for synthesis and refinement of a
mathematical model as well as minimizing intensity of errors in
mathematical modeling. A form of the created libraries of model
components is influenced by the adopted principle of decom-
position of the system for which a model must be synthesized.

However, not any system decomposition leads to a positive
result in order to get subsystems more available for analysis.
Rationality of decomposition is assessed from the point of
view of integrity: if decomposition is unsuccessful, system and

subsystem concepts cannot be interlinked and the consistency
between them is lost. Decomposition should identify explicit
subsystem properties and related concepts [2].

Conditionally speaking, aggregate principle is the wide-
spread principle of decomposition. In accordance with this
principle, a separate device being a component of electrotech-
nical complex and having certain design outlines is the ele-
ment of the system as applied to the electrotechnical complex.

The aggregate approach to decomposition has an un-
doubted advantage since it reflects real structural units
that the developer uses. However, this approach does not
reflect the structure of energy paths and does not make it
possible to analyze energy flows passing in electrotechnical
complexes. The relevance of this problem becomes apparent
when electrotechnical complex is a branched structure for
conversion and transmission of energy.

2. Literature review and problem statement

Modeling of electrical systems can be referred to the
so-called multidisciplinary modeling. An electrotechnical




complex may include subsystems of any physical nature.
Methodological problems of multidisciplinary modeling
were addressed in [3]. In particular, it is indicated that
many modeling languages have been developed over the
years, however not each of them is fully suitable for synthesis
of multidisciplinary models. One of the requirements to a
modeling language is expressiveness in describing physical
processes under consideration. Another requirement implies
creation of favorable conditions for re-employment of the
previously created model. It is also indicated that it is neces-
sary to develop a modeling paradigm that can be integrated
into the project environment, even at minimal experience
in analysis. An important aspect of model synthesis is also
creation of conditions for joint teamwork of a group of spe-
cialists in various fields of knowledge.

It is indicated in [4] that development of complex sys-
tems is shifting towards the joint paradigm. Therefore,
environment for building models should take into account
collaboration within the project team and support multidis-
ciplinary modeling. However, modern modeling tools do not
fully meet this requirement since they were designed to solve
specific problems from different disciplines.

In [5], possibility of embedding an electric drive into a
model as its component is not considered when building an
electrical machine model.

Similarly, in [6], it is difficult to use the developed model
as part of a power system model when developing a photo-
converter model without transforming its structure.

The aggregate principle of decomposition was used in
model synthesis together with combining levels of decompo-
sition [7]. This approach has a disadvantage of not allowing
introduction of unification of library elements. The likely goal
of aggregation is a more compact record of the visional model.

A common approach in which several domains of the
modeling language are combined is used in [8] when build-
ing a model. In this case, these are electrical circuit diagrams
and structural equations. Combination of several domains in
one model also makes unification difficult.

An accumulator battery model is formed in [9] as a com-
ponent to be used in macromodels. However, similar to [8],
the multi-domain principle is applied.

Characteristic features of the considered approaches
include:

—sharing of different levels of system decomposition in
one model;

— an impossibility to introduce unification of blocks;

— the absence of a formalized model synthesis procedure;

—a lack of a systematic approach to the synthesis pro-
cedure.

The above features of approaches to model synthesis
do not create favorable conditions for communication of
specialists involved in projects of development of electro-
technical complexes. This fact is particularly relevant for the
projects that require participation of specialists in various
knowledge areas and does not create conditions for knowl-
edge accumulation.

It should be noted that the works cited above do not con-
sider the issues of structure description for branched energy
paths in which energy flow redistribution takes place.

It can be concluded from an analysis of the published
data that there is an urgent problem to create more advanced
procedures for synthesizing mathematical models of elec-
trotechnical complexes. A number of actual requirements
to development of these procedures can also be formulated:

— the necessity of unification of sub-block subsystems;

— availability of visualization of the model structure;

— creation of favorable conditions for formation of com-
ponent libraries;

— creation of conditions for knowledge accumulation;

— creation of conditions for efficient communication be-
tween various experts involved in projects;

—maximum formalization of the synthesis procedure
itself;

— creation of conditions for integration of descriptions in
other design tools.

3. The aim and objectives of the study

The study objective was to develop a more advanced,
as compared with the aggregate approach, procedure for
synthesizing mathematical models of electrotechnical com-
plexes, which would make it possible to reduce time for their
creation, refinement and application.

To achieve the study objective, the following tasks were
set forth:

— formulate the principle of decomposition of electro-
technical complex as a structure of energy path;

— introduce unification of the subsystem blocks of the
visual-block model;

— develop the library components of the visual-block
model for electrotechnical complexes;

— check operational capability of the proposed method
by conducting a model experiment.

4. General principles of constructing a mathematical
model

An approach to decomposition is considered in which
electrotechnical complex is represented not as a set of inter-
connected units (devices) but as an energy path.

In general, structure of the energy path may be branched.
Elements of this structure are functional units relative to
the energy that is transmitted via the complex. In this case,
energy approach is used in representation of an electrotech-
nical complex. This approach to building models was given
in [10] for modeling multichannel electromechanical systems
of wind power plants.

The considered principle of decomposition involves selec-
tion of a closed set of six elements [10] which have definite
designation in the energy path circuit (EPC):

— > for an energy source;

— - for an energy receiver;

—{ }for an energy converter;

—~<>~ for energy storage;

— (¥ for a distribution node (energy distributor);

— - for a consolidating node (energy consolidator).

For convenience, a mnemonic symbol indicating phys-
ical nature of this element is placed inside the structural
element [10].

Electrical complex is represented as an energy object
through which energy flows. Therefore, energy source and
energy receiver are obligatory elements of this structure. The
energy source is an element of the energy path that converts
the energy flow coming from the external environment into
the energy flow within the system. Similarly, the energy
receiver converts energy flows inside the electrotechnical



complex into energy flows leaving the system for external — converters. Their filling factor is formed by the Controller
environment. Both elements act as an intermediary between  control circuit through the Dr drivers. The control circuit
the electrotechnical complex and the external environment.  generates control signals according to the feedback signals
The remaining elements can be either included in the system  from the rotor current sensors (CS1 and CS2), the roll
or absent. angular velocity sensor (SpS) and the signal of targeted
The transformation element reflects function of chang-  rotation speed, ¢arg.
ing form of the energy flow in which there is no branching of The drive is controlled by slave regulation.
the energy flow.
The energy storage element reflects function of energy +
storage. For an electrotechnical complex, this element may
be associated with the following processes in the system: E
— energy accumulation in inertial masses;
— energy accumulation in elastic elements of the struc- - o l_'
ture;
— energy accumulation in an electrical capacitance;
— energy accumulation in an inductance; D Controllerf
— accumulation of thermal energy due to heat capac- >
ity, etc. mmg——t
It should be noted that the element function is set in
accordance with the purpose of the element specified by
the developer. In this case, processes that are not related to
this function may take place in it. For example, ohmic losses
associated with the conversion function may take place in
inductive storage device since the energy changes from elec-
trical form to thermal one. In addition, a branching function Fig. 1. A drive functional diagram
may be present in the element because of power loss. In this
case, division into main and loss streams occurs in the ele- The energy path diagram corresponding to the function-
ment. If necessary, this branching may be reflected in the  al diagram is shown in Fig. 2. The energy path is a two-chan-
path structure. However, it is inappropriate from the point  nel structure. A DC main is the energy source and the roll
of view of the chosen concept. It is expedient to reflect the  mechanism itself is the energy receiver.
energy functions relating to the main purpose of the electro-
technical complex elements in the structure only. Secondary sz @ O
functions (losses, parasitic capacitances, inductances, etc.) ﬁ} é @ @ 0 {I]
must be included inside the structural element in this case. jZE *@* O
Distributor and consolidator make it possible to describe

VT1 L1

multi-channel structures in a form of an energy path. In this Fig. 2. An energy path diagram
case, attention should be paid to peculiarity of structure of
cause-and-effect relationships of these elements. As a result The scheme contains two common energy storage devic-

of analysis of various schemes of electrotechnical complexes,  es: input capacitance and flyweights. Branching of energy
a fundamental pattern was revealed which can be expressed  flows is described using a distributor and a consolidator,
in a form of the following dual rules: respectively.

— in the distribution unit being an element of the struc- At the next stage, the energy path elements are replaced
ture of the cause-and-effect relationships, direct cause-and- by the corresponding elements from the library of elements of
effect relationship passes to the nod outputs and feedback is  the visual-block model (VBM) (Fig. 3). The VBM elements
subjected to summation; are placed in the same positions as the EPC elements. After

—in the consolidating unit being an element of the struc-  placement of the VBM elements, they are connected in a form
ture of the cause-and-effect relationships, on the contrary, of directed segments as shown in Fig. 3. First, direct cause-and-
direct cause-and-effect relationship is subjected to summation  effect relations are introduced and then feedbacks are closed.
and feedback is transmitted to the nod inputs. Completeness of the model is formally determined by
absence of “open” inputs of all VBM elements. Besides, input
values are present in the VBM structure. In the case under

5. An example of synthesis of a consideration, these are the filling factors, v, of the direct-volt-
mathematical model age transducers.
To illustrate the method, consider an L
example of constructing a relatively simple jI: i 3 I: U:
mathematical model of electrical equip- _ =
ment constituting an electric drive for [[ @1:—1:1_%«—&‘@2; = P ‘U': ] U%
a sheet metal rolling roll. Its functional | —r[—_l— Bl s ’lgj b s HIEH T
diagram is shown in Fig. 1. The roll is driv- i i
o O] CH o o ™
en for rotation with the help of two DC —H H-HIH Q_
motors (M1 and M2), rigidly fixed at the 10 A e o O o Bl o

roll ends. The motors are connected to the
power source through DC voltage pulse Fig. 3. A visual-block model diagram



6. The library of the visual-block model elements

Next, consider a fragment of the library for constructing
the VBM under consideration. A DC voltage source is shown
in Fig. 4. Rectification circuit is not considered in this pre-
sentation. Moreover, the R;,; parameter determines slope of
the current-voltage characteristics of the DC voltage source.
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Fig. 4. A direct voltage source: designation (a);
visual model (b)

Capacitive energy storage is shown in Fig. 5. The model
is presented in an integral form taking into account initial
voltage on the capacitor. This assumption does not include
capacitance losses. Input values include the capacitor charge
current, I+, and the discharge current, I, respectively. Volt-
age on the capacitor, U—, is output value.
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a b
Fig. 5. A capacitive energy storage: designation (a); visual
model (b)

A two-channel distributor is shown in Fig. 6. When en-
ergy is directed from left to right, the direct cause-and-effect
relationship “A” is represented by a simple node. The sum-
ming node corresponds to the feedback “B” passing through
the energy distributor (as mentioned above).
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Fig. 6. A simple two-channel distribution node: designation
(a); visual model (b)

A pulse converter of DC voltage of step-down type is
shown in Fig. 7. This model describes a pulsed source in
values which are mean for the period of key operation. Such
description significantly reduces time of modeling the elec-
trotechnical complex which includes a pulsed source of DC
voltage.

It should be noted that with the accepted decomposition
method and the approach to formation of a library of VBM
elements, this element does not describe the entire device
but only a part of the scheme with key elements. Voltage at
the source input, U+, current at the source output, I-, and
the coefficient of filling of the transistor key, y, are the input
values from the point of view of the system of cause-and-
effect relationships. Voltage at the source output, U—, and
current at the source input, I+, are the output parameters of
the model. In this assumption, the model does not describe

a discontinuous current mode. The model takes into account
losses in the semiconductor keys of the circuit in the form of
direct voltage drops on the transistor, Ugy, v, and the diode,
Uon v, taking into account differential resistances, Ron v,
Ron vp, on the keys respectively.
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a b

Fig. 7. The pulsed source of DC voltage of step-down type:
designation (a); visual model (b)

An inductive storage is shown in Fig. 8. The model is
presented in an integral form taking into account the initial
current passing through the inductance, L, and losses which
are taken into account with the help of the Ry parameter.
Voltage at the input, U+, and voltage at the output, U—,
respectively, are input values. Current passing through the
inductance, 1—, is the output value.
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Fig. 8. An inductive energy storage: designation (a); visual
model (b)

A DC motor is shown in Fig. 9. The model does not take
into account non-linear relationships in an electric machine.
Magnetic flux in the motor magnetic system is assumed to be
constant. Therefore, there is a direct proportionality between
the rotor current and the electromagnetic moment as well as be-
tween the motor EMF and the angular velocity of the shaft ro-
tation with coefficients K, and Kk, respectively. Electrical and
mechanical losses in the machine are taken into account with
the help of resistance Ry and coefficient Kechloss, respectively.
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a b



A two-channel consolidator is shown in Fig. 10. When
energy is directed from left to right, the direct cause-and-
effect relationship “A” is represented by an adder. A simple
node corresponds to feedback “B” passing through the ener-
gy consolidator.
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Fig. 10. A simple two-channel consolidating node:
designation (a); visual model (b)

An inertial element with the moment of inertia, J, is
shown in Fig. 11. The model is presented in an integral form
taking into account initial angular velocity of rotation. The
moment of the mechanical power source, M+, and the mo-
ment of the mechanical power receiver, M—, are the input
values. The angular velocity of the system rotation, m—, is
the output value.

M-+ 0—

a

Fig. 11. The inertial element: designation (a); visual model (b)

The actuating mechanism is shown in Fig. 12. The model
is presented in an integral form. The angular velocity of ro-
tation of the system, +, is the input value. The moment of
resistance, M+, is the output value. The subsystem is covered
by a non-linear, fairly rigid negative shaft moment feedback
thereby providing an absolutely soft static mechanical char-
acteristics with a constant torque, M ax.

The model describes operation of the rolling stand for
any angles of shaft rotation, 9y, including reversing. It has
been assumed that when reversing, work of a mechanical
load is considered idling.
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Fig. 12. An executive mechanism: designation (a); visual model (b)

7. Implementation of a simulation model on a PC

The above VBM was implemented on a personal comput-
er in the package of visual modeling in a form of a simulation
model. A version of this implementation in the Matlab Sim-
ulink environment is presented in Fig. 13. The PID-control
element of control which performs functions of the PID con-
troller was added to the original VBM structure.

It should be noted that the resulting model does not con-
tain any structural elements except for the VBM elements.
Thus, the model is built at the same hierarchical level which
significantly improves the degree of formalization and con-
venience of the synthesis procedure.

As the practice of repeated use of the considered proce-
dure shows, the chosen design of the unified blocks of the
VBM library is quite convenient at the analytical stage of
model creation although it contains design redundancy.

The results of simulation of electromechanical processes
in the considered system are shown in Fig. 14. In simulation,
the input signal for setting angular velocity of roll rotation
is an input to the system in a form of a step function of time,
Ourg(t). The graphs (Fig. 14) show variation of the rotor
currents I1(t), 12(t) depending on time and actual angular
velocity of roll rotation, (t).

Comparative analysis was carried out by means of a par-
allel model experiment using the VBM model and the model
built in Sim Power Systems. Identical input actions were
sent to the input of the models in a form of a time-dependent
angular velocity instruction. The output time functions of
the rotor currents and the angular velocity were compared.
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Fig. 13. Implementation of a simulation model on a PC



possible to visualize energy flows within the
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system contributing to a better system under-
standing.
With further development of the method for
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narrow classes of systems, a VBM library can be
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formed as a closed set containing a finite number
of elements.
Availability of closed libraries opens up the
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possibility of development of formal methods for
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synthesis and optimization of electrotechnical
complexes.

Disadvantages of the considered method in-
clude greater number of elements in the model

structure as compared with the aggregate ap-
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proach as well as some redundancy in the design
of VBM elements.
It should also be noted that at this stage of
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development of a modeling method, the VBM

Fig. 14. Time dependent variations of the signal for targeting angular
velocity of roll rotation, Marg(4), the rotor currents, /1(4), 2(f) and the

actual angular velocity of roll rotation, ()

For a correct comparison of the current simulation results,
difference in the instantaneous current values was filtered
by a low-pass filter. This procedure was performed because of
presence of current ripple in the model built at the circuit level.

Maximum instantaneous deviation of the output pa-
rameters in certain parts of the transition process was
2-3 %, which is acceptable accuracy for most engineering
calculations.

The simulation results were consistent with the results
of the model experiment obtained in the Sim Power Systems
simulation environment which confirms operational capabil-
ity of the proposed synthesis method.

8. Discussion of the results obtained in studying the
development of the method of visual-block modeling of
electrotechnical complexes

The developed method makes it possible to present a
mathematical model in a single basis in which relations
between the elements are identical to the cause-and-effect
relations and completely abstracted from their physical
nature. This gives grounds for calling the obtained method
a universal tool for studying system properties using simu-
lation modeling.

The considered principle of system decomposition allows
one to create a closed library of components. This, in turn,
several times reduces the time spent on synthesis and refine-
ment of the mathematical model. In particular, in the pres-
ence of an already formed library of components, it took no
more than one hour to obtain the simulation model discussed
above. Synthesis of the same model in the classical way, in-
cluding refinement usually takes several hours depending on
the experience and qualifications of the developer.

The form of the obtained mathematical model is con-
venient for its further transformation into a model in state
variables [11, 12] which, in turn, is the starting point for
synthesis of control systems [13].

The method obtained in the study, in contrast to the
common aggregate approach to visual modeling, makes it

library is not yet completed and mathematical
descriptions of the elements have essential as-
sumptions. In this regard, further study of the
method development is supposed to be carried
out in a direction of expanding the library and
increasing adequacy of the component models.

9. Conclusions

1. A procedure for synthesis of mathematical models of
electrotechnical complexes has been developed. Its essence
lies in the fact that the electrotechnical complex is repre-
sented as a structure of the energy path. The procedure
is based on the method of system decomposition and the
energy paths based on it. The proposed language allows one
to visualize power flows in the electrotechnical complex
which contributes to understanding of the system operation.
Besides, the proposed method of decomposition makes it
possible to create a library of components of the visual-block
model. Availability of the component library enables reduces
time for model synthesis and refinement. For example, for
synthesis of the example considered in this paper, time re-
duction was dozens of times depending on the experience of
the model developer.

2. Unification of the form of representation of library
components of the visual-block model elements has been
introduced which creates conditions for effective work of
developers in the direction of elaboration of this procedure
in terms of formation of the library of components. In addi-
tion, unification of the form of representation of the library
of components creates condition for effective communication
within the group of researchers engaged in development of a
complex project.

3. A part of the library of elements for synthesis of the
visual-block model of an electrotechnical complex has been
developed. As a result of analysis of the features of structural
elements of the model, rules of formation of structure of the
cause-and-effect relationships of the distribution and con-
solidating nodes were formulated. The above rules should
be understood as the revealed pattern which manifests itself
in a certain class of systems. Introduction of a distribution
and consolidation nodes as the language elements enables
building of visual models of branched energy paths at the
same hierarchical level. This, in turn, significantly increases



the model visibility, creates conditions for unification when
forming the library of components.

4. All stages of synthesis of a mathematical model were
considered in detail on the example of a DC drive: analysis
of the block diagram, representation in a form of the energy
path structure, its conversion into a visual-block model and

implementation on a personal computer. The results obtained
in studying behavior of the system with the help of the ob-
tained simulation model in comparison with the simulation
results using the model built in Sim Power Systems were also
presented. A comparative analysis of the simulation results
allows us to conclude that the proposed procedure is operable.
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