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Introduction

Modeling means creation of a model (imitation)
representing a given object (system) and consists
in the development of such a new (physical or vir-
tual) object (system), which would have the fea-
tures and would operate as the being represented
(imitated) system. Making experiments with opera-
tion of the derived model (solving model) for the
set of predefined conditions is called simulation.

The obvious advantages of modeling and simu-
lation, as a research method, include:

e possibility of solving the problems, which
cannot be resolved due to other easier methods,
and the research on the actual object is impeded;

o the possibility of fast research and analysis
of different variants,

e casiness in the change of input parameters of
the researched circuits; but there also occur obsta-
cles such as:

oscarcity of universal models(a generaliza-
tion of the model causes significant complica-
tions);

ocomplication and significant workload re-
quired for software.

Each year the scope of application of modeling
and simulation expands. The development of com-
puter technology in recent years resulted in a new
approach to the research work on ETS viewed as a
complex electromechanical system. Methods of
computer-aided analysis, design and simulation are
using system of the electrified transport (fast rail-
way, suburban railway, tram trolleybus, metro)
with emphasis put on the energy consumption and
compatibility, as well as limitations resulting from
the impact on technical infrastructure and envi-
ronment. The process of analysis and design of
ETS has to be sufficiently enough so as to provide
proper and safe operation of the actual system, in
accordance with the tasks imposed by the freight
and that the proposed technical solutions would be
technically feasible in obtaining the lowest possi-
ble effort but also environmental friendly.

Methods of computer-aided design and simula-
tion are used at the design stage of system (analy-

sis of ETS as a whole) and at the transition to the
design of individual subsystems and their compo-
nents. An important step is to define ETS subsys-
tems and their interrelations in the processing and
transmission of energy. Detailed analysis of the
transformation and power transmission as well as
related parameters (energy consumption for trac-
tion purposes, efficiency, capacity, instantaneous
power, maximum, medium, replacement and in-
stalled power, and the level of their utilization,
overload, etc.) allow not only to design the system,
but also to conduct studies on the operation of the
various subsystems under the states of normal and
emergency operation.

This issue is important for subsystems of
transmission and distribution of electricity: power
supply networks (PSN), traction substation (TS),
catenary (C), circuits of electricity conversion in
the electric traction vehicles (ETV), track circuits
(TC). Study work in the field of ETS differs from
the analysis conducted in the range of not-rail elec-
tricity supply (urban, industrial). First of all, we are
dealing here with a few basic differences:

e circuits supplying traction vehicles have
changeable typology with respect to the motion of
traction vehicles ( changeable point of power de-
livery), what causes the changeability of parame-
ters of the ETS supplying circuit ( voltage and re-
sistance changes at the point of current consump-
tion) significantly influencing the ETS characteris-
tics as energy recipients and their traction
capacities,

e occurrence of the fast changing in time trac-
tion load, which value depends on the power, cur-
rently collected by the ETV on a track,

e in the zone of ETS influence (around the
railway line and trackside equipment) occur sub-
systems with various types of supplying voltages
(HV-high voltage and MV-medium voltage AC,
3kV DC, AC, LV- controlling and signaling de-
vices of different frequencies)

e Modern methods of analysis and computer
implementation allow a more accurate reflection of
the actual functioning of the ETS system, including
the phenomena, which often have been overlooked,
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or considered just in fragments. The degree and
extent of simplifying assumptions depend on the
purpose of the work, available resources and the
required level of specificity of the conducted anal-
ysis.

Formulation of simulation models of the com-
plex system, such as ETS, requires not only analyt-
ical, theoretical, but also a methodological ap-
proach and includes:

e formulation of a sufficiently accurate model
of the actual system (object) with the formalization
of phenomena occurring in the system,

e development of an algorithm for modeling
and selection of strategies for problem-solving, a
strategy that would be optimal with respect to
goals to be achieved, calculation time, technical
capabilities of equipment, requirements concerning
output and input data,

e application of simulating models for prob-
lems solving -according to the range of analyses:
preliminary, design, research and didactics.

Development of ETS models usually begins
with determining the set assumptions, concerning;:

a) object and the aim of model creation

b) range of application and users

c¢) requirements toward models, field of cov-
ered issues, degree of specificity and complexity,

d) applied tools (devices), which would be em-
ployed in the process of implementation (execu-
tion) of a model.

Functional aims - define tasks to be fulfilled by
the developed models, e.g. when the task is to ra-
tionalize energy consumption in the ETS system,
models are to:

o realistically describe the energy and power
consumption in the actual conditions and forth-
coming ETS systems including types of lines (in-
ternational main lines, national main lines, second-
ary, freight and suburban lines),

e cnable the allocation of energy into useful
energy (traction), the energy of own needs, losses
in vehicles, losses in the catenary, losses in substa-
tions, power transmission losses in the power sys-
tem etc. as well as define relations and feedbacks
between particular elements of a system, its pa-
rameters, input and output values,

e provide measures that would enable the de-
velopment of a simulation model for the analyses
aiming at obtaining technical efficiency of traction
systems, which can be tested in theory (performed
simulations) before their application in practice.
Models should allow for the evaluation of the effi-
ciency of various measures, so that these could be
introduced that will prove, in concrete terms, to be
most effective.

© Szelag A., 2014

When the task is to analyze the compatibility of
various subsystems and electronic devices, func-
tioning in the ETS, models should take into ac-
count interactions, such as the influence of the var-
iable component of the traction current flowing in
rails on the possibility of disrupting the control and
signaling circuits.

Structural aims define architecture (structure)
of the developed models; describe how models are
formulated from the viewpoint of their effective
use. Therefore, it is usually assumed that the ETS
model has a modular structure, which means that
each module (model subsystem) can be developed
separately, then tested and verified and included
into the functional structure of ETS model. Thanks
to this, model of each subsystem can be used inde-
pendently and modified (or removed) with no need
of structural changes of model of a whole system,
which would require major reconstruction and
modification. This is possible if the model of sub-
system is replaced by a preconceived sets of input
values, which change in the function of time, and
generated previously during a process of simula-
tion or when they are averaged (e.g. during switch-
ing off the module regarding the traction power
supply system (TPSS), it can be assumed that volt-
age on the ETV current collectors has a constant
value or changes according to the set run, e.g. sto-
chastically).

Structure of ETS models

ETS model may have a modular structure, and
ETS as a complex system can be described by a
finite number of subsystems. With computer simu-
lation, it entails a certain amount of subprograms
interacting with each other and with the main pro-
gram. Moreover, the structure of ETS model
should be sufficiently flexible so as new modules
could be inserted e.g. resulting from the introduc-
tion of a new rolling stock, new construction of
power facilities, changes in terms of traffic, the
application of new technologies. At the same time
when the connections and relations between the
modules (subsystems) are included, a model of
ETS will have a complex character.

The main technical requirement posed to ETS
(and subsystems) is to ensure conditions for relia-
ble movement for demanded traffic (TD), which
should be accomplished in the presence of depend-
ences between subsystems and lead to the situation
where traffic output (TO) will correspond with the
demanded traffic (TD). By setting transport (TD)
one introduces macroscopic data aggregated for the
whole ETS. Values as demanded electric energy
(EE) and resulted transport work (TO) are also of
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macroscopic character and do not provide infor-
mation about conditions of functioning of particu-
lar subsystems (fig. 1).

EE
—_—
TO
ETS —
m

Fig. 1. ETS model at the highest level of aggregation

The description of the ETS as a complex sys-
tem for functional analyses can be seen at different
levels of aggregation:

e ETS as a system (the highest level of aggre-
gation) with a low degree of detail, using as data
an annual, average forecast of mobility (fig. 1);

e ETS as a system decomposed into a set, as-
sociated with each finite number of subsystems
(the lower level of aggregation, higher degree of
specificity e.g. use of schedules and simulation of
the system for peak hour traffic) (fig. 2);

e microscopic observation of selected issues in
the elements of subsystems (e.g. /. current of the
selected ETS in steady-state conditions of a period
of milliseconds with the performed analysis of
FFT etc.) (fig. 3).

In this paper, the adopted methodology is con-
sidered to be a set of mutually dependent subsys-
tems (Fig. 2): TT, ETS, TPSS, and TS, PSN [1-3,
6-8,11-14] that simplifies the process of formula-
tion, modification and computer implementation of
models. Particular attention should be paid to the
interactions between the subsystems that decide
about realization of transport (ETS) and traction
power supply system (TPSS) as well as to the TS
disturbing influence on the power supply network
(PSN) and current harmonics taken by ETV on the
traffic control circuits [4, 15-18]. For the detailed
analysis regarding the issues occurring in micro-
scale, the models that can be used are disaggregat-
ed with varying level of specificity and the phe-
nomena are considered at different time scale, for
the creation of which results obtained from models
of higher aggregation scale (Fig. 1) can be used.
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Fig. 2. Functional scheme of ETS system after decomposition into subsystems and presentation
of exemplary time runs (time axis scaled in seconds) of input and output values: TT — time-table; DTT — demanded
time-table, RTT — actual (resulted) time-table, TD — transport demand, TO — transport output
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It allows to take into account mutual dependen-
cies between subsystems and their components as
well as their influence on the obtained results of
simulation (Fig. 2), which later undergo the pro-
cess of aggregation (T-transport output, EE-electric
energy consumed by the ETV) [9-12] in order to
be compared with assumptions (TD—transport de-
mand) and calculations of ratios, which character-
ize ETVs (unitary energy consumption). It should
be also considered that an independent examina-
tion of the various subsystems and their analysis at
excessive level of aggregation, as it was observed
in some other methods applied [S5] accounted for a
substantial simplification.

Therefore, the use of such methods should be
reviewed to assess if the obtained accuracy is
proper taking into account the purposes of analysis.
Similarly, at the stage of model formulation limita-
tions and aside conditions, which define the range
of conducted analyses or the application of models,
should be considered. They might be resulted from
physical properties of the analyzed systems, but
also from the assumed standards or imposed re-
quirements. Those variants, which are not forbid-
den by the limitations (do not fulfill the require-
ments) constitute permissible variants (achievable).

Generalized scheme model of ETS system de-
composed to the sub-models is presented in Fig. 2
[11, 13], where matrixes of values have been de-
termined:

U-input, Y - output and Z - disturbances influ-
encing from the outside on the various subsystems
in the ETS system composed of n-number ETV
(i=1,...n), m- TS and

U, — matrix of defined transport flow and pa-
rameters (masses m;, locomotives types t;, speed v;
(t) etc.) of ) of i" ETV,

U;,=Y2 — location s;(t) and speed vi(t) of i
ETV,

U3 — Y3 - acceleration ai(t) ) of i" ETV,

Y| =U,; — set manner of running of ETVs,

U,,=Y3; — matrix of voltages U,;(t) on collector
of of i"ETV,

Y;=Us, — matrix of currents I;(t) collected by
of i" ETV,

Us; =Y4 —current of feeder I(t) and TS Ig(t),
Uy voltage at DC bus-bars of j"-TS,

Usi=Ys1 — power Pacj and traction substation
current I flowing in PSN, U, voltage on AC
bus-bars of j™ TS,

Us;- voltage Usg; and short circuit power S,y of
electric power system (EE) at the point of PSN
connection to the supplying TS.

© Szelag A., 2014

Dynamic model of the ETS system can be pre-
sented in the generalized manner in shape of set of
equations describing the respective subsystems

dX,
d—'t(t)=ﬁ(Xi(f),Ui(t),Zi(f)); (1)
Y; (1) =G;(X;(0),U;(),Z;(1)), ()

where i = 1..5 and structural equations
U; =H;Y;, 3)

where X(t) — vector of state variable of i subsys-
tem.

Dimensions of the matrix structural equations
depend on the number and types of ETVs moving
along the railway line, the TPPS system and num-
ber of traction substations TS (m) as well as their
scheme of supply by the power system.

After the presentation of the overall structure of
the ETS, next step is to formulate specific depend-
encies describing operation of various subsystems
and relationship between them. The shape of math-
ematical dependencies (1)-(8) will rest on types of
issues to the analysis of which will be suitable.

ull] [ull] [0 0 O] y21
Ul=|ul2|=| 0 [+|0 1 0| y22]| 4
ul3 0] [0 0 1]xy23

w2l [1 ol[y11] [O 0] y3
U2= = +
u22| [0 1] 0 ] |1 O] 0

u3l 1 0 0} y4l1
u3d2|={0 0 0} 0 [+
u33 0 0 0 O

1
} )

U3=
- (6)

0 0 0]y21

+H1 0 0o y22

0 1 0| y23
Ud=udl=y51 7

[MSI} {uSl} {0 0}?41}
Us= = + ®)
us2 0 1 0} y42

Dimensions of the matrix structural equations
depend on the number and types of ETVs moving
along the railway line, the TPPS system and m-
number of traction substations TS as well as their
scheme of supply from the power system. After the
presentation of the overall structure of the ETS,
next step is to formulate specific dependencies de-
scribing operation of various subsystems and rela-
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tionship between them. The shape of mathematical
dependencies (1)-(8) will rest on types of issues to
the analysis of which will be suitable.

In general, they will be the differential equa-
tions, algebraic equations and schemes of opera-

A) B)
U, Ic

A

power suppl

tions (algorithms) functional, characteristics. Ex-
ample of the application of state variable method
used for the description of mutual interaction of
ETV-TPSS subsystems for the ETS are presented
in[2, 8, 10-13].
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Fig. 3. Exemplary graphs of chosen input and output quantities from the fig.2 after specification and performing of
harmonics analysis with application of FFT (A, B, C, D) as well as analysis of disturbances — voltage total harmonic
distortion THD U (E) and voltage fluctuation AU ¢ (F)

Traffic demand as input for power supply
system load simulation

Electrical load, voltage and currents in the cir-
cuits of ETS depend on a type of traffic, rolling
stock and TPSS applied. Therefore, the basic set
of data taken for modeling of the functioning of
the ETS is a set transport workload - traffic out-
put (Fig. 1) resulting from actual or re-casted de-
mands for transport services (usually given per a
defined year). This traffic flow B should undergo
de-agreggation so to perform a determination of an
organization and technology of transport service,
ie division traffic flow B into specific j"
transport service B,; (freight, passenger etc. of n-
number) and k-types of ETV trains B, (of m-
number, for each of them is declared: mass, aver-
age Vgji and maximum Vmaji speed, rated power
Pj;) in the j™ transport service [5-8, 10-13, 16].

The following relationships are satisfied

B =) By )
j=1
Byj = 2. Bpji (10)

i=1

In accordance with the timetable, trains on a set
k™ section of an L, route do have specific time lag
of A t,; and locations li; as well as time of planned
stops A ty. In typical situations of ERL operation,
ETV traffic takes place due to a specified timetable
(passenger trains), or intended for use by freight
trains, routes reserved in  the timetable, with the
elements of a random nature (disturbance of traf-
fic, unplanned shutdowns, speed slowdowns, dis-
ruptions in the supply system etc.).

Preparation of data for modeling of freight
trains traffic can be resolved into defining the k™
section of Ly route and Ty specified period of pos-
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sible use of routes of traffic in the timetable, on
which it is possible to lead freight trains (fig.4),
where it is indicated:

Nok - line capacity in the period Ty,

A tiink - the minimum possible time lag between
the possible routes of trains,

ng - the maximum number of trains that can
simultaneously be on the Ly section (minimum
time interval A ti,n) due to technical and safety
limitations, resulted from the applied control and
signaling systems.

P :

< »

Fig. 4. Scheme of transport routes for a section of ERL

The relations between these parameters are as
follows

Ty
Nok = (11)
Al‘mink
g = ok (12)
Tk vrk

The implementation of transport schedule, es-
tablished in the timetable is only possible if one
ensures the maintenance of the assumed v,, . medi-
um speed of trains of each category on sections.

Failure to meet the average speed v,, can lead to
a disruption in the conduct of traffic and becomes a
limitation in the implementation of set transport
flow. Useful power of locomotives P, providing the
maintaining of set values of a train’s speed are con-
ditioned by the capacity of the traction power sup-
ply, i.e. effectiveness of energy delivery with de-
manded current and voltage level in catenary.

The increase in mass and speed of trains will
cause an overload or capacity of the supply network
with reduction of quality and quantity of energy
delivered to the vehicle, thus reducing the P, power
of the locomotive, results in a lower speed. For each
configuration of power supply, there is a limited
volume of transport B, (divided into different cate-
gories Bj, and types of trains Bj,) after exceeding
this limit, TPSS becomes unwieldy in a sense of
power and energy supply or due to the criteria of
proper supply by the PSN [11, 12, 15-22].

Thus, with such a TPSS configuration it is not
possible to implement the requested transport B.
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Exceeding the limits of transport volume for a giv-
en structure of power supply induces the moderni-
zation of TPSS. An assessment of a timetable con-
struction and its impact on the functioning of ERL
requires an analysis of all possible variants of the
timetable with combinations of masses, speeds and
power of trains. In methods used for the dimen-
sioning of ERL equipment [6, 8, 11-13], typically
only a part of timetable is being used, regarded as
the critical load (the period of peak traffic, traffic
with the highest power consumption and rated
power of trains).

Any schedule or a compilation of the number of
trains and their masses for a given section can be
characterized by statistical layout of frequency of
occurrence of a given train category. It is possible
to use pseudo-random number generator of a speci-
fied distribution (e.g. Poisson’s), which allows to
take into account the random nature of the occu-
pancy of the route by a freight train or occurring
disturbances Z; (Fig. 2) of a different nature (e.g.
unscheduled stop). In a similar manner one can
take into account the variability of entry times of
trains on a section (random variation in the spacing
between trains), additional, unplanned stops, and
their distribution (e.g. by usage of pseudo-random
number generator to determine if the signal of a
semaphore allows or not for the entry to the next
section, deviations from the time stops at stations,
etc. In such a manner one can obtain a range of
possible to occur, variations of motion patterns,
which constitute models of TT schedules, forming
an input data for a simulation of ERL operation.

The timetable model (TT) can be presented in a
graphical form as a diagram of a route in a function
of time t, t.i. s=f(t) (fig.4), for each of p trains,
passing a section at given time. This chart is pre-
sented in a simplified form as a line, consisting of
sections between adjacent traffic checkpoints. In
the model TT as the ERL subsystem (fig.2) follow-
ing set of input values has been adopted

U= { Sri(t),mi,ti, tpiavérzi:Vmaxi(Si)aPp(Si),Rr(Si) }
(13)

where s;(t) — scheduled location of i" ETV in a
function of time t,

m; - mass of i" ETV, i=1..p,

t; ~locomotive type of i" ETV,

tyi — type of i ETV (passenger, freight, traction
unit, high speed train of speed up to 200km/h, train
with tilting body, etc.),

Vpmax(8i) - speed limit speed of i" ETV on a sec-
tion of a route s;,

P,(si) — vertical profile of a line (inclination) on
a section of a route s;,
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R.(s;) — horizontal profile (curves) on a section

of a route s;.
And matrixes

Up=| . - (14)
vp () ap(t)
T
U13:[ Sl(tj)’ "'9Si(tj)9"'a Sp(tj)] ’ (15)
where
si(t) — location of i™ ETV in time t;,
vi(tj) — speed of i" ETV in time t;,
ai(t;) — acceleration of i" ETV at time t;.
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Fig. 5. Exemplary traction characteristic with voltage

Up at its pantograph dependence: a) electric traction

unit (EMU) for speed over 200 km/h; b) 6 MW loco;
¢) interregio EMU
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It is important to take into account influence on
voltage in catenary on traction characteristics (fig. 5).
The following matrix constitutes output values

Y11= [Zs1(t), s Zsi(D)seoo Zgp(D),]" (16)

where
z4(t) —set mode of ETV i drive (starting, con-
stant speed, braking etc.),i=1..p

In a typical, model cycle of an ETV drive the
following phases of motion can be distinguished:

o start-up/ increase of speed (F>0, acceleration
a>0),

e ride with constant speed (if possible to be
accomplished by a control and locomotive drive
system) (a=0),

e coasting (F=0; a<0),

o Dbraking (a<0).

Rozklad jazdy droga [kml _ czasis]

a)fe . ——
R ERRTA
Y e
L Y Y

b)[* i:":i:"?::: sariantiterd "‘{25::{;,;17%

HATANAA
A PAMA S

Fig. 6. Different time tables: a) mixed traffic;
b) regular suburban traffic

A 22

The superior task ofthe traffic modeling is to
keep scheduled time T; of the ETV running on a sec-
tion (fig. 6) acc. to the assumed type of traffic with
taking into account voltage level and its influence on
ETV’s traction characteristics (fig. 5). For this pur-
pose, special algorithms are to be developed to recal-
culate traction characteristics of trains versus voltage
and to maintain the desired average speed vy, of
ETV, by controlling the instantancous (ata giv-
entime step t) ETV speed v (t) and comparing it
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with the predicted speed (in a given time step, t;) to
obtain the average speed vg, (1) [11, 12, 16].

Conclusions

The presented in the paper formal models of the
ERL have been applied in a form of software and
implemented for simulation analysis of different
3 kV DC railway systems with a variety of traffic:
suburban, mixed passenger and freight, freight,

intercity to asses power demand and energy deliv-
ery adequacy of the designed power supply system
during different feasibility studies [11-13]. Some
exemplary results of application of the derived
methods are presented in the paper, showing op-
portunity for research and design in electric trac-
tion created by application of modeling and simu-
lation techniques (fig. 7, 8).

200
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Fig. 7. Speed versus position of 500-t train with 6 MW locomotive acc. to available power
(100%, 75% and 50% of nominal) limited by catenary voltage (results of exemplary simulation)
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Fig. 8. A 3 kV DC traction substation load current acc. to the type of traffic:

1 — mixed traffic (fig. 6, a); 2 —
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suburban traffic (fig. 6, b)
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The paper presents different aspects and approaches towards application modeling and simulation tech-
niques. It is discussed the different approaches to the modeling of the traction power supply systems. ETS
model has presented like a modular structure, and ETS as a complex system can be described by a finite num-
ber of subsystems. In this paper, the adopted methodology is considered to be a set of mutually dependent
subsystems that simplifies the process of formulation, modification and computer implementation of models.
The presented in the paper formal models have been applied in a form of software and implemented for simula-
tion analysis of different 3 kV DC railway systems with a variety of traffic: suburban, mixed passenger and
freight, freight, intercity to asses power demand and energy delivery adequacy of the designed power supply
system during different feasibility studies. Some exemplary results of application of the derived methods are
presented in the paper, showing opportunity for research and design in electric traction created by application
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3ACTOCYBAHHSA MOJEJIEHR 1 TEXHOJIOT'TA MOJEJIFOBAHHS SIK
METO/IB AJI51 TEXHIKO-EKOHOMIYHOT O OGTPYHTYBAHHSA TA
INPOEKTYBAHHSA CUCTEM TAI'OBOI'O EJIEKTPOITIOCTAYAHHA

Y paHi cTaTTi NpeacTaBfeHi pi3Hi acnekTu Ta NiagXxoAu A0 CTBOPEHHS MPUKNAAHUX MoAenen i NpuknagHux MeTo-
AiB MoaentoBaHHA. [MpeacTaBneHo pi3Hi NiAXoAW A0 MOAENOBAHHA CUCTEM TAroBoro enekrtporioctayaHHs. CTE
npeacTaBfieHa SK MoAyJfibHa CTPYKTypa, CUCTEMa efIeKTPOrnoCcTavyaHHs AK ckiagHa cuctema mMoxe 6yTun onucaHa Ki-
HLIEBOK KiNbKICTIO nigcucreM. Y uin poboTi NnpuiiHATa METoA0M0ris, B SKiA Nepeabayvyacrbcs, WO CMCTEMA eNeKTpo-
NnocTa4yaHHA € MOpyY B3AEMHO 3aNeXHMX MNIACUCTEM, WO CMpoLwlye npouec dhopMyaoBaHHA, dopmanisauii Ta KoM-
n'toTEPHOro npeacTaBneHHs Moaenen. MNpeacTaBneHi B cTaTTi MaTeMaTtnyHi Mogeni 6ynu peanisoaHi y dopmi npo-
rpaMHoro 3abesneyeHHs i 3aCTOCOBYBanMCA ANS aHanisy i MOAentoBaHHA Pi3HMX CUCTEM TSAroBOro efleKTpornocTa-
YaHHSA NOCTIMHOro cTpyMy 3 KB 3 6e3niydio TMNiB pyXxy: NPUMICbKWUIA, 3MilLaHWUI — NACAXMPCbKWUWA i BaHTaXHWN,
BaHTaXHWUN, iHTEpCIiTi ANa OUiHKM HaBaHTaXeHb Ha CMCTEMY TArOBOro €1eKTPONoCTayYaHHs nif Yac Pi3HUX TEXHIKO-
€KOHOMiYHMX 06rpyHTYBaHb. CTaTTs MICTUTb AEesKi eKCnepuMeHTanbHi pe3ynbTaTu 3aCcTOCyBaHHSA METOAIB MOAEeNto-
BaHHS, O MOKa3yTb MOXANBOCTI iX 3aCTOCYBaHHA A5 aHani3y i NPOeKTyBaHHS CUCTEM €NEeKTPUYHOI TAMN.

KnouoBi cnoBa: enekTpuyHa Tara, CUCTeMa, AEKOMMO3KLis, MOAENIOBAHHS, NpoLeaypa, XapakTepucTukn, pos-
Knag pyxy.
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MNPUMEHEHHUE MOJEJIEA U TEXHOJIOT M MOJEJIUPOBAHUSA
KAK METOJOB JJIAA TEXHUKO-9KOHOMHNYECKOI'O
OBOCHOBAHUMA U TPOEKTUPOBAHUA CUCTEM TAT'OBOT'O
IJIEKTPOCHABKEHUSA

B paHHoOl cTaTbe npeacTaB/ieHbl pasfivyHble acnekTbl U MoAXOAbl K CO3AaHWI0 MPUKNafHbIX Moaenei u npwu-
KNafHbIX METOAOB MoAeNnvpoBaHusl. peacTaBneHbl pasfuMyHble MOAXOAbl K MOAENUPOBAHWUIO CUCTEM TArOBOMO
anekTpocHabxeHusi. CTD npeacTaBfieHa Kak MoAy/bHas CTPYKTypa, CUCTeMa 3NeKTPOCHabXeHUst KakK CloXHasi cu-
CcTeMa MOXET 6bITb ONMMcaHa KOHEYHbIM YMCIOM NoacucTeM. B 3Toit paboTe NpuHSATa METOA0/I0MUsS, B KOTOPOW npea-
rnonaraeTcsi, YTO CUCTEMA 3/MEKTPOCHAGXEHUs ABNSIETCS PSAOM B3aUMHO 3aBWCUMMbIX MOACWUCTEM, YTO yrpoliaer
npouecc popMynnpoBku, hopManm3aumMm U KOMMNbIOTEPHOrO MpeAcTaBneHus Mofenei. MNpeacraBneHHble B CTaTbe
MaTemaTuyeckme mogenu 6biv peanusoBaHbl B hopMe MporpaMMHOro obecneyeHust U NPUMEHSIIMCL AN aHanusa
M MOAENUPOBaHUS pasfiMUHbIX CUCTEM TArOBOI0O 3/1EKTPOCHABXKEeHUsI MOCTOSAHHOMO Toka 3 KB cO MHOXeCTBOM TUMOB
ABWXEHUSI: NMPUropoaHoe, CMeLlaHHOe — NacCaXupCKoe U rpy30Boe, FPy30BOe, UHTEPCUTU AS1st OLEHKM Harpy3oK Ha
CUCTEMY TSAFOBOrO 3/1EKTPOCHAGXEHWNS BO BPEMSI PA3/IMYHbIX TEXHUKO-3KOHOMUYECKUX 060CHOBaHMIA. CTaTbs CO-
[EPXUT HEKOTOPbIE 3KCNEPUMEHTalbHbIE pe3ysibTaTbl MPUMEHEHUsI METOLOB MOAENMPOBaHMS, NOKasbiBaloLMe BO3-
MOXHOCTU UX NMPUMEHEHMUS ANA aHanM3a U NPOEKTUPOBAHWNS CUCTEM 3MIEKTPUYECKON TATU.

KntoueBble cnoBa: 3/eKTpuyeckasl Tara, CUCTeMa, AEKOMMO3ULMS, MOAENMPOBaHWe, npoueasypa, Xapakrepu-
CTWKa, pacrnucaHme ABUXKEHUS.
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