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Mathematical Modeling of New Algorithms for Single-Phase Earth Faults
Protection in a Compensated Electrical Network
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Abstract. New algorithms have been developed for selective protection against phase-to-earth faults in
power supply systems of 6-35 kV. In such, due to the impact of an arc-suppressing compensating reactor
(Petersen coil), the selective action of traditional protection devices is not ensured. The purpose of the
work is to develop new algorithms for selective protection against phase-to-earth faults in power supply
systems with Petersen coil. Mathematical modeling showed that at frequencies of 200-400 Hz, the Pe-
tersen coil practically does not reduce the capacitive current in the damaged junction when the phase is
shorted to ground, unlike in the case of fundamental frequency. Therefore, to protection device current
and voltage with a frequency of 300 Hz are used. This current and voltage are extracted from the current
and voltage of zero-sequence using band-pass frequency filters and are used to determine the direction
of reactive power. Scientific novelty comprises determining the direction of reactive power using both
the current and voltage after the filters, and also their derivatives, which significantly improves the sen-
sitivity and stability of the relay; the performance of filters being controlled depending on the instanta-
neous values of the zero sequence voltage amplitude, which ensures the stability of the filters; the
implementation of a two-channel protection relay for receiving a constant (instead of a pulsating) signal
at the output device. The effectiveness of the developed protection is confirmed by the results of the
mathematical modeling, tests on a laboratory bench and the supply of full-scale signals registered by the
recorders in real networks.
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Modelarea matematica a algoritmilor noi de protectie impotriva defectelor de pamant monofazate intr-o
retea electrici compensata
Sivokobylenko Vitaly Fedorovici, Lysenko Viktor Anatolievici
Universitatea Tehnicd Nationald din Donetsk, Pokrovsk, Ucraina

Rezumat. Retelele de distributie de medie tensiune din Ucraina, ca si in multe alte tari, pentru a reduce curentii de
avarie si pentru a spori fiabilitatea, functioneaza in primul rand intr-un mod neutru la sol rezonant. Scopul lucrarii
este de a elabora noi algoritmi pentru protectia selectivd impotriva defectelor faza-pamant in sistemele de
alimentare cu tensiune de 6-35 kV, in care, datoritd influentei unui reactor de compensare a suprimarii arcului
(bobina Petersen), actiunea selectiva a dispozitivelor traditionale de protectie nu este asigurata. Studiile folosind
modelul matematic elaborat al retelei au aratat ca, la frecvente de 200-400 Hz, bobina lui Petersen practic nu
reduce curentul capacitiv In conexiunea deteriorata atunci cand faza este scurtcircuitatd la masa, spre deosebire de
50 Hz. Astfel, obiectivul este realizat prin utilizarea de curenti si tensiuni cu o frecventa de 300 Hz pentru a
determina directia puterii reactive. Componentele frecventei mentionate sunt separate de curentii si tensiunile
secventei zero utilizand filtre de frecventa de trecere. Noutatea stiintifica constd in: determinarea directiei puterii
reactive nu numai cu ajutorul semnalelor de curent si tensiune dupa filtre, dar si a derivatilor acestora, ceea ce
imbunatateste sensibilitatea si stabilitatea releului; In performanta filtrelor controlate in functie de valorile
instantanee ale amplitudinii tensiunii secventei zero, asigurand astfel stabilitatea filtrelor; in realizarea unui releu
de protectie cu doud canale pentru primirea unui semnal constant, in loc de un semnal pulsatoriu, la intrarea
organului de iesire.

Cuvinte-cheie: sistem de alimentare cu energie electricd, retea electrici compensatd, model matematic, filtru
digital, faza la pamant, bobina Petersen.

MaTteMaTH4ecKoe MOJeTHPOBAHHE HOBBIX AJITOPUTMOB 3ALIHUTHI OT 0AHO(A3HBIX 3AMbIKAHUI HA 3eMJII0 B
KOMIICHCHPOBAHHOM JICKTPHYECKOIl ceTH
CuBoko0bl1eHK0 Buranmii ®egoposnd, JbiceHko Bukrop AHaTomeBHY
Jonenxuit HanmonaneHstit Texunueckuit YHausepcutet, [lokpoBck, Ykpanna
Annomayusa. PactipeieTMTENbHBIE CETH CPETHETO HANPSDKEHUS B YKpanHe, KaK ¥ BO MHOTHX APYTHX CTpaHax,
JUIL YMCHBIICHUS TOKOB 3aMbBIKaHUS Ha 3E€MJII0 M TOBBIMICHMS HAJCKHOCTH pabOTalOT NMPEUMYIIECTBEHHO B
pEeKMME PE30HAHCHO 3a3eMJICHHOW HelTpamu. llemb paGoTel COCTOMT B pa3pabOTKE HOBBIX AJTOPUTMOB

© CusoxoObuieHko B.D.,
JIpicenko B. A., 2019 1



PROBLEMELE ENERGETICII REGIONALE 1-2 (41) 2019

CEJIEKTUBHOM 3alUThl OT 3aMbIKaHMH (a3bl Ha 3eMJII0 B CUCTEMaXx 3JIeKTPOCHAOKEHUs HanpspkeHneM 6-35 kB, B
KOTOPBIX U3-3a BIMSHHS JYroracsIiero KoOMIeHcupyromero peakropa (katymku [letepcena) He obecnieunBaeTcs
CEJIEKTUBHOE [EeHCTBHE TPaJWIMOHHBIX YCTPOHCTB 3ammMTHL. MccinenoBaHus ¢ IMOMOIIBIO pa3paboTaHHON
MaTeMaTHYECKOW MOJENH CeTH Ioka3ano, uro Ha dactorax 200-400 I'm xarymka [letepcena mpakTudecku He
YMEHBIIIAeT EMKOCTHBIH TOK B HOBPEXXICHHOM MPHUCOETUHEHNUH MIPU 3aMBIKaHUU (ha3bl HA 3€MIII0, B OTIIMYHE OT
TOro, Kak 3T0 mMmeeT Mecto Ha dactore 50 I'm. Takum oOpazom, mocTaBiieHHAS IENb JOCTUTACTCS ITyTeM
WCIOJIb30BaHUs TOKOB U HanpsbkeHui yactotoit 300 I'u ui onpenenenus HanpaBieHUs] peaKTUBHON MOLIHOCTH.
Cocrapisionye ynmoMsHyTOH 49acTOTH BBIACISAIOT M3 TOKOB W HANPSDKEHHH HYJIEBOH MOCIEIOBATEIBHOCTHU C
MIOMOIIBIO TTOJIOCOBBIX YaCTOTHBIX (uibTpoB. HayyHas HOBH3HA 3aKIIIOYAETCs: B OINpPEIEICHUH HAIlpaBICHUS
PEaKTHBHOW MOIIHOCTH HE TOJBKO C IOMOIIbIO CHUTHAJIOB TOKOB W HANpsDKEHWH mocie (QUIbTPOB, HO M HX
MPOU3BOJHBIX, YTO 3HAYMTENIFHO YIYYIIAaeT 4yBCTBUTEIBHOCTh M CTAOMIIBHOCTH PabOTHI peie; B MCIIOJIHEHUH
(UIBTPOB yNpaBIsIEMBIMH B 3aBUCHMOCTH OT MTHOBEHHBIX 3HAUCHHMH aMIUTUTYIbl HANpsDKEHHS HYJIEBOU
MIOCJIE/IOBATENILHOCTH, 338 CYET Yero o0ecrevynBacTcsl yCTOMYMBOCTh (DMIBTPOB; B MCHOJHEHHUU pelie 3alUThl C
JIByMs KaHaJIaMH [yl HOJIY4eHUs TIOCTOSHHOT0, BMECTO MYyJIbCUPYIOLIETO, CUTHAJIA HAa BXOJE BBIXOJHOIO OpraHa.
D¢ dexTHBHOCTh pa3pabOTaHHON 3alIUTHl IOATBEPXKIACHA pPE3yIbTaTaMH MaTeMaTHYeCKOro MOJEIUPOBAHMUS,
UCTIBITAaHWSAIMH Ha J1a0OpaTOPHOM CTEHJE M IIPOBEPKOH pabOTHI MPH I1MOJaue HATYPHBIX CHUTHAJIOB, 3alMCAHHBIX
PETHCTPAaTOpaMH B PEATbHBIX CETAX.

Knrwouegvie cnosa. cuctemMa 3IEKTPOCHAOKCHNS, KOMIIEHCHPOBAHHASI JIEKTPOCETh, MAaTeMaTHUYECKash MOJEINb,

mdpoBoit GpuIbTp, 3aMbIKaHus (ha3bl HA 3eMITI0, KaTymka [letepcena.

Problem and State of the Issue. In the power
supply system of the Ukraine, as in many other
countries, the 6--10 kV networks are mainly used.
With respect to the capacitive ground currents, the
network neutral is performed either isolated, res-
onant earthed (compensated) [1] via the inductive
reactor (Petersen coil), or grounded via the paral-
leled reactor and resistor [2]. This mode of the
neutral has many advantages. However, in many
cases, the sensitivity and selectivity of protection
against the single-phase earth faults cannot be en-
sured because of the relatively low currents and
complicated character of transient processes at
earth faults via an arc [3].

As the disadvantages of the 6--10 kV net-
works, the appearance of the single phase-to-earth
fault (PEF) overvoltages can also be considered,
particularly, if in the location of the earth faults an
unstable electric arc occurs [4]. These kinds of the
PEFs often turn into interphase earth faults and re-
quire an emergency switching off of one or sev-
eral connections. Such disadvantages occur to a
lesser extent in a compensated 6--10 kV networks
at a resonant tuning of the Petersen coil, therefore
they are used more often in the energy systems
[5]. The resonant grounded neutral requires the
use of the tuning automatic regulator for the Pe-
tersen coil [6]. In [7], it is shown that the use of
the neutral ground via resistor both increases the
ground current and frequency of overvoltages
compared to the resonant neutral grounding.
Thus, the creation of reliable devices for protec-
tion against the single phase-to-earth faults is ur-
gent.

Review of the Publications and Disad-
vantages of the Common Solutions. In [8, 9] the

authors make the attempts to classify the common
methods for the protection against the single
phase-to-earth faults. In [10] the generalized ap-
proach is proposed to the analysis of information
in the channels of the relay protection and the net-
work automatics. In [3, 11, etc.], it is shown that
at 6--10 kV networks using the common current
and current-directed protections it is difficult, and
sometimes even impossible, to ensure the protec-
tion against the PEF with a necessary sensitivity
and selectivity. In [12, 13], it is proposed to use
the current injection from a special source into the
zero-sequence circuit of the network to simplify
the search the fault location. In [14] the peculiari-
ties of the unstable arc short circuit are studied,
and, in [15], shunting of the damaged phase is
suggested to be applied additionally. However,
these methods need substantial modernization of
the substations’ equipment. In [16], the collective
PEF protection is proposed. In [17], a multi-fre-
quency distance PEF protection is proposed, since
the distance protection at the frequency of the
power supply network cannot operate in the net-
works with the resonant earthed neutral. In the
PEF compensated networks with respect to the
extent of the reactor compensation, the direction
of the current in the damaged connection can be
similar to that of the undamaged. In [18], the arc
model in the fault location is studied, in [19], the
attempt was made to localize the coordinate of the
short-circuit using the parameters of the transient
process. The application of various methods is
known to analyze the ground current, with
Prony’s method [20] among them, on the use of a
detector of single phase-to-earth faults, based on
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Gilbert’s transformation [21], on the use of infor-
mation on the energy spectrum of the processes
during the short circuit on the ground [22]. In our
opinion, promising in the development of the se-
lective protection is a further progress of the idea
of selection by means of the frequency digital fil-
ters, the currents and voltages of the zero se-
quence, the components, with a frequency higher
than industrial [23, 24]. For this, the relevant stud-
ies of the PEF transient processes are needed
alongside with the development of new efficient
algorithms. In addition, in this case a system ap-
proach is necessary with a simultaneous analysis
of the PEF transient processes, both in the primary
circuits of the network and in the protection cir-
cuits. The development of the appropriate mathe-
matic models is the most advisable in this situa-
tion. The mathematic models of the 6--10 kV net-
works are described in [25], and the models of the
algorithms of protection are presented in [26].
Also, in [27], a similar algorithm of protection
was described using for selection the necessary
frequency components of the Fourier transfor-
mation. The program complexes described in
[16], to our mind, do not ensure the required flex-
ibility and transparency of the models. Therefore,
the solution of the above problems is urgent.

The Aim of the Studies. The development of
new algorithms of the selective protection against
the single phase-to-earth faults in compensated
networks and investigations, using the mathe-
matic models of the power supply network and
protection devices.

The Results of the Investigations. To study
the transient processes in the compensated net-
works the mathematic model of [28] is taken as a
basis, and, the equations of the algorithms of pro-
tection will be added to it. For the preset scheme
of the arbitrary structure, it is necessary to form
vectors-columns using the parameters of the
branches such as the active resistances R, induct-
ances L, capacities C and insulation resistances
RC to the ground, phase emf e(t) of the source of

power, currents of branches i(t), voltages of the
nodes Uuz and on capacities uc(t), equivalent

counter-emf Eekv , and also the matrices-connec-
tions of the branches with nodes P and branches’
resistances Zp. The PEF protection is modeled

according to the algorithms developed below and,
it is a part of the model.

The matrix vector equations of the mathematic
model during the calculations of the PEF pro-
cesses using the method of the node voltages look
like as follows:

Zp_diag[R+%L+ h-Re }; (1)

a,-C-Rc+h

Uuz = [P . Zp’1 =L :|_1 -P. Zp*l . (e(t) _ Eekv); (2)
i(t) = Zp~* (e(t) — Eekv — P -Uuz); 3)

Rc- 2
Auc(t) = C—CZaS g
a,-Rc-C+hd

h-Rc-i(t)

t) =
ue(® a,-Rc-C+h

— Auc(t); 4

p
Eekv = %Z a, 1" — Auc(t). )

s=1

To increase the numeric stability of the math-
ematic model the solutions of the differential
equations for the currents and voltages of the
branches are carried out using the implicit method
of the second order (p = 2) with the values of po-
linomials® coefficients, which approximate the
derivatives, being equal to
a,=15;a =-2;a, =0,5, according to [8].

Further, as an example let us consider model-
ing of the transient processes and the PEF protec-
tion for one of the typical schemes of the power
supply shown in Fig. 1.

The scheme comprises the feeding transformer
(branches 13, 14, 15), three feeders (F1, F2, F3)
with the phase capacities to ground equal, corre-
spondingly, to 2, 5 and 10 uF and integral inter-
phase capacity of 10 uF of all feeders (branches
10, 11, 12), as well as the Petersen coil (branch
16) with a resonant inductance of 0,198 H.

Each phase of the cable line and transformer is
presented by the branch with a longitudinally con-
nected active resistance and inductance, and also
the capacity and active resistance of the insulation
paralleled and connected to the protective ground-
ing. The insulation resistance of the feeders’
branches in the pre-emergency mode was 1
Mohm, and it was (1.4 or 7)-0.1-20 Ohm at a dead
PEF for the damaged branch. Arcing faults were
modeled by changing the breakdown voltage of
the insulation gap and resistance of earth connec-
tion to ground.

Since for the intended protection we outlined
the use of the currents and voltages with a fre-
guency higher than industrial, then according to
equations (1--5), the calculations were performed
of the efficient values of the reactive components
of the zero-sequence currents in the network
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branches (Fig. 1) at the PEF with various degree
of compensation of the capacitive current, using
the Petersen coil.

In this case, the vector of the power supply
voltage was located along the transversal axis. Its

value equaled nominal 6 kV and frequency varied
from 50 to 300 Hz. The results are shown below

in Table 1.
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Fig. 1. Scheme of the network model.
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Distribution of currents in the network for different frequencies of supply voltage.

Table 1.

Lreak, Hn 2*Lrez=0,3964 Hn Lrez=0,1982 Hn 0,5*Lrez=0,0991 Hn
Frequency, 50 100 200 | 300 50 100 200 300 50 100 | 200 | 300
Hz
Ipv, A 22,5 92 243 512 | -6,86 | 76,8 | 233 502 -65 46 214 | 481
Inpvl, A | -17,2 | -36 -82 -165 | -17,0 | -350 | -81 | -163 | -17 -35 -81 | -161
Inpv2, A | -345 | -72 -170 | -356 | -34,0 | -71,0 | -168 | -354 | -34 -71 | -167 | -349
Ireak, A 29,1 15 8,65 | 7,65 | 584 30 17 15,0 | 116 60 34 30

The data presented show that in all of the
modes the currents of the undamaged connections
Inpvl (feeder 2) and Inpv2 (feeder 3) are of a ca-
pacitive type and are directed at the PEF towards
bus-lines, whereas the current directions of a dam-
aged connection Ipv (feeder 1) depend on the in-
ductance value of the reactor and voltage fre-
guency. Thus, at the resonant tuning of the reactor
and at recompensating at a frequency of 50 Hz,
the direction of the reactive power is the same as
in the undamaged feeders. At the same time, if we
take as a basis for the protection the direction of
the reactive power for the components the fre-
quencies of 200--300 Hz, then the selectivity of
protection is ensured at any values of the reactor
inductance. To select the currents and voltages of

the indicated frequency from the currents and
voltages of the zero sequence let us use the band-
pass frequency filters of the second order. Fre-
quency of discreteness in measuring the input sig-
nals in accordance with the Kotelnikov-Shannon
theorem, must not be below 1 kHz, and then the
step of the discrete calculation in modeling can
equal 0.001--0.0005 s. Let us accept as a basis a
filter with a transmission function that looks like
as follows:

H@ - @ G-z 0%2), ()
X(z) @-zz")-A-zz7)
zy =exp(—W,T); z, =exp(—w,T); @)

7, =exp(WT); 2, =exp(w,T),
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In (6), (7), z, and Z are the associated com-

plexes, which are the zero points on Z-plane for
the components of the circular frequency

w, =2xf,, and z , Z; are the points of the
poles for the components of a higher frequency
w, =27f,, T is the sampling period, which
equals the calculation step T =h.

Thus, if £,=50 Hz, f =300Hz, h=0,0005s,
then from @) we have
z,=0,988+ j0,156; Z,=0,988- j0,156;
z, =0,588+ j0,809; 7z =0,588- j0,8009.

The amplitude of the output signals of filter
H(z) for frequency £, is equal to zero, and for f,
itis fairly large and is of the order of 3,188 x10%.

The block scheme of the selective relay of pro-
tection developed using the filter under study is

shown in Fig. 2. It contains analog-to-digital con-
verter units ADC, at the input of which in the an-
alog form the voltage and current of the zero se-
quence are fed of the connections being protected.
The discrete signals after the ADC are fed to F
filters. After the filters, for the purpose of obtain-
ing the 300 Hz signals of orthogonal components
of voltage and current, the corresponding differ-
entiators of p=d /dtare introduced into the
block scheme. In more detail, the obtaining of or-
thogonal components is described in [29]. These
blocks change by 90 degrees the phase of the in-
put sinusoidal signal of frequency f , which al-

lows one to determine the reactive power of con-
nection suchas Q=u- pi—pu-i.

To calculate the power the block scheme con-
tains as well the multiplier units MU, summation
unit +, comparator K and the output device OD.
The latter responds if power Q is positive and ex-
ceeds a preset threshold value Qinresn in the com-
parator.

> L’Z
1y

v

u0 u0

—» ade}—p| F d/dt |—
X J

i0 i0

—p|adc| = p| F p|d/dt

Fig. 2. Block scheme of selective relay of protection against PEF according to algorithm N1.

Let us now examine the operation of filter F in
the time region. For this purpose, we shall obtain
a finite-difference equation from (6) to determine
a signal at filter output y with input signal x being

known. This equation under the condition that 7
implies the delay of signals x or y for one step,

and Zfzfor two steps, looks like as follows:
Yo = (Zl + 71) Yoa— Yoo t X —
- (Zo + ZO)Xn—l T X2

The results of the PEF modeling according to
equations (1-5), (8) during the resonant tuning of
the reactor are shown in Fig. 3. In the figure, the
currents and voltages i0, u0 of the zero sequence,
the currents and voltages after filters if, uf at a fre-

guency of 300 Hz, components of reactive power
g1, g2 and their sum Q, which enters into com-

parator K, are shown.

(8)

The duration of the short circuit was of the or-
der of 0.12 s, and, as is seen from Fig. 3, a precise
respond of the output device of the protection re-
lay takes place. During the PEF modeling with
overcompensation and undercompensation of the
capacity currents, the selective action of protec-
tion took place as well. However, certain disad-
vantages were also revealed. Among them were
insufficient sensitivity of protection at the PEF via
the resistance above 10 Ohm, alongside with a
possibility of a nonselective operation of the pro-
tection owing to a self-excitation of the filters ac-
cepted as a basis with a continuous pulse charac-
teristic.

Let us consider the reasons for the disad-
vantages and the ways of their removal.

One reason for the nonselective protective op-
eration was that in the filters after disappearing of
the input signal, the self-generation of the output
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signal occurs, which results in erroneous nonse-
lective operation of the protection in the presence

4

of the repeated instantaneous short-circuit to
ground in the network.
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Fig. 3. Waveforms during the earth fault modeling on resonant compensated system (algorithm Nel).

The failure in the stable operation of the filters
is caused by the fact that the module of the pole
and the point of the pole are at a unit circle of Z-
plane. The common methods for the removal of
this disadvantage by changing the filter coeffi-
cients cause the abrupt decrease in the coefficient
of amplification and necessity of taking into ac-
count the decay time of the output signal.

We proposed to use the controlled filters. As a
control signal, the discrete value of the amplitude
(of the module) of the zero-sequence voltage must
be used, which is calculated by its orthogonal

components determined by means of three selec-
tions of the instantaneous values:

n 4un—l +U,, :|2 (9)

Um=,|u + 3u
2h-w,

If the voltage amplitude exceeds the threshold
value (set value), this should be considered as the
PEF presence. If the voltage amplitude is below
the threshold value, the filter operation is being
blocked (the output signal becomes zero), if it is
higher, the filter operation is permissible. The set
value is selected from the tuning out condition
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from the imbalance voltage in the normal mode
and is about 12-15% of the nominal voltage.

To solve the problem of improving the protec-
tion sensibility and the relay characteristics the
protection algorithm N2 was developed and stud-
ied. The peculiarity of this algorithm consists in
that the blocks of the derivatives are absent in it,
and instead, two filters of a secondary order, F1
and F2, are used with different phase-frequency
characteristics. The latter ensure the phase shift of
their output signals by 90 degrees when similar
signals are fed into the input.

(l_ 20271) ) (1_f0271) .

The reactive power here is calculated as fol-
lows:

Q, =Q1, —Q2, =i1® -u2™ —i2 .1

out out out out

(10)

The transfer functions of F1, F2 filters consist
of transfer function of H(z), (6), and to ensure the

angle phase shift by 90 degrees the first of them
H1(z) is multiplied additionally by 1+z™, and
the second H2(z) by 1-z". The obtained trans-

fer functions and their finite-difference equations
look like as follows:

(1_ Zozil) ) (1_70271) .

H1(z) = A+z7) TN 11) H2(z)=(1-2z71) i)z (12)
yl =-vl ,+(z,+ z_l) Yyl =X, o+ (z,+ z_0 +1)-x, ,—(z,+ z_0 +DX, , + X, (13)
y2n = _y2n72 + (21 +Z—1) : y2n—l +X, 53— (Zo +Z—o _1) Xyt (Zo +Z—o _1) “Xng- (14)

The results of modeling the operation of the
first and second variants of protection confirmed
their correct functioning for the networks with
different parameters of their elements and the val-
ues of capacitive currents. While being compared,
the protection variants showed that the first vari-
ant has a certain advantage, since the filters used
in it are one-type, and the distinction in their char-
acteristics impacts less the protection operation.

pl drdt Uo
' ul
10" .
v pul
uo
— | adc p| F1 p| drdt 2
A
9Y TP
—>
A pul
F2 p| didt [ 4
N .
10 i1
i0 pul
— pl adc »| F1 p| didt L5 6
A
qY i2
T —> 7
A pul
d/dt 8
F2 >
N 4

1,
2—;_?2::zf

Based on the analysis of the operation of both
variants, to improve the protection characteristics
the ultimate hybride variant of protection (HVP)
was developed, which joined the blocks of struc-
tural schemes of the first and second variants into
one (Fig. 4).

C1 K1

\ 4

Cc2 K2

A 4

Fig. 4. Structural scheme of final form of hybrid variant of protection relay (HVP).
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In this scheme, in each channel of current and
voltage measurement after the ADC two filters,
F1 and F2, were connected in parallel. Signals
from the output of each filter via the block of dif-
ferentiation are fed to one of the inputs of the sum-
mator, to the other input of which the signal from
the output of the relevant filter is fed. The output
signals from the summators are fed to the multi-
plier units. In this variant, the relay responds both
to the output signals of the filters and to their de-
rivatives, which increases substantially their PEF
protection sensitivity. For the transparency, in the
scheme of Fig. 4, ten output and ten input contact
clips are shown, which should be connected be-
tween each other with similar numbers. As is seen
from the scheme, to the input of each summator
an output signal is fed after the first or the second
filter and the derivative of the signal after the sec-
ond or the first filter. These signals are in phase,
that is why after multiplying them in the MU we
obtain a reactive power in the form of a unipolar
pulsating signal. Since there are two channels of
the kind in the relay, their total power will not
have already a pulsating character. It will be in-
creased and improve as a whole the operation of
the relay.

The reactive power at the input of the compar-
ators is calculated according to the following ex-
pression:

Q=(ul-pu2)-(i2+ pil) + (U2 + pul) - (—il+ pi2)

In the scheme of the HVP relay, the same as in
the previous variants, to ensure the stability of fil-
ters they are performed to be controlled with re-
spect to the amplitude of the input voltage: two
output devices register the PEF both in the zone
of protection, and beyond the zone and, in addi-
tion, they ensure the relay diagnostics. The results
of the mathematic modeling of the PEF in the
branched compensated networks supported the
correctness of the relay operation.

Sensitivity of the final algorithm is by 15-20
times higher than that of the previous ones.

Figure 5 shows a few digital schemes for the
signals at the inputs and outputs of the main units
of the HVP relay that were obtained using the
mathematic model in modeling the network PEF
(Fig. 1) during the reactor resonant tuning

Figure 6 shows voltage 3U and currents 31 of
the zero sequence of frequency of 50 Hz, and also
the results of their transformation after the filters
and differentiators at a frequency of 300 Hz. The
resulting reactive power lacks the discrete signal;
however, the output relay has a clearly defined re-
sponse.

U1*5 pu2

—4000

—8000

L e 0.405 041

0.413 0.42 0.423 0.43

Fig. 5. Modeling of HVP relay operation.
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Authenticity of the developed relay is sup-
ported as well by the results of the study of the test
sample at a physical model. The physical model
was constructed according to the equivalent cir-
cuit (Fig. 1), which was fed by voltage of 0.4 kV,
it contained TZLM real transformers of the zero
sequence current. The test sample for the protec-
tion was realized following a program using an
STM32F4 Discovery demoplata.

The testing of the HVP relay was carried out
similarly using the emergency files that were ob-
tained in the operational 6 kV networks with the

help of digital registers during the real faults on
ground (Fig. 6). This testing was performed ac-
cording to a Mathcad program. The results ob-
tained allow suggesting the developed relay algo-
rithms to be implemented into the real operating
devices.

Further investigations are worthwhile to be di-
rected for the supplementation of the mathematic
model with measuring transformers and for mod-
eling the transmission circuits of the analog sig-
nals of the protection up to the analog-digital con-
verters.

200
150
100
Ul 5o
0 0 I
0, -s0
-100
-150
-200
0 002 004 006 008 01 012 014 016 018 02
1.0.0002
13
Ulmy,
05
0
D 002 004 006 008 01 012 014 016 018 02
20,0002
g10°
6-10°
S5, 4-10°
210°
0
0 002 004 006 008 01 012 014 016 018 02
10,0002
15
1
Rele,
03
U0 00z 00 006 008 01 012 014 016 018 02
1-0.0002

Fig. 6. Results of verifying HVP relay operation using natural emergency files registered during PEF in
real network.
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Conclusions.

1.The operation principal and new algorithms
of a selective microposession protection against
the PEF are developed, in which the feature of the
reactive power at the PEF is determined according
to the currents and voltages of 300 Hz, that are
obtained using the band-pass frequency filters
from the currents and voltages of the zero se-
guence of the industrial frequency.

2. To ensure the stability in operation of the
filters they are suggested to be performed being
controlled according to the amplitude of the zero
sequence voltage, and for increasing sensitivity,
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Simulation of the Initial Stability of the Floating Dock for the
List and Trim Stabilization Tasks

Kondratenko Y.P.%, Topalov A.M.?, Kozlov O.V.?
petro Mohyla Black Sea National University, Mykolaiv, Ukraine
2Admiral Makarov National University of Shipbuilding, Mykolaiv, Ukraine

Abstract. The aim of this work is the development and study of a mathematical model of the floating
dock initial stability for solving problems of list and trim stabilization. The proposed model allows cal-
culating the change of the parameters of the initial stability of the floating dock (with and without a
vessel) for different values of the draft. The initial stability of the real floating dock of the middle class
with a carrying capacity of 8500 tons is studied using the simulation model developed by the authors in
the FREE!SHIP Plus. With the help of this computational model, the operation of immersion of the
floating dock is considered. At each stage of immersion at a certain draft, the parameters of the initial
stability of the floating dock are calculated, namely, the values: transverse and longitudinal metacentric
heights, centers of buoyancy, centers of gravity, and mass displacement. Corrections of transverse and
longitudinal metacentric heights due to changes in the mass of liquid in ballast tanks and the influence
of its free surface are also taken into account. Based on the obtained modeling results, the following
dependences are calculated: a) moments from list and trim angles at different values of draft, b) moments
of list and trim from draft at various values of list and trim, c) angles of list and trim from the fill level
of the respective tanks. These dependences can be used for further development of the list and trim
stabilization system for the given floating dock.

Keywords: floating dock; initial stability; list; trim; simulation.
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Simularea stabilitatii initiale a unui doc plutitor pentru probleme de stabilizare a unghiului de tiiere si
inclinatiei
Kondratenko Yu.P.%, Topalov A.N.2, Kozlov A.V.2
! Universitatea Nationald ,,Petru Moghila” din Marea Neagri, Nicolaev, Ucraina
2Universitatea Nationald de Constructii Navale numitd dupd amiralul Makarov, Nicolaev, Ucraina

plutitor real, folosind modelul de simulare dezvoltat de autori in pachetul software FREE! SHIP Plus conceput
pentru a simula conturul structurilor plutitoare si a navelor care utilizeaza tehnologia NURBS pentru a determina
statica, propulsia si alti parametri ai hidrodinamicii. Pe baza unui model de simulare care tine cont de dimensiunile
reale si de nelinearitatea suprafetelor docului plutitor si a vasului, se ia in considerare o operatiune de scufundare
a docului plutitor. In fiecare etapi de imersiune la 0 anumita scufundare se calculeaza parametrii stabilitatii initiale
a docului plutitor, adica valorile: Tndltimi metacentrice transversale si longitudinale, centrele de marime, centrele
de greutate, deplasarea maselor. Se iau In considerare si corectiile indltimilor metacentrice transversale si
longitudinale datorate schimbadrilor in masa fluidului in rezervoarele de balast si influenta suprafetei sale libere.
Pe baza rezultatelor obtinute la simulare, se calculeaza dependentele: a) momentele fatd de unghiul de taiere pentru
diferite valori ale scufundarii, b) momentele unghiului de taiere pentru diferite valori ale acestora, c) unghiurile de
taiere si scufundare functie de nivelul umplerii rezervoarelor respective.

Cuvinte-cheie: docuri plutitoare; stabilitate initiald; unghi de taiere; scufundare; simulare pe calculator.

MopenupoBaHue HAYAJIBLHONH OCTOHYMBOCTH IJIABYYEro 0KAa JJIs 3a1a4
cTaduim3annu kpeHa u quddepenra
Konaparenko I0.IL.}, Tonanos A.H.?, Koznos A.B.?

Y Yepuomopckuii nayuonanvuuiii ynusepcumem umeny Iempa Mozunwt, Huxonaes, Yxpauna
2Hayuonanvuwiii ynueepcumem xopabiecmpoenus umenu aomupaia Maxapoea, Huxonaes, Ykpauna
Annomauyusn. llenvio paboThI SBIIsSIETCS pa3paboTKa U UcClieJOBaHNE MATEMaTHIECKONW MOJIENTH HaYaIbHON OCTOM-
YUBOCTH IUIABYYETO TOKA JUIs PeIeHus 3a/1a4 cTa0mIu3ain KpeHa u nuddepenta. IlocTapneHHas nenb J0CTH-
raercsi Omaromapst pa3pabOTKH MOJENH, KOTOpas IIO3BOJISIET PACCUUTHIBATh N3MEHEHHE ITapaMeTPOB HadyaIbHOM

© Konpgparenko FO.I1., Tonano A.H.,
Koznos A.B. 2019
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OCTOHYMBOCTH IUIABYYEro JI0Ka (C CyJHOM U 0e3) IpH pa3IM4YHbIX 3HAYCHUX ocalku. HoBH3HA paboOThl COCTOUT
B HMCCJIC/IOBAHUS HAaYaJIbHOM OCTOHYMBOCTH PEabHOTO IUIABYYEro JI0Ka C MOMOLIBIO pa3paboTaHHOH aBTOpamMu
UMHUTAMOHHON Mojenn B mporpamMmaoM kominiekce FREE!SHIP Plus, mpennazHadeHHOM [Is1 MOJETUPOBAHUS
00BOJIOB IUIABYYHX COOpYKeHHI 1 cynoB o TexHomorux NURBS c¢ nenpro onpezneneHns nokasarenel CTaTHKY,
XOAKOCTH U IPYyTUX NMapaMeTpOB IHAPOJUHAMHUKN. Ha OCHOBE MIMUTAIIIOHHONW MOJIENH, YUUTHIBAIOIIEH pealbHbIC
pa3Mepbl ¥ HETMHEHHOCTh MOBEPXHOCTEH IUIABYYEro JOKAa W CYAHA, pacCMAaTPHUBAETCS OIEpalys MOTPYKEHUS
IUIaBy4ero noka. Ha kakmoMm a3Tame MOrpyKeHHs HMPU ONPEeNEHHONH OCaaKe pPacCUMTBHIBAIOTCS IMapaMETphI
Ha4aJIbHOM OCTOMYMBOCTH IJIABYYETrO AOKA, 8 UMEHHO 3HAYEHUS: TIONEPEYHON U MPOI0JIBHON METALEHTPUUECKUX
BBICOT, IIEHTPHI BEJINUKHBI, [IEHTPHI TSKECTH, MACCOBOE BOJOM3MeENICHHE. Takxke yUTeHBI ITOIPaBKU MONEPEYHOM
Y NIPOJIOIBHON METALEHTPUYECKUX BBICOT BCIIECTBUE U3MEHEHHSI MACChI )KUAKOCTH B OQJIITACTHBIX TaHKaX M BIIU-
sHUsI € CBOOOHOW MOBEPXHOCTH. Ha OCHOBE MOJTy4EHHBIX Pe3yJbTaTOB MOJCIMPOBAHUS PACCUNTAHBI 3aBUCH-
MOCTH: a) MOMEHTOB OT yIJjla KpeHa U AudepeHTa npu passiiuHbIX 3HAYCHUSX OCaJKH, 0) MOMEHTOB KpeHa U
muddepeHTa oT 0casKu NPH Pa3IMYHBIX 3HAYEHHAX KpeHa W auddepenta, B) yrioB KpeHa u nuddepenta ot
YPOBHSI 3aII0JTHEHUS] COOTBETCTBYIOIINX TaHKOB. 3HAUUMOCTh PE3yJIbTaTOB COCTOUT B TOM, UTO MOJyYECHHBIE 3a-
BHUCHMOCTH MOTYT OBITh MCIIOJIb30BaHBI IS JalbHEHIIEH pa3paO0TKN CHCTEMbI CTa0MIM3anuy KpeHa u audde-
PEHTa MPUBEICHHOTO IUIABYYEro JI0Ka IIyTeM yUeTa NepepactpeeleHUs KUIKOCTH CPEeaN OalIacTHBIX OTCEKOB.
PazpaboTaHHyI0 MaTeMaTHYECKYIO MOJICNIb HAYaJIbHOW OCTOHYMBOCTH IEIIECO00PA3HO HCIIONB30BATh B TAJIbHEH-
IINX MCCIICAOBAHUSX MPU MTPOCKTHPOBAHUH M HACTPOHKE BBHICOKOI((EKTUBHBIX CHCTEM CTAOWIN3AlMN KPEHA 1
muddepeHTa MIaByqnx TOKOB Pa3IMIHBIX KIIACCOB.

Kniouegvie cnosa: mnaByduii 10K; HadaabHast OCTOWYMBOCTb; KpeH; TU((epeHT; KOMIBIOTEPHOE MOACITNPOBAHHE.

BBEJIEHHWE BBIPaBHMBAHUS HArpy3KH Ha KaXIbIil MIOHTOH 3a
CYET JKUAKOro Oaiacra.

s obecnieueHnst BEICOKOH 3(h (HEKTUBHOCTH H
6e30macTHOCTH BBITOJIHCHUS onepauuit
NOTPY>KEHUS M BCIUIBITHS IUIABY4ero J0Ka
HEOOXOMUMO Ha  CTaJUM  MPOEKTHPOBAHUS
CUCTEMBI ~ CTAOWMJIM3allMd  yIJIOB KpeHa U
muddepenra NPOBECTH UCCIIeIOBaHUs
rmapamMeTpoB HavyaJbHOU OCTOHYMBOCTHU
TUIaBy4Yero J0Ka ¢ TMOMOUIBI0 MaTeMaTHYeCKOro
MozienupoBanus [2]. B Hay4HO-TEXHHYECKOIl
JUTEpaType UMEETCsl ONpEeNICHHOE KOJTUIECTBO
nyOnukanuii B 00JacTH  MOJCIIMPOBAHUS
pa3sIMYHBIX ~ MOPCKHX  OOBEKTOB [3-8].
MaremaTtnyeckoe OIvcaHue TIaByYHX
COOpY)KEHHH U CYJOB pa3MYHbIX KJAacCOB
MoIpoOHO paccMOTpeHo B pabdotax [4, 5, 7]. B
YacTHOCTH, B [7] TpUBEAEHBI pE3YIbTATHI
MaTeMaTHYECKOTO MOJICIIMPOBAHUS  JIBUKCHUS
MOPCKHX OOBEKTOB, a TaKXe pPacCMOTPEHBI
3aJaud CTaTHKU U JUHaMUKH. B cBOlO ouepenp, B
padorax  [9-11] mpexacTaBiIeHBI  pacdeTHI
THJIPOJMHAMUKA W  TIPOYHOCTH  KOPITyCOB
IUIaBYYUX JOKOB M COOpYyXeHuid, a B [12-15]
MIOJTyY€HBI PE3yJIbTAaThl MOIEINPOBAHMS TOKOBBIX
ormepanuii  TOTPYXKEHWUST U BCIUIBITUS  C
MMOCTaHOBKOM CyHa B I0K. Takxke, B padorax [16-
23]  mpencTaBieHBl ~— MaTeMaTHYeCKUE |
UMHTALOHHbIE MOJENH Pa3NIUYHbIX
KOMITOHEHTOB cucTeM aBTOMATHYECKOTO
yhpaBlieHHsI OcaJKol, KpeHoM u AuddepenTtom
IIaByyux NOKoB. [Ipu 3ToM HccienoBaTensiMu
AKTUBHO IPUMEHSIOTCS] METOAbI KOMIIBIOTEPHOTO
MOJCITHPOBAHUS [24] B MIPOTPaAMMHBIX
npwioxkeHusix Multisurf, Maxsurf, AutoShip,

[InaBy4wmii HOK mMpeACTaBIsAeT COOOU CIOKHOE
WHXXEHEPHOE COOpY)KEHHUE, IpelHa3HauYeHHOe
IJIABHBIM 00pa3oM 151 TObEMA U CITyCKa Cy[IHa.
B nmnnaBydem JoK€ NPOBOASAT TEXHUYECKUI
OCMOTp, 00CTyXUBaHHE, TEKYIIUHA U aBapUiHBINA
PEMOHT TOABOJHOM 4YacTH KoOpIlyca CyAHa U
BHHTO-PYJIeBOT0 KoMIutekca [1].

IIpy npokoBaHMM CyJHA IUIABY4YMH JIOK
CTajKuBaeTcsi ¢ npobiemamu paBHoBecus [1,2].
Kak mpaBmino, coOCTBeHHBIH Bec cCynIHa
nepeaaeTcs 4epe3 Kuiib-0JIOKH nany0e MOHTOHa,
B pe3yiabTaTe MOTYT IIPOU30MTH HAKIOHBI U
HapylleHuss TNPOYHOCTH  IUIABY4Yero  JOKa.
ITosToMy mnporu®, meperud u yriasl HakJIOHA
(kper u muddepeHT) IaBydero JA0Ka JIOJKHBI
OBITh OrpaHUYEHBl B TMpEJeNax IOMyCTHUMOTO
nMamna3oHa, 4roObl o0OecneyuTh 0€30IacCHOCTD
SKCIUTyaTaIlH CyIOTIOBEMHOTO COOPYKEHHS.

Jns ycTpaHeHus: KpuTHYecKor aedopmarun
IUIaBYYEro JOKa W HEXKENAaTEIbHBIX HAKIOHOB
nepes JOKOBAaHHUEM CyJHA MPOBOJIAT PACUETHI
0aacTUPOBKH [OKa. OJTH PACUeThl, MPEXIe
BCETO, OTIPEACIIAIOT 1T0100p Oauiacta B TOHTOHAX
IUIAaBY4Yero [JoKa, MpUYeEM MeIb pacdyeToB —
MOJIy4eHUEe TaKOTo pachpesieiieHus: Oaracra,
NpU KOTOPOM KpeH W JieepeHT JIoKa paBHBI
HYJII0, & MOMEHT, M3TMOalOUMiA CHCTEMY JOK-
CyJHO, MEHBIIE JOMYCTUMOIO 3HAUCHHS I
JaHHOTO IUIaBydero Joka. Heo6xonumo umers B
BUJLY, 4TO pu OonbIIoM 3armace
TPy30I0JbEMHOCTH JI0Ka, BEITHOAIOIINE
MOMEHTBI, KOTOpbIE JICHCTBYIOT HA CUCTEMY J1OK-
CYJHO, MOXHO IIOJHOCTBIO YCTPaHWUTh IyTEM
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NavCAD, uro oOyCIOBIEHO JIOCTaTOYHO
BBICOKOH TOYHOCTBIO PAC4Ye€TOB IapaMETPOB
MOPCKHX OOBEKTOB, UMCIOIINX KPHUBOJIMHCHHBIC
MTOBEPXHOCTH.

KoMImproTepHoe MOICIMPOBAHHE MOPCKHX
O0BEKTOB IO3BOJISIET 3HAYMTEIBHO COKPATUTH
KOJIMYECTBO AKCIIEPUMEHTATLHBIX UCCIICIOBaHUH
U BpeMs, HEOOXOIMMOE Ha MX MPOBEACHUE, YTO

nmenaer  ero  3PGEKTHBHBIM HW  HH3KO-
CTOUMOCTHBIM UHCTPYMEHTOM. [MosTomy
pa3paboTka 3¢ (HhEeKTUBHBIX TEXHOJIOTHIA
KOMITBIOTEPHOTO MOJICTUPOBAHUS IS pacdera
rapaMeTpoB HavyaJbHOU OCTONYMBOCTHU

IUIaBy4yero J0Ka BO BpPEMs €r0 MOTPYKEHUS H
BCIUIBITHS SIBJISIETCS aKTyaJlbHOM 3a/lauei.

MopgenupoBaHue IIaBydero JoKa (Ha OCHOBE
pacyeTHO MOJENH) C NeTalbHOW MpopaboTKOH
BCEX TOBEPXHOCTEH U HAJACTPOCK TpedyeT
HEONpaBJaHHO OONBIIMX 3aTpaT BPEMEHU H
BBIYHCIIUTENBHBIX pecypcoB. [loaTomy pemienue
3a7ad MOJECTIHpOBaHUS TpeOyeT MpPUMEHEHUs
CTIeIIHATBHBIX HO/IXO/IOB, TIO3BOJISFOIITHX
YIIPOCTUTH UCXOIHYIO MOJETb U B TO XK€ BpPEeMs
y4ecTh  BCE  HEOOXOAMMBIE  OCOOCHHOCTH
IUIaByyero  JoKa €  JOCTaTOYHOH I
NPaKTHYECKUX IIeJIeH TOYHOCTBHIO.

Lenbto nanHOM paboTHI SABIISIETCS pa3padOTKa

W HUCCIENIOBaHWE MaTeMaTHYeCKOH MOJeH
HAYaIbHOW OCTOWYHMBOCTH TUIABYYErO JOKa JUIS
pellicHHs 3aJaud  CTa0WIHM3alMd  KpeHa |
muddepenra.

MOJEJUPOBAHUE HAYAJIBHO
OCTONYNBOCTHU IVIABYYET' O TOKA C

CYJHOM
OCTOWYMBOCTh OOYCIIOBJIICHA CIIOCOOHOCTHIO
IJ1aBy4e€ro JI0Ka, BBIBCICHHOT'O BHCIITHUMHAU

BO3JICUCTBUSIMU U3 PaBHOBECHSI, BO3BPAIIATHCS B
HCXOJIHOE COCTOSIHUE IIOCJIE 3aBEPIICHUS ATOrO
BJIMSTHUSL. OcHoBHOI XapaKTepUCTUKOU
OCTOMYUBOCTH SIBJISIETCSI BOCCTAHABIIMBAIOIIMIA
MOMEHT, KOTOPBIH JOJDKEH OBITh JOCTATOYHBIM

JUTS TOTO, YTOOBI TUTaBYYHH JTOK
MPOTHUBOJEHCTBOBA ~ MOMEHTaM  KpeHa |
muddepenra. Paznnyarot MOTIEPEYHYIO

OCTOWYHBOCTB, COOTBETCTBYIONIYIO HAKJIOHY B
MOTIEPEYHON TUIOCKOCTH (KPEeH), W MPOJI0JIEHYIO

OCTOHYMBOCTh, COOTBETCTBYIOIYIO  HAKIIOHY
IUIaBy4ero Jo0Ka B TPOJOIBHON IUIOCKOCTH
(muddepenr).

[IpakTHKO#l SKCIUTyaTalMy TJIaBYYHX JIOKOB
YCTaHOBJICHO, YTO KPEH IIaBy4yero J0Ka B II000H
MOMEHT IOTPY>KE€HHS WIN BCIUIBITUSA HE JOJKEH
npeBbIaTh 2 rpagyca, a nuddepent — 1 rpagyc.
Bonee 3HaunTEeNpHBIE HAKIOHBI MOTYT MPUBECTU

14

K aBapUilHBIM CMEUICHUSM YCTAaHOBJIEHHOTO B
noke cynHa. Cockanb3pIBaHUE CyTHA C KHIBOIIO-
KOBOM JIOPOKKH HE MOXKET MPOU30WTU paHblIIe,
yeM KpeH focturHer 6,5°. Ilpu mokoBanum mo-
MaQJIBTHUHCKHU (B CiIydae HAaKJIOHA IUIABY4ero J0Ka
B 2,5°-3°) ocnabeBiine pacriopHble MOTYT Ha4aTh
BBINIAIATh M JAIBHEHIIMN POCT KPEHA CO3JacT
OTMaCHOCTbH Ma/ICHUS CyTHA Ha CTaleb-nanyoy.

ITpy 1oKOBaHMM MOCTABIEHHOIO B JOK CyAHA
HeOoNpIINe  3HAYCHUS  KpEHa  SIBJISIOTCS
HEKPUTHYECKUMH, U TIpU KpeHe B mpenenax 0,5°
MePeOKOBBIBATh CyIHO HenenecoodpazHo. Ho
€CJIM BO BpeMsl OTKayKH Oajiacta CyJqHO Iocie
MOCaJAKH Ha KWIBOJIOKOBYIO JIOPOXKKY HaYHET
CYILIECTBEHHO KpeHMUThCs (KpeH mpeBbicut 0,5°),
TO CJEeIyeT MPUHATH COOTBETCTBYIOIIUE MEPHI —
3aHOBO MOTPY3UTh JIOK JI0 BCIIBITHS CY/IHA.

OCHOBHBIMH BHEIIHUMH BO3ICHCTBHUSIMHU, KO-
TOPBIE CIIOCOOHBI BhI3BaTh KpeH Win TupHepeHT
IUIaBy4ero JOKa SBJISIFOTCS: CHIIbl, BOSHUKAIOIINE
IIpY [IOCTAaHOBKE CyJHA B 0K, KOI/Ia UX THaMET-
pasIbHBIE IJIOCKOCTH HE COBMAAAIOT; HETIPABUIIb-
Hasl 3arpys3Ka CylIHa IIpH €ro [OCTAaHOBKE B JIOK;
CUJIBL JaBieHUs BeTpa. JlelcTBHE CUJl 3TUX TpeX
TPYII MOXHO M30€KaTh PU MPABUILHOM JIOKO-
BaHUH CyJIHA.

Ha puc. 1 npuBeaeHs! MOJOXKEHHUS IUIaByYeTo
JIOKa 3 CYZAHOM TpH KpeHe u nuddepente. [lpu
HE3HAYUTEIHbHOM KpeHe (BBI3BAHHOM MOMEHTOM
kpeHa Myp) momokeHue meHrtpa Tsxectn G He
MEHSIETCSl, a LEHTP BEIWYMHBI BCIICACTBHUE
n3MeHeHus: GopMbl 00beMa MOJBOJHON 4YacTH
nepemeniaercd u3 Toukn C B Touky Ci. Bec
CHCTEMBI JIOK-CYJTHO ¥ CHJIa TIOAJIEPKKH CO31AI0T
OIPEJIEICHHBIA MOMEHT, HAIIPABJICHHBIN ITPOTHUB
MOMEHTa KpeHa. JTOT MOMEHT Ha3bIBaeTCsI
BOCCTaHOBHUTEIbHBIM MOMEHTOM Meo.
AHajoruuHeiM  oOpazoM mpu auddepente
IUIaByyero  Joka  (BBI3BAHHOM  MOMEHTOM
muddepenta M) cozgaercsi BOCCTAHOBUTEIbHBIN
MoMeHT M.

Ilon neiictBuem MomeHTa KpeHa Myp (wmum
muddepenta M) TIaByduil TOK HAKIOHSETCS C
yBEJUYEHHEM (BMECTE C YIJIOM HakjJoHa © WIn
Y) COOTBETCTBYIOIIETO  BOCCTAHOBHTEIHLHOI'O
momeHta My (My) 1o 3HaueHusi, KoTOpoe
YPaBHOBECUT  BO3ACHCTBHE  NPUIOKEHHOT'O
MOMeHTa KpeHa (quddepenTa).

IMon  pmeficTBHeM  JBYX  Pa3lIMYHBIX |
MPOTHUBOIIOJIO)KHO  HAIMPABICHHBIX ~MOMEHTOB
TUIaByYlid IOK OyAeT MUMETh HEKOTOPBIH Yroi
HakIoHa. Kak TOJIBKO NEHCTBHE MOMEHTAa KpeHa
WK nuddepeHra MpeKpaIaeTcs,
BOCCTaHOBHUTEJbHBI MOMEHT BEpPHET IUIaBYyUYHi
JIOK B IIEPBOOYEPETHOE [TOJIOKEHHUE PABHOBECHSL.
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0)
Puc. 1. HayaabHast 0CTOMYHMBOCTD IVIABYYEIr0
JAOKAa ¢ CyAHOM: a) B ciIyyae KpeHa; 0) B ciayyae
mupdepenta.l

Takum 006pa3oM, OCTOWYHBOCTH OTIPEACIIACTCS
JICHCTBHEM BOCCTAaHOBUTEILHOTO MOMEHTa. B
3aBUCUMOCTH OT TOTO, B KaKOW IUIOCKOCTH
JIEUCTBYIOT HAKJIOHSIOIINI Hu
BOCCTAHOBUTEIBHBIH ~ MOMEHTHI,  Pa3jIMyaroT
MOTIEPEYHYI0 W TPOJMOIBHYI0O OCTOHYHBOCTD.
Kpome Toro, pa3innyaroT Majbie U OONBIINE YTJIbI
HAKJIOHA, IMO3TOMY JJIS MPOCTOTHI MOHUMAaHUS
BBOJIUTCSl TIOHSITUE HAYaAJIbHOW OCTOMYMBOCTU WU
OCTOMYMBOCTH Ha OOJIBIITUX yTIIax.

MowmeHTbl kpeHa win jauddepeHTa MoryT
JIEHCTBOBAaTh KaK B CTAaTUYECKUX, TaKk U B
JUHAMHYECKAX pekuMaxXx. B mepBoMm ciydae
OCTOIYNBOCTH XapaKTepU3yeTcs
BOCCTAaHOBUTEIHLHBIM MOMEHTOM, & BO BTOPOM -
ero paboroii (MOTEHIMANBHOW SHeprueil). B

! Appendix 1
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3aBUCHMOCTH OT 3TOTO Pa3IUYalOT CTATHYECKYIO
U TMHAMHYECKYI0 OCTOHYMBOCTH [1].

IIpy HakjIOHaxX IJIaBy4ero [OKa, LEHTP
BEIMYMHBl CMELIAETCSI B CTOPOHY HAaKJIOHA,
omuceiBass kpuByto CCi (puc.l), xoropas
Ha3BIBA€TCS KPUBOW IIEHTPOB BeaM4MHBI [1].
IlenTp KpUBHU3HBI KPUBOW IEHTPOB BEJIUYHUHBI
CC; HazpIBaeTCsl METALlEHTPOM (METaleHTp
TaKKe MOXeT OBITh MPEICTAaBICH KakK TOYKa
MEpEeCeUYeHNs] JBYX JIMHUM JOEHUCTBUHA  CuUI
NOJ/ICP’KKA TPH MalblX yIilax KpeHa WM
muddepenra).

Taxxe paznuyaroT MonepeyHblil MeTaleHTp M
— mpu KpeHe (puc.la) u mpoAOIBHBIN METAIIEHTP
M — npu muddepente (puc.16). Ilockonbky
KpWBas IEHTPOB BENWYUHBI TIpu TuddepeHTe
Oosiee momorasi, 4eM NpH KpeHe, MPOIOJIbHBIHI

MCTALCHTP M JIC)KHUT ropasao BBIIIIC
MOIEPEYHOro MeTaleHTpa M.
Paccrostaus oT LCHTpa BCIINYHHBI K

MOMEPEYHOMY M U MPOAOILHOMY MeETalEHTpaM
M Ha3bIBalOTCSl, COOTBETCTBEHHO, MOTIEPEUHBIM I
U TPOAONBHBIM R MeTaleHTpUYECKHMHU
pammycamu [2]. PaccTosiHUSI OT IIEHTpa THKECTH
G nmnaBywyero Joka K TONEPEYHOMY WIIH
IMpoA0JIbHOMY MCTALICHTPY Ha3bIBAKOTCA
COOTBETCTBEHHO morepevHoit h u npoxosipHoit H
MCTAUCHTPUYCCKUMU BbICOTaMU. IInego
BOCCTAHOBUTCIIBHOT'O MOMCHTAa GK Ha3bIBACTCA
IJICYOM CTATUYECKOH OCTONYMBOCTH .

U3 puc. 1l,a BUIHO, YTO BOCCTaHOBUTEIBHBIN
MOMEHT ONpPEe/eNAeTCs] COOTHOIIEHHEM

M, =D-GK = DI,
rae D — maccoBoe BogonsmenieHue, T.
U3 tpeyronsarka GMK BuaHO, uto | = hsind u
COOTBETCTBEHHO METAlleHTpUYecKas (popmyria
OCTOWYHBOCTH MPU KPEHE UMEET BUJT

@)

M, = Dh-sin6. 2

MeranieHTpruecKkas BbICOTa IUIABYYero JOKa
MIPH ONPEJISIICHHOM BOJIOM3MEIIEHUH 3aBUCUT OT
MOJIOKEHUsT IeHTpa Tskecth G 1O BBICOTE,
KOTOPBII B CBOIO OYEpEJlh 3aBHCUT OT JJOKYEMOTO
cynHa u Oaiacra.

C nmnosblieHneM neHtpa Toxectd G
IIaBY4Ero JI0Ka €ero OCTOWYUBOCTh
YMEHBIIAETCSI.

[lppyeM mnnaBy4YMid OK MOXET IMOTEPATH
OCTOMYMBOCTD B CJIy4ae, €CIIH LIEHTP €ro THKECTH
OyZeT HaXOAUThCS BBIILIE METALIEHTpA.

MertaneHTprueckass BBICOTA ONPEIENAETCS
KaK
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h=r+z. -z, 3
rjie ' — TMonepeY bl METAlCHTPHUUECKUH pagnyc;
Zc ¥ I — allUIMKaThl, COOTBETCTBEHHO, ILIEHTPA
Beanuunsl C u nieHTpa tsokectu G.

IIpu 3TOM

Ik
V1

(4)

r =

rae lk— MOMEHT HHEepIHH ITOCKOCTH BaTepIUHUN
OTHOCUTEJIBHO MPOAOJBHOM OCH, MPOXOASIICH
yepes mneHTp Tskecth G; V. — oObemHOe
BOJIOM3MEILEHHE TUIABYYETO J0Ka, M-,

Takxe u3 puc. 1,a cnenyert, uto h=r—a, ne
8 — paccTosiHUE OT IIeHTpa BeInurHbI C K IIGHTpY
Tsoxectd G. Torpa

M, = Dhsin0 = D(r —a)sin® . (5)

B nanHoM cnywae mnpeamonaraercs, 4YTO
METaleHTp MpH KpeHe He IMepeMemaercs. JTo
BO3MOXXHO IIPHU YCJIOBHHM, €CIIM KpUBas LIEHTpa
BEJIMYMHBI SIBISIETCS YaCThIO OKPYXHOCTH. Jliist
HA/IBOJIHBIX TIABYYHX COOPYKECHHUH 3TO YCIOBHE
BBITIOJTHACTCSL TOJBKO B Tpe/eiax MalblX YTIIOB
KpeHa WIn nedepeHnra, MO3TOMY
METaLEHTPUUYECKYI0 (OpPMYTy OCTOHYMBOCTH
MOYKHO HCIIOJIb30BATh TOJILKO MPH MaJbIX yriiax
kpeHa wmn gedepeHta. Takum  oOpasom,
BOCCTaHABIMBAIOLINA MOMEHT IIPU MaJIbIX yTJax
KpeHa JIMHEIHO 3aBUCUT OT UX 3HAUECHUH.

AHajoruuHeiM 00pazoM u3 puc. 1,0 cienyer,
YTO MPH MIPOAOJIEHBIX HAKJIOHAX IJIaBYYero J10Ka

M, = DHsiny = D(R-a)siny.  (6)
IIpomonbHas  MeTaleHTpUYECKas  BBICOTA

OTIPEIENIIETCS KaK
H=R+z.-1,, @)

rae R — mpo1obHEIN MeTalleHTPUIECKUI painyc.
IIpu aTom

(8)

rac |d — MOMCHT MHEPIHUHU INIOCKOCTHU BATCPIIMHUN
OTHOCHUTCIIBHO nonepeqﬂoﬁ ocCHu, HpOXOZ[?IH.[Cfl

yepe3 ULeHTp Tsokectw; V. —  o0beMHOe
BOJIOU3MEIIEHUE TUIABYYETO J0Ka, M°.

Kpome TOTO, ULt oTIpeIeIICHUs
METaLEHTPHUYECKIX BBICOT HEo0XoauMo
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YYUTHIBATH TIOTIPABKU B PE3yJIbTaTe MPHEMa WA
pacxoma ©OamiacTa W BIUSHUAS CBOOOIHOM
MOBEPXHOCTH BOJBI B OaUTACTHBIX OTCEKax
TIaBYYEro JOKa.

[MompaBka npu mpreMe WK pacxojie dannacta
OTpeIeNIsIeTCs KakK

AF =P (T+£—E—zpj,
D+p 2

)

roe p Macca kuakoro rpy3a; D
BOJOM3MeEIIEHHE; | — HavajbHasg ocagka; AT —
W3MEHEHUE OCaJKd NpU TIPUEME WM POCXOJe
JKUIKOTO rpy3a; E HavalbHas
MeTaleHTpHYecKas BEICOTa (€CIH MoTIepeyHas TO
h, eciu mponosnbhas — H); zp — meHTp TsDKECTH
JKUJIKOTO Tpy3a.

[Tompaska TUTS ydera cBOOOMHOI
MOBEPXHOCTH KHUIKOCTH ONPEACISIETCS KaKk

) (10)

rae V — 00beMHOE BOJIOU3MEIICHHUE; i, — MOMEHT

WHEpPLIUH CBOOOIHOI TOBEPXHOCTH >KUAKOCTH,
MPOXOAIIeH Yepe3 ee LEHTP TSHKECTH OTHOCH-
TEJIBHO MPOIOIBbHON ocH (i1t monpaBku h) mim
OTHOCHUTENLHO TONEPEYHON ocu (IJ1s1 TONpPaBKH

H).
3HaueHus MCETAaUCHTPUYCCKUX BBICOT C
Y4ETOM IIOIPABOK ONPENEISAIOTCS KaK
h, =h+AF +AF,;; (11)
H,=H +AF +AF.
CoOTBETCTBEHHO ~ MOMEHTBI ~ KpeHa U

nmuddepenTa s IaBydero J0Ka UMErOT BHI:

M, = Dh, sin6;

. (12)
M, =DH, siny.

ITockoyibKy MPOOJIbHBIA METalleHTPUUECKUN
panuyc R Bo MHOro pa3 0oJjblie MONEepeyHOro
METAleHTPUYECKOT0 paanyca I, TO MpOJOJIbHASA
MeTaleHTpuueckas BeicoTa H Bo MHOro pas
OoJtbIlIe TIOTIEPEYHOI N.

AHanu3 BOCCTaHOBIIMBAIOIMX MOMEHTOB (12)
IIOKa3bIBAET, YTO MEPOH OCTOMYMBOCTH MOXHO
CUMTATh MeTalleHTpHuYeckue BbicOTH h u H,
KOTOpBIE KOCBEHHO XapaKkTepU3HUpPYyIOT
COMPOTHUBIIEHHE IUIABYYETO JOKa MOMEHTaM
KpeHa 1 auddepenTa.
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Pacuer, MeTanieHTpUYECKUX BBICOT CUUTAETCS
JIOBOJIHO CJIO’KHBIM IIPOLIECCOM IS
MHOT'OKOPITYCHBIX IIABYYUX COOPYXKEHUH.

JlocTaTouHO TOUYHBIE pPE3YyJbTATHl  JAIOT
TOJIBKO 9KCIEPUMEHTAIbHbIE MOJIENIbHBIE
HCHBITAHUS, XOTA U B 3TOM Clly4ae KeJlaTeJIbHO
HCIOJIB30BaTh MO C pa3MepaMHu, OJU3KUMH K

HatypaibHbiM  [1,  24].  KommberoTepHOE
mogaenupoBanue ¢ nomoinsio FREE!SHIP Plus
JaeT  BO3MOXHOCTh  HUCIIOJIb30BaTh  MOJIENU

pa3MepoB pearabHBIX OOBEKTOB.

Iporpammusiii kommuiekc FREE!SHIP Plus
MpeaHa3HaYeH il MOJEIMPOBaHUs OOBOIOB
kopnyca 1o TexHomorun NURBS  npu
WCCIIEIOBAHUY CTAaTUKH, XOJKOCTH U ITapaMeTPOB
TUAPOIWHAMUKA Ui CYAOB,  IDIaBY4YHX
COOPYKEHHH ¥ MOJIBOJJHBIX aIIapaToB.

ABTopamu pa3paboTaHO B TPOrPaMMHOM
kommiekce FREE!SHIP Plus wmurtanuonHyio
Momens (puc. 2), KOTOpas COOTBETCTBYET
peabHOMY IUIaByYeMY JOKY CpEeIHEro Kiacca
rpy3onogabemMuocteto 8500 Tomn [1] co
CIeIYIOIMMH TTapaMeTpaMu: upuHa b = 32,4
M; umaHa | = 139,5 m; mmpuHa Kaxaoi 6anHun

Bs = 3,13 m; Boicota moHToHa hp = 4,6 M;
BbICOTA TUIaByuyero jgoka hmx = 12,8 m; ocajika
TUIaBy4ero Joka 6e3 cyqHa T = 2M; KOJHYECTBO
BoastHOro Oajutacta Ms = 18500 ToHH.

[lpyyem  MakcumanpHas ~ Macca  JIOKa
(MaccoBoe BOJIOM3MEIIICHIIE) co BCEM
obopynoBanueM coctaBisieT Prog = 9253 ToHH.
Kpome TOTO, MOJETTUPOBAHNE TaKxke
MOPOBOAMIOCE JJIsl  TUIOCKOOOPTHOTO  CyAHa,

KOTOpOE UMEET CIICAYIOIINE TapaMeTphl: INPHHA
Bc= 22,54 m; qmna Le = 130 M; BeicoTa hg = 7
M; Bec Pc = 8400 TonH.

C mnomomplo pa3pabOTaHHOW  pacyeTHOM
MOJIETTH PACCMOTpPEHa OIepanus TOTPYKEHUS
TIaBydvero joka. Ha kaxaom sTame morpykeHus
paccuuTaHbI napaMeTpbl HaYaIbHON
OCTOHYMBOCTH ILIABYYETO JIOKA.

TakuMm 00pa3om, MONYYEHBI BCE NAaHHBIC IS
pacuera MOMEHTOB KpeHa u auddepenra,
3HAYCHMs] KOTOPBIX NPUPABHEHHBIE K HX
BOCCTaHOBUTEIFHBIM MOMEHTAM TIPH Pa3IHIHBIX
yriax HaKJOHA IUIaBy4Yero J0Ka.

" Monyumpora. X=135.481, Y=-27.025

0 T o

=[0] |

Puc. 2. PacueTnas MojieJib CHCTEMBbI IOK-CY/IHO B nporpaMmuoM komiuiekce FREE!SHIP Plus.?

M, =M, =Dh, -sin6;

M, =M, =DH, -siny. (13)

Ha ocHOBe KOMIBIOTEPHOTO MOJETHPOBAHUS
MIOJTY4CHBI IPAKTUIECKH JINHEHHbBIC 3aBHCUMOCTH

2 Appendix 1

MOMEHTOB OT yIja KpeHa W nuddepeHta mnpu
pa3IMYHBIX 3HAauYeHWsX ocaaku (puc. 3).
OCHOBHBIMHM 3TallaMH OC3JIKH IUIABY4Yero JOKa
MPUHSATHL: ocaJika Ha ypoBHe nmoHToHa (T = 3,83
M), ocajKa Ha ypoBHE Kmib0sokoB (T = 3,83 M),
ocajika Ha ypoBHe OamieH maBydero noka (T =
8,25 m).
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18000
16000
14000
12000
10000
8000 = 4
6000
4000
2000

>

b X

Moment kpena, ™™ (list moment, t-m)

0 0,5 1 1,5 2 2,5

¥YroJa kpeHa, ° (List angle, ©)

-B-TInaByunii qok ¢ cyainom T=3,83 m (Floating dock with ship T=3,83 m)
—A—-Tlnasyuyui qok 0e3 cynna T=3,83 m (Floating dock without ship T=3,83 m)
——IInaByuuii gok c cynnom T=5 m (Floating dock with ship T=5 m)
—o—TlnaByumii ok Ge3 cyaua T=5 m (Floating dock without ship T=5 m)
—TIlnaByuuii a0k ¢ cyanom T=8,25 m (Floating dock with ship T=8,25 m)
—o—TInaByumii 1ok 6e3 cynna T=8,25 m (Floating dock without ship T=8,25 m)

a)

T 160000

= 140000

5

£ 120000

£

F 100000

= 80000

£ 60000

~

£ 40000

D

g 20000

= 0 0,4 0.8 1,2
2 Yrou auddepenra, © (Trim angle, ©)

§ - ILlnayunii nok ¢ cyiHom T=3,83 m (Floating dock with ship T=3,83 m)

—#—Tlnasyunii nox 6e3 cynna T=3,83 m (Floating dock without ship T=3,83 m)
—=ILiaByumnii g0k ¢ cynnom T=5 m (Floating dock with ship T=5 m)
=o=ILnaByunii nok 6e3 cynna T=5 m (Floating dock without ship T=5 m)
——ILnaByumii g0k ¢ cyanom T=8,25 m (Floating dock with ship T=8,25 m)
—o—TLlnaByuuii 1ok 6e3 cynna T=8,25 m (Floating dock without ship T=8,25 m)

0)
Puc. 3. 3aBucuMOCTH MOMEHTOB OT YIJIa HAKJI0HA IJIABYYEro J0Ka:
a) npu Kpene; 6) npu qudpepente.’

3 Appendix 1
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1 2 3 4 5 6 7 8 9 1011 12

£ 16000
= 14000
=

£ 12000
£ 10000
55 8000
= 6000
& 4000
[==1

2 2000
=

e 0
=

=

§ Ocaaka, m (Draft, m)

¥Yroa kpena 0,5° (List angle 0,5°)
—@-YroJ kpena 1° (List angle 1°)
—=—¥roJ kpena 1,5° (List angle 1,5°)
—¢—VYroJa kpena 2° (List angle 2°)

a)
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Puc. 4. 3aBHCHMOCTH MOMEHTOB OT 0CA/IKH IJIABYYero /0Ka: a) Npu Kpene; 6) npu quddepente.*

Ha  ocHOBaHMM  TONyYeHHBIX  JAaHHBIX
paccuWTaHbl TaKKe 3aBUCHMOCTH MOMEHTOB
kpeHa U auddepeHTa oT 0caiKu MIPH pas3IHIHbIX
3HaueHUAX KpeHa u auddepenta (puc 4).

U3 rtpadukoB (puc. 4, a, 6) BUAHO, UTO
nporecc  TMOTPYXKEHHs — IUIaBydero  Jioka
HauMHaeTcsl ¢ ocagku 2 M (ocajka IUIaBy4yero
JIOKa TIOPOKHEM).

[Ipu mocTeneHHOM yBeJIWYeHHUH Oaiiacta B
MOHTOHE TUTABYYHI JOK HAUMHACT MOTPYKATHCA.
[Ipu 3TOM HEHTpP TSHKECTH CMEIIAETCsl BHU3, YTO
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MPUBOJIUT K YBEIHMYEHUIO OCTOMYMUBOCTH U POCTY
3HAYCHUH

MOMEHTOB KpeHa W auddepeHTa, 0COOCHHO 3TO
3aMETHO IpH yriie kpeHa B 2°. [Tocne qocTikeHus
ocanku 4,6 M (ocaaka MOTPY>KEHHOTO MOHTOHA)
HAYMHAETCS poLece MOTPYKCHHS
KHJILOJIOKOBOW JOPOXKH W OallleH TUIaBydYero
nmoka. llpy 3TOM 3HAYUTENBHO YMEHBIIACTCS
IUIOMIAMs BaTEPIIMHUM IDIABYYErO JOKa, dYTO
CHI)KAET METallEHTPUICCKHE BHICOTHI ILIABYUYETO
JIOKa. BceneacTteue  gaHHBIX 0 HM3MEHCHUU
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CYLIECTBEHHO YMCHBIIAIOTCS 3HAYCHHS
MOMEHTOB KpeHa 1 nuddepenTa. Jlanee 3HaueHAS
MOMEHTOB KpeHa 1 auddepeHTa miaBydero 10Ka
CTaOMITU3UPYIOTCS U PAKTUYECKU HE MEHSIOTCSL.
IIpu ocamke 8,6 M OayuTacTHBIE TAaHKW ITOHTOHA

IMOJIHOCTBIO 3aII0JIHAOTCA, COOTBCTCTBCHHO
YMCHBIIACTCH IJIOIAaAb CBO60I[HOI>'I MMOBCPXHOCTHU
KHUAKOCTHU u MCTALICHTPUYCCKUEC BBICOTBI

IUIaBy4€ro I0Ka pacTyT. HpI/I OTOM 3HA4YCHMHA

MOMEHTOB TaKKe YBEIIMIUBAFOTCSL. B
JaNbHEWIeM, B pe3ylbTaTe CTPEMHUTEIHLHOTO
3aIl0JHEHUs  OaTaCTHBIX  TAHKOB  OallleH,

UMEIOIIUX 3HAYUTENbHO MEHBIINH 00BbeM, ueM
00beM B IIOHTOHE, [OCTHraeTcs IpelesibHas
ocanmka mmiaBydero goka B 11,6 m. Ilpu stom
3HaYeHUs] MOMEHTOB TPHUHMMAIOT KOHEYHbIE
BEJMYMHBL.
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Puc. 5. 3aBucuMOCTH MOMEHTOB OT OCAJKM IJIABY4Yero J0Ka ¢ CyAHOM:
a) npu Kpene; 0) npu quddepente.’

I[JIH yu€Ta BJIIMAHUA CydHa Ha II0Ka3aTeu
HAYaJIbHOM OCTOHYHUBOCTH I1aBy4ero aoka, 1mmpo-
BCACHO MOZACIUPOBAHUC Cliydass MOrPYXKCHUA
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IJ1aBy4€ro aokKa € rnoCTaBJICHHBIM Ha KUJIBOJIOKH
CyAHOM. HOJ'Iy‘lGHLI 3aBUCUMOCTH JJIsI MOMCHTOB



PROBLEMELE ENERGETICII REGIONALE 1-2 (41) 2019

KpeHa u auddepeHTa oT Ocalku MPU Pa3TUIHBIX
3HAYCHMSIX KpeHa u auddepenrta (puc 5).

N3 rpaduxor (puc. 5, a, 6) BHIHO, YTO TIPO-
1ecc Morpy>KeHus IUIaBy4Yero 10Ka HAUMHAETCS C
ocanku 3,83 M (ocazka MIIaBydero JoKa ¢ CyTHOM
noposkueM). [lox nmeiicTBuem Beca cynmHa U yBe-
nrueHus Oansacra, TaByYHid JOK HAYMHAET TMO-
rpy’KaTbCsl, COOTBETCTBEHHO LIEHTP TSHKECTH CMe-
IIaeTCsl BHHU3, YTO IPUBOJUT K YBEIHYEHHIO
OCTOMYMBOCTH U POCTY 3HAUYEHHH MOMEHTOB
kpeHa u guddepenta. llocne mocTmwkeHUs
ocanku 4,6 M (ocasKa TOTPYKEHHOTO TTOHTOHA)
HAYMHAETCSl IPOLECC IMOTPYKEHUsI KUIBOJIOKO-
BOW IOPOXKKH U OallIeH MJIaBy4Yero A0Ka, COOTBET-
CTBCHHO 3HAYUTCIIBHO YMCHLIIACTCA ILJIOIA1b
BaTEPJIMHUM IJIaBYYEro J10Ka, YTO CHUXKAET MeTa-
LHEHTPUYECKHE BBICOTHI TUIABy4ero Aoka. Benen-
CTBHEC JAHHBIX H3MEHEHUH CYIIECTBEHHO YMCHb-
marcs 3HAYeHWs] MOMEHTOB KpeHa M nudde-
penra. Ilocne vero 3HayeHHsT MOMEHTOB KpeHa
TUIaBy4yero JIoKa CTaOWIIM3UpPYeTCs, U MpaKTHyie-
CKH HE MEHSETCsI, a 3HaUeHUsI MOMEHTOB nudde-
peHTa IOCTeNeHHO yMeHbIaroTes. [Ipu noctmxke-
HUU OCanKd 5,8 M. CYIIECTBEHHO YBEIMYUTCS
TUIOIIA/Ib BAaTEPIIMHUM, KOTOpasi OYAET COCTOSTh
U3 IUIOCKOCTEH IIaBy4yero JOKa U Cy/Ha, 4yTo Cy-
IIECTBEHHO YBCINYUT IIPOJOJIbHYIO METAICHTPH-
YCCKYIO BBICOTY IJIaBY4Y€TO A0Ka 1 YMCHBIIUT €TI0
MIOTIEPEYHYI0 MeTaleHTprUYecKas BeicoTy. Benen-
CTBHE JAaHHBIX U3MEHEHUH CYyIIECTBEHHO YBEJIU-
YUTCS 3HAYCHUS MOMEHTOB JuddepeHta u
YMEHBIINTCS 3HAYEHHUST MOMEHTOB KpeHa. [Ipo-
Hecc MOTPYXKEHHs IMJIaBy4ero JoKa MpoJoJDKa-
ercsi 10 3HayeHus ocajaku 8,6 m. Ilpu aTom mo-
MCHTBI Kp€Ha IUIaBHO YBCIMYHUBAIOTCA, a MO-
MeHTHI fuddepeHTa cTabnm3npyeTcs.

BAJIJIACTHASI CUCTEMA I1JIABY-
YEI'O JOKA U 3AJAYU CTABUJIN3A-
WU YI'JIOB KPEHA U IU®DPEPEHTA

OrneHka BIUSHUS pa3MEIICHUS W MacChl
KHJKOTO Tpy3a Ha MOMEHTHl KpeHa H
muddepeHTa  pacCMOTpeHa  Ha  IpUMepe
MPETIOKEHHOTO TJIaBY4ero JIoKa
rpy3onogbemMHocThio 8500 ToHH. bamnacthas
cucrema COCTOUT u3 YeThIpex
Pa s Apnendix 1 xopobok, 20 OammacTHBIX
Tal i eKTOBaHa  OaJlJIaCTHBIMH
Hacocamu (H) mnpoumsBomurensHocTteio 3750
M%/ac. B CBOIO ouepenb, HAacOCHI
IIEHTPOOSKHOTO THMAa PabOTAIOT ¢ MOCTOSHHOM
4acTOTOM  BpaieHuss  kojec.  IlpuemHbie
TpybompoBoasl uMeroT auaMeTp di = 750 M,
Pa3BETBIICHHBIA  TpyOOIPOBON  OaJIaCTHBIX
TaHKOB HMeeT auamerp d 350 mMm. Bce
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KJIMHKETBl UIMEIOT MOTOp-peayKTopsl 2-10 kBT u
BBICTYHAIOT B POJIM PETYIATOPOB pacxoaa. Cxema
pacroiokeHuss  OamnacTHeIx  TaHkoB  (BT)
JAHHOTO TJIaBY4Yero J0oKa MpuBeneHa Ha puc. 6.
LenTpanpHas 49acTh MOHTOHA JOKa COIEPKUT
OamracTHele TaHKH 3HAYMTENBHO  OOJBIINX
pasMepoB, 4eM OaljacTHbIE TaHKH, KOTOpBIE
HaXOJATCSI B HOCOBOM X KOPMOBOMW YaCTSIX.

3HaK KOOPIWHAT PACIIONOXKEHHUS OAIIIaCTHBIX
TaHKOB 3aBHCAT OT OCH X: 3HaK «+»
COOTBETCTBYET HOCOBOMY HAIIPABJICHHUIO, 3HAK «—
» kopMoBoMy.  Jms ocm Y: 3HaK «+»
COOTBETCTBYET JIEBOMY OOpTy, 3HaK «—» —
paBoMy OOpPTY.

81/ |\ B2
N~/

B7% 878

Briz 8riz

Puc. 6. Cxema pacmosio:keHus1 6aJJIacCTHBIX
tankos (BT) niaByuero qoka.°
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Puc. 7. 3aBHCHMOCTE yIJI0B KpeHa U auddepenta oT ypoBHsl 3aN0/IHeHAs 0AIACTHBIX TAHKOB.®

Tabmuma 17.
BapuaHTBI 3aM0IHEHUs GAJLIACTHBIX TAHKOB

Jnst pacuera cTaOMIM3UPYIONIMX MOMEHTOB
kpeHa u auddepeHta paccMorpeHo Oosee To-

JIPOOHO BIIUSTHUE JKUIKOTO OajiacTa B TaHKaX. Position | Floating dock | Floating dock in
[IpudeM pacyeTsl MPOBOJMIMCH IS IYCTOTO number | in list on the | trim on nose
IJIABYy4YEro JOKa C CyOHOM IpH ocaike 3,83 M. left side
JaHHas ocajka sIBISIETCSs OCHOBHOMW JIJIs BHITOJI- 1 BT4, BT13 BT18, BT19,
HEHHsI PEMOHTHBIX paboT Ha Cy/JHE B IUIaBy4YeM BT20
,I[OKG.VI[J'I}I 0aJIacTUPOBKU PACCMOTPEHBI 1O 5 To- > BT1.BTIS BT14, 5115,
3ULMI 3aM0JTHEHUS OaJUTACTHBIX TAHKOB, B YacT-
HOCTH JIJIs CJIy4aeB CO3J[aHHs KpPEHA Ha JICBbI BT16
0opt u nuddepenra Ha Hoc (Tabnmua 1). 3 BTS, BT14 BT11, BT12
U3 puc. 7a, 6 BUIHO, YTO 3aBUCHUMOCTH
MEXJy BEJIMYMHAMH 3allOJIHEHHs OalIacTHBIX 4 BT, BT11 BT13, BT17
TaHKOB U 3HAUCHUSIMH KpeHa U iehepeHTa IiaBy- 5 BT4, BT13, BT18, BT19,
Yero JI0Ka MPakTUUeCKH JrHelHble. HemmaerHo- BT1, BTIS, BT20, BT14,
CTH HaOIIOIaThCS TOJILKO C TEMH IpyIIamMu Oal-
JIACTHBIX TAHKOB, B KOTOPHIX MPUCYTCTBYIOT BT1, BTS,BT14, BT15, BTI6,
BT18, BT20. Otu GamiacTHbIE TAHKH UMEIOT pa3- BT9, BT11 BT11, BT12,
HYIO IJIOIIAb CEYCHHUS B IOHTOHE U OallIHe, 4To BT13.BT 17
IPUBOJUT K CMELEHHUIO IIEHTPA TSXKECTH. ’
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B 3aBucuMoCTH OT rpymnn 3amnojHeHus Oaii-
JIACTHBIX TAHKOB TOJYYEHBI 3HAYCHUs CTaOWIIH-
3UPYIOIMKAX MOMEHTOB M WX BJIHSHHE Ha YTJIBI
KkpeHa u quddepenTa miaBydero n1oka (puc. 7).

Jlist co3manus kpeHa B 2°, MOJKHO 3aTI0JTHUTE
cremyromye OammacTHple Tpymmbl: 1 rpymnmy Ha
10%, 2 rpynmny Ha 73%, 3 rpynmy Ha 87%, 4
rpynmy Ha 56%, 5 rpynmy Ha 35%. B cBoro oue-
pens, nis co3ganus nuddeperTa B 1° MoxKHO 3a-
MOJTHUTH TOJIBKO JIBE€ TPYIIIHI OAIACTHBIX TaH-
koB: 1 rpynmy Ha 98%, 5 rpynmy Ha 53%.

CrnenoBaTensHO, CTA0MIN3ANS YTIIOB KpeHa
u nuddepeHTa IaBydero J0Ka HAMPSIMYIO OIle-
HUBACTCA IMYTEM COOTHOUICHHA BO3MYIIAIOMIUX U
CTaOMIIM3UPYIOIUX MOMEHTOB. COOTBETCTBEHHO
B KadecTBE MOKa3aTellsi OCTONYMBOCTH HCIIOJNb-
3YIOT 3HAYEHHsI COCTABIIIOUINX HArpy30K OTHO-
CHUTEJIBHO BIUSHUS )KUAKOTO Oasiacta riaBy4yero
JIOKa, eCli MOMEHT KpeHa WiH jaedepeHTa oka-
JKETCSI MEHBIIIE TOMYCTHMOTO, TO OCTOWYHBOCTH
CUMTaeTCsl JOCTAaTOYHOW. B mpoTuBHOM ciiydyae
OCTOMYMBOCTh CUUTAECTCSl HEJOCTATOUHOU U
HEOOXOJMMO YBEIWMYUTHh WM YMEHBIIUTH KOJH-
YeCTBO JKUJIKOTO Oanacta B COOTBETCTBYIOIINX
TaHKax.

BriBoabI

Pa3zpaboranHast Mo/ieNib TO3BOJISIET PacCUU-
THIBaTh HM3MEHEHHWE TMapaMeTpoB HadaJIbHON
OCTONHYHMBOCTH IIJIABYUEro jJ0Ka (C CyTHOM U 6e3)
TIPH Pa3IMYHBIX 3HAUEHUSIX OCAJIKU.

HccnenoBanns HadyallbHOM OCTOMYHMBOCTH
PEaAbHOTO TIIABYYETo JJOKa CPEHET0 KIlacca Ipy-
30n0abeMHOCThI0 8500 TOH MPOBEAEHBI C IOMO-
b0 pa3pabOTaHHON aBTOpPAMU WUMHTAIMOHHOMN
Mojieu B mporpamMmmHoM komiuiekce FREE!SHIP
Plus ¢ yueTom pasmepoB noka u cyaHa. B pe3yinb-
TaTe KOMIBIOTEPHOTO MOJIEITMPOBAHUS TTOTyUEHBI
3aBHCHMOCTH: @) MOMEHTOB OT yTJIa KpeHa u aud-
(depeHTa NpU Pa3TUYHBIX 3HAYEHUSIX OCAIKH, 0)
MOMEHTOB KpeHa u auddepeHTa OT 0CaiKu MpH
pa3IMYHBIX 3HAYCHUSAX KpeHa u auddepenra, B)
yriioB KpeHa u auddepenta ot ypoBHs 3aIoiiHe-
HUSI COOTBETCTBYIOLINX TaHKOB. JlaHHBIE 3aBUCH-
MOCTH MOTYT OBITh UCTIOJNB30BaHbI JJIsl JalibHel-
el pa3paboTKH CHCTEMbI aBTOMAaTHYECKOU cTa-
Ounmzaunu KpeHa u auddepeHTa NpuBeIeHHOTo
TUIaBy4ero JOKa.

Pa3paboranHyt0 MaTeMaTH4YecKyl0 MOEIb
HAYaJTbHOW OCTOHYMBOCTH IieJeco00pa3HO HC-
MOJIb30BaTh B AaJbHEHIINX HCCIEAOBAHUAX MPH
MPOEKTUPOBAHUU M HACTPOHKE BBICOKOA(D(DEK-
THUBHBIX CHCTEM CTaOMIu3aluu KpeHa u audde-

PCHTA IUIaBYy4YHX JOKOB PA3JIMYHBIX KJIACCOB.
APPENDIX 1 (IIPHJIOKEHHE 1)
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Fig. 1. Initial stability of the floating dock with the
vessel: a) in the case of roll; b) in the case of the di-
verter

2Fig. 2. Calculation model of the dock-ship system in
the FREE! Ship Plus

3Fig. 3. Dependencies of moments on the angle of in-
clination of the floating dock: a) with list; b) with trim
“Fig. 4. Dependence of moments on the floating dock
sediments: a) with list; b) with trim

SFig. 5. Dependencies of moments on the draft of a
floating dock with a vessel: a) with list; b) with trim
®Fig. 6. Layout of ballast tanks (BT) of floating dock
"Table 1. Ballast tank filling options

8Fig. 7. The dependence of the angles of list and trim
on the filling level of the ballast tanks
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Diagnostics of Linear Systems in the State Space
Verlan A. F.}, Polozhaenko S. A2
YInstitute of modeling problems in power engineering named after G. E. Pukhov.
Kyiv, Ukraine
Odessa National Polytechnic University. Odessa, Ukraine

Abstract. The analysis of the state of the problem of quality ensurance and proper functioning
of electrical systems and devices was carried out. It showed that not only the complete feasibil-
ity of monitoring their performance at the production and operation stages should be consid-
ered, but also the potential diagnostics of the systems and devices being developed should be
ensured. At the same time, the limitations of the existing methodological support for conducting
diagnostic experiments were noted. It was indicated that a possible solution of this problem was
to use for diagnosing at all stages of the life cycle (in particular, designing, manufacturing and
operating) the controlled systems and model-oriented methods, which made it possible to fill
up a measurement information deficiency during the simulation of their schemes using the ap-
propriate models. The purpose of this research was to further develop the model-oriented meth-
ods for diagnosis of the technical state of the electrical systems and devices, which was achieved
by formalizing the task and developing constructive algorithms for localization of faulty sub-
systems in the state space. In this context, a method for the diagnostics of the linear systems
(devices) was proposed, which ensures testing of the working hypotheses by describing them
(the essence is the representation of the model) in the state space. Unlike the existing ones, the
method allowed us, when conducting a diagnostic experiment, to avoid measuring the potentials
at the nodes of the selected (localized) subcircuits. The application possibilities of the method
in the engineering practice were illustrated by examples.

Keywords: diagnosis, method of diagnosis, health hypothesis, model, localization of a faulty
subcircuit.
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Diagnosticarea sistemelor liniare in spatiul de stare
Verlan A. F.%, Polozhaenko S. A.2
Unstitutul de Probleme de Modelare in Energetica al Academiei Nationale de Stiinte din Ucraina, numit dupa
G. E. Pukhov. Kiev, Ucraina
2Odessa Universitatea Politehnici Nationald. Odessa, Ucraina

Rezumat. Analiza starii problemei asigurarii calitatii si functiondrii corespunzatoare a sistemelor si dispozitivelor
electrice a fost efectuatd, ceea ce a ardtat ca ar trebui avutd in vedere nu numai fezabilitatea completd a
monitorizarii performantei lor in etapele de productie si de operare, ci si diagnosticarea potentiala a sistemelor si
dispozitivelor dezvoltate. In acelasi timp, s-au constatat limitdrile suportului metodologic existent pentru
efectuarea experimentelor de diagnosticare si s-a aratat ca o posibila solutie la aceastd problema este folosirea
pentru diagnosticare in toate etapele ciclului de viata (in special proiectarea, fabricarea si functionarea) sistemelor
si dispozitivelor controlate, lipsa informatiilor de masurare in timpul simulérii schemelor lor utilizind modele
adecvate. Scopul cercetrii efectuate n cadrul lucrarii este de a dezvolta in continuare metode orientate pe model
pentru diagnosticarea stérii tehnice a sistemelor si dispozitivelor electrice, care se realizeaza prin formalizarea
sarcinii si dezvoltarea algoritmilor constructivi pentru localizarea subsistemelor defecte in spatiul de stare. in
legdtura cu acestea, se propune o metoda de diagnosticare a sistemelor liniare (dispozitive), care asigura testarea
ipotezelor de lucru in descrierea lor (punctul este reprezentarea modelului) in spatiul de stare. Spre deosebire de
cele existente, metoda permite, atunci cand efectuati un experiment de diagnostic, evitarea masurarii potentialelor
la nodurile subcircuitelor selectate (localizate). Actiunea metodei propuse se aplica subsistemelor cu observare
independenti si control independent. In primul caz, acestea sunt subsisteme ale ciror schimbari de stare nu
afecteaza starea. In cel de-al doilea caz, acestea sunt subsisteme pentru care schimbarea semnalelor de intrare nu
afecteaza semnalele de iesire.
Cuvinte-cheie: diagnosticare, metoda de diagnosticare, ipotezd despre capacitatea de lucru, model, localizarea
unui subsistem defect.
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JAuarHocTupoBaHye JUHEHHBbIX CUCTEM B IIPOCTPAHCTBE COCTOSIHUM
Bepaann A. @.}, Iosoxkaenko C. A.2
Mucruryt npobnem moaenuposanus B suepretuke HAH Yipaunst um. T. E. ITyxosa. Kues, Ykpanna
2Opnecckuii HAMOHANBHBIHA MONMTEXHUYECKUi yHuBepcuTeT. Oecca, YkpauHa

Annomayus. BrIoNHEH aHAIH3 COCTOSHUS TMPOOIeMBl 00ecIieueHNs KauecTBa M HCIIPABHOTO (HYHKIIMOHUPOBA-
HUS DIIEKTPOTEXHUYECKUX CUCTEM M YCTPOMUCTB, KOTOPBIH MOKAa3al, 4TO AOJIKHA pACCMaTPHUBAThCS HE TONBKO TOJ-
Hasl PeaIn3yeMOCTb TEKYILETO KOHTPOIIS HX PabOTOCTIOCOOHOCTH Ha CTAANAX IPOU3BOJCTBA M AKCILUTyaTaIllH, HO
1 obecriedeHne MOTEHINATBHON BO3MOXHOCTH JUarHOCTUPOBAHUS pa3pabaThIBAEMBIX CHCTEM H YCTPOICTB — Ha
cTaguu npoektupoBaHus. [Ipu 3ToM oTMeUeHa OrpaHNYEeHHOCTh UMEIOIIEr0Cs METOANYECKOro 00ecTieueH s 1o
MPOBEICHUIO TUarHOCTUYECKHMX IKCIIEPUMEHTOB U YKa3aHO, YTO BO3MOXKHOE PEIICHNE JaHHOM IPOOIEMbI COCTOUT
B IPUMEHEHMH Ul JUATHOCTHPOBAHUS Ha BCEX ATaax >KU3HEHHOTO IUKJIA (B YACTHOCTH, IPOEKTUPOBAHUS, U3-
TOTOBJICHHUS M JKCIITyaTalluH) KOHTPOJIUPYEMBIX CUCTEM U YCTPOWUCTB MOJEIbHO-OPUEHTUPOBAHHBIX METO/IOB,
TMIO3BOJISIOIIUX MTOKPBITH JePUIUT H3MEPUTEIbHOM HHOOPMALIUK B X0/ MOJICTUPOBAHHS UX CXEM C UCIIOJIb30Ba-
HHEM COOTBETCTBYIOLIMX MoJiesiell. L{esb BBIIOIIHEHHOTO B paboTe HCCIIeI0BaHUs COCTOUT B JalbHEHILIEM pa3BH-
THUU MOJENBHO-OPHEHTUPOBAHHBIX METOAOB TUATHOCTUPOBAHUS TEXHUYECKOIO COCTOSIHUSA NEKTPOTEXHUUECKUX
CHCTEM U YCTPOMCTB, YTO JOCTHraercst (popmanusanuen 3a1adu U pa3padoTKOl KOHCTPYKTHBHBIX aJITOPUTMOB
JIOKaJIM3allY HEUCTIPABHBIX MOJACHCTEM B MPOCTPAHCTBE COCTOSHUI. B CBA3M C 3TH NpeanokKeH MeTO] JUarHo-
CTHPOBAHUS JINHEWHBIX CUCTEM (YCTPOMCTB), 0OECTICUNBAIONIMI TPOBEPKY TUIIOTE3 O PAOOTOCTIOCOOHOCTH IIPH UX
ONMCaHNH (CYyTh — NPEICTABICHUH MOJICTIH) B IIPOCTPAHCTBE COCTOSIHMI. B oTimane ot mMeromuxcsi, METox 103-
BOJISIET, TIPH IIPOBEACHNUH THarHOCTUYECKOTO 3KCIICPUMEHTA, N30eraTh N3MEpEeHH MOTEHINAIOB B y3JIax, BbIe-
JICHHBIX (JIOKaJTM30BaHHBIX) MoAcxeM. JleficTBHe MpeasioxKEeHHOT0 METOAa PACIIPOCTPAHIETCS Ha MOACUCTEMBI C
HC3aBUCHMbIM Ha6HIOI[eHI/IeM 1 HC3aBUCHUMBIM YIIPABJICHUCM. B TIEPBOM CJIydac — 3TO TaKHUC NMOJACUCTEMbI, U3ME-
HCHHUC COCTOSAHUA KOTOPBIX (B OTACJIBbHOCTH, ITPU BOBHUKHOBCHUUN HeI/ICHpaBHOCTI/I) HC BJIMACT HA COCTOSAHUC, T. €.
BBIXOIHBIC CUT'HAJIBI, APYTHUX ITOJCXEM. Bo BTOPOM cCJiyda€ — O3TO TaKU€ MOACUCTEMBI, IJIA KOTOPbIX U3MCHCHUE
BXOJHBIX CUT'HAJIOB (}1.]151 Ka)KI[Oﬁ B OTI[eJ'H:HOCTI/I) HC BJIMACT Ha BbIXOAHBIC CUTHAJIBI APYTUX MMOACXEM. HpI/IKHaI[—
HBI€ BO3MO>KHOCTH METOJ1a B HH)KEHEPHOU MTPAKTUKE MPOUIIIFOCTPUPOBAHBI IPUMEPOM.

Knrouegvie cnosa: nuarHoCcTHpOBaHUE, METOJ] MATHOCTUPOBAHMS, THIIOTE3a O PAOOTOCTIOCOOHOCTH, MOJIEIb, JIO-
KaJau3alys HEHCIIPaBHOM MOJCUCTEMBL.

BBEJIEHUE mpo0JieMa MOJIy4YeHUs OIICHOK PabOTOCIIOCOOHO-
CoBpeMeHHBIN 3Tall Pa3BUTHUS JEKTPOTEXHU-  CTH YKa3aHHBIX CHCTEM M YCTPOWCTB IIPU OTPaHuU-
YecKHX cucTeM H ycTpoiicTB (OC u DY) xapakTe-  YEHHOM JOCTyNE€ K M3MEPEHHsIM MM OTCYyT-
pu3yeTcs BO3paCTaHUEM HX CIIOXKHOCTH, CBSI3aH-  CTBHEM BO3MOKHOCTH TaKOBBIX (HAIlpuMep, A
HBIM C YBEJIMYCHHUEM M yCJIOKHEHHEM BoinonHse-  OC u DY, KoTOpbIe HEJb3s1 BBIBECTH U3 IKCIUTya-
MBIX (YHKLUI, COBEPIICHCTBOBAHUEM TEXHOJO-  TalM{ WIM MPH OTCYTCTBUU PE3EPBUPOBAHUS, B

THIi TPOU3BO/ICTBA, Y)KECTOUCHHEM TPEOOBAaHMI K YaCTHOCTH JUISI CUCTEM M YCTPOHCTB aBapUiHON
MMOKa3aTellsM KayecTBa WU T.[., YTO, B KOHEYHOM  CHTHAJU3AIIHH).

UTOre, MPUBOAUT K YCIOKHEHHUIO METOAOB U

CPEIICTB JTHMAarHOCTUPOBAHUS, OOECIICUUBAIOIINX METO/J JOKAJIN3AIIUU HEUCIIPAB-
HeoOXxouMble cBolicTBa cucteM U ycrpoiicts [1,  HBIX IOJACUCTEM B IIPOCTPAHCTBE
5, 7-9, 12]. HecMOTpsi Ha 3HAYUTENBHBIE TOCTH- COCTOSIHU

JKEHHMs B 00J1aCTH AMarHOCTUPOBAHMUS PabOTOCIIO- Wznaraemsrii MeTo SIBNISIETCS Pa3BUTHEM Me-
cobHoro coctosuus OC u DV, B CBA3M C TEXHU-  moda 0Oy4aiowux u npoeepoynbix XapaKmepu-
YECKUM PA3BUTUEM IMOCIICIHUX aKTYaNbHBIMU IB-  cmux (Metompa OIIX [19]) u mo3BojsieT BBIMOI-

JISIFOTCS TEOPETUUECKHE MCceoBanusd [2, 6, 11]  muTh mpoBepky rumores o paboTOCIOCOOHOCTH
¥ IPAKTUYECKOE IpUMEHEHUe [3, 12-14] meTonoB  Ha ciyuail onucanus 9C u DY B IPOCTpaHCTBE

JIMarHOCTUPOBAHUs KaK OCHOBBI 1Jis obecrede-  coctostHuil. OTIHYUTEIbHAs OCOOCHHOCTH Me-
HUS HEOOXOAUMBIX IOKa3aTeled paboTocnocod-  Toma COCTOMT B HCIONB30BAHUHM B XOJ€E JHATHO-
HOCTH MPoKoro kinacca OC u DY, a TakKe I0-  CTUYECKOrO0 SKCIEPUMEHTA MOOenel uccieoye-
BBIIICHUST JOCTOBEPHOCTH OLICHOK HX TEXHHUYC- MBIX cucmeM U yCmpoucme, 4YTo 03BOJISIET n3oe-
CKOT'O COCTOSIHUSI. rath (B yCJIIOBHSX OTPaHHYEHHOTO JOCTYIA) U3Me-

Ananu3 paboT B 001aCTU AMarHOCTUPOBAHHMSA  PEHMS MOTEHLHUATIOB B y3JaX JIOKATM30BAHHBIX

texauuyeckoro cocrostaust OC u Y [1, 4, 15-18, MOJICUCTEM (TIOJICXEM).
20-22] moka3bIBaeT, YTO Ba)KHOH, HO B TOXE [IpencrapieHre IMHAMUYECKUX CHCTEM B
BpEMs HE B IOJIHOM MEpE PEIICHHOM, OCTAETCA  MPOCTPAHCTBE COCTOSHUM ¢ IMCKPETHBIMU IIEPE-
MEHHBIMH TIO3BOJISIET MPOBECTH (HOPMAITH3AIHIO
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MPOIEAYp aHAIM3a U JTUAaTHOCTUPOBAHUS CIIOK-
HBIX MHOTOMEPHBIX 3aMKHYTBIX CHCTEM, yI00-
HYI0 Ui YUCJIIEHHOW pealn3alid CpeICTBaMHU
BBIYMCITUTEIBHON TEXHUKH U, KPOME TOT0, TIO3BO-
JIAET C €IUHBIX MO3UIIMN paccMaTpUBaTh JIMHEH-
HBIC W HEJTMHEWHBIE, CTAI[HOHAPHBIE M HECTAIHO-
HapHBIE CHCTEMBI.

[IpoGiiema, KOTOpasi BO3HUKACT MPU YHCIICH-
HOM aHall3¢ M JUArHOCTHPOBAHWU JIHWHAMHUYC-
CKHX CHCTEM, COCTOHT B y4eTe 3a/Iep’KeK CHUTHa-
JIOB OT BBIXOJIOB MOJICICTEM K BBIXOAY CUCTEM (B
uenom). OHa pemaercst BbIJIENEHUEM ITyTel Mpo-
XOXKICHHS CUTHAJIOB OT BBIXOJIOB THArHOCTHPYE-
MO ITOACUCTEMBI 1 BEIXOJIOM CHCTEMBI (B IIEITOM)
Ha KaXJIOM TaKTe pealiu3allii YPaBHCHUM, OIHU-
CBHIBAIOIIIUX CHCTEMY.

1. Toacucrema ¢ He3aBHCHMBIM HaOJIIO-
nenuem. J[ns cucteM, XapaKTepU3YIOIIUXCS He-
3aBHCUMOCTBIO (UHBAPUAHMHOCHbIO) HAONIO/Ie-
HUH TIOJICUCTEM, BBIMIOJIHUM (DOpPMAaTU3AIUI0 3a-
Jla4M JTUarHOCTUPOBAHUSI.

Ilocmanoeka 3adauu. VicupaBHas AWarHo-
CTHpyeMast CHCTeMa OTHICHIBACTCS YPaBHEHUSIMHU

X (k+1)=AX (k) +Bu(k), X (0)=X,, (1)

y (k) =CX (k), )

rae X' — BEKTOpP COCTOSHHS CHCTEMBI Pa3MEPHO-
CTH N ; U, y — BEKTOPHI H3MEPSEMBIX BXOJI-

HBIX W BBIXOJIHBIX CUTHAJIOB, COOTBETCTBEHHO; A
, B, C — u3BeCTHBIE MaTPHIIBI COOTBETCTBEHHO
pasMepHocTEl Nxn, nxq, rxn; k — HOoMep
ypaBHeHus B cucteme (1).

B nuarnoctupyemotii cucteMe MOTyT OBITH BBI-
JISJICHBI TTOACUCTEMBI, KaX/1asi U3 KOTOPBIX OIIH-
CBIBAE€TCS HEKOTOPOW COBOKYITHOCTHIO YpaBHE-
HUI U3 cHcTeMbl ypaBHeHUH (1).

OpHa U3 TOJCUCTEM MOXKET OBITh HEHCIIPABHA.
B pesynbpraTe HencnpaBHOCTEH MOJCUCTEMA MO-
YKET CTaTh HEJIMHEWHOM, HECTAlIUOHAPHOM, U3Me-
HUTH CBOM MOPSAIAOK W HAYaIbHOE COCTOSHHE.
Tpebyercs, pacnonarast mojensio (1), (2), Bxon-
HBEIMHU U BBIXOAHBIMH CUTHAJIAMU JHATHOCTHPYE-
MO CICTEMBI, OIIPEIETUTh HEUCITPABHYIO MTOICH-
CTEMY.

Mooenwv neucnpagnoii cucmemnt. Hencripas-
HYIO CHCTeMY (B I€JIOM) MIPEICTABUM, KaK COCTO-
SIIIYIO U3 HEMCIIPABHOM U MCIIPABHOM MOJICUCTEM.
HeuncnpaBHasg moacucremMa ONUCHIBAETCS HEU3-
BeCcTHOM 3aBUCUMOCThIO Z;(k+1) = f;[V, (k)] , rme
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Z;, V; — BEKTOpbI BBIXOJHBIX U BXOJHBIX CUTHA-
JIOB TIOJCUCTEM COOTBETCTBEHHO Pa3MEPHOCTEH
ru|m.

Jlns onucanus UCIPaBHOM MOACHUCTEMBI yJa-
JIMM M3 CUCTEeMBI ypaBHeHHH (1) ypaBHEHHS, OTIH-
CHIBAIOIIME ToAcHcTeMy S; (mamee Oymem wmc-
MOJIb30BaTh OAHO U TO K€ 00o3HaueHue S;, J0-
IIOJIHSISL €r0 YKA3aHUEM B KOHKPETHOM ClIydae, siB-
JETCSl MOACUCTEMA UCNPAGHOU WA Heucnpaes-
Hoti). Kpome Toro, BBIICIUM MyTH TPOX0XKICHUS
BBIXO/IHBIX CUTHAJIOB HCIIPAaBHOM M HEHCIIpaBHOM
noxcucreM. IIpu 3tom marpuna A mpeoOpasy-
ercs B Matpubl A;, N;, a matpuna C — B Mart-
puuel C;, P;.

B kadectBe wWiLTIOCTpanMM 0Opa3yIOLIUXCS
IIPY BBIAECTICHUH MTOJICUCTEM CBA3EH B CUCTEME Ha
puc. 1 npuBeneHa CTpPyKTYpHasi CXeMa CHCTEMBI C
HEHUCHpaBHOM mojacuctemMoit S; (31ech t™ — ome-
paTop EIUHUYHOTO 3ara3IbIBAHIS).

BrinosHUM onrcaHue JaHHON CUCTEMBI.

Puc. 1. CTpyKTypHasi cxeMa CHCTEMbI ¢ HEHCIIPAB-
HOIi moicucTeMON S;

Fig. 1. Block diagram of a system with a faulty
subsystem
HcnpaBHasg 4yacTh CHUCTEMBI OITUCHIBAETCS Clie-
JTYFOIIAM 00pa3oM:
Xi(k+1) = A; X; (k) +N; Z; (k) +B; u(k),
Vi (k) =R; X; (k) +G; u(k),
Y; () =C; X; (K)+P; Z; (k),

©)

rae X,

HpaBHOﬁ IIOACHUCTECMBI, Yi — BCKTOP BBIXOJHBIX

— BCKTOpP MNCPEMCHHLIX COCTOSAHUA HC-

CUTHAJIOB CHCTEMBI (B LIEJIOM) IIPH HEUCTIPAaBHOM
MIOJCUCTEME S; .

Bektop X; chopMupoBaH u3 BekTopa X 3a-

MEHOH HYJISMU KOMIIOHEHT, COOTBET-CTBYIOIIHX
MEPEMEHHBIM COCTOSIHUS MCIPaBHOW TOACH-
cteMbl S;. Bextop Z; copmupoBaH U3 BeKTOpa
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X" 3aMeHoit HYJISIMU KOMITOHEHT, KOTOPBIE HE SIB-
JISTIOTCSI BBIXOJHBIMH TIEPEMEHHBIMH HCITPaBHOM
MOJICUCTEMBI S; (BBIXOJHBIE CUTHAJIBI HCTIPABHON

MOJICUCTEMBI S; B HallleM cilydae MpeACTaBIAIOT
€000 KOMIIOHEHTHI BEKTOPa IIEPEMEHHBIX COCTO-

auus X).

®opmanbHO MaTpulbl A;, N; MOXHO IOJY-
YUTH U3 MaTpULIBL A, a MaTpUIly B; U3 MaTpHUIbI
B 3aMeHOH HyISIMH CTPOK, COOTBETCTBYIOIIMX
YPaBHEHHSIM, OITMCHIBAIOIIUX UCIIPABHYIO IIOICH-
creMy S, . Kpome Toro, B MaTpune A; HyJIsIMU 3a-
MEHEHBI BCE CTOJIOLBI, SJIEMEHTHI KOTOPBIX HE SIB-
JIAIOTCA COMHOXKHTEISAMH IIEPEMEHHBIX COCTOS-
HUS X; MCIIPABHOMU IOACHUCTEMBI, B MaTpuue N;
HYJISIMU 3aMEHEHBI BCE CTOJIOLBI, 3JIEMEHTHI KO-
TOPEIX HE SBISAIOTCS COMHOXHUTEISIMHM BEKTOpa
IIEPEMEHHBIX Z; .

Martpuna C; noaydeHa u3 marpuusl C 3ame-
HOH HYJISIMH CTOJIOLIOB, 3JIEMEHTHI KOTOPBIX HE

SIBIIIIOTCSL. COMHOMKUTEJISIMU BEKTOpa IIEPEMEH-
HBIX COCTOSAHUA X;, a MaTpula P; moaydeHa u3

MmaTtpuubl C 3aMEHOH HyNISIMH CTOJOLOB, 3Jie-
MEHTBI KOTOPBIX HE SBIAIOTCS COMHOXUTEIIMHU
BEKTOpA IIEPEMEHHEBIX Z; .

Martpuna R; pasMEpHOCTH M; x N BBIAENSAET
3 BekTopa X; (B COOTBETCTBYIOIIMX KIJIETKax
MaTpHIbI CTOST €JUHULBI) KOMIIOHEHTBHI, SIBIISTIO-

myiecs BXOJHBIMU CHTHAJIaMU HEUCIIPAaBHOM MMOJI-
CHUCTEMBI S; .

Marpunia G; pa3MEpHOCTH M; X( BBIAEISET

HU3 MaTpulbl U (B COOTBCTCTBYIOIIHUX KIICTKAX
MaTpuibl CTPOAT e[II/IHI/IHLI) KOMIIOHCHTHI, SABJIA-
OOIMECA BXOJHBIMU CUT'HAJIaMU ITOJJCHCTEMBI Si .

B onmcannm ucnpaBHOH MOACHUCTEMBI HEHC-
MPaBHOM CHCTEMBI (B IEJIOM) BEKTOPbI W Mat-
puisl GOPMHUPYIOTCS 3aMeHOU HYAAMU KOMIIO-
HEHT, a He UX yoajenueM U3 UCXOJHBIX BEKTOPOB
W MaTPHIL JJIs TOTO, YTOOBI YIIPOCTUTH COOJIIO/IE-
HHUE pa3MEpPHOCTEH NPU aHAIN3€ CHUCTEMBI B MaT-
pPUYHOM BHJIE.

Habnwoaemocmsv u paznuuumocms noocu-
cmem. BeeneM onpeneneHue.

Onpeodenenue 1. HekoTopyro HEUCIIPABHYIO
nojacucTeMy S; OyIeMm HasbIBaTh Habmo0aemou,
€CJIY 110 U3MEPEHHSIM BXOIHBIX U BBIXOIHBIX CHT-
HaJIOB CHUCTEMBI (B IIEJIOM) MOXKHO OIPEIENINUTH
BBIXO/IHOM curHan Z;(0) moacucTemsl S;.

Bo3moxHBI 1BE cCUTyaluu:

HAayaJIbHOE COCTOSIHME HCIPaBHON IOJ-
CHCTEMBI U3BECTHO;
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HayaJlbHOE COCTOSIHUE HCHPABHOU TOJ-
CHCTEMBl HEHM3BECTHO (COCTOSHHE HEHCIIPaBHON
MOJICCTEMBI BCET/1a U3BECTHO).

[Homyunm xputepuii HaOIFOTaEMOCTH HEWC-
MpaBHOM TOJACUCTEMBI S;, KOrJa H3BECTHO

HadajnbHOE cocTosiHue X;(0) B ciryyae ucIpas-

HOW MOJICUCTEMBI.
Kak cnenyer u3 (3), BBIXOJHBIE CUTHANBI CHU-
CTEMBI C HEUCIIPABHOM IOJCUCTEMOU S; olpese-

JIAIOTCA 3aBUCUMOCTBIO

Yi(0) G
Y:i(l) _ C'ipﬁ X.(0) +
Yi(vi)] |G A"
R Z;(0)
GiN; R Z@)
+| . :
CAN; CA?.LR][Zi(w)
0
C, B, 0
+| . x

C,A"™B, C/A"’B ..CB,

u(0)
u: @ (@)

u(v; -1

B mMaTtpuuHOM BHIE cucteMy ypaBHeHHH (4)
3anuiIeM, coOJo/1asi COOTBETCTBUE ClIaraeMblX,
CJIEIYIOLIUM 00pa3oM:

Ai(vy) = ¥ (0) + g (07) + 01 U(v; -1, (5)
rae
A(0) =[%(0), ..., ()],
i (0) =[Z;0). ... Zi ()],
U(v; =1) = [u(0),...,u(v; ~1)]".

IMockonbky B popMupyeMyro cuctemy ypas-
HeHull ans onpeneneHus Z,(0) HE JOJKHBI BXO-

IuTh Heu3BecTHble 3HaueHus Z;(k); k=1, To u3
(4), (5) HEOOXOAMMO MCKIIIOUNTH YPABHEHMS, CO-
nepxkamme Z;(k); k>1. IIpu stom (5) npeobpa-
3yeTCsl K BHILY
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Ai(v;) =
=K X0 +F™ 2, +Q™ U(v, -1). ()
O003HauNM
AZ;(0) = AZ; (0)~AZ; (0) n

AA; (V) = A (Ui)_AT(Ui)- (7

rie A (v;) — BEKTOP BBIXOJHBIX CHTHAJIOB HC-

MIPaBHOM CUCTEMBI, ONPEAENIAEMbIN ITyTEM pacye-
TOB WJIM 3aMEPOB CHTHAJIOB MCIPABHOTO JK3EM-
TUISIpA CHCTEMBI.

U3 (6) ciemyet

AN (0) =F" AZ,(0). (8

Martpuny Fi("‘) OyzeMm Ha3bIBaTh Mampuyet
Habnodaemocmu HENCTIPABHOM MOJICUCTEMEBI S, .

DOpMaAIILHO MaTPUILLY Fi("i) MOXKHO IIOJIy4HTh I10
CIIETYIOIIEMY alITOPUTMY:
c(hopMHpOBaTH MATPUILY

B 0YEPEIHOM COCTaBISAIOIIECH MaTpULE,
OTJENICHHON IITPUXOBBIMH JIMHUSIMH, yIAJIUThH
CTPOKH, COOTBETCTBYIOIIME HOMEPAM HEHYJIEBBIX
CTPOK TPEIBIAYIINX COCTABJISIONIUX MaTpuil (B
JTAHHOM CIly4ae ajisl COXPaHEHMs pa3MEpHOCTH
MaTpHIl ¢ LIeJbI0 obecreyeHns: y1o0ocTBa ux co-
IIOCTaBJICHUs CTPOKHU HE yIAJIAIOTCS, a 3aMEHs-
IOTCSI IPOYEPKOM).

Ymeepocoenue 1. Tloncucrema S; Habimio-

JacéMa B TOM U TOJIBKO TOM CJjiydac, €CJIM CYIIC-
CTBYCT TAaKO€ 3HAYCHUE v;, YTO PAHTI MaTPUIILI

':i(Ui) =n.
CripaBe/UTMBOCTh YTBEPIKICHUS CIEAYET W3

YCIIOBUS pa3pelimMOCTH ypaBHeHUs (8) oTHOCH-
TesbHO AZ;(0).

VYpaBHEHHE, COCTABIEHHOE OTHOCHTEIBHO
OLICHWBAEMOW BEIMUMHEL, OyJIeM Ha3bIBaTh Oud-
enocmuyeckum. B TaHHOM cilydae JUarHocTude-
CKUM sIBIIsieTCS ypaBHeHHE (8).
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O0o03HaunM 4epe3 H; TUOOTE3y O TOM, YTO
HeuclpaBHa nojcuctema S;. I'mmoreza H; mpo-

BepseTcs myTeM (OPMUPOBAHUS JAHATHOCTUYC-
CKOro ypaBHeHHS (8) U MPOBEPKHU €ro COBMECTH-
MOCTH.

Ecmu ypaBnenue (8) coBMecTHO, TO TUIIOTE3a
H, mpuHUMaeTcs W MOACHUCTEMa S; CUYHMTAeTCs

HEHCIPaBHOM, eciu (8) He COBMECTHO, TO THIIO-
Te3a H; He mpuHUMaeTcs.

bymem roBoputh, 4To MOJACUCTEMSBI S;, S| He-
pasaudumbl, €CIIA TAIIOTE3a H; IPUHUMAETCH KaK
[IPY HEUCIIPAaBHOM IOJACHCTEME S, , TaK U HEUC-
NPAaBHOM MOJICHCTEME S j .

VYpaBHerne (8) coCTaBIEHO OTHOCHUTEIHHO
Z;(0) Ha OTpE3KE BpEMEHU [O,l)i]. Jns yBepeH-
HOT'O pacro3HaBaHUs THIIOTE3bI MOXKET MOTPeOO-
BaTbCsl IPOBEPKA COBMECTHUMOCTU JUArHOCTHYE-
CKOT'0 ypaBHEHHMsI, COCTaBJICHHOI'O OTHOCUTEIHHO
Z;(n) Ha orpeske [nn+v;], m=0 1pu
AA;(n+v;) #0.

Hoxcucremst S;, S HepasIMIUMBI [IPH THIIO-
Te3e H;, B TOM H TOJNBKO TOM CIIy4ae, €clid IpHu
HEHCIPaBHOM MOJICUCTEME S CYIIECTBYET TaKoe

sHadeHue AZ;(0), uto AA;(v;) =AA;;(v;), rae
AAi,j (vi)
HEHT BEKTOpPA BBIXOJIHBIX CHTHAJIOB CHUCTEMBI C
HEUCIIPAaBHOM MOACUCTEMOU S;, COOTBETCTBYIO-

— BEKTOp, 00pa30BaHHBIH W3 KOMIIO-

LIMX KOMIIOHEHTaM BeKTopa AA;(v;).

BrIxoaHbIE CHTHAIIBI CHCTEMBI C HEUCTIPABHOM
TIOJICUCTEMOH S; ONHUCHIBAKOTCS BhIpAXkKEHUEM (5)

MpY 3aMeHe UHJEKca | Ha uHjekc j. I[Ipu stom
AA;j(vj) ompezensieTcsi 3aBUCUMOCTBIO

AA;j(vi) = (I)(jl,)ii) Ay, (vy),

)

rae (I)(jlfi‘) — MaTpula, HOJTy4YeHHas U3 MaTpPULIbI

(I)(j“‘) yAaJeHueM CTPOK, /Ui KOTOPBIX HE CyIile-

CTByeT KOMIIOHEHT B BekTope AA;(v;).

C Y4ETOM (8), ©)] PaBEHCTBO
AA; (Ui ) =AAj (Ui ) 3aIIMIIEM B BHJIE
F AZ;(0) = @7 Api (v)). (10)
Ymeepocoenue 2. Tlopcucremur  S;, S
pa3IMYMMBI IpH THIIOTE3e H; , ecm
|
paHr] Fi(l’i) |(I)(JU,') =1 + paur (I)(jl]’i‘) N (N}
|
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3amMeTHM, YTO MaTpHIla (D(j‘fi‘) MOXET UMETH

MPOM3BONIBHBIN paHr. CrnpaBeAsuBOCTb YTBEP-
JKJCHUS CIIEyeT HA YCIIOBUS JTUHEHHOW HE3aBU-
cumoctr Ap;(v;), AZ;(0).

Amnanormuso (11) MOXXHO TIOYyYUTH YCIIOBHE
Pa3IMYUMOCTH HNOJACUCTEM S;, S; HPH IHIOTE3e

H; s caydast, Korja HauaiabHOE COCTOSIHUE HC-
IIPABHOM MOACUCTEMBI HEU3BECTHO.

2. TMoncucreMsbl ¢ HE3aBHCHMBIM YINPaB-
JIeHHeM. PacCMOTpHM CHCTEMBI, XapaKTepHU3y-
IOIIMECs HE3aBUCUMOCTBIO (UHBAPUAHMHOCMBIO)
YIPABICHUH TOACUCTEM.

BxoaHble curHansl HEWUCNPABHOM MOJICH-
cTeMsl S; Ha uHTepBaje [0,1] cornacHo (3) onpe-

JCIAI0TCA 3aBUCUMOCTBIO.

V;0)] [R;
Vi R v o)+
v.i M) I%i Al
0 Zi(0)
ALLY 0 L 2@
.Ri AN Ry ATZN; LRy N ii(n)
0 u(0)
L|RiB Gi 5 :U(l) (12)

RIA™B; RA™B; .G | [uM)

B MaTpuuHOM BHE cucTeMy ypaBHeHHH (12)
3aIMIIeM CIeIYIOIUM 00pa3oM:

Vi (Tl) =
=E X0+ T -+ W Um)  (13)

Bxoxuere curnansr Vj(n) moacucremsl S
npu runoreze H; onmpenenstoTcs CHCTEMON ypaB-
nenuii (12) npu 3amene marpunl R, G; Ha Rj,
G;. Ilpu satom Vj(k) ompenensiercst K -M ypas-

HEHUEM CHCTEeMbI ypaBHeHuid (12).

Onpeoenenue 2. Iloxcucremsl S;, S; Oy-

JIeM Ha3bIBaTh IOJCUCTEMAMU C HE3ABUCUMBIM
ynpaeénenuem TIpH runiorese H;, ecinm Ui Kax-
no#t komnoHeHTsl V¢ (k) Bekropa V;j(k) cyme-
CTBYEeT Takoe 3HaueHHue K =Kk, 4To nmepeMeHHas
Vs (k) MHEHO He3aBHCHMa ¢ BeKTOpOM V;(n)

st nuueiiHo HezaBUCHMBIX Vi(n), V()

CYIIECTBYIOT BXOJHBIC CUTHAJIBI CUCTEMBI, 00eC-
TneynBaroIye u3MeHenue Vg (k) mpn HensMeH-
HOM 3HaueHuu V;(n). Ecaum npu u3MeHeHUH
BXOJIHBIX CHTHAJIOB cHcTeMbl Ha AU (1) BXomHbIe
CUTHAJBI MOACUCTEMBI S; HE MEHSITCH, TO HE

MEHSIIOTCSL M €€ BBIXOJHBIE curHanbl. Ha ocHoBe
BBIIIIE WU3JI0)KEHHOTO, CHOPMYIIUpYEM YTBEpKie-
HHE.

Ymeepowcoenue 3. Tloncucremur  S;, S

HMMEIOT HE3aBHCUMBIE YIIPABJICHUS IIPU TUIIOTE3E
H; B TOM ciiyuae, eciu CyIIECTBYIOT TaKHE 3Ha-

ueHust Ky, s=1,m; , IJIst KOTOPBIX BBIMOJIHSIETCS

paHr[Wi(") \ (ks)]T = paHrWi(”) +1.  (14)
Jlns mpoBepku runote3sl H; chopmupyem
BXOJHBIC u®(v; -1,

CHUT'HAJIbI CHUCTCMBI

u™(v; -1) (obyuaromme, MPOBEPOUHBIE), 0OEC-
TNICYNBAIOIIMEC BapHALNIO TepeMeHHOH Vi (K;)

[P HEU3MEHHOM 3HaueHUH V; (1) . DTH CUTHAIIBI

MOT'YT OBITb IPOM3BOJIBHBIMHU, HO JOJDKHBI OTIIH-
YaThesl Ha HeKoTopyro BenmumHy Au(¢). Torna,

3a/1aB u®(v; -1, IOy YHM

u™ (v; —1) = u® (v; —1) + Au(?).

[lycth mMeeTcss BOSMOXKHOCTh YCTaHOBKH He-
HCIIPaBHOM CUCTEMBI B HAYAIHBHOE COCTOSTHUE, KO-
TOPOE JIJISl UCTIPABHOM YaCTH CUCTEMBI U3BECTHO,
a JIIsl HeUCITPaBHOM MOICUCTEMBI S; HEU3BECTHO.

B sTOoM ciywae mpoueaypa NpOBEpPKU THMIIOTE3bI
H; cienyromas.

1. Cucrema ycraHaBIMBaeTCs B Ha4aJbHOE
cocrosHue, n npu u® (v; —1) ompenensercs co-
riacuo (7) Matpuna AAY (v;) .

2. CucreMa ycTaHaBIHMBaeTCs B HaYaIbHOE

cocrostnue, W, mpu U™ (v; —1), ompemensercs
matpuia AA™ (v;) .

3. IlpoBepsercs COBMECTHOCTh CHCTEMEI
YpaBHEHUH

AN (v)] R0
rI, (U|) _ l( 3 xAZi(O), (15)
AAP(0;)] | RM
YTO  OKBHMBAIEGHTHO  IIPOBEPKE  PABEHCTBA

04 _ np
AN (v;) = AAT (v5) .

Ecmm cucrema ypasuenuit (15) HecoBMecTHa,
TO THIOTe3a H; He MPUHHUMAETCs; eClii CUCTeEMa
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ypaBHeHuii (15) coBMecTHa, TO 3TO HE MPOTHBO-
peuut rumnoresze H; .

151 okoHYaTenpHON MPOBEPKHU rUNoTe3bl H;
COBMECTHOCTH CUCTEeMHBI ypaBHeHUit (15) HeoOxo0-
JIMMO TIPOBEPHUTH MIPHU BXOJHBIX CUTHANaX, 00ec-
MEYNBAIOIINX BApPHALMIO BXOJHBIX CHUTHAIIOB
BCEX IMOJCUCTEM, UMEIOLINX C MOJACHCTEMOH S;
HE3aBUCUMBIC YIPABICHHS. 3aMETUM, YTO BXOJ-
Hble curnansl u® (v; —1), u™ (v; —1), obecneun-

BAfOIIHMEC BapHWAIMIO BXOIHBIX CHTHAJIOB ITOJCH-
cTemsl S, 00OBIYHO 00ECIICYMBAIOT TAKXKE BapHa-

MO0 BXOJHBIX CUTHAJIOB JAPYTHX MOJICUCTEM. ITO
IMMO3BOJIACT IIPU OAHUX U TEX K€ BXOAHBIX CUTHA-
JaX CHCTEMBI (B IEJIOM) OOECTIeUUTh Pa3IAIH-
MOCTBb IIOACUCTEMbI Si C HECKOJIbKMMHU IIOJCH-
CTEMaMH.

[IponmmocTpupyeM MoydeHHBIE TEOpeTHYE-
CKHE TIOJIOKEHHUS Ha TTpUMepe.

Ilpumep. IlycTte wucopaBHast cHUCTEMa,
CTPYKTypHasl cXemMa KOTOpPOW MpeicTaBieHa Ha
puc 2, onuceiBaeTcs Moieibio Buma (1), (2).

HpI/I 9TOM COOTBECTCTBYIOUIMEC MAaTPULIbI IIPCI-
CTaBIISIIOTCSI KaK:

1000 11
1000
0101 01
A= 1110 " B=lool’ C=|0010].
0001
0011 00

B pesynbpraTte HemcnpaBHOCTEH MOTYT J[O0CTa-
TOYHO MPOU3BOJIHHO U3MEHSITHCS OMUCAHUS MO/~
cucrteM 1 — 4 u cBs3u Mexay HUMU. B ganHOM
ClTy4ae HeHWcCIIpaBHa MoJicucTeMa 4, OnrcaHne Ko-

Topoit umeer Bum X, (k+1)=[X, (k) —X;(K)]*,
Z,(k) =X, (k). HauanpHOE COCTOSHHUE CHUCTEMBI
X(0) =[X1(0), X5(0), X3(0), X,OI = 2,3 4"
— HEU3BECTHO.

Mecto HeWcnpaBHOCTH OylIeM OIpeNeNsiTh

MIPOBEPKOM COOTBETCTBYIOUIMX THIOTE3. Bbime-
TUM noacucteMsl S;, S,. Ilomaras, 4to Heuc-

HpaBHOfI MOJKET OBITH OJHa M3 OTHUX IIOACHUCTEM,
3aMCTUM, 4YTO B IIOACHUCTEMC 82 MOTYT U3MC-

HATHCS CBSI3W MEXY TojJcucTeMamu 2 — 4.
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5,

Vs

Puc. 2. CTpyKkTypHas cXemMa HCIIPABHOI
CHUCTEMBI

Fig. 2. Block diagram of a working system

[Tomy4nm ncXOAHBIE BEKTOPBI M MATPULIBI IPH
OLIEHKE PA3TUYUMOCTH ITOACUCTEM U (OPMHUPOBa-

HUN AJUarHoCTHYCCKOro
Te3bl H !

0000
0101
0110
0011

1000
0000|, B,
0000

“loo01

YPAaBHEHUS I THIIO-

(0000
0000

0000
, C,=[0010

0001
10000

Yucno OLICHMBACMBbIX KOMIIOHCHT BEKTOpa
X;(0) paBHO TpeMm (¢, =3), a Bexkropa Z;(0) —

equnune (n; =1).

Jnarnoctnyeckoe ypaBHEHHE Ul NTPOBEPKHU
runoTe3sl Hy mpu v, =2 UMeeT BUI

A(2)-QP u() = {Fl(Z) I KP} y {
|

TIe

Z,(0)
, (16
X1(0)} (10
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_Y1 0) ]
y,(0)
y3(0)
A= . |” 0® o,
1@=y,0 @
Y3 (@)
LY3(2) ]
(1000 [0000]
0000 0010
0000 0001
F? =|1000|, kK® =|0110
0000 0011
11000 | 10121 |

|
[ToCKOMBKY paHF|:Fl(2) | KEZ)} =m+0,=4, TO
|

HEHCIpaBHas MojcucremMa S; Halomaema.

JnarHoctryeckoe ypaBHEHHE U IPOBEPKHU
runoressl H, npu v, =1 cienyruiee:

AD leo o y Z,(0)
A, (1)-Q; u(l)—{F2 le} {XZ(O)}’ @17

rgenpu n, =2, ¢, =1

_yl(o)_ [00 |
Y, (0) 00

y3(0) 00
A,=]""", Q¥ =

[0000]
0010
0|20
0001
(1000 |
0000
0000 u, (0
< (0000 (0){1()]
u,(0)
1000
0 X1(0)
0 0
Z,(0) = , X,(0)=
:0=|7 o %@
2,0 0

3aMeTuM, YTO MHTEpBal HAOIIOJECHUS 33 CH-
CTEMOM [0,1)2 =1] IpHU TunoTe3e H, yBEIUYUTh

HEeJb34, TaK Kak Ipu K > v, =1 u3 popmupyemoii

CHCTEMBI JUArHOCTUYECKUX YPABHEHHH YyJaus-
IOTCSI BCE YpaBHEHUSI.

|
ITockonbKky paHr {Fz(l) | Kgl) } =n,+/¢, =3, TO
|

HEHCIIpaBHAas MoAcUCTEMa S, Habyogaema.
OneHnM pasiandyuMocTh TOJCUCTEM S;, S,
pu runorese H,. Mmeem

0000
0010
0001
®?-0000 0010 :
0000 0001
0000 0000 0001
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(1000 |
0000
0000

@ _
‘I’2,l -

10000]
| | |

Tax kak paur {Fl(z)|K§2)|(I)(221)|‘1’(221)}:6>
| N

>N +/¢, =4, TO IOACUCTEMBI S;, S, IIPU I'HIO-
Te3e H,; pasnuuuMBl JUIs IIUPOKOIo Kaacca Heuc-

MPaBHOCTEH. AHAIOTUYHBIM 00pa3oM MOXKHO
yOeauThCs, YTO MOACUCTEMBI S;, S, TpHU THUIO-

Te3e H, TaxkKe pa3iIn4vMBIL.
Ipu uy (k) =1, uy(k) =2;
CUTHAJIBI HEMCIIPABHON CUCTEMBI CIEIyIOIIHE:

¥1(0) =1, y,(0) =3, y3(0) =4, y;(1) =8, y,(1) =6,
Y3 =1y,(2) =12, y,(2) =22, y;(2) = 25.

[MoncraBuB 3HAYEHUS] BXOIHBIX M BBIXOIHBIX
CUTHAJIOB CHCTEMBI B JMAarHOCTUYECKHE ypaBHE-
aus (16), (17), MOKHO yOemauThes, 4TO CHCTEMa
ypaBuenuii (10) necoBmectHa, a (11) — cos-
MectHa. Ilpu »stom X;(0)=1, Z,(0)=2,
Z4(0) =3. CnenoBarensHoO, runore3a H, npuHu-

k =0,1 BBIXOIHBIE

MaeTcsl, U MOJCHCTEMa S, CUUTAETCS] HEHCIPaB-
HOM.

Ha nmpumepe mpoBepku nojcucremsr S, (Th-
nmore3a H,) paccMOTpuM Ipoenypy AIUarHOCTH-

pOBaHMs IMOJICHCTEM C HE3ABUCUMBIM YIIPABIIE-
Huem S;, S,. Manee OyayT HCHOIB30BaTHCS

TOJIBKO BBIXOJIbI CUCTEMBI Y, , V5. IIpu aTOM MaT-

— (0010

una C MeHserca Ha MaTpuly C = .

pur puny {O 00 J

Hcxonable BEKTOPHI U MATPUIB! 11 (HOpMHU-

pPOBaHHA AMArHOCTUYECKOTO PAaBEHCTBA IPH T'H-
norese H, ciexyromue:

1000 0001
0100 0001
4711110 “~loooo]’
0000 0000
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— (0010 — 0000]
C4 = l 4 = l
10000 0001 |
(11 X1(0) |
01 X, (0)
54: 00!’ X4(0): X2 )
3(0)
100 0
0
0
Z,(0)=
4(0) 0
Z,(0)
JluarHocTuyeckoe paBeHCTBO IPH L, =2
HAMEET BUJ
—yz (O)_ _YZ(O)_ (00 |
y3(0) y3(0) 00
_— _— ———| TAu,0
_ - x{ ”1()}, (18)
y2(@) Y, (@) 00 Au, (0)
Y225 [Y2(2)] p 12|

Bxoanele curHansl nOpoBepsieMOM MOICU-
CTEMBI S, ONpEAEISIOTCA 3aBUCHMOCTBIO

V4 (k) = X5 (k) =Ry X4 (k) +
+G,u(k)=[0010]X,(k), G, =0.

BxonHble curHasibl MOACUCTEMBI S; ITPHU TMIIO-

Te3e H, omnpenensroTcs BeIpaKeHUIMHU

B V3,(k) I X(K) |
Va9 = {Vs,z (k)} - {xzm} =R
000
X4(k)={2100}x4(k), G, =0.

Bapuanuio BXOJHBIX CHUIHAJOB CHCTEMBI
Au(0), obecrieunBaOMUX TIOCTOSIHCTBO BEKTOPA

V, (@) =[V,(0), V,@®]" u Bapnarmo nepemenHoii
V1 (1), HalileM U3 CUCTEMBI yPaBHEHHUH.

—————— Lol s)
AVa M) =5] | @ 11
rac
G, |
Wi =| - -0,
R,B, |G,
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®$}(1) — nepsas cTpoka (Ge3 HylIEBbIX CTOIOLOB)

|
{Rs 84,64}:

Umeem Au(0)=(2,3)". 3amas u®(0)=(2)",
nosyaam u™ (0)=(3,5)".

MaTpullbl

1 |
g,)4

01100'

[Tpouenypa mpoBepKU TUIOTE3bI H 4
1. Tonas na cuctemy u® (0) , moayunm
AP Q)=
=[y2(0=3 y5(0) =4, y,) =6, y,() =22]".

2. YcTaHOBHB CHCTEMY B HadajbHOE (HEH3-
BecTHOE) cocrostnue, mpu U™ (0) umeem
AT (@)=
=[y2(0=3 y5(0) =4, y,) =6, y,(2) =30]'
3. TIpoBepuB Ha OCHOBE IMOJYYCHHBIX TaH-

HBIX paBeHCTBO (18), yOexxmaemcs, 9YTO OHO BBI-
nonusiercs. I'mmore3a H4 IMPUHUMACTCA, U IO~

cucreMa S, CUMTAETCs HEUCIIPABHOM.

BbIBO/bI U OBCY/KIAEHUE

W310xeHHBII METOM, KaKk U 0a30BBIM METOI
OIIX, pa3zpaboTraH Jisi HCIOJIH30BAHUS B YCIIO-
BUSX OTPAHMYEHHOTO JIOCTyMa K y3JaM CXEMBbI
quarHoctupyeMoit OC nnu OV U MO3BOJIAET JIO-
KaJlU30BaTh HEUCIIPABHBIE IIOJCXEMBI HE3aBH-
CHMO OT BH/Ia BO3HHKILIEH HEUCITPABHOCTH.

Ilocne mpoBeneHHs aHaiHM3a Pa3IUIMMOCTH
MOJICXEM, PE3YJIbTAThl NMPOBEPKU Ka)JIOH THIIO-
TE€3bl SIBIISIOTCSl HAOEICHbLIMU, T.€. HE TPEOYIOT
XpaHEHUS U MPOBEPKH Apyrux rumnotes. [pu mpu-
MEHEHHH METO]Ia JIOKATH30BaHHBIE MOJICUCTEMBI
ABIISIIOTCS HEMEPECEKAIOUINMHUCS, a UX BBIJIENe-
HUE MOXXET MPOM3BOJIUTHCS OMEPATHBHO B IIPO-
1[ecce NUarHOCTUPOBAHMS U HE HAKJIA/IbIBACT HU-
KAaKHUX OrPAaHUYEHUI.

B npakTtuyeckux MpuIoKeHUSIX Ui JTOKaJIU-
3aIMy HEUCTIPABHBIX TOACXEM B JIMHEHHBIX CXe-
Max MPEeJIOKEHHBIH METOJ CBOAUTCS K (pOpMU-
POBAHHIO HMHBAapUAHTHBIX COOTHOIICHUH, MpE-
CTaBISIOIINX cOOO0H OIpeaeNIeHHbIN ClI0Baph He-
WCIPAaBHOCTEW, NprudeM OH (METOJ) IO3BOJIIET
3HAYUTEJILHO CHHU3UTH KaK KOJMYECTBO Tpelye-
MBIX 3aMEPOB, TaK U 00BEM BBIYHCICHHM.
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Research of the Finite State Machine with Programmable Logic
as a Part of Digital Information and Control System Based on FPGA

Barkalov A%, Titarenko L.%?, Zeleneva 1.3, Hrushko S.2
tUniversity of Zielona Gora, Zielona Gora, Poland
2Kharkiv National University of Radio Electronics, Kharkiv, Ukraine
37Zaporizhzhya National Technical University, Zaporizhzhya, Ukraine

Abstract. The purpose of this research is to determine the effective way of implementation of the
control algorithm, as an important functional part of information and control computer systems. The
search criterion is the minimum of internal hardware FPGA resources required for the control unit
implementation. This criterion allows miniaturization of dimensions, improves reliability by reducing
the number of interconnections inside the chip, and ensures the possibility of a compact arrangement
of various system components, which is especially important when using the “system-on-chip” design
technology. The control unit holds a prominent place in the digital information and control systems. A
comparative analysis of two control unit models represented as a finite state machine with either hard
or programmable logic was proposed. Advantages and disadvantages of both models were determined
according to the peculiarities of the information and control system algorithms, and, it was proved that
the FSM model with a programmable logic matched these peculiarities in a greater degree. The
purpose of this study was achieved due to the application of the proposed method for the
implementation of the FSM with the programmable logic using the embedded memory of the FPGA
and ProASIC chips. The main result was a substantial decrease in the LUT number used. The
experimental results were obtained applying the chips of the world's top manufacturers - Xilinx,
Altera/Intel, Microsemi. The studies were carried out based on the onboard computing complex
control algorithm.

Keywords: control algorithm, digital information and control system, FSM with programmable logic,
FPGA, embedded memory.
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Studiul masinii cu logica programabila ca parte a unui sistem digital de management al informatiilor pe
FPGA
Barkalov A.A %, Titarenko L.A.*2, Zeleneva I.Ya.?, Grushko S.C.2
LUniversitatea Zelenogursky, Green Gora, Polonia
2 Universitatea Nationald de Radio Electronicd din Kharkhov, Kharkhov, Ucraina
SUniversitatea Tehnici Nationald din Zaporoje, Zaporoje, Ucraina

Rezumat.Scopul acestor studii este de a gasi o modalitate eficientd de implementare a algoritmului de control, ca
o parte importanta a sistemelor computerizate de informare si control. Criteriul de cautare este conditia celor mai
mici costuri ale resurselor interne ale cipului FPGA in timpul implementarii circuitului dispozitivelor de
comandd. Minimizarea costurilor hardware este un factor important in proiectarea hardware-ului sistemelor
moderne de management al informatiilor, deoarece permite miniaturizarea dimensiunilor, imbunatateste
fiabilitatea prin reducerea numarului de interconexiuni si oferd de asemenea posibilitatea unui aranjament
compact al diverselor componente ale sistemului, ceea ce este deosebit de important atunci cand se utilizeaza
tehnologia de proiectare system-on-chip ". Ca parte a sistemelor digitale de informare si control, un loc
important este ocupat de unitatea de comanda. A fost efectuatd o analizd comparativdi a metodelor de
implementare a unui dispozitiv de comanda sub forma de automate cu logica rigida si programabild. Avantajele
si dezavantajele acestora sunt determinate in conformitate cu particularitatile algoritmilor sistemelor de control al
informatiilor. Se aratd cd modelul automatului de control cu logicd programabild corespunde mai mult
particularitatilor acestor algoritmi decat modelul automatului cu logica rigida. Scopul acestor studii a fost realizat
prin metoda propusa de implementare a unui circuit logic automat cu o logica programabild care utilizeaza
cipurile integrate FPGA si ProASIC. Rezultatele studiilor prezentate confirma eficacitatea acestei metode.
Rezultatul principal este o reducere semnificativd a numarului de LUT-uri utilizate Tn implementarea schemei.
Datele experimentale au fost obtinute pentru cei mai importanti producétori de chipuri din lume - Xilinx, Altera /
Intel, Microsemi.

Cuvinte-cheie: algoritm de control, informatie digitald si sistem de control, masind automatd cu logica
programabild, FPGA FPGA, memorie Incorporata.
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Hccienosanue aBToMara ¢ IporpaMMHupyeMoii JIOTHKOI1 B cocTaBe U (POBOii HHPOPMALTOHHO-
ynpasJsiionieii cucremel Ha FPGA
Bapxanos A.A.Y, Turapenxo JI.A.12, 3enenesa U.51.% I'pymxko C.C.5
Vuusepcuter 3enenorypckuii, 3enenas I'ypa, [Toismra
ZX apbKOBCKMH HAIIMOHAIBHBINA YHUBEPCUTET PaIHOIIEKTPOHUKH, XapbKoB, YKpanHa
33anopoIKCKUii HALMOHAIBHBIHA TEXHUUECKHH YHUBEPCUTET, 3aM0pOKbe, YKpanHa

Annomayusn. 11enpio TaHHBIX WUCCIEIOBAHUM SBIICTCS MOUCK 3P PEKTUBHOTO criocoba peanu3aniy aropuTMa
yIpaBiIeHUs, KaK BaXHOW (YHKIMOHAIHHON YacTH WH(POPMAINOHHO-YIPABISIONINX KOMITBIOTEPHBIX CHCTEM.
KpurepueMm moucka CiyXHT YCJIOBHE HaMMEHBIIMX 3aTpaT BHYTpeHHUX pecypcoB kpuctaua [TJIMC npu
UMIUIEMEHTAIlUM CXEMbl YCTpOMCTBa ympaBieHHs. MUHMMHU3aLUUs annapaTypHBIX 3aTpaT SIBISETCS Ba)KHBIM
(akTOpOM IpH NMPOEKTHPOBAHHMHU aIIapaTHOW YacTH COBPEMEHHBIX HH(OPMALMOHHO-YIPABISIIOLINX CHCTEM,
TaK Kak o0OecrieunBaeT BO3MOKHOCTh MUHHATIOPH3ALIMH rabapuToOB, CIOCOOCTBYET MOBBIIICHUIO HAZEKHOCTH 32
CYET YMEHBUICHUs YHCIIa MEXXCOCANHEHUH, a TakKe 00eclIeunBaeT BO3MOXKHOCTh KOMITAKTHOTO PACTIONOXKEHUS
Pa3IMIHbIX  COCTAaBJIAKOMNIUX CUCTEMBI, 4YTO OCO6€HHO AKTyaJIbHO MHPpHU HUCIOJB30BAHUU TEXHOJOTHMHU
MIPOEKTHPOBAHUS «CHCTEMa-Ha-KpUCTaule». B cocraBe IHU(POBBIX WHPOPMANNOHHO-YIPABISIONINX CUCTEM
BaXHOE MECTO 3aHHMAeT YCTPOHCTBO ympaBieHHs. B paboTe BBHIMONHEH CpaBHUTENBHBIN aHAIN3 CIIOCOOOB
peanmm3allii  yCTPOICTBa YIpaBieHWS B BHAE aBTOMAaTOB C JKECTKOH W MPOTPaMMHPYEMOW JIOTHKOM.
OmnpeneneHbl X JOCTOMHCTBA M HEOCTATKH B COOTBETCTBHH C OCOOCHHOCTSIMH aJlTOPUTMOB MH(OPMAITHOHHO-
YIpaBISAOMIX cucTeM. [1oka3aHo, 9TO MOJIENb YIPABJIAIOIMIEr0 aBTOMAaTa C IIPOTPaMMHUPYEMOil JTOTHKOI Oojee
COOTBETCTBYET OCOOCHHOCTSIM YKa3aHHBIX aJTOPUTMOB, YeM MOJIENb aBTOMaTa C JXECTKO# yormkoi. Llems
JAHHBIX HCCIIEJOBAHUI JOCTUTHYTa 32 CYET IMPEAJIOKEHHOTO CHocoba HMMIUIEMEHTAI[MH CXEMbl aBTOMaTa C
MPOrpaMMUPYEMOIl JIOTUKOW C WCIOJIb30BaHMEM BCTpOeHHOW mamatu wmukpocxemM FPGA u ProASIC.
[IpuBeneHsl pe3yabTaThl UCCICIOBAHHM, KOTOPBIE MTOATBEPKAAIOT dIPPEKTUBHOCTh JAHHOTO crocoba. [1aBHbIM
pe3yJIbTaTOM SIBJIIETCS] 3HAUUTEIBHOE COKpallleHHe YKciia Ucnoib3oBaHHbIX LUT npu UMIieMeHTaluu cXeMsl.
DKcreprMeHTaIbHBIC JaHHBIC TIOMYYEHBI TSI MUKPOCXEM BEAYIIMX MHPOBBIX (pupm-tipoussoauteneit — Xilinx,
Altera/Intel, Microsemi. HMcciaemoBaHuss BBIIIOJIHEHBI Ha OCHOBE ajropuTMa YIpPaBICHHUS OOPTOBHIM
BBIYUCITUTEIEHBIM KOMIUIEKCOM.

Knroueevie cnoea: anroputm yrpapleHHs, TUPpoBas HHOOPMAIMOHHO-YIPABIISIOMAsS CHCTEMa, aBTOMAT C
nporpammupyemoit gorukoit, IINIMC FPGA, BcTpoeHHas TaMsATh.

BBEJIEHUE UCIIOJIB3YIOIIEHCS B MHPOBOI
NPOMBIIIIJICHHOCTH, KOoTOpast MO3BOJISIET
PCAIM30BLIBATL KaK IIPOCTBIC W MOPTATUBHBIC
yCTpOiiCTBa, Tak ¥ CIIOXKHBIE IH(QPOBBIC
CHCTeMbI KOHTpPOJSl WM ympaBieHus [5, 21-22].
Paznmnunbie pynknuu [HUYC peanusyrorcs B
b6azuce IIJIMC wHamexHBIM ©  yAOOHBIM
criocobom. Hcnonp3oBanne IIJIMC wumeer psan
NPEeUMYILECTB B pelieHun BOIIPOCOB
MOBBIIIICHUS ~ HAJEKHOCTH  MPOEKTUPYEMBIX
CHUCTEM TIIyTeM pE3EPBUPOBAHHS, a TaKKe
pacnapayieNMBaHus TPOLECCOB  YIPABICHUS
[11].

[IpuMeHeHne  TEXHOJNOTHMH  «CHUCTEMa-Ha-
KpUCTaJUIe» SBISIETCS OXHOW M3 A((PEKTUBHBIX
Mep MO OO0ECHEeUeHHI0 JOCTaTOYHOTO YPOBHS
HaJeKHOCTH. B Takux cucremax 3a cueT
BBICOKOH ONTHUMH3AINH JTOCTUTAETCS CHIDKEHUE
SHEPTOMOTPeOIeHuS, MTOBBIIIICHHE
OTKa30yCTOWYMBOCTH M TMPOU3BOIUTEIBHOCTH,
yMeHbIIIeHHe 00beMa CpPEACTB W BPEMEHU s
anmapatHou otnajaku. [IpumeHnenue «cucteM-Ha-
KpHCTaJJIe» MO3BOJIAET Peai30BaTh B Mpenenax
OJTHOTO KpHCTaJlIa KakK YCIIOBHO-
pacrnpe/ieNIeHHbI BBIYMCINUTEIbHBIA KOMILIEKC,

CoBpemenHble U(GPOBBIE HH()OPMAIIMOHHO-
ympaeimsomue  cucremsl  (ITUYC)  [1-3, 8]
MOJTYy4aloT BCE Oonee LIUPOKOE
pacrnpocTpaHeHWe  BO  MHOTHX cepax
NPOW3BOJICTBA, B OPraHM3allid  YIPaBICHUS
CIIO)KHBIMH TEXHOJIOTMYECKUMH OOBEKTaMH U
nporeccamM, B TNPOEKTUPOBAHUU «YMHOTO»
JloMa W Jaxe ropoaa, u T.1. B udactHocTH, B
JaHHOW pa0oTe peuyb MOHIeT O cucreMax
yIpaBIICHUSI B cocTase 6oproBoro
BBIYUCINUTECIIBHOI'O KOMIIJICKCA. Hannuue
MHO>XECTBa CJIOKHBIX KOMITOHEHTOB u
MOJICHCTEM, KOTOpBIE 00ECIICUnBAIOT U3MEPEHHUE
MapaMeTpoB, BHECEHHUE HE0OXOIUMBIX
IMONpaBOK, MOHHUTOPHHI' ITPOU3BOJUTCIIBHOCTH,
SHEPromoTpeONICHUs U JIp., BIEKYT 3a co0O0i Bce
Ooubliee YCI0KHEHUE YIPABIISIONIMX CUCTEM [4,
5]. Hecmotpst Ha 9TO, CHUCTEMBI H3MEpPEHHUS U
YIPaBICHUs, MPUMEHAEMBIC, HalpuUMep, B
0opTOBOM 000pyIOBaHHH, JTOJKHBI
obecrieunBaTh JOCTaTOYHO BBICOKYIO
Ha/eKHOCTh, COOTBETCTBUE CTaHAapTraM W
6e3omacHocTh nporieccos [2, 10].

[Iporpammupyemsbie JIOTHYECKHE
TaKk ¥ MOAYNIb OOHApYKEHUS] HEHUCHIPABHOCTH U

unterpanpuele  cxembl (IIJIMC)  sBastoTcs
N N 9 YIpaBJIeHUS NEPEKITIOYEHNUEM, YTO, B YACTHOCTH,

COBPEMEHHOU 3JIEMEHTHON 6a3oif,
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AKTYaJlbHO JUISI BCTPOCHHBIX 1 OOPTOBBIX CHCTEM
[9].

B mewaTtm mpenctaBieHO IOCTaTOYHO MHOTO
My OIMKAIHA, TOCBSIIEHHBIX HOBBIM MOIXOAaM K
3¢ PeKTUBHOMY UCIIOJIb30BaHUIO CBOICTB
ruOkoi  BHyTpeHHed  apxutekTypbl [IJIMC
FPGA, 49t0 maer BO3MOXXHOCTH OIEPATHBHOTO
pexoH(pUTypupOBaHus, JUCTAaHIIMOHHOTO
MEpErnporpaMMHUpPOBaHHUS, pa3paboTku
PE3EPBUPOBAHHBIX M MHOTOBEPCHUHHBIX CHCTEM
[6-7, 11-14, 21]. Bce T Mepbl HampaBieHBI B

KOHEYHOM uTOore Ha MOBBIIIEHHE
OTKa30yCTOMYMBOCTU M TapaHTOCHOCOOHOCTH
UHQOPMAITUOHHO-YIIPABJISIONIIX CUCTEM,

0COOEHHO /sl TNPUMEHEHUS B KPUTHYHBIX
YCIIOBUSX WM OOPTOBOM 000PYIOBAaHHH.

MuHuMH3aIMs  anmapaTypHbIX 3arpaTr INpHU
peanuzanuy cxeMbl NU(GPOBOTO yCTPOHCTBa Ha
IUINC [15-19] Takxke sBiseTCs HE MEHEe
BAXHBIM  (aKTOpPOM, KOTOPBI HEOOXOIMMO
YUUTBHIBATh Ha 3Tare MPOEKTHUPOBAHUS C IIEIIBIO
MOBBIIICHUA HAAEKHOCTH CHCTEMBI B IIEJIOM.
Heobxonumocts pa3paboTKu METOJI0B
MIPOEKTUPOBAHUS CUCTEM Ha [JINC,
OpPUEHTHPOBAHHBIX Ha CHIDKEHHUE aIllapaTypHBIX
3arpar, o0ycioBneHa, MTOMHMO
MUKPOMUHHUATIOpU3ALIHIH, MOBBILIEHUEM
HaJeKHOCTH CHUCTEMbl 32 CYET YIPOIIEHUS
¢$byHKUMi, OIHCHIBAIOIINX aIrOpUTM
YIpaBICHHUA, MIPEICTaBICHHBIN
MHUKPOIIPOTPaMMHBIM aBTOMATOM.

VYnpouienne QyHKIHA BT K YMEHBIICHUIO

anmapaTHOW  M30BITOYHOCTH, a TaKke K
YMEHBIIEHUI0  00BeMa  KOH(HUTYparmOHHON
namsta - [2, 7-9, 19-22]. CroiikocTh K

oanHo4uHBIM cOosiM st TTJIMC Ha ocHOBe stueex
CTaTUYECKOM MaMATH 3aBHCHUT OT CTOMKOCTH
OTJICIBHBIX ee COCTaBJISIOIINX:
KOH(UTYPALIMOHHOHN MaMsITH, ABTOMAaTOB
yrOpaBieHus KOH(MUTYPAIMOHHON TaMAThI0 U
MOJTE30BATEIbCKIX TPHUTTEPOB.
Koudurypanuonnas MaMsTh oTpeemsieT
Bemonasemyto [IJIMC normgeckyto (yHKIHIO.
IIpu sToM cOoil B KOHGUTYpPAIMOHHON MaMsATH
MPOU3BOAUT OoJiee HETaTHBHBIN 3(PQekT, uem
MPOCTO OJTMHOYHEIN COOM B PETUCTPE MaHHBIX.

C TeyeHHEM BPEMEHH HAKOIUICHUE TO00HBIX
ommOOK B  KOH(DWTYypallMOHHOW  ITaMSTH
MPHUBOJUT K COOK Ja)xe MPU PEe3CPBHPOBAHUU.
[Tockonbky cTeneHb BIUSHHUS OJIMHOYHBIX COOCB
Ha KoH(purypannonayoo mamsaTts [IJIMC 3aBucur
oT ee oObemMa, YMEHBIIEHHE KOJINYECTBA STUEEK
KOH(UTYPaIIMOHHOH MaMSTH MTOBBICUT
croiikocTh ITJIMC K OOMHOYHBEIM COOSIM H, KaK
CJIEJICTBUE, HAZCIKHOCTH CXEMBI B IIEJIOM.

38

Baxxnoi YacThIO (G poBBIX
MH(POPMATMOHHO-YIPaBIISIOLINX CUCTEM
ABIIIIOTCS YCTPOMCTBA YIPABIEHUS, KOTOpBIE
MOTYT OBITh pEali30BaHbl B BHJE aBTOMAaTa C
JKECTKOW WJIM TIPOrpaMMHUpPYyeMON JIOTUKOH [9,
16-19]. B OonbIIMHCTBE CcllydaeB, Cyas IO
MyOIMKaIVsIM, UCIIOB3ETCSl MOJENb aBTOMAaTa ¢
skecTioi Jorukoit (AXJI), a umeHHo — aBTomar

Mypa, uTO OOYCIIOBICHO OTHOCHUTEIHHOMN
MPOCTOTOM W YCTOMYMBOCTBIO, IOCKOJIBKY
BBIXO/IHbIE  CHUTHAjJbl 3aBUCAT TOJNBKO  OT

COCTOSIHMM aBTOMata. ABTOMar Mypa Takxe
o0ecrieurBaeT MaKCHMalbHOE OBICTpOJEHCTBUE
32 CYeT OJHOBPEMEHHOTO aHajh3a BCexX
JIOTUYECKUX  YCJIIOBHM,  KOTOpBIE  CIIyXKaT
BXOJIHBIMH CHTHaJIaMH CXeMbI apromara [19-20].

OpHako  anropuTMbel  (PYHKIMOHHPOBAHHS
CHCTEM YIPABIEHUSA HMEIOT CTPYKTYPHYIO
0COOCHHOCTh,  COCTOSIIYIO B  TOM,  4TO
JIOTMYECKUX BEPIIMH B TAaKOM aJrOpUTMeE
JOCTAaTOYHO  MHOTO 9TO  COOTBETCTBYET
YacTOMY ONPOCY BCEBO3MOMKHBIX JATYUKOB H
IpyTux BHemHUX ycTpoucTtB [1, 4-5]. Kpome
TOTO, XapaKTEpPHO YEPEAOBAHUE JIOTUYECKUX U
OIEpaTOPHBIX BCPIINH, 4qTo COOTBCTCTBYCT
MpOLIECCY  «OMpoc  JaTyhKa peaxuus
ycTpoiictBay. Kak nokazamu nOpakTHUYECKue
WCCIICIOBAHUSl aBTOPOB, pealu3alus TaKux
AJITOPUTMOB B BUAC YIPABIAIONIMX aBTOMATOB C
JKECTKOU JIOTUKOU MOXET 0Ka3aTbCst
Hed(PEKTUBHOW TI0O HECKOJIBKUM IPHYNHAM:
cucteMbl (YHKIMH TEpPeXOAOB H BBIXOIOB
MOJY4alOTCs TPOMO3IKHMH, TEPMBI HMEIOT
OOJBIIYIO Pa3MEPHOCTD, YTO HEN30EKHO BEIET K
M30BITOYHOMY  WCIIOJI30BAHMIO  BHYTPEHHHUX
pecypcoB KpucTasa (610K0B LUT,
MEXXCOEUHEHUH) MPU HUMIIEMEHTALUU CXEMBI.
Kpome Toro, 3atpynmHsercs aBTOMaTH3aLUs
npouecca GopMUPOBaHUs cUcTeM (YHKUUH, YTO
TaKXKe IMPUBOAUT K OLIMOKaM U YCIIOXKHSET
MPOCKTHPOBAHHE U OTIAJIKY.

ABTOMaTbl € MPOTPaMMHUPYEMOM JIOTHKOU
(AILI - programmable logic finite state machine,
PLFSM) mO3BOJISIOT JIy4ille Y4e€CTh OIHCAHHBIC
BBIIIIE  CBOMCTBA  aNrOPUTMOB  yIpaBIICHUS
0o0BEKTaMH 3a  CcyYeT SIBHOH  ajapecaluu
nepexonoB. B mpormecce cunresa cxemsl AL
ITOPUTM YIpaBJIEHHUs PpeoOpa3yeTcss B MacCUB
OHUTOBBIX CTPOK, COOTBETCTBYIOLINX
YOPaBISIONIMM  CJIOBaM, M 3alMCHIBAETCS B
yOpaBisifonyro  mamiaTte.  KomOwHanmoHHas
cxema, o0ecnieurBaroas KOPPEKTHOE
CUMTBHIBAaHHE U 00palbOTKy YNpaBISIOIIMX CIIOB,
TpeOyeT MeHbIIe JIOTHYeCKUX pECYpCOB B
cpasaennn ¢ AXIJI, mockonsky B Moaenu AILJI
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peanu3yemMbie  CHCTEMbl  (DYHKIUH  UMEIOT
HaMHOTO MCHBIIHNKA paHT u 00heM. Hemoctatkom
B OTOM CJydYae SIBISETCS HEKOTOPOE CHIDKEHHE
ObICTpOzCHiCBUS 10 TOW  TNPUYHMHE, YTO
mornyeckue ycious (JIY) aHamm3umpyroTcs B
AIlJl mo ogHOMY B KaXJOM TakTe, U MpHU
Oonbirom uncie JIY B aaroputme yrpaBiieHUS

CHIDKEHHE ObICTpOACHCTBHSA Oyner
CyIIeCTBEHHbIM. PemmTh 3Ty mnpobieMy B
ONPENEICHHOW  CTENEHW  MOXKHO  IyTEM

UCIIOJIB30BaHUSl PECYpCOB OBICTPOAEHCTBYIOIIEH
BcTpoennoi mamsta FPGA [20, 23-24].

Lenpio MaHHBIX HUCCIEAOBAaHUI SBISETCS
IOUCK  HAWIydllero crocoba  pealu3aluu
YCTpOMCTBa yNpaBiCHHS, KaK BaXHOM wyacTu
UHQOPMAITMOHHO-YIIPABIISIONICH KOMIBIOTEPHOH
cucteMbl. KpurepreM moucka CIyXHUT YCIOBHE
HalMEHBIIMX 3aTpaT BHYTPEHHHX PECYpCOB
kpuctauia [TJIMC npu MMIUIEMEHTAIMH CXEMBI
YIPaBJISIONIET0 aBTOMAaTa. BEITOTHEHHE 3TOro
KPHUTEPHS, B CBOIO OUYEPEib, [I03BOJIUT YIyUIIUTh
TaKue MOKa3aTely, KakK Ha/IeKHOCTb,
9HEPromnoTpedIcHne, YMEHBUINTh  TabapuUTHI
ycTporcTBa. Llenp uccienoBanuil JOCTUTHYTA 32
CYEeT TNPEAJIOKEHHOIO B CTarbe cHocoba
UMILJIEMEHTAluU CXEMBI YIPaBIISAIOLIETO
apTOoMara C M[pPOTPpaMMHUPYEMOM JIOTMKOH C
UCIIOJIb30BaHUEM BCTPOEHHOMN namsITu
mukpocxeM FPGA wu ProASIC. Ilpuenenst

pe3yJIbTaThl HCCIIeIOBaHUH, KOTOpEbIE
MOJITBEPKAAIOT 3¢ PEKTUBHOCTH JTAHHOTO
cmocoba. [maBHBIM  pe3ynabTaTOM  SBISETCS
3HAUUTENIBHOE COKpallleHHe qucia

ucnonp3oBanHblx LUT mnpu wummnemeHTtauuu
cxeMsl. [Ipyrue BaxkHble XapaKTEPUCTHUKU CXEMBI
npu 3TOM HE YXYIIAK0TCS.
OKCIepUMEHTAIbHbBIC JTaHHBIE MOJIY4EHBI
aBTOPAMH JJII MHUKPOCXEM BEAYLIUX MHPOBBIX
dbupm-pomsBoguteneir — Xilinx, Altera/Intel,
Microsemi.

METO/bI

B kadecTBe pelieHHs MOCTaBICHHON 3a1ayuu
OpenjaraeTcs  pacCMOTpPEeTb  aBTOMar  C
MIPOrpaMMUPYEMO1 JIOTUKOM U MPUHYIUTEIBHOU
aapecanue Mukpokomann [18]. Ilpu stom
HEO0X0TUMO BBITIOJTHUTh MOTU(PHUKALNIO
U3BECTHOM CTPYKTYpBl, OpPHUEHTHUPOBAHYIO Ha
ocobeHHocTH »dnemeHTHOro Oasnca FPGA wu
ProASIC  [25-27]. OOummM  CTPYKTYpHBIM
CBOMCTBOM 3THX MHKPOCXEM SIBJIETCS HAJIUUYHUE
KaK paclpelesieHHbIX MAaTpPUUYHBIX PECypCoOB
LUT (look-up-table), TaK u
OnIcTponelicTByIOMEH BcTpoeHHOH Tamsaty EMB
(embedded memory blocks).
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bazoBas CTPYKTypa aBTOMaTa c
NporpaMMHUpyeMoi JTorukoi (puc.l) BkIO4aeT
KOMOWHALIMOHHBIA  OJIOK, KOTOpPBIH B CBOIO
ouepesib COCTOMT W3 CXeMbl (HOPMHPOBAHUS
aapeca Mukpokomanasl (microcommand address
generator, MAG) u cxeMbl (opMHpPOBaHUS
MEKpoorieparmii  (Mmicro-operation  formation
scheme, MOFS), a Ttarke OJOK yIpaBistoIIeit
namsita (control memory, CM), koTopblit XxpaHuT
MHUKpPONPOrpaMMy YIPABJIECHHUS BCeM LU(PPOBHIM
yctpoiictBoM. Kpome Toro, B cxeme Al
00s13aTeNIbHO ecTb peructp azapeca
MHKpOKOMaHael  (microcommand address
register, MAR) [18].

Junst cuHTE3a aBTOMAaTa C MPOrpaMMHPYEMOM
JOTMKOM HCXOZHas rpad-cxema ajropurMa
('CA) nmomxna OBITH TpeACTaBIeHa B BHIE

mukporporpammel  (MII), cocrosmeit w3
MUKPOKOMAaH]T 3aJJaHHOT'O (dhopmara.
MukpoxoMaHa (MK) COZICPIKUT

omnepanmonnyio vacth (OY - operating part, OP)
u angpecHyto yacTh (AU - address part, AP).

*v v
MAG

Address

MAR

CM

L

OPy

N

MOFS
YK Y
Puc.1. CtpykTypa apTOMaTa ¢ NporpaMMupyemMoi
JIOTHKOIi’.

B npomecce dyukuumonupoBanus Al
ouepenanass MK cuutsiBaetcs u3 YII mo aapecy,
HaxoJsAIEMYCsI B peructpe aapeca
MUKpokoMaHa. OmnepammwonHas 4acte MK
MOCTYIAET Ha CXeMy (hopmupoBaHus
MUKpOOTIEpalliii ¥  MpeoOpa3oBhIBacTCI B
MHKPOOIIEpALIU Y, YIIPaBIIAIOLINE

ONEpaIOHHBIM aBTOMAaTOM. AJpecHas 4YacThb
MK wucnonezyercsi cxemoil (opMupoBaHus
ajipeca, Hapsjy C JIOTUYECKUMH YCIOBUSIMH X

Uit (GOPMHpOBaHMsSI B PErHCTpPEe  ajpeca
clenyomen MUKPOKOMaH/IbI.
OYHKIIMOHUPOBAHKE 3aBepIIaeTcs nocie
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(hopmupoBaHus MpU3HAKa OKOHYAHHUS
MUKpOTIPOrpaMMsbI Y k.
ABTOMaThl € MPOrpaMMHUPYEMOM JIOTHKOU

OTJIMYAIOTCA  PErYISIPHOCTBIO  CTPYKTYpbl H
JOCTaTOYHO MPOCTHIMH AITOPUTMaMH CHHTE3A.
IIpu srom Bcem AILJI mpucymr CymiecTBEHHBII
HEIOCTAaTOK: €cJM Iepexon sBisgercs L-
HampaBJIeHHBIM, TO €CTb 3aBUCHT OT L
JIOTHYECKHUX YCJIOBHM, TO OH BBITONHsETCS 3a L
TaKTOB. DTO MPHBOAUT K YBEIMUYCHHUIO YHCIA
MHUKPOKOMA@H/ B MHKPOIIPOTpaMMe, 3a CU€T
BBoja L-1 JOMOTHMUTENBHBIX MHUKPOKOMAaH
0e3ycIOBHOTO Tepexoaa M, Kak CIEeACTBHE, K
YBEJINYECHUIO BpEMEHH BBITIOJTHEHHUS
MHUKpPONpPOrpaMMbl. YacTUYHO 3TOT HEZOCTATOK
MOXHO CTIIQJUTh 3a CYET MPHHYIUTEIbHON
ajpecariu MHUKPOKOMaH/I B dopmare
YOPABJSIFOLIEH NaMSTH.

[IpunynurenbHas anpecauusi ONpeAEsIeT
Takoi  (opMaT MHKPOKOMaHIbl, KOTOPBIH
BkitouaeT nonist FY (omepanmonnas gacts), FX
(mpoBepsiemoe  morumveckoe yciosue), FAO
(ampec mepexolia MpH PaBEHCTBE YCIOBUS HYIIO
wiM npu 0e3ycinoBHOM mepexoxe), FA1 (aapec
nepexoja MpyU paBEHCTBE JIOTUYECKOI'O YCIIOBUS
eAnHuIe). DTOT crmocod axpecanuy MO3BOJISET
KOMOWHHMpOBaTh  Tapsl  «omeparopHas  +
YCIOBHAas» B OOHY MHKPOKOMaHIy, 4TO
NPUBOIUT K YMEHBILICHHUIO YHCIa MUKPOKOMAaH
B MHKpPOINPOIpaMME U COKPAILIEHHUIO BPEMEHH
BeImosHeHus. Ho mpu 3ToM Bo3pactaer oObem

YTIPaBJISAIOMICH MaMsATH, 4To0 pu
aBTOMaTHueckod  umiuementanmu AlIlJl B
MHUKPOCXEMY FPGA HIPUBOJUT K

JOMNOJJHUTCIIBHOMY HCIIOJIb30BAHUIO PECYpPCOB
LUT (look-up-table).

IIpennaraercs MouUITIpOBaHHAS
CTPYKTypa AT, B KOTOpOH BCs
KOMOWHAIIMOHHAS 4acTb (at0 CXEMBI

(hopMHpOBaHHS aAPECOB W MHUKPOOTIEPAITHIA)
BbimonHeHa Ha LUT, a tabmmmua ympaBnsromei
mamMsTH peanu30BaHa Ha OJIOKAX BCTPOCHHOMN
namsitt EMB  (embedded memory blocks).
Peructp agpeca MUKpOKOMaHIBI pearn3yeTcs Ha
pacmpeneieHHbIX TpUrTepax Kpucramia [25-27].
Takas CTPYKTYpa HE peanuzyercs
aBromatudeckn cpenctBamm CAIIP. s ee
peanu3anuyi HYXXHO BBINOJIHHUTH CHEIHAILHYIO
MOJITOTOBKY TMPOTPAaMMHOTO OMHCAHUS CXEMBI
aBTOMAaTa Ha SI3bIKE OMHMCAHWS amnmapaTypsl. B
gacTHOCTH, TpoekTel AIlJl ¢ 6a3oBoit
CTPYKTYpOW B JIaHHBIX WCCICIOBAHUAX OBLTU
BhIONIHEHBI Ha s3blke VHDL u  3arem
ucmonb3oBansl B makerax Quartus II, Vivado,
Libero nmns wccrnemoBanus Mukpocxem GupMm
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Altera/Intel, Xilinx, Microsemi COOTBETCTBEHHO.
IIpoekr AIIJl co BCTPOEHHON MNaMSATBIO
paspaboran B makere Quartus 11 [28].

PE3YJIBTATBI U OBCYKJIEHUE

HccnenoBanust ObITM MPOBENEHBI HA OCHOBE
peabHOTO anropuT™Ma yIIpaBlIeHAS
Kodpurypauueii  60pToBOil  MH(POPMALUOHHO-
ynpansiomed cucrteMbl. V3HavanpHO —3amada
COCTOSIA B TOM, 4YTOOBI CHHTE3UPOBATh Ha
mukpocxemax  FPGA  u, Kak  Oojee
Joporocrosimuil - BapuaHT, ProASIC, cxemy
YCTPOMCTBA yINpaBleHHs, KOTOpas OOecIeynuT
Mallble TabapuThl, HAJCKHOCTH W HSKOHOMHOE
sHepronotpednenue. VcxonHsle naHHble OBLIH
OpeficTaBieHbl B BHIAE  (PYHKIMOHAIHLHOTO
JiepeBa ¢ OTMEUEHHBIMH COCTOSHUSIMUA aBTOMAta
Mypa. B xone peuieHusi IOCTaBI€HHON 3a1auu
ObUIM pa3BEpHYTHl HCCIENOBAHUS C ILEJBIO
MOMCKA HAWITYYIINX BApPHAHTOB.

[Mponmykuus MHUPOBBIX JTUJIEPOB
npou3sBoacTBa Mukpocxem — Altera/Intel, Xilinx,
Microsemi — BbIOpaHa B Ka4eCTBE HJICMEHTHOTO
0asuca 1o TOl MPUYKMHE, YTO OHA COOTBETCTBYET
OJTHMM M3 CaMbIX BBICOKHX KBAJU(PHUKAIMOHHBIX
crannapToB: cranmapty MIL-Std 883 kmacca B,
3aJalo0IIeMy METOIBI KOHTPOJIS
MHUKPOSJIEKTPOHHBIX YCTPOMCTB M TPOLEAYPHI
NPOBEPKHU, NPHUMEHSEMbIE B a3POKOCMHYECKHX
cucremax, a Takke cragapty MIL-PRF-38535
kmacca Q u N, ycTaHaBIMBAIOIIEMY HOPMBI
Mpou3BOANTEIRHOCTH (performance), kadecTBa
(quality) u HagexHocTH (reliability) [2, 25-27].

3agaua IIPOEKTHPOBAHUS yCTpoiicTBa
yhopaBieHus s OOpPTOBOM CHCTEeMBbl Obuia
peleHa HECKOIBKUMU CII0CO0aMu:

- CTPYKTYpHBIM OIHCaHueM aBToMaTa Mypa
[0 COCTOSIHMAM, YKa3aHHbIM B HCXOIHBIX
JaHHBIX;

- TOTOKOBBIM ONKCAHHEM C OMOLIBIO Tpada
MEPEXO0JI0B, YTO YIPOLIAeT MPOLECC PEIIEeHUI
OOJIBIION 3a/1a4n;

- B BUAE aBTOMAaTa C IPOrpaMMHUPyEMOH
JIOTUKOM M aBTOMAaTHYECKOM MPOU3BOJBHOM
UMILUIEMEHTAlUEH B MUKPOCXEMY;

- B BUAE aBTOMaTa C NPOrpaMMHUpPyeMoOi
JOTUKOM W CIEHUAIBbHOM HWMIUIEMEHTAIeH
yIOpaBIAIOed NaMiaTH Ha BcTpoeHHbIXx EMB
Os0Kax.

[HonpoOHble pe3ynbTaThl UCCIACAOBAHUN IS
MukpocxeMm ¢upmbl Altera/Intel, BBITONHEHHBIC
B makere Quartus I, nmpuBenens! B Tabmure 1.
OueBuaHoO, 4TO MIOTOKOBOE OTIMCaHNE
Hed((PEKTUBHO I PENICHHUS] ITOCTaBICHHOM
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3a/1eCTBOBAHHBIX PETUCTPOB.

Tabmmma 12

PesynbTathl nccienoBanus pa3HbIX CIIOCOOOB peann3aliy anropurMa ynpasieHus Ha FPGA

dbupmer Altera/Intel

Algorithm
Chipsets Specification Structural Streaming | o o PLFSM using
description description embedded memory
Number of LUTs 138 104 106 16
Embedded memory, bit 0 0 0 2496
_ < | Number of Rg 6 52 6 6
=<
3 Y, | Total Thermal Power 58,55 58,55 59,11 60,04
su Dissipation, mW
2 .
3§ gpre_ Stqtlc Thermal Power 46.12 4611 46,11 46,11
8. issipation, mW
NO Thermal Power 12,44 12,43 13 13,03
Dissipation, mW
Junction Temperature, C 25,7 25,7 25,8 25,8
Number of LUTs 139 107 108 15
’g Embedded memory, bit 0 0 0 2496
é 3, Number of Rg 6 52 6 6
LL
> g | Total Thermal Power 166,64 16664 | 67,07 69,04
2 D|55|pat|qn, mw
2 8 C(_)re_ Stqtlc Thermal Power 153,34 153,34 58.84 58,84
o Dissipation, mW
o
w | NOThermal Power 133 133 8,24 10,2
Dissipation, mW
Junction Temperature, C 27,4 27,4 26 26
Number of LUTs 107 82 51 11
_ | Embedded memory, bit 0 0 0 2496
N
Q | Number of Rg 6 52 6 6
=
=10 | Total Thermal Power 4255 427,23 425,38 425,95
£ 3 Dissipation, mW
s uw i
B | Core Static Thermal Power | 597 5 399,06 | 397,02 397,29
N Dissipation, mW
]
< | NO Thermal Power 28,18 28,18 28,36 28,66
Dissipation, mW
Junction Temperature, C 26,7 26,7 26,7 26,7
Number of LUTs 105 82 49 11
& | Embedded memory, bit 0 0 0 2304
9]
S S | Number of Rg 6 52 6 6
LL
< g | [otwl Thermal Power 842,3 844,05 804,06 804,22
=R D|SS|pat|qn, mwW
35 | Core Statc Thermal Power | 7qq 34 801,11 | 761,95 761,97
3 Dissipation, mW
N O Thermal Power
o
W | Dissipation, mW 42,96 42,94 42,11 42,25
Junction Temperature, C 27,4 27,4 27,3 27,3
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Algorithm
Chipsets Specification Structural Streaming PLESM PLFSM using
description description embedded memory
Number of LUTs 104 83 49 11
© | Embedded memory, bit 0 0 0 2496
§ Number of Rg 6 52 6 6
X L
5o | Totl Thermal Power 406,44 406,54 406,59 407,14
s Q Dissipation, mW
X :
< (5 | CoreStatic Thermal Power 383,95 383,95 383,95 383,96
< Dissipation, mW
& 1\O Thermal Power
i C 22,49 22,59 22,73 23,17
~ Dissipation, mW
Junction Temperature, C 26,6 26,6 26,6 26,6
Kak n nmpeamnojarajoCcb aBTopaMu, aBTomMar C SaHCﬁCTBOBaHBI JOCTAaTOYHO KOMIIAKTHO, YTO

MpPOrpaMMHUpPYEMON JIOTMKOH, B CpPaBHEHUHU C
aBTomMaTtoM Mypa, gaer peuieHue, Ooee
3(peKTHBHOE 1O WCIOIL30BAHUIO PECYPCOB
KpHCTaa, npu COXpaHEeHUH IOpyTHX
XapaKTepUCTUK (paccenBaeMasi U MoTpebisiemas
MOIIHOCTb) MPUMEPHO HA OAHOM YpPOBHE.
Menpme Bcero pecypcoB LUT Tpebyercs
npu peanmusamun  AIJl ¢ ucnonb3oBaHueM
BCTpPOGHHOH mamstu, npuiyeM EMB  Onoku

160

(] -
< <

=
f=1

80
60

Number of LUTs

\_J

MOJKHO YBUETDH C TIOMOIIBIO0 TPOCMOTPIIUKA.

Pe3ynbraTel uccnenoBaHWM Ui BCEX Tpex
bupm  (Altera/Intel,  Xilinx,  Microsemi)
nmpuBeJeHbl Ha pUcyHKax 2—4. CpaBHUTeNIbHas
Juarpamma pe3ynapTaToB umruieMeHTanun AllJl
C MPHUMEHEHHEM OJIOKOB BCTPOEHHOH MaMSTH H
0e3 HuX — Ha pHc.S.

—#— Structural
description
Streaming
description

40
20

0
Cyclone ITT Cyelone IV Stratix 11T

Stratix TV

= —a—PLFSM

AmiaGX

Altera (Intel) chipsets

Puc. 2. 3aBucumMocTs ynciaa nenoab3oBanusix LUT npu uMmiieMeHTanuu ynpasJisiiomiero aBToMarTa B
mukpocxemsr Altera/Intel®.

160
140

100
80
60

Number of LUTs

40
20

Arntix 7 Spartan 3

120 /\—‘

Kintex 7
Xilinx chipsets

——Structural
description

Streaming
description

== PLFSM

Zyng

Puc. 3. 3aBHCHMOCTD YHCJIa HCNO0Ab30BaHABLIX LUT Npu HMIUIeMEHTAMH yNPaBJIsIOIIEro aBTOMAaTa B
mukpocxems Xilinx?,
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Number of LUTs

ProASIC3E SmartFusion2

IGLOO
Microsemi chipsets

—&— Structural
description
Streaming
description

—#—PLFSM

IGLOO2

Puc. 4. 3aBucHUMOCTH YHCIa HCMOJb30BaHHBIX LUT npu uMmieMeHTanuu ynpaspJisiiomero apToMara

B MUKpocxeMbl Microsemi®.

120 108

S
RRCCRREN
S
RRCCRREN
S
R,
S
R,
S
R,
S
R,
S

100

80

60

Rt
RERTELRY
Rt
AECCELE
Rt
AECCELE
Rt
AECCELE
Rt
AECCELE

40

20

ElCyclone III
(EP3CSE144A7)

~ Cyclone IV GX
(EPACGXI15BF14C6)

ol Stratix II1
(EP3SES0F484C2)

B Stratix IV
(EP4SGX180DF29C2X)

O AmriaGX
(EPIAGX20CF484C6)

15

e

1111
N =

PLFSM using embedded memory

11

Puc. 5. Kotnuectno 3aaeiictBoBanbix LUT npu ABYX pa3HbIX BapHMaHTaX MMILIEeMeHTAIUH
aBTOMATA ¢ IPOrPaMMHMPYEMOii JIOTHKOii’,

Ha rpadukax BuAHO, YTO ammapaTypHBIC
3aTpaThl MPaKTUYECKU BCeTaa HUMEIOT
HavuMEHbIIIEe 3HAUYCHUE B ciyvae
UMIUJIEMEHTAIlMU aBTOMATa ¢ MPOrpaMMHUpPyeMO
JIOTUKOM.

Pe3ynbTaThl uccienoBaHUN TOKa3aldd, YTO
aBTOMaT C NPOrpaMMHUpPYEMOM JIOTUKOM, B
CpaBHEHHH C aBTOMaToM Mypa, obecnednBaer
CYIIECTBEHHOE YMEHBIIEHHE HCIOJIb3yEeMbIX
BHyTpeHHHX pecypcoB [IJIMC mpu peanuzanuu
TaKOTO  aJTOPUTMa  YyMPaBICHUS  CIOXKHOM
CHUCTEMOM, KOTOPBIA MOCTPOEH MO MNPUHIUILY
«OIpOC  TaTYUKOB peakuusi  ycTpoiucTBa
yopasieHus». ClemayeT Takke OTMETHUTh, YTO
umiementanuss AUl ¢ ucnonb3oBanuem
BcTpoenHod — mamsaru  [IJIMC  mo3Bomser
HACTOJIbKO 3KOHOMHO HCITOJIb30BaTh PECYPCHI
LUT, 4T0 CTaHOBUTCS BO3MOXHBIM PEATH30BATh

SeAppendix 1
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Opyrue ycTtpoiictBa Ha ocBoboxuBmmxcs LUT.
OT0, B CBOIO OYEPenb, OAET BO3MOXHOCThb
BBITMIOJHUTh, HANpUMEp, TPOHWHOE MOAYJIbHOE
pe3epBUpOBaHNE KOMOMHAIIMOHHBIX Y3JI0B, COOM
B (YHKUMOHHPOBAHWH  KOTOPBIX  MOTYT
OKa3aThCsl KPUTUYHBIMU 11 paboThl yCTpOHCTBa
B LICJIOM.

3AKVIIOYEHHUE

IIpu HCIIOJIb30BAaHUU MpeAIaracMoro
MOoAX0Aa K HUMIUIEMEHTAllMM aBTOMaTa ¢
MPOTPaMMUPYEMOU JIOTUKON, MOYKHO YJIYYIIUTh
[IOKa3aTeJId  HAJACKHOCTM  Kak 3a  CYeT
YMEHBLICHUS KOJIMYeCTBa BHYTPEHHHUX
MEXKCOCIMHEHUN KpHUCTaJlJla, TaKk M 3a CUer
BO3MO>XHOCTH PE3EPBUPOBAHUS — JIOKAJIbHO, Ha
TOM K€ KpHCTaJUlIe, YTO HE IMOBIUSET Ha
CTOMMOCTD MHUKPOCXEMBI u rabapuThl
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ycTpoiictBa. BceTpoeHHOW mamsAThIO 00JamaroT
BCE PACCMOTPEHHBIE B CTaThe, a TAKXKe JpyTHe,
HOBeHmmme, cemeiictBa wmukpocxeM [LJINC,
MO3TOMY  MOXXHO  pPEKOMEHJOBaTh  JaHHBIN

MPUJIOKEHHUE 1 (APPENDIX 1)

'Fig.1 The structure of a finite state machine with
programmable logic.

SFig. 2. Dependence of the number of used LUTSs
when implementing the control FSM in Altera (Intel)
chips.

“Fig. 3. Dependence of the number of used LUTs
when implementing the control FSM in Xilinx chips.
SFig. 4. Dependence of the number of used LUTs
when implementing the control FSM in Microsemi
chips.

®Fig. 5. The number of used LUTs for different ap-
proaches to implementation of the FSM with pro-
grammable logic

2Table 1. The results of the study of different ways to
implement the control algorithm on the FPGA com-
pany Altera/Intel
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Fractional Integral-Differentiating Control in Speed Loop of Switched
Reluctance Motor

Busher V.V., Goroshko V.V.
Odessa National Polytechnic University, Odessa, Ukraine

Abstract. This paper deals with the feedback speed control of a switched reluctance motor using the
fractional-order controller. Due to the polar-pole construction and pulsed power windings, at which
saturation of the magnetic system occurs, standard Pl or PID controllers based on motor description
with differential equations of integer order have led to significant errors and inaccuracies in the
dynamic and static modes. The purpose of the work is optimization of dynamic and static modes using
fractional integral proportional controllers. The goal was achieved by solving the problem of
identifying a switched reluctance motor based on the fractional order differential equations with a
power of 0.7, parameters found by genetic algorithms. It allowed taking into account the nonlinear
dependences of the magnetic flux and torque so that the object behaved like a linear one. Then it
became possible to synthesize controllers with a fractional order of integration and differentiation
based on standard methods of the theory of the automatic control. It was shown that the parameters of
the model changed with voltage regulation. The behavior of a closed system was compared when
tuning the speed loop to the technical optimum and fractional order of astaticism 1+ 4, taking into

account such changes in the control object. Significance of the results consisted in the fact that the
fractional order controllers using a motor model based on a fractional-order differential equation
ensured a high quality system (the minimum of the first matching time, the overshoot was no more
than 2%), unattainable with classical PID controllers.

Keywords: switched reluctance motor, fraction calculus, controller with fraction order, parameter
identification, fractional astatism, genetic algorithm.
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Controlere cu ordine fractionati de integrare si diferentiere in conturul vitezei unui motor electronic-
reactiv
Busher V.V., Goroshko V.V.
Universitatea Politehnicd Nationald din Odessa, Odessa, Ucraina

Rezumat. S-a studiat sistemul de control al vitezei unui motor electronic-reactiv, ce are ca particularitate
saturatia sistemului magnetic datoritd structurii cu poli evidentiati si alimentarii in impuls a infasurarilor.
Descrierea motorului utilizdnd ecuatiile diferentiale de ordin intreg si utilizarea controlorilor standard PID
conduce la erori semnificative si la o precizie redusd a controlului. Scopul lucrarii este optimizarea regimurilor
dinamice si statice folosind controlere proportionale integrale fractionare. Realizarea obiectivului se atinge prin
rezolvarea problemei identificarii modelului motorului electronic-reactiv construit pe baza unor ecuatii
diferentiale de ordin fractionar, care permit sa se tind seama de dependentele neliniare ale fluxului magnetic si
ale cuplului, astfel incat obiectul sa se comporte ca unul liniar. Apoi, devine posibila sintetizarea regulatorilor cu
o ordine fractionatd de integrare si diferentiere bazatd pe metode standard ale teoriei controlului automat. Ca
urmare a studiilor, a fost obtinut un model factional-aperiodic de ordinul 0.7, parametrii carora au fost
determinati folosind algoritmi genetici. Sunt date dependentele castigului si ale constantei de timp cu marimea
tensiunii aplicate, care sunt utilizate pentru corectarea parametrilor controlerului in functie de marimea referintei
vitezei. Se compard comportamentul unui sistem inchis la setdrile conturului de viteza pentru modulul optimului
si astatism de ordinul /+u. Simularea a fost realizata cu sarcind de tip ventilator la diferite tensiuni aplicate si
unghiuri constante de pornire si oprire (7,5° si respectiv 22,5°). Este important ca cei mai buni indicatori ai
proceselor tranzitorii sunt asigurati de regulatori cu componente fractionate integrate atunci cand se instaleaza un
sistem cu o ordine fractionatd de astatism de 1.7.

Cuvinte-cheie: motor electronic-reactiv, calcul fractionat, controler cu ordine fractionata, identificare parametru,
astatism fractionat, algoritm genetic.
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Perynsitopbl ¢ APOOHBIM MOPSIAKOM MHTErPUPOBaHUs U TudPepeHUNPOBAHNS B KOHTYPE CKOPOCTH
BEHTWJIHLHO-PEAKTHBHOIO ABUTATEJIs
Bywep B. B., 'opomko B. B.
Opecckuit HAIMOHANBHBIN TONMMTEXHUYECKUH yHIBepcuTeT, Onecca, YKpanHaa
Annomayus. ViccmenmoBana cucTeMa yIPaBICHHS CKOPOCTHIO  BEHTHIIBHO-PEAKTHBHOTO  JTBUTATEIS,
0COOEHHOCTBIO KOTOPOTO W3-3a SIBHOIOJIOCHON KOHCTPYKIMM W HMITYJIECHOTO THTAaHUS OOMOTOK SIBIISIETCS
HACBHIIIIEHNEe MarHUTHON cucTeMbl. OmnHcaHie JBUTATENS ¢ TMOMOIIbI0 Au(depeHaIbHbIX YPaBHEHUH IEI0T0
mopsiika W TpuUMeHeHHe craHmapTHeIX [IN][-perynsaTopoB NPHUBOANT K BO3HHUKHOBEHHIO CYIIECTBEHHBIX
MOTPEIIHOCTEH W CHUXKCHUIO TOYHOCTH yhpaBicHus. llemp paboThl — ONTHMHU3aIUs JAWHAMHYCCKUX U
CTaTHYECKUX PEKHUMOB C MOMOUIbIO APOOHBIX HHTErPalbHO-MPOMOPLUUOHAIBHBIX PETryJSITOpoB. JlOCTHKEHUE
1enu 00ECIeYeHO 3a CYeT pEIICHHs 3aJa4dl WACHTH()HKAINMK BEHTHIHLHO-PEAKTUBHOTO IBHUraTeNsl MOJCIBIO,
MOCTPOCHHOW Ha 0a3ze audQepeHIUANbHBIX YPaBHEHUI IPOOHOTO TMOPSIKA, KOTOPBIC MO3BOJIAIOT Y4ECTh
HCITMHCHWHBIC 3aBHCUMOCTH MAarHUTHOTO TOTOKA M KPYTSAILIEr0O MOMEHTa TakK, 9YTO OOBEKT BeleT ceOs momo0HO
nuHeitHoMy. Torga CTaHOBUTCSI BO3MOXKHBIM CHHTE3 PETYJISITOPOB C APOOHBIM TOPSAKOM HHTETPUPOBAHUS U
mupepeHIPOBaHN HAa OCHOBAHWM CTAaHNAPTHBIX METOIOB TEOPHH AaBTOMATHYECKOTO VIpaBieHUs. B
pe3ynbTaTe HCCICAOBAHHUH TONydeHa ApoOHO-amepuoimdeckas Monens mopsaka 0.7, mapaMeTpsl KOTOpOW
OTIpeNIeNICHBI C TIOMOIIBI0 TEHETHIECKUX anropuTMoB. [IpuBeneHsl 3aBHCHMOCTH KOA((GHUIINCHTA YCHICHUS U
MOCTOSSHHOW BpPEMEHH OT BEJIMYHHBI MPHIOKEHHOTO HAINPsDKEHUS, KOTOPHIE HCIIONB3YIOTCS U KOPPEKIUU
MapaMeTpoB pETryisATopa B 3aBUCHMOCTH OT BENWYHMHBI 3afaHus CKOpocTH. COIOCTaBICHO TOBEICHUE
3aMKHYTOH CHUCTEMBI IIPH HACTPOHKaX KOHTYpa CKOPOCTU Ha MOAYJIBHBIM ONTUMYM M acTaTU3M mopsaka 1+ s.

IIpoBeneHo MojenupoBaHME C BEHTHIATOPHON Harpy3kod NpH pa3HBIX MPUIOKEHHBIX HANPSOHKCHUAX U
MOCTOSIHHBIX YIJax BKIIOUCHHS M BBIKIIOUeHHs (7.5 © u 22.5 ° COOTBETCTBEHHO). BakHO, 4TO HamTyd4ine
MOKa3aTeId MEePeXOHBIX MPOIeccoB (MMHUMAIbHOE BpEMs IMEPBOTO COTJIACOBAHUS, NEpEperylupoBaHHE HE
6outee 2 %) obecneYnBaIOT PETYIATOPHI C IPOOHO-MHTETPAITBEHBIME COCTABIIIONIMMH TIPH HACTPOIKE CHCTEMBI C
JIpOOHBIM TOPSIIKOM acTaTi3Mma 1.7. 3HAYMMOCTh pPE3yJIbTAaTOB 3aKIIOYAETCS B TOM, YTO CHHTE3 APOOHO-
MHTETPUPYIOIINX  PETyJISITOPOB C  HCHONB30BAHHMEM JAWHAMHUYECKONH MOJAENM JBUTATeNss Ha 0Oase
muddepeHINANTBEHOTO  ypaBHEHHS JAPOOHOTO IMOpsiika OOECIeYMBAET BBICOKOE KAadeCTBO  CHCTEMBI,
HEJIOCTIXHUMOE C oMoIbio Knaccnueckux [TW/I-perynsTopos.

Knrouegvie cnosa: BEHTUIILHO-PEAKTUBHBINA ABUTATENb, APOOHOE HCUHUCIICHHE, PETYIIATOP C IPOOHBIM MOPSIIKOM,
uieHTUHUKALUS TTapaMETPOB, APOOHBII acTaTH3M, T€HETHUECKHUIH aITOPUTM.

BBEJIEHUE npeoOpaszoBaTesib paboTaeT B UMIIYJIBCHOM
peKHME, 4YTO MPUBOJUT K aKyCTHYECKHM
IIyMaM, a MarHUTHOE HAaCBIIICHHUE YCIIOXKHAET
YIPABJICHUE W3-32 HEIMHEUHBIX 3aBUCUMOCTEN
[2].

Hcnonp30BaHne KIACCUYSCKHUX JIMHEHHBIX

Oo0iacThb MPUMEHEHUS BEHTHJIHHO-
peaxtuBHbIX napurateneii (BPJ) B mociegnme
TOJIbI  CYIIECTBEHHO pacCIIUpWiIach, O YeM
CBUJICTEIILCTBYET AaKTHUBHBIH pPOCT TMATEHTOB,

CBSI3aHHBIX v STHM HarpaBlieHUEM
N . PID-perynstopoB He oOecnieumBaeT KelaeMbIe
uccnenoanmii  [1, 2]. Ilpuumsel  Takoi
KaueCTBO MEPEXOJHBIX IMPOIECCOB, TaK Kak
aKTUBHOCTHU OOBACHSIOTCS TEM, 4TO

IuddepeHInaNbHbIe YPaBHEHNUS, ONKMCHIBAIOIINE
nrHaMmuyeckue npoieccsl B BPJI, HenuHelHbl u
M3MEHSIOTCS B 3aBUCHUMOCTH OT YTJIa TOBOPOTAa U
ckopoctu Bpamieaus [4]. [loatomy HEoOXoammo
YCIIOKHSTh CTPYKTYPY U MOAOHPATh MapaMeTpbl
PETYIATOPOB.

[TyOnukaruii, CBS3aHHBIX C YIpPaBICHHEM
BPJl, nocrarouno maoro. Hanpumep, B KOHType
MOMeHTa (TOKa) HamboJiee TEePCICKTHBHBIMU
cunrarotcs metoasl TSF (torque shared function)
u DITC (direct instantaneous torque control) [5 —
7]. B KOHType CKOpPOCTH HCIOJIB3YIOTCS
HenmuHelHble PlD-perymstopsr [8], a Takke
WHTEIJIEKTYalbHbIE METOABI KOHTpOJIA, TaKue
kak fuzzy-perymnsropsi [9], neiiponnsie cetu [10]
1 komOuHanmu 3Tux MeTonoB [11 — 13]. Ograko
JNAHHBIE  METONBl  TPYAOEMKH, TpeOyroTcs

MIPOU3BOJICTBO BPI 5 HCHOJIb3yEMBbIE
MaTepuaibl  OKa3bIBAIOTCS  JCIIEBIE  JaXe
MPOM3BOJICTBA ACHHXPOHHBIX JBHUTATeNiel (B
poTope HET OOMOTOK, B CTAaTOPHOW OOMOTKE
ucnonszyercs wmenu Ha 40-50 % wmenbe),
TEXHOJIOTHsI M3TOTOBJICHUS Tpoiie. B cpemHem,
pu OJTMHAKOBBIX AIEKTPUICCKUX u
MaccorabapuTHBIX  Xapaktepuctukax, BPJI
uMeeT B 4 pasza MEHBIIYI0 CTOMMOCTH, Ooiee
LIMPOKMM  Juana3oH CKOpPOCTEM  BpalleHMs,
Oonee BBICOKHI IUANa30H pabouux TeMIieparyp,
YeM BEHTWJIBHBIC JBUTaTeNd C IOCTOSHHBIMHU
MarauTamu [3]. IIlpuauHON MaHHBIX TOCTOWHCTB
SIBJISICTCSI  SIBHOIOJIIOCHAsI ~ CTPYKTypa  dTUX
JIBUTATENEeH cO CTOpOHBI cTtaTopa u portopa. Ho
3TO xKe OJTHOBPEMEHHO CTaHOBUTCS
HEJOCTAaTKOM, TaK KaK »JIeKTPOMEXaHHUYECKUN
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OTpeJicIeHHbIE HABBIKH JJISI HACTPOWKH CHUCTEM
yIIpaBIICHHUS.

B nmocnemnue gnecatwieTwss Bce  Oolee
AKTUBHO MPUMEHSIOT OpOOHOE HCUUCIICHHE B
TEXHUKE W B TEOPHH  aBTOMATHYECKOTO
ynpasnerus (TAY). OgHo# U3 MpUYUH SBIIETCS
TO, UTO APOOHBINH MopsaoK AuddepeHIaIbHbIX
YpaBHEHUH TOYHEE ONHCHIBAET HEKOTOpBIE
(u3nYIecKre MpoIeccH (aKyCTHKa, YIIEKTPOHUKA,
TepMOAMHAMUKA W MHOrue mapyrue) [14 —16],
0coOEHHO Te, B MaTeMaTH4YeCKOH MOJICIH
KOTOPBIX MPUCYTCTBYIOT CTCTICHHBIC
3aBucuMocTH. Takxke PI'DM-perymsatoper ¢
JpOOHBIM  TIOPSIIKOM ~ WHTETPUPOBAHHUS U
IuQepeHInpoBaHns  AalOT  BO3MOXKHOCTh
BbIOOpA JOTMONHUTEIBHBIX MAPAMETPOB ¥ U L .

JpyruM JOCTOMHCTBOM TaKHX pEryJISTOPOB
SIBJISIETCA MOBBILIECHHBIA 3alac YCTOWYHUBOCTH 110
cpaBaeHnto ¢ nenouncineHHsiMu PID. Tak kak
CUHTE3 PETYJIATOPOB C IPOOHON CTEMEHBIO CXOXK
C TPAJAMIMOHHBIMH METOJIAMH, TO 3TO YIPOIIAeT
MOWCK  KO((UIMEHTOB AN OTIENBHBIX
COCTaBIISIOIINX 3TUX PETYIATOPOB.

OnHako ecTh TPYAHOCTH C pealiu3alucii
IpOOHBIX  HWHTErpatbHO-IU(DGepeHIUPYOIIX
PETYIATOPOB B MUKPOIPOIECCOPHBIX CHCTEMAaX,
00YCIIOBJICHHBIC HEOOXOJIUMOCTBIO  XPaHEHUS
MAaKCHMAJIBHO OOJBIINX MAaCCHBOB JaHHBIX U
KOA(P(GUIIMEHTOB, M BBIYUCICHUS CYMMBI HX
nomapHeix  npousBeneHuii. COOTBETCTBEHHO,
CYIIECTBEHHO YBEIIMYUBAIOTCS 3aTparThbl
MPOIECCOPHOTO  BPEMEHH W BO3PACTaIOT
TpeOoBaHUS K o0beMaM maMATH 74
MIPOU3BOIUTEIIBHOCTH MIPOLIECCOPOB. Ho
Oyiarojapsi MCIOJb30BAaHUIO HOBBIX METOJIOB
anmnpOKCHMAIAN [17 —20], CTaHOBHTCS
BO3MOXKHBIM TPUMEHEHUE TaKUX PEryJsTOpOB U
IS YIpaBJICHHUS OBICTPOACHCTBYIOIIUMU
MPOLIECCAMH U CHCTEMaMH.

Lens pabOTHI — CHHTE3 CHCTEMBI YIIPABICHUS
BEHTHJIbHO-PEAKTHUBHBIM JIBUTATEJIeM Ha Oa3e

)1p06HBIX HUHTCTPAJIbHO-TIPOINIOPIHNOHAIBHBIX
PEeryjadaTopos, O6eCHe‘lI/IBaIOH.[I/IX IIOBBIIICHUEC
Ka4C€CTBCHHBIX IoKazaTejeh pa6OTBI B

JUHAMAYECKUX U CTATHYECKUX PEKUMAX.

Js  JoCTMKeHUs A3TON IHenW HeoO0XO0IMMO
pelIUTh 33734y WICHTU(GUKAIMA BEHTHIIBHO-
PEaKTHBHOTO JABUTATES MOIENbBIO, TIOCTPOEHHOM
Ha Oaze gauddepeHHMATBHBIX  YpPaBHEHUH
JPOOHOT0 TOPS/KA, KOTOPBIE MO3BOJAT YYECTh
HEJIMHEWHBIC 3aBUCUMOCTH MArHUTHOTO TOTOKA,
KPYTSIIET0 MOMEHTA, BEHTHIISITOPHBIA XapakTep

HarpysKHu.
OTO MO3BOJIUT pEIIUTH BTOPYIO 3adady —
CHHTE3MPOBATh  PETYIATOPBl €  JIpOOHBIM
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MOPSIKOM WHTETPUPOBAHUS u
nuddepeHmupoBaHUS Ha OCHOBaHUH
CTaHJAPTHBIX METO/IOB TEOpHU
aBTOMAaTUYECKOTO yIPaBJICHUS.

I MATEMATHYECKAS MOJAEJIb

KOHTYPA CKOPOCTH BEHTHUJIBHO-
PEAKTUBHOTI'O IBUI'ATEJIAA

Jnst  ympomieHWs — OomMcaHUs — mporiecca
nmpeoOpa3oBaHUM dSHEPTHMH  OBUTH  CHIEJIAHBI
CIIEYIOIINe JOMYIICHUS B MOJIEITH
AJIEKTPOJIBUTATEIIS
* (a3pl MarHUTO-U30JUPOBAHBI JIPYT OT

npyra;

* IIpU OMpEeJeNeHHH CyMMapHOTO MOMEHTa,
JIEHCTBYIOLIIETO Ha POTOpP, MPHUMEHSIETCS
MIPUHLIAI CYNEPIIO3ULINHY;

*  WAEaTU3UPOBAHBI CUIIOBBIE KIIIOUM;

* BHYTpPEHHEE COIPOTUBJICHHE HCTOYHHKA
PaBHO HYIIIO;

* CHIDKEHMEM  MOMEHTa  pOTopa
COIIPOTHBIICHHS BO3/lyXa IMPEHEOperaem.

oT

JaHnHbie JOMYLIEHUS MO3BOJISIFOT
paccMaTpuBaTh KaXIyH0 a3y 1Mo OTASNbHOCTH U
pa3BHUBaEMbIi ~ MOMEHT  KaXJOM W3  HHX
CYMMHPOBATh c OCTaJIbHBIMU.

NudbepeHinmaibabie ypaBHEHUS IS OTACIbHON
¢asbr:

deh

Uy = ithph + ™

do

Tph :Ts +Tid|e + ‘]): dt (1)

Y, =1(3,.0)

Tph = f(lph’®)
rae Uy i, Ry W o T HanpsDKEHHE, TOK,
CONPOTHUBJIEHUE, IOTOKOCLEIJIEHHE, MOMEHT
(ha3bl COOTBETCTBEHHO.
T, — MOMEHT COIPOTHBICHUA Ha Bally
JBUTaTENs,;
T.ye — MOMEHT XOJIOCTOTO XOJa;
NS — CyYMMapHBI  MOMEHT  HWHEpLUH,

NIPUBEACHHBIN K BaJLy;
© — yIJIOBOE IIOJIOKEHUE; » — YIJIOBas 4acToTa
BpallleHus; t — BpeMs.

Tax kak YW, =Ll

mlpn M HAC HHTEPECYET

TOJIBKO KOHTYpPp MOMCHTA,
3armcaTb

IMO3TOMY MOIXKHO
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dy,, .
dtp =i,Ry —Uy,
th
n =7 2
ph Lph ( )
L, = f(i,,,0)
Tw="1(i,0)
3aBucumocth  Momenta T, = f(i,,0) u
uHAyktuBHocTH L, = f(i,,®) or yriosoro

MOJIOKEHUST U TOKa (Da3bl, MOIyUYEeHBI METOIOM
KOHEUYHBIX 3JIeMeHTOB B mporpamme FEMM. B

comnpotuBiicHreM (a3pl 0.68 (2 MW MOMEHTOM

uHepiuu potopa 7.3-10° 7.310°° kg -m?.

Hcxons u3 cucTeMbl ypaBHEHHH (2), MOKHO
MOCTPOHUTh CTPYKTYpHYIO CXeMy MJsi OIHOM
¢azpl, w300paxkenHyro Ha puc.l,a. Ilo
NPUHIMITY CYTIEPIO3NINN, O0mas CTPYKTypHas
cxema Mozenu BPJI cocraBieHa u3 ueTeIpex
Takux OnokoB (puc. 1,6). Ha Bxomsl U,..Uy

HOJaeTCs HampsDKEHHE B 3aBHCHMOCTH OT yIila
MOBOPOTA POTOpa IOJIYMOCTOBBIM HHBEPTOPOM,
a uyepe3 Omok «selector» ompenensercs
OTHOCUTENIFHOE  YIJIOBOE  MOJIOKEHHE IS
KaKI0u U3 ¢as.

KauecTBe  HWCXOJHBIX  JaHHBIX  BBHICTYIAl
JIBUTATENh ¢ 8/6 momocaMu B CTaTOpe U POTOPE,
HaIpsHKCHUEM 00MOTOK 242V,
®
®
A
iph = Lph
®
W y
— > X e
S
P iph a " '. ' 1, A
Roh Ton=f(ipn, ©)
a)
Ua T
phase “A” a T
0. ’
> +
U > phase “B” Tb
®b + TE i © 1 0
— oy e e S| s
»| phase “C
O, > +
Ug T
—P> «“ry Td idle
phase “D
Oy
selector <

0)

Puc. 1. CTpyKTypHBI€e cXeMbI 01HOii (pa3bl (2) H BEeHTHILHO-PEAKTHBHOr0 ABHIraTes (0). *
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OueBUAHO, YTO MOJENH BKIIOYAaET B ceOs
HEJIMHEWHbIE 3aBUCUMOCTH, KOTOpBIE
CYLIECTBEHHO YCJIOXKHSIOT MPOLEAYpPY CHHTE3a
PEryIATOpPOB.

I1. OCHOBHBIE INOJIOKEHUA APOBHO-
HUHTEI'PAJIBHOI'O HCYUCJIEHU A

Wnest vHTErpaia wim npou3BOAHON IpOOHOTO
nopsiZKa 3apoauiach eme B 17-M Beke st
YCTpaHEHHUs  pPa3pblBOB  3TOTO  IapaMerpa.
Marematideckoe — OmpeneNeHne  JalT — Tak
Ha3biBaeMble (opmbl Pumana-JImyBmmis (RL-
dopmer), I'prorBanbaa-Jletarnkosa (GL-hopmer),
Kamnyro, Beiisst, Dpaenu-Kobepa [21].

Tax, Hanpumep, TUIsL JIpoOHOTO
muddepernnponanus B GL-popme HeoOXoaumo

BBITIOJIHSATH pacyeT 1o Gopmyie:
( j (t=ih) 3

BBIYHMCIICHUS,

LD f(t)=limh™

h—0

i3
Z

roe a,t TPaHUIbI yeR
JIpOOHAsI CTEIICHb.
Hns npobGuoro wmHTerpuposanusi RL-dopma

MIPUHAMAET CIIEAYIOINIA BUI;:

t
f
=t g 4
F(}/) a (t _T)
rae I'() — ramma QyHKITHSL.
RL-bopma mnst napoOHOW  MPOW3BOIHOMN

3aIUCBIBACTCS CIICAYOINM 06p3,30M1

1 ij f(r)
[(n-2)dt" (t_f)”*l

D! f

a—t

(t)= )

OcHOBHOH 0COOEHHOCTBIO PEIIEHUH IPOOHO-
muddepeHIMaNbHBIX ypAaBHEHUH SIBIIACTCS WX
TEeCHasl CBSA3b CO CTENEHHBIMH (QYHKIHAMU U
OCCKOHEYHBIMA psiAaMU. A B MaTeMaTHKE TaKHe
e  (YHKUMH  ONHUCHIBAIOT  Xa0THYECKHE
JMUHAMHYECKHAE CHUCTEMBI, (paKTaabl B BUJC
00BEKTOB €  JpOOHOH  MPOCTPAHCTBEHHOI
Pa3MEpHOCTBIO, K KOTOPBIM OTHOCSITCSI IIOPHUCTHIE
MeMOpaHbI u (UIABTPHI, BIEKTPOJIBI
aKKyMYJISITOPOB u CYTIEpKOHIEHCATOPOB,
3 dekTsl «mamiaTH» U MHOroe apyroe [22]. A
TaK)K€ OYEHb XOPOILIO OMHUCHIBAETCS MOBEIACHHE
HEIMHEHHBIX OOBEKTOB CO CTETNEHHBIMH WU
OJIM3KUMH K HUM 3aBUCHUMOCTSIMH, K KOTOPBIM,
OYEBHUIHO, MOKHO oTHecTu U BP/I.
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AHanu3 ¥ CHHTE3 CHCTEM JPOOHOTO MOPsIKa

MeTOoJIaMH TAY MO3BOJISIET BBIIOTHSATH
npeobOpa3zoBanne  Jlammaca,  KoTopoe I
npobHoro  mopsaka  [23]  Moxker  OBbITh

OTIPEJIEIICHO CIIEAYIOINUM 00pa3oM:

{D" f ()} =s"F(s) (6)
CrnieioBaTeNbHO, CUCTEMA C OJIHUM BXOJOM H

OJIHUM  BBIXOJIOM MOXET OBbIThb  ONHMCaHa

nepenaToyHon pyHKIuen APoOHOTO MOPSIKA!

Y(s) b,s" +..+bs” +bs?
G(S) = U = 7n n 70 (7)
(s) a8 +..+a5™" +a,s
1€ y,U — BBIXOJHOM M BXOJHOW CHUTHAJIbI
COOTBETCTBEHHO.

Il. HAEHTU®UKALIUA TIAPAMETPOB

OBBbEKTA ) VIIPABJIEHHS
MNEPEJATOYHOIl  ®YHKIMEHA C
JIPOBHBIM MOPSIIKOM

[IpoBenemM MojenupoBaHHE C  Pa3HBIMU
MPUIO)KEHHBIMU K JIBUTATENI0 HANpsSHKEHUAMU U
BEHTWISATOPHOM Harpy3koil. Ilpu sToM yrisl
BKJIFOYEHUS] U OTKIIFOYEHUS] DPaBHBI =7.5°,

¢ =22.5°. Ha N300paKeHBI

nepexoaHsle mpoueccel ckopoctu BPJI mpu
HanpspkeHusix 6, 12, 18 u 24 V.

aon

puc. 2

Ha ocHOBaHMM  TOJYyYEHHBIX  JaHHBIX
MpoBeeHa uaeHTudukanus o0beKTa
yIpaBieHHUs, KaK JpOOHO-arepruOaNIECKOro

3BEeHA C TiepeaaTouHoi QyHKiuu u 1 =0.7:

K
a,s” +1

(8)

co

m, rad/s

Up=242V

500

400

300
200
100
0
0 0.02 0.04 ts
—model SRM  --fractional order model

Puc. 2. [lepexoanbie MPOIEecCHl CKOPOCTH C

Pa3/IMYHBIMHU NMPWI0KCHHBIMHA HANIPAKCHUAMMU. 2
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Hns oTpeeNIeHUS HEU3BECTHBIX
K02 PHUITMEHTOB B 8 HCITIOJIB30BaH
TEHETUYECKHH alropuT™M, B KOTOPOM HpH
CEJIEKIMH BBIOpaH TYPHHUPHBIM METOJ, HOBBIC
0cOo0M HacleJOBalM TEeHBl POXUTENEH IyTeM
PAaBHOMEPHOTO  CKPEIIMBAHUS, BEPOSTHOCTH
MyTallid B XpOMOCOME 20% [24, 25].
OneHKoOl NPUCTIOCOOIEHHOCTH OCOOH CITy»KHJia
cpeaHekBagpaTuyeckas ommbka F . Pe3ynpraTsl

UIeHTU(GUKAIINY CBEICHBI B Ta0m. 1.

Ta6muua 1.3
Pesynbrarel naeHTHQUKAIMA TIEpEeIaTOIHON

¢ynxuuu (8).*

Upy V

Constant

6 12 18 24.2
8, 0.18 | 0.082 | 0.062 | 0.059
K 54.26 | 33.47 | 28.25 | 2591

Kak BuIHO U3 pHC. 2, epexoJHbIe TPOLECCHI
B MOJCNM JBHTaTeNsl W PACCUYUTAHHBIE II0
nepenarouHoit  ¢ynkiuun  (8)  mocrarodHo
6HI/I3KI/I, OTJIMYUAMU B Ha4YaJIbHBIC HWHTCPBAJIbL
BpEMEHH MOXHO TpeHeOpedyp (4roObI He
YCIIOKHSTh MOJIEb JIOTIOJTHUTEIEHBIMH
claraeMbIMU B 3HameHaTterne). M3 tabi. 2 MOXHO
3aMETUTh, 4TO B mepenaroyHoir QyHkuuu (8)
napametpsl (8, , K ) U3MEHSIIOTCsl B 3aBUCHMOCTH

OT TIPUJIOKEHHOTO K OOMOTKAaM HampsHKCHUS.
Jng  xoMmmeHcauuu  3TOTO TIpPU  CUHTE3E
peryiaTopoB  OyneM TakkKe H3MEHSTh UX
KOA(PGUIMEHTEl B 3aBHCUMOCTH OT CHTHAlla
3a/1aHHUs.

I1l. CHHTE3 PEI'YJATOPOB CKOPOCTH

Haiinem NepEeAATOYHYIO (hyHKIIFO
peryistopa CKOpOCTH, BKITIOUEHHOTO
MocJIeoBaTeNIbHO € TpeoOpasoBarelieM |
nBurateneM  (CTpyKTypHas cXemMa KOHTypa
n300pakeHa Ha puc. 3). 3mech
Uper 1Ugs AU U U@ —  CHTHAJIBL  3aJlaHMs
cKopocTH, OOpaTHON CBsi3U M OMIHOKA,

BBIXOZ[HOﬁ CUTHAJI PETyJIATOpa, HAIPAKCHUC U
CKOpPOCTh ABUTATEIII COOTBETCTBCHHO. Taxoke

(S) ! (S) = kss 1 Wconv (S) = o

W _—1
Tﬂss+l

sr

W,

SS

K
a,8" +1

W, (s) = — mepenaTouHble (QyHKIMU
peryisropa
npeoOpazoBaTens
COOTBETCTBEHHO.

CKOpOCTH,
u

aT4nKa
00BeKTa

CKOpOCTH,
yIpaBlieHHS
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Uref Aur W, (S) ”""? -~ cony U o K C[)‘
s L L i -
T, s+1 a,s” +1

k &
sy [

Puc. 3. CTpykTypHasi cxeMa 3aMKHYTOT'0 KOHTypa
ckopocTh. °

Ucxons w3 HacTpoek Ha  MOAYJbHBIN

ONITHMYM, TiepenaTouHas (QYHKIHSA peryisTopa
OyIeT clemyromen:

O e
s 21,.5(T,.5+1)
" K ©)
mo S conv
w )(Tﬂss +1) (a8 +1)
OTKyJa
T .s+1)(a,s" +1
srrno (S)Z 1 ( HS )(ao ) (10)
2T,5(T,5+1) kK., K
[Tocne mpeoOpa3oBaHUil TOTYIHM:
W (s)=Ks“ +K,s™ (11)
r/1e KO3 PUIHESHTHI
K= k-1  a-2(12)
aT, k. k. K aT k. k. K

uS 7SS conv uSsSs”conv

Taxke HACTPOMM CUCTEMY YIIPaBICHHUS Ha
ApoOHEIH actatn3m nopsiuka 1+ 4, ue(0;1), mpu
KOTOPOM TMOBBIIIAETCS HE TOJNBKO CTaTHYECKasl,
HO ¥ JHMHAMHYECKas TOYHOCTH KOHTYpa.
[lepenaTouHast PyHKIHS Pa30MKHYTOW CHCTEMBbI
JIOJKHA OBITH CIIETYOIICH:

o bT,s+1 1
Wop.s (S) = oot . =
abT;s" (T 5" +1)
us
(13)
K K

fo
sr

conv

(S)( .

T8 +1) (35" +1)

TJie 3HaYCHHS a ¥ b MpUOIKEHHO BEIONPAIOTCS
10 CJICTYIOIINM COOTHOIIICHHUSIM:

{(ba) ~ exp(~10.27 +7.831u), 14

b ~7.336+0.792(ba)+3.83In(ba)
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OTKyza
W,°(s) = K" + K,s + K s + K,s7 (15)
Ipu M, =07 u

u=17 BBIpaKEHHE

YIIPOIIAETCS:
W (s) =K, +K,s7 +K,s'+K,s's 7 (16)

rae Ko3PPHUITHESHTHI

— bTyS aO K — bTyS
' abT lll; kconv kSS K ’ ’ abT ,uS kconv kSS K
! “ @17
a, 1
K3 = u ! K4 = u
abT,uS kCOnV kSS K abT,uS kCOﬂV kSS K
Ha puc. 4 wu30o0paxkeHBl  pe3ylbTaThI

MOACIUPOBaHUA C NCPECAATOUYHBIMU (byHKHI/IHMI/I
(11) u (16) mpu 3amanumsx ckopoctu 100, 200,
300, 400 1 500 rad/s.

o, rad/s

500

400

300

200

100

0 0.05 0.1 0.15 LS
—system with fractional order astatism 1.7
--technical optimum

Puc. 4. 'padnkn nepexoaHbIX MpoIeccOB

CKOPOCTH ¢ HACTPOHKON HA TeXHUYEeCKHil

ONTHMYM (IIYHKTHP) U APOOHBII NMOPSAI0K
acratusma 1+ 4 (cnuiomnas gunus). 8

Bunno, uyro ¢opma U  KadecTBEHHBIE
MOKa3aTeNIM MEPEXOJHBIX IPOLECCOB CHUCTEMBI
COXPAHSIOTCA TMPUMEPHO OJMHAKOBBEIMH TIpU
pasHBIX  3aJaHUs CKOPOCTH B  OOJIBIIOM
JMamna3oHe pEryJupoBaHMs, TO €CThb CHUCTEMA
BeaeT cebs 1MoJo0HO JIMHEHHOW —  3TO
MOATBEP)KIACT  BO3MOXHOCTH  NPHUMEHEHUS
METOJIOB JIPOOHO-MHTErPATbHOTO HWCUUCICHHUS
Ul Takoro oOBbeKkTa ymnpasieHusi, kak BPJI.
Ecnu cpaBHUBaTh HAcCTpOWKM peryisitopa Ha
MOJIYJIbHBIA ONTUMYM U IPOOHBIN acTaTusM 1.7,

6789 Appendix 1

TO UMCHHO BTOPOM BapUaHT JaeT JIydilee BpeMs
HIepBOTO COTJIACOBAHMS " MEHBIIIee
nepeperynupoBaHue. Hans ONITHMU3ALUH
MEPEXOHOTO Tpolecca He0OXOAUMO H3MEHATh
napameTpbl  peryisrtopoB (11) wmum (16) B
3aBUCHMOCTH OT 3aJaHusl CKOPOCTH, IIPUYEM
JOCTaTOYHO YYHMTBIBATh TPU MOAIMANA30HA —
0...250, 250...350, 350...500 rad /s,
nepecuyuthiBas koddunments B (12) wmm (17) ¢
Y4eTOM 3aBUCHMOCTH MapaMeTpoB a, u K oOT

curHaina samanvs (tadi. 2).

Tabmuma 2. ’
3aBUCHMOCTD IAPAMETPOB OT CUTHAJIA
3agaHus. °

O , rad /s

250...350

Constant

0...250 350...500

a, 0.177 0.0817 0.059

K 54.257 33.472 25.908

Taxke B LeIAX TPOBEPKH IMPOBEACHO
MOJCIIMPOBAHWE  PEaKIMHh  CHUCTEMbl  Ha
CTYIIEHYaTO€ H3MEHEHHE CHUrHajla 3aJaHus:

0—150 — 300 — 450rad /s (puc. 5).

o, rad/s

400

reference

300

100

0 0.2
--technical optimum
—system with fractional order astatism 1.7

04 ts

Puc. 5. Ilepexoanble nmpouecchl NPU CTYNEHYATOM
M3MEHEHNM CUTHAJIA 3aaanus.

I'padukn Ha puc. 5 mnoxaTBepkIarOT, YTO
Ka4yeCTBEHHBIE noKasarenu NepeXOIHBIX
MPOIIECCOB  COXPAHSIOTCS W COOTBETCTBYIOT
oTajdoHHEIM (puc. 4). Jlydmme pe3ynbTaThl
o0ecrnieynBalOTCsl MpPHU HACTPOWKE KOHTYpa C
JIPOOHBIM MOPSAAKOM acTaTH3MA.
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SAKJIIOYEHUE
1. IlpoBeneHo MOIENMPOBAHWE  BEHTHIIBHO-
PEaKTHBHOIO  ABUTaTels HpH  Pa3HBIX
MPUJIOKEHHBIX K OOMOTKaM HANPSKCHUSIX U
[0 MOJY4YEeHHbIM JAaHHBIM  IPOBEJECHA
JIMHaAMUYecKas anmnpoKcuManus BP/]
NepeaaToyHon (hyHKIHCH JPOOHO-
arepuoIUYECKOr0O 3BEHA
W_ (s) = 'f .
a,s” +1
2. TlokazaHo, 4YTO TPU Pa3HBIX HAMPDKCHUAX

napaMeTpsl  armpOKCUMHUpPYONIeH  (YHKINU
U3MEHSIIOTCS,  MOATOMY  KOA((HUIMEHTHI
PEryJISITOPOB HEOOXOANMO IIEPECUUTHIBATH B
3aBUCHMOCTH OT 3aJ[aHUs CKOPOCTH.

. Tloka3zaHo, dTO HawIyd4lIkMe TOKa3aTesn
NEePEeXOAHBIX  TPOLECCOB  (MHHHUMAIbHOE
BpeMs MIEpBOTO COTJIaCOBaHMS,
nepeperynupoBanue  He  Oonee 2 %)
00eCrevYnBalOT  PETyIsITOPEl € APOOHO-
UHTETPATGHBIMA ~ COCTABIAIONIMMH  TIPU
HACTPOWKE CHUCTEMBI C JPOOHBIM MOPSIKOM
acratuzma 1+ u (1.7).

APPENDIX 1 (ITPUJIOXEHHUE 1)

!Fig. 1. Block diagram of one phase (a) and SRM (b).
2Fig. 2. Transients with different applied voltages.
34Table 1. Results of identification of transfer
functions (8).

SFig. 3. Block diagram of the speed closed loop.

SFig. 4. Transients of speed with tuning on technical
optimum (dotted line) and fractional astaticism 1 + p
(solid line).

"8Table 2. Dependence of parameters on the
reference signal.

°Fig. 5. Transients at step of a reference signal.
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Numerical-Field Calculation of the Angle Torque Characteristic
of the Three-Phase Inductor of the Magnetic Field
of the Electromagnetic Stirrer in Processing Dissimilar Mixtures

Milykh V.1., Shilkova L.V.
National Technical University «Kharkiv Polytechnic Institute»
Kharkov, Ukraine

Abstract. The evaluation of the possibility of using electromagnetic stirrers for dissimilar mixtures in vari-
ous technological processes requires the study of their work under load conditions. The load mode of the
agitator is ensured by the needle ferromagnetic elements moving inside a cylindrical working chamber under
the influence of a rotating magnetic field, whose effectiveness can be predicted by analyzing the magnitude
and nature of changes at the electromagnetic moment. The magnetic field ensures ordering of the ferromag-
netic elements, therefore the magnetic permeability in it along the longitudinal and transverse axes becomes
different. Due to the anisotropy of the magnetic properties of the composite medium in the working cham-
ber, strong influences arise on this medium, based on the magnetic tension forces acting on the ferromagnet-
ic elements. The purpose of this work was to present the method of calculation of the electromagnetic mo-
ment and determination of its dependence on the angular displacement of the rotating magnetic field of the
inductor. The distribution of the magnetic induction inside the working chamber in the idle and load modes
was compared, it gave an idea of the distribution of the magnetic field lines in those modes, set out the basic
principles for calculation of the angular characteristics of the torque of the electromagnetic stirrer. The pro-
posed method was based on the multi-position numerical calculations of the magnetic fields in the FEMM
software package. Comparative calculations of the angular characteristics of the torque were performed at
different magnetic permeabilities of the composite medium in the working chamber.

Keywords: electromagnetic stirrer, inductor, magnetic field, numerical-field calculations, electromag-
netic moment, angular characteristic, magnetic permeability, anisotropy.
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Calculul numeric-experimental al caracteristicilor unghiulare de moment pentru inductorul
electromagnetic trifazat al agitatorului electromagnetic pentru prelucrarea amestecurilor diferite
Mylykh V.1., Shilkova L.V.

Universitatea Tehnica Nationala "Institutul Politehnic Kharkhov"

Kharkhov, Ucraina
procese tehnologice necesitd studierea functionarii lor sub sarcind. Regimul de functionare a agitatoarelor este
asigurat de elemente feromagnetice de tip ac, care se deplaseaza intr-o camera de lucru cilindricd sub influenta
unui cdmp magnetic rotativ. Acest cAmp este excitat de un inductor trifazat, a crui eficientd poate fi prezisa prin
analizarea amplorii si a naturii schimbarilor In momentul electromagnetic, sub influenta caruia amestecurile sunt
amestecate n interiorul camerei de lucru. Campul magnetic asigurd comandarea elementelor feromagnetice in
camera de lucru a inductorului, prin urmare permeabilitatea magnetica in el de-a lungul axelor longitudinale si
transversale devine diferita. Datoritd anizotropiei proprietatilor magnetice ale mediului compozit, efectele fortei
asupra acestui mediu apar in camera de lucru si se bazeaza pe fortele magnetice de tensiune care actioneaza
asupra elementelor feromagnetice. Scopul acestei lucrari este prezentarea metodei de calcul al momentului
electromagnetic si determinarea dependentei de deplasarea unghiularda a campului magnetic rotativ al
inductorului. Solutia problemei analizei functionarii unui inductor in regimul de incarcare se realizeaza prin
calcule numerice ale campurilor magnetice. Se face o comparatie a distributiei inductiei magnetice in interiorul
camerei de lucru la mers in gol si sub sarcina, sunt prezentate modelele de distributie a liniilor cAmpului
magnetic in aceste regimuri, sunt evidentiate principiile de calcul al momentului unghiular caracteristic unui

inductor de cAmp magnetic trifazat.
Cuvinte-cheie: agitator electromagnetic, inductor, camp magnetic, calcule experimental-numerice, moment
electromagnetic, caracteristica unghiulara, permeabilitate magnetica, anizotropie.
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YucJeHHO-T0JIEBOIi  pacdeT MOMEHTHOH YIJIOBOH XapaKTepPHUCTHKH TpexX(a3HOro HWHAYKTOpa
MATHHUTHOTO MOJISl 31eKTPOMATHUTHOI0 NepeMelnBaTeIs 1Js1 00padoTKH pa3HOPOIHBIX cMeceil
Muabix B.U., lllnakosa JI.B.
HaunoHanbHbIM TEXHUUECKUNA YHUBEPCUTET «XapbKOBCKUU MOJUTEXHUUECKUNA HHCTUTYT
XapbKoB, YKpanHa
Annomayus. OnieHKa BO3MOKHOCTH MPUMEHEHHS 3JIEKTPOMAarHUTHBIX IEPEMEIINBATEIICH Pa3HOPOAHBIX CMECEH B
Pa3IMYHBIX TEXHOJIOTHMYECKHX MpoIieccax TpeOyeT MCCIENOBaHUS MX PaboThl MO Harpy3koi. PaGouwmii pexum
nepeMenmBarenei odecrnednBaeTcss GeppOMATHUTHBIMU 3JIEMEHTAMH WUTOJBbYATOTO THIIA, ABIDKYIIMMHUCS BHYTPH
IWIMHIPUYECKOH paboyell KaMepsl TI0J BO3ACHCTBHEM BPAIAIONIETOCSI MArHUTHOTO TI0JIsI. JTO 1oJie BO30YKAaeT-
cst Tpex(a3HbIM UHIYKTOPOM, 3P PEKTHBHOCTH pabOTHI KOTOPOTO MOXKET NPOrHO3UPOBATHCS IyTEM aHAIM3a BEJIH-
YUHBI U XapaKTepa U3MEHEHUs HJIEKTPOMarHUTHOIO MOMEHTa, IO/ BO3AEHCTBUEM KOTOPOIrO MPOUCXOIUT MepeMe-
IIMBaHUE CMecel BHYTpH pabouell kamepbl. MarHUTHOE I0Jie 00eCIIeUnBaeT YIOPSIOYEHHOCTh (heppOMarHUTHBIX
JJIEMEHTOB B paboueil kamepe HHIYKTOpa, TOATOMY MarHUTHasl IPOHHUIAEMOCTh B HEH 10 MPOJIOJILHOW 1 onepey-
HOI OCSIM CTaHOBHTCSI pa3HOM. brarosapsi aHM30TPONIMM MAarHUTHBIX CBOMCTB KOMITO3UTHOM Cpesibl B paboueii Ka-
Mepe BO3ZHHMKAIOT CHIIOBBIE BO3ACHCTBUS HA 3Ty CPEAy, U OHH OCHOBBIBAIOTCSA HA CHJIAX MAarHUTHOTO HATSKEHMS,
JEHCTBYIOINX Ha ()eppOMArHUTHBIE 3JIEMEHTHI. llenplo NaHHOH paboThl SIBISETCS NMPEICTABICHHE METOIUKH
pacueTa 3IeKTPOMarHUTHOTO MOMEHTA U ONPEAEIECHUE €T0 3aBUCHMOCTH OT YIJIOBOTO CMEIIEHUS BPAIIaOLIETO-
Cs1 MArHWTHOTO TIOJISI MHAYKTOpa. Pemienne 3amaun aHanm3a paboThl HHAYKTOPA B PEXKUME HAarpy3KH JTOCTHTACTCS
YHCICHHBIMHM pacdeTaMH MAarHUTHBIX nonieid. IIpoBoanTcs cpaBHEHHME pacHpelNeNieHHs MAarHUTHOM WHIYKLIUH
BHYTpH pa0odueii KaMephbl B PEKHUME XOJIOCTOTO XOZa M MO/ Harpy3KoH, IpecTaBIeHbl KapTHHBI PaclpeAesICHUs
CHJIOBBIX JIMHUM MarHUTHOTO MOJS B 3THX PeXHMMaxX, W3JI0’KEHbI IIPUHIIMIIBI pacyeTa MOMEHTHON YTJIOBOM Xapak-
TEPUCTHKU TpeX(a3HOro MHIYKTOpa MarHUTHOro noJjs. [IpemnoskeHHass MeTonuka Oa3upyercss Ha MHOTOIIO3MIH-
OHHBIX YHUCIICHHBIX pacueTax MarHUTHBIX IOJEH B IporpaMMHOM nakete FEMM MeToI0M KOHEYHBIX 3JIEMEHTOB.
[MoctpoeHue pU3NKO-TEOMETPHIECKUX PACUETHBIX MOAENEH HHIYKTOpa, pPacyeThl MArHUTHBIX TOJIEH U MOJyYeHUE
YIJI0BOMf MOMEHTHOM XapaKTEepUCTUKU aBTOMAaTU3UPOBAHBI C UCIIOIb30BAaHUEM CO3/aHHOro ckpuiTa Lua, BcTpoeH-
Horo B nporpaMmmy FEMM. CpaBHUTENBHBIE pacYeThl MOMEHTHBIX YTJIOBBIX XapaKTEPHCTUK CIEIAHbI IPH Pa3aHd-
HBIX MAarHUTHBIX MPOHUIIAEMOCTSIX KOMIIO3UTHOH cpezbl B pabodeii kKamepe Mo B3anMHOIIEPIICHINKYIISIPHBIM OCSIM.
BapbupoBaHne MarHUTHBIX CBOWCTB CpeJIbl MO3BOJIAET OUEHUTh BO3MOKHOCTD HCIIOJIB30BAHUS 3IIEKTPOMArHUTHO-
TO MEePEMEINBATENS I PA3HBIX TEXHOJIOIMYECKUX ONEpalyil.
Knruegvie cnoga: >neKTpOMarHUTHBIN EpeMEIINBaTENb, HHAYKTOP, MATHUTHOE I10JIE, YACIEHHO-MIOJIEBBIE Pac-
YETHI, AEKTPOMArHUTHBIH MOMEHT, yTIJIOBasi XapaKTEPUCTHKA, MarHUTHAS IIPOHUIAEMOCTb, aHU30TPOIHSI.

BBEJEHUE TOYKH 3pEHUS CYILECTBEHHOI'O IOBBIIICHUS WH-
TEHCUBHOCTH ¥ HPOM3BOAUTENBFHOCTH TEXHOJO-
THYECKHUX TPOIECCOB, OTKPHIBAIOTCS C HCIIONb-
30BaHUEM 3JIEKTPOMArHUTHBIX I€peMelInBaTe-
aeit (OMII) Ha Ga3e Tpexda3HbIX aCHHXPOHHBIX
neurateneit (TALL).

Taxk, mpu MPOU3BOJCTBE PE3UHBI TPUMEHEHHS
OMII NO3BONSIOT yMEHBIIUTH MPOAOTKUTENb-
HOCTb M3MEJIBUYEHUS U CMEIIMBAHNUSA HAIIOJHUTE-
Jiell, YyBeTMYNTh MPOYHOCTh BYJIKAHM3ATOPOB Ha
OCHOBE Kay4yKOB.

s uHTEeHCH(UKAMKA XUMHYECKHX IMPOLEC-
coB mpumeHernne OMII mo3BonseT yCKOpUTH
OKHCIIUTENHHO-BOCCTAHOBUTENEHBIE TPOIIECCH U
MPOLIECCHI TTOTMMEPU3ALUH.

st mopolIKOBOW METauTypruM  XapakTep-
HBIM NIPHUMEPOM CIYXKHUT HHTCHCU(UKAIHS MPO-
LIECCOB CMEIIMBAHUS U JUCIEPTHPOBAHUS TYIro-
IUIABKUX COSAMHEHUN B KA4eCTBE CHIPhS JUIS 10-
POIIKOOOPa3HBIX MAaTEPHUATIOB.

B 351eKTpOHHON NPOMBIIIJIEHHOCTH OJHOM U3
MEPCIIEKTUBHBIX OTpaciel ncronb3oBanus OMII
SIBJISIETCS. [IPOM3BOJCTBO TOKOIPOBOAAIINX KOM-
NO3ULMI AJIs1 IepEeMEHHBIX HEIPOBOJIOYHBIX pe-
3UCTOPOB. DTO MO3BOJISIET 00ecmeynTh HEeoOXOo-

MarnuTHas cenapauysi BO BCe BpeMEHa pas-
BUTHUS TEXHUYECKOTO MPOrpecca HaXOAUT IIHUPO-
KOe MPUMEHEHHE, KaK Ba)KHbII 3Tal TeXHOJIOTH-
Yyeckod 00paOOTKM pPa3IMYHBIX MAaTepHAaJIOB.
VYcrpolicTBa, KOTOpbIe O00ECICUMBAIOT TaKUE
MPOLECCH, WMEIOT MHOXECTBO KOHCTPYKIIHH.
Marnutasle cenaparopel (MC) MOXHO pasze-
JUTHh B 3aBUCUMOCTH OT UCTOYHUKA MarHUTHOTO
mostst (MIT) Ha gBa Klacca: Ha OCHOBE ITOCTOSH-
HBIX MarHUTOB U Ha OCHOBE 3JIEKTPOMAarHuTOB.

[lepBble mpUMEHsETCA C LENBbIO O0OTaIIeHUS
pPYA MarHMTHBIX W CIA0OMAarHUTHBIX MaTepHa-
JIOB, OYMCTKHA HEMArHWTHBIX MaTEpPHaJiOB OT He-
JKeNaTeJbHbIX MarHUTHBIX TPUMECEH, a TakkKe
JUTS U3BJICUEHUS] (DEPPOMArHUTHBIX MIPEIMETOB C
HEeNbI0 WX JAJIbHEeWIIel mepepadoTKH, TpaHC-
MOPTUPOBKHU U MCIIOJIb30BaHuUA [1].

Bropoe mnpumenenue cBs3aHO ¢ 3PPeKTOM
BHUXPEBOTO CJI05, KOTOPBIA BO3HUKAET B padoueit
30He B pe3ynbTare co3nganusa MII anextpomar-
HUTaMH.

[Iupokue BO3MOXXHOCTH B 00aCTH TEXHOJIO-
MM TIepEMEIINBAaHUS MEJIKUX OOBEKTOB C pas-
JUYHBIMH 3JIEKTPOMAarHUTHBIMU CBOMCTBaMH, C
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JUMOE Ka4eCTBO MTOMOJIa ¥ CMEIIMBAHUS KOMIIO-
HEHTOB JJISI PE3UCTOPOB.

B ropnoit xumuu — n0ou3MeENbUYCHUE JI0 HE-
CKOJIBKMX COTEH MUKPOH PYJbl M KOHIEHTPATOB,
MO3BOJISIET PACKPBITh TOHKOBKPATUICHAS PYIBL. A
TaKk)Ke yCKOPEHHE MPOIIECCOB PACTBOPEHUS, BBI-
IIeaYMBaHNsA M YBEIMUYEHHs INPOLIEHTa H3BIIE-
YEeHHS U3 PyAbl OJE3HOTO MPOAYKTA.

B mpowmsBoacTBe anMasHBIX W aOpa3sWBHBIX
WHCTpYMEHTOB mnpuMeHeHne OMII mo3Bomser
o0ecreynTh paBHOMEPHOCTh CMEIIMBAaHUS KOM-
MTOHEHTOB B CMECH.

B mporeccax OYHCTKH CTOYHBIX BOJ OHHU
MO3BOJISIIOT TMPOU3BECTH OUYUCTKY OT MpHUMecei
TSKEJIBIX METAJUIOB.

Taxxxke OMII HaXOAT WKUPOKOE NPUMEHEHHUE
B MPOM3BOJICTBE CTpOWMAaTepUanoB — AJs Kade-
CTBEHHOTI'O CMEIIMBAHMUS MaTE€pPHAJIOB MpPHU TPO-
W3BOJCTBE Kepam3uTa, SYCHCTHIX OETOHOB, CH-
JUKATHOTO KHUPIIMYa, MPU MOATOTOBKE Kepammu-
YecKoW Macchl, /Ul pa3Moiia KpacuTenei u mur-
MeHTOB. CBOWCTBa BHXPEBOTO Ciosi (peppomar-
HUTHBIX 9aCTHUI[ MOTYT HaXOJUTh IIHPOKOE TIPH-
MEHEHHE U B JPYTHX OTPACIAX MPOMBIIUIEHHO-
CTH, KaK C IPUHYJUTEIBHBIM BBEJCHUEM B pado-
Yyl 30HY JOMOJHUTENHHBIX (HheppOMAarHUTHBIX
YaCTHII JUII HEMAarHUTHOTO ChIPbA, TaK U 6€3 HUX
JUTst eppOMArHUTHOTO ChIPhSL.

Hns pacnpoctpanenus OMII B pasnudnbie
TEXHOJIOTHYECKUE MPOIIECCH aKTyalbHON CTAHO-
BUTCSl OIEHKA BEJIMYMHBI DJIEKTPOMATHUTHOTO
MomeHnTta (OMM), moa BO3JeicTBHEM KOTOPOTO
MPOUCXOANT TIEpEMEIINBaHUE  PA3HOPOJHBIX
cMeceli BHyTpH paboueit 30H61 DMIL.

OTOT BOIPOC OCTAETCS HEOCBEIIEHHBIM U SIB-
JSieTCSl HOBU3HOM TpENICTaBIsIeMOil paboThI, He-
CMOTpS Ha TO, YTO COBPEMEHHBIE YUCHBIE aKTHB-
HO M3YYalOT U COBEPIICHCTBYIOT CHCTEMY IpO-
exktupoBaHuss MC, 4To pemaroTcs 3a CUeT MpH-
MEHEHHSI YHCIEHHBIX METO0B MMPOEKTHPOBAHMUS,
NPUMEHEHUS] HOBBIX MaTepHalioB M KOH(pUTYpa-
U MarHWTOB WJIM 3JIEKTPOMAarHWTOB M MarHu-
TONPOBOJIOB.

K takum pa3paboTkam OTHOCSTCA:

— pabora [1] mpeacraBisieT aHATUTHUYCCKUN
MeTo[ pacueTa miuockomepuauannoro MII MC ¢
OCEBBIM paclONOKEHHEM TON0COB. Mcnonb3ys
METO/I KOH(OPMHOTO OTOOpa)KeHUsl, JaHO aHa-
JTUTHYECKOE BbIpakeHue g MII Bo BHYyTpeH-
Helt oonactu MC;

— B paborte [2], mpeAcTaBicH METO pacuera
YCTaHOBKH BO30YXJAOIIET0 TOKa IS IpoIiecca
BBICOKOMHTEHCUBHOM cemapaluyd TIeMaTUTOBON

PYZABL,
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— B pabotax [3—7] uccneayercs MC ¢ mocro-
SHHBIMH MarHWTaMu pa3HOW (OpMBI, TpeqHa-
3HAYeHHBIMH IS pa3feseHus: GeppOMarHUTHBIX
BKIIIOUCHUI B OpraHuyeckux nponykrax. [Ipen-
CTaBJICHa MaTeMaTH4YeCKasi MOJE]Ib, OCHOBaHHAs
Ha METOJIeé KOHEYHBIX 3JIEMEHTOB U PE3yJIbTaThl
SKCIIEPUMEHTAIILHOTO HCCIICAOBAHHS;

— pabota [8] mocesieHa mMpoOieMaM HCCe-
JTIOBaHMSI JTMHEWHBIX MHIYKIIMOHHBIX MAIIUH JUIA
ANEKTPOTMHAMHUYECKOTO pa3/ielieHrs] 00BEKTOB B
nBwxkymemcs MIT;

— paborta [9] nocesmeHa usydennto MII B
CIEIUAFHBIX DJEKTPOMArHUTax MOCTOSHHOTO
Toka MC, Ucrons3yeMbIX IS U3BIeueHus dhep-
POMarHUTHBIX OOBEKTOB U3 Pa3HBIX CMECEH;

— B pabote [10] moka3aHbl pe3yabTaThl YHC-
neHHbIXx pacueToB MII rubpumHol MarHUTHON
cUCTeMBI, cocTosmeii u3 [1-o0pa3HoOro 3yeKkTpo-
MarHMTHOTO CeTapaTopa jkKelle3a W KOHIIEHTpa-
TOPOB HOXe00pa3HBIX (HOpM, BEITIOJHEHHBIX C
WCTIOJIb30BaHUEM METOJ]a KOHEUHBIX JJIEMEHTOB
B mporpamme ANSY'S Maxwell;

— B pabore [11] menpro SABISIETCS WM3YYECHUE
UMHUTAHOHHBIX MOJENeH IBYX SJIEKTPHYECKHX
YCTPOMCTB C OTKPBITOM MarHUTHOM CHUCTEMOM
(KOHIIEHTpaTOp) W THUOPUIHOW MarHUTHOW CH-
CTeMOi1 (cemapaTop jkelie3a U KOHIIEHTPATop);

— B pabore [12] ommcaH cnoco0 HAeHTU(U-
Kallid M Pa3JIeNIeHNs] OTXOJ0B YEPHBIX U IIBET-
HBIX METAJUIOB, a TAKXKE UX CILIABOB;

— B OJIHOH u3 miaB pabotsl [13] paccMaTpuBa-
10TCs1 HauboIee pacrpocTpaneHHbie TUIBI MC;

— B pabore [14] mpexacraBieH yCOBEpIICH-
cTBOBaHHBIN MexaHusM MOC TBEpIbIX KHUIKO-
CTEl, KOTOPBIA OTIENSET TBEPAYIO KOMIIOHEHTY
OT JKHAJKOH CMECH C TOMONIbI0 IEHTPOOEHKHOU
CHWJIBI ¥ Pa3HUIIBI YICIEHOTO Beca;

— B paborte [15] anammsupyercsi KpyTsIAH
MOMEHT ¥ NOTEPU B METAIMUECKOH 00o0IouKe,
KOTOpYyI0 Hcnoyib3yloT MC yzaepkuBatomue mo-
CTOSTHHBIE MarHUTHI,

— B pabore [16] ormmcan MC, cocrosmuii u3
HECKOJBKMX MOAYJIBHBIX MAarHUTHBIX POJIMKOB,
MarHUTHAsl CHCTEMa KOTOPBIX HMEET BEEPHBINA U
KOJBIICBOM MarHuT;

— B pabore [17] mpexacraBieHa METOIMKA YHMC-
JICHHOTO MOJEIMPOBAHMSI TUHAMUKNA MAarHUTHBIX
yactuiy MC;

— Taxoke OOJIBIION MHTEpEC y YUEHBIX BBI3bI-
BaeT u3yueHue BblcoKorpaaueHTHoIx MC. Tak
pabotsr [18-19] mocBsIIeHBl YCOBEPIICHCTBOBA-
HUIO UX KOHCTPYKIMH C MOMOIIBIO YHCICHHOTO
MoenupoBanus pacrpenenenus MII.

Takum 00pa3oMm, MOXKHO CIelaTh BBIBOJBI,
g10 OMII UMEIOT MUPOKHE BO3ZMOKHOCTH TIPH-
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MEHEHHUSI B Pa3IMYHBIX OTPACISIX MPOMBIILICH-
HOCTH, HO JIO CHUX TIOp HE SIBIIAIOTCA JOCTATOYHO
W3YYEeHHBIMH, a COBEPIICHCTBOBAaHHE DPa3HOO00-
pasHbIX KOHCTpyKiuid MC coBpeMeHHBIE Y4eH-
HBIE JOCTUTAIOT ITyTeM YHCIEHHOTO MOJIEIHUPO-
BaHus ux MII.

AHanoramM 1O MPHHUUITY ACUCTBHUS HCCIe-
nyemoro 3neck OMII siBnstoTcsa anmapartbl BUX-
pesoro cmos ABC-100 u ABC-150 [20]. Kon-
CTPYKTUBHO OHH BBINIOJNHSAIOTCA C COCPEIOTO-
YEHHBIMH OOMOTKaMH MHIYKTOpa B OTIHYHE OT
OMII, xoTopslit ckoHCTpyHpoBaH Ha 0aze TAJL,
a, 3HAYUT, WMEET pAaCIpeaeIeHHYyI0 OOMOTKY.
CneayeT OTMCTUTD, YTO ITHU allllapaTbl BUXPEBO-
ro Cl0S UMEKT ypOBEHb MarHMTHONW WHAYKIUU
(MW) B paboueit kamepe B=0,15 Tu.

OBBEKT UCCJIEJJOBAHUS
N IIOCTAHOBKA 3AJAYN

WNunyxrop OMII, npeacrapnsemsbiii aBTOpaMu
JAHHOW PabOThl, CKOHCTPYHpPOBaH Ha 0a3e cTa-
topa TAJ] m paccuntan Ha oOecriedueHHE B pe-
KuMe Xxosoctoro xoxa (XX) BHyTpu pabodeit
kamepsl paBHomeproro MIT ¢ MU B=0,24 T.

OTOT MHIYKTOp OBUT OAPOOHO TPENCTaBICH
B [21], 1 ero KOHCTpYKIMs H300paXkeHa 3/1eCh Ha
puc. 1. Pabouas 3ona OMII HaxoauTcsi BO BHYT-
pEHHEM NPOCTpaHCTBE MHAyKTOpa, rne B TAJ|
pacrionaraincst porop. IIpoekTupoBaHue HHIYK-
TOpa BBIMIOJIHEHO 10 MeToauKaMm u3 [22, 23] —
aHAJIOTUYHO IpoeKkTupoBaHuio cratopa TA/L.

Pexxum XX noapaszymeBaeT OTCYTCTBUE B pa-
Oouell 30HE (QeppPOMArHUTHBIX 3JIEMEHTOB, IO-
3TOMY aHM3O0TPOIHMH MArHUTHBIX CBOMCTB HET, U
OTHOCHUTENbHAs MarHuTHas  IPOHUIAEMOCTh
3/1eCh 10 BCEM HAIPABJICHUSIM COCTaBIsET [=1.

BBuay TOro, 4Tto MPOCTPaHCTBO BHYTPU pa-
Ooueil kamepbl MHAYKTOpa Tpu XX HEMarHuT-
HOe, He00X0IMMO OBUTO HCCIIEeIOBAaTh TPeXMep-
Hoe pacnpenenenue MII. Ha puc. 2 cunoBeiMu
JIMHUSIMU TIpEJCTaBJIeHa CTPyKTypa Takoro MII,
moayuenHas B [21] 4ucieHHO-TIONEBBIMU B3aH-
MOCBsI3aHHBIMU pacueTamu MII B monepeynom u
MPOAOIHHOM CEYEHHAX WHAYKTOpa (Ha PHCYHKE
JTAaHBI CHMMETPHUYHBIE YEeTBEPTH 3TUX CEUCHUN ).
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1 - cnunka cepoeunuxa,
2 - 3y64080-na306as 30Ha,
3 - mpexgasnas oomomxa

Puc. 1. KoncrpykruBHasi cxema ungykropa IMII. 1

Puc. 2. IlpogonbHo-nonepeynas
3JIeKTpoMaruuTHast moaeab MII
unaykTopa DMIL. ?

Kak BugHo mo xaptune MII, B akcuaabHOM
HaNpaBJICHUH — 110 OCH Z BOJIHM3H KOOPJMHATHON
OCH I' OHO CyIIECTBEHHO He u3MeHseTcs. [loaTo-
My Ul aHaJIM3a 3JIEKTPOMAarHUTHBIX MPOLECCOB
B paboyeil 30HE MOXKHO OTPaHUYUTHCS pacyera-
Mu MII B 1IEHTpaIbHOM MONEPEYHOM CEUYECHUH,
npoxozsmeM 1o ocu Or (puc. 1 u 2). Oto cede-
HUE Ha pHC. 2 PACIOJIOKEHO CIIEBa.

Crnenyrommii — 6oyiee BaXXHBI 3Tall B U3yde-
Hun OMII — uccnenoBanue ero paboThl B peXU-
M€ Harpy3KH.

Jns obecrieyeHust Kakoro-audo0 TEXHOJIOTH-
YecKoro Tmporecca B pabodelt kamepe OyayT
HaxXOJIUTbCA PAaBHOMEPHO pacipeleseHHbIe dep-
POMarHUTHBIC DJIEMEHTHI, HANpUMep, B BHJE
UTOJIOUEK WIIM TPOCTO KOPOTKHX OTPE3KOB Ke-
ne3Hoi npoBosoku. [Ipu HenonsmwxuoM MII onn
OyZIyT OPHEHTHPOBATHCS O €r0 CHIIOBBIM JMHU-
SIM W, 3HAYWT, HA pUC. 2 — mapaiesibHo ocu Or.
DTO MpUBEET K Pa3IMUNI0 MATHUTHBIX CBOWCTB
BHYTpU pabodell Kamepsl MO Pa3HbIM HalpaBiie-
HUSIM, ¥ Oy/IeT BBIpaXKaThCsl MATHUTHOM aHH30-
Tponueld ¢ pa3HBIMH COCTaBJISIFOIUMH OTHOCH-
TEJbHOW MAarHUTHOM MPOHHLAEMOCTH [rd U g
1O TNPOONbHOM d M TomepedHor g ocsMm, 000-
3HayeHHBIM Ha puc. | u 2. I[lpuuem 3HaUeHuUs
3THUX COCTABISIOMIKMX OyAyT 3aBUCETh OT KOH(DU-
Typalyy 1 9uciia peppoMarHUTHBIX JJIEMEHTOB.

VHTEHCHBHOCTh M Ka4eCTBO TEXHOJIOTHYE-
CKOM 00pabOTKHM PasHOPOIHBIX CMECEH 3aBHUCST
OT 2yeKTpoMarHuTHoro Momenra (OMM) Men,
BO3JICHCTBYIOIIEr0 Ha (eppoMarHUTHBIE Olie-
MeHTHI. [lo cytn, B8 OMII sTOT MOMEHT siBseTCs
PEaKTHBHBIM M caM HOpuHIUN AeiicTBus OMII
OKa3bIBAaCTCS MOAOOHBIM NPUHIMITY ACUCTBUS
CHHXPOHHOTO peakTuBHOro asuratens [24]. Tlo-
3TOMY B pabodeM pexuMe MEXIYy OpHEeHTaluei
HaMarHMYMBAIOUINXCS  (EPPOMArHUTHBIX —dJie-
MEHTOB W HaIlpaBJIEHHMEM CHUJIOBBIX JUHUM MII
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JIOJKEH OBITh HEKOTOPBIH yroj, KOTOPBIH MOXHO
CUMTATh YIJIOM Harpys3ku ©.

B cootBercTBHU ¢ OTMEUYEHHBIMU YCIOBUSIMU,
Heabl0 TaHHOW PpaloThl SBISETCS TpelCcTaBIe-
HHE METOAMKH pacdeta DMM u onpenenecHue ero
3aBUCHMOCTH OT YIJIOBOTO CMEIIEHMS Bpallaro-
merocst kpyrosoro MII unaykropa OMII otHO-
CUTENIFHO OCH, MO KOTOPOH COPHUEHTHPOBAHBI
(pacmosmo’keHbI)  (DePPOMArHUTHBIC — JJIEMEHTHI.
@dakTUUeCKH 3aJada COCTOUT B IOIYyYCHHUH MO-
MEHTHOM YIJIOBOM XapaKTEPUCTUKU HHAYKTOpa
MII Mem(®). JlarHas 3agada MOXKET OBITH pelreHa
C IPUMEHEHHUEM YHCIICHHO-TIOJIEBBIX PACUETOB.

Jiss  BO3MOXXKHOCTH OOBEKTHBHOW OILIEHKH
MPOBOJMMBIX HCCICAOBAHUN TPHUBEIEM OCHOB-
Hble NapaMeTpbl 3JIEKTPOMAarHUTHON CHCTEMbI
OMII, KOHCTpYKILIKS KOTOPOTO MpeAcTaBieHa Ha
puc. 1. Ero riaBHble pa3Mephl COCTaBIISIOT: aK-
tuBHas JunHa 1:=300 MM, pagnyc pacTOUYKH cep-
JIEeYHNKa WHAyKTOpa Ii=175 MM, pammyc pabo-
yeir kamepnl Ic=170 mm. OmnpeneneHbl Takke
HOMUHAJIbHBIE pacyeTHbIe (a3Hble HANpsLKEHUE
Un=220 B u tok Isn=950 A, uacrora fs=50 I'u. B
00MOTKe MHIyKTOpa uucia (a3 Ms=3 u map mo-
mocoB p=1, uncna na3zoB Qs=42 u mocnenoBa-
TEIBHBIX BUTKOB (hazHoi oOMoTku Ns=28, umcio
napaienbHbIX BeTBed as—=1. OOMOTKa WHIYKTO-
pa — AByXCIIOiHas, paclpeneseHHas, ¢ JuaMeT-
paJIbHBIM ILIIaroM, CXeMa COSAMHEHHUS «3BE311a».

OCHOBBI PACYUETA MATHUTHOT'O MOJISI
HHIYKTOPA DMII

B nonepeyHoM ceueHUM pacuyeTHON MOIEIU
uaaykropa OMII va puc. 1 u 2 3aganbl u ganee
HCITOJIB3YIOTCS TIOJISIPHBIE KOOPIUHATHI I, 0.

MII uHIyKTOpa B €r0 LIEHTPAJIBHOM IIOIEe-
PEYHOM CEUSHHH ONMHUCHIBAETCS OOIIEN3BECTHBIM
JIBYXMEPHBIM T depeHInaIbHbIM YPaBHEHHEM:

rot irot(IZAZ) =kJ, (1)
He

rae A;, J; — akCHaIIbHBIE COCTABJISIONTNE BEKTOP-
HOro MarHutHoro noreHimana (BMII) u mutor-
HOCTH TOKa;

K - OpT 110 aKCHAIBHOM OCH Z;

e — aOCOJIOTHAS! MarHUTHAs! IPOHULIAEMOCTh
(AMII), mpuuem [Tt y9acTKOB 00JacTH pacdera
B IIMXTOBAHHOM CEPIEYHHUKE HCIIOIB3YeTCS K-
BHBAaJIEHTHOE €€ 3HAYEHUE!

He = MreKre, )

rae pre — AMII cTanbHBIX JIUCTOB;
Kee — KOD(DGHIMEHT 3allOHEHHs UMH Cep-

JIEYHUKA.
st ocTandbHBIX y4YaCTKOB, KpOMe O0JIaCTH
paboueii kKaMepsl, [le COOTBETCTBYET MarHUTHBIM
CBOMCTBaM HEMAarHUTHBIX CpPEl.
AMII paboueii kaMephl |l 33]aBAIOCh Yepe3
OTHOCUTEJBbHYIO MarHUTHYIO TPOHULAEMOCTbD Lir

He=HrHo, (3)

e Ho=4--107 I'H/M — MarHuTHAs TIOCTOSHHAS.

[Ipu onpeneneHuu 3HaUCHUH | U Ur B pado-
4yell KaMepe YUYUTBIBAETCS Pa3peKeHHas CTPYK-
Typa (eppOMarHUTHBIX d7MeMeHTOB. Ha maHHOM
JTale HUCCIEN0BaHUs CHENaTh 3TO JIOCTATOYHO
TOYHBIM PacdeToOM HE NMPENCTaBISLIOCh BO3MOXK-
HBIM, NO3TOMY MarHWTHas HPOHUIAEMOCTb [
MPUHUMAINCh OPHEHTHPOBOYHO KaK HKBHBa-
neHTHas ¢ yaerom AMII peppoMarHuTHBIX ie-
MEHTOB U UX KOHLIEHTpaLUuH B paboueil kamepe.

B cBs3u ¢ Tem, 4To AN PasHOOOPA3HBIX TEX-
HOJIOTHYECKHX IMPOIIECCOB TpeOyeTcsl pa3iInyHoe
KOJINYECTBO (DEpPOMArHUTHBIX BIJIEMEHTOB, KO-
TOpOE BIIMSET HAa BEIMYUHY L, 33Ja4a pacyeTa
MOMEHTHOU YTJIOBOM XapaKTEPUCTHKHU PEILIAETCs
JUIsl psAAa pasiuuHbIX 3HaYeHWH L. [Ipu aTom
NPUHUMAETCS, 4TO (PepPpPOMAarHUTHBIC 3JIEMEHTHI
OpPWEHTHPOBAHBI 110 IPOJOIBHOIN OCcH, UTO OyneT
BBIPaXaTbCsl YCIOBUEM HEPABEHCTBA Llrg<lrd.

Pacnpoctpanenue  MII  orpaHuuuBanoCch
BHEIIHEW MOBEPXHOCTHIO CEPACYHUKA HHJYKTO-
pa, Tlie 3aJlaHo IpaHU4HOE yciloBUe Jupuxie:

A =0. (4)

®DaxkTopoM BO30YKAECHUSI MArHUTHOTO TI0JIS B
OMII ABAAOTCS TOKM €70 HHAYKTOPA.

B das3ubix 30Hax TpexdaszHoW OOMOTKU HH-
IYKTOpa 3a/laHa CHMMETPHUYHAsl CHCTEMAa TOKOB:

ias = Im cOS(wtk + B);
igs = Im cOS(@tk—2/3 7 + B); (5)
ics = Imcos(wt +2/3 7 + B);

rae Iy, = J2 I /ag — aMIIUTYZAa TOKOB;

® = 27fs — yriaosas 4acToTa,

tk — Tekymiee Bpems;

[ — HavanbHas ¢a3a TOKOB, KOTOpas 3aaacT
MIPOCTPAHCTBEHHOE yrioBoe Hampasieane MJ[C
obmoTku cratopa Fs B o6mactu pacuera MII.

B nauanbHblii MoMeHT BpemeHH (tk = 0) Tok B
(dazHOl 00MOTKE A paBHSACTCS AMILTUTYTHOMY
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3HAYCHHIO Isp=lms, TOrIA OMpeneseHbl U TOKH B
¢azusix o6Motkax B u C: isg=isc=-0,51ms.

PacueTHBIM HHCTpYMEHTOM (peraTenem) ais
peleHnsl TI0JIeBOM 3aJauu, ONMCAHHOW ypaBHE-
ausimu (1)—(5), sBisiercss oOmenOCTyMHAsT TPO-
rpamma FEMM [25], cocraBieHa Ha OCHOBE Me-
TOJla KOHEUHBIX 3JIeMeHTOB. OOIIMe NpUHIUIBI
TAaKMX PacuyeToB MarHUTHOTO TIOJISI U ONpeaene-
HUS pSAa DIIEKTPOMATHUTHBIX [TapaMeTPOB dIIEK-
TPUYECKAX MAIIMH M APYTUX JIEKTPOTEXHUYe-
CKHUX YCTPOMCTB M3JI0KEeHBI B [26, 27].

B kadectBe MCXOIHOM WLIIOCTpallid Ha
puc. 3 mpencTaBieHa IEKTPOMArHUTHAs CHUCTe-
Ma OMII npu OTHOCUTENBHBIX MarHUTHBIX IPO-
HUILIAEMOCTAX MO MPOJOJIbHOM M TONEPEeUHON
ocsiM Mrg=10, prg=2. Pacuer MII mpoBogmics
npu § = 0 (5), moaTOMy KapTHHA CHIIOBBIX JIHHUN
3TOTO TOJISl Ha pHUC. 3 B paboyeil 30HE OPUEHTH-
pOBaHa 1o MpoaAoILHOM ocH d.

Puc. 3. IlonepeyHoe ceyeHne 3eKTPOMATHUTHOI
cucrembl IMIT st pre=10, prg=2.3

B ma3ax uHayKTOpa Ha pucC. 3 MOKa3aHbI COOT-
BETCTBYIOIIIME HATpaBJcHUS (a3HBIX TOKOB, 3Ha-
KU + U — 1OCJIe UX CHMBOJIOB YYTEHBI B X MTHO-
BEHHBIX 3HaYCHUsIX, onpenensieMblx 1o (5). B pe-
KFIME Harpy3kyd BO BCEX BapHaHTaX MpEACTaBII-
€MOT0 HCCIIEIOBaHMS TaK K€, KaK U B PEXHUME
XX, 3HaueHue (Ha3HOTO TOKa MPUHATO OIHUM M
TEM K€ W PaBHBIM HOMUHAJIBHOMY TOKY lsv. DTO
SBJSUTOCH €MHOW OCHOBOW ISl CpaBHEHHS pPa3-
HBIX pPEeXUMOB M BapuaHToB pacuera MII u coot-
BETCTBYIOIIMX €My IIapaMEeTPOB HHAYKTOpA.

ITo pacmnpenenenuro BMIT A,(r,0), uepe3 us-
BeCTHOE BhIpakenue [21, 26]

B = rotA (6)
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OTIPEICTISAIOTCSL paffalibHasl W yTJIOBas COCTaB-
Jstronte MU

1AL oA
" roa’ ‘ or
W ee Moztynb: B =,/B? +B? . (8)

Ha puc. 4 npencTaBieHbl U3MEHEHUsSI B pacIipe-
neneann MU B o npoponsroit ocu 0q OMIT npu
nepexozie OT pexxnMa XX K peKUMy Harpysku B
HavyaJibHOM ToJiockeHnn MII, koTopoe cooTBeT-
ctByeT puc. 2 u 3. XapakTepHo, 9TO BHYTpH pabo-
yeil kamepsl npu XX MU pacnpeneneHa paBHO-
MEpPHO, a B pexxuMe Harpy3ku MU cyliiecTBeHHO
YBEIMUYMBACTCS M €€ KPUBAsl CTAHOBUTCS «BBITyK-
noit». YBenmuenne MU x kpasm rpadMKoB Npu-
XOZIATCA Ha 30HBI CTAIBHOTO CEpACYHMKA HWHIYK-
TOpa, YTO MPAKTHIECKH HE 3aTparuBacT pabouyro
kamepy. Orpanuuenue ypoBHs MU B cepaeunnke
MOXKET OBITh CHIENTAHO W3MEHEHHEM €ro pa3MepoB
WM YMEHBLIEHHEM TOKa 0OMOTKH MHAYKTOPA MPH
Harpyske.

/T p

Fse

1 — peacum XX,

2 — peotcum Haepysku o Prg=10, prg=2.
Puc. 4. Pacnpenenenne MU B no ocu 0g. 4

PACYET MOMEHTHOM YIJIOBOM
XAPAKTEPUCTUKH DMII

CuiioBble neiicTBus B mHIyKTOpe OMII BO3-
HUKAIOT 1o Bo3neicTBueM MII 1 ocHOBEBIBAIOT-
Cd Ha CWJIAX MarHUTHOTO HATSKEHUS, KOTOpbIe
BO3ZHMKAIOT 32 CYET Pa3HOM MAarHUTHOW NpPOBO-
JUMOCTH HAITOJIHUTENS ero pabodell kamepsl 110
npoaonbHoi 0d 1 nonepeynoii 0Q ocsm.

[Tocne uncnenHoro pacuera MII, omuckiBae-
Moro ypasaeHueM (1), OMM omnpezaensercs yepe3
TEH30p MarHUTHOTO HaTsHKeHHS MakcBema [27]:
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la
=——2 | B.B,rdS.
uo(rsi_rc)é[ T

(9)

Mem

Jns storo B mporpamme FEMM ects coort-
BeTCTBYOIIAs  (YHKUUS,  aKTHBH3HpyeMas
ckpuntoM Lua. Ee paborta moaroraBnmBaercs
BEIZICICHHEM BCel 00JlacTh pabodel KaMepwl, U
Janee mporpamMma cama (OpMHpPYET B 3a30pe
KOJIBLIEBOM CIIOW MEXIYy pajuycaMu OKpYXHO-
CTEH Isi U I'c, KOTOPbIE OrPaHUYMBAIOT IIOIEpeY-
HYI0 IUIOIIAJb 3a30pa S; CO CTOPOH PAacTOUYKH
MHIYKTOpa U TIOBEPXHOCTH pabouell KaMepsl.
PesynbraTom paboThl QpyHKIMHU SBISETCS 3HAUC-
Hue OMM (9).

Just momy4enust yrinoBeix GyHKIm MM mpo-
BEJCHbl MHOTOIO3ULKMOHHBIE pacueTel MII mpu
TIOCTIEZIOBATEbHBIX H3MEHEHUSIX YTIIa [3, BXOIIe-
ro B (5), ¢ 3alaHHBIM IIArOM, PaBHBIM, HAIIPUMED,
5 wmu 10 rpagycos. IIpu 3ToM CTpyKTypa TOKOB U
MJIC tpexdasHoii 0OMOTKM HMHIYKTOpa IOBOpa-
4yyBajach Ha Takou ke yroi. Ilepecuer TOKOB HH-
nykropa (5) mpu pasHbIX yriiax 3, a TAKKE BBIUKC-
JieHue U cO0p HEOOXOANMBIX PE3yIIbTATOB pacyeTa
MPOBOAWIIUCH TIpu pabore mporpammel FEMM
ABTOMAaTHYECKH C MCIOJb30BAHUEM CHELHAIBHO
HallMCaHHOM moAmporpaMMbel Ha s3bike  Lua,
BCTPOEHHOM B 3Ty MPOTPamMMy.

Yrobsl yoenuThest, uro MII moBopaunBaercs
Ha TOT ke yroi 3, uto u ctpykrypa TokoB (5),
MPOBEIM TECTOBBIE PacyeThl MpPHU OTCYTCTBUU
MarHUTHOW aHW30TPONHU B pabouell kamepe
BHYTpU MHIyKTOpa. KOHKpPETHO OBLIO MPHUHATO
Urd= Wq= 1, 94TO cooTBeTCTBYET pexkumy XX. s
YHCIEHHOTO JKCIIEPUMEHTa B3SUIM  3HAYCHHA
B1=24°u B1=52,5° (MX TPOUCXOXKIEHUSI CTAHET
SCHO M3 JanbHeiimero tekcra). [lomydeHnnsie pe-
3yJIbTaThl TIOKa3aHbl Ha PHC. 5 B BHIE COOTBETCTBY-
ronmx kKaptud MII OMIL Kak oxxumamocs, mipu
MarHUTHOW TIPOHMIIAEMOCTH, B paboyell Kamepe,
PaBHOM Ly, aHU30TpoNys He INposiBriiack, 1 MII mo-
BEPHYJIOCH CTPOTO Ha 3aJ[aHHBIE YTJIbL.

Uucnennsle pacdeTsl 3aBucuMoctd OMM ot
yria Harpy3kd, T.e. Mem(®) mpoBomwiamch mpu
Pa3NYHBIX COYETAHUSIX COCTABIISIOIIMX OTHOCH-
TEIbHOM MAarHUTHOM IPOHULAEMOCTH IO IPO-
JOJIBHOM iy W TIOTIEPEYHOH g OcsiM. Ha puc. 6
NpEJICTaBICHBl B BUJIE TpaHKOB Hamboliee Xa-
pakTEpHbIE BapHaHThl YIJIOBOM MOMEHTHOM Xa-
PaKTEPUCTUKH NIPHU Pa3HBIX COUYETAHUAX Lrd U rg.
Takue BapuaHTBl MOTYT OBITH OOYCIIOBJIEHBI pa3-
HOOOpaszueM obnacteit npuMeneHust OMII, a xa-
PaKTEPUCTUKH MOTYT HCIOJNB30BaThCs JUIA OIpe-
nenenust OMM npu npuMeHeHHH (heppoMarHuT-
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HOTO HAIOJHUTENS C PasiUYHBIMH MarHUTHBIMHU
CBOWCTBAMH JIJIs1 KiccliexyeMoro oopasma OMIL.

Puc. 5. Kaprunst MI1 OMII
npu P1 = 24° u P2 = 52,5° st pra=1, prg=1.°

‘ML: H

Hv/Nm)
1600

1200

1\ s
00— /ﬁ:“ Y%
N

i @1*.
0. | 0510, e
0 15 30 45 60 rpag.75 90

-400 I\ = //
N4
-1200 \ /
-1600
-2000

1 — npu pa=5, Wq=2; 2 — npu n=10, pq=2;
3 — npu =50, pug=2.
Puc. 6. MoMeHTHAs1 yIJI0Basi XapaKTEPUCTHKA
DMII. ©

AJIEKBaTHOCTB pacyeToB MOATBEP)KIAET TO, YTO
xapaktep m3MeHeHHs OMM mnpu Bpamennn MII
uHAykTOpa Ha 180 57. rpaa. TUMUYEH 7Sl CUH-
XPOHHBIX PEAKTHBHBIX MaiuH [24]. Tam npu une-
aM3ald  PAacyETHBIX MOJeNied MalliH YIJIoBas
(YHKUMS pEaKTUBHOTO MOMEHTA UMEET BHI;

M, = MaSin(20) , (10)
rae yroia ® cooTBeTCTBOBaJI Obl OCHOBHOM YIJIOBOM
¢yHKIr MM 00BIYHOM CHHXPOHHOW MAIITMHBI.

CoorBerctBenHo (10) mepwon w3MeHeHHsS
(YHKUMM DPEakTUBHOIO MOMEHTa B [Ba pas3a
MeHbIIe nepuoga TokoB (5). Iloatomy cootset-

CTBYIOIIME UM apTYMEHThI IMEIOT COOTHOIIICHUE:
0=p3/2, (11)

M MMEHHO B TaKOM HWHTEpHpeTarMy Ha puc. 6
npeJcTaBieH MacTad no ocu abcuuce.

Ha puc. 6 ¢yHKIMM TOATBEpIMIIN MEPUOANY-
HOCTH Heanu3upoBanHon Gyakmmu (10), HO 31mech
«BOJIHBI» YTTIOBOH (PyHKIMH (pUC. 6) HAKIOHMIICH
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Y TIOJYYWINCh CMELICHHSI KPUTHUECKOW TOUKH Ha
rpadukax, KOTOpoe OOYyCIOBIEHO WCKaKCHUEM
peanctuanoro MITL

Ha puc. 6 BUAHBI YpOBHM MaKCHUMaJbHBIX
3Ha4eHUl MOMeHTa M B KPUTHYECKHX TOYKax
XapaKTePUCTUK IIPU KPUTHIECKUX YIJIax Harpys-
KA ©Oc, a TaKKe CpeJHEro 3HaYeHHsS MOMEHTa
May 7151 OTHOTO M3 paCUETHBIX BAPUAHTOB.

IIpu pacuerHOM HccnenoBanum oopasna IMII:
TUTS Lrd=S, Wrq=2: Ocr1 =25,25° ipu P1 = 50,5,
utst Pra=10, prg=2: Ocr2 =26,25° ipu B2 = 52,5%;
tst Prd=50, Prg=2; Ocrs = 29,25° mipu Pz = 58,5°.

Ha puc. 7 u 8 mpencraBnensl kaptuabl MIT,
JEMOHCTPHUPYIOIIME TIOBOPOTHl €r0  CHJIOBBIX
MarHUTHBIX JHHUU Tnipu Harpyske OMIL. O6a
pasa 1t ynoOcTBa CpaBHEHUS B3ST OAMH U TOT
JK€ BapUaHT OTHOCUTEIBHBIX MarHUTHBIX MPO-
HuIaeMocteit: Ug=10, Wq=2, HO MPHU yKa3aHHBIX
Ha pHCYHKax yriax O: ®Oap u ®Oc2, KOTOpBIE
ONpeIeeHbI COTJIACHO puC. 6.

Takum 00pa3om, TOBOPOT CUIIOBBIX JTMHKUH MIT
COOTBETCTBYET yIJIaM HAarpy3KH, OIpeaessieMbIM
mo (11), To ectb cummoBele JwHHH MII
TIOBEPHYJIMCh Ha YIJIbI, B JIBa pa3a MEHBIIHE, YeM
3ajaHHble st TOokoB (5) ymmel B. Oto u
MOATBEPXKIAET TO, 4TO B MHAYKTOpe OMII, Kak 1 B
TEOPHH CHHXPOHHBIX AJICKTPUUECKUX MAIIHMH, YroJl
nosopora MII OTHOCHTENIBHO IPOAOJIBHOW OCH
pOTOpa curTaeTcst yriioM Harpy3Ku.

Puc. 7. Kapruna MII DMII npu @4,=12°
s =10, prg=2."
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Puc. 8. Kapruna MII DMII npu O¢r2=26,25°
s pra=10, prg=2.8

3AKJIFOYEHUE

Hcxons n3 uenu paboTel B mpoLecce uccie-
JIOBaHUs OBLJIO YCTaHOBJICHO!

1. Yucnenno-nosnesslie pacuetsl MII u MM
no nporpamme FEMM c ucnonb30BaHWEM Hallu-
CaHHOM MOANPOrpaMMBI Ha si3bIke Lua ABIsAroTCS
3¢ (EeKTUBHBIM CPEIACTBOM JJI PACUETHOrO aHa-
nM3a peKUMoB paboTel nuaykTopa MIT B OMIL
[Ipu 3TOM NpakTH4ecKu 0e3 YIpOoImeHUH YUnuThI-
BalOTCA T€OMETPUS NEKTPOMATHUTHON CHCTEMBI
WHJYKTOpA, HEJIMHEWHbIE MATHUTHBIE CBOWCTBA
€ro CepJeYHHNKA U aHU30TPOMHS MOJyMArHUTHON
Cpelpl, 3aroHsomEel padouyio Kamepy.

2. Uwucnennpie pacuetsl MII mocraTodHo
TOYHO BO3BpAIIAIOT €ro MOBOPOTHI B COOTBET-
CTBUU C 3a/1aBaeMoil (a3oii TOKOB TpexdazHon
oOMoTkM WHAyKTOpa. [lpm 3TOM B pexume
Harpy3KH MOJy4aeMBbI yTOJI HArpy3KH HHIYKTO-
pa cooTBeTCTBYeT yriay noopora MII, HO oka-
3BIBAETCS B JBa pa3a MEHBIIE, YeM 3aJaBacMbli
yroi ¢a3sl TOKOB 0OMOTKH HHIYKTOpA.

3. Ilepnoag MOMEHTHOW YTIIOBOW XapakTepu-
CTHKM paccMmarpuBaeMoro uHaykropa MII oka-
3bIBAaeTCs B JIBA Pa3a MEHBIIIE MEepUoJia TOKOB 00-
MOTKH MHIYKTOpA, YTO COOTBETCTBYET KIlacCHYe-
CKUM NPEICTaBICHUAM 00 YIrioBod (pyHKUIMH pe-
AKTUBHOT'O MOMEHTA MIEKTPUUECKUX MAIIIVH.

4. TlpencraBieHHass METOJMKAa aBTOMATH3HPO-
BaHHBIX YHCIICHHO-TIOJIEBBIX PAcUETOB MHIYKTOpa
MII moxer crath >P(EeKTUBHON OCHOBOH st
MPOEKTUPOBAHUSL YCTPOMCTB PACCMOTPEHHOTO TH-
1a ¢ MOJy4YeHHEM HEOOX0AUMOro ypoBHI DMM.
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APPENDIX 1 (TPUJIOKEHME 1)

IFig. 1. The design of the inductor of the electromag-
netic stirrer.

2Fig. 2. The longitudinal-transverse electromagnetic
model of the magnetic field of the inductor of the
electromagnetic stirrer.

3Fig. 3. The electromagnetic system cross section of
the electromagnetic stirrer for p=10, pg=2.

“Fig. 4. The distribution of magnetic induction on the 0d
axis (1 — idle mode, 2 — load mode for pg=10, p=2).
SFig. 5. The view of magnetic field of the electromagnet-
ic stirrer on the B1=24° u P2 = 52,5° for u=1, pg=1.
®Fig. 6. The torque angular characteristic of the elec-
tromagnetic stirrer (1 — for pe=5, pu=2; 2 — for
wd=10, prq=2; 3 — for uw=>50, pug=2).

'Fig. 7. The view of magnetic field of the electro-
magnetic stirrer on the ®¢,=12° for pg=10, prg=2.
8Fig. 8. The views of magnetic field of the electro-
magnetic stirrer on the ©2,,=26,25° for =10, pg=2.
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< Muabix Baagumup UBaHoBUY, OKOHUMIT XapbKOBCKUNA MOJMTEXHUUECKUH MHCTUTYT MO
{ " CHEUAITBHOCTH «JIEKTPHIECKHE MAIIMHBI M alliaparthy, 3aBelylomuii kadeapoi «Dmnek-
TpUYECKUE MalIHbDy HallnoHaNbHOro TEXHUYECKOrO YHUBEpCUTETa «XapbKOBCKHI MOIH-
TEXHUYECKHH WHCTUTYT», MPodeccop, TOKTOP TEXHUIECKNX HayK, OTIHMYHUK 00pa3oBaHUs
YkpauHbl, WieH crenuain3upoBanHoro yueHoro coseta I 64.050.08. O6macTh HayIHBIX
HMHTEPECOB CBS3aHA C MaTEMAaTHYECKHM MOJCIMPOBAHUEM M HCCIIEOBAHHUEM 3JIEKTpOMAr-
HUTHBIX TIOJICH, MMapaMeTpoB M TPOIECCOB B IJIEKTPUYECKUX MAIMHAX, HCCIICIOBAaHHEM
MAIIIH ITOCTOSHHOTO TOKA Pa3HbIX THIIOB, TYpOOT€HEPaTOPOB, THHEHHBIX 3IEKTPOIBUTATE-
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HMHTEPECOB CBsI3aHA C UCCIICAOBAaHNEM MAarHUTHBIX CENapaTOpPOB, aBTOMATU3UPOBAaHHBIMU
YHCJICHHBIMHA pacdyeTaMH MarHUTHBIX IOJICH AJIEKTPHYECKHX MAIIWH, MTOBBIIICHUEM 3 (-
(hEeKTHBHOCTH CHCTEMBI IIPOESKTUPOBAHNS MATHUTHBIX CENapaToOpOB.
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Control System Structure of the 4th Drive Power Installations
for Electric Vehicles

Osadchyy V.V., Nazarova E.S., Brylistyy V.V.
Zaporizhzhia National Technical University
Zaporizhzhia, Ukraine

Abstract. The main global trend in the automotive industry is a significant increase in the share of
hybrid and electric vehicles in total production, as well as the expansion of the related infrastructure.
One of the main objectives of the development of an electric vehicle was to increase mileage without
recharging and to improve the handling and maneuverability, as well as the passengers’ safety and
cargo transportation conditions. The increase in mileage can be achieved both by improving the
battery, and by improving the energy efficiency of the electric drive. The passenger safety is largely
dependent on the vehicle handling. Therefore, an urgent task is to improve the performance and
energy efficiency of the electric vehicles using the electric drive. The aim of this work was to justify
the use of the 4-drive installation, which allowed us to redistribute the torque between the drive
wheels, as a base for a modern electric vehicle. The redistribution of the moment between the drive
wheels by means of an automated electric drive improved the controllability and safety of the vehicle
by maintaining the torque of the drive wheels at the maximum possible level under the given driving
conditions. Namely, they are the vehicle speed, angle of rotation and coefficient of adhesion of the
drive wheels to the road surface. Using this method enabled to improve the energy efficiency
compared to the mechanical method of the redistribution of the moment by eliminating the braking
losses of the wheels, which required a reduction in the moment.

Keywords: automobile industry, automobile production, electric car, automatic control system, torque,
electric drive, four-wheel drive, 4 engines.
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Structura sistemului de control a instalatiei de putere cu 4 actioniri pentru vehicule electrice
Osadchy V.V., Nazarova E.S., Brylisty V.V.
Universitatea Tehnicd Nationald din Zaporoje, Zaporoje, Ucraina

Rezumat. Principala tendintd globald in industria automobilelor este cresterea semnificativa a ponderii
vehiculelor hibride si electrice in productia totala, precum si extinderea infrastructurii asociate. Unul dintre
obiectivele principale ale dezvoltarii unui vehicul electric este de a creste kilometrajul fara reincércare si de a
imbunatati manevrabilitatea si conctrolul, precum si siguranta pasagerilor si conditiile de transport al
incarcaturii. Cresterea kilometrajului poate fi atinsa atat prin Imbunatatirea bateriei, cat si prin imbunatatirea
eficientei energetice a transmisiei electrice. Siguranta transportului de pasageri si marfuri depinde in mare
masurd de controlabilitatea vehiculului. Prin urmare, o sarcind urgenta este Tmbunatatirea performantei si a
eficientei energetice a vehiculelor electrice care utilizeazd unitatea electricd. Scopul lucrarii este de a creste
controlabilitatea vehiculului prin utilizarea unei unitati de antrenare pe 4 roti, care permite redistribuirea cuplului
intre rotile motoare. Acest obiectiv este realizat prin mentinerea cuplului rotilor motoare la cel mai Inalt nivel
posibil in conditiile de conducere date, si anume viteza vehiculului, unghiul de rotatie si coeficientul de aderenta
al rotilor motoare pe suprafata drumului, ceea ce imbunatéteste controlul si siguranta vehiculului. Ca urmare a
studiului, s-au formulat cerintele de bazd pentru sistemul de control automat al unei centrale electrice de
autovehicul si s-au obtinut expresii analitice pentru determinarea momentului maxim al rotii, luand in
considerare calea, baza, indltimea centrului de masd si raza de cotitura, asigurand acceleratia maxima a
vehiculului, Redistribuirea momentului dintre rotile motoare, prin intermediul unei actionari electrice automate,
tinand cont de expresiile analitice obtinute, face posibila cresterea eficientei energetice a vehiculului.
Cuvinte-cheie: industria automobilelor, productia de automobile, masina electrica, sistem de control automat,
cuplu, actionare electrica, tractiune integrald, 4 motoare.
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CTpykTypa cucTeMbl ynpapjeHus 4-X IPUBOJHON CHJIOBOY YCTAHOBKOM 1715 3JIEKTPHYECKUX
TPAHCIIOPTHBIX CPeICTB
Ocanunii B.B., Hazapoga E.C., Bpsuiuctsiii B.B.
3armoposxCKuil HaIMOHABHBIN TEXHUYECKIH YHUBEPCUTET, 3aIIOpOKbe, YKpanHa

Annomayusn. OCHOBHOH MHPOBOIl TEHACHINEH B aBTOMOOMIEHONW MPOMBIIIJICHHOCTH SIBIIETCS CYIIECTBCHHOE
YBEIMYECHUE JOJN THOPUAHBIX W 3JIEKTPUYECKUX TPAHCIIOPTHBIX CPEICTB B 00IIeM oObeMe NMPOM3BOACTBA, a
TaKKe PpACIIMPEHHE CBA3aHHOM ¢ HUMH HMHQPacTpykTypbl. OpHOH H3 OCHOBHBIX 3a1ad Pa3BUTHA
3JIEKTPUYECKOTO TPAHCHOPTHOTO CPEACTBA SIBISIETCS yBENWYEHHWE Ipobera 0e3 MOA3apsAKK U yIyqIICHUS
NoKasaTesell ynpaBisieMOCTH M MaHEBPEHHOCTH, a TaKkKe Oe30MacHOCTH MAacCaKUPOB W YCIIOBUH INEPEBO3KH
rpy3a. YBenuueHue mpodera MOXKeT OBITh JOCTUTHYTO KaK 3a CUET COBEpIICHCTBOBAaHHS aKKyMYJISITOPHOM
Oaraped, Tak W IyTeM MOBBIUICHUS SHEProd(PEKTUBHOCTH JIICKTPONPUBOAA. be30macHOCTh NEPEeBO3KH
MacCcaXXMPOB U I'PY30B B 3HAUUTEIHHON CTENICHH 3aBUCUT OT YIPaBIIEMOCTH TPAaHCIIOPTHOTO cpeacTra. [loatomy
aKTyaJbHOM 3ajadyeil sBISETCS IOBBIICHWE IIOKa3aTelied ymnpaBisieMOCTH W 3HeproaddexTuBHOCTH
JNEKTPUUECKOTO TPAHCIIOPTHOTO CPEACTBAMH C HCIIOJIB30BAaHHEM AJIEKTpoIpuBoa. Llenbio paboThl siBisieTcs
MOBBIIICHHE YIIPABIIEMOCTH TPAHCIOPTHOTO CpEACTBA ITyTeM NPUMEHEHHS 4-X TPUBOJHOH YCTAaHOBKH,
MO3BOJISIONICH IepepacnpeieNiaTh KPyTSAMMid MOMEHT MEXAy NPUBOJHBIMH KoslecaMH. [locTaBieHHas IElb
JOCTHTAeTCA 3a CUET IMOJAEPKaHUS KPYTSMMX MOMEHTOB NPHBOIHBIX KOJIEC Ha MAKCHMAJIbHO BO3MOKHOM
YPOBHE IIPU JaHHBIX YCJIOBHSX ABI)KEHHS, a MMEHHO, CKOPOCTH TPAHCIOPTHOTO CPEACTBA, YIa MOBOPOTA H
k03¢ $HUIneHTa CIEIUICHUS TPHUBOJHBIX KOJIEC C JOPOXXHBIM TIOKPBITHEM, YTO TIIO3BOJISET IOBBICUTH
YIPaBISIEMOCTh M OE30MAaCHOCTh TPAHCIOPTHOTO CpeAcTBa. B pesyinbraTte mcciienoBaHUs CHOPMYIHPOBAHEI
OCHOBHBIE TpeOOBaHMA K CHCTEME aBTOMAaTUYECKOI0 yNpPaBJIEHHUs CUJIOBOM YCTAHOBKU TPAaHCIIOPTHOTO CPENICTBA
U  TOJYYCHBI AHAJIUTUYCCKUEC BBIPAKCHUA JId ONPCACIICHHUA MAaKCHMMaJIbHOTO MOMEHTa Ha KoOJIece,
YUYHUTHIBAIOIIUE KOJEI0, 0a3y, BBICOTY LIEHTpa MacC M pajuyc IOBOPOTa, OOECIeuYHBaIOIIMe MaKCHMalbHOE
YCKOpEHHEe TPaHCIOPTHOTO CpPEJICTBa, UCKIIOYas IPoOyKCOBKY Koiec. IlepepacnpeneneHne MOMEHTa MEXIy
MNPpUBOAHBIMU  KOJICCAMU CPCACTBAMU ABTOMATU3UPOBAHHOI'O JJICKTpONpHUBOAA C YUYCTOM IIOJTYUCHHBIX
AQHATMTHYECKUX BBIPAXECHUH TMO3BOJSIET IOBBICHTH 3HEProd(pPeKTUBHOCTh TPAHCIIOPTHOTO CPEICTBA II0
CPaBHEHHIO C MEXaHWYECKHMM CIOCOOOM TIepepaclpeneseHns] MOMEHTa 3a CUeT HCKJIIOYEHHs IOTeph Ha
TOPMO’KEHHE KOJIEC, Ha KOTOPBIX TpeOyeTCst CHIKEHHUE MOMEHTA.

Knrwouegvie cnosa: aBTOMOOWMIBHAs TPOMBIIIIEHHOCTh, aBTOMOOHMJIBHOE HPOU3BOJCTBO, AIIEKTPOMOOMIIB,
cHCTeMa aBTOMaTHYECKOTO YIPABICHHS, KPYTAIINH MOMEHT, SJIEKTPOIIPUBO/I, IOJIHBIN MIPUBOJI, 4 IBUTATEIs.

BBEJAEHUE CpaBHUTENBHBIA aHAIN3 JHUTEPATYPHBIX HC-
TOYHHKOB II0Ka3aJl HEAOCTATOYHYIO OCBEIICH-
HOCTB BOMpOCa pa3paboTOK CHCTEM YIpaBIICHUS
KpYTALIUM MOMEHTOM HMMEHHO 4-X NPHUBOJIHBIX
CHJIOBBIX yCTaHOBOK. McciemyeMble MCTOUHUKH
YCIIOBHO CTPYKTYpHPOBaHBl IO KaTErOpHUH B
COOTBETCTBUM C TEMATHKOM.

K 1-ii xateropum MOXHO OTHECTH 0030p H
BBIOOP TATOBBIX CHJIOBBIX YCTAHOBOK JUISL BJICK-
TpomoOuisi. B pabore [1] obocHOBBIBaeTCS HC-
MOJIb30BaHUE JBYHAIPABICHHBIX MpeoOpa3oBa-
Teled W CYNEpKOHICHCATOPOB B THOPHUAHBIX
TATOBBIX YCTaHOBKaX, CHCTeMaM YIIPaBIIEHUS C
HEIMHEHHBIMU PETYISITOPaMU TIOCBAIICHO HC-
cienoBaHue [2], CpaBHUTENBHBIM aHaIW3 pas-
JIMYHBIX THUIIOB 3JEKTPOJBHIaTeNed MPOBEIEH B
pabotax [3], [4], mpuMeHeHNe MaTEMAaTHIECKOTO
MOJICIMPOBaHMs Ul aHaiau3a 3PGEKTUBHOCTH
3IIEKTPONPUBOAA SJIEKTPOMOOHUIISI PAaCCMOTPEHO
B [5]. OcHoBHOI wuaeeit, oObeAUHSIONMEH YKa-
3aHHBIE NCTOYHHKH, SABIISETCS UX MPUMEHEHHE B
Ka4yecTBE TATOBOM YCTAHOBKH JAJISI SJIEKTPOMOOU-
J CHHXPOHHOTO JBUTaTeNls Ha IOCTOSHHBIX
marauTtax (CMIIM), koTopelii o0amaer psaoM
CYLIECTBEHHBIX IMPEUMYLIECTB OTHOCHTEIBHO
JIBUTATEeN APYTrUX KOHCTPYKLUH, OMMMCAHHBIX B

CoBpeMEHHOE COCTOSIHUE MHPOBOTO DPBIHKA
TPAHCTIOPTHBIX CPEZCTB XapaKTEePHU3yeTCs CyIIle-
CTBEHHBIM YBEIMUYEHUEM JOJHU 3JIEKTPUUECKHUX
tpancnoptHeIX cpeacT (OTC) B obmem odbeme
npousBoAcTBa. OIHMMH M3 OCHOBHBIX 337134
passutuss OTC sBnsieTcs yBeiamueHue mnpodera
0e3 mom3apsAaKd W yIydlleHWs IIOKazaTesei
0€30MacHOCTH MAaCCaKUPOB U YCIOBHUI IEpeBO3-
KM Tpy3a. YBeinwmueHHe mpobera MOXKeT OBITh
JOCTUTHYTO KaK 3a CUET COBEPIICHCTBOBAHUS
aKKyMYJIATOPHOH Oarapen Tak M IIyT€M IOBbI-
IeHUS YHEPTOdPHEKTUBHOCTH IIEKTPONPHUBO/IA.
be3onacHOCTh MacCa)XMpoB B  3HAYUTEIBHOU
CTENIEHH 3aBHCUT OT YIPaBISIEMOCTH TpaHC-
nopTHoro cpexacrtsa. IloatoMy akTyanpHOU IMpo-
OyleMoil  ABNSETCS TIOBBIIICHHWE I[OKa3aTesnei
yrpasnsieMocT U dHeprodddexruHoctn ITC
CpeJICTBaMH 2JIEKTPOIPUBO/A.

[Ipemnaraemoe pemieHre JaHHOW MPOOIIEMBI
— HWCIONB30BaHWE 4-X TIPUBOTHON CHIIOBOI
YCTAaHOBKM B KadecTBe 0a30BOi M pa3zpaboTka,
MOJ JaHHYI0 CWJIOBYIO YCTaHOBKY, CHCTEMBI
ABTOMAaTHYECKOTO YIPABJICHUS paclpelesIeHUs
KpPYTALIIM MOMEHTOM.
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MCTOYHMKAX; a uMeHHO: Bbicokuit KIIJ, mmu-
TEIBHBIN CPOK CITY’KOBI, HU3KUI YpOBEHb ITyMa.
HenocraTkom siBnsieTcst €ro BBICOKAsi CTOMMOCTD
U3-32 UCIOJB30BaHUS B KOHCTPYKIHMH pENKO3e-
MeTbHBIX MeTauioB. HecMmoTps ma 3tro CMIIM
MIEPCIIEKTUBEH IS DIIEKTPOMOOHIISL.

Ko BTOpOi#l KaTeropuum OTHOCHUTCS 0030p H
BBIOOp OOPTOBBIX CHUCTEM YIPaBICHUS U CHCTEM
YIpaBJIeHHUS TSITOBBIM TPHUBOJOM COBPEMEHHBIX
3IEKTPOMOOHIIEH.

HccnenoBanus, NMOCBSIIEHHBIE CUCTEME OI-
TUMaJIbHOTO YIPAaBJICHHUS! SHEPronoTpedIeHreM
Ha OCHOBE KOMIUIEKCHOTO ILEJIOYHCIEHHOTO JIH-
HEHHOTO TPOTPaMMUPOBAHHS U CTAaHIIMA 3a-
MeHbl Oatapei, oTpakeHsl B [6]. HeoOxomu-
MOCTb COOTBETCTBHS CTpPAaTETHH YIIPABIICHUS
CTHIIIO €3/1bI JJIs1 00ecleYeHns SKOHOMUHU dHep-
T'HHU [TO0Ka3aHa B [7], pa3nuvHbie TUIIBI OOPTOBBIX
CUCTEM YIpaBJCHUs AaBTOHOMHBIM TPaHCIOPT-
HBIM CPEJICTBOM paccMOTpeHbl B [8], B ToM urc-
JIe C HUCIOJb30BaHHEM HHTEIJIEKTYalbHBIX CH-
creM [9] u BekTopHoro ympasieHus [10], ¢ uc-
MoJIb30BaHUEM TexHonorui MHTepHeTa Bemient
JUTST TOBBIIEHUsT 3P PEeKTHBHOCTH TIpoIiecca
3apsiia aKKyMYJISITOpHBIX Oatapeid [6], ¢ mpume-
HEHHEM MaTeMaTHYeCKOr0 MOAETUPOBAHUS NI
OTIpeIeTICHNs] HHEPTeTHYECKUX XapPaKTePUCTHK
anekTpomobmiis [11]. HccienoBanbl 0cOOCHHO-
CTH B3aMMOJIEHUCTBUSI CHUCTEM YIPABICHHS dJIEK-
TPOMOOWJISL ¢ CUCTEMaMHU pacIpeselIeHus] SHep-
Uy B 31aHudAX [12], paccMOTpeH METOJl 3KOHO-
MHUH DHEPTHU 3a CUET YNpPaBICHHUS MOMEHTOM
AIIEKTPOJIBUTATENS B THOPUIHBIX aBTOMOOMIISIX
[10].

Ucrounuku, onucanHbe B 3-i1 kKaTreropuu, Ha
OCHOBaHWHM CHOPMHUPOBAHHBIX 3ajad, Ieled u
HAYaJIbHBIX YCIIOBHHA TPUBOMAAT PacUeThl MeXa-
HUYECKHX I[apaMeTpoB Y3JOB TPAHCIOPTHOTO
CpEJICTBA M DJIEMEHTOB TpaHCMHUCCHH. Tak wmc-
TouHUK [13] mpeanmaraer pykoBOJACTBO IO OIpe-
JICJIEHNIO TOAXOASIINX KOHLENIHUH TpaHCMHC-
CUH JUI pa3uYHbIX 3JIEKTPUUECKUX JIBUTATEICH.
3HaueHNE MEXAHWYECKOTO CIEIUIEHUS WU €ro
cBsi3b ¢ pazmepoMm TC u Tomonoruel ABUTATENS
npeacrasieHo B [14]. HemamoBaxHbIM B JaHHOM
TeMaTHKe SIBIISCTCA CTaThs [15], mpencTasisiio-
mas KOHLENIHUIO BBICOKO3()(EKTUBHOM TpaHC-
MHUCCHU C YYETOM JHHAMUKH JBIKeHUs. Pabora
[16] memoHCTpHpyeT pe3ynbTaThl SKCIIEPUMEH-
TAJIBHOTO HCCNEAOBaHUA 1O 3(PPEKTUBHOCTH
KOpOOKH Tiepesiad AIEKTPOMOTOPOB.

HMHTepecHoil ¢ TOYKM 3peHUs] PE3YIbTATOB
WCCIIEIOBAHNS, SIBIAETCS 4-5 KaTeropus JIMTepa-
TYpHBIX HMCTOYHHKOB, TOCBSIICHHAs peE3yjbTa-
TaM peaJbHBIX JKCIEPUMEHTOB, TaK KaKk OHH
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HOCSIT IPOTHBOPEUUBHIN XapakTep. Hampumep, B
cratbe [17] B BBIBOJaX yka3aH «OONBIIONW COIH-
anbHBI d(D(EeKT» OT MacCOBOW MOJEpHU3AITIH
aBToMoOmist myteM 3amensl JIBC na DII (koH-
BepTaIus), KOTOPHIH, IO UTOTY, JOKEH aKTHBH-
3UPOBATh MaJBId W CpEeIHUN OW3HEC IO MPOM3-
BOJICTBY Takoi MojaepHu3zaruu. OJHaKO B aBTO-
pedepare [18] aHATUTUYECKH U OIBITHBIM ITyTEM
JI0Ka3aHO, YTO METOJ YaCTUYHOU WM TOJHOU
KOHBEpPTAIllMd aBTOMOOWJII B JJICKTPOMOOMIIH
HUBEIHUPYET OOJIBIIYI0 4YacTh MPEUMYIIECTB
aeKTpoIpuBoaa oTHocuTensHO JIBC.

Baxxro orMmetuts padotsl [19], [20], ucnoms-
3YIOIIHE CXOXYIO UJICI0 4-X TIPUBOTHOM CHIIOBOM
YCTaHOBKH, HO HMMCIOLICC MPUHLHUIINAIBHOC OT-
JTUYAE — WUCIONH30BAHWE B KAdeCTBE IPHUBOOB
MOTOp — KOJIeca, YTO B JAHHOM HCCII€OBaHUU
HegonmyctuMo. Panee Obu1o BhisiIcHEHO U3 [18] o
HEOOXOJMMOCTH CO3/IaHUSI KOHCTPYKIIMU TpaHC-
MOPTHOTO CPEICTBA, KOTOPOE OOECIIEUYHT 3IIeK-
TPOMOOWIIIO HawiTydlnne KadectBa. Hemoapec-
COpeHHas Macca MOTOP-KOJIECO CHIKAET KOM-
(GOpT U YIpaBIAEMOCTbh, TOBBIMIAET W3HOC TMOJ-
BECKH, Tepenaer BuOpanuu Ha Ky3oB. CoOTBeT-
CTBEHHO BBIXOJl U3 CTPOsI MOTOp—KoJeca Tpedyer
HEMAaJIBIX CPEJICTB HAa PEMOHT M CHIDKAeT T'HO-
KOCTh 3KCIITyaTal[i TPAHCIIOPTHOTO CPEJICTBA.

Pabotrhkl 5-if kaTeropuu MOCBAIICHBI COBpE-
MEHHBIM TEXHOIIOTHSM 3apsIIKH AIEKTPUIECKHIX
TPAHCIIOPTHBIX CPEJCTB, a TAKKE WX BIUSHUIO HA
uHdpacTpykrypy [21], [6], [22-26].

®duHanpHas 9acTh pabOT, KaCAFOIIUXCS dJIEK-
TPOMOOWJIS,, TIOCBSAIIEHA AIKOHOMHUYECKHM 3(-
¢dextaMm B 001acCTH aBTOMOOHWIIECTPOSHHS U
CMEXHBIM C Hel oTpaciisiM. [J1aBHBIA BBIBOJ B
3TOH TeMe — CYIIECTBEHHOE BIMSHUE JIIEKTPO-
MOOWJIS Ha NIEATENEHOCTh aBTONPOHU3BOIUTENCH
Y aBTOMOOMJIBHYIO OTpaciib [27].

Takum 00pa3oM, HEIOCTATOYHAS OCBEIICH-
HOCTH BONpOCa NpPUMEHEHHS 4-X TPHUBOIAHOMN
YCTaHOBKH, B KauecTBe 0a30BO Ha COBPEMCH-
HoM OTC, Kak croco0a TOBBIIICHUS ITOKa3aTe-
Jell ynpaBiIsieMOCTH W 3HEprod(hdeKTUBHOCTH
OTC cpenacTBaMu 3JEKTPONPUBOAA, OTPEIALCISICT
11eJTh UCCIETOBAHMS.

Lenbro paOOTHI ABISETCS MOBBIICHUE YITPAB-
JIIEMOCTH TPAHCIIOPTHOTO CPEJCTBA IyTEM IPH-
MeHeHHsI 4-X TPHUBOAHON YCTaHOBKH, ITO3BOJIS-
IOIeH TepepacupesensaT KPYTAIIMA MOMEHT
MEX/Ty IPUBOTHBIMU KOJIECAMH.

METO/IBbIL, PE3YJIBTATBI N
OBCYXJIEHUE
C uenpl0 MakCHUMAaJbHOM peanu3aluu Ipe-
MMYIIECTB 3JIEKTPONPHUBOAA, KaK OCHOBHOH CH-
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JIOBOM yCTAaHOBKM TPAHCIOPTHOTO CpPEICTBa,
c(hopMyTUpOBaHEl OCHOBHBIE TPEOOBAaHUS K CH-
CTEME aBTOMATHYECKOTO VIIPABICHUS CHIIOBOM
YCTAHOBKH U K TPAHCIIOPTHOMY CPEZCTBY:

- BBICOKHE TIIOKa3aTeld YIPaBIAEMOCTH U
MPOXOUMOCTH TPAHCIIOPTHOTO CPEJICTBA;

- obecrieueHue MaKCHMalIbHOTO YPOBHS 0e3-
OMAacCHOCTH BOJUTENS] W TACCaKUPOB, HaXOMs-
HIMXCS B TPAHCIIOPTHOM CPECTBE U YYaCTHUKOB
JIBYDKCHVIS,

- MUHUMU3A1HA 3aTPaT SHEPTHH B PA3THYHBIX
pEeKUMaXx e3]Ibl;

- COOTBETCTBUE TIOKAa3aTellsl I[eHa/KauyeCcTBO
CJIO’KMBIICHCS] CUTYyallid Ha PBIHKE AJIEKTPOMO-
ouneit;

- SKOHOMHYECKH 00O0CHOBaHHOE UCIIOJIb30Ba-
HHUE DJJIEKTPONPUBOJA W MHUKPOIPOLIECCOPHBIX
CHCTEM YIPABJICHUS BMECTO MEXaHHYECKHUX Y3-
JIOB YIIPABJICHUS MOMECHTOM;

- MaKCHMAaJbHO BO3MOXXHBIH y4eT B KOH-
CTPYKIIMH TPAHCIIOPTHOTO CPEJCTBa TPeOOBaHUI
M0 KOMITOHOBKE 3JIECMEHTOB 3JICKTPOIIPHUBOJIA.

OnbIT MHOXECTBA MUPOBBIX aBTONPOU3BOJIHU-
TeJel MOKAa3bIBacT, YTO MOJHONPHUBOIHBIC CH-
CTEMBI JIy4llIe CIPaBISIOTCS C YKa3aHHBIMH Tpe-
0OBaHUSIMU 110 CPABHEHHUIO C OTICJIBHO 33 [HUM H
OTJICNTFHO TIePETHIM PUBOJIOM.

Opnako cpeicTBa Iepefadyd MOMEHTa OT
JIBUTATEIIS] K KOJIECY OCTAINCH MPEKHUMH: AU(D-
bepennman, MydThl, KapJaHHBIN BaI U IpyTHE.

Hannune Takux MexaHMYECKHX Y3JI0B BEJET
K HEM30C:KHBIM MOTEPSIM MOIIHOCTH Ha KoJjece,
a, CIIeJI0BATENLHO, MPUBOUT K HEPAI[OHABLHO-
MY pacnpeaesiCHUIO KPyTSIIero MOMEHTA.

BenencrBue 3toro, oueBWIHA HE00XO/U-
MOCTh YMEHBIIICHHUS KOJIMYECTBA MEXaHHMYESCKUX
y310B. Camast a¢dekTuBHas repenavya KpyTsie-
ro MOMEHTa — HaNpsMYyIO OT JIBUTATeNs K KoJie-
cy. CoBpeMeHHBIE IEKTPOMOTOPHI IO Maccora-
OapUTHBIM TOKa3aTeNsIM M BBIXOJHBIM MOIITHO-
ctsim mipeBocxoast JIBC.

Hanngme Takux 3J€KTPOMOTOPOB MO3BOJISIET
UCIIOJIb30BaTh Ha TPAaHCIOPTHOM CPEICTBE He
OJIHY CHJIOBYIO YCT@HOBKY, YTO B CBOIO OUYepeib
MO3BOJIIET peIllaTh 3a/la4d YMEHBIICHUS KOJIU-
YecTBa MEXaHMYECKHX Y3JIOB Iepeadyd MOMEHTA
M 3aMEHBl UX Ha AnekTponpusoi. Iloarsepxre-
HUEM O5TOMY CIYXXHUT TEHJIEHIIHS YBEIUYCHUS
KOJINYECTBA NPUBOJOB B COBPEMEHHBIX OJJIEK-
TPOMOOHIISIX.

[ocnemnue wmozaenu o00JNAAAIOT MHUHUMYM
JIBYMsI CHJIOBBIMU ycTaHOBKaMu. OJIMH 3JIEKTPO-
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MOTOpP Ha 3aJHEW OCH, OPYrod Ha IEpeIHEH,
UCKIII0Yasi HEOOXOIUMOCTh KapJaHHOT'O Baa.

OmHako TeXHOJOTW KoMmmaHuu «Audi» mo-
nuti ganeie. OOUH U3 MOCIeIHUX MPOTOTHIIOB
Audi E-Tron Quattro 2018 ob6namaer 3 cHIOBEI-
MH yCTaHOBKaMH (2 Ha 3afHei ocu W 1 Ha me-
penHeit).

CrpemiieHue aBTONPOU3BOJUTENEH yIpas-
JSTh KPYTAIIMM MOMEHTOM KaKAOTo KoJjeca
OTJENBHO MO3BOJIUT UM B Pe3yJIbTaTe MOIYyYUTh
NPOAYKT, UMEIOMINN Haujydllne I[OKa3aTelu B
YIPaBIIIEMOCTH, MPOXOAUMOCTH, 0€30MacHOCTH,
KoMQOpTe M pacxoje dHEPTHH, a 3HAYUT, OBITh
MepeIoBIM Ha COBPEMEHHOM pBIHKE 3JIEKTPO-
MoOHIIEH.

Takum o6pazom, 00OCHOBaHHE TPHUMEHEHUS
4-X MpUBOJTHON CHJIOBOM yCTAaHOBKU CBOJMTCS K:

- BO3MOXXHOCTH KOHCTPYKLIMOHHOH peanu3a-
uuu 4-X NpUBOJHOM CUIIOBOM YCTAHOBKU;

- CIOCOOHOCTH JaHHOH CHUCTEMBI Ha BBIIOJ-
HEHHE BCEX TpeOOBaHMM, OTPaKAIOIIMX MaKCHU-
MQJIBHYI0 PEAIN3ALMI0 MIPEUMYIIECTB 3JIEKTPO-
NPUBOJA, KAK CUJIOBOW yCTAaHOBKH COBPEMEHHO-
T'0 TPaHCIOPTHOT'O CPEZCTBRA;

- TEHJCHIWU COBPEMEHHOTO aBTOMOOMIIE-
CTPOEHUS], KaK MOATBEPKACHUE pealn3yeMOCTH
W TIPaBUIILHOCTH BHIOPaHHOTO PEIICHHS.

Jisl MOCTIKEHHsT TTOCTABIEHHOM 1eNTl Heo0-
XOJMMO PELIUTh CIEAYIOMINE 3a/1auH:

- onpeaenenue cTpykrtypel CAY pacnpene-
JICHUSI MOMEHTOM;

- OIIpENIeNIEHNE 3aBHCUMOCTH  JIOITyCTHUMBIX
MOMEHTOB KOJIEC OT CKOPOCTH JABWXXEHHS M pa-
Jnyca TIOBOPOTa aBTOMOOHIIS;

- BEIOOp TATOBBIX JIBUTATENCH B 3aBUCUMOCTH
OT KOHCTPYKLMOHHBIX OCOOCHHOCTEH, MOIL-
HOCTHBIX TIOKa3aTejled W HHEPreTHYeCKUxX 3a-
Tpar.

Crpykrypa CAY pacnpeneneHuss KpyTsIero
MOMEHTa 4-X NPUBOAHOW CHJIIOBOM YCTaHOBKH
IpeJcTaBlIeHa Ha pHUC. 2., Tae K,— MOJ0XKEeHue

neaain akceaeparopa, KB — IOJIOKCHHUC IICaAIN
TOpMO3a, ¢ - YroJ IIoBOpoOTa pyJICBOIro KoJeca,

Torque control system (TCS) -
MHKPOIIPOLIECCOPHAsT ~ CHCTEMa  YIPAaBICHHS
pacupeaeaeHueM MOMEHTA, Drive -

anekrponpusox, Wheel — xoseco.

IMoncucrema Drive (pumc.3) mnpencraBieHa
gacToTHBIM  mpeoOpazoBarenem  (FC) wu
meuratenem (Motor).
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Puc. 1. CrpykrypHas cxema CAY. !
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Puc 2. CrpykrypHas cxemMa noCHCTEMbI
Drive. 2

IIpy MaTeMaTHYECKOM ONMCAaHUHM OOBEKTa
NPUHATHL CIEAYIOUINE JOMYIIECHHS: [EHTP Macc
HaxonuTcs B reomerpuyeckoMm 1entpe TC, kap-
kac TC aOconroTHO >KecTKui, Kod(hHUIHEHT
TPEHUS. TOKOST MEXAy KOJIECOM H JIOPOKHBIM
MOKPBITHEM W3BECTCH W OJMHAKOB LIS BCEX KO-
néc.

Ha puc. 4 npencraBineHsl cuibl, AEHCTBYIO-
M€ Ha TPAHCIIOPTHOE CPEACTBO B IIOBOPOTE, TE
A - momepeyHoe paccTOSHUE MEXIy ceperuHa-
mu kosec TC (konest), B - mpogonbHOE paccTo-

saHue Mexnay cepenuHamu konec TC (6aza), C -
pacCTOsIHME OT BHYTPEHHEro KoJjeca 10 IeHTpa
noBopora TC, BeIcoTa ieHTpa Macc - H .
Heobxonumo BbIBeCcTH (GOPMYIIBI CHJI, TSHY-
IIUX  TPAHCIIOPTHOE CPEJICTBO B  IMOBOPOT

(R, F, Fos, Foy), OMNpenenuth MaKCHMAaIbHYIO

cuy Tara (R,

), KOTOPYIO MOXHO I10/1aBaTh Ha
KOJIECO IO MOMEHTAa IPOOYKCOBKH, C YYETOM
TniepepacIpeieIeHus peaxui omop
(N;,N,,N;,N,) B moBopore.

Ucxons u3 puc. 4, MOKHO OTIPENIEITUTH YTIIbI
nmoBopoToB kosieca 1 (1) u komeca 2 (2), yron
MEXYy BEKTOPOM LIEHTPOCTPEMHUTEILHON CHITBI 1
OChI0 3agHUX Kojec (3), a TakkKe BBIYUCIUTH
panuyc noBopota (4) mo popmynam:
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(4)

R= (A5 +c) +(84)"

Foys o, Fos

C unenpto HaxoxneHus cun R, F,, Fo, Foy,

HEOOXOIMMO TIEpPEPACIIPEIEIUTh LIEHTPOCTPEMH-
TEIBHYIO CHIIy Ha TepenHior och (F.,) u 3a1-

HIOIO (., ), UTO TIpE/ICTaBIEHO Ha PUC. 5.

i[_,,,, (P12 Froe
Fp3 | \ Fer
Feu Fop
_____________ e
" £

Puc.4. Pacnipenenenue
HEeHTPOCTPEMHUTETbHON CHIIBI. *

HeoOxonumo Haiité cunsl F,, u Fp,, , BIA-

owr. (O 1
KaK yrojl MCEXKXAy BCKTO-

OINIMMUCA FeOMeTpPI‘leCKOﬁ CYMMOI/I

ONIpeaACINTb YIroil ¢, —

poM F,,, ¥ OCBIO 3aJHUX Kouiec (6)
FCp.F. = FP12 + FP34' (5)
= arctan (6)

'y+C'

CocTaBuM CHCTEMY ypaBHEHHH, IJie MepBOC
YPAaBHEHUE CHCTEMBI OTPAKACT MPOCKIIMIO CHIT
Ha och X, a Bropoe —Ha och Y (7):

F

=SIN@y - Fope = —sing,, - Fpp, +0 (7)
Cos @, - FCp.F. =COS@y, - Fpp, + Fogy

Pemennem cuctemsl ypaBHeHUH (7) SIBISICTCS
Mmatpuua (9), norxydennas u3 (8):

X - —sing, O '1_ —singoo-Fcp.F‘ ®)
Y lcose, 1 cosg, - Fopr )’
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F

Xl :( Plzj. (9)
FP34

Tak kak F,,— reomerpudeckas cymma CHII

F.,u F,, (10), moxHo HaiiTh F, u F,,c momo-
IIbI0 cHCTeMBI ypaBHeHUH (11).

Fop = F:Jr FTDZ’ (10)
=sing, - K, ==sing,-F,, —sing, -F,, (11)
cosg, -F,, =cose, -F,, +cosg, -F,,
Z.
— /4 -
/:[/.‘E
| —
0
NS
|} iew 1} b
77 7
| B -
Feer,
0

Puc. 5. Bo3neiicrBre HeHTpOOe:KHOM CHIIBI HA
TPaHCNIOPTHOE CPEACTBO. °

Cucrema ypaBHenuil (11) Tak ke umeer MaT-
pudHOe penieHue npeacrapierroe (12) u (13).

- - -1 -
X, =[_5m(91 _Sm(ﬂzJ .[_Sm%z'FPlzj, (12)
CoSp,  COSe, cos¢, - Fopp
F
X, :[ ”j. (13)
FPZ
g cun R, F,, 1 F,, Haxomsmmuxcs Ha

OJIHOM OCH, IPUHMMAEM, YTO CHIBbI Fp,, F,, paB-

HBI U BRIYUCIAIOTCA 10 hopmyie (14):

(14)

W3BecTHO, 4TO B MOBOPOTE HA KoOJieca, KOTO-
pBIC €IyT 1O BHEUTHEMY PaJNyCy Cuja BO3JCH-
cTBUs OoJbIlle, YeM Ha BHYTPEHHHUE. JTO CBs3a-
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HO C OINpPOKHUIBIBAIOIIMM MOMEHTOM, CO3/aBae-
MBIM IIEHTPOOSKHOUW CHITOM (Fcf‘F_), 4TO Ipen-

CTaBJICHO Ha pHC. 6.

Bceneacreue »3TOro, Ha BHENIHHWE KoJieca
MOJKHO TOJIaBaTh MOMEHT OOJIBIIIE, a C BHYTPCH-
HUX CHUMAaTb, TaK KaK CIEIUICHHE C MOKPhITUEM
BHEIMHUX Kosec nydme. C MeNbl0 BHECEHUS
JaHHOW 3akoHOMepHocTH B CAY, HeoOXoammo
npencTaBuTh B Buae Gopmyn (15-18), orpaxka-
IONIMX U3MEHEHUS] CUJI Peakiuid orop B MOBOPO-
Te.

N =R, %+ Ferr, -%, (15)
N, =%+ Fere, %—ch .%, (16)
N, _%—FM_X -%Jr Far. -%, (17)
N, :%_Fcf.':vx '%_ Fct.F,v % (18)

Hcxonst U3 MONy4EHHBIX JAHHBIX OIPEIEIUM
cuwnl (F,F,, F,,F,) Kak reoMeTpuyecKue CyMMbl

CUJIBl TSTU (FT) U CWIBI, TAHYIIEH B MOBOPOT

(Fp, ) o gopmyne (19)

F2=F2

i T max; + F[?, : (19)

Jlns HaX ok IeHUS MaKCUMaJIbHON BO3MOYKHOU
CHJIBI TSITH, KOTOPYIO MOXHO IT0/IaTh Ha KOJECO
6e3 mpoOYKCOBKM HEOOXOIUMO 3amucaTh pe-
3yJIBTUPYIOUIYIO CHUJIY 4Yepe3 YCIOBHE MPOOyK-
COBKH, BhIpakeHHOE B opmyie (20)

F >N, (20)

3HAaYUT, MaKCUMaJIbHAsA CHJIa TATH Ha KoJiece
paBHa (21):

Frmm, =y(Ni2) = F (21)
MaxkcuManbHBIN MOMEHT Ha KoJiece
omnpenenum 1o popmyie (22)
Froo D
M :"*T (22)

rae D — quamerp koneca.

[Ipennoxennas crpykrypa CAY pacnopene-
JICHHUS KPYTAIIETO0 MOMEHTa M aHAJUTUYECKUe
BBIP@)KEHUS, OIPEACIIIONINE JOIyCTUMbIE 3Ha-
YEeHUS! MOMEHTOB KOJIEC SBJISIFOTCS OCHOBOH IS
MaTEMaTHYECKOI0 MOJEINPOBAHUS 3JIEKTpOMe-
XaHWYECKUX INIPOLECCOB B AaBTOMATH3HPOBAHHOM
AIIEKTPOTIPUBO/IC.

Lenbio paboOTHI SIBASICTCS MTOBBILICHUE YIIPaB-
JSIEMOCTH TPaHCIIOPTHOTO CPEACTBA IMyTEM IIpH-
MEHEHUS 4-X PUBOAHOM yCTaHOBKH.

B cooTBeTcTBUU C 1EenbI0 B paboTe mpesio-
KEHa CTPYKTypa CHCTEMbl ynpaBiieHus 4-X npu-
BOJHOM CHJIOBOM YCTAHOBKH, ITO3BOJISIOLICH
HepepaACpPEneNATh KPYTAIIMA MOMEHT MEKIY
IMPUBOAHBIMH KOJICCAMMU. HOHy‘-ICHBI aHaJIUTH4C-
CKHE BBIPAKEHUS Ul ONPEAETICHNUSI MaKCUMaJIb-
HOro MOMCHTAa Ha KOJICCC, YUHUTBIBAIOIIHUE KO-
nero, 6a3y, BEICOTY IIEHTPa Macc M pajnyc MoBO-
poTa, oOecrieyrBaoLIe MaKCUMaJIbHOE YCKOpe-
HHUE TPAaHCIIOPTHOIO CPEACTBA, HCKIIOYasl Ipo-
OYKCOBKY KoJIec.

BbBIBOIbI

[IepepacnpeneneHue MOMEHTa MEXAY IMpHU-
BOJIHBIMU KOJIECAMH CPEJCTBAMHU aBTOMAaTU3UPO-
BAHHOI'O 3JIEKTPOINPHUBOAA MO3BOJSET MOBBICUTH
YIPaBIIIEMOCTh U 0€30MaCHOCTh TPAHCTIOPTHOTO
CpexacTBa.

Hcnonp3oBaHue yka3aHHOTO Criocoda 1mo3Bo-
JISET TOBBICUTH 3HEProd((EeKTHBHOCTh TpaHC-
IIOPTHOI'O CPEJCTBA 110 CPABHEHMIO C MEXaHUYE-
CKMM CTHocoOOM TepepacrpeieNieHrsi MOMEHTa
3a CYET HUCKIIIOUEHHUS NOTEPh HA TOPMOXKECHHE
KOJIEC, HA KOTOPBIX TPEOYEeTCsl CHHXKEHHE MO-
MEHTA.

JanpHelye uccienoBaHus IUIAHUPYIOTCS B
HamnpaBleHUH pPa3paOdOTKH CHUCTEMBl aBTOMATH-
YECKOTO YTPaBICHUS 4-X MPUBOIHOU CHIIOBOM
YCTaHOBKOH 3JIEKTPOMOOWIIS.

APPENDIX 1 (IPUJIOKEHUE 1)
Fig. 1. Structural scheme of automatic control sys-
tem.
2Fig. 2. Block diagram of the subsystem Drive.
3Fig. 3. Forces acting in turn.
4Fig. 4. Distribution of centripetal force.
Fig. 5. The impact of centrifugal force on the
vehicle.
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The Improvement of Energy Harvesting Efficiency
of Constant Current Source

V. V. Martynyuk, V. D. Kosenkov, and M. V. Fedula
Khmelnytskyi National University
Khmelnytskyi, Ukraine

Abstract. This study aims at determination the maximum power point parameters for the constant
current source with nonlinear parasitic elements. The aim has been achieved by analyzing the
differential resistance and equivalent parameters of a circuit with a constant current source. As a
result, the buck-boost converter circuit is considered with the equivalent current source, which is
formed with a photovoltaic module. The problem of the maximum photovoltaic module of energy
harvesting is related to the research of its nonlinearity, which determines operating points at the
current-voltage curves under different irradiances and temperatures. Thus, the differential resistance of
photovoltaic module is examined to determine the parameters of the maximum power point mode.

The main result of the research is the model, which differs from the known models by the description
of the dependence between the buck-boost converter duty cycle and input equivalent current source
parameters in the maximum power point mode. The results of modelling are supported by
experimental research of the laboratory layout. The presented circuit ensures the operating point close
to the maximum power point of the solar panel equivalent current source. The duty cycle of the buck-
boost converter is determined directly from the equivalent current source model with the parameters
estimated analytically from the irradiance and temperature of the solar cells. The presented approach
allows developing the maximum power point tracking algorithms based on the estimation of the
equivalent current source parameters that provide improvement of the energy harvesting efficiency.
Keywords: current source, energy losses, nonlinearity, solar panel, DC-DC converter, differential
resistance.

DOI: 10.5281/zen0d0.3239160

fmbunititirea eficientei energetice a sursei DC
Martynyuk V.V., Kosenkov V.D., Fedula N.V.
Universitatea Nationald din Khmelnitsk, Khmelnitsky, Ucraina

Rezumat. Problema extragerii maxime a energiei este importantd in multe domenii ale ingineriei electrice
moderne, cum ar fi In special energia solard si eoliand. Dezvoltarea energiei regenerabile moderne necesita
dezvoltarea unor noi surse de energie, convertoare si algoritmi de control care asigurd o eficientd energetica
ridicata de selectie a surselor de curent continuu. Scopul principal al lucrarii propuse este de a determina punctul
de putere maxima a unei surse de curent continuu cu elemente parazitare neliniare. Scopul este realizat prin
analiza parametrilor rezistentei diferentiale si a parametrilor echivalenti ai circuitului cu o sursd de curent
constantd. Ca rezultat, pulsul este considerat circuit de convertizor cu o sursa de curent echivalent, care este
constituit dintr-un modul fotoelectric. Problema de a cantitatii maxime de energie de la modulul fotovoltaic tine
de cercetarea neliniaritatii acestuia, care determind punctul de lucru pe caracteristicilor curent-tensiune pentru
diferite valori de luminozitate si temperaturd. Neliniaritatea sursei de energie echivalenta afecteazd in mod
semnificativ pierderea de energie in circuitul exterior si, prin urmare, ar trebui sa fie luate in considerare in
dezvoltarea convertoarelor de impulsuri care controleaza punctele de operare. Astfel, rezistenta diferentiald a
modulului fotovoltaic este investigatd pentru a determina parametrii modului de putere maxima. Rezultatul
principal al cercetarii este un model, care este diferit de cele cunoscute prin descrierea dependentei dintre
coeficientul de umplere a impulsurilor de dirijare cu cheia electronica si parametrii echivalenti ai sursei de
curent de intrare in punctul de putere maxima. Rezultatele simularii sunt confirmate de un studiu experimental pe
un stand de laborator.

Cuvinte-cheie: sursd de curent, pierdere de energie, neliniaritate, panou solar, convertor DC-DC, rezistentd
diferentiala.

oBbimenue 3pPeKTUBHOCTH 0TGOPA IHEPTUH UCTOYHHUKA MOCTOSIHHOI0 TOKA
Maprsinok B.B., Kocenkos B.Jl., ®enyna H.B.
XMEeNpHULIKUN HAIIMOHAIbHBIA YHUBEPCUTET
r. XMenpHUIKUH, YKpanHa
Annomayusn. IlpoGiema MakCHMaJbHOTO OTOOpa JHEPTrUM BakHA BO MHOTHX OOJACTSIX COBPEMEHHOM
9JIEKTPOTEXHUKH, TAaKUX KaK, B YaCTHOCTH, COJIHEUHass M BETpOBas OSHepreruka. Pa3BuThe coBpeMeHHOMH
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BO30OHOBIISIEMOW HSHEPreTHKH TpeOyeT pa3pabOTKM HOBBIX MCTOYHUKOB OSHEPruM, IpeoOpaszoBareneidl H
ITOPUTMOB YIIPaBJICHHs, KOTOPbIEe O0ECHEYMBAIOT BBICOKYIO 3(P(PEKTUBHOCTE OTOOpa IHEPIHMHU HMCTOYHUKOB
MOCTOSIHHOTO TOKa. [JIaBHOW IIETBIO TPEIIOKCHHOW Pa0OTHI SBIACTCS ONIpEACIICHHE TOYKH MaKCHMaJbHOM
MOIITHOCTH HCTOYHHMKA IIOCTOSIHHOTO TOKa C HEIMHEHHBIMHM Iapa3sWTHBIMH 3ieMeHTamu. llenb mocturaercs
MyTeM aHanu3a AUQGQEpPEeHIINATBHOTO CONPOTUBICHNS M JKBUBAJICHTHBIX ITAPaMETPOB IEMH C HCTOYHUKOM
MOCTOSTHHOTO TOKa. Kak pe3ynpTat, paccMaTpuBaeTcsl CxeMa MMITYIbCHOTO IIPeoOpa3oBaTens ¢ 9KBUBAJICHTHBIM
HUCTOYHHKOM TOKa, KOTOPBHIH 00pa3zoBaH (OTOIIEKTpHUECKUM MoxyneM. I[Ipobrema mMakcmManbHOTO OTOOpa
SHEPTruH (POTOIIEKTPUIECKOTO MOIYIA CBA3aHA C MCCICIOBAHHEM €r0 HEIMHEHHOCTH, KOTOpas ONpeciseT
pabouyre TOYKM Ha BOJBT-AaMIIEPHBIX XapaKTEPHCTHUKAaX IIPU Ppa3IMYHBIX 3HAYCHUSX OCBEUIEHHOCTH |
TemrepaTypsl. HenmMHeHHOCTh KBHBAJIEHTHOI'O MCTOYHHMKA TOKA CYIIECTBEHHO BIJIMSET Ha MOTEPU DHEPTHU BO
BHELTHMX LIEMSX, ¥ MO3TOMY JIOJDKHA YYUTHIBATHCS B Ipoliecce pa3pabOTKU HMMITYJIBCHBIX IpeoOpasoBarenei,
YOpaBSIIONMX ~ padounmMu  ToukamMu.  Takum  oOpasoMm,  auddepeHIraIbHOe  CONPOTHBIICHUE
(hOTOINEKTPHUUECKOTO MOAYJS HMCCIEAOBAHO C LEJNBIO OINpEETICHUs] MapaMeTpoB peXHMa MaKCUMaJIbHOU
MOIIHOCTH. [JIaBHBIM pE3yJIbTaTOM HCCIICIOBAHUH SIBISIETCS MOJEIb, KOTOpas OTIMYAaeTCsi OT H3BECTHBIX
ONMCAaHNEM 3aBUCHMOCTH MEXIy KO3()(OUINCHTOM 3allOJHEHHWS HMITYJIBCOB YNPABICHHUS  KIIOYOM
npeoOpa3oBaTeNd U MapaMeTpaMH SKBUBAJICHTHOTO BXOJHOTO MCTOYHHKA TOKA B PEXKUME TOUYKH MAKCUMAIbHON
MOIITHOCTH. Pe3yIbTaThl MOIEIMPOBAHUS TTOTBEPKACHBI SKCIIEPUMEHTAIBHBIM HCCIIEOBAHUEM JIAO0PATOPHOTO
makera. [IpencraBneHHas cxema obecnednBaeT pabOdIyI0 TOUKY, OMM3KYI0 K TOUKE MAaKCHMAaIbHONH MOIIHOCTH
9KBUBAJICHTHOTO HCTOYHHMKA TOKa COJHEYHOH mnaHenw. KoadduimeHT 3amoneHHMS HMIyJIBCHOTO CHTHAIA
YIIpaBJIECHUS peoOpa3oBaTessl ONpeAesIeTcs HENOCPEACTBEHHO U3 MOJEIN SKBUBAJICHTHOTO MCTOYHHKA TOKA C
napamMeTpamMu, aHaAJIUTUICCKU OLUCHCHHBIMH HUCXOJA U3 OCBCIICHHOCTH U TCMIICPATYPhl COJIHCUHBIX 3JICMCHTOB.
[IpemtoskeHHBIN MOAXOA TO3BOJSIET pa3pabaThiBaTh AJITOPUTMBI  OTCIICKHBAHUSA TOYECK MaKCHMAaIbHOU
MOIIHOCTH, OCHOBAHHBIE Ha OLCHKE IapaMeTPOB MCTOYHWKA SKBHBAJICHTHOTO TOKA, KOTOpblE O0ECIEUHBAIOT
noBebIlIeHHe 3G HEKTHBHOCTH 0TOOPa SHEPTUH.

Knrouesvle cnosa. WCTOYHMK TOKA, TOTEPU DHEPIMU, HEIMHEHHOCTh, ConHe4Has manens, DC-DC
npeoOpa3oBaTens, TudQepeHHaTbHOE CONPOTHBICHHUE.

INTRODUCTION decreasing output current and voltage, relatively
to the input values.

This requirement leads to the application of
the buck-boost converters [10]. Paper [11]
describes the modes and main problems of
modeling the buck-boost converter circuit.

For the purposes of design of the solar energy
devices, the DC-DC converters can be modeled
numerically [12], considering the exact ripple
values. But the envelopes of switching circuit
transient processes can be obtained using simpler
analytical methods based on the state-space
averaging [13].

A significant part of the described energy-
generating devices are characterized by the
constant current source behavior [14].

The main problem considered is the
maximum power point (MPP) analysis and
control of the current sources with nonlinear
parasitic elements [6]. The problem occurs
because of the implicit equations and nonlinear
dynamics, which characterize the dependences
between currents and voltages of such sources.

Thus, the purpose of this study is
determination of the MPP mode parameters for
the constant current source with nonlinear
parasitic elements. For the research, the solar
module is selected as one of the most useful
devices characterized by the constant current

The improvement of efficiency of energy
harvesting from constant current source is
required in many areas of modern electrical
engineering, especially, in solar [1] and wind [2]
energetics, low power devices [3] and different
power supplies [4]. When the requirements for
energy losses are strict, the electrical circuits and
systems should be designed taking into account
many  parasitic  parameters and  exact
characteristics of operation mode [5], which
impact substantially the energy losses. Work [5]
describes the effect of parasitic elements on the
modes and transient characteristics of the DC-
DC converters. It is shown that small changes in
the equivalent circuit of the switching device can
cause significant changes in energy losses.

At present, the renewable energy sources are
the most important issues of modern energetics
that is described in [6]. Paper [6] shows that
maximum power point tracking allows to
significantly increase the value of harvested
energy. Thus, the development of renewable
energetics impacts substantially the research and
design of new power converters [7], which
should have highly flexible and controllable
dynamics [8] for integration into the Smart Grids
[9]. Thus, the circuits of switching converters
should make it possible to control increasing and
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source behavior under constant irradiance and
temperature.

The aim has been achieved by analyzing the
current source MPP and control problem, with
the following main tasks being set in the
research:

1) the analysis of the techniques, which
ensure the capabilities for the increase in the
energy harvested from a current source with
nonlinear parasitic elements.

2) the development of a mathematical model
which describes the mode parameters of the
maximum power point for the current source
formed by a solar module with nonlinear
parasitic elements.

3) the experimental research of the maximum
power point mode determined by the developed
model, which is realized with the DC/DC
converter circuit.

I. THE ANALYSIS OF TECHNIQUES FOR
INCREASING SOURCE ENERGY
HARVESTING EFFICIENCY

First, let us consider operation of a source [7]
with constant internal resistance R,. It is known
that the MPP mode is the matched mode for the
direct source-to-load connection (Fig. 1):

EZ

Pmo:4—Ro’

E
Ra =Ry Ugo=71

- ®

where E is the electromotive force, R, is the
load resistance, U,, and B, are the direct
connection load voltage and power, respectively.

SRy

R()

Fig. 1. Source to load connection circuit.

At arbitrary load resistance R, =kR,, the load
voltage U,, and load power B, are as follows

k

w =E——;

1+k

_Ui

Ik — m ' (2)
0

where k=R, /R,.
To emit maximum power B, for the arbitrary
load R,, the equality (3) must be satisfied.

Rao = P

®3)

Thus, to satisfy the equivalent load matching
condition (1), the corresponding arbitrary load

voltage U,, should be determined as (4):

E
U :E\/Fa

(4)

and the ratio between the matched load voltage

(4) and load direct connection voltage (2) is
follows:

E
PAEY
LN
1+k

The required load voltage (4) at 0<k<1

as

(5)

is

always higher than the direct connection voltage

UIdk'

Let us consider some simple ways to obtain
load voltage, which is higher than direct load

connection voltage. According to [8],

the

impulse operation mode is analyzed for the
connection of constant voltage source and

capacitor.

Fig.2 shows the impulse operation mode of a

source with parasitic resistance.

Here, the load voltage is applied during the
time t,. According to [7], it is ensured that after
completing the envelope transient process, when
the load voltage changes periodically with the

switch commutation, at R, =R, the equation
is satisfied:

E E -
U,=U,=—+Q—e",
Id C 2 Q2
where t is the time; ¢ is the constant time

. R
the transient process, 7 = OTC )

Uld

Je

t1 p &

t
T
3T

ot

b)

(6)

(6)
of

Fig. 2. Impulse operation mode of a source.
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The constant Q~05 is obtained at different

values of the switching period T (T :%, =15

T =2is), and t, :TE’ from the solutions of circuit

(Fig. 2) differential equation for the ON and OFF
switch states [15].

Then, in a circuit without a capacitor, the
energy for the period is as follows:

2
w=025ET 7)
Id
and in a circuit with a capacitor:
E’T
W =0.278—. 8)

Id
The increase in the energy is about 11%. It is
shown that at R, =05R,, the increase in the

energy will be 22%. Thus, the impulse operation
mode of the source of constant voltage with a
capacitor is more effective at R, <R,, but when

R, >R,, a “pause” in the load voltage leads to a

decrease in the energy compared to the circuit in
Fig. 1.

The analyzed circuit (Fig. 2) shows that the
switching transient processes allow obtaining the
increased average voltage U, >U,, With

R;<R,. Such an increase in the power

transmitted from source to load, is obtained
regarding to the capacitor, which acts as a
voltage source in the transient processes.

A further improvement of the circuit with a
capacitor is discussed in [16]. Such an approach
is also used in different circuits of the buck
converters [17]. The results presented in [18],
show that it is possible to obtain a higher average
value of the load voltage U, during the period T

and approximate it to U,,, ~E, but without an

excessive increase. The above mentioned
switching converter circuits are useful in the
cases of small load resistance values [18].

A similar approach can be used to obtain the
average load voltage higher than the input source
voltage. In Fig. 3, the circuit allows obtaining
U > E, according to [7].

R(r

=€ 2 Ry

Fig. 3. The boost converter circuit.
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The inductor current is determined

using expression (9):

i ()

t

iL(t)=%(J)uL(r)dr. ©

If the switch S is closed, then inductor
voltage is positive u (t), and the current i (t)
increases. When the switch is open, then the
inductor charges the capacitor C, acting as a
current source, according to (9). The capacitor
voltage uc (t) is given by (10):

1t
Uc(t)ZEJ]C(T)dTz
0

1-Dt. 1t
~c glL(T)df—Rldcguc(r)dz’, (10)

where D is the switching duty cycle.

Thus, the capacitor voltage increases during
the time range t e[T;; T,], if the inequality (11) is
satisfied:

T T

1-D 2, 1 2
— [if@)dr>——[us(r)dr , (11)
C T L RldCTl ¢
such as
1-DT2. 1"
Uc(Tz):Uc(T1)+—C [i(r)dz~ c [uc(n)dr.

T ld™~ Ty

The expressions (10) and (11) show that the
maximum load voltage value is not limited by
the source electromotive force value E, regarding
to the inductor L, which acts as a current source
that charges the capacitor C.

The development of switching converter
circuits based on the described approach is
shown in [4]. Boost converter circuits [19] allow
significant increases of load voltage relatively to
the input source voltage (U, >E). It is shown
that the most efficient applications of boost
converter circuits can be obtained for high values
of load resistance R, >>R,.

Now, let’s consider operation of the circuit
with a source of constant voltage, which contains
nonlinear internal resistance ( Fig. 4) [5].

=

Ri | U

Fig. 4. The circuit with the source and
nonlinear internal resistance.
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It is noteworthy, that the presence of
nonlinear elements can significantly increase the
complexity of the DC-DC converter circuit
dynamics [20].

The load power is given by (12):

Rg =Uig! = (E-Upe)l, (12)

where | is the current, and Uyg is the nonlinear
element voltage. According to [21], the DC-DC
converter load power can be described by the
differential equation:

dRq

dl

dUne

E-Upg - 0.

Thus, taking into account that E-Uyg = IRy , We
have come to:

IRy -1 ——
ld dl

=0; Ry =Ry - (13)
Therefore, the current value in the circuit is
determined by the value of static resistance of

the nonlinear element Ry and the load resistance
value Ry, which in its turn is equal to the
differential resistance Ry of the nonlinear

element for obtaining Ry = max.

The performed analysis of the energy
harvesting improvement techniques shows that
the current source maximum power point
tracking requires accurate control of switching
converter equivalent resistance.

In case of nonlinear parasitic elements, the
differential resistance should be wused to
characterize the source and converter operating
point.

For the described sources, the DC/DC
converters should combine the capabilities for
increasing and decreasing the output voltages
relatively to the input voltage with control of
equivalent differential resistance.

Il. ESTIMATION OF SOLAR MODULE
LOAD MATCHING CONDITIONS

The equivalent circuit of considered solar
battery is shown in Fig. 5. The circuit (Fig. 5)
includes the current source and diode with
nonlinear equivalent resistance.

Thus, the differential Raif

estimation is required for the analysis of the load
matching for such a source.

resistance
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4 " AN =

@ % 0
Fig. 5. Solar battery equivalent circuit.

Let us analyze the effect of the solar battery
parameters on the equivalent differential
resistance Ry that occurs when the solar panel

is connected into the circuit with current 1 and

voltage U, which depend on the load
characteristics.
U+IRg
l=d-lg—lg=J-1lgle YT R (1

sh

where J is the internal source of current, which
depends on the solar panel irradiance, 1, is the

reverse saturation current, Uy is the thermal
voltage, Ry and Ry, are equivalent series and

parallel (shunt) resistances, respectively. The
expression (14) can be represented as follows:

U+IRg
|[ ]:J—b e

ur
where the ratio of resistances is obtained from
the differentials:

Ly
Rsh

Rsh + RS
Rsh

- U+IRg
dl(ﬁ]:—lod e U1 1 _d_U,
sh Rsh
U+IRg
dle VT -1
Rn+Rs _ 1w
Re, LT Rg, dl '
or
U+IRg
Ry +R Iy (dU 1 du
M:__O(_msje Ut B
Rey Ur Ldl Ry, dI
Thus:
U+IRg
di-| Ur (R +Rs) Rgn +Rs
U+IRg
__ loRnRs . ur

Uy (Reh +Rs)
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Finally, expression (15) is obtained as
follows:
U+IRg
IORshRs Ur
Ut (R +R
Rdif=cjj—L|J:— 1(Fn+R) U+IRg (15)
1 loRsh ur

RSh + RS UT (RSh + RS)

The calculation results have been verified for
a Jinko JKM 260PP-60 solar panel with the
following characteristics: Uoc=38,1 V, 15=8,98
A, 1=8,99 A, Uopt =3L,1 V, 158,37 A, R=0,3
Ohm, Rsw=162 Ohm, t’=25°C.

Taking into account the internal diode voltage
Uq , thermal voltage Ut and the current 1y :

Ug =U+IR, =31,1+0,3-8,37 =33,61V ,
kgT . 13806-107%.298.0,95-60
q ° 16022107

lo =4,6715-107 L A,

Ur =—B-niIN, =1,4637V,

we have obtained Ry =-3,71 Ohm, whereas the

optimal load resistance indicated in the datasheet
IS Ropt =Ugpt / lopt =3,710hm. It means that the

results coincide. The calculation for the
simplified model (R, =) is the following:
Ur
Rdif :_U—+|F\’S_RS :—3,640hm (16)
le UT

Here, the result is close to that obtained for
the refined model (the difference is ~2%). It is
necessary to mention that the value of resistance
calculated according to its external

characteristics differs from the internal resistance
of the panel in its sign.
In a real-life situation Ryq # R opy, that is why

Ryit

the following three cases are possible:
1) increase (Rig > Rigpt);

2) decrease (Rig <Riopt);
3) increase/decrease (Ryg S Rigpt )-
For a buck-boost converter [6] we obtain

D 2
k=ﬁ, Ropt =K"Rig
If illumination W=const, t’=const, then
D:ﬁ (without tracking), but in practice
+

t’=var, illumination W=var, that is why the duty
cycle must depend on the solar panel parameters.
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I11. THE MODEL AND REALIZATION OF
SOLAR MODULE MPP MODE

As is shown above, to obtain the maximum
power point (MPP) mode, the switching
converter should ensure the capabilities for
increasing and decreasing the output voltage
relatively to the voltage of the solar panel.

Thus, this study is performed for the
connection of the solar module and buck-boost
converter circuit.

R, 2 D
Jeq AN I—H—| I,<ll
| 1
S Dan LR Cip iving 3
M g=s" = aml L e Sk
JuuL

Fia._G. Buck-boost converter based solar optimizer.

In Fig.6, the solar panel model is included in
accordance with Fig. 5. For a clearer
representation, the current source J with parallel
diode Dsy and parallel resistance Rsn can be
replaced by the equivalent current source Jeq, as
shown in Fig.7.

-
L

signal

D
k1l o
N

|
L

Fig. 7. The circuit with input equivalent
current source.

SR,

The equivalent current source is determined
in accordance with the photovoltaic panel model
(14), which can be represented as follows (17):

Ug
i=3-1p|eVT —1|-Ja
sh

(17)

where Uy is the voltage of diode Dy,.

The analysis of expression (17) shows that
the parameters J, 1, Uy and Ry, do not
depend on the voltage Uy .

Thus, the maximum power, which can be
produced by the equivalent current source of
solar panel, is determined from the characteristic
(18):

PUg)=i-Uq =
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Ug.

— (3 +1g)Ug ——U2 — 14U elT
Rsh

(18)

Taking into account the estimated solar panel
model parameters, the maximum internal source
power point can be obtained using the analytical
or numeric methods.

However, the value of U, voltage depends

both on current i and voltage u of the solar
panel:

Uy =u+iRg. (19)

Expressions (18) and (19) show that different
load-dependent voltages u and currents i can
ensure the same operating point of equivalent
internal current source.

The solar panel voltage u and current i can
take any values that match the conditions given
by (17) and (19). Whereas, the exact values of u
and i are determined by the external DC-DC
converter circuit which is connected to solar
panel.

Thus, the problem of maximum power point
tracking (MPPT) can be divided into two parts:

1) tracking the maximum internal power point
of equivalent current source in order to obtain
the best capabilities of the energy harvesting,
using the analytical expression (18);

2) tracking the maximum external power
point due to the load and energy transition
criteria.

To determine the best possible MPP of the
solar panel with buck-boost converter (Fig.7), let
us analyze two equivalent circuits, for ON and
OFF switch states, respectively.

The ON switch state circuit is shown in Fig.8.

R

Switch ON

I
+l 1
o
A%
£

Fig. 8. The ON switch state circuit.

Here, the inductor current is increased by the
impact of the solar panel and capacitor Ci.. The
output capacitor C discharges to the load
resistance.

Fig.9 shows the OFF switch state circuit.
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Switch OFF

Fig. 9. The switch OFF state circuit.

In the OFF switch state, the input capacitor is
charged by the solar panel, whereas the
inductance L charges the output capacitor and
increases the voltage on load resistance R .

To analyze the solar panel maximum power
point that can be ensured by the buck-boost
converter, it is convenient to use the state-space
averaging theory [5].

The ON switch state circuit is described by
expression (20):

du|

in .~

d_dt 0 10 |[ulTtlTi
L%:loo «|i, [+]0]x/0], (20)
o dc 00 | L] l0)10

ot | Rig

where u is the solar panel voltage, i is the solar
panel current generated by equivalent source Jeq,
iL is the inductor current, and uc is the load
voltage.

Respectively, expression (21) describes the
switch OFF state.

o
Cina

oo [fulr
L%zOOl «|i, [+/olx/o], (21)
du | o1 1| LUl L0110

ry Rig

The averaged model (22) is obtained by
addition of the circuit matrices from (20) and
(21) with the weight coefficients that correspond
to the switch duty cycle D:

du |

in

d_d‘ 0 -D 0 u ] 2] Ti

% =[D 0 @-D) |x|i, [+|0|x|0], (22)
duic | |0 a-py 1| Ll [0 10

i Rig
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The solar panel behavior is described by the
above equations (17) and (19). In the steady
state, the values of u, iL, uc remain unchanged,
and the derivatives are zero (23).

0| |0 -D O u 1 |i

0/=|D 0 (1-D) |x|i_ |+|0[x|0],

0 -p) —| Ll L0010
Rig

The expression (23) allows obtaining the
voltages and currents of the circuit shown in
Fig.7, upon the completion of the transient
processes.

Taking into account the maximum power
point current Juwer and voltage Ugwmer Of the
internal equivalent current source, we can
describe the circuit (Fig.7) by the following
system of equations:

(23)

—DiL + ‘]MPP = 0,
Du+(1-D)u¢ =0,
(24)

. UC
1-D)iy +—==0,
1-D)i. R

Id
U+Rs-JIvpp =Ugmpp-

The maximum power point Juwer and voltage
Uamee Of the internal equivalent source can be
estimated by the parameters of the solar cells
with expressions (18) and (19). Thus, the system
(24) allows obtaining the duty cycle D, which
ensures the MPP of the internal equivalent
current source:

1

iL:B‘]MPPr

U=Ugmpp —Rs - Impp.

o — - PUavee —RsIupp) (25)
¢ @-0)
1-D, DWUawep —RsImep) _
p MP Rya-D)
g (1-D)

Since Jypp and Ugypp are estimated from

the physical parameters of the solar cells, we can
determine the buck-boost converter duty cycle
which ensures the maximum power point of the
internal equivalent current source. For this
purpose, let us solve the last equation of system
(25), which looks like as (26):

(1- D) Ugmpp —RsJvpp)
J - =0, (26
D2 MPP Rig (26)
or
aD? +bD+c=0, (27)
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where
Ugmpp —RsJmpp
a=Jyvpp - Ry : ,
b=-2Jpp ,
c=Jmpp -

Thus, the values of the duty cycle, which ensure
the internal equivalent source MPP, are the

following:
D, = —b++b? —4ac 28)
- 2a '
—b—+b?—4
D, = =2, (29)

The formulae from (25) to (29) describe the
mathematical model, which determines the buck-
boost converter mode that ensures the maximum
possible solar module of the energy harvesting
taking into account the internal equivalent
current source characteristics.

It should be noted, that in some cases, the
load MPP may not match the internal source
MPP exactly. Then, the MPP value can be
increased additionally, by improving the
converter circuit or control algorithm.

If there are limitations to the parameters of
the DC-DC converter elements (caused by the
PCB size or price conditions), then the load MPP
can be tracked with respect to the dependencies
between i, u and uc which can be obtained

from (23) and (25).

Table 2
The maximum power point parameters

R MPP Duty cycle D
ohm t°C| S, Experiment Model | Relative

(28), (29) |Error (30),
2.65|50(600] 0.415 0.408 1.7%
6.25/33]600] 0.50 0.505 1%
10.6|46 [600| 0.586 0.578 1.4%
21.3/421600] 0.66 0.658 0.3%

Table 2 shows the required MPP duty cycles,
which can be obtained from the solar panel
irradiance S and temperature t°. The modeling
accuracy is estimated by the relative error (30):

£ =100|Dexp ~ Drmocil |/ Dexp.» ~ (30)

where Dgy,, is the experimental MPP duty cycle,

Dimodel 1S the modeled MPP duty cycle value.

The maximum error of modeled MPP duty cycle
is 1.7% relatively to the experimental value.

The obtained results mean that the MPPT
procedure can be realized based on the solar
panel internal equivalent current source



PROBLEMELE ENERGETICII REGIONALE 1-1 (41) 2019

characteristics, which depend on the irradiance
and temperature values.

CONCLUSIONS

The harvesting of the constant current source
energy is one of the most important purposes in
the modern energetics. Especially, it appears in
renewable energy and smart grids where the
requirements to energy losses and load matching
are strict.

In this paper, different architectures of
switching converters are considered for the
purpose of increasing the energy production of
the constant current source. The load matching
analysis is performed for a solar panel that
functions as a constant current source with
nonlinear parasitic elements under constant
irradiance and temperature.

In accordance with the obtained results, the
buck-boost converter circuit is selected for the
improvement of the solar panel energy
production.

The aim of the MPP mode determination is
achieved by estimating the internal equivalent
current source parameters for the constant
current source with nonlinear parasitic elements.

The main obtained results are described as
follows:

1) The analysis is performed for the
techniques, which increase the energy harvested
from a current source with nonlinear parasitic
elements. As a result, the differential resistance
estimation is obtained for the solar module as a
constant current source with nonlinear parasitic
elements.

2) The new mathematical model is proposed
for the determination of the maximum power
point mode parameters for the nonlinear current
source formed by a solar module. The proposed
mathematical model differs from the known ones
in terms of internal equivalent current source
parameters for the solar module. The model
allows developing the MPP tracking techniques
taking into account the measured solar module
temperature and irradiance values.

3) The experimental research is performed for
the solar module maximum power point. The
MPP mode is controlled by buck-boost converter
circuit with the duty cycle determined from the
proposed model. The performed experiments
show that the proposed model ensures the values
of the buck-boost converter duty cycle, which
almost match the duty cycle obtained
experimentally for the MPP mode. The
maximum relative error between theoretical and
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experimental values of the buck-boost converter
duty cycle is less than 1.7%.

Thus, the obtained results can be used for the
maximum power point tracking of the current
sources formed by the solar modules.
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The Method for Reducing the Term Vector Size
for Category Classification of Text Documents

Golub T.V., Tiahunova M. Yu.
Zaporozhye National Technical University
Zaporozhye, Ukraine

Abstract. The article proposes a method for reducing time necessary for subsuming a certain document
in order to classify the text documents by reducing the term vector size of certain categories. Accord-
ing to the method, the term weight factors were calculated for each classification category to imple-
ment subsuming process at the stage of training a certain system. As a result of the analysis of the ob-
tained data, the individual category terms, whose weight values did not exceed the experimentally de-
termined threshold value, were excluded from the term vector of the category by equating them to ze-
ro. Those terms were not involved in the further subsuming process at the testing stage. As the input
data for the experimental part, the TF-SLF reference method and its modernization CTFSLF according
to those described above were proposed. Due to the application of the method proposed, the differen-
tial term vector size for each category was decreased. Despite the increase in the compile time of the
term vector according to categories, which was performed only once, the calculation time used to de-
termine whether or not a document belonged to a specific category decreased without losing the classi-
fication quality. In addition, due to the fact that the proposed method excluded the words that were
used in the texts frequently, it became possible to exclude the stage of removing the stop words from
the pretreatment process of the analyzed text. For the same reason, the problem of misprints and the
words "stuck together" in the initial, training sample was solved.

Keywords: text classification, stemming, terms vector, term weight, TF-SLF.
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Metoda de reducere a dimensiunii vectorului termenilor de clasificare a documentelor text pe categorii
Golub T.V., Tyagunova M.Yu.
Universitatea Tehnica Nationald din Zaporoje
Zaporoje, Ucraina

Rezumat. Scopul studiului prezentat in articol a fost de a dezvolta o metodd de reducere a timpului necesar
evaludrii proprietitilor unui document pentru anumite categorii, pentru a clasifica documentele text. Acest
obiectiv este realizat prin reducerea dimensiunii vectorului termenilor anumitor categorii. Pentru a implementa
procesul de determinare a proprietitii unui document dintr-o anumitd categorie in stadiul de pregitire a
sistemului, conform metodei propuse, ponderile termenilor se calculeaza separat pentru fiecare categorie de
clasificare. Ca rezultat al analizei datelor obtinute, termenii categoriilor individuale, ale caror valori ale greutatii
nu depasesc valoarea pragului determinat experimental, sunt excluse din vectorul termenilor unei anumite
categorii prin egalarea lor cu zero. Acesti termeni nu sunt implicati in procesul ulterior de evaluare a proprietatii
unei anumite categorii de documente in etapa de testare. Metoda de referintd pentru determinarea ponderii
termenilor TF-SLF, descrisa in literaturd, si modernizarea acesteia pe categorii in conformitate cu descrierea de
mai sus a CTFSLF, a fost utilizata ca date initiale pentru partea experimentala. Ca rezultat al aplicarii metodei
propuse, marimea vectorului termenilor caracteristici pentru fiecare categorie s-a redus, iar in consecintd, in
ciuda cresterii timpului de compilare a vectorului termenilor in categorii, care este efectuatd o datd, timpul de
efectuare a calculelor pentru a determina dacd un document apartine unei categorii specifice fara a pierde
clasificarea calitatii de asemenea s-a redus. De asemenea, datoritd faptului cd metoda propusa exclude termenii
frecvent utilizati in texte, devine posibila excluderea etapei de eliminare a cuvintelor stop din textul analizat din
procesul de preprocesare a documentelor.

Cuvinte-cheie: clasificare text, derivare, vector termen, pondere termen, TF-SLF.

Metoa yMeHbIIEHHS] pa3Mepa BeKTOPa TePMOB LIl KJaccupUKAUM
TeKCTOBBIX IOKYMEHTOB 110 KaTeropusiMm
T'ony6 T.B., Tarynosa M.IO.
3anopoKCKUi HaIMOHATBHBIH TEXHHYECKHH YHUBEPCUTET
3anopoxbe, YKpauHa
Annomayusn. llenbio ucciieoBanus, MPEACTaBICHHOIO B CTaThe, ObUIA pPa3padOTKa METOAA JUISi YMEHBIICHHS
BPEMEHHU, 3aTPauMBAEMOr0 Ha MPOLECC OLEHKU MPUHAANIEKHOCTU JOKYMEHTa OTAEIbHBIM KaTETOPHsIM, C LEIbI0
KJacCU(MKAMM TEKCTOBBIX JOKYMEHTOB. JlaHHas IeJb JOCTHraeTcsi IyTeM YMEHBIICHHS pa3Mepa BEKTOpa
TEPMOB OTAENbHBIX KaTeropuil. [lng peamusanuu mpolecca ONpeAeNeHHs] NPUHAUIEKHOCTH JOKyMEHTa

© I'ony6 T.B., Tarynosa M.1O., 2019
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OTZAEJIBbHON KaTeropuy Ha Tane oOy4eHHs CHCTEMBI, COTJIACHO MPEAJI0KEHHOMY METOY, BBIIOJIHSAETCS pacyer
BECOBBIX KO()(HULIMEHTOB TEPMOB JUII KaXKIOH KaTeropuu KiaccupuKauud B OTIEIBHOCTH. B pesyibraTe
aHaNMM3a TOJYYEHHBIX ITAHHBIX TEPMBl OTICIBHBIX KaTEropuil, BECOBBIC 3HAYEHHS KOTOPHIX HE IPEBBIMIAIOT
9KCIIEPUMEHTAIBHO ONPEJECICHHOE IOPOTOBOE 3HAYCHME, WCKIIIOYAIOTCS M3 BEKTOpa TEPMOB OTICIBHOM
KaTErOpUH IyTeM NPUPAaBHUBAHUA UX K HYJI0. JJaHHBIE TEpMBI HE YUacTBYIOT B JaJIbHEHIIIEM IPOIECCE OLEHKN
MPUHAJIEKHOCTH JOKyMEHTa OTJEIbHOW KaTErOPHM Ha 3Tale TECTHPOBaHUS. B KauecTBe MCXOTHBIX JAHHBIX
JUISL TIPOBEIICHMS SKCHEPHMEHTATbHONH 4YacTH OBUIM HCIIONB30BAHBI OMOPHBIA METOZA OINPEACICHHUS BECOBBIX
3HadeHnii TepmoB TF-SLF, ommcaHHEBIN B nmTepaType, W MpeIIOKEHHAas aBTOpAaMH €ro MOACPHH3ALHS II0
KaTeropusiM coriacHo npusejgeHHoMY Beiie onucanuio CTFSLF. B pesynprate npuMeHEeHUs MPEAIOAKEHHOTO
METOAa YMEHBIIWICS pa3Mep BEKTOPa XapaKTepHBIX TEPMOB Ul KaKIOH KaTeropuu, BCIEJACTBHE Ue€ro, He
CMOTpsI Ha yBEeJIMUEHUE BPEMEHH Ha COCTaBJIEHUE BEKTOPA TEPMOB MO KaTErOpUsAM, KOTOPOE BBIIOIHIETCS OJUH

pas,

YMCHBIINWIIOCH BpPEMs Ha BBIIIOJHCHUEC PACYCTOB [JId OINPCACICHUA TMPUHAIJICKHOCTH JOKYMCHTA

KOHKPETHOM KaTeropuu 0e3 morepu KauecTBa Kiaccupukanuu. Taxke, B CBSI3U C TEM, YTO IMPEAJIOKEHHBINA
METOJl HCKJIIOYAaeT 4YacTO MWCIOJIb3yeMble B TEKCTax CjloBa, M3 IHpolecca IpeIBapUTeNbHON 00paboTku
JOKYMEHTa CTAaHOBUTCS BO3MOKHBIM HCKJIIOUUTBH STall YAAICHHS CTOI-CIOB M3 aHAIU3MpyeMoro Tekcra. Ilo
9TOH JKe MPHYMHE penraeTcsi mpodieMa ONeYaTOK U «CIHILIMXCS» CIIOB B UCXOIHOM, oOydaromeld BEIOOpKE.
Takum 00pa3oM, IOCTABICHHYIO B HaYaJle [IeJIb MCCIICIOBAaHUS MOXKHO CYATATh JOCTHIHYTOM.
Knroueewie cnoea: xnaccupukaiys TeKCTOB, CTEMMUHT, BEKTOp TepMOB, Bec Tepma, TF-SLF.

BBEJEHUE
KommuectBo wmHpOpMannu, MmpencTaBIeHHON
B TEKCTOBOM BUIC, YBCJINYUBACTCA
OecrpepbIBHO. TekcToBas uHQOpMAIHS

HaKaIJIMBAaeTCsl BO BCEX 00JACTAX AEATEILHOCTH
yenoBeka. HaumHas ¢ XpaHeHUs NaHHBIX Ha
MEPCOHANBHBIX KOMITBIOTEpaX W TaKeTaXx M
3aKaH4YMBas Big Data KakK YacTh
kuOepmmuecknx cuctem. OHa OXBaThHIBaET
takue  oOmactM, Kak  OusHec, paboTy
UCCIIEIOBATENbCKUX HWHCTUTYTOB,
rOCyJapCTBEHHBIX M (PMHAHCOBBIX YUPEKICHHH,
MHTEHCHBHO  HCHOJNB3YIOIIMX  TEXHOJIOTHH.
TekcroBast HHpOpMAITHS COJICPKHT
CTaTUCTHYECKHE JlaHHBIE, yIpaBIISIOLINE
KOMaH/Ipl, CIIPaBOYHYI0 HMH(OPMALHUIO, 3aKOHBI
W3MEHEHUS MPOU3BOJIHLHBIX MPOIIECCOB.
OCOOCHHOCTBIO TakoW WH(POPMAIIUK SBIISETCS
OTCYTCTBHE €€ CTPYKTYPHPOBAaHHOCTH, 4TO
YCIOXHSET pouecc aHanuza [1].

AHaMTHKa TEKCTa TpeodpaszyeT TeKCT B
yKcia, a 4Yuclia, B CBOIO OYepe/b, IO3BOJISIOT
YIOPSAOYNTE JAHHBIE M IOMOTAIOT BBISBIATH
3aKOHOMepHOCTH. Yem OoJiee CTpyKTYpUPOBaHbI
JaHHble, TEM Jy4lle aHalu3 W, B KOHEYHOM
uTore, TeM Oojee KaueCTBEHHBIMH OyayT
perieHus1, MpUHATHIE Ha €ro OCHOBE [2, 3].

[ BO3MOKHOCTH OPHUEHTHPOBAHUS BO BCEM

MHOTOOOpa3uu  Takoii  uWHpOpMamuu, B
YaCTHOCTH I IIOHNCKa HCO6XOHI/IMBIX
THI0JTB30BATEITIO JTAHHBIX TIOSIBIISICTCS

HEoOXOAMMOCTh ee Kinaccuuxarnmu [4]. JaHuabIi
nporecc U SBISETCS OOBEKTOM PAacCMOTPEHUS
IPEJIOKEHHOIO UCCIIeIOBAHUSL.
Knaccugukanust TeKCTOB OTHOCUTCSL K OJJHOH
n3 3aga4 KOMHBIOTepHOﬁ JIMHI'BUCTHUKHU, KOTOpas
BKJIIOYaeT B ce0sl OIpeselieHue TeMaTU4ecKou
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MPUHAIIICKHOCTH TEKCTOB, aBTOpa TEKCTa,
SMOIIMOHAJIBHOM OKpacKH BBICKA3bIBAaHUU U
JIPYTOTO.

Jns  ympoleHuss TOWCKa  HEOOXOIUMO
WHPOpPMAaIMK B MacCHBax JaHHBIX HEOOXOIMMO
pEelnTh 3a7ady CHCTEMaTH3aI[il JOKYMEHTOB.
Takass 3amaua sBisgeTcs OTHOW W3 Hambolee
aKTyaJIbHBIX, JUIA PEIICHHS KOTOPBIX TpeOyeTcs
WCTIONb30BaHNe Kiaccu(ukanuu TekcToB [5]. B
CBS3M C OECHpephIBHBIM BO3pacTaHHUEM IMOTOKA
JIaHHBIX, TpeOyHOIIUX KJIACCU(UKAITUH,
peanmzandsg JaHHOW 3aJauyd  3HAYUTEIHHO
YCIIOXKHSIETCS U TIOTOMY SIBJISIETCS] aKTyaJbHOM.

B  nurepatrype  ommcaHO ~— MHOMECTBO
MOIXO/IOB K PeIIeHUI0 NaHHOoM 3amauun. B [1, 6 —
8] nmpuBeaeHbI 0030p U CpaBHEHHE aKTyaJbHBIX
Ha JaHHBI MOMEHT METOJIOB B COOTBETCTBHH C
pa3IMYHBIMA dTallaMd JaHHOTO Tporecca. B
pe3ynbTaTe WX aHaIM3a MOXHO CJIENaTh BBIBOJI,
YTO OJHHM U3 BaXHBIX MOMEHTOB IIpollecca
KJIACCU(DUKAITIH JIOKYMEHTOB SIBIIACTCS
BBIZICJICHHE KJTIOYEBBIX TPU3HAKOB. PemieHuto
JIAHHOW 3aj7a4d OBLIM IOCBSIIIEHBI Pa0OTHI [9 —
15], B KOTOPBIX PaCKPBITHI pa3IUYHbIE TOIXO/bI,
BKJTFOYAs CTaTUCTUYECKUE, YaCTOTHEIE,
JaTEHTHO-CEeMaHTH4Yeckue u npyrue. OmHako
MPEeIOKEHHBIE METO/BI PACCMATPUBAIOT TEPMBI
B paMKax BCEH KOJUIEKIIMH JOKYMEHTOB, YTO HE
MO3BOJISIET  OIEHUTh BAXKHOCTH  OTICIHHOTO
TepMa B paMKax KaxJ0W KaTeropuu OTIEIbHO.

Knaccudukarust TEKCTOBBIX  JOKYMEHTOB
MoApa3yMeBaeT npotiecc aHanu3a ero
COepaHUS U aBTOMATHYECKOTO OIpPEACIICHUS
JIOKYMEHTa B OJHY WJIH HECKOJIBKO KaTETOpHi
[16, 17]. Kateropusimu SBISIIOTCS MHOXKECTBa
JIOKYMEHTOB, OOBEAMHEHHBIC O0IIEeH TeMaTHKOM.
[Ipy >TOM MHOXECTBO KATETOPHl 3a/JaeTCA
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JKCIIEPTOM, JINOO OMPEACISACTCS aBTOMATHUECKU
Ha OCHOBaHWHW oOydaromield BeIOOpKU. Ha artare
00pabOTKM TOKYMEHTOB B HWH(OPMAIIMOHHO-
aHAIUTUICCKON CUCTEME UCTIOIB3YIOT
aBTOMATHYECKHH KIacCU(PHUKATOp — MPOrpammy,
OTPENISNIAIONIYI0  TEMAaTUKy JIOKYMEHTOB |
OCYIICCTBISIONIYI0O UX OTHECCHUE K pyOpHKam
[6].

Takxke sBISETCS aKTyaJIbHOM  oOpaTHas
3aja4a - BEIOOp U3 MHOXKECTBA JIOKYMEHTOB TEX,
KOTOpBIC TPUHAICKAT OTICIBHON KaTErOpHH,
oTpesIeNICHHON ToJb30BaTeNieM. B 3ToMm ciyuae
SBISICTCSL  AKTYaJIbHBIM  BPEMSl  BBITIOJHEHUS
OTpEeJNieNICHNsI  MPHHAIICKHOCTH  JIOKYMEHTA
kareropun. JlaHHas 3agava W SBIAETCH
NpeIMETOM IPOBEJCHHOTO UCclenoBaHus. B
CTaThe TMpeyiaraeTcs METOJ] YMEHBIICHHUS
BpPEMEHH, 3aTPayrBaeMOro Ha MPOILECC OLECHKH
MMPUHAAJICIKHOCTHU OOKYMCHTA OTACJIBHBIM
KaTeropusiM  TyTeM YMCHBIICHUS pasMepa
BCKTOpa TEPMOB OTACIBHBIX KaTeFOpI/II\/'I JJIsL
KJaccu(UKAIMU TEKCTOBBIX JIOKYMEHTOB.

I. METO/IbI UCCJIEIOBAHHUS

A. Mamemamuueckas mooens npoyecca
Karaccuguxkayuu

[IpuBenennsie B [18, 19] maremarudeckue
MOJIETIH TIpOLIecca KIIACCU(PUKAIUN TEKCTOBBIX
JIOKYMEHTOB SIBJISIIOTCS 00IUMU. B nanHoM cTa-
Th€ aBTOpPAMH TIPEIOKEHO YCOBEPIIIEHCTBOBA-
HHUE CYIIECTBYIONNX BapHUaHTOB MpoIlecca ompe-
JIeNIeHUsT BECOBBIX KOX(PHUIMEHTOB TEPMOB Kak
YacTH Mpoliecca KiacCu(UKAUU C YIETOM Tpe-
OoBaHWI TOCTaBIIeHHOW 3amaun. llpuBenem He-
00xoaMMBIe I TTOHMMAaHMsI METOAa Ompesese-
HUSL.

s popmanabHOrO OmMcaHUs Mpoiecca pe-
IIEHHUs TIOCTaBJICHHOW 3aJaydl MPUHAICKHOCTH
TEKCTOBBIX JOKYMEHTOB OTIIENBHON KaTeropuu
MIPEITOIIOKUM CIIEAYIOIIEe.

Ilycts umeercs:

T={t,...t}s} — MHOXKECTBO TEPMOB (CIIOB)
JIOKyMEHTa,;

B={b,...bjg} — MHOXECTBO BO3MOXKHBIX
CIIOB;

D={dy,...d|p|} — MHOXECTBO JJOKyMEHTOB;

C={cy,...c|c|} — MHOXECTBO KaTeropuii,

E={ey,...er} — MHOXECTBO TEPMOB KaTero-
pun.

B »TOM cnydae perieHue MOCTaBIEHHOHN 3a-

Ja4uu MOXKHO (OpPMaIn30BaTh CIEAYIOMINM 00pa-
30M. CymecTByeT MHOXECTBO JOKyMeHTOB D, u3
KOTOPBIX HYXKHO BBIOpaTh T€, 4TO MPUHAIJIEKAT
OINpeCICHHOMN 3apaHee KaTeropuu Ci U3 MHOXe-
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ctBa Kareropuii C.

0, if
1 if

d; gc

cD(dj’Ci): d ec 1)
j i

B. Cozoanue mnoorcecmea oannvix 0okymenma

Knaccupukanms TEKCTOBBIX  JOKYMEHTOB
BBINOJIHSIETCS. Ha OCHOBaHWU AaHajIM3a TEPMOB
3THUX JOKYMEHTOB.

s BBIMONIHEHMA 3ajadd  KJIacCU(PHUKALUU
HEOOXOIUMO MPEACTABUTh TEKCT B JopMe Moze-
1 MHO>KECTBa. B 3T0# hopMe TEKCT paccMaTpu-
BaeTCAd KaKk MHOXECTBO CJIOB — TEPMOB, HMEIO-
IIMX HEKOTOPbI Bec. TepMoM sIBIIsI€TCS MHTYH-
TUBHO OIpeJeNICHHOE BhIpakeHHe (HOpMaTbHOTO
S3BIKA, SBJSFOIIEECs] (OpPMaTbHBIM UMEHEM 00h-
ekta [13]. B manHOM ciy4yae moJl TepMOM OyaemM
MOHUMATh CJIOBO, MOJyYSeHHOE B PE3YJIbTaTe BbI-
MIOJIHEHUS! OIlEpallii CTEMMUHTA - IPUBEICHUS K
HEKOEMY HOPMaJbHOMY BHIy C YCCUEHHEM ero
OKOHYaHUH U cyPdukcoB. OgHUM H3 MpPOCTEH-
IIMX METOJOB CTEMMHHIA CJIOB SIBIISIETCS alro-
put™m [loprepa [20, 21] D70 oHA U3 33724 dTana
MpeBapuTeIbHON 00pabOTKH TEKCTA.

[lpu ompexneneHuM NPUHAICKHOCTA JIOKY-
MEHTa KaKOH-THOO KaTeropuu ¢ y4eToM 3Hauu-
MOCTH KaKAOTO TepMa HEOOXOAMMO BBIIIOJIHUTH
MpeIBapUTEIHHYI0 00pabOTKY TEKCTa.

[Iponecc mpenBapuTenbHON 00pabOTKH TEK-
CTa UMEET CIIEAYIOLINE XapaKTePUCTUKH:

1. T € B — Bce TepMbl JOKYMEHTa BXOJAT B
MHOECTBO BO3MOKHBIX CJIOB;

2. E € B — Bce TepMBbI KaTeropuu BXOIAT B
MHOECTBO BO3MOKHBIX CJIOB;

COBOKYMHOCTh 3JIEMEHTOB MHOXeCTB T u E
dbopmupyror MHOXkecTBO B. Takum o00pasom,
MHOXeCTBAa | W E SBISIOTCS COCTABISIOIINMHU
MHOX€ECTBA B.

3. Tw = <m(ay, naaz), nafan)> —
MYJIBTUMHOKECTBO MHOXECTBA 1, KOTOPOE I03-
BOJISIET cOOpaTh BXOXKICHHE HJIEMEHTOB MHOKeE-
CTBa HECKOJIBKO pa3;

®dopMupoBaHHE MYJbTUMHOXECTBA  JIOKY-
MEHTOB OJIHOHM TPYIIIBI, TO €CTh KATETOPUH, 103~
BOJISIET JUISI K&KJOro TepMa ONPEICIHTh €ro
MOIIHOCTb. DTOT MapaMeTp OLEHHWBACT KOJHYe-
CTBEHHBIN TOKa3aTeNlb BCTPEYAEMOCTH JIAHHOTO
TepMa (B CKOJBKHX JIOKYMEHTaX KaTeropuu
BCTpEUaeTCs JaHHBIN TePM XOTs OBl OJIUH pa3).

4. Em = <ni(e1), na(ez), ... npfem)> — Myib-
TUMHOXKECTBO MHOXeCTBa £, KOTOpoe MO3BOJISIET
co0paTh BXOXJCHUE DIIEMEHTOB MHOKECTBa He-
CKOJIBKO DPa3.
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IIpu dhopMupoBaHUK MYJIETUMHOXECTBA Ka-
TErOpPHi BO3MOXKHO BBIJEIUTH TEPMBI IO MOII-
HOCTH WX BXOXKIEHHS. JTOT MapaMeTp MOKa3bI-
BacT, BO CKOJBKUX KaTErOPHIX KOJUICKIIUH
BCTPEUYAETCS] paccCMaTPUBAEMBI TEPM XOTS OBl
OJIMH pa3, Y4TO MO3BOJIIET BBIIEIUTHh TEPMBI, Xa-
paKkTepHBIC JJI BCEX KATCTOPUH U HE SBIISFOIIM-
ecsi TMPU3HAKOM MPUHAUICKHOCTH OTIEIBHOMN
kareropun. OHH TIepeCcTarOT OBITH HHGOPMATHB-
HBIMH W WX MOYXHO HCKIIOYUTHh U3 aHAIM3HUPYe-
MOTO MHOXECTBa, HCIIOJIb3YEMOTO JUIS Jallb-
Helel kiaccudukanuu.

ITocnenyromas oOpaboTKa TEKCTa BBIMTOJHS-
€TCS C YUETOM ITHX XapaKTCPUCTHK.

C. Onpeoenenue seca mepma

Jns oneHkM NpUHAAIEKHOCTH JOKYMEHTa
KaTeroOpuM BHayajle HYXXHO OIIpeNelIuTh BecC
KaXXIOT0 BCTPEYaeMOro TepMa MHOXecTBa B,
T.€. BECOBBIC 3HAUYEHHUs TEPMOB MHOXecTBa E
JUISL KaXKAOU KaTErOpUH.

Bec Tepma B MHOECTBE XapakTepHu3yeT 3Ha-
YUMOCTb, WJIM Ba)XHOCTb, JAHHOTO TepMma. Yem
BBIIIIE ATOT KOA(PDUIIUEHT, TeM C OOIbIIEl BEpo-
ATHOCTBIO YKa3aHHBIN TEPM SBIISETCS 3HAYMMBIM
JUTISL OTIpeNieIeHrs] KaTeropuu JIOKyMEHTa B Iie-
oM. Eciu TepMm He BcTpedaeTcs B JIOKYMEHTE,
TO €ro BeC paBeH Hyio [6].

[ns ompeneneHuss BECOBBIX 3HAYEHUM Kax-
JIOTO TepMa MHOXKECTBa B B paMKax KOJUIEKIIMU
B IIEIOM Hcmonb3yercs napameTp SLF — xoad-
(bULMEeHT, XapaKTepU3yIOLi OLEHKY TEPMOB C
y4eToM WX BXOXJeHus B kateropuu [13]. B ot-
JMYUE OT MHOXKECTBA APYTHX MOAXOIO0B OIpEe-
JICHHS1 BECOBBIX 3HAYCHMH, AaHHBIA METOH Y4H-
THIBA€T BAXXHOCTh KaXX/JIOTO OTAEIHHOIO TepMa
JUIS. KOHKPETHOM KaTerOpHH.

ITapamerp SLF nist xaxmoro TepMa B pamKax
KOJUIEKIUHU OMpPEeNsieTCs COrJacHo Gopmye:

TFSLF = TF(Ew) - SLF,, (2)
rne TFy(Ey) — dacrora Tepma, HpPHHAIE-
JKaIero MHOXKECTBY B, ompenensercs Kak OT-
HOIIICHHE YKCIIa BXOXKICHUS HEKOTOPOro TepMa
K 00IIeMy KOJIMYECTBY TEPMOB JOKyMeHTa. Ta-
KUM 00pa3oM, OIIEHHBAETCSl BAKHOCTH TepMa 1 B
npenenax otaensHoro fokymenta dj [9].

SLFi — norapuMupoBaHHasi CyMMa 4acTOT
TepMa t.
SLF: = log(|C|/ Y (NDFv)), (3)
rie NDF, — Hopmanu3oBaHHas dYacToTa

BCTpPCUACMOCTHU TEpMa tB KaTeropun ¢, AaHHas
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OIICHKA SIBIISICTCS JIOKAJTBHOM TSI KaTeropuu.

NDFtC =dfi/Nc, 4)

rae dfie — 9rciio JOKyMEHTOB KaTeropuu ¢, B
KOTOPBIX BCTpeUaeTcst XOTs Obl pa3 TepM t;

N¢ — KOTMYECTBO TOKYMEHTOB B KaTETOPHH C.

B pesynbpraTte OyaeT momydeH BexTop Br, co-
JepKaluii 3HaueHHe BECOBBIX KOA(PQHUINEHTOB
TEPMOB MHOKECTBa 1 B paMKax BCel KOJUIEKIIUU
B LEJOM. B 1aHHOM cilydyae He B MOJHON MeEpe
YUUTHIBACTCS 3HAYMMOCTH TEPMOB, MpUHAIJIE-
JKaIUX OTAENBHOW KAaTerOpHHU, YTO CHMXKAET Ka-
YECTBCHHBIE [TOKA3aTEeNd BBITTONHEHHS KIACCH-
(hUKaITIN TEKCTOB, MMPUHAIICKAIINX OTH3KHUX 110
CMBICITy W HCIIOJIb3YEMBIX CIIOB TeMaTuk. Jlis
pealM3anny 3TOW 3aJaud MpeiaraeTcs moaxXoI,
IIPEACTABIICHHBIN ajee.

D.IIpeonoacennviii agmopamu nooxoo

Lenpro MpeayoXEeHHOTO aBTOPAMH MOIXOIa
SIBJIICTCS. BBIJICIICHUE W UCKIIFOUYCHUE HewH)Op-
MaTHUBHBIX TEPMOB [UIsI OTAEIHHOW KaTErOpHH,
T.e. B pe3yJbTaTe OCTaBUTh HH()OPMATHUBHBIC
TEPMBI, XapaKTEPU3YIOIIUE KATETOPHUIO U TPHU-
cyuue ei. JlaHHble IelcTBUS BEYT K COKpalle-
HUIO BEKTOpa TEPMOB U, KaK CIEACTBHE, 00beMa
BBIUMCJICHUN, TIPUBOJUMBIX TP TIOUCKE B 00-
el KOJUIEKIINK JTOKYMEHTOB, MPUHAJICKAIUX
OTAENBHON paccMaTpuBaeMol Kateropuu. B pe-
3yJIbTaTe COKPAIIAETCS BpeMs aHAIIM3a KaKIOro
JIOKyMEHTA ISl MIPUHSATHUS PEUICHUS O €ro IMpu-
HAJIe)KHOCTU KaTETOPHUH.

Ha ocuoBanuu napamerpa SLF ana kaxmpoit
KaTeTOpPHH TPHU JOCTATOYHO OONBIIOM o0BeMe
oOyuJaroleil BBIOOPKA MOXKHO BBIICIHTH Majio-
WHGOPMATHUBHBIC TEPMBI JUTsl OT/ICIIBHOM KaTero-
PUM ¥ UCKIIOYWTh WX W3 aHajlu3a I0CIeq0Ba-
TETFHOCTH (MPUPOBHITH BECOBOE 3HAUCHHE TEP-
Ma K HYJIIO JIJISl OTACIEHOM KaTeropyH).

Jns BEIOMHEHWS TPUBEICHHOTO AaHAIN3a
mpeiaraeTcs HWCIONb30BaTh  MPEATIOKEHHBIN
apropamu mapamerp CTFSLF. JlanHeni mnapa-
METp HaXOJUTCS KaK MPOU3BEICHHUE MapameTpa
SLF nns KoJIEeKIMM B LEJIOM W MapaMerpa
tfi/dfic anst Kaxkmoli kaTeropuu B OT/AEILHOCTH. B
pe3ynbTaTe MOJIyIaeTcsl HOPMHUPOBAHHOE 3HAUE-
HHAE OTHOCUTEIHHO CYMMAapHOTO KOJHMYECTBa
TEPMOB B KOJUIEKIIUH, KOTOPOE MOKA3bIBAET MPO-
IIEHTHYIO0 YacTh NMPUHAUICKHOCTH TepMa K OT-
JIETTFHOW KATErOpHUH OTHOCHUTEIIBHO BCEH KOJI-
JIEKIIUM, WU B3BEIICHHBIA MapameTp Beca Tep-
Ma, He 3aBHCSIIUNA OT pa3Mepa JOKYMEHTA.

ANTOpUTM OmpeneraeHus] BECOBBIX 3HAYCHUI
TEPMOB BeKTOpa Er Uil KaXXA0ro e;.
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1. Omnpenenenne kodpduuuenta tf/df mus
KQKJIOTO TepMa MHOXXECTBA €;, OTHOCSIIUXCS K
KaTeropuy, B paMKax KOJUICKIIMH B IIEJIOM Kak
OTHOILICHHE OOIIETO KOJIMYECTBA KaXKAOTO TepMa
B pPaMKax OT/EJbHOI KaTeropuu K oOIiemMy Ko-
JIMYECTBY KaXKIOTO TepMa B PaMKax KOJUICKIMU
B LIEJIOM:

ij

>

TF(t,c;) = (5)

rae 0 <i<|E|, 0<j<|C).

2. OmnpeneneHne 3HAYEHHS Beca KaKIOTO
TepMa MO KAaTEropusiM ¢ y4eTOM €ro BcTpedae-
MOCTH B KaTeTOPHSIX KOJIEKIHH (MHOKeCTBO E,
conepkamiee 3HaueHusi CTFSLF(t,Cj) KaXaoro
TepMa KaTeTOpWH) KaK IMpousBeneHue Kodddu-
nueHta tf/df mis kaxmoro TepMa OTHCIBHBIX
Kareropuii u napametpa SLF:

CTFSLF(t,,¢;) =TF(t;,¢;)*SLF,, (6)

rae 0 <i<|E|, 0<j<|C|, 0<k<|B]|

JlaHHBIN MOKa3aTenp Beca TEpMa XapaKTepu-
3yeT CTENeHb ero NMPHHAAJIECKHOCTH OTIENIBbHON
KaTerOpHuH.

3. CienyrolmuM 3TaroM sIBISETCs ONpesaese-
HHE U OTCEUYECHHE HEXapaKTEPHBIX TEPMOB UL
KaXJI0il KaTeropuu B otaenbHOCTU. st onpene-
JIEHUsl [OPOrOBOr0 3HAYEHUS C LEIBI0 OTCede-
HUsSI HeMH(POPMATUBHBIX TEPMOB HAa OCHOBAaHUH
9KCTIIEPUMEHTAJILHBIX JaHHBIX HNPUHUMAETCS Be-
JIMYKUHa, o6paTHa5{ KOJIMYCCTBY JOKYMCHTOB,
NPUHAUISKAINX aHATU3UPYEMOH KaTeropyu.

K;=1/D|| (7)
rae 0 <j <|C]

TepMbl, BecoBble 3HAYEHHUS KOTOPBIX HUXKE
YKa3aHHOTO TOPOTOBOTO 3HAYEHUs, XapaKTepH-
3YIOTCSI BBICOKOHM CTEIMEHBI0 BCTPEYAEMOCTH BO
BCEX KaTETOPHUSAX KOJIIEKIUH, IIOTOMY UX MOXHO
UCKITIOYUTh M3 TEPEeYHs XapaKTePHBIX TEPMOB
JUISL OTIEIHHOW KOJJIEKIIMHA KaK HeWH()OpMaTHB-
HBIE.

4. Ha ocHOBaHUY TIPEABIAYIINX JAHHBIX MPHU-
HUMAETCs PEIICHUE O 3HAYCHUHM BECOBBIX KO3(-
(GUIMEHTOB TEPMOB B paMKax KaxJOi Karero-
pun. C 3TOH MENbI0 TSI KAKIO0TO TepMa KaXKI0M
KaTerOpUM BBHIMIOJIHAETCA CpaBHEHHUE €ro 3Haye-
HUS Beca C TTOPOTOBBIM 3HAYCHUEM:

88

0, if

e
Y(e,c)= '
@)=\ crmsirg,c ), it e

<k
" (8
e >k ®)

rne 0 <i<|E|, 0<j<|C|

Ecnu nanHbli TapaMeTp MEHbILE IIOPOTrOBOrO
3HAYEHMs, OTa BEJIMYMHA Beca TepMa IPUPABHU-
BaeTCs K HYJIO.

B pesynprare [naHHBIX TNpeoOpa3zoBaHUIA
YMEHBIIAETCS. BEKTOP AHAIM3UPYEMBIX KIIOUe-
BBIX TEPMOB MJII OTHENBHBIX KAaTErOpPHH, 4YTO
MPUBOAUT K YMEHBIICHHIO 3aTPaulBaeMOro
BPEMEHHU Ha BBIIIOJHEHUE aHAIU3a IIPUHAIJICK-
HOCTH JOKYMEHTa KaTeropuu Ha 3rane QyHKLHU-
OHHUPOBAHUS MPEIJIOKEHHOIO METOAA.

1. PE3YJbTATBI HCCJIEIOBAHMS U UX
OBCYXJIEHHUE

B kauecTBe HMCXOIHBIX KaTEropuil Ajig Opo-
BEJICHUS TECTUPOBAHUS MPEAIOKEHHOTO METoJa
ObulM  BBIOpaHBI KaTeropuu KiaccudukaTopa
YK kmacca 004 «MuapopManoHHBIE TEXHOIO-
ruu. BerumcnurensHas TexHuka. O0paboTka
JaHHBIX», 3 UMEHHO:

e (004.0 «CneunanbHble ONpPENEIUTENH IS
BBIYUCIUTEIBHON TEXHUKI,

e 004.2 «ApXUTEKTypa BBIUUCIUTEIbHBIX
MaIluH»,

e 004.4 «IIporpaMmmHbI€ CpEACTBAY,

e 0049 «llpuknagaple wWHOOPMAIMOHHBIE
(KOMITBIOTEPHBIE ) TEXHOJIOTHH. Mertonpl,
OCHOBaHHbBIE Ha TPUMEHEHUN KOMITHIOTEPOB).

OcHOBHOH  TpoOIeMON  aBTOMAaTHYECKOTO
onpexaeneHus nHnekca YK sBusercs 6im3ocTh
XapaKTEePHBIX TEPMOB KaTEropruii MeXIly COOOH 1
CJIO)KHOCTh OTIpe/IeNIeHUs IPU3HAKOB uX audde-
peruumanuu. [loroMy naHHOe HampaBieHUE SIB-
JISI€TCS aKTYaJIbHBIM.

A. Onucanue obyuaroweii 66160pKu 1 00yueHus

IMon oOyuyaromiedi BBHIOOPKOW aBTOpaMH I10-
HUMaeTcsl HAabOp HMCXOAHBIX TEKCTOBBIX JIOKY-
MEHTOB C OIpeAEICHHBIMU 3apaHee KaTeropus-
MU TIPUHAJIC)KHOCTH, Ha OCHOBAaHHH KOTOPBIX
BBITIOJHSETCA IOCTPOCHHE OIOPHOTO BEKTOpa
BECOBBIX KOX(PUIMEHTOB TEPMOB KaTETOpPHUil, B
JATBPHEUIIIEM HCITONb3YeMBbIX I Kiaccuduka-
WU,

B kauecTBe 00y4yaroiieii BBIOOpKU JIsl anpo-
Oaruu pa3pabOTAaHHOIO METOJa ObLIM BhIOpPAHBI
Hay4yHbIE CTATbU IO COOTBETCTBYIOIIUM TEMATH-
KaM, TpeJICTaBIIEHHBIE HAa OJHOM s3bIke. Tema-
tikn (3HaueHus: YJIK) ompenensice u yKasbl-
BAIMCh ABTOPaMM HAy4HBIX paboOT Hemocpen-
CTBEHHO B IyOJIMKAIINN.
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Hnsa xaxaod kareropuu Obuta momoOpaHa
oOydJarorasi BEIOOpKaA, MPEACTABIAIONAs COOOM
nepeveHb OKyMeHToB D, mpuHamiekamux orT-
nenbHbIM - KateropusiMm C, ams  cocTaBieHUs
OTIOPHOTO BEKTOpa TepMOB, MHOXecTBa E. O0y-
yaromiast BeIOOpKa OblIa mpesncraBieHa 30 my6-
JTUKAIFSIME 71T KaXK0W BEIOPAHHOHN KaTEerOpHH.

s mocTpoeHUsl OMOPHOTO BEKTOPa KIIACCH-
¢uKanMy Ha OCHOBaHWUHU OOy4Yarouledl BBIOOPKH
OCHOBBIBASICH HAa WCIIOJIb30BAHUU IapaMeTpa
SLF [22] O6butr BHIITOTHEHBI CIETyIOIINE ITAITbL:

1. mpenBapuTenbHas 00pabOTKa TEKCTOBOTO
JOKYMEHTa Ui TOJTYy4eHHs] MHOXECTBAa TEPMOB
E: uckiroueHne BCIIOMOTaTEIbHBIX CHUMBOJIIOB M
3HAKOB MyHKTYallud, CTEMMUHT CJIOB;

2. OIpeNeCHUE BECOBBIX KOA(D(PUIUCHTOB
TEPMOB:

® [1I0ACYET YaCTOTbl BCTPEHYACMOCTU TEP-
MOB B paMKax OTACJIbHBIX KaTeFOpI/If/'I 1 KOJIJICK-
LIMH B LIEJIOM;

e moacuer kodpdummenta CTFSLF(ti,cj)
JUTSL K2KJIOTO TepMa KOJUICKIIUH.

Jlnsg  peanuzanyii  TPEJIOKESHHOTO METoJa
9Tanm ONpeAesICHUsT BECOBBIX KOIPPHUINEHTOB
TEPMOB YCOBEPIICHCTBOBAH aBTOPAMHU TEM, UYTO
J00aBIIEHBI CIIETYIOIIE IOAITAITbI:

1. ompeneneHue BECOBBIX 3HAYCHUU TEPMOB
B PaMKax OTJEJIbHBIX KaT€rOpU;

2. oIpenecHUe IMOPOTOBOTO 3HAUCHUS IS
OTCCUCHUA HCI/IH(l)OpMaTI/IBHI)IX TEPMOB B KOJI-
JICKIUSIX

3. ompejencHue OTACIBHO JJIs KaXI0W KaTe-
ropun kodpdunmenta Y (ei,cj) kaxmoro Tepma.

B. Onucanue mecmosoii gvibopru u
mecmupoeanus

B kauecTBe TeCTOBOI BHIOOPKH ISl TIPEIIO-
JKEHHOW MOJIEN OBUT B3AT IMEpeueHb JTOKyMEH-
TOB, KOTOPBIE HE y4aCTBOBAJM Ha 3Tare oOyde-
HUSL.

st IOATrOTOBKM TECTOBOW BBIOOPKH OBLIM
BBITIOJTHEHBI CJICIYIOIINE ITAITbI:

1. mpenBapuTensHas 00pabOTKa TEKCTOBOTO
JIOKyMEHTa ISl TTOJIY9EeHUSI MHOXECTBA TEPMOB
E: mckmrouenne BCIIOMOTaTEIbLHBIX CHMBOJIOB U
3HAKOB MyHKTYaI[MH, CTEMMHHT CJIOB;

2. oIpeneeHre BECOBOTO 3HAYEHUS TEPMOB
B QHAJIM3UPYEMOM JIOKYMEHTE:

® IIOJICUET YacTOTHl BCTPEYAEMOCTU TeEp-
MOB B paMKax JJOKYMEHTAa;
® OIpe/IeIICHHEe BECOBOTO 3HAYCHUS TepMa
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KaK TMPOU3BEACHUE PE3yIbTATOB MPEIBIIYIIETO
nyHkTa u Kodpduimenta V(ei,C) ans Kaxmoi
AHATU3UPYEMOM KaTCTOPHH;

® [IPUHSTHE PEUICHUS O MPUHAICKHOCTH
JOKyMEHTa K OT/ICIbHON KaTeropuH Ha OCHOBA-
HUM CYMMapHOTO 3HAYEHHUs BECOB TEPMOB JUIs
KaX/I0¥ KaTeTOPHH.

C. Tecmuposarue npeonoicenHHo2o memooa

IIpoBeneM mpoBEpKYy pPEXHUMOB pabOTHI HC-
XOJHOTO U NPEATOKEHHOIO aBTOPaMH METOAOB
W CpPaBHHUM pe3yNbTaThl UX paboThl. s sToro
peanmusyeM d3Tambl OOy4YeHHS U TECTUPOBAHUS
JUTSL CHICTEM, TIOCTPOCHHBIX Ha X OCHOBE.

OO0yuenne. B pesynprare BBITOIHEHUS OIH-
CaHHBIX 3TAroB 00pabOTKKM 00y4YaroIeH BhIOOP-
Kd OBUTM MONYYEHBI CIEAYIOIINE pe3ybTaThl,
NpuBeACHHBIE B Tabmuie 1.

B tabmume 1 mpuBeneHb cymMMapHOE KOIH-
YeCTBO CJIOB B JOKyMeHTax oOyuaromeii BEIOOp-
KA ¥ KOJHYECTBO TEPMOB, TOIYYEHHBIX B pe-
3yJibTaTe O0OpaOOTKM HMCXOMHBIM W TPEIJIOKECH-
HBIM METOJIAaMH OTIENBHO JJISl KaKAOH Karero-
puH. A TakKe J0JeBas 4acThb pa3Mepa BEKTOopa
TEPMOB U 00OMX METOJOB OTHOCHUTEIBHO 00-
LIEr0 KOJIMYECTBA CJIOB B MCXOAHBIX IOKYyMEH-
tax. Kononku vactu «CpaBHEHHE METOJIOB» OT-
paKaAIOT KayeCTBEHHbIE IOKa3aTelld YMEHBbIIIe-
HUSI BEKTOpA TEPMOB COTJIACHO HPEAJIOKECHHOMY
METOAY OTHOCHTENIBHO HcxojHoro. Kak BumHO
u3 Tabmuupsl 1, pasmep BeKTopa TEpMOB OTHOCH-
TEJIbHO CYMMapHOT'0 KOJIMYECTBa CJIOB JOKYMEH-
TOB 00y4aromiel BEIOOPKHU Uil HCXOIHOTO METO-
na coctaBiser B cpeareM 15,05%. [ns mpemio-
JKEHHOTO METoJa JTO 3HAuY€HHE COCTaBIISIET
11,75%. Ilpm 3TOM pa3mep BEKTOpa TEPMOB
MPEJIOKEHHOTO METO/Ia OTHOCHTENBHO HCXO[I-
HOT'0 COKpaTuics B cpenHeM Ha 21,53%.

st Gonpiieit HarasAHOCTH Ha puc. | mpuBe-
JIEHO rpaduuecKoe NpeACTaBICHUE CpPaBHEHHUS
paszMepa BEKTOPOB TEPMOB HCXOJHOTO M TIPEJ-
JIO)KEHHOT'O METOJIOB.

Kak BHIHO W3 YNOMSHYTOI'O PHCYHKa, BHE
3aBHCUMOCTH OT KOJIMYECTBA CJIOB B MCXOAHBIX
JIOKYMEHTaX B KaXJOW KaTeropuy HaOioaaeTcs
COKpaIeHHEe Pe3yIbTHPYIOLIEr0 pa3Mepa BEKTO-
pa TEpMOB, IOJNYYEHHOTO MpH NPUMEHEHUU
NPEIJIOKEHHOTO, METOJIa OTHOCHTENBHO HCXO.I-
HOTO.
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Tabmuna 11
Pe3ysbTaThl BEIIOJHEHHMS dTamna 00yueHus
SLF CTFSLF CpaBHeHHE METOIOB
Komn-Bo cnoB
BCETO B Homst Hons Koi-Bo Homns
KaTeFOpI/ISI JIOKyMEHTaX Komn-Bo TEPMOB OT Kon-Bo TCPMOB OT HNCKIIIOYCHH YMEHbUICHUSA
(CategorieS) (Number Of TEPMOB KOJUJICKIINN TECPMOB KOJIJICKIIUN bIX TCPMOB BEKTOpa
words in (Terms (Terms (Terms (Terms (Excluded TEPMOB
documents) number) | part from | number) | part from terms (Part of terms
corpus) corpus) number) | set decreasing
004.0 148419 22118 14,90% 18450 12,43% 3668 16,58%
004.2 111213 12510 11,25% 8978 8,07% 3532 28,23%
004.4 108077 18752 17,35% 14652 13,56% 4100 21,86%
004.9 104207 17411 16,71% 13473 12,93% 3938 22,62%
Cpennee
3HaYEHHE 0 0 0
(Average 117979 17698 15,05% 13888 11,75% 3810 21,53%
value)
25000
5 20000 |—
g
g. 15000 +—
g
B SLF
E 10000 +—
g u CTFSLF
8
= 5000 +—
0 T T T
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Puc. 1 P23Mepbl BEKTOPOB TEPMOB HCXOJHOI'0 M MPEAJIOKEHHOT0 METO/10B

nocJjie 3Tana o0y4eHus °.

HUckiroueHHble TepMmbl. [IpuMepaMu TepMOB,
MPUCYTCTBYIOIIMX B PE3YJIBTHPYIONIEM BEKTOPE
HCXOJHOTO METOJa, U UCKJIFOUYCHHBIX TPU TpPHU-
MEHEHUH TPEJIOKESHHOTO METOJa, SBJISIOTCS:
cuuma, OOUHAKOB, PACCMOMPEH, (DYHKYUOHUD,
peodic, Tumepamyp, HAYAIbH, NPUMED, Pearu3ay,
meueH, MoOejl, AHANOSUYH, ONUH, cooepicd, No-
poe, onuca, nepeoay, Modxic, 9m, HeOOCMAmox,
MUHUMUZUPOBA, NEPEeXOOH U JPYTHUE.

Kak BUAHO M3 IPUBEICHHOTO MPUMEPa, OIH-
pasch Ha NaHHBIE TEPMBI CJIOXHO OIPEACITUThH
MPUHAJUICKHOCTh JIOKYMEHTa K OIpeIeICHHON
kareropud. I10TOMy HCKIIIOYEHHME IaHHOTO IIe-
peYHs TEPMOB HE BJIHUSCT HAa KAYECTBO KJIACCH-
(ukanuu. Uto u moATBepAMIN NaTbHEWUIINE HC-
CJIEIOBaHMSL.

TectupoBanue. Ha sramne tecTupoBaHus mpo-

12Appendix 1

2

BOJIMJIOCH HCCIIEIOBaHUE ONpeieeH s Hanboee
BEPOATHONW KaTErOpWHU MPHUHAIEKHOCTH aHAIN-
3UpPyeMOro JOKYMEHTa JUIsl MUCXOIHOTO M Tpes-
JIO’)KEHHOT'O METOJIOB, a TAKXKE 3aMEpP BPEMEHHBIX
3aTpaT Ha BBIMOJHEHHE COOTBETCTBYIOIIUX pac-
4eToB. Pe3ysibraThl MpoBE/ICHHBIX HAOIHOACHUN
MPEJICTaBJICHbI B TA0IUIE 2.

B mnepBoil KONOHKE yKa3zaHBl KaTETOpWH, K
KOTOPbIM OBIIM OTHECEHBI aHaJIM3HpYyEMbIE JO-
KyMEHTHI aBTOpaMu nyOnukanuid. Kak BuaHO M3
TabNMMUBI 2, pe3yabTHPYIOLIee BpeMsl Ha TECTH-
poBaHmne cokpatmiock Ha 18,61% 06e3 morepu
KadyecTBa KJIaCCH(UKALIH.

Ha pucynke 2 mpuBeieHbI BpeMEHHBIE 3aTpa-
Tl Ha TpOIlecC KIACCH(PHUKAIMH JOKYMEHTOB,
HarJsAQHO IOKAa3bIBAIOUINE IIPEJCTABICHHBIE B
Tabnuue 2 pe3yabTaThl.
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Tabmuna 2 3
PCSYJ'ILTaTBI BBITIOJIHCHUS 3Talla TECTUPOBAHUA
SLF CTFSLF [Ipouent
Kareropus YMEHBLICHUS
TECTOBOI'0 OmpeneneHHAs 3 Omnpenenennas 3 BPEMEHHBIX
JOKYMCHTa KaTeropus aTpatiCHHOC KaTeropus aTpatiCHHOC 3aTpar
(Text document (Certain 5 Bp?:.”’ ¢ (Certain S Bp?,f.’[’ ¢ (Percentage
category) category) (Spent time, 5) category) (Spent time, 5) of spent time
reducing)
004.056 004.0 0,03125 004.0 0,02500 -20,00%
004.274 004.2 0,01875 004.2 0,01250 -33,33%
004.4 004.4 0,02188 004.4 0,02188 -0,01%
004.93 004.9 0,02813 004.9 0,01563 -44,44%
004.94 004.0 0,02813 004.4 0,03125 +11,11%
004.93+004.4 004.9 0,02500 004.9 0,01875 -25,00%
Pesynprupyrouee
3HaYCHHUE 0,15313 0,12501 -18,61%
(Result values)
0,035

0,03 -

Bpemsa TecTMpOBaHUA, ¢

0,025 -

0,02 -

0,015 - =

0,01 | =

0,005 - =
0 - ; . ; : ; .

BSLF
CTFSLF

004.0 004.2

004.4

KaTeropuu loKyMeHTOB

004.9 004.0 004.9

Puc. 2 Bpems, 3aTpauyeHHoe HA KIaCCH(PUKALNIO JOKYMEHTOB € OMOIIbI0
MCXOIHOTO ¥ MPEIJIOKEHHOT0 METOI0B .

CpaBHeHMe pe3ynbTaToB. BpeMeHHbIe 3aTpa-
Thl HAa OOy4YeHHE W TECTHPOBAHHE MCXOIHOTO U
MPEJIJIOKEHHOTO METOJIOB IMPUBEACHBI B Ta0JIHIIE
3. [Ins npoBeneHusl IKCIEPUMEHTAIBHON YacTH
MPEUIOKEHHOTO METO/Ia HWCIOJIb30Ballach Clie-
JIyIOIlas anmaparHas miathopma: mpoueccop —
Intel Core 15 (1,70 I'T1x), O3Y — 8 I'b, Hakonu-
tens SSD — 120 I'B.

Jlist GonbIeit HaTTSAHOCTH Ha pUC. 3 TpHBe-
JICHO TpaduuecKoe MNpPEJCTaBIEHUE BPEMEHHBIX
3aTpaT Ha JTanax OOyYeHUs W TECTUPOBAHUS
JUTSE 000MX aHAJIM3UPYEMBIX METO/IOB.

Kax BumHO M3 Tabmuiet 3 u puc. 3, Bpems Ha
COCTaBJICHUE BEKTOpa TEPMOB YBEIUYHIOCH HA

23 Appendix 1
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2,27%. Ilpm 3TOM 3aTpadeHHOE BpeMs Ha 3Tare
TECTHUPOBaHMs coKkpaTuiock Ha 18,37%.

Takum 00pa3oM, KOJMYECTBO 3HAUYMMBIX
TEpPMOB, BKJIIOYEHHBIX B OLIEHKY NPHHA]IEKHO-
CTH JOKYMEHTa OTJEJIbHOW KaTeropuu, B Cpel-
HeM cokpatmiock Ha 21,53%. IIpu atom Bpems
Ha aHaU3 KaXJO0TO JOKyMEHTa B OTACIHHOCTH
0e3 ToTepu KavecTBa KiacCHU(PHUKAIUN COKPATHU-
mock B cpeaneMm Ha 18,61%. OOmee BpeMs Ha
KJIacCU(UKAIMIO coKpaTwioch Ha 18,37% mnpu
YBEIMYEHNH 3aTPaThl BPEMEHH Ha dTarie o0yde-
Husa Ha 2,27%. CrnenoBaTelnbHO, HE CMOTPSL Ha
yBeJIMYEHHE BPEMEHU Ha dTane oOydeHWs, JaH-
HBI METOJl TMOKa3al YMEHBIIEHHE BPEMEHHBIX
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3aTpaT Ha JTane paboThl Kiaccudukatopa 0e3
MOTEPH KauecTBa U IOTOMY SIBJISETCS IEPCICK-

THUBHBIM.

Tabnuma 3 °
CpaBHeHHE BpEMEHHBIX 3aTpaT Ha 3Tanax o0ydeHUs] U TECTHPOBAHUS
Bpems Ha oOyuenue, c. | Bpemst Ha TecTupoBaHue, C.

Meron (Method) (Training time, s) (Testing time, s)
Ucxonnbiii meton SLF
(Initial method SLF) 125145 0,15313
Ipemnokennsiit merox CTFSLF(t;,C))
(Proposed method CTFSLF(t;,c;)) 1,2798 0,12501
IIponieHT OTKJIOHEHUS 0 ) o
(Deviation percentage) +2,27% 18,37%

1,4

1,2

o
0
|

Bpema, ¢
o

)

|

W SLF

0,4

CTFSLF

0,2 -

Cosaanne BrnbanoTexkmn

TectmposaHue

Puc. 3. BpeMeHHble 3aTpaThbl Ha 00y4YeHHe H TECTUPOBaHME

HCXOHOI0 U NMPeAI0KeHHOT0 METO/I0B °.

I11. BLIBOJbI

B cratpe mpemsmokeH METOl YMEHBIICHUS
BpPEMEHHM, 3aTpadyvBaeMoOro Ha MPOIECC OIEHKHU
MPUHAICKHOCTH JTOKYMEHTa OTIEIbHBIM KaTe-
TOPUSIM C MEJhI0 KIACCU(PHUKAIUN TEKCTOBBIX
JIOKYMEHTOB IIyTeM YMEHBIIICHUS pa3Mepa BeK-
TOpa TEPMOB OTACIHHBIX KaTETOPHIA.

B pesynprate mpuMeHEHUS MPEIONKEHHOTO
METOJIa YMEHBIIWICS pa3Mep BEKTOpa XapakTep-
HBIX TEPMOB I KaKJIOW KaTeropuu, B CIe-
CTBHE YET0, HE CMOTPS HA YBEIUYCHUE BPEMCHHU
Ha COCTaBJICHHWE BEKTOpa TEPMOB IO KaTETOpH-
SIM, KOTOPOE BBITIOJHAETCS OJMH pa3, YMEHBIIIH-
JIOCH BPEMS Ha BBIMOJTHEHUE PACUETOB ISl OTIpe-
JIeJICHUST TIPUHAJIC)KHOCTH JOKYMEHTa OTAEIb-
HOW KaTeropuu 0e3 IoTepH KadecTBa Kiaccupu-
Karuu. Takxe, B CBSI3U C TeM, YTO MPEIOKCH-
HBII METOJ] UCKJIIOYAeT YacTO HCIIONh3yeMbIC B
TEKCTax CJIOBa, M3 IpoLecca MpeABapUTEIbHON
00pabOTKN JOKYMEHTa CTaHOBHTCS BO3MOXKHBIM
WCKITFOUHTD 3Tl YIAJICHUS CTOM-CIIOB U3 aHAJIH-
3upyeMoro Tekcra. [lo sToil npuyuHe xe Takum
ke o0pa3oM permraercss mpobiieMa OIe4YaToK
«CIIUTILIUXCS.

Takum 00pa3oMm, pe3ysbTaThl TECTHUPOBAHHS

5,6 i
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6

JTAHHOTO METO/a IIOKa3ajJl ero IepCleKTHB-
HOCTb, @ IMEHHO B CPaBHEHHH C MCXOJHBIM Me-
TOJIOM OTIPE/ICIICHHUS BECOBBIX 3HAYSHHI TEPMOB,
OCHOBAaHHOTO Ha HCMONb30BaHMM MeTtoga SLF
JUTSL KOJUIEKIIMHU B TIEJIOM, U MIPEIJIOKEHHOTO Me-
TO/Ia BBIJIEIICHNS] BECOBBIX 3HAYCHHUU 11O OT/IENb-
HbIM KATErOpUsM Ha OCHOBAaHUHU SKCIEPHUMEH-
TaJbHBIX JAHHBIX OBLIM IMOJIYUYCHBI CJICIYIOIINE
pe3yabTaThI:

® YBEIMYHIIOCH BpEMs Ha COCTaBJICHHE BEKTOpa
TEepMOB Kateropui Ha 2,27%;

® VYMCHBIIWJIOCH BpEeMs Ha  BBINOJIHEHUE
pacueToB I OIpEJeNeHUs] NPUHAICKHOCTH
JIOKyMEHTa KOHKpeTHO! kaTeropuu Ha 18,37%;

® YMEHBIIWICA pa3Mep BEKTOpa XapaKTEPHBIX
CJIOB B cpeaHeM Ha 21,53%;

® BECOBBIC 3HAYCHHS TEPMOB OBLIH
npupaBHeHB! K (0 B paMKaxX KaXJI0W KaTeropuu B
cpenrem Ha 3810 tepmoB u3 117979 mcxomHbIx
CJIOB,;

e oOmpejeNeHre NPUHAISKHOCTH JOKYMEHTa
KaTEerOpPHH BEITIOIHsIETCS 0€3 MoTepu KadecTna (B
CPaBHEHUHU C MCXOHBIM METOZIOM);

e U3 TIpolecca NPeIBapUTEIbHOU 00paboTKH
JIOKyMEHTa CTAaHOBUTCS BO3MOYKHBIM HUCKJIFOYHTh
3Tan yJNAJIeHUs CTOM-CIOB W3 aHAIU3HPYEMOTO
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TEKCTa,
e pemraeTcs mNpoOJieMa OINMeYyaToK W «CIUM-
HINXCS» CIIOB B aHATU3UPYEMOM TEKCTE.

APPENDIX 1 (TPUJIOKEHME 1)

Table 1. The results of the training phase.

2Fig. 1. Terms vectors sizes of the original and pro-
posed methods after the training phase.

3Table 2. The results of the testing phase.

4Fig. 2. Time spent on the documents classification
using original and proposed methods.

STable 3. Comparison of time spent at the stages of
training and testing.

®Fig. 3. Time spent on learning and testing to the orig-
inal and proposed methods.
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Analysis of Technical and Energy Indicators of a Multi-Motor Electric
Drive for Urban Public Transport

Voytenko V.A., Vodichev V.A., Kalinin A.G.
Odessa National Polytechnic University
Odessa, Ukraine

Abstract. The aim of this article was to analyze the profitability of using a multi-motor electric drive
instead of a single-motor electric drive in a city vehicle to ensure the reduction of the electrical energy
losses. To achieve the goal a mathematical model was used to calculate the energy losses in the single-
motor and multi-motor electric drives of a bus with a different number of traction induction motors.
The calculation was carried out for the steady-state driving modes with different speeds and transient
acceleration modes. The change in the load torque of the vehicle's motors due to the change in the roll-
ing friction force of the wheels with a different number of passengers carried was taken into account.
The novelty of the work is that the use of a multi-motor electric drive shown for the first time allowed
the reduction in the energy losses in the traction induction electric motors when the vehicle is moving
at a constant speed and during acceleration with a different number of passengers carried. Moreover,
to obtain energy saving, the number of motors used in a multi-motor electric drive should vary de-
pending on the speed and acceleration, as well as on the total load torque of the multi-motor drive. The
formula was obtained analytically for the calculation of the number of motors of a multi-motor electric
drive, which would ensure energy saving compared to a single-motor electric vehicle.

Keywords: induction motor, vehicle, power, energy loss, single-motor and multi-motor drive, voltage
frequency, voltage amplitude.
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Analiza indicatorilor tehnici si energetici a unei transmisii electrice cu multe motoare pentru transportul
public urban
Voitenko V.A., Vodichev V.A,, Kalinin A.G.
Universitatea Politehnica Nationala din Odessa
Odessa, Ucraina
Rezumat. Scopul lucririi este de a analiza fezabilitatea utilizarii unei transmisii electrice cu mai multe motoare
in locul unui motor cu motor unic intr-un vehicul urban pentru a asigura reducerea pierderilor de energie
electrica la deplasarea pe o rutd. Pentru a atinge obiectivul, se utilizeazd un model matematic pentru a calcula
pierderile de energie in unitatile electrice monomotoare si multimotoare ale unei magistrale cu un numar diferit
de motoare asincrone de tractiune. Calculul a fost efectuat pentru cele mai caracteristice sectiuni ale ciclului
urban al autobuzului: moduri de conducere la starea de echilibru cu viteze diferite si moduri de accelerare
tranzitorie. Pentru a controla viteza motoarelor, se foloseste legea proportionala a variatiei tensiunii pe bobina
statorica si frecventa. Se ia in considerare schimbarea momentului de incércare a motoarelor vehiculului datorita
modificarii fortei de frecare la rulare a rotilor cu un numar diferit de pasageri transportati. Se ia in considerare
modificarea sarcinii datorita rezistentei la aer atunci cand se schimba viteza de miscare. Noutatea lucrarii consta
in faptul cd s-a demonstrat pentru prima data ca utilizarea unui mecanism electric asincron cu mai multe motoare
permite reducerea pierderilor de energie in motoarele electrice asincrone de tractiune atunci cand vehiculul se
deplaseaza cu o viteza constantd si in timpul accelerarii cu un numar diferit de pasageri transportati. Mai mult
decat atat, pentru a obtine economii de energie, numarul de motoare utilizate intr-un motor electric cu mai multe
motoare ar trebui sd varieze in functie de viteza si de acceleratie, precum si de momentul de incarcare total al
transmisiei multimotor.
Cuvinte-cheie: motor asincron, vehicul, putere, pierdere de energie, unitate electricd cu motor si multimotor,
frecventa de tensiune, amplitudine de tensiune.

AHAJW3 TEXHHYECKNX U YHEPTeTHYECKHX MOKa3aTeIell MHOTOABUTATEIBLHOT0 YJIeKTPONPUBOIA [JIsI
TOPOICKOT0 00IeCTBEHHOT0 TPAHCTIOPTA
BoiiTenko B.A., BonnueB B.A., Kaqunun A.T'.
Onecckuil HAMOHAIBHBIN MOIUTEXHUYECKUH YHUBEPCUTET
Onecca, Ykpanna
Annomayun. llenpio paboThl SBIAETCS aHATU3 [ENECOOOpPa3HOCTH TPUMEHEHHUS MHOTOABHTATEIHHOTO
AJIEKTPOTIPUBOIA BMECTO OJHOJBUTATEILHOIO B TOPOJICKOM TPAHCIOPTHOM CpPEICTBE [UIsl OOecredeHus
YMEHBIICHUS IOTEPb JIEKTPUYECKOM 3HEPruM IpH ABMXKEHHUU N0 MapwpyTy. sl nocTukeHusl Lenu Ha

© Boiitenko B.A, Boguues B.A 9

Kamuaun A.T'., 2019
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MaTeMaTHYECKOW MOJENU BBIIOJIHEH pacdeT MOTeph DHEPrMH B OJHOIBUTaTeIbHOM M MHOTOJBUTaTEIbHOM
JJIEKTPOIIPUBOJAX aBTOOYCa C pa3HBIM KOJIMUECTBOM TATOBBIX aCHHXPOHHBIX JBHrarelied. Pacuer npoBenen s
Hanboyee XapaKTEPHBIX YYacTKOB TOPOACKOTO IIMKJIAa [BIDKCHUS aBTOOyCa: YCTAaHOBHBIIMXCS PEXHMOB
JOBIDKCHUSI C DPa3HBIMH CKOPOCTSAMH M TIEPEXOAHBIX PEXUMOB yCKOpeHMs. I yHpaBieHHS CKOPOCTHIO
JBHUTATENEH MCIOIb30BaH MPONOPLIHOHATIBHBIN 3aKOH H3MEHEHUS HAIIPSOIKEHUSI HA 0OMOTKE CTaTOPa M 4acTOTHI.
Y4TeHO M3MEHEHHE MOMEHTA HArpy3Kd IBHUTATENICH TPAHCIIOPTHOTO CPEACTBA M3-3a M3MEHEHUS CHIbI TPEHUS
KaueHHUs KOJIEC TPH Pa3HOM KOJIHYECTBE INEPEBO3MMBIX IACCAXHPOB. YUTCHO H3MEHEHHE HArpy3KH H3-3a
CONPOTHBJICHHSI BO3[yXa MPH M3MEHEHHUH CKOPOCTH ABIXEHUS. HoBM3HA paboOTHI 3aKi04acTcss B TOM, YTO
BIIEPBbIE II0KA3aHO, 4YTO IPHUMEHEHHE MHOIOJBUraTebHOIO ACHMHXPOHHOIO 3JEKTPONPHBOAA IO3BOJISET
YMEHBIINTh MOTEPH PHEPTUU B TATOBBIX ACHHXPOHHBIX AJIEKTPOABMUIaTeIsIX NPH ABWKEHUU TPAHCIOPTHOIO
CpeICTBa C IMOCTOSIHHOM CKOPOCTBIO M IIPHU pa3rOHEe NPH Pa3HOM KOJMUYECTBE IMEPEBO3UMBIX IMACCaKUPOB.
IIpuuémM, nanI8 MHOMydeHHS HKOHOMMHU DBJIEKTPO3HEPTHMM KOJMYECTBO JABHUraTelei, HCIOIb3yeMbIX B
MHOT'OJIBUTaTeIbHOM 3JIEKTPONIPUBOAE, AOJKHO MEHATHCS B 3aBUCUMOCTHU OT CKOPOCTH U YCKOPEHUSI, a TAKXKe OT
CYMMapHOTO MOMEHTa Harpy3KH MHOT'OJBHUTaTEIbHOTO 3JIEKTPONPUBOJIA. AHAIUTHYECKH IMoiydeHa (opmyra,
KOTOpasl TO3BOJIIET Ha OCHOBAaHMM MOIIHOCTH TIOCTOSHHBIX M TIEPEMEHHBIX IIOTEPh B CPABHUBAEMBIX
3MEKTPOJBHUTATENSAX, OMNPEACINTh KOJMYECTBO JBHTATENICH Malod MOIHOCTH, BXOMAIIMX B COCTaB
MHOTO/IBUTATEIbHOTO 3JIEKTPONPHBOJA, TPH KOTOPOM OyneT oOecredeHa SKOHOMHS 3JIEKTPOIHEPTHH IPH
MPUMEHEHNH MHOTO/IBUTATEIBHOTO 3JIEKTPOIPHBOAA BMECTO OAHOBUIATEILHOTO.

Kniwouegvle cnoga. acWHXpOHHBIH JBHUTaTeNlb, TPAHCIOPTHOE CPEICTBO, MOIIHOCTb, IIOTEPH JHEPIUH,
OJTHO/IBUTATEIBHBIA 1 MHOTO/IBUTATEIbHBIIN 3JIEKTPONPHUBOL, YACTOTA HANPSKEHUS, aMIUTATYAA HATIPSKESHUS.

BBEJEHHWE BO30Y)KICHHEM OT IIOCTOSIHHBIX MAarHUTOB
ABISIIOTCA ~ Hambosee 3Heprod(eKTHBHBIMH,
MOCKOJIBKY HE PacXOoJyIOT JHEPTHIO Ha CO3AaHue
MarHUTHOTO HOJS M UMEIOT Hanboyiee BBICOKHUE
3HA4YCHUS YIEJIBHOTO MOMEHTa M YIEIbHOH
MomHocTh. A/l sBIsItOTCS HanboJiee MPOCTHIMU
[0 KOHCTPYKUMH, Haumboyiee HaA&XHBIMH U
JIeméBsIMu [2].

AHanu3y MOIIHOCTH moTeps B AJl 1 MeTonam
WX YMEHBIICHUS TOCBSIIEHO 3HAYUTEIbHOE
KOJINYEeCTBO nyOnukauuid. B nmTeparypHbIX
WUCTOYHUKAX  MpEUIOKEeHa  MaTeMaTHYecKas
MOJIENTb JUIsl aHalu3a noteps B A/l ipu mutaHuu
or mpeobpazomarensi dgacrorel  (IT4)  [3],
pa3paboTaHbl ~ METOIBl  YOPABICHUS  UIs
obecrieyenust pabotel AJl ¢ MHUHUMaJILHBIMU
MOTEPSIMU B MEIH TPH IOJCOPUESHTHPOBAHHOM
ympaBinenun [4, 5] u mnpsMom ynpapieHHH
KpyTAlIUM MoMeHTOM [6], mpoaHanu3upoBaHa
sHeprosddexktuBHOCTh AJl TnpM  OMUTAaHUU
CHHYCOHU/IaJIbHBIM u HECHHYCOHAJIBHBIM
HanpspkeHuM [7].

Pazpaboranbl Monenu Ui HCCIIEOBAHUS
notepb B cranu AJl mpu nuranuu ot T4 [8],
BBINIOJIHEHA OIIEHKA MOTEPh Ha BUXPEBBIE TOKH

Oo6uien3BecTHO, 4TO 3arpsi3sHeHNe
OKpYy’Karolllel cpefibl, B YaCTHOCTH BBI3BaHHOE
BBIXJIONIHBIMUA ~ Ta3aMd  aBTOMOOWJCH |
aBTOOyCOB, SBISIETCS CEPbe3HO mpobIeMoit
COBpEMEHHOro o0mecTBa. B cBsi3um ¢ 3tum
cTpanbsl EBpomeiickoro corwsa paccMaTpuBarOT
IporpaMmy MOCTETICH-HOTO 3aIpeleHus
UCIIOJB30BaHUsI B TOpojax TPaHCIOPTHBIX
cpeacte (TC) c npBurareiasiMu BHYTPEHHETO
CropaHusi ¥ TepeBoJ HMX Ha  TATO-BbIH
JJIEKTPUYECKUI IPUBOJ,.

Hqng TC, B KOTOpBIX  HCHOJB3yeTCS
ABTOHOMHBIH ~HCTOYHUK SHEPIHH, BaXXHBIM
ABJSIETCSL  BONPOC  BBIOOpAa  palMOHAIBHON
CTPYKTYpBl  3JIEKTPONIPUBOJIA, TPU KOTOPOH
Oymer oOecriedeHa MUHHMU3AIHS — TOTEPb
JNIEKTPUYECKOM  dHepruu. OTO  IO3BOJIUT
YBEJIMYUTH JTATBHOCTH Tpodera npu 0IMHAKOBOM
Ha4yaJbHOM  KosimdecTBe  sHepruu.  llpm
U3MEHEHUH KOJINYECTBA MEPEBO3UMBIX
NaccaXMpoB W TIpy3a, NpU H3MEHEHUH YIia
HaKJIOHA JOpOrH U ckopoctu ABmwkeHus TC mns
MHUHMMH3ALUM [IOTEPb 3JIEKTPUUYECKON SHEPruu
MOXET MOoTpeOOBaTbCS HCIIOJIB30BaTh pPa3HOE

. [9], mpoBemeH  aHamM3 ~ OCHOBHBIX W
KOJIMYECTBO  JIBUTATENeH, KOTOphbie  4epes .
TapMOHHYECKHUX MOTEPH B CTAH IS IBUATATENEH

PENYKTOp C HECKOJBKHMH BXOIHBIMHM BajlaMH, .
pa3Hoi MOIIHOCTH [10, 11, 12].

OPUBOIAT B JABWKCHHWE KapIaHHBIA Ball WM
moayocu Bexymmx xkoaéc TC [1].

B  cospemennsix TC kak  mpaBmiio
UCTIONIB3YIOT CUHXpOHHBIe nBurarenn (CI) c
BO30Y)KICHUEM OT TOCTOSHHBIX MAarHWTOB WJIH
acuaxponnsle  gsuraremu  (AJl). CI ¢

[IpoananuzapoBansl otepu dSHepruu B AJl mpu
HECHMMETPHYHBIX MpoBaiax Hanpsokenus [13], a
TaKOKE MOTEPU B PA3IIMYHBIX JIEMEHTaX CUCTEMBI
IT4-A/] [14 — 18]. B pa6ote [19] coobmiaeTcst 06
YOPOLIEHHOM  HSKBUBAJICHTHOH  CXe€Me, C
NOMOIIBI0  KOTOPOH  BKJIIOYAIOT B OaiaHc
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MOIIHOCTU Mapa3uTHHIC Harpy3Ku oT
MPOCTPAHCTBEHHBIX TapMOHMK. B pabore [20]
IUTsT ompezneneHus moTeps B A/ mpemmoskeH
METOJ SKBUBAJICHTHOW Harpys3ku. [Ipemnokena
HOBasi CXeMa yIpaBIeHWS MHHAMH3ALWEH
MOTeph JJIsl TPUBOJIOB METPOIIONINTEHa Ha Oasze
JMHEHHOTO aCHMHXPOHHOrO jBurarens [21].
Pa3zpabotran MeTol MUHUMH3ALUHM TOTEPH IS
madTOBEIX cucteM c AJl ama  ompenencHHS
OIITUMAJIBHOM ckopocTH [22].

MatemaTnueckoe OIMCAHHUE  PEKUMOB
paboTel, B KOTOPBIX BO3MOXXHO CHH)KCHHE
nmotepp B A/l mpu mUTaHWM OT TUPHUCTOPHOTO
npeoOpa3oBaTeisi HaNpsDKEHUsI, BBIIIOJTHEHO B
paborax [23, 24].

Takum o0pazom, B JTUTEPaTyPHBIX
HCTOYHUKAX OTCYTCTBYCT CpaBHUTCJIbHAA
OLICHKA TMOTEPb DJJEKTPUUECKOW OSHEPruu B
ONHOJBUTATETFHOM W  MHOTOJBUTaTEIHHOM
anekTpornpuBoaax mno cucrteme IIY-AJ[ B
YCTAaHOBUBHIMXCA W NCPEXOAHBIX PECKUMAX IpPHU
pa3IMuYHBIX ~ Harpy3kax. OTo  He  Jaer
BO3MOXKHOCTH O0OOCHOBaTh BHIOOp HaWITydIIeH
no SHEPIreTHYECKUM MOKa3aTesiM
OJHOJBUTATCIILHOM WJIM MHOI'OJBUraTeIbLHOU
CHUCTEMBI  DIIEKTPOINPHUBOAA JUISI TOPOJICKHX
TPaHCHOPTHBIX CPEJCTB.

Ilenpto  paboThl  SIBJIAETCS  AHAIA3 M|
000CHOBaHWE MEJIECOO0PA3HOCTH MPHUMEHEHUS
MHOTOJIBUTATEIIFHOTO 3JIEKTPONPUBO/Ia BMECTO
OJIHOIBUI'aTECIIbLHOI'O B TOPOJCKOM
TPAHCIIOPTHOM  CPEACTBE s OOecredYeHus
YMEHBIIIEHUS TIOTEPh AIEKTPUIECKON SHEPTUH.

I. METO/bI UCCJIEIOBAHUS
VYopouénnas ~— ¢QyHKUMOHANBHAs  cXema
OJTHOJIBUTATEIbHOTO W MHOTOJIBUTaTEIHLHOTO

TATOBOTO NEKTPONPUBOJIA MTOKa3aHa Ha puc. 1 u
Ha puc. 2. Ha 3Tux QyHKIMOHANBHBIX CXeMax
OPUHATHL  cledyiomue oOo3HaueHus: 1
TATOBBIE ANEKTPOJBUTATENH; 2 — PEayKTOp; 3 —
KapJJaHHBIH Bal; 4 MEXaHUYECKUU
muddepeHunan; 5 — NoIyocu BeAymux Kojiéc; 6
— Belylue Kojuéca.

Ha puc. 3 nokazana QpyHKIMOHaNbHAS cXeMa
MHOTOJIBUTaTEIBHOTO TATOBOTO IEKTPOIIPUBOIA
Ka)KA0Tro BeAymiero koneca. Ha puc. 3 mpuHATH
Takue xe 0003HaYeHHUs, Kak U Ha puc. 1 u puc. 2.

IIpumenenne Ha TC MHOrOABUraTENIBHOIO
UIEKTPONPUBOJIA UMEET PAJ IMPEUMYILECTB IO
CPaBHEHHUIO c MIpUMEHEHUEM
OJIHOJIBUTaTEILHOTO AJIEKTPOIIPUBO/IA.

Jns ynyamenust ynpasisiemoctd TC BaxHO
pacnpenenuTb Harpy3Ky IIOPOBHY  MEXAY
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nepenHedl u 3amHedl ocbro. OnuH OONbBIION U
Tokéneii  TOJ| npuxomurcs pasMeriaTh B
nepenredt wim B 3agHeit yactm TC (puc.l), 9ro
Meperpy’XaeT NEepeAHIO WM 33JHIO OCh U
YXyALIaeT YIpaBIsIeMOCTh TC. B
MHOTOJIBUTATEIIBHOM 3JIeKTpornpuBoAe (puc.2)
HCIIONB3YIOTCS  Heckonmbko TOJ[  MeHbIIuxX
pa3MepoB U MEHbIIEH Macchl, KOTOPBIE MOYHO
pa3MecTUTh MEXAy ocsiMH B cpemnel yactu TC
6e3 OompIIoro yrepda Ast ero KOHCTpyKIun. B
pe3ynbTaTe Mmacca JBUTaTENeH Oyzer
pacnpeneneHa Ooilee  PaBHOMEPHO  MEXIY
nepeaHel H  3aAHE OChl0, YTO  YIYYIIUT
ynpasisiemocts TC.

IIpy ucnonp30BaHUM  OJAHOABUTaTENBEHOTO
WA MHOTOJIBUTaTEITFHOTO TATOBOTO
JIEKTPONIPUBOJIA JJIs1 KAKIOTO BEIYIETo Kojieca
(puc.3) mBurarenu, Kak NpaBHIIO, PACHOIAraroT
Ha HenoapeccopeHHol yactu TC. Ilostomy mpu
skcmtyatanuu TC Ha HepoBHBIX goporax T3/
IMOABEPraroTCAa MEXaHUYCCKUM YaAapHbIM
Harpy3kam. OTO yMEHBIIAeT HaJIe)KHOCTh U
JoiaroBedHocTs TOI.

Puc.1. (I)ymcunonam)ﬂaﬂ cXeMa oaJHoABMIa-
TECJBHOI'0 TATIOBOI'0 3JIEKTPONIPUBOAA.
Fig. 1. Functional diagram of a single-motor
traction drive.

(&) o

Puc.2. ®yHkunoHaabHasi cxeMa MHOTOJIBHUIa-
TeJILHOTO TATOBOTO JIEKTPONPHBO/A.
Fig. 2. Functional diagram of a multi-motor
traction drive.
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Puc.3. (DyHKIII/IOHaJI])HaH cXeMa MHOroasura-
TEJbHOT'0 TAT0OBOI'0 3JICKTPOIIPUBOAA KAXKAO0TI0
Beayuiero koJjeca.

Fig. 3. Functional diagram of the multi-motor
traction drive of each drive wheel.

IIpy ucCnonb30BaHUM  OJHOABHUIaTENBLHOTO
WIA MHOTOJBUIATEILHOIO TSTOBOTO 3JIEKTPO-
NPUBOJIA, BBITIOJIHEHHOTO MO (PYHKIMOHAIHHBIM
cxeMmaM, TpUBEICHHbBIM Ha puc.l u puc.2,
Onmarozaps HaJIMYUIO KapJaHHOTO Bajia, JIBUTa-
TEJIW PACIHOjararoT Ha IOAPECCOPEHHOM yacTu
TC.

B pesynbrate oHM OyayT moaBepraThcs Ha-
MHOTO MEHBIIMM MEXaHWYEeCKUM yIapHBIM Ha-
rpy3kaM. DTO TOBBIIIAET HAIEKHOCTh U JIOJTO-
BeuHocTh TDJ] ocobenno npu skcmnyatanun TC
Ha IJIOXUX JOPOrax.

ITockosnbKy B MHOTOJBUTaTEIbHOM 3IIEKT-
POTIPUBO/IE UCTIOIB3YIOTCS IBUraTeId MEHBILIETO
rabapuTa, 4eM B OJHOJBUIaTENbHOM, TO OHHU
Jydllle BCTPAUBAIOTCS B KOHCTPYKLHIO KOpITyca
TC.

IIpy wncnoNB30BaHMM MHOTOJIBUTaTEILHOTO
TATOBOTIO 3JIEKTPONPUBOJA TOBBILIAETCS HAACK-
HocTh 3nekTponpuBoaa u TC B nenom. B TC ¢
onuuM TOJI (puc.l) mospexnenue T/ mpuso-
quT k octaHoBke TC. Ilpu ncnonb30BaHUM MHO-
TOJIBUTaTeIbHOTO TATOBOT'O 3JIEKTPOIIPHUBOJIA MO-
JIOMKa OJHOTO WJX Heckonbkux TOJl He sBms-
€TCsl KpUTHYHOM, MOocKoIbKy TC MOXeT mponost-
JKaThb ABWKEHHE C MOMOIIBIO OCTAIbHBIX HEIO-
BPEXKJIEHHBIX JBUTATEIIEH.

B pesynprare yme-HbIIAOTCA TOTEPH OT
npoctoa TC. Kpome Toro, ymeHslaeTcs LeHa

JIBUTATENe, HaxXOoJAIIUXCA B peE3EpBEe HeE
PEMOHTHOM MPEANPUATHH.

CpaBHUTETHHBIN aHaym3 u OLICHKA
SHEPreTUYECKUX IOKaszarejaed OAHOABUTATe-

JHHOTO Y MHOTOJIBUTATEIIEHOTO DJICKTPOIIPUBOAA
MIPOBEICHBI Ha MPUMEPE YKPAaMHCKOTO aBTOOyca
«borman» moxenu A-09202.

ABTOOYC TIpemHa3Ha4YeH IS TepeBOo3K:u 45
MMaccaXupoB, Macca aBTOOyca C TacCaXKUpaMu
coctaBigeT 8230 Kr, OH OCHEIIEH JBHUTaTeiieM
BHYTPEHHETO CrOpaHMs MOIHOCTHIO 89 KBT.
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[IpoBeneHHBI pacyeT MOKaszaj, YTO MpPH
KIIJl rnaBHOM mnepenadyd W KapJlaHHOrO Baja
paBabM 90%, a KIIJ] snekrponpuBona — 80%,
JUI TIEPEMELICHUs] TOJHOCTBIO 3arpy’kKeHHOTO
nmaccakupaMm aBToOyca 1o acharbTHpOBaHHOMN
TOPHU30HTAILHON mopore Ha paccrosare 100 kM
co ckopocTbio 50 km/yac TpeOyeTcsi MOTPaTUTh
271 M]JIx (umm 75,2 kBTxu4ac.) 3ieKTpudeckoi
sHeprun. CTOMMOCTH 3JIEKTPUIECKON HSHEPIHH,
MMOTPAauYeHHOW Ha BBHITIOJHEHHE JTOW pabOTHI B
3,5 paza MeHbIIE CTOMMOCTH JW3EIBHOTO
tormBa.  lloaToMy — sKkoHOMmueckas — 3¢-
(eKTHBHOCTD 3aMEHBl JU3EIBHOTO J[BUTATENS
AIIEKTPUIECKUM MPHUBOAOM OUEBUIHA.

Jns  oueHku sSHepreTudeckod dPQeKTus-
HOCTH 3JIEKTPUYECKOTO TPUBOAa OBLT MpOBENEH
pacuet notepb sHepruu B TO/I.

CyMMapHy[0 MOIIHOCTb MOTE€Ph SHEPTHH MPH
pabore A/l B HOMHHAJIHLHOM PEKUME OIPEEIsi-
1M 110 popmyIe:

AR, =Py - i_l )

Ny

()

rae Py — HOMUHaIbHAas MOIIHOCTh MEXaHH-
yecko oaHeprun Ha Bany AJl; nu
HOMMHAJIbHBIN kodpdurmeHt TIOJIE3HOTO
neiicteus AJl.

MoIHOCTh MOTEPh SHEPTHU B MEAU OOMOTKH
poTOpa ompeaessIu o Gpopmyne:

APM.Z - MADa)Os 1 (2)
rie Map — MOMeHT pa3BuBaeMbiii AJl; wo —
CHHXPOHHAs YIJIOBas CKOPOCTh Bpallle-HHs Bajia
AJl, KoTopas COOTBETCTBYET  TEKYIIE-MY
3HAUYEHWIO YaCTOTHl M aMIUIMTYAbl HalpsKeHHS
Ha OOMOTKE CTaropa; S — CKOJBKEHHE poTopa
OTHOCHUTEIEHO MarHuTHOTO TTOJIA,
COOTBETCTBYIOIIEE 3HAYCHHIO MOMEHTA,
KOTOpBIH pa3BuBaeT AJl.

IIpu paGore A/l B HOMHMHAJIHLHOM pEXHME
MOIIHOCTh TIOTEPh SHEPrHH B MeAn OOMOTKH
poTtopa

APM.Z,H.: I\/IAD.H(’OOSH ! (3)
rae Mapn — HOMUHANBHBII MOMEHT pa3BHBa-
embii All; Su HOMHUHQJIBHOE 3HAYEHUE
CKOJIBKEHHUS] pOTOpa OTHOCUTENFHO MAarHUTHOTO
OIS

Ecau npuHATH, 4YTO MpU HOMUHAJIBLHOM 3HA-
YeHWH YacTOTHl M aMIUTUTYABl HANpsDKEHUS Ha
00MOTKE cTaTopa *XECTKOCTh pabodyero ydacTka
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MexaHu4ecko xapaktepuctuku AJl He u3MeHs-
eTCs, TO IS TEKYIIEro 3HadeHHS MOMEHTa Ha
Baxy A/l M TeKyIero 3Ha4eHUsI CKOJIBKEHUS eTo
BaJjia MOJKHO 3aIliCaTh:

(4)

[Tocne moacranoBku B Gopmyny (2) mpaBoit
gactu ¢opmynsl (4) u mocie mpeoOpa3zoBaHHUN
MOy YHM:

2
AD
2
M AD.H

APM.Z.H ;

AD

M AD.H

AR, ,=M PLQN) Sh MAD_H(,OOSH )

2
AD

AR, ,= ()

Ecnu IIPUHATH, YTO BEKTOP TOKAa HaMarHn4u-
BaHUSA OTCTAET OT BEKTPOpa TOKA, MPOTEKAIOIIIe-
ro B 0OMOTKE poTopa Ha 7/2 3j1.pajnaH, TO MOIIl-
HOCTh TOTEPh DIIEKTPUYECKOW DHEPTUU B 00-
MOTKE CTaTOpa MOXHO MPEJACTABUTh B BHIE CyM-
MbI MOIIIHOCTH MOTEPh SIICKTPHUCCKOW SHEPTUH
OT TOKa pOTOpa U OT TOKAa HAMarHNM4vBaHU .

[ToCKOJIBbKY MPU OJMHAKOBOM 3HAYEHUH TOKA
pOTOpa, KOTOPBI MPOTEKaeT U B OOMOTKE CTa-
TOpa, MOIIHOCTh MOTEPh JJICKTPHUUECKOU 3HEp-
MU TIPOMOPIHOHATBHA COMPOTHUBICHUIO 0OMOT-
KH, TO MOXXHO OIPEIEIUTh MOIIHOCTh MOTEPh
JEKTPUYECKON SHEPIMH B MEAW OOMOTKH CTa-
TOpa OT TOKa poTopa 1o (opmyiie:

MZ

AD.H

AR, =AP,, . ©)

rne R1 — aktuBHOe comporuBienue ¢aspl 00-
MoTku  cratopa AJl; R2’ AKTUBHOE
compoTtusieHne (a3l oOMOTKM portopa All,
NpUBEJICHHOE K MapamMeTrpaM OOMOTKH cTaropa
Al

Ilocne moxcranoBku B (hopmyiy (6) mpaBoit
yactu ¢GopMmynbl (5) MOKHO ONpPENEIUTh MOIIl-
HOCTh TIOTEPh DJIEKTPHUUECKOW IHEPTUH B MEIH
0OMOTKHM cTaTtopa OT TOKa poTopa 4epe3 HOMH-
HAJIbHYIO MOILHOCTh HOTEPh SHEPTUH B MEIH
o0MoTKH poTopa AJl o Gopmyie:

R
2.H Rzl .

- Mo ap,
M

AD.H

AR, , (7)

Ecnu npuHATH, 94TO BEKTOp TOKAa HaMarHu-
YUBAaHMUS OTCTAET OT BEKTOpa TOKA, MPOTEKAro-
mero B 0OMOTKE poTopa Ha 7/2 3JIEeKTPUYECKHUX
paauaH, TO 3HAYCHHE TOKAa HAMarHUIUBAHUS TSI
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HOMH-HAIBHOTO pexuma pobdotu AJ] MOXHO
onpee-IuTh 110 hopMyIie:

loy =iy SiNQ,; = |1H\/1—COSZ Py -

MOoOINTHOCTh IOTEPh PHEPTUN B MEIU OOMOTKH
craTopa OT TOKAa HaMarHUYUBaHUS  JJiA
HOMHHAJIBHOTO pexuma podotu AJl:

(8)

APy 1ok =3 R, I(?.H ;
APy 1o =3-Ry- |12.H (l_COSZ Pn)- (9)

MoUIHOCTh JONOJHUTENBHBIX MOTEPh JHEP-
TMM B JIBUraTejie CYUTAeM IOCTOSHHOM He3aBH-
CUMO OT 3HA4YE€HMsI YaCTOThl M aMIUTUTYIbl Ha-
OpsOKeHHsT Ha OOMOTKE CTaTopa U OT MOMEHTa
Harpy3ku Ha Bamy A/l

=0,005-PZ—H.

Ny

AP,

JIOB.H

(10)

MOIIHOCT MOTEPh 3HEPTUH B CTaNH IS HO-
MHUHAJILHOTO peKUMa padboThl A/l

+AP

M2H

+AP,

M10.H

+AP

APy = AP, — (AR 1 oos) (11)
IIpy TOCTOSIHHOM 3HAa4YeHHWH 4YacTOTBl H
aMIUTUTYAbl HampsDKeHUsT Ha OOMOTKE cTaropa
norepu sHepruv B AJ] MOXHO pa3fenuTh Ha
MOCTOSTHHBIE TIOTEPH, MOIIHOCTh KOTOPBIX HE
3aBUCHUT WIHA IIOYTH HE 3aBUCUT OT MOMEHTA Ha-
rpy3kn Ha Baity AJl, 1 Ha TIepeMeHHbIE NTOTEPH
SHEPIUH, MOIIHOCTh KOTOPBIX 3aBHCUT OT MO-
MeHTa Harpy3ku Ha Bainy AJl. K moctosHHBIM
MOTEPSIM MOYKHO OTHECTH IOTEPU SHEPTHH B
CTallk, TIOTEPH DHEPTUH B MeAW OOMOTKH CTa-
TOpa OT TOKAa HaMarHW4MBaHUSA W JOIOJHUTE-
npHBIe TOTepu 3Heprum B AJl. Jlns HomuHa-
JBHOTO pexkuMa paboTel AJl MOIIHOCTH IOC-
TOSIHHBIX TOTEPh MOXKHO OIpenenuTh 1o Qop-

MyJIe:
AP,

H.CONST

=AR.,, +AP, 1o, +AP

s+ (12)
s HOMMHasBHOTO pexuma pabotel AJ]
MOIIIHOCTb MEPEMEHHBIX MTOTEPh

AP,

H.VARIA. —

+AP,

M2 (13)

N3 dpopmyi (5), (7) u (13) caenyer, 4TO MOIII-
HOCTh MEPEMEHHBIX MOTEph dHepruu B AJl mpu
HOMHHAJIbHOM 3HAYCHHUHU YaCTOTHI U aMILTUTY/IbI
HanpsHKEHUS Ha 0OMOTKE cTaTropa, HO MPH MPo-
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U3BOJILHOM 3HAUYEHUM MOMEHTa HArpy3Kd Ha
Baay AJl MOXHO onpeaesuTh 1o GhopMmyJie:

M
AP yppin = ARy 5 4 M = 1+%
ALH 2
" 2
=APy v ﬁ . (14)
ALH

Bynem monarate, YT0 MOITHOCTH MOCTOSTHHBIX
notrepb HEprun APpconst HE M3MEHSCTCS MPHU
W3MCHEHUM MOMEHTA Harpy3ku Ha Baiay AJl.

B kauecTBe mpuMepa onpeeuM KOJHIeCTBO
JBUTaTene MomHocThio 45 KBT, KoTOpOoe Hamo
UCIOJB30BaTh ~ BMECTO  OJHOTO  JIBUTATems
motHocTh0 90 KBT, YTOOBI MOTEpU PHEPTUU B
MHOTO/IBUTATEIbHOM ~ 3JICKTPONIPHBOJIC  OBbLIH
MCHBIIC IMOTEPL SHEPruv B OJHOJABUTATCIBHOM
3IIEKTPOTIPUBO/IC. Jns JOCTIDKCHHUS
sHepreTrdeckoro 3ddexra mpu 3amMeHe OJHOTO
aBuArareist OOJIBIION MOIHOCTH HECKOJIbLKUMU
JABUT'aTCIAMU MeEHbIIIeHn MOIIIHOCTH, KOTOPLIC
paboTalOT MPH  OJWHAKOBBIX  3HAYCHUSIX
AMIIIUTY bl 1 4aCTOTBI HAIIPAKCHUSA Ha 06MOTKC
CTaTopa, JOJKHO BBIMOJHSTHCS YCIOBHE:

45 —

< (APVARIA.QO + A})CONST,QO) 1 (15)

(AP vaRiA4s T AP CONST .45 ) Ny <

rne  APvariass;  APconst4s —  MOIIHOCTh
MIEPEeMEHHBIX M IMOCTOSHHBIX IMMOTEPh JHEPTUU B
AJl momHoCcThIO 45 KBT; APvARIA90; APconsT.o0 —
MOIITHOCTh MEPEMEH-HBIX U MOCTOSHHBIX MOTEPh
sHeprun B AJ] momHOCTBIO 90 KBT; Nis —
konuuectBo AJl momHocThiO 45 KBT, KOTOpHBIE
3ameHsroT oauH AJl momHOCTRIO 90 KBT.

B wactHOCTH, Ip¥ HOMHHAILHOM 3HAYCHUH
YaCTOTHI U aMIUIUTY/IbI HANPSHKEHUS Ha 0OMOTKE
craropa B Qopmyny (15) moacraBum mnpaByro
yacte ¢opmynsl (14) ¢ yderom KonndecTBa
UCIIOJIb3YEMBIX JBUrareiaeii MomHocTbio 45 kBT
u MomHOocThI0 90 kBT, a Takxke ¢ y4y€ToMm TOro,
YTO CYMMAapHBII MOMEHT Harpy3ku TIOpPOBHY
pacmpenenseTcs MEXITy JIBUTATEISIMHA
MOIIHOCTEIO 45 xBT:

M
— M2 | 4AP

H.VARIA.45 CONST 45
NA5 ‘M AJ1.H .45

N

5S

2

M
AP — Az +APCONST.9O . (16)

H VARIA.90
M AJ1.H.90

IA

rae Map.x 45, Map 90 — HOMHMHAIBHOE 3HA-YEHUE
MoMeHTa omHoro AJl momHOcThI0O 45kBT 1
ognoro AJl womHocTthi0 90kBT; Maps -—
CYMMapHBIA MOMEHT Harpy3KH.

[Mocne npeobpazoBanuii popmyiy (16) mox-
HO TIPEJICTABUTH B BUJIE.

aNZ —bN,, +c<0, (17)
rue
a=APconstas 5 (18)
2
MM_Z

b=AP

H VARIA.90
M

+APooysron 5 (19)

AN.H.90
2

C=AP MA/Z.E

H .VARIA.45 M

(20)

A/.H 45

Pemas HepaBenctBo (17), HOAYYHM YCIOBHE,
KOTOPOMY TTOJDKHO YAOBICTBOPSTH KOJIUYECTBO
JBUTaTeNe MOIHOCTEI0 45 KBT, 9TO0B IOTEpH
SHEPTrUd B MHOTOJBUTATEIBHOM JJIEKTPOIPUBO-
Jie OBLITM MEHBIIIE TIOTEPh SHEPTUU B OJTHOJIBUTA-
TEIHHOM DJIEKTPOIIPHUBOJE:

N45.min < N45 s N45.max * (21)
rac
b-+/b? —dac
N45.min = 2 ’ (22)
a
b++/b? —4ac
N45.max = 2a ' (23)

3amaya WMeEeT pelIeHWe TPU BHITTOTHEHUH
YCIIOBUSI:

b?—4ac>0. (24)

B npotuBHOM ciydae HCIIOJIb30BaHUE HeEC-
KOJIBKUX JIBUTATENel MEHBIIIeH MOIIIHOCTA BMEC-
TO ogHOTro A/l OOJIBIIOI MOITHOCTH HE TTPUBEAET
K ITOJIOXKUTEIIBHOMY dHepretudeckomy 3 dexry.

Hampumep, mnpu HOMHHATEHOM 3HAYCHUU
YaCTOTHI M aMIUIUTY/IbI HANPSOHKEHUS Ha OOMOTKE
cTaropa HEOOXOJMMO OIPEJETUTh KOJIHMYECTBO
AJl mommHocTRIO 45 KBT, KOoTOpO€ Hamo wuc-
MOJIb30BaTh BMECTO OAHOTO AJ[ MOITHOCTBIO
90kBT 1y monydeHHs SHEPreTHYecKoro 3o¢-
¢dexTa TpU CyMMapHOM MOMEHTE Harpy3Ku
Mo s=Mppnas. Ha ocHoBanmu dopmyn (18) —
(23) nomyumm:

a=1717,9BT;
b =4364,2 Br;
€c=2195,1BrT;
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N45Amin = 0' 691 ’
N, . =1850.

Takum oOpa3zom, m3 HepaBeHcTBa (21) cre-
IIyeT, 9YTO TIPH HOMUHAIBHOM 3HAYEHUU YaCTOTHI
Y aMIUTUTYIBl HapsDKeHHS Ha OOMOTKE cTtaTtopa
npH CyMMapHOM MOMEHTE Harpy3ku Maps=
MppHas UIA TOTYYEHUS SHEPTreTHIECKOTro 3¢-
dekTa Hamo BMecTo oaHOTO AJl MomHOCTRIO 90
kBT wucnonws3oBath omamH AJ] MomrHOCTBIO 45
KBT.

Onpenenum konmuuectBo AJl MomHocThi0 30
kBT, KOTOpOo€ Hag0 WHCIOJIL30BaTh BMECTO
onnoro AJl momHuocTeio 90 kBT as momyueHus
sHepreTndeckoro 3ddexra TpH CyMMapHOM
MOMEHTe  Harpy3ku  Maps=MapHs4s. Ha
ocHoBanuu Qopmyn (18) — (23), ¢ yuérom
MOIITHOCTA TOTePh B HOMHHAIBHOM pPEXUME
paboTHI ABUTATENEH, TOTYIHM:

a= APy sr s =1288,3 BT;
2

M,
b= APy iriaso Mi +APoostan | = 4364,2 B,
ALH0
M 2
C=APy yiriaz0 M¢ =3753,8 BT.
AZ.H .30

B paccmarpuBaemomM ciydae ycinosue (24) He
BBITIOJIHsIETCA. [loATOMY TIpM HOMHHAJIBHOM
3HAUYEHUHM YacTOTHl W aMIUTUTYAbl HANPSHKEHUS
Ha OOMOTKE CTaTropa MpU CyMMapHOM MOMEHTE
Harpy3ku Maps= MapH4s  HUCIOJIB30BaHUE
Heckolbkux AJl momrHocthio 30 kBT BMecTo
oanoro AJl momHocTeio 90 kBT He nmpuUBOAUT K
MOJIOKHUTEIILHOMY SHEPreTHIeCKOMY dPQeKTy.

[TockonpKy moTepu 3Heprun B A/l CIOXKHBIM
00pa3oM 3aBHCAT OT AaMIUTUTYABl M YacTOTHI
HaIpsHDKEHUST Ha OOMOTKE CTaTopa, a TaKXkKe OT
MOMEHTa Harpy3ku Ha Baiy AJl, To 3ammcathb
JIOCTATOYHO TOYHBIE W MPOCThIE YpPaBHEHUS
CBS3M MEXAy moTepsaMu dSHepruu B AJl mpu
HOMMHAJIbHOM 3HAYEHWUHU YACTOThI U aMILIUTYIbI
HamNpsDKEHUS Ha OOMOTKE CTaTropa W IMOTEPSMHU
sHeprun B A/l mpu Ipyrux 3HAYEHHSX YaCTOTHI
W aMIUTUTYbl HApsDKCHUS Ha OOMOTKE cTaTtopa
HE MpeACTaBISICTCS BO3MOXKHBIM. [loaTOoMy utst
TOTO0, YTOOBI OTPEACITUTH MPU KAKOM KOJINYECTBE
JIBUTATEJICH B MHOTOABUTATEIILHOM 3JIEKTPOIIPH-
BoZie OyJeT MOydeH HamOOJBINNN DHEPreTH-
yeckuil 3QQeKT, HeoOXOAUMO MPOBECTH HCCIIE-
JIOBaHHE CPABHUBAEMBIX BAPHAHTOB Ha MaTeMa-
THYECKOW Momenu. Jljas sTtoro B makere Sim-
Power Systems Oblia pa3paboTaHa MaTeMaTH-
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yeckas MOJIENIb CHUCTEMBI IpeoOpa3zoBaTelb
gacToTel — AJl, B KOTOpOH MOXXHO 3a1aTh
TpeOyeMbIii 3aKOH W3MEHEHHsS HANpsHKeHHS H
YaCTOTHI U ONPEACTUTH MOIIHOCTh OTeph B A/Jl.
[Ipn MaTeMaTHYECKOM MOJEIMPOBAHUH MOIII-
HOCTb MOTepb 3Hepruu B cranu AJl ompenens-
JIach 1Mo Gopmyie:
lI11 QOBJ']

091

ooy

)3

[o,7+o,3 J , (25)

AP. =AP. , [

1H 00J.H 00J1.H
rae Vi, Wig — Tekyllee 1 HOMHHAJIBHOE 3Ha4e-
HUE MOTOKOCIEJICHNs1 0OMOTKH cTartopa A/l;
Qoss1, Qosre — TEKylllee 1 HOMHHAIIBHOE 3HAYe-
HUSI KPYTOBOM 4acTOThI HAPSDKEHUSI HA OOMOTKE
cratopa AJl; 0,7 u 0,3 — k03 PUIHEHTHI, KOTO-
pble YYUTBHIBAIOT NOJU IIOTEPh HA TMCTEPE3UC U
Ha BUXPEBBIE TOKU B CTAJM ISl HOMHUHAIBHOTO
pexxuma padotst A/l

MO]_[IHOCTI) MOTEPhL OSHEPIrUM HAa AKTHUBHOM
COTPOTHBIIEHNH Tpex (a3 0OMOTKH cTaTropa OT
TOKa Harpy3kd M OT TOKAa HaMarHWYMBaHUS
ompeessIach mo Gopmyiie:

AP, ,+AR, ., =R (ix(0) +i;®)+12(1)), (26)

rae Rs — aktuBHOe comporuBicHHE (a3bl 00-
Motk cratopa AJl; ia(t); is(t); ic(t)
MTHOBEHHBIC 3HaueHUs TokKa B (paszax oOMOTKH
cTaropa.

MOIIHOCTE TOTEPh JHEPTHH Ha aAKTHBHOM
CONPOTHUBIICHUU 3-X (a3 0OMOTKH pOTOpa OT
TOKa Harpy3Kd OMpeIelisiach o Gpopmyiie:

AR, =R (EO+EO+Z0), @)
rne Rr — akTuBHOE compoTuBieHHE (a3bl 00-
Motk poropa AJl, il(t); in(t); ic(t)
MTHOBCHHBIE 3HAYCHUS TOKa B (pazax OOMOTKH
poTopa.

I1. PE3VJILTATBI U OGCYXKJEHUE

PesynbraTtel pacuéTa MOIIHOCTH TIOTEPH
sHepruu B AJl mpu nBwkeHuHn aBroOyca c 45
naccaXupamMy IPH CKOPOCTH ABHMXKEHHS OKOJIO
56 Km/yac, KOTOpasi COOTBETCTBYET YAaCTOTE
HanpspkeHust 50 ' u dasHoMy JelcTByroneMy
3HAYCHUIO HaNpspKEeHUs Ha 0OMOTKe craTtopa 220
B nmpusenenst B Tabnuue 1. M3 He€ BUIHO, 4TO
€CIM BMECTO OJITHOTO IBUTATENs] HOMHHAIHHON
MomHoCcThI0 P, = 90 kBTt uncoomap3oBaTte OquH
JBUTaTeNlIb MOINHOCTEIO 45 xBT wmm gBa
JaBuUrareiss MouHocTho 30 kBT, TO 3T0 1103BOIUT
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YMEHBIIIUTh CYMMapHYI MOIIHOCTh NoTeph APs
9JIEKTPUYECKOH OSHEPTUU COOTBETCTBEHHO Ha
0,931 kBt (ma 24,6%) u wa 0,537 kBt (Ha
14,2%). N3 Ttabmumpl 1 Takke BHAHO, YTO
HCIIOIB30BAaHNUE OLHOIO IBHMIaTelld MOIIHOCTBIO

30 kBT HenomycTUMO ISl IIIUTENBHOTO peKUMa
paboThI, cyMMapHasi MOIITHOCTh IOTEPh YHEPTHH
B AJl mpeBblliacT HOMHHAIbHOE 3HaYeHHe 1359
Br. CinenoBaTenbHo, ABUTaTeIb MOIIHOCTBHIO 30
kBT OynmeT meperpeBaTbcs.

Tabmuna 1%
MOIIHOCTB HOTEPh SHEPIUM B IBUTaTe/IAX aBTO0YCa PH JBMKEHUH C HOCTSIHHOM CKOPOCTHIO ¢ 45
HaccaKMpaMu>,
P, KW 1x90 1x45 |2x45 1x30 [2x%30 3x30 4%30

AP,1 + AP,10 + AP,2,10,602 1,474 0,838
kW

2,159 |0,577x2 |0,299%3 0,202x4

AP, KW 2,703 [1,139 2,332

0,8533 |0,884x2 0,895%3 0,899x4

APs, KW 3,7889 [2,8576 |3,6592

3,1773 |3,2516  |4,0764 5,0652

PesynbTaThl aHaJOrMYHOrO pacuéra MpHU
JIBUKCHUHM aBTOOYyca ¢ 22 maccaxupamu
MMOKa3ajd, YTO €CJIM BMECTO OJHOIO JIBHUIATEJIS
MomHocTEI0O 90 kBT wucmonp3oBaTh  OOMH
JBHATATENIh MOIIHOCTREIO 45 kBT wmm oaun
JBHATATEIIHF MOITHOCTRIO 30 KBT, TO 3TO 1T03BOJIMT
YMEHBIIUTh MOITHOCTh TOTEPh 3JIEKTPUIECKOU
SHEPruM, MOTPeOJIsIeMO OT aBTOHOMHOIO
0OPTOBOTO MCTOYHHUKA MUTAHHS COOTBETCTBCHHO
Ha 1,169 kBt (ma 32,9%) u ma 1,033 kBT (Ha
28,2%). UHcnonp3oBaHME OJHOTO JIBUraTems
MomHocThiI0 30 kBT mpuBOAWT K TMOJHOMU
3arpy3Ke JBUTATENs] MO0 MOMEHTY, MOITHOCTh
MOTeph DJHEPTUM B CTAM TaKkKe JIOCTUTAeT
HOMUHAQJIBHOTO  3HAYECHHS, HO CyMMapHas
MOIIIHOCTh TTOTEPH dHEPTUH B Al MeHbIIe

HOMHMHAJIBHOH, TMO3TOMY TIpPH  JBWKCHUU
HaIlOJIOBMHY  3arpy)KeHHOro  aBTo0yca  coO
CKOPOCTBIO 55,6 KM/4aCc MOXHO HCITOJIE30BaTh
OIVH JABUTATENIh MOITHOCTRIO 30 KBT.

Pesynbratel pacu€Ta MOIIHOCTA TIOTEPH
sHeprum B AJ| mpu naBmwkeHum aBToOyca 0Oe3
MACCAXHUPOB TPH CKOPOCTH OKOJIO 56 Km/dac
npuBeleHbl B Tabmuie 2. M3 Heé BHIHO, 4TO
€CIId BMECTO OJHOTO JABUTATES MOITHOCTHIO 90
KBT ucIoias30BaTh OJUH ABUTATEIh MOIIHOCTHIO
45 kBTt uam oauH aBHUraresib MOIIHOCTBIO 30
KBT, TO 3TO MO3BOJIUT CYIIECTBEHHO YMEHBIIUTh
MOIIHOCTb TOTEPh AJIEKTPUYECKOH DHEPTHH,
MoTpedNIsieMO OT aB-TOHOMHOTO OOpPTOBOTO
HCTOYHHKA IHMTAaHHUS CO-OTBETCTBEHHO Ha 1,354
kBT (Ha 38,2%) u Ha 1,362 kBT (Ha 38,2%).

Tabmuma 22,
MOLIHOCTH TIOTEPH SHEPIUM B IBUrATENIAX aBTO0yCa NPH JBUKEHUH C TIOCTSHHOM CKOPOCTBIO 0€3
naccaxupos®,
Py, KW 1x90 1x45 | 2x45 1x30 | 2x30 3x30
AP,1 + AP,10+ AP, kW | 0,368 | 0,815 | 0,263 x2 | 1,170 | 0,346 x2 | 0,197 x3
AP, KW 2,715 | 1,153 | 1,173x2 | 0,870 | 0,892x2 | 0,900x3
APs, KW 3,5669 | 2,2126 | 3,3612 2,2048 | 2,8056 3,7854

AHanornuHeie pacuy€Thl OBUIM TPOBEACHBI
NP JBM)KCHUHU TIOJIHOTO, HAIIOJIOBHHY IIOJIHOTO
Y IyCTOTO aBTOOyca MO TOPU3OHTAILHON TOpOTe
C MaKCHMaJIbHON CKOPOCTBIO TPUMEPHO PaBHOM
28 km/yac u 14 km/gac. PesymbraThl pacuéra
MOIIHOCTA TOTepb JHepruu B A/l mnpu
JIBIKCHUH aBTOOyca c 45 maccaxupamu coO
CKOPOCTBIO 28 KM/4ac (IeicTBYyrOIIee 3HAUYCHUE
HampsokeHUsT Ha oOmorke cratopa 110 B,
yacrora 25 ['m) mokasamu, 4TO eciu BMECTO
OIHOTO jaBurareils MomHocthio 90 kBT
WCITOJIB30BaTh OJIMH JIBUTATENIb MOITHOCTHIO 45
kBT wnu nBa gsurarens mouiHocthio 30 kBT, TO
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3TO TO3BOJIUT YMEHBIIUTh MOIIHOCTH IOTEPh
JNEKTPUUECKOM HHEPTHUH, COOTBETCTBEHHO Ha
0,376 kBt (Ha 18,6%) 1 Ha 0,192 kBT (Ha 9,5%).
Eciu BMecTo aBurareins MomHOCThEO 90 kBt
HCIIOJIH30BaTh OJWH JBHUTrATElh MOIIHOCTBHIO 30
kBT, TO 3TO yMEHBIIUT MOIIHOCTH IOTEPH
sHeprun Ha 0,137xBT, 4TO HECKOJIBKO MEHBIIE
M0  CpaBHEHWIO C  BapUaHTOM,  KOrja
WCTIONB3YIOTCSl JIBa JBUTATENs] MOIIHOCTHIO 30
kBT.

PesynpraTtel  pacu€Ta MOIIHOCTA TIOTEPH
sHepruu B AJl npu nBwkeHuH aBrodyca c 22
naccaxMpaMl CO  CKOpOCThIO, 28 Km/dac
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MOKAa3aJIi, YTO €CJIU BMECTO OJHOTO IBUTATEIIS
MomHOCTRIO 90 kBT wHcmomb30BaTh  OOWH
JBUTATENIF MOIIHOCTEIO 45 kBt wm oxnu
JIBUTaTeldb MOITHOCTBIO 30 kBT, TO MOIIHOCTH
MOTEPh DJIEKTPUIECKOW DHEPTrUU YMEHBIIHUTCS
cootBercTBeHHO Ha 0,560 kBT (Ha 29,0%) u Ha
0,475 kBt (na 24,6%).

Pesynbrarel pacuéra s citydass JBHXKCHUS
aBTo0yca 0€3 TacCaKHpoOB CO CKOPOCTHIO,
COOTBETCTBYIOEH 4yacToTe HampspkeHus 25 ' u
CpPEeIHEKBaPaTUYHOMY  3HA4YCHHUIO  (Ha3HOTO
HampsDkeHUsT Ha oOMmoTke ctatopa 110 B,
MMOKa3aJld, 4TO €CJIM BMECTO OJHOIO IBUTATEIS
MomHOoCThI0 90 kBT wmcmonb3oBath  OAWH
JIBUTaTeldb MOIIHOCTRIO 45 KBT wunm omun
nBurareynb MouiHocteio 30 kBT, TO MOIIHOCTH
MOTePh 3JJICKTPUYCCKOW SHEPrUU YMEHBIIUTCS
cootBercTBeHHO Ha 0,695 kBt (Ha 37,4%) u Ha
0,723 kBt (ma 38,9%). Ilpumenenue ABYX
IBUratenel MomHocThio 45 KBT wmiam  nByXx
nsurareneii momuoctero 30 kBT mact
3HAYUTENFHO MEHBIHNA IPPEKT (COOTBETCTBEH-
Ho 0,041 xBt 1 0,364 xBT).

PesynpTaTel  pacu€Ta MOIIHOCTH TOTEPH
sHeprud B AJ] Tnpu JBWKCHHH TIOJHOCTBIO
3arpy’KeHHOTO aBTO0yca CO CKOPOCTBIO OKOJIO
14 xm/dac, KOTOpas COOTBETCTBYET YacCTOTE
HanpsokeHust 12,5 ' u cpeaHexkBagpaTUUHOMY
3HaueHWI0 (Ha3HOTO HANpsHKEHHsT Ha OOMOTKE
cratopa 55 B, nokazamu, 4TO €CIM BMECTO
OIHOro Asurareilss MomHocThIo 90 kBT
HCIIOJB30BaTh OJUH JIBHUTATellb MOIIHOCTBIO 45
kBT vy nBa nBurarens momHoCcThIO 30 KBT, TO
3TO NMPHUBEAET K HE3HAYUTEILHOMY YMEHBIIICHUIO
MOIITHOCTH TOTEePh DJJCKTPUUECKOM DJHEPTHH,
cootBercTBeHHO Ha 0,046 kBt (Ha 3,4%) u Ha
0,005 xBr (Ha 04%). /11 HamomoBuHY
3arpy’>kKCHHOTO aBTO0YyCa MCIIOJIb30BAHUE OJHOTO
JIBUraTenss MoOIIHOCThIO 45 kBT, wnm nByx
neuratened Momuocteio 30 kBT mpuBoguT k
YMEHBILIEHUIO MOII[HOCTH MOTEPH
9JIEKTPUIECKOM DHEPTUd COOTBETCTBEHHO Ha
0,240 kBt (#a 19,0%) u 0,104 kBt (Ha 8,3%).

st myctoro aBToOyca HCIOJIB30BAHUE OJTHOTO
JIIBUTATENIsI MOIIHOCTRIO 45 KBT wmimm oxHoro
nBurareinss MomiHocteio 30 kBT 1mo3Bomut
YMEHBIIUTh MOIIHOCTh MOTEPb 3JIEKTPUUECCKOM
sHepruM  cooTBeTcTBeHHO Ha 0,373 kBt (Ha
31,1%) u Ha 0,358 kBT (Ha 29,8%).

Kpome pexuMoB IBMKEHHUS C TICOCTOSIHHOM
CKOPOCTBhIO OBLJIO TIPOBEICHO HCCIICOBAHUE
3¢ pekTHBHOCTH PAOOTBI MHOTOJBHTATEIIHHOTO
MIPUBOIA B XapaKTEPHBIX ISl TOPOACKOTO ITHKIIA
JIBUKCHHSI aBTOOyCa TIEPEXOJHBIX PEKHMAaX.
belmm  omeHEHBI TOTEpH DHEPTUH B MEIH
obmoTrok crtatopa AE; m poropa AE>, B craim
AEgeer, W po0aBounble mnoTepu AEpos Tpu
pasroHe IOJIHOTO W MycToro aBToOyca 3a 12,5
CeKyHI /O CKOpPOCTH IIPUMEpPHO paBHOW 56
KM/4ac, KOTOpasi COOTBETCTBYET YacCTOTE Harpsi-
JKeHHs1 Ha 0OMoTke craropa paBnoi 50 ' mpu
WCTIONB30BAaHUH 3aKOHA YacTOTHOTO YIIpaBlie-
HUS1, KOTOPBIH 00eCTIeYnBaEeT TIOCTOSTHHOE 3HAYe-
HUE KPUTUIECKOTO MOMEHTA.

PesynpraTel pacuéra motepp sHepruu B Al
MIPH pas3roHe IOJIHOTO aBToOyca 3a 12,5 cexyHn
Mpd W3MEHEHUH YaCTOTHI HANpPSOKCHUS Ha
cratope ot OHz no 50Hz npuBeneHs! B TabIMIIE
3. U3 Heé BHMAHO, YTO €CIHM BMECTO OIHOI'O
nBurareiss MomHocTei0 90 kBT ucnoiab3osars 4
JBHATaTEIIsI MOIIHOCTRIO 45 KBT, TO 3TO MO3BONIUT
YMEHBIIUTh CYMMapHBIE ITOTEPH IJIEKTPUIECKON
sHeprun AEs Tipu pasroHe aBToOyca, IPUMEPHO
Ha 127,17 x[Ix (Ha 44%). Eciu BMecTo OHOTO
nsurareiisi MolHocTeio 90 kBT ucnoas3osars 7
nsurareiieii  Mommuoctero 30 kBT, TO 23TO
MO3BOJIUT YMEHBIIUTh TOTEPU DIECKTPUICCKOM
SHEPruM INPH pasroHe aBToOyca MPUMEPHO Ha
105,3 xJIx (aa 36%).

PesynpraTel aHamOTMYHOTO pacu€Ta TOTEPh
sHepruu B AJl mpu pasroHe mycToro aBToOyca
MMOKa3ajd, YTO €CJIM BMECTO OJHOIO IBUTraTEIIs
MoIHOCTEI0 90 kBT ucnonp3oBare 3 ABUTATEIIS
MOIIIHOCTEIO 45 KBT, TO moTepH 3IMEKTPUIECKOM
SHEpPruM yMEeHbIIaThcs npuMepHo Ha 1,75 xJx
(na 1,7%).

Tabmmma 3°.
TloTepu SHEPTUHU IPHU pasroHe aBTodyca’.

Py, KW 1x90 |2x45 3x45 4x45 5x45 5x30 6%x30 7%30 8x30
AE1 AE KI|[173,7 |(86,82+ |(34,01+ |(20,77+ |(15,57+ |(24,21+ |(17,44+ |(13,78+ |(1L,61+

+95,98|40,35)x2|15,34)x3(9,050)x4|6,575)x5[11,54)x5/8,136)x6|6,295)x7|5,200)x8
AEsteer, KJ 13,48 [6,820%2 |7,370%3 |7,632x4 |7,786%5 |3,938%5 |4,056x6 |4,139x7 |4,201x8
AEpos, kJ 6,049 |3,057x2 |3,057%3|3,057x4 |3,057x5 [2,060x5 [2,060%6 [2,060x7 [2,060%8
AEs, kd 289,211274,09 (179,33 (162,04 |164,94 |208,74 (190,15 |183,92 |184,57
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I11. BLIBOJIBI

1. Ilpu  nmBwkenmm  aBTOoOyca  TIO
TOPU30HTAJIbHOW  JIopore ¢  IMOCTOSHHOM
CKOPOCTBIO npu JIFOMOM KOJIMYECTBE

MMacCaXUPOB JBUTATENs MOMTHOCTEIO 90 KBT
OKa3bIBACTCSA CYIIECTBEHHO HEAOIPYKECHHBIM.
IIpu >TOM cyMMapHble TOTEpH D3SHEPrUU B
OJIHO/IBUTaTEIbHOM 3IEKTPONPUBOJIE
OKAa3bIBAIOTCSI AOCTATOYHO OONBLIMMHU 3a CUET
Halu4us  OOJNBIIMX  IOCTOSIHHBIX — HOTEPb.
Hcnonp3oBaHre BMECTO OJHOTO JIBUTATENs
OOJBLION MOIIHOCTM OJHOIO HJIM HECKOJIBKHX
JBUTATEIE MaJOH MOIIHOCTH C MEHBIINMHA
MOCTOSTHHBIMU TTOTEPSAMU  SHEPTUHM  ITO3BOJISET
YMEHBIIUTh CyMMapHbIE IOTEPU  SHEPIHH,
HECMOTpSl Ha TO, YTO II€PEMEHHBIC IOTEPU B
JABUT'aTCIAX Majioi MOIOIHOCTU MOTYT 6I)ITI>
6OHBIHG NEPEMCHHBIX IIOTEPL B JABUTATCIIC
0OMBIION MOIMHOCTA. DTO TPUBOAUT K TOMY,
YTO, YEeM MEHbIIE 3arpykeH asroOyc mpu
OJTMHAKOBOW CKOPOCTH JIBIKCHUS (a TOYHEe Npu
OJIMHAKOBBIX 3HAYEHHSIX YaCTOTBHI U AMIUTUTYBI
HANPsDKCHUsI Ha OOMOTKE CTaTtopa), TeM MEHBIIE
A0J1d MEPEMCHHBIX IMOTEPhL U TEM 6OJ'II>HIG JOJIA
IIOCTOSIHHBIX IOTEPh B CYMMApHBIX IOTEPSIX
sHepruu. B pesynbTare, ueM MeHbLIE 3arpyKeH
aBTOOYC, TeM OOJbIlE SHEPTeTHUECKUI IPPEeKT
OT HCIIOJBb30BaHHUA OJHOI'O HWJIMWM HCECKOJIBKHX
JBUTATENEeW  Maloll ~ MoOImHOCTH.  BaxHo
OTMETHTh, YTO 3TO CHPaBEUIMBO I JHOOOMH
CKOpOCTH JBI>KEHHS aBTOOYCA.

2. Ilpn yMeHbIICHUH YaCTOTHl U aMILIUTYIbI
HanpsDKEHUs] HA 0OMOTKE CTaTOPa YMEHBIIAKOTCS
IOTEpHU B CTAJIH. HOBTOMy, Y€M MCHBIIIEC CKO-
POCTbH JIBMKEHUS aBTOOyca, TeM MEHBIIIE dHepre-
TH4ecKuil 3((eKT OT HUCIONB30BAHUS OTHOTO
WM HECKOJIBKUX JIBUraTeIeld Majoi MOIIHOCTH.

3. Tlpu pasrone aBTOOyca MO TOpPWU3OHTa-
JBHOHN Jopore OT HyJsl OO0 MakCHMAaJIbHOW CKO-
POCTH 3HEPreTUYecKHue NPEHMYILECTBa MHOTO-
JABUTaTCIIbHOTO OJJICKTPOIIPUBOAA MPOABIAIOTCA
TOJILKO TPW pasroHe MOJHOro aBToOyca ¢ 0o-
JBIIOW MEeperpy3Kod ABUTATeNs II0 MOMEHTY.
IIpy 3TOM  CyIIECTBEHHO  YBEJIWYUBAIOTCA
IIEPEMCHHBIC IoTepu B OAHOABUTATCIIHBHOM
3JIEKTPONIPUBO/IE. B MHOT'O/IBUI'aTEIbHOM
3NIEKTPONPHUBOAE, Oylarojaps pacrupenesIeHHIO
MOMCEHTAa Harpysku MCXKOY JABUTI'aTCIISAMU,
MEPEMEHHBIE TOTEPU U CyYMMapHbIE IOTEpU
SHEPIUM OKa3bIBAIOTCS 3HAYUTEIHHO MEHBIINMH.
DTO MO3BOJISIET 3HAYUTEIHHO YMEHBIIUTD PACXO/T
sneprun npu pasrone TC. Ilpu sTom cymmapHas

MOIIIHOCTb BCEX JIBHTATEINeH B
MHOTOJIBUTaTeIbHOM dJiekTporpuBoge B 2,0 -
2,3 paza TMpeBHIIIACT MOIIHOCTh  OJIHOTO
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JIBUTATEIIS B OJTHOJBUTATEILHOM
anektponpuBojsie. llpu nBIKEHWHM BBEpX IO
Jopore,  WMEIOIe  yKJIOH,  W30BITOYHAS
MOIIIHOCTh MHOT'OJIBUTATEILHOTO

AIIEKTPOTIPUBOJIA MOXKET OBITH TOJIE3HOM.

4. Tlpu pasrome mycroro aBTOOyca Tepe-
rpy3Ka JBUTaTeNs 10 MOMEHTY HE TaK BEIHKa,
KakK TpH pasroHe MonHoro aBroOyca. Ilpu stom
MIEPEMEHHbIE MOTEPU SHEPrUM B MHOIOJBUTIaA-
TEJIHHOM DJIEKTPOMPHUBOE OJIM3KH 10 3HAUYECHUIO
K TEPEMEHHBIM MOTEPSAM SHEPTHH B OJHOJBUTA-
TEJIHHOM DIIEKTPOIIPHUBOE Onaromapsi pacupeme-
JIEHUI0O MOMEHTA HAarpy3Kd MEXAY IBUTaTEISIMU
MaJiol MOIIHOCTH 32 CYET YBEIMUYEHUS UX KOJIU-
yecTBa. B pesynbTare NOCTOSIHHBIE TNOTEPU B
MHOT'OJIBUTaTEIbBHOM 3JIEKTPOIPUBOJE YBEINYH-
BAIOTCSI, U SHEPTeTUUECKUH AP PEKT OKa3bIBACTCS
3HAYUTENFHO MEHBIIIE UK OTCYTCTBYET BOOOIIIE.

5. B paccMoTpeHHOM TMpUMepe TpUMEHEHHE
OJHOrO0 WM HECKOJbKHMX JBHUrareieil moul-
HOCTBIO 45 KBT B OONBIIMHCTBE paCCMOTPEHHBIX
CIy4aeB OKa3aJoch OoJiee MPEearnOYTHTEIHHBIM
[0  HHEPreTUYECKUM  IOKA3aTeNsM,  YeM
WCIIOJIb30BaHNE HECKOJNBKHX JBUTATeNed MOIIl-
Hocthio 30 kBT. Ho ecnu a1 paccmarpuBaemoit
KOHCTPYKITUM aBTOOyca IABUTATENN MOIIHOCTBHIO
45 xBr sABASAIOTCS CHMIIKOM OOJIBIIMMHU I10
pa3MepaM W 0 BECY, WITH SIBIISIFOTCS CIUIIKOM
JIOPOTUMH MO II€HE, TO MOXHO HCIIOJIb30BaTh
HECKOJIbKO JIBUTaTeNlell MEHBIIETO rabapuTa.

6. [IpuMeHEeHHE MHOTOABHIATENBHOTO 3JIEK-
TPONPUBOJA B TOPOACKOM LIMKJIE JABHKCHUS
aBro0yca TIO3BOJUT YMEHBIIUTh MOIIHOCTh
MOTEPh DIEKTPUIECKON IHEPTHH, TOTpedIsIeMOit
OT  aBTOHOMHOTO  OOpPTOBOTO  HCTOYHHKA
MUTaHUA. DTO YBEIMYHUT TIPOOET TPAHCTIOPTHOTO
CpeACTBa MpHU OJHOU 3apsiIKe aKKyMYJISITOPHBIX
OaTapeil Wiu CO3/acT pe3epB dHeprum OaTapeit
JUTst 000TpEBa CalloHa B 3UMHEE BPEMSI.

APPENDIX 1 (TPUJIOKEHMUE 1)

Table 1. 2Power loss in motors of the bus when
driving at a constant speed with 45 passengers.
3Table 2. “Power loss in motors of the bus when
driving at a constant speed without passengers.
STable 3. ®Energy loss during acceleration of the
bus.
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