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1t is known that when starting some technological mechanisms, the resistance moment can exceed the passport value by
several times. The article shows the possibility of forming the maximum possible starting torque with a minimum value
of the stator current, proposes the technique for determining parameters of the supply network when creating the
maximum possible starting torque for an induction motor. The technique is the following sequence. The magnetization
curve and its mathematical image (in the form of a polynomial) are determined for a more precise determination of
machine parameters from experimental or passport data. Adequate values of influence factors (voltage and frequency)
are determined to create a regression model on the dynamic mathematical model of an induction motor using an
iterative method, changing the range and ratio of network parameters. The mathematical calculation of the regression
model is performed with obtaining polynomial dependencies for Mn (U, f) and In (U, f) based on a given optimization
criterion. The range of variation of U, f'is determined from the polynomial Mn (U, f). Equating to the necessary value of
the starting torque, from the passport data the author calculates the maximum permissible magnetic flux, with the
mathematical dependence @ = F (Iu) and determines the value of U and f1 in the saturation region of the engine. The
obtained values of the amplitude U and the frequency of the supply voltage fI meet the optimization criterion In — min.
Based on the obtained values of U and f1, the author forms a control signal of a frequency-controlled induction motor
to create the necessary starting torque. References 10, table 1.

Keywords: heavy pick-up and start-up conditions, the magnetization curve, the mathematical model, regression
mathematical model.

All groups of industrial mechanisms can be conditionally_divided into two classes. The first class
includes mechanisms, electric machine converting units launched without technological load. The second
class of mechanisms is characterized by the fact that when starting, the torque is created not only by the
forces of friction in the kinematic pairs, but also by the forces of the interaction of the working fluid with the
working body (the moment of friction of the pump impeller with water, oil, a liquefied component of mineral
raw materials, post-crash starting with technological environment, etc.) [1].

The work [2] prove that a significant part of general industrial and agricultural mechanisms has an
initial moment of resistance of the technological unit, which exceeds the rated value of the starting torque
during the transition of the electromechanical system from the stationary state to the state of motion (starting
torque). This process is accompanied by a change in the forces and moments of resistance according to
certain physical and mechanical laws. They are caused to the work of friction forces in the kinematic pairs of
the technological mechanism, in the seals, as well as in the zone of interaction of the working body with the
technological environment.

Mathematical methods for representing the electric drive of technological mechanisms take into
account only standard operating modes without taking into account real individual processes occurring in
electromechanical systems, technological mechanisms when starting. Starting as the first phase of an electric
drive with various types of load is almost not considered in the educational and technical literature, and the
issues of the electric drive dynamics are considered under the condition that the load resistance remains
unchanged.

Mathematical dependencies that take into account the peculiarities of starting when performing
technological operations with industrial mechanisms are deduced based on the results of the research in the
works [3, 4, 5]. The results obtained in these works confirm the stochastic nature of the moment of resistance
when starting, which can exceed the nominal value by 2 to 4 times.
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The work [3] substantiates the use of the controlled starting systems based on a frequency converter
(FC), which allows:

— performing both unidirectional and oscillatory movements of the rotor with a smooth increase in
the speed and amplitude of the electromagnetic moment of the induction motor IM;

— choosing the oscillation frequency and spectral composition of the torque of the induction motor to
most effectively overcome the increased moment of resistance when starting;

— keeping the working body in a predetermined position in order to carry out preparatory pre-launch
or commissioning operations.

However, not all the capabilities of the controlled pull-off system based on the FC — IM are
applicable for starting and pre-launch preparation (breaking down the forces of intermolecular bonds of the
working medium in the working body) of some technological mechanisms (conveyor lines, hoisting-and-
transport mechanisms) [3, 4].

H.I. Shturman considered the issues of the rationality of an induction motor with frequency control
with the condition of creating a constant overload ability of the motor when starting as a function of current.
As a result of the research, mathematical equations of electrical and electromechanical characteristics are
determined depending on the parameters of the supply voltage. Coefficients were introduced into the general
expression of the torque of the machine, characterizing the change of IM parameters from the frequency [6]
to determine the dependences.

These results are confirmed in [7], where it is justified to take into account the influence of saturation
of the magnetic circuit steel and current displacement in the rotor winding to reduce the error in determining
the parameters of adjustable electric drives with heavy pick-up and start-up conditions, operating in wide
ranges of rotation speed.

H.I. Shturman notes that the realization of the same moments at lower currents is associated with the
peculiarity of the quantitative relations of IM parameters, which is clearly manifested near the boundary of
the machine’s transition from synchronous to asynchronous mode. Starting torque, several times higher than
the rated torque, can be obtained in the low-frequency area at a significant voltage, however, the starting
current increases. This dependence can be obtained if the supply voltage is not linearly related to the
frequency of the supply. The dependence of the starting current in the sliding function with a constant
starting torque in the low frequency region has a point /n — min [6].

The issue of the possibility of creating a significant starting torque with a minimum starting current
in the stator circuit by selecting the appropriate voltage-frequency ratio of the supply network arose when
starting the induction motor under load.

The purpose of this study is to develop a methodology for determining the parameters of the supply
voltage when creating the maximum possible starting torque for an induction motor, with a minimum value
of the stator current.

To determine the patterns of the influence of the supply voltage parameters on the IM starting
characteristics, the author used the experimental design method (EDM). The EDM input parameters were
determined based on IM mathematical model in a three-phase coordinate system. The area of research on the
formation of the starting torque in this case lies in the low frequency range.

It is known that ensuring the constant overload capacity of an induction motor with frequency
control, the magnetic flux of the machine increases significantly in the low frequency range of 1-15 Hz at
high supply voltage, which leads to the saturation of the steel of the magnetic circuit of AM. The saturation
mode is accompanied by a significant decrease in the reactance of the magnetization circuit and an increase
in the stator current /c, which can lead to negative consequences. To take into account real physical
processes occurring in an AM, it is proposed to use a mathematical model of an asynchronous motor in a
three-phase coordinate system with considerations of the saturation of the magnetic core. In paper [8], a
results, which confirmed the adequacy of the proposed mathematical model of the asynchronous motors is
presented. According to the experimental data, the magnetization curve is approximated, which allows to
take into account the saturation of the magnetic circuit. Therefore, the dependence of the mutual inductance
parameter Lu on the magnetization current is introduced into the IM mathematical model. The magnetization
curve for IM series 4A can be approximated as follows [9]:

‘P*(Iu*):a-acrtg(blp*), (1

where a=0,9932814, b =1,4963076 are the approximation coefficients.
In paper [9], a results, mathematical dependences were considered, which confirmed the dependence
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of the mutual inductance parameter on the magnetization current, taking into account the dependence of the
inductance not only on the magnetization current, but also on the stator current. Based on this, after
transformations, the dependence Ly *( /u*) in relative units will look like
. d .,
L1, )=—=Y (1 ). 2
(TR d]u B
This function has the name of the witch of Agnesi and introduced into the system of differential
equations of the mathematical model of an asynchronous motor in a three-phase coordinate system. During
the research, the method of mathematical planning of the experiment was applied according to the scheme of
rotatable centralized compositional planning, which is based on regression analysis, including the least
squares method and statistical data processing. The proposed mathematical model of AM is used to
determine the impact factors, such as the frequency and value of the supply voltage.In view of the foregoing
,in designing the experiments the range of variation of factors for the supply voltage frequency is 1 + 10 Hz,
and for the supply voltage amplitude is 20 ~ 192 V. The optimization criterion is the minimum value of the
stator current. The experimental error is modeled as normally distributed with parameters o’ = 1,3.
Confidence probability is defined as the maximum allowable a = 0.05. As a result of the implementation of
mathematical planning for IM type 4A80B4Y3 the author obtains polynomial dependences of the starting
torque (3) and starting current (4)

M, (U, f)=a +aU+a,f+aU’ +aUf +a.f*> 3)
where a; = -0,04006; a; = 0,1488; a; = -0,2778; as = 0,0011; as = -0,0111; as = 0,0182 are the coefficients of
polynomial dependence (3);

I(U,f)=b+bU+b,f+b,fU+bU”+bf> 4
where b, = 2,9373; b, = 0,4872; b3 = -0,6672; by = -0,0018; bs = —0,0018; bs= 0,0234 are the coefficients of
polynomial dependence (4).

The adequacy of the obtained model, according to the coefficient of determination R?, is 99.3282 %.
In order to be able to compare models with a different number of factors so that the number of factors does
not affect the statistics, the adjusted determination coefficient is usually used, R? of which is 98.4885%.
Fisher's criterion will be determined as F,, =1815 if F, =3,22. Student’s T-test is defined as ¢, =1,25 at

emp emp
t,, =2,23. Thus, the mathematical regression model fully displays the dependence of the starting torque and

current on changes in the frequency and voltage of the supply network with acceptable accuracy in the
specified range. It should be noted that the polynomial dependences obtained for other types of IM in relative
units have deviations between themselves of no more than 2% and fall within the range of permissible
accuracy.

As indicated above, a significant starting torque can be obtained in the low-frequency region, the
choice of supply voltage parameters for such cases will lead to an increase in magnetic flux, which should
not exceed @ = 1,4 ®@nom. Based on the results of the study, taking into account the above listed features of
blood pressure in the low frequency region to form a given starting torque Mn =kMk, where k is the overload
coefficient (1+4), the allowable value is determined depending on the parameters of IM, a technique was
developed for determining the parameters of the supply voltage.

1. The parameters of the magnetization curve (1) of a given AM are determined.

2. The adequate values of the influence factors (voltage and frequency) are determined on the basis of
the mathematical model of blood pressure taking into account (2) for the EDM.

3. According to the given conditions for the MPE, we obtain the dependences for Mn (U,f) and In (U, f).

4. Given Mn from (3) determine the range of variation of fc and Uc.

5. From the values of fc and Uc obtain @ = F(Iu) provided that s = 1.

6. Choose the range of parameters fc and Uc where the conditions @(f,U) > 1,4 @nom ((f,U) are met.

7. According to (4), with the selected range of supply voltage parameters, the value of fc and Uc is
determined if /n — min.

Thus, when applying the methodology for determining the parameters of the supply voltage, it is
possible to obtain a starting start-up torque with a given overload coefficient, taking into account the
saturation region of the magnetic circuit steel with a minimum value of the stator current. The calculation
results for the AD type 4A80V4UZ when the stator windings are included in the triangle are given in table.

For example, to provide a starting torque Mn = 4Mnom at a minimum value of current In, without
allowing the motor to saturate, that is, the AM magnetic flux at the saturation boundary, it is necessary to
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supply a voltage of = 156 V with a frequency of 5 Hz to the IM. If it is necessary to obtain Mn = 4Mnom
under the considered conditions, the stator current exceeds the value of the permissible starting current. In
this mode, the engine cannot work for a long time, therefore, with such parameters of the supply voltage
(table) it is necessary to calculate additionally the operating time of the asynchronous machine to prevent
overheating of the rotor windings. A methodology for calculating the IM operating time during pre-launch
preparation with current overload was proposed in [10].

Starting torque Starting torque Frequency Supply voltage value, U*, | Starting current
M, = kMuom, H - M value Mon, value,f;, Un=220V I*, =min
Myon=10,09H - m fn=50Hz In=30,797 A
k=4 4 0,11 0,709 1,006
k=35 3,5 0,15 0,700 0,958
k=3 3 0,19 0,682 0,933
k=25 2,5 0,185 0,614 0,957
k=2 2 0,17 0,532 0,959
k=15 1,5 0,165 0,450 0,914
=1 1 0,16 0,350 0,806

The developed methodology allows using the obtained values of U and f; to generate a control signal
of a frequency-controlled asynchronous motor to create the necessary starting torque during starting and
starting, ensuring trouble-free execution of the process and reducing operating costs.

1. Sandler A.S., Sarbatov R.S. Automatic frequency control of induction motors. Moskwa: Energiya, 1979. 328 p. (Rus)
2. Geiler L.B. The basics of electric drive. Minsk: Vysheyshaya shkola, 1972. 608 p. (Rus)

3. Cherny A.P., Gladyr A.L, Osadchuk J.G., Kurbanov I.P., Voshun A.M. Starting systems and unregulated electric
drives. Kremenchug: PE Scherbatykh A.V., 2006. 280 p. (Ukr)

4. Klepikov V.B. Dynamics of electromechanical systems with nonlinear friction. Kharkov: Pidruchniki NTU «KhPIy,
2014. 408 p. (Rus)

5. Khrebtova O.A., Sergienko S.A. The formation of the moment of resistance of the electromechanical system of a
twin-engine electric drive mechanism for lifting the shutter of the drain dam when starting. Elektromekhanichni i
enerhozberigaiuchi systemy. 2017. Vol. 1 (37). Pp. 28-36. (Rus)

6. Shturman G.I. To the issues of frequency control of induction motors. Vestnik elektropromyshlennosti. 1949. Vol. 2.
Pp. 30-35. (Rus)

7. Rodkin D.I., Chenchevoy V.V., Ogar V.A. On the determination of losses in steel of an induction motor during its
deep saturation. Elektromehanichny i enerhozberihaiuchy systemy. 2013. Vol. 22. No 2. Pp. 75-85. (Rus)

8. Ogar V.A., Kalinov A.P. Performance of asynchronous motors with the nonlinearity of the magnetization curve,
Elektromashynobuduvannia ta elektroobladnannia. 2006. Vol. 66. Pp. 226-229. (Rus)

9. Chenchevoy V.V., Rodkin D.I., Ogar V.O. The nature of the abnormal increase in losses in electrical steel in the deep
saturation mode. Elektromehanichny i enerhozberihaiuchy systemy. 2014. Vol. 1 (25). Pp. 76-93. (Rus)

10. Khrebtova O., Serhiienko S. Starting Torque of Variable Frequency Electric Drive. Proceedings of the 2017 IEEE
International Comference on Modern Electrical and Energy System (MEES). Kremenchuk, Ukraine, 2017. Pp. 104-107.

YK 62-523.2, 62-932.4
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ITi0 yac pywanna OesaKux mexHOA0SIUHUX MEeXAHI3MI6 MOMEHM ONopy Modice Nepesuuysamu nacnopmue 3HaA4eHHs 6
dexinvka paszig. Ilokasano mocaugicms QOPMYBAHHA MAKCUMATLHO MONCIUBO20 NYCKOBO2O MOMEHMY 3 MIHIMATbHUM
SHAYEHHAM CMPYMY Cmamopd. 3a0is YMOUHEH020 GUSHAYEHHS NApAMEempié MAWUHU 1O eKCNePUMEHMATbHUM aAb0
NACNOPMHUM OAHUM BUSHAYAEMbCA KPUBA HAMASHIYYBAHHA Ma ii Mamemamuyune 300padxcents (y 8u2iadi noniHoMa).
Ha ounamiuniti mamemamuunii MoOeni aCUHXPOHHO20 OBUSYHA IMEPAYIUHUM MEemOoOOM, 3MIHIOIOYU OianasoH i
CRNiBBIOHOUIEHHA NAPAMEMPI8 MepedCU, BUHAYAIOMbCA A0eK8AmHi 3HAYeHH akmopia enaugy (Hanpyea i uacmoma)
3a0715 cmeopentsi pecpecilinitl Mooeni. 3a 3a0anum Kpumepiem Onmumizayii UKOHYEMbC MAMEMAMUYHUL PO3PAXYHOK
peepeciinoi Mooeni 3 OMpUMAHHAM ROATHOMIATLHUX 3anedxcrocmelt ons Mn (U, f) i In (U, f). Hianazon eéapiosanus U, [
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susnayaemo 3 noninoma Mn (U, f). Ilpupisuioiouu 00 neoOXiOH020 3HAYEHHSI NYCKOBO20 MOMEHNY, 3d NACNOPMHUMU
OGHUMU PO3PAXOBYEMO MAKCUMANLHO OORYCHUMUL MacHimHuu nomik. 3 mamemamuunoi 3anexcnocmi @ = F (Iu)
susnauacmo 3uavenns U i f 6 obracmi nacuuenns osueyna, sxi gionogioaioms Kpumepito onmumizayii In — min. 3a
ompumanumu 3nadennamu U i f hopmyemo cuenan ynpasninus 4acmomno-pecyib08aH020 ACUHXPOHHO20 OBUSYHA OIS
cmeopeHnus HeobXioHo20 nyckosozo momenmy. biom. 10, Tabmn. 1

Kniouosi cnosa: Baxki yMOBH 3pyIICHHs 1 MYyCKy, KpHUBa HaMarHidyBaHHs, MaTéMaTHYHA MOJEIb, perpeciiHa
MaTeMaTHYHA MOJICTIb.

OOMHUPOBAHHUE MOMEHTA ACHUHXPOHOI'O IBUT'ATEJISA ITPU TPOI'AHUHN
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Ilpu mpoeanuu HeKOMOPHIX MEXHONOSUYECKUX MEXAHUSMO8 MOMEHM CORPOMUBTEHUS MOJICEN Npegblulamy
NAacnopmHoe 3HayeHue 6 HecKoavko pas. llokazana 603ModCHOCMb (GOPMUPOBAHUS MAKCUMATLHO BO03MONCHO2O
NnYCKOB020 MOMEHMA C MUHUMATbHbIM 3HAYeHueM moxa cmamopa. [[ns ymouHeHHo2o onpedeneHus napamempos
MAWUHbL N0  IKCHEPUMEHMATHBIM UAU  NACHOPMHBLIM  OAHHBIM ONPEOeNsiemcs: KpUueds HAMACHUYUSAHUS U ee
Mamemamuueckoe usobpadxcenue (6 ude noaurnoma). Ha ounamuuecxot mamemamuueckou Mooeau aACUHXPOHHO2O0
ogucamensi UMEPAYUOHHLIM MeMOOOM, UMEHAA OUANA30H U COOMHOUWlEHUE NAPAMEMPO8 Cemu, ONnpeoensitomcs
adexgammuvle 3HAUeHUs PAKMOPO8 GIUAHUS (HaANpsdceHue U Yacmoma) 0as Co30aHus peepeccuonnou mooenu. Ilo
3A0AHHOMY KpUMepuio ONMUMU3AYUY BbINOIHAEMCA MAMEMAMUYECKUT pACYem PecpecCUOHHOU MOOeIU ¢ NOLYYeHUEM
noaunomuanrbHulx 3agucumocmeti 011 Mn (U, f) u In (U, f). Huanaszou sapvuposanus U, fonpedensem uz norurnoma Mn
(U, f). Ilpupasnueas x HeoOXOOUMOMY 3HAUEHUIO NYCKOBO2O MOMEHMA, NO NACHOPMHBbIM OAHHbIM PACCYUMbIGAEM
MAKCUMATLHO OONYCIMUMbLIL MACHUMHbBIL NOMOK, U3 Mamemamudeckou 3asucumocmu @ = F (Iu) onpedensiem 3nauenue
U u f 6 obracmu nacviyenus osueamens, komopuvle omeedaiom Kpumepuio onmumusayuu In — min. Ilo nonyyennvim
snayenuam U u [ popmupyem cuenan ynpasienus 4acmomuo-pecyiupyemoz0 acUHXPOHHO20 Osueamena 018 CO30AHU
Heobx00uMo20 nyckosoeo momenma. buon. 10, radmn. 1.

Knwuesvie cnoea: Tsoxenvie yCJI0BUA TpoOraHusd W IIyCKa, KpUBAd HaMarnn4iuvBaHUsA, MaTEMaTU4eCkKas MOICJIb,
perpeCcCuOHHAas MaTEMATHYCCKasA MOJICIIb.
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