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MATHEMATICAL MODELING OF TRANSMISSION START
WITH AN ASYNCHRONOUS ELECTRIC MOTOR

Abstract. The most difficult moment in the work with an asynchronous motor is the launch. And the
more powerful drive is the more difficult launch. This is due to certain features of the asynchronous
motors: a limited starting torque and starting throws of the current of the stator motor chain.

The mathematical modeling of oscillating process of actuation of the actuator with an asynchronous
motor, which includes an elastic coupling with nonlinear mechanical feedback, is carried out. The
influence of the type of elastic characteristics of the coupling on the magnitude of the amplitude and
frequency of the oscillation process and its time was studied. A single-mass rotational system model
was used for the studies. According to the Runge-Kutta method, the oscillation processes of starting the
transmission of a machine unit with an induction motor were investigated. To determine the coefficient
of vibration isolation, a system with an elastic coupling having a linear elastic characteristic was
calculated. A study was also conducted in the case where the coupling determines the elastic
characteristics of the Duffing type "soft" and "hard" type.

Keywords: elastic coupling; mechanical feedback; elastic characteristic; oscillation process;
rotational mass; starting torque.

1. INTRODUCTION

In modern machine-building, elastic couplings with metal elastic elements
have become widespread. This is facilitated by the ability of these devices not only
to transmit torque, but also to prevent negative oscillations in the technical system.
This is achieved by introducing into the design an elastic coupling of mechanical
feedback, which provides a wide range of elastic characteristics, including also
nonlinear. Studies in this direction have shown that the nonlinearity of the elastic
characteristics of one of the components of the machine aggregate can significantly
change the nature of the oscillating processes, which occur.

2. PROBLEM STATEMENT

Studies using mathematical model proved that elastic couplings with a
nonlinear elastic characteristic show the most positive results [1]. However,
already existing elastic couplings do not fully meet the stated requirements due to
their narrow working range [2-4]. Up to now created potential designs of elastic
couplings that implement a nonlinear elastic characteristic are not widely used due
to the small number of their actual mechanical constructions.
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3. ANALYSIS OF RECENT RESEARCH AND PUBLICATIONS

At this stage, most of drives use asynchronous motors. The features of their
operation, specifically the startup of the engine, cause the considerable oscillatory
load on the drive, this is due to the large and short-term starting torque. Because of
this, there is a significant number of works devoted to oscillating starting torque.
Because of this, there is a significant number of works devoted to oscillating
processes in technical systems [5-8]. A mathematical modeling of the start of an
asynchronous electric motor was carried out by using software packages [9,10].
Developed the promising designs of nonlinear elastic couplings, which reduce the
load on the drive and prevent negative oscillations [11]. The following studies
show the feasibility of using elastic couplings with nonlinear mechanical feedback.

4. OBJECTIVES AND PROBLEMS OF RESEARCH

Mathematical modeling of oscillatory process of transmission starting of a
machine assembly with an asynchronous electric motor, which consist of an elastic
coupling with nonlinear mechanical feedback and studying the effect of elastic
characteristics on the magnitude of the amplitude, frequency of the oscillatory
process and its time.

5. RESULTS OF THE STUDY

The chosen aim of the research is based on the fact that the results of the
researches carried out in the field of nonlinear oscillation mechanics indicate that
the nonlinearity of the elastic characteristics of one of the components of the
machine assembly can significantly change the nature of oscillatory processes.

In the given research area it is believed that the starting torque Mgt Of the
asynchronous motor shaft is a torque that advances on the shaft of an asynchronous
electric motor under the following conditions: the speed of rotation is equal to 0,
the current has a constant value, the electric motor windings are connected to rated
supply frequency and voltage, the winding connection corresponds to the rated
operating mode of the electric motor.

In mathematical modeling of the oscillatory processes of the machine
assembly, the starting torque Ms(t) is modeled by a function of time characterized
by two time intervals: the build-up time t; to the maximum value and the time of
decrease to the rated value to. In order to calculate the maximum starting torque the
following expression is used

Mmax:Mr’ktr’ 1)
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where M, — rating moment on the electric motor shaft; ki — starting torque ratio.
The value of this parameter varies within 1,5...6 for different types of engines and
loads.

Duration of the starting torque is determined experimentally, depending on
the type of engine and the type of its load. Usually the value of this parameter
varies within 0,5...1,6 s.

In order to achieve this goal a two-mass rotatory mechanical system (J; —
main rotating mass, subject to protection against the negative demonstration of the
starting torque), which includes the proposed passive elastic coupling with a
nonlinear mechanical linkage (J, — the second rotating mass, which is the mass of
the coupling) should be subject to mathematical modeling. In this case the system
of differential equations has the following form
{31¢1+b1¢1—b2(¢2—¢1)+01(P1—02((P2 —¢1)=0 @

J202 +02 (P2 — 1) +C2 (92 — 1) = M(t)

However, the rotating mass of the J.coupling in several cases is less than the
rotating mass of Ji transmission objects (J, >> Ji1) and the stiffness of the shaft
sections, which determines the torsion angle ¢1, is several times greater than the
stiffness of the elastic coupling, which determines the torsion angle oi(2>> @y).

Taking this into account it is advisable to carry out mathematical studies of
the process of transmission starting of a machine assembly with an asynchronous
electric motor, which includes the proposed elastic coupling, using a mathematical
model of a single-mass rotatory system. In this case, the model treats the rotating
mass J; as an object to be protected from the negative demonstration of the starting
torque, and the elastic coupling is considered as an elastic linkage between it and
the engine. Then the corresponding differential equation will have the following
form

Jp+ Mg (0) + M (¢) = M (1), 3

where J — moment of inertia of the rotating mass; Me(¢) — elastic characteristic,
which depends on the stiffness of elastic elements applied in the coupling; M(¢ ) —

moment of dissipation, which determines the irreversible energy dissipation;
¢ and ¢ — corresponding derivatives of the angular displacement in time t.

Initial conditions are as follows
9(0)=0, $(0)=0, M5(0)=0. @

On the basis of the equation (3) mathematical modeling of the oscillatory
processes of transmission starting of a machine assembly with an asynchronous
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electric motor AIR112MV6 with the following characteristics was carried out:
P =4 kW, n = 1000 rpm; rating moment M = 34,5 NOOm; starting torque ratio
kir = 1,8; time of the starting torque t; = 0,8 s.

t =0..0,26s, M mot = Mg (t) =162299t2 + 63121t +3,4857 ;
tsp =0,26..0.8s, Mmot = Mgy (t) =16229t% — 45121t —2,5734;  (5)
t; >08s Mumot =M, =345N-m

In calculations the starting torque is presented in the form of two non-linear
sections associated with time and has a maximum Msmax(0,026)=61 NOOm  (fig. 1,
a).

For the possibility of conducting a comparative analysis in order to determine
the appropriate efficiency ratios the calculation of the accepted conditions of the
system, which containsan elastic coupling with a linear elastic characteristic, was
carried out (fig. 1, b). Using the Maple 18 mathematical package, where the
corresponding function implements the Runge-Kutta method, the solution of
equation (3) was carried out in numerical form taking into account the initial
conditions (4) and external load (5), which made it possible to state the following.
Emerging at the process of starting a transmission of a machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with a constant frequency T = 2 Hz (fig. 1, c¢). Oscillatory processes with the
frequency of the first frequency octave, that is T = 2, 4, 8, 16, 31,5 and 63 Hz, refer
to the low-frequency oscillatory process. The response of the system to external
disturbance in the form of Mj = 59,3 NIIm occurs with the delayafter the
appearance of the maximum external load equal to t* = 0,18 s, which is due to the
presence of an elastic linkage. Oscillation decay time under condition of My = M,
equalst=6,7s.
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Figure 1 — Modelling of oscillatory processes of transmission starting of a machine
assembly: starting torque (a); linear elastic characteristic (b); oscillatory process of
transmission starting of a machine assembly with a couplingthat possesses linear elastic
characteristic
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The coefficient that determines the efficiency of using an elastic coupling
with a linear elastic characteristic is the coefficient of vibration isolation

ke =2 ©

where My — amplitude of the moment behind the coupling; Ag— amplitude of the
moment of disturbance.
In this case the coefficient of vibration isolation is

A, 61

Numerical solution of the equation (3), taking into account the general
parameters of the system, the initial conditions (4) and the external load (5), is
carried out in cases where the elastic characteristic of the coupling is nonlinear.

In the first case the coupling determined an elastic characteristic of a "soft"
Duffing type. The value of the elastic torque at a certain nominal torsion angle of
half-couplings ¢ = 0,2 rad was equal to the value of the elastic torque of the
previously considered linear characteristic M = 34,5 NUm (fig. 2, a).

Emerging at the start of the transmission of the machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with frequency T, which increases over time (fig. 2, b).

The response of the system to external disturbance in the form of My, = 57,23
NOm occurs with the delay after the appearance of the maximum external load
equal to t* = 0,38 s, which is defined by the value of the elastic torque, that is less
than the similar one in the linear system, and lays in the range of
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Figure 2 — Oscillatory process of asynchronous motor starting: elastic characteristic of
a “soft” Duffing type coupling (a); oscillatory process (b)

the torsion angle of the half-couplings equal to ¢ = 0,2...0,6 rad. Oscillation decay
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time, which is determined by My = M, equals t* = 3,8 s. The coefficient of
vibration isolation kg in this case is

:mzl’?ﬂ':o,g4. (8)

Ay 61

In the second case the coupling determined an elastic characteristic of a
"hard" Duffing type. The value of the elastic torqueat a certain nominal torsion
angle of half-couplings ¢ = 0,2 rad was equal to the value of the elastic torque of
the previously considered linear characteristic M = 34,5 N[Im (fig. 3,a).

Emerging at the start of the transmission of a machine assembly with an
asynchronous electric motor, the oscillatory process is fading and low frequency
with a frequency T decreasing over time (fig. 3, b). The response of the system to
external disturbance in the form of Mj; = 59,16 NLJm occurs with the delay after
the appearance of the maximum external load equal to t* = 0,16 s, which is defined
by the value of the elastic torque, that is higher than the similar one in the linear
system, and lays in the range of the torsion angle of the half-couplings equal to
¢ = 0,2...0,6 rad. The decay time of the oscillatory process is determined by
Mj1 = My and equals t = 3,4 s. The coefficient of vibration isolation k; in this case is

kr

:%:%:0196. (9)

A 6l

Results of mechanical studies conducted to optimize the oscillatory process
during the starting of transmissions with an asynchronous motor show that the use
of nonlinear couplings with elastic characteristics of a "hard" Duffing type can
reduce the time of the oscillatory process, however itdetermines the transmission
load close to the starting torque. Application of nonlinear couplings with elastic
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Figure 3 — Oscillatory process of asynchronous motor starting: elastic characteristic of a
“hard” Duffing type coupling (a); oscillatory process (b)
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characteristics of a "soft" Duffing type allows slight reduction of the transmission
load, at the same time it lengthens the time of the oscillatory process. Taking this
into account it is proposed to use nonlinear couplings with a combined
characteristic in order to solve such a problem. The basis for such a proposal is the
results of research done by professor G.V. Arkhangelskiy [12]. It has been
established that optimization of the oscillatory process occurring at the start of
transmission with an asynchronous motor can be obtained by applying a nonlinear
elastic coupling in the transmission, which implements a combined characteristic
with two sections, determined by the value of the rating rotary moment. The first
section (M = 0...M,) must correspond the elastic characteristic of the "soft"
Duffing type and the second section (M = M;...1,3Ms) must relate with the elastic
characteristic of the "hard" Duffing type. The researcher has proposed a specialized
design of an elastic coupling that implements a similar characteristic, but because
of structural constraints its elastic characteristic corresponds to the target
characteristic with a compliance coefficient equal to ke = 0,89 and is fragmentarily
linear (line 1, see fig. 4, a).

From this perspective the calculations of the oscillatory process during the
start of the transmission with the asynchronous motor, while applying the proposed
coupling both with mentioned above elastic characteristic (combined, type 1) and
with the synthesized target characteristic with the coefficient of compliance k. =
0,99 (hereafter combined, type 2) have been carried out. The synthesized elastic
characteristic consists of the corresponding nonlinear sections that share borders at
a certain value of the elastic torque and determine the rating rotary moment of half-
couplings ¢ = 0,2 rad. (curve 2, fig. 4, a). Emerging at the start of the transmission
of a machine assembly with an asynchronous motor in two calculation cases the
oscillatory process is fading and low frequency with the frequency T, which varies
over time (fig. 4, b). The response of the system to external disturbance in the form
of My ) = 56,26 NIIm occurs with the delay after the appearance of the maximum
external load in the first case equal to t*1) = 0,18 s and in the second Mji2) = 56,26
NOm with the delay equal to t*)= 0,21 s. Thus it is established that the average
value of the elastic torque lays in the range of the torsion angle of the half-coupling
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Figure 4 — Oscillatory process of asynchronous motor starting: combined elastic
characterictics (a); oscillatory process (b)
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¢ = 0,2...0,6 rad, which is higher than in the linear system and less than in a
system with a "hard" Duffing type characteristic. The decay time of the oscillatory
process is determined by My = M, and in the first case tx) = 3,18 s, while in the
second case t) = 2,8 s, being the smallest indicators in the performed calculations.
This is due to the fact that at high amplitudes of oscillations elastic characteristics
cause an increase in their frequency. This, in turn, indicates the presence of high
velocities and the greater effect of dissipative forces than in the previously
considered variants. In this case the coefficient of vibration isolation kg for the first
calculation is as follows
My 56,79

kr=—> =0,931,
R Ao 61 (10)

and for the second calculation

Table 1 — Coefficients of vibration isolation kr and oscillation decay time at the start of
the transmission with asynchronous motor with an elastic coupling

Type of elastic characteristic of Coefficient of vibration Oscillation decay time
coupling isolation kr t, (s)
Linear 0,98 6,7
"Soft" Duffing type 0,94 8,3
"Hard" Duffing type 0,96 3.4
Combined, type 1 0,93 3,2
Combined, type 2 0,92 2,8
R=r2 =200, (1)
Ay 61

The results of the conducted analytical studies are presented in the table 1.

6. CONCLUSIONS

Implementation of elastic characteristics of the "soft" Duffing type of the
coupling in comparison with the case of implementation of a linear elastic
characteristic of the coupling enables reduction of negative demonstrations of
oscillations by 3...4%, however it leads to an increase in duration of oscillatory
process 1,5..2 times. Implementation of elastic characteristics of the "hard"
Duffing type of the coupling in comparison with the case of implementation of a
linear elastic characteristic of the couplingallows to reduce the negative
demonstrations of oscillations by 2...3% and leads to a decrease in duration of
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oscillatory process 1,5...2 times.

Results of research of prof. G.V. Arkhangelskiy conserning optimization of
oscillatory process in case of start of transmission of a machine assembly with an
asynchronous motor using elastic coupling with a combined nonlinear elastic
characteristic have been confirmed. Mathematical modeling of the system starting
with the proposed coupling structure, which implements the target characteristic in
the form of a fragmentarily linear characteristic with a compliance coefficient
ke = 0,89, resulted in a decrease of negative demonstration of oscillations by 5...6%
and reduction of the time of oscillatory process 1,5...2,5 times, comparing with the
case of realization of a linear elastic characteristic by a coupling.

Mathematical modeling of the system starting using an elastic coupling with a
mechanical feedback that implements a nonlinear target combined characteristic
with a compliance coefficient k.=0,98 caused a decrease of negative demonstration
of oscillations by 7...10 %, and reduction of the time of oscillatory process 2,8...3
times, compared with the case of realization of a linear elastic characteristic by a
coupling.
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BixTop Kypras, Irop Cunopenxo, Bonogmmup JliTeiHoB, Biagucias Baiicman,
Karepuna Kipkomyno, Bonogumup Kyiik, Oneca, Ykpaina

MATEMATHYHE MOJIEJTIOBAHHS ITYCKY TPAHCMICII
3 ACHHXPOHHUM JIBUT'YHOM

AwnoTtauist. Haticknaouivium Momenmom ¢ pobomi npugooy 3 ACUHXPOHHUM €eKMPOOBUSYHOM € 3aNYCK.
1 yum nomyacnivuti npusio - mum yeil 3anyck ckiaduiwuil. Lle nos'szano 3 negnumu ocodoaueocmsamu
ACUHXPOHHUX OBUSYHIE. OOMEJICeH020 NYCKOB020 MOMEHMY i NYCKOSUX KuOKi6 CMpyMy Ianyr2d
cmamopa Osucyna. B pobomi npoeedeno mamemamuune MOOENOBAHHA KOMUBHO20 NPOYeCy NYCKy
npU6oOy 3 ACUHXPOHHUM eNeKMPOOBUSYHOM, 00 CKIAOY SKOI 6X00UmMb NPYIHCHA MYpma 3 HeiHiUHUM
MEXAHIYHUM 360POMHUM 36'513KOM. JOCTIONCY8ABCS 6NIUE U0V NPYHCHUX XAPAKMEPUCIUK MYyPmu HA
SETUYUHU AMPIIMYOU MA YACMOMU KOIUBHO20 npoyecy ma 11020 dac. [Jia 00cuiodceHb UKOPUCIAHA
Mo0enb 00HOMAc060i 0bepmanvHoi cucmemu. 3a memooom Pynee-Kymma npogedeHo 0ocniodrceHHs
KOMUGHUX NpOYecie NycKy MpaHcMicii MAWUHHO20 azpe2amy 3 ACUHXPOHHUM enekmpoosucyHom. Jlns
BUBHAUEHHS! KOeiyicHmy ehekmugrHocmi 8i0poi30aaYii BUKOHAHO PO3PAXYHOK CUCMEMU, WO MAE Y
CBOEMY CKNAOi NPYJICHy Mygmy 3 JiHIUHOIO RPYJICHOIO Xapakmepucmukoto. Takodc nposedero
00CiONHCEHHS Y BUNAOKY, KONU MYhma oOymoenoe npyxcui xapakmepucmuru JJypinzoscvkozo muny
"m'axozo" i "scopcmrozo” e6udy. Pesynemamu po3paxyHKié NoKazyiome, w0 OOYIIbHUM €
BUKOPUCMANHSL HENIHIUHOT Mymu 3 KoMOIHO8aHOI0 Xapakmepucmuxoio. Ha niocmagi ybo2o npogedero
CuHme3 YinboBoi NPYIUCHOI XapaKmepucmuxi i 00CHIONCeHHs KOIUBHO20 Npoyecy npu 3aCmOCy8aHHi
3anpononoganoi npyaucHoi mygpmu. Pesyromamu 0ocaiodicenns nokazyionb, wo GUKOPUCIANH My@dm 3
NPYIACHUMU XAPAKMEPUCTUKAMU "HCOPCmK020 " muny 00380.15€ CKOPOMUMU 4ac KOAUBATLHUX NPOYECTs,
O0O0HAK BUKIUKAMU HABAHMANCYBANbHI nepedayi, OIU3bKi 00 NYCKOBO20 MOMEHMY, [ 3 NPYICHUMU
xapakmepucmukamu "M'siko20" muny, 0036015810mb MPOXU 3MEHWUMU HABAHMANCEHHS HA nepeoayy,
npome nOO0BHCYIONb 4aC KOIUBALLHO2O NPOYeECy .

KarouoBi caoBa: npyoicna mygpma, mexamiunuii 360pomuuil 36'130K, NPYJICHA XAPAKMEPUCTNUKA,
npoyec KoIuBans, 00epmanbHa Macd, nycKOUll MOMeHN.
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