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Abstract
Introduction. Vibration transport machines are widely used in mining industry as well as in other
production spheres. In order to design vibration transport machine with new characteristics,
a closer analysis is required of the working element oscillation parameters and vibration exciters
self-synchronization. This paper presents some new results on the numerical simulation of dynamics
of vibration transport machines with independently rotating vibration exciters.
Research objective. Most of researchers describe only synchronous motions of vibration
transport machines. The authors set the task of studying the transient dynamic processes.
These processes accompany the start of the machine from its standstill until its reaching (or
not-reaching) stabled synchronous motion.
Methods of research include carrying out numerical experiments with a mathematical model.
The model is based on the solution of a rigidly bound system of differential equations of
mechanics and electromechanics. In previous papers the above-mentioned system was non-
linear only in mechanical part of differential equations. Electric motors dynamics equations
were linear. This model gives inadequate results when describing the transient processes
that occur during the startup of the vibration transport machine. In this paper the authors
present a new model, which describes an influence of the current displacement effect on the
asynchronous driver rotor resistance. The system of differential equations for movement of
“vibration transport machine — electric motors” in this case are non-linear in all parts.
Results. The paper considers in detail the influence of the current displacement effect on
the asynchronous driver rotor resistance and provides a mathematical description of this
phenomenon. It made it possible to derive a new, more general system of differential equations
that takes into account not only the influence of motors on the machine, but also the influence
of the machine on the motors. Formulae for inverse transforms of a real three-phase machine
currents calculation are given.
Conclusions. A new system of differential equations was obtained that provides a more
accurate description of the unsteady dynamics of the “vibration transport machine — electric
motors” electromechanical system. In particular, the system takes into account the influence
of the current displacement effect on the asynchronous drive rotor resistance. The system is
nonlinear in both the mechanical and electrical parts and allows a more accurate description
of transient processes when starting the machine.

Keywords: vibration transport machine; asynchronous electric motors; vibration exciter;
non-linear dynamics; self-synchronization;, mathematical model; non-linear differential
equations, vibration.

Introduction. Vibration transport machines (VITM) are intended for transporting
and/or separating bulk materials of different density. Most of these machines are
constructed as solid bodies (working elements, WE) fixed on springs or by means of
other elastic elements that enable their plane-parallel motion (Figure 1).

The motion of working elements is excited by special devices called vibration
exciters (VE). Unbalanced rotors driven by electric motors act as VE.

Lately VIM with independent rotating VE have the increasing application.
The concept of their action is based on active usage of physical phenomenon called self-
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Figure 1. Vibration transport machine with two vibration exciters
Pucynok 1. BubpoTpaHcropTHas MaIliHa ¢ JBYMsI BUOPOBO30OYIUTEISIMH

synchronization (SS) of vibrators. In these machines synchronism and relation of VE’ phases
are achieved automatically due to characteristic properties of the vibration system [1].

The dynamics of VITM with independently rotating VE was observed in works of
L. I. Blekhman, N. P. laroshevich, L. A. Vaisberg, A. L. Fradkov, J. Baltazar and other
researchers [2—8].

Methods of research. Most of above-mentioned authors’ works were denoted
to synchronous motions. We had stated the problem of transient dynamic processes
researching. These processes are accompanying the start of the machine from its
standstill until its reaching (or not-reaching) stabled synchronous motion [9-11]. This
approach allows evaluating the time until synchronization and the type of connections
between this time and various factors.

The VTM dynamics with n independently rotating VE is given by the following
system of differential equations:

X= Ail { —kx-k,p—cx-c, 0+ Zngz ( $, sin@, + ¢, cos o, )}
.1
y=— ;i { k,y—k, p—cy—c, o+ Zmlsl ( ¢@;sinQ, — @, cosQ, )}

.1 . . .
o= 7[—kwx —k,,y—k,0—c, x—c,y—co+

(1
+Zml”( ¢rsin(@, -8, —¢)— (p.cos((pl.—é‘)i—(p))}

(T)i = Tili |:Li ((Pz ) - Ri ((pz )] +mj;?[5f‘sm(l>i - j}COS(Pi —&8CoSP; —
—ripcos(o, =5, —9) =19 sin (¢, -5, —9) ],

(i=1..,n).

where x, y, ¢, ¢, are generalized coordinates of the system, where x, y are the

coordinates of the mass centre of VIM’s WE in some Cartesian coordinate system
strictly connected to earth; ¢ is the angle of WE rotation about the axis passing through
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the mass centre perpendicular to the motion plane of the machine; ¢, is an angle of
i-th eccentric weight rotation about the motor axis; L(¢) is the rotation moment of i-th
eccentric weight; R(¢,) is the moment of the rotating resistance for i-th eccentric weight;
[ are indices of the rotation direction of i-th eccentric weight, where the value is taken equal
to 1 for eccentric weights rotatlng counterclockwise (positive direction) and —1 for eccentric

weights rotating clockwise; M is the total VITM mass (of WE and eccentric weights);
m, is the mass of the i-th eccentn'c weight; J is the second moment of VIM relative to
the mass centre; J is the second moment of i-th eccentric weight relative to the rotative
axis; ¢, is the radius of gyration of the i-th eccentric weight relative to the rotative axis
(Figure 2); 9, is the angle assigning the i-th eccentric weight position; 7, is the distance
from the mass centre to the axis of the i-th eccentric weight; ¢, ¢, €, Cy €, are the
generahzed coefficients of elastic supporting elements’ hardness k k k k k
are the viscous drag coefficients; g is the free fall acceleration. The model descrlbes onfy
non-stationary dynamics of VIM itself without taking into account transient dynamic
processes in motors. However, by the start-up and impact loads affecting the machine, there
may arise transient dynamic processes in electric motors, resulting in strong deviation of
torque/angular speed dependence from the static characteristic. Accounting for these effects
will allow describing more precisely not only the influence of motors on non-stationary VIM
dynamics, but also influence of VIM dynamics on electromagnetic processes in the motor.

The dynamics of “VTM - electric motors” system in case of an asynchronous

motor drive with random quantity of poles’ pairs is given by the following system of
differential equations [12]:

X= ;4{ kX —k ,0—cx— cw(p+2m,81( $, sinQ, + ¢’ cosy, )}

.1 . . - Lo . ..

y= ﬁ{—k},y —ko—c,y—c,o+ lem,-si (97 sing, =, cosp, ) - Fimpam}

| . . .

[0) :7{—kwx—kyq)y—kQ(p—cx(px—cy(py—c(P(p+

+Zml i l[(pl Sln _61' _(p)_(Pz COS((pi _61' _('P):I +Mmpact:|’

(bi = 711' [Ai (WiZWiS _WHWM)_Rt‘ ((pz):|+ (2)
+#[xsm(pi — ) COsSQ; — gCcosQ, —;;(pcos((p,. -9, —(p)—

¢’ sin (9, —8, —¢) |,

v, =U, cos(o+0)—K, v, + K,y
V, =U, sin(0+0) =Ky, +K,y.,;
Wiz = —KiVis + KWy = i@V

Vis = =KigVis + KWy + D035

(i=1, ..., n),
where F, - the impact force of a monolith falling on the machine’s working
element M the moment about the center of mass resulting from this force [9—-11];

impact

U, — the amplitude of a sinusoidal voltage.
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This system contains 3 + 5n differential equations describing movement of “VIM —
asynchronous driven motors” electromechanical system. The phase variables
of this system are generalized coordinates x, y, ¢, rotational angle ¢, of i-th motor,
and magnetic-flux linkages of motors v, , v, ¥ ., ¥,,; p is the number of pairs of poles.
Coefficients 4, K, (G=1,...,4)are calculated by formulas:

niLy WM,
"TLL - MZ’ 2TLL - MZ’
r, L, M,
ST - M” “ULL - M”
3p.M,
424%% M7

where M, L , L, are mutual inductance and complete inductances of stator and rotor
windings.

The research was carried out using the VIM dynamics mathematical model based on
numerical solution of system (1) or (2).

v

'

LY

Figure 2. Calculation scheme of the vibration transport machines
Pucynok 2. Pacuetnas cxema BUOPOTPAHCIIOPTHBIX MaIIHH

Problem formulation. The system (2) includes coefficients 4, and K —K, that
depend on the active and inductive resistances of stators and rotors of the motors. These
values used to be considered constant and equal to the values of relevant nominal rating
resistances.

The research, which was conducted using numerical experiment with the
mathematical model [13—16], has stated that differential equations of asynchronous
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motors with constant coefficients, included in the system (2), can be applied well to the
VTM working process during the operating mode, as well as to the transient processes
that appear in the VTM when its vibration exciters are accelerated. However, this model
gives inadequate results when describing the transient processes that occur during the
startup of the VTM.
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Figure 3. Current density allocation in the short-circuit motor winding bar with
deep-bar slots on the rotor
Pucynox 3. PacmpesmeneHue — IUIOTHOCTH  TOKa B CTEp)KHE  OOMOTKH
KOPOTKO3aMKHYTOTO JBHUTATENs C TITyOOKMMH Ma3aMu Ha pOTope

It is obvious that startup transient processes modeling must take into account
variability of the range of physical parameters of motors, and, consequently, variability
(i.e. dependence on the current angular speed of the rotors) of the coefficients 4, and
K, —K,,. Thus, the decision was taken to consider a non-linear model that would take into
account the current displacement effect in rotor winding bars of asynchronous drivers as
the factor that has the greatest influence on the starting torque value.

A J

Figure 4. Depth of current penetration into the bar for slots of various configurations
Pucynok 4. [myGrHa IpOHUKHOBEHUSI TOKA B CTEPKEHB JUIS 1TA30B Pa3IMIHON KOHQUTYpAuu

Influence of the current displacement effect on the asynchronous driver rotor
resistance. It is known [17] that in case when there is alternate current in the winding,
conductors produce whirling currents that combine with the principal current and
increase (or decrease) the current density in different areas of the conductor sections.
The current density evenness is disturbed, which increases the active resistance of the
conductor.

The greatest current density will occur in upper parts of the conductor sections,
i.e. in the areas that are located closer to the slot opening into the air gap (Figure 3).
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Because it looks as if the current has been displaced into the upper part of the conductor
section, this phenomenon is called the current displacement, whereas the coefficient &,
which registers the active resistance change caused by this affect, is called the current
displacement coefficient.

Pe
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Figure 5. Dependence of ¢z on &
Pucynok 5. 3aBUCHMMOCTB @ OT §

Calculations showed that it is less practical to define directly the active and inductive
bar resistance by the uneven current allocation, than to define their relative change
caused by the influence of the current displacement effect. These changes are measured
with the use of coefficients £ and &, [18, 19]. Coefficient k, shows by how many folds
the active resistance r, of the slotted bar area by the uneven current density in the bar
has increased in comparison with its resistance »_ by equal density throughout all the bar
section k, =r_/r,.

The damping coefficient k, shows how the magnetic conductance A, of the slot area
with the conductor under current has decreased in comparison with the resistance of the
same area by the even current density 7»1'7 in the bar k= ll')é/ k;.

Rotor winding active resistance with account for the current displacement

12

e = KKy

Overall rotor resistance increase coefficient caused by the current displacement effect
Ky =1+(k,=1)r /[r,.
The current displacement coefficient k_is defined by the equation k = ¢ / g,

where ¢ is the bar section area; ¢, is the section area constrained by the height 4
(Figure 4).
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Current penetration depth 2 = h_/ (1 + (pé) where 0, is the coefficient that depends
on & [18], (Figure 5).
The & value for the cast aluminum rotor winding is defined by the equation

&(9) = 65,154 y/(0, - po)/o,,

where w_is the power-line frequency; ¢ is the rotor angular speed.
Rotor winding inductive resistance with allowance for the current displacement
effect:

X, = X,K,, Ky =1=(1=k,)A, /Ay .

The damping coefficient &, is considered to be equal to ¢ o where ¢ : is the coefficient
that depends on the & value [18], (Figure 6).

The differential VTM equation system with allowance for the current displacement
effect in the rotors of driven motors can be written in this case as

¥= ﬁ[—kﬁ —k,o—cx—c 0+ Zmisl (ip[ sing, +¢; COS(pi):|,

. 1 ..
y= M[ ky k¢(p c,y— c¢(p+2m ( ¢; sin@, — (picoscpi)},

.1 ) ) .
o= 7{—kmpx —kmy - kq,(p WX —C V= C, 0+

+2m, ”[(p, sin(¢, =8, —¢)— &, cos(¢, —Si—(p)ﬂ,

3
<pA=—1 [4.(0.) (Vv —wavia) - R (§,) ]+ @

+mji"[x'sincpi — jicosg, — gcosp, — ripcos(, =8, —¢) — ¢’ sin(¢, —3,—¢) ],

Vi (9,) =U, cos(o.t+a) = K; (9, + K, (9,)v5
Vi (9,) =U,, sin(wf+a) = K; (¢, + K, ()W 43
Vis(9,) = =Ki5(9) W5 + Ky (0¥ = PO,V 45
Via(9;) = =Kis ()4 + Ky (0 + PO,V 35

i=1, ..., n),
where .
K, (6)= % 2 (0= ﬁ
A0)=31 ;ff)_ ")
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L, ((P,) ( XKy, (bi))/mc;
Ko (0,)=1+(k (&) ~1)r /n3
Ky =1=(1=k, )M, /Ay

£(¢)= 65,15k (o, -p9)/o,.

In this differential equation system coefficients 4, and K, —K, are no longer constant
and are nonlinearly dependant on the angular speed of the rotors in the driven electric
motors. Angular rotation rates of the i-th VE (the rotor of the motor) ¢, or else their
derivatives, are included into all these equations. On the other hand, the flux linkage rates
of the i-th electric motor vy, v, V., V¥, are included into the VE angular acceleration.
Thus, the system poses a rigidly bound differential equation system. It is impossible to
solve some of its equations separately from the others, all the system must be integrated
in unison.

’
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Figure 6. Dependence of ¢ on the £ value

PucyHOK 6. 3aBUCUMOCTB @, OT 3Ha4eHHs §

To calculate the currents of the real three-phase machine it is possible to take
advantage of formulas of return transformations which are as follows for stator and
rotor magnitudes:

iy=1,c080—igsin0;

iy =i, cos(—=120°) —i, sin(—120°);

i =i, c08120° —i,sin120°;
i, =1i,c08(0—0)—igsin(0-0);
i, =i, cos(—p—120°) - i, sin(—@ —120°);
i, =i, cos(—¢+120°) i, sin(—@+120°).

The current i will be correspondent to real phase current of the one of stator phases
of three-phase machine.
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Conclusion. Therefore, a new differential equation system (3) has been deduced
that describes non-stationary dynamics of “VTM — electric motors” electromechanical
system, which is highly-nonlinear in the electrical as well as in the mechanical parts and
allows a more precise measuring of the startup transient processes.
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Hesmmneiinasi fmHaMika BHOPOTPAHCIIOPTHON MAIIMHBI
KaK 3JIeKTPOMeXaHH4YeCKOii cHcTeMbl

Pymsinues C. A.!, Azapos E. B.', IlTluxos A. M.!
' VpasbCkuil roCcyIapCTBEHHbIN YHUBEPCUTET My Tel coobuienus, T. EkarepunOypr, Poccust.

Pecpepam
Beeoenue. Bubpompancnopmuvle  MAuwiunbl  WUPOKO NPUMEHSIOMCS  KAK 8  20PHOU
NPOMBIUIEHHOCIU, TMAK U 8 Opyeux npou3eoocmeenuvix cgepax. Ilpoexmuposanue
BUOPOMPAHCIOPMHBIX MAWUH C HOBLIMU Kayecmeamu mpedyem 0Ooiee noopobHO2O aHAIU3A
napamempos Kojiebanuil padoue2o opeana Mauunsl U CAmMOCUHXPOHUAYUYU 8UOPOBO3DYOUmeIell.
B cmamve npedcmasnenvi nexomopvlie HOGbie pe3Vibmamvl YUCTEHHO20 MOOEIUPOBAHUSL
ounamuxu  eubpompancnopmmuvix  mawun  (BTM) ¢ wmezasucumo  spawaiowumucs
B8UOPOBO3OYOUMENAMU.
Llenv pabomur. Borvuuncmeo ucciedo8ameneii ONUCbIBalom mMoibKO CUHXPOHHbLE OBUICCHUS
BTM. Asmopul nocmasunu 3a0aqy ucciedo8anus NEpexoOHbIX OUHAMUYECKUX NPOYECCOs.
Dmu npoyeccvl conposoHcOarom nyck MauuHvl U3 COCMOSIHUSL NOKOSL 00 ee 8bIX00d (U HeBbIX00d)
HA YCMAHOBUBULEECS. CUHXPOHHOE OBUIICEHUE.
Memooduka ucciedoeanus 3aKnoyaemcs 6 NPOBeOCHUU HUCIEHHIX IKCNEPUMEHINO8 ¢
Mamemamuyeckot MOoOenblo, 6 OCHO8e KOMOPOU JeNCUM peuleHue CE3aHHOU  CUCTEeMbl
ouppepenyuanvubix  YpasHeHull MexaHuku U INeKmpomexanuku. B npedvldywux pabomax
VROMSIHYMAsi cucmema Ovlia HeTUHEUHO MONbKO 8 MeXAHUYecKkoll yacmu Oupgepenyuanprbix
ypasueHuil. Ypasuenus ouHamuxu dnexmpoogueamenetli oviau auneunvimMu. Taxkas mooens daem
HeaoeksamHwle pe3yabmanvl npu ONUCAHUL NEPEXOOHBIX NPOYECCO8, BOZHUKAIOWUX NPU 3ANYCKe
BTM. B oannoii cmambe agmopbi npedcmagisiiom Ho8VI0 MOOelb, KOMOpAsl ONUCLLEAeN GILUsIHUE
ahexma GvlmecHeHss Moka HA CORPOMuUGIEHUe pomopa AcuHxpoHHo2o npusooa. Cucmema
ouppepenyuanvnvix ypasnenuil 0sudicenuss « BTM—anekmpoosueamenuy 6 >mom ciyyae
HEIUNEURA 80 BCEX YACHISIX.
Pesynomamut. B cmamve noopobno paccmompeno euusinue dhghexma GvlmecHeHus moxa Ha
conpomusiienue pomopa ACUHXPOHHO2O0 NPUBOOd U NPUBEOCHO MAMeMAMUYecKoe ONUCAHUE
IMO20 s16eHUst. DMO NO36OIUNLO GbleeCmU HOBYVIO, Donee obuyio cucmemy Oupghepenyuanprvix
VPasHeHUll, Y4Umvl8alouylo He moibKo GlusHUe 0gueamenel Ha MAwuny, HO U GIUSHUE MAUUHb]
Ha osueamenu. Ilpusedenvt popmyivt 0Opamuvlx NPeodOPA308aHULL PACUema MOKO8 PearbHOU
mpexqgazno Mauiunbl.
Buwieoowvt. B cmamve nonyuena nosas cucmema oug@epeHyuanbHuix ypasuenull, komopas oonee
MOYHO ONUCHIBAET HECTAYUOHAPHYIO OUHAMUKY DdIeKmpoMexaHudeckol cucmemvl «BTM—
ANEKMPOoOsUaAmeny, 6 YACMHOCMU, YYumvléaem enusHue >¢)gexma evlmecHenusi moxa Ha
COnpomusiieHue pomopa ACUHXPOHHO20 NPUBOOd. DMa CUCmeMa HeTUHEUHA KaK 6 MEeXAHUYECKO,
MAK U 8 JNEKMPUYECKOU 4acmu U no360Jisen 6ojiee Mo4HO ONUCHIBAMb NePeXOOHbLE NPOYECCHL NPU
nycKe MAuUHbL.

Knrwouesvie cnoea: subpompancnopmmuvie Mmawiunvl, ACUHXPOHHbIC INEKMPOOSULANEI;
B8UOPOBO3OYOUMENDL, HETUHEUHAS OUHAMUKA, CAMOCUHXPOHU3AYUSL, MAMEMAMU4eckdas Mooeib,
HeuHelHble OuppepeHyuaIbrbie ypasHeHus, sudpayusl.
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