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To provide for the cost-effective use of resources and energy conservation it is vital to enhance unregulated
electric drives of copious working mechanisms. The technical process of these mechanisms requires relatively
longstanding speed reduction under low static loads. Moreover, another relevant issue is choosing control systems
of electric drives in the mentioned systems in accordance with the economic and maintenance aspects. The authors
suggest using the systems of impulse-vector control system with wound rotor induction motor that have one essen-
tial drawback — the shaft encoder installation. The replacement of the shaft encoder with sensorless impulse-vector
control system is complicated due to the lack of proper mathematical description of the electromagnetic processes
in schemes with non-traditional windings stator and rotor connection . To solve this problem the authors have de-
veloped a mathematical description of impulse-vector control system with wound rotor induction motor supposed
to be multiphase and asymmetrical. Angular dependencies of inductances, flux linkages, voltages of engine win-
dings, circuit current and electromagnetic torque relatively to rotor location are derived. In addition to that, the ma-
thematical modeling and research of induction motor configuration with a series connected windings fed by AC
voltage source are presented. Equating rotor position in impulse-vector control system with wound rotor induction
motor is considered possible through angular dependencies of drop voltages on stator and rotor windings.

Keywords: industrial mechanisms, electric drive, asynchronous motor, phase rotor, impulse-vector control
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Introduction

There are diverse types of industrial mechanisms
having technical process that requires relatively
longstanding speed reduction with a decrease in static
loads and restrained requirements for the accuracy of
speed regulation. There are industrial fans, street con-
veyors in cold times, pumps of hydraulic presses, etc.
[1, 2]. A complete stop of the drive is unacceptable for
these systems, while decreasing the speed to preserve
energy and to use resources effectively is considered
more appropriate.

In most cases, squirrel-cage induction motors
and wound rotor induction motors are used as driving
engines in the mentioned mechanisms. The motor
speed remains unregulated or to the use of added
resistances in circuits of rotor or stator is required for
regulation. Having no regulation or deploying relay
contact switching circuits causes high power con-
sumption. High prices for energy and other recourses
make it important to enhance the mentioned electric
drives.

The implementation of two-unit frequency con-
verter based on key elements is not appropriate for
the mentioned mechanisms due to high price, compli-
cated maintenance, and the high level of the operating
staff’s skills required [3, 4]. Impulse-vector control
system for alternating current drives is used to create
the current of the same frequency in the rotor and
the stator, i.e. to exclude motor slip. Impulse-vector
control is suitable for copious amounts of mechanisms
because of its low price, low power consumption in
low velocity mode and the absence of abundant con-
trol possibilities.

There are some scheme solutions featuring
the impulse-vector control system with wound rotor
induction motor [5]:

— impulse-vector control system with thyristor
switches;

— impulse-vector control system with thyristor
switches and damping circuit;

— impulse-vector control system with diodes and
transistor;

— impulse-vector control system with damping
circuit by symistors.

The control in these systems is performed de-
pending on the angular location of a rotor, and, there-
fore, it is necessary to set a shaft encoder or to use
sensorless control methods. Using shaft encoders for
the mechanisms mentioned above is inappropriate, as
it increases the cost and complicates the system. Fur-
thermore, sensorless control methods have some ad-
vantages: the absence of the shaft encoder; simple
installation, replacement, and operation; a possibility
to use sensorless systems in cases when the measure-
ment unit installation on the shaft is impossible (expo-
sure to vibrations, radiation, high temperatures, etc.);
a possibility of applying equipment for electric drives
diagnostics; a possibility of decreasing of sustaining
speed error, and augmenting the regulation range in
contrast to open loop systems.

Using the known sensorless control methods
[6, 7] or the development of unique algorithms of
shaft position determination [8] for pulse-vector con-
trol system [5, 9] in most cases are complicated. It is
due to the lack of appropriate mathematical descrip-
tion of electromagnetic processes in the schemes with
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non-traditional windings connection of stator and rotor
in the wound rotor induction motor.

Sensorless impulse-vector control system with
wound rotor induction motor are multiphase, asymme-
trical, nonlinear, impulse systems with series windings
connection of stator and rotor, and, therefore, the de-
velopment of mathematical description of such system
is complicated and requires a complex stage-by-stage
solution. So, the paper offers a description of electro-
magnetic processes in asymmetrical multiphase
schemes with series windings connection of stator and
rotor fed by AC voltage source for further implemen-
tation in sensorless impulse-vector control systems.

Theoretical part

Operating principles of impulse-vector control

system with wound rotor induction motor

In impulse-vector control system with wound ro-
tor induction motor [5, 9] the electromagnetic torque
is created with the series connection of two stator
phases through valve elements consequently to
the two windings of the rotor. The magneto motive
force (MMF) vector of stator windings moves in stator
bore discretely with the step of 60 electrical degrees
(el. degrees). Switching is effected depending on
the shaft position, providing the orientation of MMF
vectors of the stator and rotor windings respectively to
the motive torque. One of the stator windings remains
de-energized while two others are working. The third
rotor winding is connected in parallel or remains
de-energized during the operating cycle.

Consider the operation principles of the wound
rotor induction motor with the series windings con-
nection of the stator and rotor fed by harmonic voltage
source. Assuming that the stator windings AX and BY
are fed by source voltage, the stator winding CZ is
de-energized at the considering (Fig. 1).

Fig. 1. Scheme of rotor and stator windings connection

Idealization of the machine

The magnetic field created by windings currents
in alternating current machines is very non-uniform
due to the complex configuration of the ferromagnetic
cores boundaries, the peculiar layout of conductors
with currents and the nonlinearities of the magnetic
characteristic in the magnet core. Under such condi-
tions, strict determination of the field is complicated,
and, therefore, studying the electromagnetic processes
in the researched machine and the compilation of dif-
ferential equations employ a known idealization for
the determination of magnetic field. It allows obtain-
ing simple electromagnetic connections representing
the main electromagnetic process in the machine.
The idealization is based on the following principles:
absence of the magnetic circuit saturation, hysteresis,
losses in steel; absence of current displacement in
copper windings; harmonious space distribution of
MMF and magnetic induction curves; independence of
reactive resistances of windings dispersion from
the rotor location; complete symmetry of windings;
uniformity of air gap [10, 11].

Abstract designations and equivalent circuit

Consider: i — instantaneous value of circuit cur-
rent; u, Yy — instantaneous values of voltage and
winding flux linkage; r — active resistance of winding;
L — inductance of winding; U, I — root-mean-square
values of voltages and current. We use indexes to em-
phasize which winding is designated: phase stator
windings — AX, BY, CZ; phase rotor windings — a0, b0,
c0; equivalent rotor winding — R (rotor winding is
replaced with one equivalent winding according to
[12]; voltages on rotor rings — ab, bc, ca. Double sub-
scripts are applied to designate mutual inductances
between the first and the second windings, e.g. mutual
inductance of stator winding AX and equivalent rotor
winding R is marked as L yz. In circuit AB (Fig. 2)

~ [J °

Fig. 2. Equivalent circuit AB
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three coils are connected in series having active
T4x» ¥gy» g » OWN inductances Ly, Lpy, Ly and mu-

tual inductances L ypy, L vz> Lgyr- Lezg -

The equivalent winding of rotor turns by angle
from 0 to 360 el. degrees. When flux linkage vector
of equivalent rotor winding coincides with the flux
linkage vector of the stator winding of phase 4, it is
considered as zero position. The stator winding 4X
and the equivalent winding of the rotor have accor-
dant connection, current flows into the beginnings of
windings. The angle between flux linkage of the equi-
valent rotor winding and flux linkage of the stator
winding AX is equal to the value of the rotor o angular
rate . The angle between flux linkage of stator winding
BY and flux linkage of equivalent rotor winding is
equal to a— 120 el. degrees. The winding stator CZ is
shifted by —240 el. degrees in relation to AX winding.

Flux linkages and windings inductances

of the machine

The stator winding of phase 4 is linked to mag-
netic fluxes created by both itself and other windings.
A part of the magnetic flux created by the winding is
linked only to its own coil of winding. This part is
a leakage flux. The other part, apart from the turns of
the own winding, covers the turns of the other win-
dings, and, it is the main magnetic flux. The induc-
tance of L, connecting leakage flux of winding with
the current flowing inside is leakage inductance.
The inductance of L, defining flux linkage with
the main flux is mutual inductance, or inductance of
the main magnetic flux. Using these valuesallows pre-
senting flux linkage of the phase 4 in the scheme with
equivalent winding of rotor and de-energized stator
winding of CZ in the following way:

Vax =L i+ Ly i+ Lyypy i+ Lyyg -1, (1)
Where L, yzy — mutual inductance of the stator win-
dings; L yz — mutual inductance of the stator winding
AX and equivalent rotor winding R; L, — leakage in-
ductance of the stator winding.

As stator windings have identical features, the mag-
netic flux created by the second winding current link-
ing to the turns of the first winding is identical to
the magnetic flux created by the first winding current
linking to the turns of the second winding based on
the assumed windings axes similarity and currents
values equality. It is obvious that the pattern of
the magnetic field will be similar and will not depen-
dent on which winding current flows in under these
conditions. Consequently, the inductance of the main
magnetic flux will be equal to the stator windings mu-
tual inductance in case the windings axes are the same.

The shift of the windings axes in space will cause
the alteration of its mutual inductance proportional to
the angle cosine of the shift. For the considered
scheme, mutual inductance between stator windings
L,xpy is always positive. It is true due to two facts:
these windings spaced at the angle of —120 el. degrees
and current flows into the beginning of one winding

outflowing from the beginning of another: L, yzy =
= Locos(—120 + 180) = 0,5L,;, where L, = L,; — mutual
inductance in case the windings axes are the same.

Current i flows in the equivalent rotor winding R.
As a result, the magnetic flux created by equivalent
rotor winding is linked to the stator windings leading
to the emergence of an additional constituent in
the equation of stator winding flux linkage L yz'i.
As a rule, the amount of rotor winding turns w, for
the typical induction motors is not equal to the number
of the stator windings turns w;. Consequently, the cur-
rent flows in stator and rotor windings create different
total magnetic fluxes. Assume L,z # L), to consider
that fact. Then, mutual inductance of stator winding
AX and equivalent rotor winding is equal to:

Lyxg = \/g'ﬁ'LM ~cos(a) =
Wi

= \/§~@-LM -cos(al), 2)
U
where E,, — rotor rings voltage; U,y — rated stator vol-
tage.

Considering the mentioned dependencies of in-
ductance, the equation of flux linkage for the phase 4
may take the following form:

Wyy =L -i+tLy i+0,5-Ly, i+

+\/§-@-LM -cos(ar) . (3)
U
Stator windings BY and AX have the same pro-
perties. Therefore, considering the location of stator
winding BY relating to AX it is possible to represent
mutual inductance between BY and equivalent rotor
winding as follows:

Lpyr =\/§~%-LM -cos(a+60) =
1

E
=3 Ui <Ly -cos(a. +60), “)
IN

The equation of flux linkage for winding of phase B:
Way =Ligi+Ly -i+0,5-Ly, -i+

+x/§~h~LM -cos(a+60)-1i. ®)
Uy

Stator winding CZ is de-energized (Fig. 2), and,
therefore, it produces no leakage flux and part of
the main magnetic flux. The magnetic fluxes created
by windings AX and BY and linked to CZ, are equal in
value and oppositely directed. Hence, the flux linkage
of de-energized winding CZ is equal to the flux lin-
kage created by the equivalent rotor winding relying
on the relative position:

Vey =Ls-0+Ly,-0+0,5-Ly,-i—0,5-Ly, -i+

E
+\/§-Ui~LM -cos(o.—60)-i =
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Mutual inductance between equivalent rotor winding and stator windings 4X and BY:
Lyxp =Ly -cos(a)-i, Lgyp =Ly -cos(a+60)-i. (7

Flux linkage value of equivalent rotor winding is equal to:

Wi = ﬁ-ng ~i+x/§~5i~LM i+ Ly, -cos(a)-i+ Ly, -cos(o+60)-i. ®)
N

To evaluate the rotor windings flux linkages a0, b0, c0 it is crucial to consider the scheme with three-phase rotor
winding (Fig. 1). Symmetric three-phase rotor winding is wye-connected; windings are shifted by 120 el. degrees in rela-
tion to each other. Windings @0 and 50 are connected with stator windings in series, winding c0 is de-energized.

The leakage inductance of rotor winding is Li,. Making the same assumptions as those mentioned above for
the flux linkages of rotor winding and considering the interaction of stator windings AX and BY separately, we ob-
tain the following equations:

E
Va0 = Log i +—22 Ly, i+ Ly, [cos(o+30) +cos(a+150)]-7; )
Uy
E
Vo = Lo -i+Ui~LM -i+ Ly, -[cos(a+330)+ cos(a+30)]-7; (10)
IN
Voo = Ly -[cos(a+270) +cos(ou+150)]-i. (1)

Using the mentioned idealization to calculate the magnetic flux leakage inductances, own inductances illu-
strating the interaction of winding with its own magnetic flux and mutual inductances between stator windings
does not dependent on the angle of rotor rotation.

Voltages, circuit current and torque of the studied machine

Instantaneous values of source voltages in three-phase network may be written as follows:

uy =U,, -sin(wt);

ug =U,, -sin(wt —120); (12)
uc =U,, -sin(ot —240),

where uy, up, uc — instantaneous values of three-phase network; U,, — amplitude of source voltage instantancous
value; = 27 f— circular frequency (f— power frequency); ¢ — time.

Equations of instantaneous values representing the electrical condition of the system according to
the second Kirchhoff law and Faraday law for the considered equivalent circuit may be written in the following way:
d‘PAX+d‘I’BY+d‘I’R) (13)

dt dt
where 7|, r, — active resistances of stator and rotor.

Applying the values of inductances and flux linkages to instantaneous values equations, we calculate the de-
rivative value of the circuit current:

di Uyg—up—=2-i-(n+n)+2-L, -i~n~[sin(oc)+sin(oc+60)]

dt 2Ly +2Lyg +2- gy +[2+\B-520
IN

uy—up=2-i-(n+n)+

) (14)
]~LM +1,8-L;, -cos(a)+1,8- L), -cos(a+60)

where n =da/dt —rotor speed. For locked rotor n = 0.

According to the second Kirchhoff law and Faraday's law for the considered equivalent circuit (Fig. 2) equa-
tions for the instantaneous values of voltages on stator windings and rotor rings take the following form:

dy 4x dy py _ dyey .

Uy =11+ , Upy =1 i+ ,u
Ax =N BY =1 i cz i
dvy dy
u =\/§.r.i+;~o+_bo;
a : dt  dt )
15
ubc:£' rz.l'+%+dw_c0 ;
dt dt
d dvy..
w =B Wao  dVeo)
dt dt

The voltage drop on the engine windings are equal to the sum of self-induced EMF and mutual inductance EMF.
Self-induced EMF of stator windings and equivalent rotor winding depends on the rotor angle. There is no current in
a free stator winding CZ. Moreover, CZ induces only self-induced EMF from the equivalent rotor winding (Uc = E).
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The EMF inductance value may be split into two components. The first component dy /dt is related to flux
linkage variation in time due to currents variations in time is called transformation EMF similarly to the processes
of motor field in the machine. The second component is @y, which comes from flux linkage variation in time due to
the rotor rotation, and it is called rotational EMF.

It is appropriate to calculate the electromagnetic torque of the engine via the instantaneous values of induction
motor internal coordinates. Furthermore, we use the equation of electromagnetic torque coming from the common
assumption that the electromagnetic torque of the electric machine is equal to partial differential coefficient in
geometric angle o from the total value of the electromagnetic energy:

aw d 2 <
T=—=——Li + Y L i; -i)), (16)
dao. da. J 5 gy o)

Jj=1

i j
where L; — own winding inductance (in considered case Ly, Lgy, Lg); i; — current in the winding; L; — mutual induc-
tances (L xyz, Lpyr, Laxzy). Consider: dL J / do =0 and dL yzy / do =0, therefore, no torque created by these values.

In addition to that, the one current i flows in the machine windings, electromagnetic torque is created only by two
components, and then equation may be written as follows:
d dL dL . .
T=2——(Lyygi* +Lyyp i) =2i" —2R 4 5. —BR — 5.1, i [sin(e) +sin(a+60)] = Ty +Tpy. (17)
do da da
where Ty, Tpy— torques created by currents of stator windings 4X and BY.

Mathematical modeling
It is implied that in case of rotor rotating by the value of do. current succeeds steady-state value, i.e. di/do.=0 .

It is true for low rotation speed. Computed dependencies of root-mean-square values of currents on the engine
windings, circuit current and torque from angle of rotor rotation are obtained with the mentioned differential equa-
tions of instantaneous values using a model developed in MATLAB.

Instantaneous values of source voltage u,, up, uc, u—up are shown in Fig. 3a, instantaneous value of circuit
current i — Fig. 3b, instantaneous values of voltages on stator and rotor windings — Fig. 3 ¢, d (o =0, U,, = 117 V).

QDU‘ -

100 §£---;

0

|
|
|

Fig. 3. Instantaneous values of variables in the motor, a =0, U,, = 117 V: source voltage (a),
source current (b), voltages on stator windings (c), voltages on rotor rings (d)
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Root-mean-square values of voltages on the engine windings, root-mean-square value of circuit current and elec-

tromagnetic torque variation o from 0° to 360° are illustrated in Fig. 4, 5.
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Fig. 4. Root-mean-square values of variables in the motor ranging a from 0 to 360 el. degrees,

U,, = 117 V: voltages on stator windings (a), voltages on rotor rings (b), circuit current (c),
electromagnetic torque (d)
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Fig. 5. Root-mean-square values of voltages on the engine windings

ranging o from 0to 360 el. degrees, U,, =117V
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Experimental part

Experiment description

Engine MTF 111-6 was used as an experimental
wound-rotor induction motor with nameplate data
illustrated in [13]. Two stator windings are connected
in series fed by autotransformer (sinusoidal voltage
with root-mean-square value of 117 V, supply fre-
quency value of 50 Hz).

The rotor is mechanically turned clockwise with
the step of 15 el. degrees ranging from 0 to 360 el. de-
grees and fixed in each position. Root-mean-square
voltage valueson stator windings Uy, Uy, Ucz, vol-
tage on rotor rings Uy, Uy, U, circuit current / and
electromagnetic torque of the engine are determined
for the fixed rotor.

Experimental results

The experimental data of root-mean-square val-
ues of voltages on the engine windings, circuit current
and torque in their dependence on the angle of rotor
rotation is shown in Fig. 6-8. Setting up the depen-
dencies, torque leading to turning clockwise is posi-
tive. The experimental oscillograph traces of instanta-
neous values of current and voltages are similar to
computed curves (Fig. 3).

Experimental dependencies of root-mean-square
values of voltages on the engine windings U ,x = f(a),

Ugy = f(), Uey = f(), Uy, = f(a), Up. = f(a),

U, = f(o), circuit current /= f(a) and electro-
magnetic torque 7 = f(a) are similar to the calcu-

lated dependencies obtained based on the mathe-
matical model. Therefore, the applied differential
equations are a correct representation of the opera-
tion concepts of the scheme with seriallys con-
nected rotor and stator windings fed by harmonic
voltage source.

Results analysis

The dependencies of root-mean-square values of
voltages on the engine windings, circuit current and
electromagnetic torque on the angle of rotor rotation
have certain features:

1. The graph of circuit current / (Fig. 4c, 6) in-
creases steadily ranging the angle from 0 to 150 el.
degrees and declines ranging the angle from 150 to
360 el. degrees. The peak of the current is reckoned to
be at 150 el. degrees, the negative peak — at 330 el.
degrees. The type of the dependence complies with the
equation of circuit current increment (14).

Turning the rotor relatively to the fixed stator
impedance value changes, as mutual inductive reac-
tance depends on the windings position. So, the circuit
impedance value is the lowest at 150 el. degrees.
The drop in voltage on the mutual inductance has
a negative value:

S3LA
g

-

d, el. degrees

Py

g

0

L

30 60 90 120 150 180 210 240 270 300 330 360

Fig. 6. Dependency of current on the angle of rotor rotation I = f(ct)

el. dLgrees

0 240 270 300 330 360

Fig. 7. Dependency of the engine electromagnetic torque
on the angle of rotor rotation 7' = f(a.)
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Fig. 8. Dependency of currents on stator winding and rotor rings on the angle rotor rotation:
Uy =f(), Ugy = f(a), Uez = f(0), Uy = f(a), Uy, = f(a), Uy, = f()
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u,, =(L,, cos(a) + L, cos(a+60)) % =

di

=(L,, cos(150) + L,, cos(210)) % =-1,73L,, - 0

The circuit current value has a peak at the root-
mean-square value of source voltage.

The circuit impedance value has the peak at
o =330 el. degrees. The drop in voltage on the mutual

inductance has a positive value:
di
u,, =(L,, cos(a) + L, cos(o. +60)) d_l _
t

=(L,, cos(330)+L,, cos(390))~% =1,73L,, %

The circuit current value is the lowest at the root-

mean-square value of source voltage.

2. The voltage on the de-energized winging Uc,
is equal to — (Upy+ U,y) representing gap field
strength depending on the torque. It is zero at o = 150
and o = 330 el. degrees. In these positions the equiva-
lent rotor winding is located orthogonally to the de-
energized stator winding CZ and does not induce EMF
(Fig. 9).

The first position at o = 150 el. degrees is a position
of instable equilibrium: having minimal alteration of
angle the rotor turns clockwise or anticlockwise under
the influence of the highest value of torque (Fig. 7).
The vectors of stator MMF Fg and rotor MMF F are
coincided (Fig. 9a). The second position (o= 330 el.
degrees) is a position of stable equilibrium, changing
angle in the range from 300 to 360 el. degrees the ro-
tor is fixed or returned to position at o = 330 el. de-
grees, i.e. the position where the electromagnetic tor-
que value is equal to zero (Fig. 7). The vectors of sta-

tor MMF Fg and rotor MMF Fj coincide (Fig. 9b).
The type of the electromagnetic torque dependence
complies with equation (17).

3. At the positions where the voltage on the de-
energized winding is equal to zero, the voltages on
the stator windings switched “forward” and “back-
ward” are equal. If the voltage on working “back-
ward” winding is bigger than the voltage on working
“forward” winding (in the range from 150 to 360 el.
degrees not including) the engine leads to rotation
clockwise. In addition to that, if the voltage on work-
ing “forward” winding is bigger than the voltage on
working “backward” winding (in the range from 0 to
150 el. degrees) the engine leads to anticlockwise rota-
tion.

4. Experimental dependencies U,,, U, U, on
the angle of rotor rotation shown in Fig. 8 comply
with the equations 14. The voltage value on the rotor
rings goes through zero at a = 90 and o = 210 el.
degrees, the peak is at o = 150 el. degrees , as accor-
ding to Kirchhoft law U, =U —-U ,y +Up, and for

the considered angles U —U  y +Ugy =0. The vol-

tage on the rotor rings U, is equal to — (U, + U,,) due
to c0 is de-energized. The voltage on the rotor rings
Up. can be determined as U,, =1,5-U-, -0,5-U,,

voltage U, =—-1,5-U-, =0,5-U,, .

Conclusion

1. The interaction analysis of the rotor and stator
windings changing angular position of the rotor al-
lowed finding out that the impulse-vector control sys-
tem with wound rotor induction motor has unambi-
guous dependencies from the angular position of
the rotor. The obtained angular dependencies vividly
explain the physics of the stator and rotor windings
interaction when the windings connected in series.

Fig. 9. Mutual location of stator winding, equivalent winding and vectors of MMF
of stator Fg and rotor Fy; o = 150 el. degrees (a) and o = 330 el. degrees (b)
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2. The obtained dependencies of the windings may be used as input variables of angular rotor posi-
voltages, current and electromagnetic torque in the sche- tion estimator.
me with stator and rotor windings connected in series
and fed by harmonic voltage source allowed the con- The work was supported by Act 211 Government
clusion that the voltages values on the engine values of the Russian Federation, contract Ne 02.A03.21.0011.
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3neKTpomexaHquCKMe Cuctembl

YOK 62-83.01 DOI: 10.14529/power170111

MATEMATUYECKAA MOAEJIb ACUHXPOHHOIO ABUIATENA
C NOCNEAOBATEJIbHO COEAMHEHHBIMUA OBEMOTKAMU
CTATOPA U POTOPA

T.A. ®yHk, 10.C. YcbiHuH, A.U. pebHes, O.A. [NToHOCOE
HOxHo-Ypanbckul eocydapcmeeHHbil yHUsepcumem, 2. YensabuHck

C 1emnpio pecypco- u 3HeprocOepekeHnsI He0OXOANMO MOJEPHU3NPOBATh HEPETYINPYEMbIE HIEKTPOIPH-
BOJIBI OOJIBIIOTO KJIacca pabouNX MEXaHN3MOB, Y KOTOPBIX ITO YCIOBUSIM TEXHOJIOTHUECKOTO TpoIiecca TpedyeT-
Csl OTHOCHTENBHO JUIUTENBHOE CHIDKCHHE CKOPOCTH TPH YMEHBIICHHH CTaTHYECKHX HATPY30K. AKTYalbHBIM
SIBIISIETCSL BOTIPOC BBIOOpA CHCTEM YMPaBICHUS SIEKTPONPHBOJAMH PACCMATPUBAEMBIX MEXaHU3MOB MO SKOHO-
MHUYECKHM U HKCITyaTALMOHHBIM KpUTepusM. [l peryaupoBaHus CKOPOCTU B HUX aBTOPBI MIPEUIAararoT HC-
MOJIE30BAaTh CHUCTEMBI MMITYJIbCHO-BEKTOPHOTO YIPABJICHUS] aCHHXPOHHBIM JBHTaTeiaeM C (a3HbIM POTOPOM
(CUBY A/l ¢ ®P), HO CylIeCTBEHHBIM HEJIOCTATKOM JAHHBIX CHUCTEM SIBJISIETCS HAIWYHME JaTYUKa TOJOKEHHS
Ha Bayy JABHUrareisi, 00yCIOBIEHHOE MPUHIMIIOM pabOTHl. 3aMeHa MEXaHMYeCKOro JaT4yhka Ha CHCTeMy Koc-
BEHHOTO OMpeJeNeHus mojokeHust potopa B CMBY 3arpynHeHa B CBSI3H ¢ OTCYTCTBHEM COOTBETCTBYIOIIETO
MaTeMaTHIEeCKOTO OIMCAHHS JIIEKTPOMATHUTHBIX ITIPOIECCOB B CXEMaX C HETPaJUIHOHHBIM ITOJKITIOYEHHEM
00MOTOK cTaTopa u poTopa. J{yist penienus JaHHOH MPoOIeMBI aBTOpaMH pa3paboTaHa MaTeMaTHIecKast MOAENb
CHUBY AJl ¢ ®P kak MHOTO(ha3HOH, HECHMMETPHYHON CHCTEMBI. BBIBEJICHBI 3aBUCUMOCTH WHIYKTHBHOCTEH,
MOTOKOCIETUICHUH, HANPsSHKEHUH 0OOMOTOK JBHTATeNs, TOKA IEMH U MIEKTPOMAarHUTHOIO MOMEHTA OT YIJIOBOTO
MOJIOXKEHUs! poTopa. IIpuBeneHb! pe3ynbTaThl MATEMATUUECKOrO MOJEIMPOBAHUS U SKCIEPUMEHTAIBHOTO HC-
CJI/IOBAHMS CXEMBI C MIOCIIEJOBATEIbHO COSANHEHHBIMI 0OMOTKaMH CTaTOpa M POTOpPa aCHHXPOHHOTO JBUTaTe-
JIL IpU MUTAaHUM OT MCTOYHMKA CHUHYCOUIAIBHOTO HampsbkeHus. OnpenesieHa NPUHLIUINANIBHAS BO3MOXKHOCTD
BBIYHCIICHUS T0JI0KeHust poropa B CUBY AJ] ¢ ®P mo yriioBeIM 3aBUCHMOCTSIM TTaJACHUH HAPSHKEHUH Ha 00-
MOTKAaX CTaTopa U poTopa.

Kniouesvie cnosa: npomviuinennvle Mexanuzmbvl, 21eKMponpusoo, ACUHXpOHHbIU Ogueamens, (asHvli po-
mop, cucmema UMNYIbCHO-8EKMOPHO20 YNPABNEHUS, KOCGeHHOe onpedeneHue NOJ0NCEHUSA, MAeMamuiecKasl
Mooenb.

Cratbs BbhInoJHeHA npu noaaepsxkke IlpaBurenscrtea P® (IloctanoBienne Ne 211 ot 16.03.2013 r.), corsiamenue
Ne 02.A03.21.0011.
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