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Shift of low-productive oil wells into a continuous more optimal operation mode is possible when plunger electrical drive
of plunger pumps is equipped with low-speed asynchronous electric motors. Production of such engines has been
constrained until today because of the large dimensions and low values of the most important energy indicator such as
power coefficient.

It is proposed to use in the plunger drive of plunger pumps a biphase low-speed compensated asynchronous motor of an
original design. A motor has no phase-shifting elements. A magnetic field in an air gap has circular shape in the slip range
from 1 to 0.

Reduction of the number of phases of the stator winding from 3 to 2 allows to reduce dimensions of the engine in 1.5 times.
Internal compensation of magnetizing currents of network windings of a motor provides an increase in a power coefficient
to almost 1.

A mathematical model of a biphase low-speed compensated asynchronous motor is developed. A model is based on the
magnetic field equation and the Kirchhoff's equation for two network and two compensated stator windings. A sequence
of solution of the equations and calculation of a vector magnetic potential and performance characteristics of a biphase low-
speed compensated asynchronous motor are described.

Technical data and results of simulation of a prototype of a biphase compensated asynchronous motor, on whose stator the
winding is located, are presented. Its currents excite 10 pairs of poles. An analysis of obtained results confirms the
possibility and expediency of development and mass implementation in the oil industry of highly economical energy
efficient biphase compensated low-speed asynchronous motors.

ITepeBol HU3KONPOIYKTUBHBIX HE(TSAHBIX CKBAXMH B HENPEPHIBHBIN, Ooliee ONTHMAIBHBIN, PEXHM OKCIUTyaTalldd
BO3MOXKGH TPH INPHMEHEHHH ISl JIEKTPOIPUBOAA ILTYH)KEpa IUIYH)KEPHBIX HACOCOB THXOXOIHBIX ACHHXPOHHBIX
SIEKTPUYECKUX IBHraTeneil. [IpoM3BOACTBO TaKHX JBUraTeneil 10 HACTOSIIEro BPEMEHH CHEPKHBACTCS HM3-32 OONBIINX
rabapuTOB M HU3KHMX 3HAYCHMIT BayKHEHIIIEr0 SHEPreTHYECKOro MnoKasarelst — KO3 (GHUIMeHTa MOIHOCTH.

IIpeutaraercst UCIONB30BaHKE JUIS IPUBOJA IUTyH)KEPa IUTyHKEPHBIX HACOCOB OPHTMHAIBHOM KOHCTPYKIHH JBYX(hazHOro
THXOXOIHOTO KOMIICHCHPOBAHHOTO ACHHXPOHHOTO JIBUTaTels, B KOTOPOW OTCYTCTBYIOT (Pa30CMEINAIOIIUE SJIEMEHTBI,
a MarHUTHOE I0JIE B BO3IYIIHOM 3a30pe UMEeT KpyroByio (opMy B nana3oHe cKojbkeHuii ot 1 10 0.

YMeHbleHne uncia (a3 0OMOTKM CTaTopa ¢ TpeX A0 ABYX HO3BONsIET B 1,5 pa3sa yMEHbIIMTh rabapuThl IBHTaTels,
a OCYIICCTBICHHE BHYTPCHHEH KOMIICHCALMH HAMATHIHYHBAIONMX TOKOB CETEBBIX OOMOTOK [BHTAaTelsl 00ECIICYHBACT
yBenmaeHne Kod(GGUIMEeHTa MOIIHOCTH IPAKTUIECKU 0 CIUHUIIBL.

Paspaborana MareMaTHdYecKas MOZENb ABYX(A3HOTO THUXOXOJHOTO KOMIICHCHPOBAHHOTO ACHHXPOHHOTO [BHTaTell,
B OCHOBY KOTOPOW IOJOXCHO YpPaBHEHHE MArHHTHOrO IOJSL U ypaBHeHus Kupxroda ams IBYX ceTeBBIX H IBYX
KOMIICHCALOHHBIX 0OMOTOK cTatopa. OIHCHIBACTCS IIOCIEAOBATEIBHOCTh PELICHUS yPaBHCHHI H pacdera BEKTOPHOIO
MAarHMTHOTO IOTCHIMANa U PabodYMX XapaKTePHCTUK ABYX()Aa3HOTO THXOXOIHOIO KOMIICHCHPOBAHHOIO ACHHXPOHHOIO
JBHTATEIIS.

IIpHBOAATCS TeXHUYECKHE NAHHBIC M Pe3yJIbTaThl MOAEIHPOBAHHS ONBITHOrO 00pa3sna ABYX(ha3HOro KOMIICHCHPOBAHHOIO
ACHHXPOHHOTO JIBUTaTells, HA CTAaTOpPe KOTOPOIo pa3Mellaercs oOMOTKa, ee TOKH Bo30yxJaoT 10 map momocos. AHamus
HOJYYECHHBIX PEe3y/IbTaTOB IMOJTBEPIKAACT BO3MOXKHOCTH M I€JIECOOOPA3HOCTh Pa3pabOTKH M MacCOBOIO BHEAPEHHUS B
HeTAHOH IPOMBIILIEHHOCTH BHICOKODKOHOMHYHBIX dHEprod(pEKTHBHBIX ABYX(a3HBIX KOMICHCHPOBAHHBIX THXOXOIHBIX
ACHHXPOHHBIX JBHTaTeleH.
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Introduction

Mechanical and electrical equipment that is
used to lift oil to the surface is determined
largely by flow rate of wells [1]. Wells with high
and mean oil rates are operated by centrifugal
pumps with electric drive from submersible
induction motors. Frequency of rotation of a
circular magnetic field of such engines, which is
excited by currents of three-phase stator winding
usually is 3000 min' [2]. The shaft torque of
submerged induction motors, developed by
electromagnetic forces, depends on the area of the
outer surface of the electric motor rotor. Due to
the small rotor diameter of submerged
asynchronous motors, the torque required for
operation of the centrifugal pump is provided by
selection of appropriate rotor length and the
motor as a whole.

Operation of low-productivity wells with rate
of not more than 5 m® per day is performed by rod
pump systems (RPS). Reciprocating motion of a
plunger of plunger pumps RPS in most of the
cases 1is carried out using three-phase
asynchronous electric motors with an higher
starting torque or with higher slip [3, 4]. On a
practical level, asynchronous electric motors
with nominal power of 15, 22, 30 kW with
rotational frequency of a stator magnetic field of
750, 1000, 1500 min' are most used [5].
V-belt drive is used to transmit the torque from an
electric motor shaft to a reductor input shaft.
Depending on the diameter of a motor shaft
pulley V-belt drive changes rotational speed in
2.86-4.5 times. In case reductor gear ratio
is 40 then mentioned asynchronous motors ensure
the operation of RPS with a number of double
strokes of a plunger equal to 4-12.5 per minute.
Having such frequency of double strokes
of a plunder and low well production, periods
when RPS are switched into operation alternate
with periods of its shutdown, when liquid
accumulates. Such mode of operation of RPS
are called cyclic in technical literature and
characterized by a number of significant
drawbacks, which are indicated in works [6-8].
Transition to the most optimal “continuous”
operation mode of RPS that lift liquid from wells
with low production rate consider installation of
asynchronous electric motors with rotational
speed of a magnetic field of 375, 200, 150 min™'
at pumpjacks [9-11].

Among the primary problems that arise
during the development of low-speed
electromechanical energy converters, it is
necessary to distinguish two such as need to

reduce overall dimensions of engines and increase
a values of their most important energy index
which is power coefficient [12-14].

Let us focus on possible approaches to solve
the problems mentioned above.

New direction in improvement
of RPS electric drive

It is known from the theory of -electric
alternating current machines that the rotational
speed of the stator magnetic field of the stator of
asynchronous electric motors n,, frequency of
voltage in a supply network f'and a number of pole
pairs of a stator winding p are connected to each
other by the equation [15-17]

n, =60 f/p. (D

It is obvious that frequency of rotational speed
of a circular magnetic field of the stator at 50 Hz of
supply voltage is clearly determined by the number
of pole pairs of its winding.

Dependence of rotational speed of a circular
magnetic field on a number of pairs of poles
of a stator winding

P, rel.units 1 2 3 4 6 8 [10] 15| 20

ng, min_' 3000{1500{1000|750] 500 | 375 {300 200 | 150

According to the data presented, development
of asynchronous electric motors with a magnetic
field of rotation frequency of 300, 200, 150 min™
considers the placement of the three-phase winding
with a number of pairs of poles of 10, 15, 20 in
stator grooves respectively.

The diameter of internal stator boring depends
on a number of pairs of poles of the three-phase
stator winding

d,=2pt/m, 2)

where 1 is for length of pole division. As a number
of pairs of poles of the three-phase winding
increases, a diameter of the stator inner boring and
outer stator diameter increase. An outer rotor
diameter increases as well. That diameter is less than
a diameter of the inner stator boring by double
amount of air gap accepted for small and medium
power engines 0.35-0.70 mm [18]. Consequently,
dimensions of a motor increase as a number of pairs
of poles of the stator winding increases and rotation
frequency of its magnetic field decreases. Increase in
a rotor diameter, caused by increase in a number of
pairs of poles of the stator winding, leads to increase
in the flywheel moment of a rotor and negatively
affects the speed of an engine and dynamics of a
plunger motor drive.
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One of the solutions contributing to reduce in
overall dimensions of asynchronous motors of an
electric drive of the plunger RPS and increase in
their speed is to place a two-phase winding in the
stator grooves. Such a technical solution allows to
reduce the length of the pole division of a stator
winding in 1.5 times, which helps to reduce an
inner stator diameter and outer rotor diameter.

However, until recently asynchronous electric
motors with a two-phase winding on a stator have
not been considered as an alternative to
asynchronous electric motors with a three-phase
winding. That was explained by poor performance
characteristics of two-phase asynchronous motors
and their more complicated design. The first
disadvantage of asynchronous electric motors with
a two-phase winding on a stator is caused by two
factors such as ellipse shape of a magnetic field
existing in an air gap and by using of a phase-
shifting element in an engine design [19-21].

Development of the original design of a two-
phase asynchronous electric motor [22] changes
the situation dramatically.

There are two equal groups of sections in the
grooves of the steel laminated core of the stator of
such a motor. Sections are made from isolated
wire, usually copper. Sections of one group differ
from sections of another group by a number of
turns and wire cross-section. Stacking of sections
of groups in grooves and their connection schemes
in the formation of single-phase windings are
carried out in a special way to ensure spatial shift
of axes of windings by 90°. Outputs of single-
phase winding formed by sections that have a
smaller number of turns are connected to one of
the phase voltages of a four-wire three-phase
supply network. Outputs of a single-phase winding
formed by sections with a large number of turns
are connected to the phase-to-phase voltage of the
supply network, which varies in time with a phase
shift relative to the above mentioned phase voltage
by 90°. Spatial shift of axes of single-phase
windings by 90° and time shift of the stress change
curves by 90° on the outputs of windings allow
obtaining a circular magnetic field in a air gap of
the engine. At that it is important to say that the
circular shape of a magnetic field in a gap between
a stator and rotor remains in the slip range from
1 to 0. Performance characteristics calculated
based on a mathematical model of such two-phase
asynchronous motor are similar to characteristics
of three-phase asynchronous motors [23].

The second significant drawback, common for
slow-moving three-phase asynchronous electric
motors, in particular low power coefficient, is not
eliminated even in two-phase asynchronous

engines of the described above design. The reason
for such a drawback is that force lines of a
magnetic field created by currents of a stator
phases winding through each pair of poles cross
twice an air gap that has a large magnetic
resistance. To overcome the magnetic resistance of
the air gap between the stator and rotor a
significant magnetizing current is required. That
comes from the expression [24]

F,
1=, ©
Y 0,9mwk,

where /, is for the magnetizing current; F is for
the magnetic moving force per pair of poles; m is
for the number of motor phases; w is for the
number of turns in the phase winding; k&, is for a
winding coefficient. The negative effect of the
magnetizing current on the power coefficient is
particularly large in electromechanical low-power
energy converters. Those converters are required
for driving of the RPS plunger that lift liquid from
wells with low production rate. For example,
low-speed (np = 375 min™') asynchronous motors
of 4.5 kW of power, designed to drive the plunger
of RPS and produced by OOO “Vladimirskiy
elektromotornyy  zavod” have the power
coefficient of 0.46 [25].

Unsatisfactory values of the power coefficient
and as a result low energy efficiency of low-speed
asynchronous engines negatively affect the growth
of the load of current-carrying elements of power
supply systems and are constraining factors for
their mass serial production.

Internal compensation of magnetizing currents
of the stator windings is a new direction that
contribute to improvment of the energy efficiency
of slow-moving two-phase asynchronous motors.
For that, two single-phase compensation windings
in addition to two single-phase network windings
are placed in grooves of the stator steel
core. Outputs of compensation windings are
connected to capacitors. To carry out the
operation of such a motor, the network windings
are connected to a three-phase alternating voltage
network. A circular magnetic field, which in this
case is created by the currents of these windings,
induces electromotive forces in the compensating
windings. Under the action of those electromotive
forces en electric current is flowing along
the compensating windings that has an advanced
current. As a consequence, total magnetomotive
force and electromotive force of the network
windings increase. That causes a decrease
in magnetizing currents of the network windings.
Such a process continues until the electromotive

ISSN 2224-9923. Bectnux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2017. T.16, Ne3. C.238-246



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2017. Vol.16, no.3. P.238-246 241

forces of the network windings together
with the voltage drops at their resistances reach
the values of the voltages that act on winding
terminals.

Mathematical model of a two-phase
compensated asynchronous motor of electrical
drive of the plunger of RPS

In order to test work reliability of a two-phase
compensated asynchronous motor a mathematical
model is used [26, 27]. The equation of the
magnetic field [28, 29] and Kirchhoff's equations
[30, 31] are used as a basis for a mathematical
model performance. The number of equations
equals to the number of one-phase windings placed
in the grooves of a stator.

The equation of the magnetic field of an
asynchronous motor with a rotor winding of the
“squirrel cage” type is as follows

1 0°4 0A
—_— 1+k ))o—-—
R02 0([)2 !’I’O’Y( 0'2) a(P
0A
—Hey(+kg, )(Da_t —gA=—p,J,, 4)

where A is for vector potential of a magnetic field
(z is for constituent); R, is for mean radius of an air
gap; ¢ 1is for tangential coordinate of the
cylindrical coordinate system; L, is for magnetic
constant; y is for Calculated conductivity of the
conductors of the “squirrel cage” of the rotor,
distributed in the motor gap; k., is for a coefficient
of rotor scattering grooves; ® is for angular
rotational speed of a rotor; ¢ is for coefficient that
considers magnetic resistance of the motor
magnetic circuit segments.

A Dboundary value problem described by
equation (4) is solved taking into account boundary
conditions of periodic type, expressing the equality
of vector potentials and their derivatives at a
conjugate point.

In case of sinusoidal nature of change of
calculated quantities in time a solution of the
problem can be simplified by shift to complex
functions. In this case the differential equation (4)
reduces to

1 0°4 04
FG_@Z_MOY(Hkﬂ)m%_
0
—(Jou,y(1+k,)+q)Ad=—p,J., (5)

where 4 is for a vector potential complex; j is for
the imaginary unit; J, is for the stator current load
complex.

The system of Kirchhoff equations compiled
for the network and compensating stator windings
is written as follows:

U,=jo¥,+1,(Z,+jX,) (6)
Uy = jo¥, +1,(Z, + jX,g), 7
0=jo¥ o + 14 (Z e + jXogue = JX i) (®)
0= jOW e + Ly (Zyye + [ Xsgu = JX ). (9)

Equations (6)-(9) are written using complex
quantities. Notation assumed is as follows: U ,, U,
are for phase and linear voltage; ¥ is for linkage;
[ is for current; Z is for full resistance; Xas is for
reduced induction resistance of a rotor; X¢ is for
capacitive resistance. Indexes 4, B, AK, BK mean
the belonging of this parameter to the
corresponding network or compensation winding.

The linkages of the network and compensating
windings of a two-phase asynchronous motor are
caused by currents passing through the windings
and are calculated by expressions

W, =L, +L,l, +L,+L,,, (10)
W, =L, 0, + L0+ Lyl + L0, (11)
V=L, + Lyl + L., +L,,, (12)
W, =L, + L0, + L0, +L,0,. (13)

The right-hand sides of equations (10)-(13)
contain complex self-induction coefficients (L with
two identical indexes) and mutual inductance
(L with two different indexes).

After  substituting of (10)-(13) into
Kirchhoff's equations (6)-(9) and performing the
corresponding  transformations a  system
of four equations where four currents are
unknown such as two currents of the network
windings and two currents of compensating
windings:

U, =L, +Z,+jX, ), +
+ joo Ly Ly + o Lisl e + joo Ly L gy,
UB = jmoLzle +(Jo,L, +Z, +jXZSB)jB +
+ JO Losl e + jO Loy L gy
0= j(DoLnjA + j(DOL32jB +
+ (jwoLsz +ZAK +jXZSA _jXCA)IAK +

+J (DOL34j BK >

(16)
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0 = j('OOL41jA + j(’OOL42jB + j(DOL43jAK +
a7)

In order to solve the system of equations (14)-
(17) and calculate the values of the currents in the
network and compensating windings, it is
necessary to know the coefficients of self-
induction and mutual induction. It is expedient to
calculate these coefficients using the superposition
method in a sequence given below.

A value of one of the currents at zero values of
the other three currents is assumed. The equation
of the magnetic field (5) is solved. As a result, the
magnitude of the vector potential at the points of
the spatial coordinate ¢ division is determined.

The points correspond to the location of the
conductors of the stator windings. It is assumed
that all the conductors placed in the stator groove
transmit the same magnitude current. Linkages of
the coils are calculated by integrating the vector
potential values at the locations of the conductors
of each of the windings:

Wy =we (4y = A,

+ (jw0L44 +ZBK +jX2s3 _jXCB)jBK'

(18)

where wy is for a number of turns in the coil; Ag,
Ak are for values of the vector potential at points
whose coordinates correspond to the coordinates of
coil sides; 5 is for length of the active part of the
conductor (i.e. part of the coil) placed in the groove
of the stator. Determination of linkages of the
windings lPA, lPB, \PAK; \PBK is performed by
summation of linkages of coils that belong to the
network and compensation windings of the stator.
Then coefficients of self and mutual induction are
calculated

£ ¥
L, —I.—A,L21 :I-_Ba
4 4
Ly = \I;AK oLy = \I;BK :
4 4

Values of self and mutual induction
coefficients of the second network winding and
compensating stator windings that are included in
the equations (14)-(17) and still left unknown are
calculated by performing similar procedures.

If coefficients of self and mutual induction and
specified capacitance values of the capacitors
included in the compensation winding circuit are
known then the system of equations (14)-(17) is
solved and currents in network and compensation
windings are determined.

Power P consumed by a motor from the
electric mains, electromagnetic power Py,

effective shaft power P, lectromagnetic moment
M., power coefficient cose, efficiency factor n
are calculated using known expressions:

P=Re(U,I,+U,I,), (20)
P, =P-RI;-R,I;, (21)
b, =P(-s), (22)
M, = ;P , (23)
cosg=——— (24)

U,J,+U,l,

b

-2 25
n=- (25)

where Re is for a symbol of a real part of a
complex number; /,, I, are for complexes of

acting current values conjugated with sets of acting
values of currents of network windings; R4, Rp are
for active resistances of network windings; s is for
slip; o is for circular frequency;
I-s
O=0,—.
p
An asynchronous motor was used as a model
of a low-speed two-phase asynchronous
electromechanical ~ energy  converter. An
asynchronous motor has the following parameters:
—number of pairs of poles p — 10;
— bore diameter of stator d. — 383 mm;
— air gap between stator and rotor 6 — 0.554 mm;
— stator length in axial direction /, — 200 mm;
—number of turns w, of the network winding
of'a “4-X phase — 80;
—number of turns wg of the network winding
of a “B-Y” phase — 139;

(26)

—number of turns wy of the phase
compensation winding of a “4-X" — 35;
—number of turns wgx of the phase

compensation winding of a “B-Y” phase — 35;

— calculated electrical conductivity of the rotor
cell material y — 190-10° Smy;

— coefficient ¢ — 1320;

— active resistance of the network winding of a
“A-X phase — 0.36 Ohm;

—inductive resistance of the network winding
of'a “4-X" phase — 0.756 Ohm;

— active resistance of the network winding of a
“B-Y” phase — 1.08 Ohm;

—inductive resistance of the network winding
of a “B-Y” phase — 2.268 Ohm;

—active resistance of the compensation
winding of a “4-X"" phase — 0.02225 Ohm;
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—inductive resistance of the compensation
winding of a “4-X"" phase — 0.04725 Ohm;

—active resistance of the compensation
winding of a “B-Y” phase — 0.02225 Ohm;

—inductive resistance of the compensation
winding of a “B-Y” phase — 0.04725 Ohm;

—inductive resistance of the rotor winding,
reduced to the parameters of the winding of a
“A-X phase — 1.37 Ohm;

—inductive resistance of the rotor winding,
reduced to the parameters of the network winding
of a “B-Y” phase — 4.11 Ohm;

—inductive resistance of the rotor winding,
reduced to the parameters of the compensation
winding of a “4-X" phase — 0.0856 Ohm;

—inductive resistance of the rotor winding,
reduced to the parameters of the compensation
winding of a “B-Y” phase — 0.0856 Ohm;

— capacitance in the compensating winding
circuit of a “4-X"" phase — 900 pF;

— capacitance in the compensating winding
circuit of a “B-Y” phase — 900 uF;

—voltage complex on the phase network
winding of a “4-X" —219.4 V;

— voltage complex on the network winding of a
“B-Y” phase —j380 V.

Modelling of the operating mode of an
uncompensated two-phase asynchronous motor
and two-phase asynchronous motor in which the
magnetizing current and reactive power are
compensated is done under the conditions where
the slip value s is 0.05. Some modelling results
of the mentioned two-phase asynchronous
motors are given below as a matrix of
coefficients of self and mutual induction and the
values of a number of their most important
performance indicators (Table). Modelling
results are shown in the vector diagrams as well
(Fig. 1, 2). The diagrams include stress vectors
on the stator network windings and vectors of
their magnetomotive forces.

Matrix of coefficients of self and mutual
induction of inductance L

0.0148 — 0.0163;; 0.0256 + 0.0253/; 0. 0064 —
—0.0071j; 0.0064 + 0.0063;;

—0.0256 — 0.0253j; 0.0443 — 0.48905; —0.0111 —
—0.0115;0.0111 — 0.0122j;

0.0064 — 0.0063/; 0.0111 + 0.01105; 0.0028 —
—0.0031j; 0.0028 + 0.0027/;

—0.0064 — 0.0063;; 0.0111 — 0.0122j; —0.0028 —
—0.0027j; 0.0028 — 0.00310;.

Table

Values of a number of basic performance
parameters of a two-phase asynchronous motor

Name of the parameter No . Cornpen—

compensation | sation

Current in the network winding of a

“4-X" phase, A 14.63 11.95

Current in the network winding of a

“B-Y” phase, A 8.45 6.90

Current in the compensation winding

of a “4-X” phase, A 0 27.86

Current in the compensation winding

of a “B-Y” phase, A 0 27.86

Electromagnetic power, W 4120.1 5137.7

Electromagnetic moment, N-m 131.15 163.54

Efficiency factor, rel. units 0.61 0.93

Power coefficient, rel. units 0.64 0.98

180

210X

270

Fig. 1. Vector diagram of stresses
and magnetomotive forces of a single-phase
asynchronous motor with no compensation

90

600

150 /7 7 e N 30

180

205 AT T a0

Fig. 2. Vector diagram of stresses
and magnetomotive forces of a single-phase
compensated asynchronous motor
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Analysis of modelling results clearly shows
that the values of the coefficients of self and
mutual induction are invariant with respect to the
current of the compensation windings. The
higher the compensation the lower the currents in
the network windings. There is an increase
in the electromagnetic power and the
electromagnetic moment. Energy parameters and
energy efficiency of the motor increase
significantly. Increase in energy parameters and
decrease in currents, consumed from the electrical
mains of the three-phase alternating voltage,
contribute to reduction the current load of current
carrying elements of the power supply systems.
That creates a reserve for connecting of additional
electric loads to existing electric networks.
The above mentioned is illustrated by the vector
diagrams shown in Fig. 1, 2.

It is clearly seen that there is a significant angle
in a two-phase asynchronous motor with a network
of winds on the stator between the voltage vectors
on the network of windings and the vectors of the
magnetomotive forces. There is a significat
magnetizing component in the currents of the

network windings that causes the consumption of
reactive power from the supply network. Stacking
of compensation windings in stator grooves and
their connection to capacitors allow to eliminate a
magnetizing component in the currents of the
network windings. Angles of the phase shift
between voltage vectors at the terminals of
network windings and vectors of magnetomotive
forces are in this case close to zero. A motor
consumes only the active power from the AC
electrical mains supply.

Conclusion
Studies of performance of a two-phase
asynchronous  compensated motor on a

mathematical model allow asserting that the results
obtained and conclusions remain valid for the slip
range from 1 to 0. Production and wide
implementation of two-phase asynchronous
compensated motors in the plunger drive of RPS
allow switching the operation regime of low
productive oil wells to the most rational, increase
the energy efficiency of the oil production and
save energy resources.

References

1. Galkin V.., Galkin S.V., Voevodkin V.L.,
Permiakov V.G. Postroenie statisticheskikh modelei
otsenki koeffitsienta izvlecheniia nefti dlia
ekspluatatsionnykh ~ ob"ektov  Permskogo  Prikam'ia
[Construction of statistical models for estimating the oil
recovery factor for operational facilities of Perm Kama
Region]. Neftianoe khoziaistvo, 2011, no.2, pp.86-88.

2. Spravochnaia kniga po dobyche nefti [Reference
book on oil production]. Ed. Sh.K. Gimatudinov. Moscow,
Nedra, 1974, 704 p.

3. Spravochnik po elektricheskim mashinam [Reference
book of electrical machines]. Ed. I.P. Kopylov, B.K.
Klokov. Moscow, Energoatomizdat, 1988, vol.1, 456 p.

4. Alves M.F., Burke P.E. Single-sided linear
induction motor with magnetic material in the secondary.
Conference Record of the IEEE Industry Applications
Conference 1973, Eighth Annual Meeting. Milwaukee,
1973, pp.321-329.

5. Arkhangel'skii V.L. et al. Katalog neftianogo
oborudovaniia, sredstv  avtomatizatsii, priborov i
spetsmaterialov [Catalog of oil equipment, automation,
instruments and special materials]. Moscow, VNIIOENG,
1994, vol.2, 216 p.

6. Neftegazovoe delo. Vol. 3: Dobycha nefti i gaza
[Oil and gas business. Vol. 3: Oil and gas production]. Ed.
[u.V. Zeigman. Saint Petersburg, Nedra, 2011, 285 p.

7. Mishchenko I.T. Skvazhinnaia dobycha nefti
[Downhole oil production]. Moscow, Neft' i gaz, 2003,
816 p.

8. Tsylev P.N., Shchapova LN. Alternatives to improve
capacity coefficient of induction motors for oil-gas industry.
Bulletin of Perm National Research Polytechnic University.

Geology. Oil & Gas Engineering & Mining, 2015, no.16,
pp.77-85. DOLI: 10.15593/2224-9923/2015.16.9

9. Tsylev P.N., Shchapova IN., Shchapov V.A.
Povyshenie energoeffektivnosti asinkhronnykh elektro-
mekhanicheskikh preobrazovatelei energii elektroprivoda
skvazhinnykh shtangovykh nasosov [Direction to increase
the energy efficiency of asynchronous electromechanical
energy converters for electric drive of sucker rod
pumping installations]. Neftianoe khoziaistvo, 2014, no.5,
pp-110-113.

10. Charonov V.Ia. Ekonomichnye elektroprivody dlia
stankov-kachalok malodebitnykh skvazhin [Economical
electric drives for rocking machines of low-yield wells].
Neftianoe khoziaistvo, 1996, no.12, pp.46-48.

11. Retter G.J. The dyadic analysis of partially
asymmetrical machines. Archiv fiir Elektrotechnik, 1978,
vol.60, iss. 2, pp.69-78. DOI: 10.1007/BF01578628

12. Tsylev P.N., Shchapova I.N. Vysokoeffektivnye
tikhokhodnye asinkhronnye preobrazovateli energii maloi
moshchnosti dlia neftianoi promyshlennosti [Low-speed
high efficiency asynchronous energy converters of low
power for the oil industry]. Neftianoe khoziaistvo, 2013,
n0.4, pp.62-65.

13. Page C.H. Reactive power in nonsinusoidal
situations. [EEE  Transactions on Instrumentation
and Measurement, 1980, vol. 29, iss. 4, pp.420-423.
DOI: 10.1109/TIM.1980.4314971

14. Nabae A., Yoshikawa A., Cao L., Tanaka T.
A new definition of instantaneous active-reactive current
and power in three-phase circuits, and its application.
Electrical Engineering in Japan (English translation of
Denki Gakkai Ronbunshi), 1997, vol.121, iss.2, pp.83-91.

ISSN 2224-9923. Bectnux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2017. T.16, Ne3. C.238-246



ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2017. Vol.16, no.3. P.238-246 245

15. Kisarimov R.A. Spravochnik elektrika [Directory
of the electrician]. Moscow, Radiosoft, 2010, 512 p.

16. Eldhemy S.A. Theory of zero-sequence performance
in induction machines without/with multiple armature reaction.
Electric Machines and Power Systems, 1989, vol. 17, no.4-5,
pp.295-313. DOI: 10.1080/07313568908909434

17. Vaske P. Uber die drehfelder und drehmomente
symmetrischer komponenten in induktionsmaschinen.
Archiv fiir Elektrotechnik, 1963, vol.48, iss.2, pp.97-117.
DOI: 10.1007/BF01419338

18. Ermolin N.P. Elektricheskie mashiny [Electric
machines]. Moscow, Vysshaia shkola, 1975, 295 p.

19. Vol'dek A.L Elektricheskie mashiny [Electric
machines]. Leningrad, Energiia, 1974, 839 p.

20. Kopylov I.P. Elektricheskie mashiny [Electric
machines]. Moscow, Energoatomizdat, 1986, 360 p.

21. Katsman M.M. Elektricheskie mashiny avtomati-
cheskikh sistem [Electric machines of automatic systems].
Ed. F.M. Iuferov. Moscow, Vysshaia shkola, 1979, 261 p.

22. Beliaev E.F., Tsylev P.N., Vlasov E.A.
Tikhokhodnyi asinkhronnyi preobrazovatel' energii [Low-
speed asynchronous power converter]. Patent 2402141
Russian Federation, n0.2009141468/07.

23. Beliaev E.F., Vlasov E.A., Ogarkov E.M., Tsylev P.N.
Povyshenie effektivnosti dobychi nefti iz nizkodebitnykh
skvazhin za schet sovershenstvovaniia elektrooborudovaniia
stankov-kachalok [Increasing the efficiency of oil
production from low-yield wells by improving the
electrical equipment of  rocking machines].
Neftepromyslovoe delo, 2010, no.7, pp.66-70.

24. Sergeev P.S., Vinogradov N.V., Goreinov F.A.
Proektirovanie elektricheskikh mashin [Design of
electrical machines]. Moscow, Energiia, 1970, 632 p.

25. Tekhnicheskii katalog elektrodvigatelei VEMZ,
2010, available at: http://www.vemp.ru/prod/motors.html
(accessed 26 March 2014).

26. Beliaev E.F., Shulakov N.V. Diskretno-polevye
modeli elektricheskikh mashin [Discrete field models of
electrical machines]. Perm', Izdatel'stvo Permskogo
gosudarstvennogo tekhnicheskogo universiteta, 2009,
part [, IL. 457 p.

27. Petrov L.P. Die modelierung der energieverluste in
asynchronmotoren unter beachtung der elektromag-
netischen ubergangsprozesse. Elektrie, 1980, vol.34, no.7,
pp-375-379.

28. Neiman L.R., Kalantarov P.L. Teoreticheskie
osnovy elektrotekhniki. Part 3: Teoriia elektromagnitnogo
polia [Theoretical bases of electrical engineering. Part 3:
Theory of the electromagnetic field]. Moscow, Leningrad,
Gosenergoizdat, 1959, 232 p.

29. Vas P. Modified symmetrical components theory
and its application in the theory of asymmetrical induction
motors. Periodica Polytechnica, Electrical Engineering,
1978, vol.22, iss.1, pp.3-12.

30. Neiman L.R., Kalantarov P.L. Teoreticheskie
osnovy elektrotekhniki. Part 1: Fizicheskie osnovy
elektrotekhniki 1 teoriia tsepei postoiannogo toka
[Theoretical bases of electrical engineering. Part 1:
Physical fundamentals of electrical engineering and the

theory of DC circuits]. Moscow, Leningrad,
Gosenergoizdat, 1959, 296 p.
31. Ching-Yin Lee, Wei- Yin Lee. Effects of

nonsinusoidal voltage on the operation performance of a
three-phase induction motor. [EEE Transactions on
Energy Conversion, 1999, vol.14, no.2, pp.193-201.
DOI: 10.1109/60.766983

Bub6auorpadguyeckuii cnucox

1. TlocTtpoeHue CTATUCTHYECKMX MOJENIEH OLEHKH
kod(dunmenTa n3BnedeHns: HeTH IS IKCILTYaTalMOHHBIX
oobektoB  Ilepmckoro Ilpukampss / B.M. Tanxwm,
C.B. I'ankun, B.JI. Boeoaxun, B.I'. Tlepmsikos // HedrsHoe
xo3stiicTBO. —2011. —Ne 2. — C. 86-88.

2. CrpaBodHasi KHHATA 1O M00brde HedTH / TOA. pe.
LK. 'mmarymuHoBa. — M.: Henpa, 1974. — 704 c.

3. CripaBOYHHK 110 3JIEKTPUYECKUM MallnHam: B 2 T. /
nox od6m. pex. M.II. Komsutoa, b.K. Kiokoa. — M.:
Oueproaromuzaat, 1988. —T. 1. —456 c.

4. Alves M.F., Burke P.E. Single-sided linear
induction motor with magnetic material in the secondary //
Conference Record of the IEEE Industry Applications
Conference 1973, Eighth Annual Meeting. — Milwaukee,
1973. - P. 321-329.

5. Karanor HedTsiHOro 000py/IOBaHMs, CPENCTB aBTOMa-
TH3aLHH, IPHOOPOB U crienMarepuaios / B.JI. ApxaHrensckuii
[1 op.]. — M.: BHUMOBHT', 1994.—T. 2. - 216 c.

6. Hedrerazosoe aeno: y4eb. mocodue: B 6 T. / moxn
pen. A.M. Illammasoa. T. 3. JloObrya HedTH 1 ra3a / noa
pen. FO.B. 3eiirmana. — CI16.: Henpa, 2011. — 285 c.

7. Mumienko N.T. CkBaxunHas 100bua HeTH: yueo.
nocobwue s By30B. — M.: Hed1s 1 raz, 2003. — 816 c.

8. Hpues IIL.H., HlamoBa W.H. Hampasmenus
MOBBIIICHUST KO3 (UIMEHTA MOIIHOCTH ACHHXPOHHBIX
AIIEKTPOIIPUBOIOB MEXAHU3MOB TPEANPHUATHN HEPTIHOM
orpaciu // BectHuk IlepMckoro HalMOHaJIBHOTO

HCCIIEIOBATEBECKOTO TTOJMTEXHUYECKOTO YHHUBEPCUTETA.
l'eonorusi. HedrerazoBoe m ropHoe npemo. — 2015. —
Ne 16. — C. 77-85. DOI: 10.15593/2224-9923/2015.16.9

9. Ipume II.H., Ilanmoa W.H., IIlamoB B.A.
[loBpimenne  5HEProd(GEKTUBHOCTH  aCHHXPOHHBIX
JIIEKTPOMEXAaHWYECKUX  MpeoOpa3oBaTeieli  dHEPruu
ANEKTPONPUBOAA CKBAKUHHBIX IITAHTOBBIX HACOCOB //
Hedrsnoe xozsiictBo. —2014. — Ne 5. — C. 110-113.

10. YaponoB B.fl. DxOHOMHYHBIE 3IEKTPONPHUBOIBI
UIA  CTAHKOB-Ka4YaJOK MAJIOAEOUTHBIX CKBaXuH //
Hedrsnoe xozsiictBo. — 1996. — Ne 12. — C. 46-48.

11. Retter G.J. The dyadic analysis of partially
asymmetrical machines // Archiv fiir Elektrotechnik. — 1978.
—Vol. 60, iss. 2. — P. 69-78. DOI: 10.1007/BF01578628

12. lpures I1.H., HanoBa 1.H. Beicoko3ddhexkTuBHBIC
TUXOXOJHBIE ACHHXPOHHBIE IpeoOpa3oBaTeNd JHEPTHH
MaJIOW MOIIHOCTH Uil HE(QTSAHOW INPOMBIIUIEHHOCTH //
Hedrsanoe xo3zsiictBo. —2013. — Ne 4. — C. 62-65.

13. Page C.H. Reactive power in nonsinusoidal
situations // IEEE Transactions on Instrumentation and
Measurement. — 1980. — Vol. 29, iss. 4. — P. 420-423.
DOI: 10.1109/TIM.1980.4314971

14. A new definition of instantaneous active-reactive
current and power in three-phase circuits, and its application /
A. Nabae, A. Yoshikawa, L. Cao, T. Tanaka // Electrical
Engineering in Japan (English translation of Denki Gakkai
Ronbunshi). — 1997. — Vol. 121, iss. 2. — P. 83-91.

ISSN 2224-9923. Bectnux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2017. T.16, Ne3. C.238-246



246 ISSN 2224-9923. Perm Journal of Petroleum and Mining Engineering. 2017. Vol.16, no.3. P.238-246

15. KucapumoB P.A. CnpaBouHHK D3I€KTpUKa. —
4-e u3n., uctpasi. u gom. — M.: Paguocodr, 2010. — 512 c.

16. Eldhemy S.A. Theory of zero-sequence performance
in induction machines without/with multiple armature reaction //
Electric Machines and Power Systems. — 1989. — Vol. 17,
Ne4-5.—P.295-313. DOIL: 10.1080/07313568908909434

17. Vaske P. Uber die Drehfelder und Drehmomente
symmetrischer Komponenten in Induktionsmaschinen //
Archiv fiir Elektrotechnik. — 1963. — Vol. 48, iss. 2. —
P.97-117. DOI: 10.1007/BF01419338

18. Epmonmua H.II. Dnexkrpuyeckne MamuHbL: yueO.
JUIS BTy30B. — M.: Beicmas mkomna, 1975. — 295 c.

19. Bompnex A.M. DOnexrpudeckue MalluHBL —
2-e m3x., mepepad. u gor. — JI.: Dreprus, 1974. — 839 c.

20. KombutoB M.II. Dnexrtpuueckue MamuHbl. — M.:
DHeproaromuzaat, 1986. — 360 c.

21. Karpman MM. OneKTpuyecKue MalIUHbI
ABTOMATHYECKUX CHCTEM: y4eO. I AJIEKTPOIPHOOPOCTPOHT.
crierl, TexHukymoB / mop pex. .M. FOdepora. — 2-¢ u3n,,
niepepad. u gorr. — M.: Beicmmast mkoma, 1979. — 261 c.

22. TuXOXOTHBIH aCHHXPOHHBIA IPeoOpa3oBaTeb
sHeprun: mart. 2402141 Poc. @enepamms / benses E.D.,
e I1.H., Braco E.A. — Ne 2009141468/07; 3asBi.
09.11.09; omy6m. 20.10.10, Bron. Ne 29. — 9 c.

23. TloBbiuenne 3h(GEeKTUBHOCTH NOOBIMM HEPTH U3
HHU3KOJIEOUTHBIX CKBAXXHH 32 CYET COBEPIICHCTBOBAHHUS
3JIeKTPOOOOpYyI0BaHUs cTaHKOB-Kayasiok / E.®. Bemses,
E.A. BmacoB, EM. Orapkos, ILH. Upmer //
HedrenpomsicioBoe aeno. —2010. — Ne 7. — C. 66-70.

24. Ceprees I1.C., Bunorpagos H.B., T'opeunos ®.A.
IIpoexTHpoBaHue MEKTPUUECKUX MaIIUH. — M.: DHeprus,
1970. - 632 c.

Please cite this article in English as:

25. TexHudeckuil kaTanor aueKkTpoasurarencii BOM3
(2010 1) [Onextpomnsii  pecypc]. —  URL:
http://www.vemp.ru/ prod/motors.html (mara oOpameHnwus:
26.03.2014).

26. benses E.@., lllynakos H.B. /luckpeTHo-noneskie
MOJICTI  AJICKTPUYECKHX MalluH: yueDd. mocobue. —
Ilepmb: U3n-Bo Ilepm. roc. TexH. yH-Ta, 2009. — Y. I, II. —
457 c.

27. Petrov L.P. Die Modelierung der energieverluste in
asynchronmotoren unter beachtung der elektromagnetischen
ubergangsprozesse // Elektrie. — 1980. — Vol. 34, No 7. —
S. 375-379.

28. Heiiman JI.P., Kananrapos II.JI. Teopetnueckue
OCHOBBI DJICKTPOTEXHUKH: Y4eOHHK UIS DICKTPOTEXH. U
sHepreT. By30B U (akynbreToB: B 3 u. U. 3. Teopus
anekTpoMarHutHoro mnons. — M.; JL.: Tocaneprousgar,
1959.-232c.

29. Vas P. Modified symmetrical components theory
and its application in the theory of asymmetrical induction
motors // Periodica Polytechnica, Electrical Engineering. —
1978. - Vol. 22, iss. 1. — P. 3—12.

30. Heitman JI.P., KananTapos I1.JI. Teopetudeckue
OCHOBBI 3JIEKTPOTEXHUKH: YYEOHUK IS DJIEKTPOTEXH.
U DJHeprer. By30B Hu (QakympreToB: B 3 u. Y. 1.
®u3uveckre OCHOBBI JJIEKTPOTEXHUKH U  TEOPHS
ueneil mocrossHHoro toka. — M.; JL.: T'ocaneprousgar,
1959. — 296 c.

31. Ching-Yin Lee, Wei-Yin Lee. Effects of
nonsinusoidal voltage on the operation performance of a
three-phase induction motor / IEEE Transactions on
Energy Conversion. — 1999. — Vol. 14, Ne 2. — P. 193-201.
DOI: 10.1109/60.766983

Belyaev E.F., Tsylev P.N., Shchapova I.N. Biphase multi-pole compensated asynchronous motor for oil industry. Perm Journal of
Petroleum and Mining Engineering, 2017, vol.16, no.3, pp.238-246. DOI: 10.15593/2224-9923/2017.3.4

IIpocsba cepuTaThCs Ha 3TY CTAThIO B PYCCKOS3BIYHBIX HCTOUYHHKAX CIEAYIONIM 00pa3zoM:

Bensies E.®., Llputes I1.H., [llanosa 1.H. [IByx¢}a3HbIif MHOTOMIOMIOCHBI KOMIIEHCUPOBAHHBIA AaCHHXPOHHBIA JBUTATENb U1 HeDTIHOM
npomsbiieHHOCTH // BectHuk IlepMckoro HanmMOHATBHOTO HCCIEAOBATEIbCKOTO MONUTEXHHMYECKOTO yHUBEpcUTeTa. I'eomorus.
Hedrerazosoe u roproe aeno. —2017. — T.16, Ne3. — C.238-246. DOI: 10.15593/2224-9923/2017.3.4

ISSN 2224-9923. Bectnux [THUITY. I'eonorus. Hedrerazosoe u roproe neno. 2017. T.16, Ne3. C.238-246



