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Abstract

The sucker-rod oil pumping unit productivity is influenced by lots of factors, including the operation mode of the
jack pump electric drive system. Settings of the electric drive system affect the system’s energy indicators, overhaul
period and oil production volume. Therefore, an effective operation of oil production units is an important factor
influencing the cost of the produced oil. The paper proposes a method of selecting the speed of the driving motor of
the jack pump electric drive that allows balancing the sucker-rod oil pumping unit productivity and the reservoir flow
rate. The difference between the pump productivity and that of the reservoir is taken as the electric drive system error.
The method is based on the criterion of root-mean-square error minimum and takes into consideration the periodically
variable nature of the load torque and inertia moment of the electric drive. It can be used to synthesize a control
system for the jack pump electric drive for adjusting the operation of the sucker-rod oil pumping unit to different
values of the oil inflow.
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1. Formulation of the research problem.

The oil well production technology needs balancing in terms of the oil reservoir inflow rate and the rate of oil
pumping by a sucker-rod pump, at least for a certain period of time. The sucker-rod oil pumping unit productivity
depends on the pump strokes per minute and technical condition of the unit itself, which can deteriorate with time,
thereby causing the reduction in productivity. The inflow rate, or reservoir productivity, is determined by the level of
the oil filling the well and condition of the borehole zone of the reservoir. Under certain conditions of the well’s
operation, the oil level in it corresponds to the dynamic equilibrium between the inflow and pumping rates and is
referred to as the dynamic level. Obviously, the best operation mode of the well is the mode in which the dynamic
level is established at the level of the plunger pump working submergence [1], thereby ensuring the improvement of
technical and economic indices of the sucker-rod oil pumping unit.

Nowadays in Ukraine, wells with sucker-rod pumps are operated mostly by non-regulated electric drives of jack
pumps. In this situation, the balance between the rates of oil inflow into the well and its pumping from it is ensured by
the periodic operation mode. In this mode, the jack pump runs for some time, pumping the oil from the well (the
pumping period), and some time it is in the stand-by mode (the stand-by period). During the latter period, the oil that
comes from the reservoir fills in the well and the oil level increases (the replenishment period).

A high efficiency of periodic operation can be achieved only subject to the development and application of
advanced automated control systems for jack pump electric drives. Practice shows that the use of the frequency-
controlled electric drive is proposed for regulating the productivity of periodic wells [2-5]. This approach provides for
changing the rate of oil pumping from the well, using an automated control system. In most cases, such systems
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operate on the basis of a preset algorithm with corresponding settings which are determined when exploring the well
[2,5]. At that, for a specific jack pump drive one needs to adjust the control algorithm, as each well has its
specificities. Therefore, the issue of developing a method of determining the driving motor speed, based on which the
control system of the jack pump will ensure operation modes of the sucker-rod oil pumping unit adjusted to different
values of oil inflow into the well, is of topical importance.

2. Evaluation of the jack pump electric drive speed.

Since the pumping rate for the stripper well, as a rule, exceeds that of oil inflow into it, this causes a reduction in
the energy conversion efficiency of the oil pumping unit. To ensure the balance between the oil inflow and pumping
rates, it is necessary to adjust the pump productivity so that the error £ would be equal to zero or approaching zero
according to the formula [6]

E=0Q,-0,=0,,~1440n, 5Dk, =0, (1)

where 1440 is the number of minutes in a day; Q,.,, O, are theoretical and real daily production rate of the well; n,, is
the number of swings of the jack pump (revolutions of the crank); S is the plunger stroke length; D is the plunger
area; k, is the volume efficiency of the sucker-rod pump calculated as the ratio of the real volume efficiency to the
theoretical one; in practice, this coefficient falls into the range 0.65-0.9.

Taking into account that the crank rotation speed is calculated as
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where £; is the reduction gear ratio from the induction motor shaft to the crank rotation axis, ®,, is the speed of the
driving motor shaft, the equation (1) can be written as

E=Q,,~1440SDk, ?% ~0. 2)

1

For the equation (2) to be satisfied, the control system of the jack pump electric drive must change the driving
motor speed according to the change of the current productivity of the unit. For quality assessment of such a system,
we will use the criterion in the form of the square error integral
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where v is a certain set constant.

If we take that the volume efficiency of the sucker-rod pump is a constant value, then
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It is known [7] that if the mechanical time constant significantly exceeds the electromagnetic time constant, the
transfer function of the driving induction motor powered from the frequency converter on the linear section of the
speed-torque curve with respect to the speed setpoint adjuster signal will appear as

1
wip)z——M
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where p=d/dt; T, is the electromagnetic time constant; 7}, is the mechanical time constant.
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Taking into account that on the period of swinging the inertia moment J of the electric drive depends on the
crank rotation angle a, then, in our case, the mechanical time constant is also a function of the angle a, i.e.
T, ()= J(e)/B , where B is the rigidity of the speed-torque curve on the linear section.

m

Using the mathematical model of the jack pump [8] and varying the angle o with a certain increment, we can
calculate in advance the inertia moment J(a), its derivative and mechanical time constant 7,,(c) on the period of the
crank rotation and form the respective data arrays (Fig.1).
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Fig.1. Inertia moment (1) and its derivative (2) vs. crank rotation angle.

Since the time coordinate 7 is related to the angle coordinate o of the crank rotation according todt =k,da/w,, ,

the differential equation for the error £ will appear as

e m

2
TT (a)(a]z—'"J s2E+Tm(a)%sE+E=O, (6)

where s =d/do. .
Let us make the following substitutions: £ = x,, sE = x,. Then the equation (6) will transform into
x+T, (a )w—"’ X,
k,
sx, = : . (7

For the minimization of the criterion (3), we will use the auxiliary quadratic form

Z = Bx +2B,x,x, + B,x; ®)
related to the form J according to
dz
—=-V. 9
T )

Therefore, we have the positively definite form V i.e. the function of coordinates x;, which is positive for all real
values of x;. For dV/da. <0, this form is known as a Lyapunov function [9-10]. In its turn, if Z is a quadratic form

positive for all values of x;, and its derivative is negative, then Z is also a Lyapunov function.
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The coefficients of the form (8) are unknown. It is shown in [10] that, having obtained the unknown coefficients,
we will thereby obtain the expression for the integral (3). To this end, let us write the equation (9) as

OZ dx, 0Z dxy, (10)
Ox, do.  Ox, do

Taking into consideration the expression (7) and the above-made substitutions, the expression (10) will
transform into
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In order to find the unknown coefficients, let us equate the expressions in front of xlz, X1X2, x§ in the left and

right parts of the equation (11) and solve the resulting system of equations. We obtain

2T,: (a)a]z—:"+TeTm(a)%"+2y
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According to [8], after the change from the time coordinate to the angle coordinate, the expression for the
integral (3) will appear as

2n
1= [Vda = B,(x2), +28,(x,), (x.), + B.(x2), (13)
0
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M, is the initial motor torque;

M,y is the initial load torque.
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Finally, the expression (13) for the integral evaluation will have the form

272 ()2 + 1.7, (o) 2+ 2y

27 m
k; k,
I= de - i : ;
) a 4Tm Qlt’S +
M oM o), dJ(e)
m T S 14
+71,(2)%0,, % do |, (i
L a2
ki
0
2
nsz(a)% m _Ml _%%
+ i + e}/ K i a
oo a2

Using (14), we can obtain the expression for the driving motor speed which ensures a minimum root-mean-
square error. To this end, let us differentiate the expression (14) with respect to ®,,. As a result, we obtain the function
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In order to find the extremum of the function f'(w,,), it is necessary to equate the expression (15) to zero and
solve the obtained non-linear equation, using a numerical method. When solving the equation, it should be taken into
account that the load torque created by the jack pump and therefore the motor torque are periodically variable (Fig.2).
For obtaining periodic dependencies of the motor torque M,,= M, (a), projection method described in [11] or
experimentally recorded data can be used.
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Fig. 2. Load torque per unit vs. crank rotation angle.
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3. Conclusion

The approach described above allows optimization of the jack pump electric drive operation, applying the
proposed method. Therefore, we can obtain the motor speed variation law that will ensure effective operation of the
sucker-rod oil pumping unit and balance between the oil inflow into the well and the oil pumping rate. The expression
for the motor speed presented in the paper can be used for the synthesis of a control system for the frequency-
regulated electric drive of the jack pump, which will adjust the operation of the sucker-rod oil pumping unit to
different flow rate values.
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MeTtoauka BUOOPY HIBUAKOCTI IBUT'YHA €JIEKTPONPHUBOAY BepPCTATA-TOMAAIKHA
3 ypaxyBaHHSAM [1e0iTy miacra

Awnppiit Mansp, bornan Kanyxuuii, Poman Ksit

Hayionanvnuii ynieepcumem «JIvsiscoka nonimexuixay, eyn. C. banoepu, 12, m. Jlveie, 79013, Vrpaina

AHoTalisa

Ha nponykriBHiCTh HAQTOBOI IITAHrOBOI ITTMOMHOIIOMITOBOT YCTAHOBKH BIUIMBA€ 0araTto YMHHUKIB, 30KpemMa i
PEXUM pOOOTH CUCTEMH €JIEKTPOIPHBOAY BepcTaTa-roiaaiky. HanamryBaHHsS CUCTEMH €JIEKTPOINPHBOAY BIUBAIOTH
Ha EHEpPreTHYHI MMOKa3HUKU CHCTEMH, TPUBAJICTh MIXKPEMOHTHOI'O MEpioAy Ta KUIbKICTh BuaoOyToi HapTu. Takum
YHHOM, palliOHAIbHA eKCILTyaTallisi HAhTOBUIOOYBHUX YCTAHOBOK € BRXKIIMBUM (PAKTOPOM, SIKMI BIUTUBA€E HA BApPTICTh
BUA0OYTOI piAMHU. Y CTAaTTi 3alpONOHOBAHO METOAMKY BHOOPY HIBHIKOCTI NPHBIJHOTO JBUI'YHA E€IEKTPONPHBOLY
BepCTaTa-rofIaliky, sSKa Ja€ 3MOr'y 30alaHCyBaTH NMPOXYKTUBHICTh INTMOWHHOI MOMIHM Ta Ae0IT miacta. Y sKOCTI
MOXUOKH CUCTEMH €JIEKTPOIPUBOAY BUOPAHO Pi3HMIIO MIXK MOAAYEI0 TOMITH Ta MPOJYKTUBHICTIO TIacta. Meromuka
0azyeTbcs Ha KpUTEpii MIHIMyMY CepeIHbOKBAJIPATHYHOI NMOXHOKM 1 BpaxoBYe IEpIOJUYHO 3MIHHHHA XapakTep
MOMEHTY HAaBaHTa)KEHHS Ta MOMEHTY iHepIlii enekrponpuBoay. Ha ii OCHOBI MOXXHAa CHHTE3YBaTH CHCTEMY
KEpYBaHHsI €JeKTPONPHBOAOM BEpCTaTa-TOMAANKH, SKa aJanTyBaTHMe poOOTy TNIMOMHHOIIOMIIOBOI YCT@HOBKHU 0
PI3HUX 3Ha4Y€Hb JIOIUTUBY PIAMHH y CBEPUIOBHHY.

Karou4ogi ciioBa: riOHMHHONIOMIIOBA YCTaHOBKA; [1E0IT; CHCTEMa KEpYBaHHS; CEpEAHbOKBAIpAaTHYHA TIOXHOKA.



