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Abstract: The process of oil extraction requires
continuous monitoring of oil wells operation. To
improve the efficiency of oil wells, it is necessary to set
the optimal mode of oil pumping unit operation in which
the rate of liquid pumping corresponds to that of its
inflow. Many oil wells are strippers and therefore are
operated intermittently. Application of automated control
systems requires not only reliable data on the oil-
extraction equipment status, but also determination of
restrictions which arise from the conditions of error-free
performance of the eectric drive system. This can only
be done on the basis of mathematical modelling.

The method and algorithm developed to compute
operating modes of sucker-rod pumping units (SRPU)
allow the walking beam oscillation frequency to be
determined depending on the oil formation flow rate, as
well as the redtrictions regarding the range of its
regulation defined by torque and heat overload of the
motor. The computation algorithm is underlain by the
fine mathematicd models of the asynchronous motor
(AM) and sucker rod pump, and the method of
computation of periodic dependencies of the unit
operating mode coordinates by solving a boundary-value
problem.

Key words sucker-rod pumping unit, asynchronous
electric drive, oscillation frequency control, steady-state
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1. Introduction

Sucker-rod pumping units (SRPU) are used in most
oil fields. A sucker rod pump (Fig. 1) is powered by an
asynchronous motor (AM). Ensuring efficient and
reliable operation of the SRPU eectric drive is one of
the most challenging tasks. The specificities of its
operation include a periodically variable load, whose law
of variation changes within a wide range during the well
operation, and a periodically variable torque. An
important factor affecting the law of variation of the AM
shaft torqueis sucker rod pump balancing.

Adjustment of the deep-well pumping equipment
and the modes of its operation must agree with the well
flow rate, which decreases as the well is operated. A
particular importance is attached to the optimization of
stripper wells operation [1, 2, 10].

Fig. 1. A sucker-rod pumping unit.

It isimportant to ensure the necessary change in the
mode of the sucker rod pump operation so that it can
correspond to the oil inflow rate [4, 8]. As the torque
from the AM rotor shaft is transferred to the crank via a
reduction gear and a belt gear, the walking beam
oscillation frequency can be manually changed in a
discrete way by changing their reduction ratio.
However, the most effective approach is using controlled
electric drives [3, 5, 7, 10]. The available diagnostic
facilities for monitoring the underground equipment
status [3, 4, 6, 7] enablereliable SRPU load curves to be
obtained, but the software for automatic control of oil
pumping units does not meet the current practical needs.

For any control to be implemented it is necessary to
establish the relationship between input and output
variables of the control object. The complexity of this
task for SRPU dectric drives stems from two facts. First,
the input variable is represented not by a scalar value of
the torque, but by its functional periodic dependence.
Second, the relation between the force acting upon the
walking beam in the point of rods suspension, and the
AM shaft torque is defined by a complex non-linear
kinematic relationship [6, 7], which transforms the
periodic law of variation of the force acting on the
walking beam in the point of suspension of the rods
connected to the pump into the law of variation of the
AM shaft torque (Fig. 2). It should be added that the AM
of the SRPU €electric drive continuoudly operates in a
dynamic mode and features a non-linear dependence
between the AM load torque and el ectromagnetic torque.

Lviv Polytechnic National University Institutional Repository http://ena.lp.edu.ua



26 Andriy Malyar, Bohdan Kaluzhnyi, Andriy Andreishyn, Kristian Molnar

PUon

1.1

0=

0.5

02

&
-0l bird 2

Fig. 2. Periodic dependencies of a relative value of the force
P'= PIP,,, in the point of suspending therods and

€l ectromagnetic torque M; of the motor.

The problem of ensuring the effective operation of
the SRPU, including discrepancy between the oil
pumping rate and oil inflow rate, can only be solved on
the basis of a complex mathematical modd of the motor,
sucker rod pump and control system in ther
interrelations. The firg step is establishing relationships
between a dynamogram, which determines the periodic
law of variation of the force in the point of rods
suspension, frequency of walking beam oscillations and
reduction ratio between the AM shaft and reduction gear
shaft. Solving this problem will allow the methods of
SRPU control to be improved and restrictions stemming
from the specificities of SRPU electric drive operation to
be determined, thereby making it possible to enhance
energy efficiency and reliability of the unit as well asto
extend its turnaround interval.

The research aims to develop a mathematical model
and dagorithm enabling the determination of the AM
rotor speed, which corresponds to the well flow rate and
permissible range of its adjustment, based on the known
periodic law of the load created by the pump.

2. Mathematical model

One revolution of the crank corresponds to a full
cycle of up-and-down movement of the plunger and,
respectively, to a change of the load torque
M¢(a) = Mc(a+2p), i.e. the torque variation period is
equal to the crank rotation period. The plunger pump
productivity can be determined using the expression

al) = ). @

where P, isthe number of motor pole pairs, w is the
rotational speed of the rotor; D is the plunger diameter;
S isthe plunger travel; | is the volume efficiency of
the pump determined as the ratio between the

theoretically possible volume of the liquid and its real
one, which in practice is somewhat lower [5] due to its
leak from the cylinder, and falls into the range
0,6£1 £0,8; k = k,xk, is the reduction ratio between
the AM shaft and crank, which is equal to the production
of reduction ratios of the belt gear k,, and the reduction
gear K.

Sincetheload torqueis a periodic variable, variation
of g(t) will also be governed by the periodic law.
Therefore, the volume of ail extracted per cycle of the
SRPU operation can be calculated as a period average
value
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Dividing the current oil inflow rate by the ail
pumping rate per operation cycle gives the period
average rotational speed of the AM rotor, which ensures
the balance between the inflow and pumping of the
liquid. The implementation of such a reationship,
however, is associated with a number of restrictions on
the AM operation in the SRPU system both in terms of
overload capacity of the motor, and with regard to its
heat load. Establishing these restrictions is a complex
non-linear problem, which can be solved using
mathematical modelling of the electromechanical system
of the SRPU €ectric drive considering such factors as a
saturation-caused non-linear character of
electromagnetic relationships between its dectric
circuits, non-linear kinematic relationships of the sucker
rod pump and a variable moment of inertia of the
moving parts.

The rotational speed w of the rotor at the set law of
variation of the AM shaft torque M(t) is found from the
differentia equation (DE) of movement of the SRPU
mechanical system, which, teking into account the
variable moment of inertia of the unit J, hasthe form

2
M) B g

dw
Ul 2)da
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where M, isthe AM dectromagnetic torque; J isthe

moment of inertia of the moving parts corrected for the
motor shaft, which is determined on the basis of the
moments of inertia of the unit components performing
rotational or trandational movements and depends on
the angle of rotation a of the crank J(a) =J(a+2p),
and, therefore, is a function of the angle of rotor
rotation, which in turn isafunction of time.

On the x and y axes, the electromagnetic torque of
AM is determined using the formula

M, =15py i, - ¥ yiy)-
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To determine the variables in this formula, the
system of DE of AM electromagnetic balanceis solved:

dy
Wy - Ri, 4
dt =0-wy - R “

where U =(us(,uw,0,0)* Y =6/ Y s Y ry)*;

[ =(is(,iw,irx,i,y)* are the vectors of voltage,
current and flux linkage of the circuits (upper index *
means transposition);

r

r

is the diagonal matrix in which rg, r; are the resistances
of therotor and stator windings, respectively;

- W0

_| Wo .
W, = :
W - W,

Wy - W

Wp, W arethe angular frequencies of the AM supply
voltage and movement of therotor, respectively.
System of DE (4) makes it posshle to determine the

vectorsy and | for aset value of thevector U and aset

angular speed w of the rotor movement, taking into
consideration the AM magnetic path saturation. To do this,
computation of flux linkage of the circuits and matrix of
eectromagnetic parameters reies on using magnetization
curves for the main magnetic path and the paths of 1eakage
fluxes of the stator and rotor circuits[9].

3. Algorithm of computing a steady-state mode

In a steady-state mode, due to a cyclic character of
the unit operation, processes in the eectromechanical
system of the SRPU electric drive change according to
the periodic law determined by a complete cycle of the
sucker rod pump operation. However, its time period is
unknown, and its angular period is determined by a
complete revolution of the crank and is equal to 7=2p
irrespective of the crank shaft rotational speed. Thus, the
solution to the system of DE (3), (4) of electromagnetic
balance is a totality of periodic dependencies of the
coordinates within a period determined by one
revolution of the crank. Determination of these
dependencies by integrating the system of DE (3), (4) in
the time domain before the process reaches the steady
state is unreasonable, and the most effective way of their
finding is to solve a boundary-value problem, which
enables these dependencies to be obtained using a

minimum amount of computations. To do this, let us
replace the time coordinate t in equations (3), (4) with
the angle of crank rotationa,

dy _U-wy -Ri

, 5
da Wi, (%)
2
T C>
da Jw 2J da

where w istheangular speed of the crank.

To shorten the description of the algorithm of
solving the problem as a boundary-value one, DE system
(5) ispresented by one vector equation

yka)_ {1 La) ©)

where

——
I

To solve the problem as a boundary-value one, DE
are to be transformed into algebraic ones. According to
[6], one can use approximation of state variables by the
3 order splines, which provide high accuracy for asmall
number of nodal points on the period. The spline
approximation of the coordinates on the grid of n nodes
of the period results in an algebraic counterpart of
system (6) in the form of a non-linear algebraic equation
of the (m= 5n)™ order

HY(X)- Fv,x)=0, (7)
where H is a m’ m szed matrix of transtion from the

continuous change in the)'/-vector coordinates to their
nodal values, whose elements are determined by a grid

the @ x=(%).

r

F=\f, fn)’are the vectors consisting of nodal values
of the respective vectors coordinates.

System (7) of non-linear equationsisadiscrete reflection

of non-linear DE system (6) approximating it on the period T.
The unknown variable is the vector X made up of the
vectors of nodd vaues of AM circuit currents and rotational
speed of the AM rotor, and theJacobi matrix is

oy ¢

of nodes of period

WzaeH - —Fi—Fr- -,
iy gIxX X

4. Algorithm of computing the char acteristics.
System (7) of the mn™ order finite equations allows
us not only to compute a steady state, but aso to study
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the effect of variation of any coordinate ¢ characterizing
this state, for instance, the amplitude or frequency of the
supply voltage, moment of inertia, etc. To achieve this,
the system is differentiated with respect to this parameter
[11], which resultsin the DE system

] 1

we IF
dc fc
For different coordinatesc , DE systems (8) will

differ only in the vector of the right parts, which enables
solution of the problems of computation of different
static characteristics using the same algorithm.
Integration of DE system (8) with respect to the variable
c as a parameter using the numerical method gives a
multi-dimensiona static characteristic of the periodic
process as a totality of the steady-state modes

(vectors X ) corresponding to different values of ¢ in the
range from c; to ¢,. Using the known dynamogram, the
algorithm developed to compute characteristics makes it
possible to determine steady-state dynamic operation
modes of the SRPU permissible with respect to certain
indicators.

Changing the oil flow rate requires adjustment of the
oil-pumping rate, which is achieved by setting up
appropriate speeds of the walking beam oscillation.
However, as other caculations show, the crank
rotational speed cannot always be changed within the
required range, as this can cause the AM overload with
respect to both heat and maximum load torque. In order
to determine the permissible range of adjustment of the
oil pumping rate and formulate the restrictions, it is
necessary to carry out a preliminary study, which can
only be done by means of mathematical modelling.

As an example, Fig. 3 presents periodic
dependencies of the active power, and Fig. 4
demonstrates an effective value of the current computed
according to the above-discussed algorithm for different
values of the crank rotation frequency, which correspond
to the dynamogram for the 4AP1604Y3 (P, =15kW,
U, =380/220V) motor setting in mation the 7CK8-3,5-
4000 sucker rod pump (Fig. 2).

Fig. 5 and Fig. 6 show the static characteristics
obtained by processing the computed periodic
dependencies of the respective coordinates, which allow
determination of the utmost permissible conditions of
regulation resulting from the limitations of the motor
operation according to the maximum period average
value of power (Fig. 5) and current (Fig. 6), as wel as
the overload capacity with respect to the torque (Fig. 2).
As shown in Fig. 5 and Fig. 6, for the dynamogram in
Fig. 2, the permissible rotational speed of the AM rotor
is the one at which the crank rotational speed does not
exceed 10 rpm.

(8)
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Fig. 3. Relative value of the active power P consumed by the
motor versus the angle a for various values of the crank
rotational frequency.
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Fig. 4. Relative value of the AM current versusthe angle
a for various values of the crank rotational freguency.
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Fig. 5. Relative value of the active power versus
the crank rotational frequency.
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Fig. 6. Relative value of the current versus
the crank rotational frequency.
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4. Conclusions

The developed computation agorithm enables
determination of the walking beam oscillation frequency
which corresponds to the continuous operation of SRPU
depending on the adil formation flow rate, as well as
makes it possible to establish restrictions regarding the
range of its regulation determined by the torque and heat
overload of the motor. The algorithm relies on the fine
mathematica models of the asynchronous motor and
sucker rod pump and the method of computation of
periodic dependencies of SRPU mode coordinates based
on solving a boundary-value problem.

The high-speed software programs designed on the
basis of the devel oped algorithm can be applied for real-
time analysis of the SRPU operation, which can be used
for creating effective intellectual control systems.
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BIVIUB YACTOTH
TOUJAHb BAJTAHCHPA
INITAHITOBOI HA®TOBHUJIOBYBHOI
YCTAHOBKH
HA POBOTY ACUHXPOHHOI'O
EJIEKTPOIIPUBOY

Awnnpiit Mansp, bornan Kamyxuni,
Awnnpiit AaapeinmH, Kpicrian Monnap

Ipouec HadTOBHNOOYTKY HadTH mnoTpedye MHOCTiiHOrO
MOHITOPHHTY  po0OTH  OONagHaHHS s
MiBUIIEHHS e(EeKTUBHOCTI poOOTH Ha)TOBHX CBEPIJIOBUH

CBEpP/UIOBHH.

HEOOXITHO  BCTAHOBUTH
HadTOBHIO0OYBHOI
BimnoBizae i NpUTOKy. 3HaUHa KiIBKICTh CBEPIJIOBUH MaroOTh

ONTUMAIILHUH  peXuM  poboTH
YCTaHOBKHM, 3a SIKOro BiiOip pianHK
HEBEJIUKUI 71e0iT, a TOMY NpAIOITh Y PEKUMI HepioandHOL
ekcrutyaranii. Jist 3acTocyBaHHS aBTOMATH30BaHHX CHCTEM
KepyBaHHS HEOOXiJHO MaTH JOCTOBipHY iH(opMalilo He
TiNBKK TIpO cTaH HadTOBHIOOYBHOro oOiajHaHHA, ane M
BHU3HA4YaTH OOMEXKEHHs, SKi BHTIKalOTh 3 YMOB HaJiHHOL
pobotu cucremMu enekrponpuBony. Lle MOXJIMBO 3x1iHCHUTH
JIMIIE HA OCHOBI MaTreMaTHYHOTIO MOJE/IIOBAHH.

Po3pobieHuii MeTox 1 alropuTM pO3pPaxyHKy PExHUMiB
po0OOTH IITAHTOBUX IIMOMHHOIOMIIOMIIOBUX Ha(TOBUI00YB-
HUX YCTaHOBOK Jla€ 3MOry BH3HAuaTH YacTOTy TIOHJaHb
GanaHcupa 3aJeXHO BiA 3MiHM ne0iTy miacra, a TaKoX
OOMEXKEHHS IIOA0 MEX Ii PeryjlroBaHHs, SIKi BH3HAUYAIOTHCS
MEPEBAHTAKCHHAM JIBUI'YHAa 32 MOMEHTOM Ta HarpiBaHHsM. B
OCHOBY aJOPUTMY pO3pPaxyHKy MOKJIAJCHO MaTeMaTH4Hi
MOIeJIi aCHHXPOHHOIO IBUTI'YHA i BepcTaTa-roi1alIki BUHCOKOr O
pIBHA aIEKBAaTHOCTI 1 MeToA pO3paxyHKy Hepiogu4yHHUX
3aJIKHOCTEl KOOpIMHAT pEeXUMY pPOOOTH YCTAHOBKH Ha
OCHOBI PO3B’ A3yBaHHs KpaioBoi 3anaui.
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