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Abstract. Oil production enterprises in Ukraine mainly use traditional balance drives, which have proven their
reliability over many years of operation. New drive schemes, in terms of efficiency, require a comparative assessment
of their characteristics with balance drives. For the purpose of comparative analysis and calculation of the kinematic
parameters of the crank-pulley drive, which was operated at the Oil and Gas Production Department Okhtyrkanaftogaz
of the Public Joint Stock Company Ukrnafta from 1993 to 2021, the paper presents the development of its mathematical
model. For this purpose, geometric dependencies were used to calculate the length of the rope, which acts as a flexible link,
and, accordingly, the displacement of the rod suspension. By differentiating the displacement graph, the corresponding
kinematic characteristics were obtained - velocities and accelerations, which are components for calculating the
moment of resistance forces reduced to the crank of the executive mechanism. The coefficients of mean square deviation
calculated for traditional sucker-rod pumping units and crank-pulley drives allowed a comparative assessment of their
balancing quality. Their characteristics were compared based on the load of the executive mechanism using a typical
static dynamogram, since the accepted rotation speed of the crankshaft of sucker-rod pumping unit is less than 8 rpm.
It was determined that the root mean square deviation of the torque of the crank-pulley drive was 9.47 kNxm, which is
33.6% less than that of a traditional balancing drive. Using a developed mathematical model, which employs the vector
contour method, a system of linear equations was obtained to determine the dependence of the rotation angle ¢, of the
lower crossbar, to which the rope is attached, and the rotation angle ¢, of the movable pulley on the rotation angle ¢, of
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the crank. It has been established that the movable pulley changes its direction of movement twice per revolution of the
crank of the executive mechanism, which may be the cause of accelerated wear of the drive rope

Keywords: root mean square deviation; downhole rod pump unit; mathematical model; pump drive; reduced torque

Introduction

During 1993-2021, the Oil and Gas Production Department
(OGPD) Okhtyrkanaftogaz of the Public Joint Stock Com-
pany (PJSC) Ukrnafta operated sucker-rod pumping units
with a crank-pulley drive, which were later decommis-
sioned due to the complexity of their maintenance. Most
commonly, these sucker-rod pumping units are designed
with a double-arm balancer. There are many types of exec-
utive mechanisms based on this design, which differ in the
length of the front and rear arms (beams) of the balancer
and other geometric dimensions. Despite the long period
of use of such drives, researchers are working on improving
their design methods.

J. Wang et al. (2025) proposed a new design scheme for
the executive mechanism of a double-arm balancing drive
by sequentially optimising both their kinematic and dy-
namic characteristics. The effectiveness of the new design
was compared by calculating the root mean square value
of the torque. Researchers J. Xu et al. (2022) improved the
method of balancing a downhole rod pumping unit (DRPU)
equipped with a double-arm balancer drive. The modified
design of the executive mechanism, due to the placement
of secondary balancing counterweights rotating at double
angular velocity, made it possible to avoid changing the
sign of the crank torque, which reduced the energy con-
sumption of the drive electric motor.

ZW. Gao & S. Jia (2024) conducted a review of meth-
ods for modelling and controlling balance drives and their
mathematical models. It was determined that comparisons
of the effectiveness of different methods should be based
on comparisons with a reference mathematical model. Sci-
entists A. Malyar & S. Cieslik (2023) developed mathemat-
ical models of a balance drive to calculate the process of
changing the capacity of cosine capacitors to compensate
for reactive power in the starting and steady states of an
electric drive of DRPU. As a result, the change in the sign
of the crankshaft torque was compensated by adjusting the
capacitance of the capacitors.

In the publication by A.M. Aliyev & S.Y. Aliyeva (2023),
the mathematical model of the DRPU was expanded in
terms of modelling the processes of downhole equipment,
in particular the stress-strain state of the valve assembly of
a well pump. The influence of friction forces on the defor-
mation and destruction of rods was determined, taking into
account the kinematics of the rod string. The geometry of
the DRPU drive usually includes several of the most com-
mon types of drives (sucker-rod pumping units) such as:
traditional double-arm or single-arm balance drives with
counterweights placed on cranks, called sucker-rod pump-
ing units, long-stroke drives, which are used for significant
lengths of well pump stroke (GE Oil & Gas, n.d.).

The situation is no different in Ukrainian fields. Ac-
cording to research by V.V. Savchuk (2016), ten oil fields

were developed at the Dolyna Naftogaz Oil and Gas Pro-
duction Company with an operational fund of 392 pro-
duction wells, with an average depth of 2,700 metres. All
major fields are in the late stages of development, which is
characterised by high water cut — over 86%. More than 70%
of wells are operated using balance drives. For wells with
high oil flow rates, the use of non-balancing long-stroke
DRPU drives (Weatherford, n.d.) is proposed, the design of
whose executive mechanisms differs from that of balancing
drives. In addition, the search for a replacement for the bal-
ancing drive with other executive mechanism schemes, for
example, through the use of a hydraulic drive, continues.
To determine the technical condition of DRPU equipment,
the most common method remains the dynamographic
method, which is constantly being improved. Based on this
method, models are being developed for diagnostics, taking
into account the actual dynamic level of fluid in the well in
order to determine the energy of the oil and gas reservoir
for selecting the necessary operating modes of sucker-rod
pumping units (Zhang et al., 2021).

Analysis of scientific research allows to conclude that
analytical calculations according to the developed mathe-
matical models of traditional balance drives can be used as
a basis for comparing the kinematic and dynamic charac-
teristics of other drive schemes. Given the originality of the
design of the crank-pulley drive executive mechanism and
the absence of publications by Ukrainian researchers that
theoretically confirm the advantages or highlight the dis-
advantages of such a drive scheme for DRPU, the purpose
of this study was to calculate the kinematic parameters of
the developed mathematical model for comparative evalu-
ation with similar balance drives.

Materials and Methods

The structural diagram of the unbalanced crank-pulley
drive of a well rod pump (DPCP) is shown in Figure 1. The
DPCP operates as follows. Crank 1 rotates at an angular
velocity w, around the standpipe O and drives the tension
pulley 2, which is covered by rope 3 thrown over the guide
pulley 4. At point E, the rope is attached to the rod suspen-
sion 5, and at O, to a fixed link. Crank 1 has an L-shape, with
a guide pulley hinged to one end, at A, and crank counter-
weights located at the other end, deflected by an angle a,
at point B. When the crank rotates around the stand O, it
pushes the tension pulley 2, which begins to move the rope
3, simultaneously rotating at an angular velocity w,. The
movement of the rope is transmitted to the guide pulley 4,
which rotates around the stand O, at an angular velocity w,,
changing the direction of the rope’s movement to vertical
and, thus, the rod suspension E together with the rod string
performs a translational movement, which is transmitted
to the plunger of the deep well pump 7, which is located
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in the pump-compressor pipe string 8. The weight of the
rod string and the liquid above the plunger of the deep well
pump is balanced by counterweights 9 located on the crank.
During the operation of the rocker machine, the plunger 7
of the deep pump performs a reciprocating motion, mov-
ing from the extreme lower to the extreme upper position.
The stroke of the plunger h is defined as the difference in
the displacement of the rod suspension between its two
extreme positions, which are defined by E, and E’ (Fig. 2).
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Figure 1. Structural diagram of DPCP

Note: 0 - fixed link (frame to which other moving links are
attached); 1 — crank; 2 — tension (moving) pulley; 3 — rope; 4 —
guide pulley; 5 — rod suspension; 6 — rod string; 7 — deep well
pump plunger; 8 — tubing string (TS); 9 — crank counterweights
Source: developed by the authors based on Osnastka
NPP (2001)
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Figure 2. Extreme positions
of the DPCP executive mechanism

Source: developed by the authors based on Osnastka
NPP (2001)

The dimensions of the links are selected in such a way
that between the extreme positions of the crank, which are
determined by the lengths of segments OA and OA’, an an-
gle of misalignment Q is formed, which allows the average
speed of the rod suspension to be redistributed — reducing
its value for the working stroke (upward movement of the
rod suspension). This angle is calculated using the formula:
ky—1

6= 180x 7, (1)
where k - crank average speed variation coefficient.
ky =22 )

v vy’
where V, , V, - average speed of the rod suspension for its
upward and downward movement. To compare the capabil-
ities of this drive with traditional sucker-rod pumping unit,
a mathematical model was created (Fig. 3), which was used
to calculate the kinematic characteristics. For ease of read-
ing the diagram, the part of the crank with counterweights

is not shown.
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Figure 3. Calculation scheme of the executive mechanism
Source: developed by the authors

The displacement of the rod suspension h is calculated
as the difference in rope length between its lower and up-
per extreme positions (E):

S=1-1, 3)
where [, I, - the, rope length in the arbitrary and initial
(extreme) position of the crank:

,=0,B+BC+CD+DK+KE, 4

where O,B - the length of the rope between the standpipe
and point B where the rope contacts the movable pulley.

0,B = \/0,A* — AB?, (5)

where AB=r,, - the radius of the moving pulley. The length
of the rope between A and B at the point where it attaches
to the pulley is variable and depends on the position of the
crank OA:
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0,4=(Xp + X, )2+ (Y + Y, )2, (6)

where X, Y, - the projection of coordinate O on axes X and
Y; X, =rkr = cos(p,) - the projection of crank length r, on
axis X; Y, =r, xsin(¢p,) - the projection of crank length r,,
on axis Y; ¢, - the crank rotation angle, calculated relative
to the positive direction of axis X. Length of rope covering
the movable pulley on the arc BC:

BC=r, *a,, (7
where a, — the angle of rope coverage of the movable pulley.

ay=sxm—z—1, ®)

o —1(0BY. ., _ . —1(0,4%+0,4%-0,03
where & = tan™" (22); = cos~! (S4E2L2000) here
0,0, = /X + Y& The length of the rope between points
DCis equal to the length:
A= (Yo1 - Y4)2+ (Xo + X, )2. €

Length of rope covering the guide pulley:

DK=(1-6) x, (10)

hk1?

where r - the radius of the fixed pulley. The length of
the rope in the initial position is calculated according to
Figure 2, when point A of the crank is in such a position
that the length of the rope [, is minimal. By performing nu-
merical differentiation of this graph, the dependence of the
rod suspension speed is obtained, which is a component for
calculating the reduced moment acting on the crankshaft.
However, a special feature of this executive mechanism is
that the DPCP drive contains a movable pulley 2, which
changes the direction of its rotation several times during
one revolution of the crankshaft, so this must be taken
into account when constructing a mathematical model. To
determine the dependence of the angular velocity of the
movable pulley on the angle of rotation of the crank 1, the
vector contour method was used, the calculation scheme of
which is shown in Figure 4.
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Figure 4. Vector contour for determining
the kinematic parameters of a moving pulley

Source: developed by the authors

Equation of a vector contour:

IOA=XOZ+YOZ+IOZB+IAB' (11)

Projections on the axis to determine the unknowns
@, - the angle of rotation of the moving pulley and ¢, - the
angle of rotation of the rope:

{lo,q X €0s @1 = =Xy, + lyyp X €OS @3 + lyp X cOS @,
loa X sin@, = =Yg, +lpyp X sin s + g X sin @, . (12)

Solving the system of equations (12) allows obtaining
the dependence of the angle of rotation ¢, of the lower
crossbar to which the rope is attached at O, and the angle of
rotation ¢, of the movable pulley. Differentiating equation
(12) with respect to time t, the expressions for determining
the angular velocities w, and w, are found:

{—IOA Xsin@q X w1= —lpypX sin P3X w3— lpX sin ¢, X w,
loaX cos@ X w1 =lpyp XCOS Q3 X W3 +lyp XCOS Py X W, .(13)

The power of the drive motor depends on the shape of
the torque curve acting on the drive crankshaft. Therefore,
the next task was to determine the reduced torque acting
on the crankshaft, taking into account the placement of
crankshaft counterweights on it, which is determined ac-
cording to the equation:

M, (¢))=MJ@)+M,(¢)+M, (o)),

where M (¢,) - the moment reduced to a crank from the
force of useful resistance acting at the point of suspension
of the rods; M, (¢,) — the moment created by the mass of
the crank; M (¢,) - the moment created by the masses of
crank counterweights.

(14)

v, 1
M2, (p) = Fyp X w—El X cos a; + (Gshk +5 % Gkr) X

X lpg X €08 1 + Gppy X Ly X cos(pq — @), (15)
where F, - the force of useful resistance acting on the bar
suspension; V, — the speed of the point of application of
the force of useful resistance; w, - the angular velocity of
the crank; a, - the angle between the direction F,  and ve-
locity V,; G,,, - the pulley weight; G, - the crank weight;

shk
G,,, — the weight of counterweights; [ - the distance to

spr
the centre of mass of the counterweights; a — the angle be-
tween crankshaft beams. The components of the combined

moment of resistance forces are shown in Figure 5.

Ly
07

Figure 5. Components of the combined moment
of resistance forces

Source: developed by the authors
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In this case, the value of the useful resistance force is
calculated taking into account the displacement of the rod
suspension in accordance with the calculation scheme de-
veloped above (Fig. 3) for the upward (16) and downward
(17) movement of the rod suspension:

S
{Fko = (Fmin+ (Fnax — Finin) Xf)XSE <A

Fro = Fnax X A1 < Sp < H; (16)

H-S,
{Fko = (Fmax — (Bnax = Foin) XTE) XSg=zH—-1,
Fro = Fpin XSg <H —1,, a7
where H - stroke E of the rod suspension. For a dynamic dy-
namogram, thevaluesF, . andF, _are calculated takinginto
account the acceleration of point E of the rod suspension:

{Fr‘rilin = Fpin X ag
Fr(rilin = Fnax X @, (18)
where a, - the acceleration of the rod suspension. The cri-
terion for comparing the efficiency of balancing the DRPU
drives is the coefficient of the root mean square devia-
tion of the torque, which is calculated using the formula
V.R. Kharun et al. (2021):

foanz:;ZXd‘/ﬁ
= ’— Hxm
oM 2XT ’ ’

where M, - the crank-reduced moment of resistance forc-
es; ¢, is the crank rotation angle.

(19)

Results and Discussion

Further on, a comparative analysis of the developed math-
ematical model of the DRPU crank-pulley drive with known
analogues is presented, and its kinematic, dynamic and en-
ergy characteristics are considered in order to evaluate the
efficiency and quality of the drive balancing. The manufac-
turers of the DPCP drive have determined that the unique
geometry of this executive mechanism allows it to consume
1.5 times less electricity compared to a traditional balance
drive (Osnastka NPP, 2001). However, these drives have not
found wide application. The most widely used balancing
drive in the world, the sucker-rod pumping unit, contin-
ues to be used in oil fields, accounting for more than 80%
of oil production. To compare the capabilities of the drive
with traditional sucker-rod pumping units, a mathematical
model was created.

A similar mathematical model of a sucker-rod pump-
ing unit with a crank-pulley drive, in which the crank with
a drive pulley located on it is positioned with a certain
eccentricity relative to another crank on which balancing
counterweights are installed, was developed by researchers
J. Xu et al. (2024). The drive scheme of these authors differs
from the one considered in this article in that the counter-
weights are located on separate cranks, the axis of rotation
of which coincides with the axis of rotation of the cranks
with a movable pulley, but is located at a certain distance.
This made it possible to improve the balance of the drive.
In this mathematical model, the displacement of the rod

suspension is determined by calculating the change in the
length of the rope driven by the movable pulley, similar to
the article presented, but the kinematics of the movable
pulley is not taken into account. The researchers tested the
prototype in the field, which allowed them to conclude that
this design reduced the power of the drive motor by 80%, re-
duced the weight of the drive by 25%, and saved more than
50% of electricity. Thus, the advantage of such drives over
traditional sucker-rod pumping units has been determined.

The mathematical model of the DPCP developed in
this publication made it possible to determine the dis-
placement of the rod suspension according to formula (3),
determining the difference in rope lengths for the upper
and lower positions of the rod suspension, similar to the
model by J. Xu et al. (2024). However, it differs in the rope
direction scheme from the drive (moving) pulley to the
guide pulley, and this model additionally takes into ac-
count the kinematics of the moving pulley. The first kine-
matic characteristic that makes it possible to evaluate the
correctness of the mathematical model is the displacement
of the rod suspension. An example of constructing graphs
of the dependence of the displacement of point E - the rod
suspension - on the angle of rotation of the crank for dif-
ferent stroke lengths is shown in Figure 6.

Sm

ES

32

200 240 280 320

qo;, degree

"0 40 80 120 160

Figure 6. Stroke graphs
for different plunger stroke lengths
Note:1-4m;2-3m;3-2.5m
Source: developed by the authors

The graph showing the dependence of the displace-
ment of the suspension point of the rods on the angle of
rotation of the crank is used by researchers to compare the
differences between the proposed models of new executive
mechanisms of DRPU drives and traditional balance drives.
The authors J. Shao et al. (2021) developed an DRPU drive
using a gear rack mechanism to transfer motion to the rod
suspension. To confirm the difference in the movement of
the rod suspension, they constructed a graph of the move-
ment of the rod suspension of their proposed drive, along
with a graph of a traditional sucker-rod pumping unit.

Displacement graphs are used not only to compare
the performance of new drive models, but also to se-
lect the most efficient design for existing balance drives.
B. Wang (2021) proposed an improved DRPU balance drive
scheme with dynamic balancing tracking. The advantag-
es of this scheme, compared to balance drives, were de-
termined using displacement, velocity, and acceleration
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graphs of the rod suspension point. Similarly, in this work,
three displacement graphs of the rod suspension were con-
structed, which made it possible to evaluate the nature of
displacement changes for different stroke lengths.

The developed mathematical model made it possible
to compare the nature of the displacement change of the
rod suspension. For this purpose, a comparison was made
with a traditional balance drive with a rod suspension
stroke of 3 m (Fig. 7). The maximum displacement of the

Sm

rod suspension is 3 m, while for a traditional sucker-rod
pumping unit, the crank rotation angle is 187°, and the
desaxial angle is 7°, while in the DPCP drive, the rotation
angle is 189°, i.e., the desaxial angle is increased to 9°. The
desaxial angle characterises the duration of the working
and idle strokes. Increasing the duration of the working
stroke, during which the maximum load is applied to the
rod suspension, allows for a more even distribution of the
load on the drive.
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Figure 7. Rod suspension movement graphs for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

The dependence of the speed of the rod suspen-
sion can be obtained by differentiating the displace-
ment, which can be done using analytical methods, as
used by A.M. Aliyev & S.Y. Aliyeva (2023) and ]J. Wang et
al. (2025), or numerical methods (Han et al., 2025).

Vm/s / 2

Figure 8 shows the graphs of the speed of the rod sus-
pension of a traditional balance drive and a crank-pulley
drive, constructed by numerical differentiation of the
displacement graphs, for the same crank rotation speed
of 6.5 rpm.
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Figure 8. Rod suspension speed charts for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

Comparing speed graphs shows the advantages of new
designs over traditional balance drives. From the analysis
of these graphs (Fig. 8), it can be concluded that for a tradi-
tional sucker-rod pumping unit, the maximum speed value
corresponds to 0.99 m/s for the upward stroke of the rod
suspension and 1.08 m/s for the downward stroke. Accord-
ingly, for a crank-pulley drive, the speed value for upward
movement will be 0.96 m/s, which is close to the traditional
value, but for downward movement it reaches 0.9 m/s. That

is, for the DPCP drive, the difference in speeds for upward
and downward movement will be smaller. Since the power
at the rod suspension point is the product of speed and use-
ful resistance force, the smaller the speed fluctuation, the
lower the power consumption of the drive. Figure 9 shows
the acceleration graphs of the suspension point of the rods
of a traditional balance drive and a DRPU crank-pulley
drive. Acceleration is a component of inertial force, which
can be calculated using formula (18).
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Figure 9. Acceleration graphs for rod suspension for a stroke length of 3 m

Note: 1 - traditional balance drive; 2 — drive with DPCP
Source: developed by the authors

Comparing the graphs, it can be seen that for the
crank-pulley drive, the acceleration value is 20% lower at
the beginning of the rod suspension’s upward movement,
but when the crank rotates by 22°, it actually equals the ac-
celeration of a traditional balance drive. Also, at the end of
the second phase of movement, when the rod suspension
moves down, the acceleration value is also 26% lower than
that of a traditional balance drive, which increases when
the crank rotates from 324° to 360°. The developed math-
ematical model allows calculating the angular velocity of
the moving pulley and the lower crossbar (Fig. 10), to which
arope is attached at point O, (Fig. 3).

=
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0 40 80 120 160 200 240 280 320 360
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Figure 10. Angular velocities of the moving pulley 1
and the lower crossbar 2

Source: developed by the authors

Analysing the graphs, it can be noted that the angu-
lar velocity of the moving pulley changes the direction
of its rotation twice per crank revolution and reaches 1.3
rad/s. Since the drive pulley is in contact with the rope, the
movement of which is transmitted to the rod suspension,
the change in the direction of movement leads to a similar
change in the direction of the friction force, and this can
cause increased rope wear. In formula (15), the effective
resistance force F, is a mechanical characteristic (dynamo-
gram) that shows how the force acting on the rod suspen-
sion changes depending on the displacement of point E
of the rod suspension. The graph of this force is the ba-
sic component for balancing the sucker-rod pumping unit
(Takacs & Kis, 2021).

In the work of R. Zhang et al. (2021), a study was con-
ducted on the influence of the condition of the downhole
pump on the shape of surface and downhole dynamograms.
It was noted that the shape of the dynamogram depends
on the dynamic level of fluid in the well, the presence of
gas, rod breakage, high or low plunger seating of the deep
well pump, and other conditions of deep well equipment.
F.C. de Oliveira & 0.]. Romero (2024) modelled dynamo-
grams to evaluate the strategy for optimising production
processes in DRPU oil production. These researchers com-
pared dynamograms with a theoretical (static) dynamo-
gram, which does not take into account the dynamic loads
caused by the acceleration and vibration of the links.

A dynamic dynamogram (Fig. 11, curve 2), which takes
into account the acceleration of the rod suspension (18),
has a certain effect on the shape of the torque, as noted
in the studies by G. Takacs & L. Kis (2021), so this must be
taken into account in order to achieve a better balance of
the balance drive. Scientists note that traditionally, most
researchers do not take into account the influence of iner-
tial forces on the torque of the crankshaft. Figure 11 shows
a static dynamogram that was modelled for the design of
a rod string, taking into account the deformation of the
rods and the pump-compressor pipe string when they are
subjected to the load from the weight of the fluid (Fig. 11,
curve 1) according to formulas (16-17) and a dynamic dy-
namogram, using the formula (18).

bro
8x10% 7 2
6x10%
4x10% gl 5
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210
0 1 2
/17 A Sem
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Figure 11. Typical dynamograms
Note: 1 - static; 2 — dynamic
Source: developed by the authors
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For both dynamograms, it is possible to identify charac-
teristic sections where the maximum load F,  acts, caused
by the rod suspension perceiving the static load of the rod
string and the fluid above the plunger, and the minimum
load F,, , the main component of which is the weight of the
rod string. During the transfer of load from the pump-com-
pressor pipe column to the rod column, they are deformed
by an amount A, during the upward movement of the rod
suspension and reverse deformed by an amount A, during
its downward movement. Since, according to Figure 9, the
acceleration graphs of the balance and crank-pulley drives
practically coincide in the phase of the rod suspension’s
upward movement, when the maximum load is applied to
the drive, and most authors use a static dynamogram for
kinematic analysis, it was decided to calculate the torque
of the crank shaft using a static dynamogram.

Authors ZW. Gao & S. Jia (2024) conducted a com-
parative analysis of the works of researchers who studied
intelligent methods of controlling DRPU. It is noted that
most of them focused on controlling the drive motor (52%)
and the well fluid pumping system (34%), respectively. The
main works concerned increasing the efficiency of the in-
stallation as a whole (31% of scientific publications) and
reducing the power of the electric motor (28% of works),

M Hm

1x10%

16% on controlling the torque of the electric motor, 12% on
the speed of pumping fluid from the well, and 13% on con-
trolling the speed of rotation of the electric motor shaft.
These findings are confirmed by researchers T.A. Aliev et
al. (2022), who conducted early diagnostics of the technical
condition of the DRPU equipment and controlled the drive
electric motor using frequency converters.

The authors B. Ahmedov et al. (2023) claim that when
switching from a balanced pump unit to an unbalanced
one, the efficiency coefficient (EC) decreases from 83.4% to
65%. Similarly, researchers A. Malyar & M. Malyar (2025)
combined the optimisation of the DRPU, choosing the
torque of the crank and the delivery coefficient of the deep
well pump as the optimisation criteria. Other scientists,
D. Feng et al. (2022), created a parametric model of a bal-
ance drive and optimised it by developing a neural network
in which one of the optimisation factors was the torque
of the crankshaft. Therefore, in the presented DPCP mod-
el, this parameter was selected for the study, the graph of
which was obtained as the result of two torques reduced to
the crank - from the force of useful resistance M,(¢,) and
the moment of crank counterweights M, (¢ ). The graphs
of these moments, which are included in formula (15), cal-
culated for the crank-pulley drive are shown in Figure 12.

@, degree

Figure 12. Moment graphs

Note: 1 - M, (¢);2 - Mw (0);3-M,_, (p)
Source: developed by the authors

As can be seen from the analysis of the graph of the re-
sultingtorque M, (¢ ), when the crank rotates from 0 to 150°,
the torque is positive, from 150° to 205° it is negative, and
from 205° to 360° it is positive again. Thus, the crank-pul-
ley drive scheme cannot avoid a change in the sign of the
torque, which is a negative factor in the operation of the
drive. The same conclusion was reached by B. Ahmedov et
al. (2021), who studied the balancing of the DRPU unbal-
anced drive and noted the presence of a negative part of the
torque, which leads to shocks in the gear transmission of
the reducer, increased wear and tear, and tooth breakage. As
a result, it is impossible to completely eliminate this phe-
nomenon, so efforts should be made to limit the magnitude
of the negative torque by means of high-quality balancing.

The presence of a negative torque component was also
noted by scientists in the work of G. Takacs & L. Kis (2021),
which additionally investigated the influence of inertial
forces and provided recommendations for improving bal-
ance, taking into account the position of the centre of mass
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of the counterweights, which leads to a reduction in both
the negative part and the amplitude of the torque. It was
noted that the traditional method of optimising torque,
which consists of equalising its maximum values for the
upward and downward movement of the suspension rods,
does not ensure minimum power consumption of the drive
motor. It is more expedient to use its root mean square de-
viation, and the smaller it is, the lower the required rated
power of the motor.

Researchers A. Malyar & S. Cieslik (2023) noted that
the negative part of the torque is the cause of the variable
load of the DRPU drive, it is practically impossible to avoid
this part, and it leads to the emergence of reactive power
of the electric motor. The developed methodology made it
possible to compensate for reactive power in the starting
and steady-state modes of the electric drive. Comparative
graphs of the crankshaft torque are presented in Figure 13,
and the values of the root mean square deviation coeffi-
cients are given in Table 1.

(43)
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Figure 13. Graphs of combined moments of DRPU drives

Note: 1 - improved balance drive with a movable pulley; 2 - traditional balance drive; 3 — crank-pulley drive
Source: developed by the authors based on current research and V.R. Kharun et al. (2021)

According to comparative calculations, an improve-
ment in balancing was obtained for the crank-pulley drive
(Table 1), since the root mean square deviation coefficient
decreased by 33.6% compared to the traditional balance

drive. And, therefore, in accordance with the above con-
siderations, this led to an increase in the efficiency of the
entire DRPU. The results of the calculations are summa-
rised in Table 1.

Table 1. Comparison of drive balancing quality assessment

Type of drive DRPU Value o,,, KNxm Reduction of the root mean square deviation coefficient, %
Traditional balance UP12T-3-5500 14.26 -
The UP12T-3-5500-based balancer drive
- ) 10.54 26.1
equipped with a movable pulley
Crank-pulley DPCP 9.47 33.6

Source: developed by the authors based on current research and V.R. Kharun et al. (2021)

It should be noted that although the calculation of the
DPCP balance resulted in graph 3 with different values of
the maximum moment during the upward movement of
the rod suspension (crank rotation angle of 97°) and down-
ward movement (rotation angle of 250°), the quality of its
balancing is better (the root mean square deviation coef-
ficient is 9.47 versus 14.26), which is consistent with the
conclusions of G. Takacs & L. Kis (2021). The analysis of the
root mean square deviation coefficient of the reduced mo-
ment of the crank shaft can be used in the development of
adaptive control algorithms based on artificial intelligence,
which was proposed by the author O. Turchyn (2025) for
automatic regulation of the operating modes of the DRPU.
Thus, the results of modelling and comparative analysis
confirm the feasibility of using a crank-pulley drive, since
the proposed mathematical model allows for an adequate
description of kinematic and dynamic processes, improves
the quality of balancing, reduces torque fluctuations, and
creates the conditions for increasing the energy efficiency
and reliability of the pump unit.

Conclusions

The developed mathematical model and comparative as-
sessment calculations of balancing quality showed that the
speed characteristics of the crank-pulley drive’s executive
mechanism allow it to operate with better performance than
traditional balance drives, since the speed for the downward
stroke of the suspension is 0.9 m/s compared to 1.08 m/s for
a traditional balance drive, which is 20% less. The compar-
ison of the displacement graphs of the rod suspension of a
traditional balance drive and a crank-pulley drive should

be performed relative to the extreme position of the rod
suspension. One of the advantages of the latter is a larg-
er desaxial angle, which has been increased to 9°, allowing
for a reduction in the deviation of the speed and acceler-
ation of the rod suspension point from its average value.

At the beginning of the stroke of the balance drive
rod suspension, the acceleration exceeds the DPCP value
by 20%, but when the crank rotates 22° relative to the ex-
treme position, it evens out and practically coincides with
the acceleration of the DPCP drive. At the end of the down-
ward stroke of the rod suspension, which corresponds to
a crank rotation angle of 324° to 360°, the acceleration of
the balance drive again exceeds the value by 26%. This in-
dicates that the dynamic characteristics of the DPCP drive
are also better. Using a mathematical model, it has been
determined that the operation of this drive is accompanied
by a change in the direction of rotation of the drive pulley,
twice per crank rotation its angular velocity reaches 1.3
rad/s. Accordingly, this negatively affects the durability of
the flexible link — the rope, since the change in the direc-
tion of rotation leads to a change in the sign of the con-
tact stresses at the point of contact between the rope and
the pulley. A comparative analysis of traditional balance
drives and new DRPU executive mechanism schemes can
be carried out using a typical static dynamogram, since
the acceleration graphs of the balance drive rod suspen-
sion and the DPCP drive coincide in the upward movement
phase of the rod suspension when the maximum load is
applied to the drive.

Intelligent control methods for rod pump units aimed at
improving the efficiency of the DRPU oil extraction process
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are mainly focused on controlling the characteristics of the
drive motor — torque and shaft rotation speed. The torque
of the drive motor, through the drive gear ratio, is related to
the torque of the crankshaft, so by comparing the root mean
square torque deviation coefficient, more efficient drives
can be selected. In the study, the root mean square devi-
ation coefficient of the DPCP drive is 9.47 kN/m, which is
33.6% less than in the balance drive, so it can be argued that
the crank-pulley drive has better balancing performance.

The negative value of the crankshaft torque negative-
ly affects the operation of the drive gearboxes and, for a
well-balanced drive, is 12 kNxm and manifests itself at the
end of the rod suspension stroke downwards during the
crankshaft rotation angle from 280° to 360°, while for the
crank-pulley drive it is significantly lower, amounting to 5
kNxm, and manifests itself at the end of the rod suspen-
sion stroke upwards during the crank rotation from 150°
to 205°. Thus, based on the research conducted, it can be
noted that the kinematic characteristics of the DPCP drive
are better compared to traditional balance drives. Consid-
ering the significant service life of these drives, from 1993

to 2021, at the OGPD Okhtyrkanaftogaz PJSC Ukrnafta, it
would be advisable in the future to conduct a technical as-
sessment of the reasons for their problematic operation in
order to further improve the design of unbalanced drives.
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AHoTauig. HadroBumo6ysui mignpuemcTBa B YKpaiHi MepeBakHO BUKOPMUCTOBYIOTb TpamuiiiiiHi GamaHcupHi
TIPMUBOAMY, SIKi BIIPOJOBXK 6araTbox POKiB eKcIlTyaTallii miaTBepauiIn cBolo HafiliHicTh. HOBi cxemMu NMpuBOAiB, 3 TOUKK
30py eeKTMBHOCTI, MOTPEOYIOTh MPOBEeHHS MOPiBHSIbHOI OL[IHKM iX XapaKTepUCTUK 3 6GaTaHCUPHUMMU IPUBOJAMMU.
3 MeTOl0 MOPiBHSVIBHOIO aHaji3y Ta po3paxyHKy KiHeMaTU4YHMX [TapaMeTpiB KPMBOUIMITHO-IIKIBHOTO IIPUBOLY, SIKUIL
ekcrtyatyBaBcs B HadrorazoBugobyBHoMy yripaBiaiHHi «OxTupKkaHadToras» IIybiaiuHOro akijioHepHOTO TOBapuCTBa
«YkpHadTar 3 1993 o 2021 pp., y poboTi HaBeJeHO PO3POOKY i 10ro MaTeMaTUIHOI Mozeti. 1751 1IbOTO BUKOPUCTAHO
reoMeTPUYHi 3aJeXHOCTi, fKi AO03BONMIM pO3paxyBaTU AOBXMUHY KaHaTy, SKMI BUCTYIIAa€ THYYKOIO JIAHKOIO, i
BiMOBiNHO, MepeMmilleHHs WITaHroBoi miaBicku. dudepeHuinooun rpadik nepemilleHHS OTPUMAHO BiIMOBigHI
KiHeMaTu4Hi XapaKTepUCTUKM — UIBUAKOCTI Ta NPUIIBMUILIEHHS, $IKi BUCTYNAIOTh CKJIAQJOBOIO [JJISI PO3PaxyHKy
MOMEHTY CWJI OIOpY, 3BeJeHMX IO KPMBOIIMIIA BMKOHABUYOro MexaHizmy. KoedilieHTr cepelHbOKBaZpaTUUHOTO
BiIXWJIEHHSI, pO3paxoBaHi sl TpaAuLiiiHMX 6alaHCUPHUX BepCTATiB-TOMANIOK Ta KPUMBOIIMUITHO-IIKIBHOTO TPUBOLY,
JO3BOIVJIM TIPOBECTY MOPIBHSIbHY OLIIHKY $IKOCTi iX 3piBHOBa)keHHs. [IOpiBHSHHS iX XapakTepUCTUK IIPOBELEHO 3a
HaBaHTa)X€HHSIM BMKOHABUOI'O MeXaHi3My TMUIIOBOI CTaTMUYHOKI AMHAMOIPaMOIO, OCKiTbKM NpPUIfHATA WIBUAKICTH
06GepTaHHS KPUBOIIUIIA BEPCTATiB-TOMAAIOK € MEHIIOK 32 8 06/XB. BU3HAUEHO, 1[0 CEpeITHbOKBAIPATUYHE BiAXMIEHHS
KPYTHOTO MOMEHTY KPMBOUIMITHO-UIKIBHOTO NPUBOLY cKIano 9,47 kHxM, o Ha 33,6 % MeHIIe, HiX y TpaguLiliHOTO
6alaHCHPHOTO MIPMBOAY. 32 JOTIOMOTOI0 PO3PO06IEHOT MaTeMaTUUHOI MOJIei, y sIKiif BUKOPUCTAHO METOJ, BEKTOPHOTO
KOHTYPY, OTPMMAaHO CUCTEMY JIiHIHUX PiBHSIHB /ISl BUSHAUEHHS 3a/IEKHOCTI KyTa MOBOPOTY ¢, HUKHBOI TpaBepcu,
IO SIKOi KPiMMThCS KaHAT, Ta KyTa MOBOPOTY ¢, PYXOMOTO LIKiBa Bifi KyTa ¢, MOBOPOTY KPUBOLINIIA. BCTAaHOBIIEHO, 1110
PYXOMMI1 IIKiB 3MiHIOE CBiif HAIIPSIMOK PyXY [IBiui 3a ofyH 06epT KPUBOLIMIIA BUKOHABUOTO MeXaHi3My, 1[0 MOXKe 6yTU
NIPUYMHOIO IPUUIBYUAIIEHOTO 3HOCY IPUBIAHOTO KaHATy

KnrouoBi cnoBa: cepefHbOKBagpaTMUHe BigXWIEHHs; CBEpPAJIOBMHHA IITAHIOBA HACOCHA YCTAHOBKA; MaTeMaTUUHa
MOJeJib; TIPUBiJ, HAcoCa; 3BeleHNit MOMEeHT
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