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Abstract

The use of a variable frequency drive (VFD) for sucker-rod pump units (SRPUs), widely employed in oil
extraction, enhances the energy and technological efficiency of oil production and reduces equipment wear.
However, its application is hindered by unstable operation under insufficient balancing of the SRPU and
sensitivity to short-term voltage dips, which frequently occur in the extensive electrical networks of oil fields.
Insufficient balancing of the SRPU leads to the occurrence of a period within the pumping cycle where the
motor operates in generator mode, caused by the unevenness and reversal of the resistance torque of the
working mechanism. The motor’s transition to generator mode, as well as voltage dips in the power supply,
causes the voltage in the DC link of the VFD to exceed the set limits, resulting in the drive being shut down.
To investigate the processes during the operation of sucker-rod pump units and to test methods for mitigating
the negative impact of generator mode and voltage dips in the power supply network on the VFD, a model
of the “power grid — variable frequency SRPU drive” system with a load characteristic of this application was
developed in Matlab Simulink. A series of experiments were conducted, and the results were analyzed. The
suppression function of the generator mode was examined, and the feasibility of its application to real SRPUs
was evaluated. The use of an uninterruptible power supply system based on battery energy storage to prevent
operational interruptions during different levels of power supply voltage dips was analyzed. The resulting
model can be used for general analysis of operability and stability, as well as for verifying the correct selection
of key elements in the design of sucker-rod pump unit systems with variable frequency drives.
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AHHOTaUuA

[IpMeHeHMe YaCTOTHO-PEeryJiMpyeMoro IpuBOJA IITAHTOBBIX HAaCOCHBIX ycTaHOBOK (IIHY), mmpoko umc-
TOJIb3YEMBbIX JJIT JOObIUM HE(TY, MOBBIIIAET SHEPTETUUECKYIO U TEXHOMOTUYECKYIO 3D ()EKTUBHOCTD TOOBIUM
HedTH, CIIOCOOGCTBYET CHIKEHMIO M3HOCA 000PYIOBaHMSI, HO €ro MIPMMEHEHME CEePKUBAETCS HEYCTOMNYMBOIA
paboToit MpU HEeJOCTATOUHON ypaBHOBeleHHOCTM LITHY ¥ 4yBCTBUTENBHOCTHIO K KPAaTKOBPEMEHHBIM ITPO-
BaJIaM HaIpPSDKEeHMSI, YaCTO BO3HUKAIOIIVM B IMIPOTSDKEHHBIX STIEKTPUYECKUX ceTsIX HedTerpombicyioB. Hemo-
CTaTOYHas1 ypaBHOBeIIeHHOCTH [ITHY NpuBOOUT K MOSIBJIEHMIO B IIMKJIE KaUaHMSI ITeproa paboThl IBUTATES
B TEHEPATOPHOM pekuMe, 00YC/I0BJIEHHOM HepaBHOMEPHOCTHIO U M3MEeHeHMeM HaIpaBJIeHUs] MOMeHTA CO-
MPOTUBJIEHNST pabouero MexaHusMma. [lepexon ABUTaTeNs B TeHEPATOPHBIN PEKUM TaK Ke, KaK Y MPOBAJIbI
MIATAIONIETO HAMIPSIKEHUST, MPUBOAUT K BBIXOAY HATPSDKEHMSI B 3BEHE MOCTOSTHHOTO TOKAa Mpeobpa3oBaTesis
YaCTOThI 32 YCTAHOBJIEHHbBIE MTPEIEIbI U K OTKITI0OUEHMIO TpeobpasoBaress. [IJis ucciaeqoBaHusI MPOLIeCCOB MTPU
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paboTe ITAHTOBBIX HACOCHBIX YCTAHOBOK ¥ IIPOBEPKY CIIOCOO0B yCTpaHEHMSI HETaTUBHOTO BJIMSHUS Ha IIpe-
ob6pa3oBaTesib YaCTOThI TeHEPATOPHOTO PEXVMA, a TAKKe MPOBAJIOB HAPSDKEHUS MTUTAIONIEN 3JIeKTPOCEeTH
C 1eJIbI0 TIOBBINMIEHNST YCTOMUYMBOCTM CUCTEMBI B cpeae Matlab, Simulink co3maHa momens «aymeKTpuyeckast
CeTb — 4aCTOTHO-peryaupyemblit npusof IHY» ¢ xapakTepHOJ /151 BAHHOTO IPMMeHeHUsT Harpy3Koii, IpoBe-
JleH DSIZT OTIBITOB ¥ BBITIOJIHEH aHaIM3 pe3y/ibTaToB. PaccmoTpeHa mporpamMMHasi GyHKUMS TOAABIeHUs TeHe-
pPaTOPHOTO pekMMa U JaHa OLleHKa BO3MOXKHOCTY ee IpUMeHeHMS 151 PeabHbIX yCTaHOBOK. [IpoaHann3upo-
BaHO MMPUMeEHEHMe CUCTeMbI becriepe6oiTHOTO MUTAHMS HAa OCHOBE aKKyMYJISITOPHBIX HAKOMUTENel SHeprun
IJIS1 TIpeIOTBPalle s IpepbiBaHKs PaboThI MPY Pa3HbIX YPOBHSIX MPOBAJIOB MUTAIOIIEro HaNMpsHkeHus. Mo-
IleJib, TIOJTyYeHHas B pe3y/ibTaTe paboThl, MOXKET ObITh MPMMEHEHA /1JIs 001ero aHain3a paboToCIoCOOHOCT
M YCTOWYMBOCTH, & TAKKe MMPOBEPKM MPABMIBHOCTM TTOA60Pa KITIOYEBBIX 3IEMEHTOB MPOEKTUPYEMBIX CUCTEM
HITAHTOBBIX HACOCHBIX YCTAHOBOK C YaCTOTHO-PETYIMPYEeMbIM ITPUBOAOM.

KnioueBble cnoea

IITAHTOBast HACOCHAS YCTAHOBKA, YaCTOTHO-Pery/IMpPyeMblii IPUBOJ, ITpeo6pa3oBaTesib YaCcTOThI, Tpeo6paso-
BaTeJIb IIOCTOSSHHOI'O TOKA, daKKYMYJIATOPHAA 6aTap6H, FEHepaToprIVI PexXunM, IMpoBaJl HAIMIPSI>KeHM S, KOMIIbIO-
TepHOe MOJeINpoOBaHye
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Introduction

To enhance the technological and energy ef-
ficiency of sucker-rod pump units (SRPUs), widely
used in oil extraction, they are equipped with a vari-
able frequency drive (VFD). However, its application
is constrained by instability during operation under
conditions of insufficient balancing of pump jacks
and frequent disturbances in the electrical networks
of oil fields.

The practical application of VFDs in SRPUs has
shown that the main causes of drive instability are
short-term voltage dips in the electrical networks of
oil fields and the presence of a generator mode period
during the pumping cycle. This mode arises due to the
uneven load caused by the inertia and vibration loads
resulting from the movement of the rod string. A brief
generator mode during pumping can occur even in
well-balanced units with shallow pump depths and,
consequently, low rod suspension force created by
the weight of the fluid column when the difference
between maximum and minimum loads per cycle is
small. When transitioning to generator mode, the
energy received from the motor through the inverter
cannot be recovered into the grid via the uncontrolled
rectifier of the frequency converter (FC). This leads to
an increase in the DC link voltage, which subsequent-
ly results in the FC shutting down due to its built-in
overvoltage protection [1].

To improve stability and prevent undesirable
emergency shutdowns of the VFD in SRPUs during
generator mode, several solutions can be employed:
using a frequency converter with energy recovery ca-
pability, installing a braking resistor, or utilizing spe-
cial software settings. Implementing a regenerative
FC is associated with significant capital investment
due to the use of an active rectifier. Installing a bra-

king resistor results in the unproductive consumption
of recoverable energy, which is dissipated as heat.
The software setting known as the anti-regeneration
function (ARF) increases motor speed, which can lead
to undesirable dynamic forces within the SRPU. Each
method has its advantages and disadvantages, leading
to ambiguity in solving the problem of the negative
impact of generator mode on FC operation.

Another feature of VFDs is their increased sen-
sitivity to power supply disruptions, particularly to
voltage dips [2]. In the event of a significant voltage
drop in the DC link, the FC will disconnect from the
grid due to the activation of undervoltage protection,
which is necessary to prevent a current surge when
the capacitor charges after the voltage is restored [3].
Enhancing the reliability of SRPU operation during
voltage dips can be achieved through the use of an un-
interruptible power supply (UPS) system connected to
the DC link.

In accordance with the identified problems and
their potential solutions, modeling was conducted to
examine methods for eliminating overvoltage in the
DC link that occurs during the operation of VFDs in
SRPUs, as well as the application of UPS systems to
maintain operation during power supply voltage dips
to determine the impact of these solutions on system
stability.

Methods

To investigate methods for mitigating the impact
of generator mode and voltage dips on the operation
of the VFD, a simulation of the electrical complex of
the sucker-rod pump unit was performed in Matlab
Simulink (Sim Power Systems library). A model was
developed, whose main components include: a sec-
tion of the electrical network, a frequency converter,
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a squirrel-cage induction motor, a four-bar linkage
pump jack mechanism, a well, as well as a bidirectio-
nal DC converter (DC/DC converter) and a lead-acid
battery (LAB).

The electrical system includes a power source
with a short-circuit capacity of Sy, = 100 MVA; an
overhead line (6 kV) 6 km in length, with an alumi-
num conductor cross-section of 16 mm?; a 6/0.4 kV
transformer with a capacity of 40 kVA; a cable line
from the transformer to the frequency converter, 20 m
in length, with aluminum cores of 10 mm? cross-sec-
tion; a frequency converter based on an uncontrolled
rectifier and a three-phase inverter controlled by
pulse-width modulation (PWM); and a squirrel-cage
induction motor with two pole pairs, whose parame-
ters include: nominal power P,,, = 30 KW; nominal
speed n,,, = 1485 rpm; nominal efficiency n = 0.91;
power factor cos ¢ = 0.86; nominal current I,,,,, = 60 A;
starting current ratio i; = 7.7; starting torque ratio
m, = 2.7; maximum torque ratio my,, = 3.2 m; and mo-
ment of inertia ] = 0.1326 kg-m?. In this model, the
VFD is controlled by a scalar control method with the
motor speed being maintained at the setpoint.

The mathematical model of the squirrel-cage in-
duction motor is represented by the system of equa-
tions (1), which is constructed for the rotor-aligned
(dg-axes) two-phase orthogonal coordinate system.
The mechanical part of the drive is represented by
equation (2). The calculation of the equivalent circuit
parameters used in the model is performed using the
formulas presented in [4].

The sucker-rod pump unit was modeled for an
axial-type pump jack, the kinematic diagram of which
is shown in Fig. 1 [5, 6]. The following designations
are used in Fig. 1: R - crank; P — connecting rod;
C - rear arm of the balance beam; A — front arm of
the balance beam. Additionally, auxiliary lengths and
angles used in the modeling are presented.

. dy
U, =Ri, +—% oy ;
ds s-ds dt qu

dy
— 7 qs .
qu - Rslqs + dt —OY 4

., dy’
Uy, =Rl +— o —(@-0)v; M

’ rer d\V’r
U, =Rl + dtq

T = 1,5p(\|1dsiqs —quids) 5

(00,3

do,,
0t =T,~Fo -T. (2)

The variables in equations (1) and (2) have the
following designations: Uy, i, — projections of stator
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voltage and current on the d-axis; U, i, — projections

13
of stator voltage and current on the q-axis; U, i), —
projections of rotor voltage and current on the d-axis;
U, i, — projections of rotor voltage and current on
the g-axis; vy, v, — projections of stator flux linkage
on the d and q axes; vy, v/, — projections of rotor flux
linkage on the d and g axes; R, R/ — active resistances of
the stator and rotor windings; T,, T,, — electromagnetic
torque of the motor and the torque resistance of the
mechanism referred to the motor shaft; o, »,, and o, -
angular velocity of the coordinate system, mechanical
angular velocity of the motor shaft, and electrical
angular velocity of the motor rotor; J, F — moment
of inertia and viscous friction coefficient of the rotor
and load.

The operation of the sucker-rod pump unit (SRPU)
is cyclical. An example of a dynamogram of normal
operation is shown in Fig. 2, a, where the following
periods are indicated [7]:

A-B - The beginning of the upward movement
of the rod string, during which the load (the weight
of the fluid column) is transferred from the tubing to
the rod string. The tubing shortens, and the rod string
lengthens, while the pump valves are closed.

B-C - The upward movement of the rod string
continues after the load transfer process is complet-
ed. The intake valve opens, allowing fluid to enter the
pump cylinder.

C-D - The intake valve closes at the uppermost
position of the rod string, marking the beginning of
the downward movement of the rod string. The load
is transferred from the rod string back to the tubing.
The tubing lengthens, and the rod string shortens,
with the pump valves closed.

Fig. 1. Axial kinematic diagram of the pump jack
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D-A - The downward movement of the rod string
continues after the load transfer process is completed.
The discharge valve opens. The cycle completes at the
lowermost position.

Fig. 2, b presents a diagram showing the de-
pendence of the pumping periods on the crankshaft
angle, with the cycle divided into 4 quadrants. This
representation is more convenient for adjusting the
control settings of the unit.

As is well known, even the operation of
a well-balanced pump jack can be accompanied by
the motor transitioning into a brief generator mode
during the first and third periods of the pumping cy-
cle, as shown in Fig. 2. The duration of this mode may
increase when the parameters of the SRPU change
during operation due to equipment wear [1].

In the model of the sucker-rod pump unit, which
includes the gearbox, the four-bar linkage pump jack
mechanism, and the downhole section, the cyclic na-
ture of the load, intake pressure, fluid density, dyna-
mic fluid level in the well, the weight of the rod string
in the fluid, the weight of the fluid column, the degree
of balance of the pump jack, as well as the stroke loss
of the rod suspension point, which is associated with
elastic elongations during load transfer from the tub-
ing string to the rod, are all considered [8, 9].

The equations and dependencies used in the
mathematical model allow tracking the position,
speed, and acceleration of the rod string suspen-
sion point based on the geometric dimensions of the
pump jack mechanism. They also allow determining
the coefficient for calculating the resistance torque
on the crankshaft based on the load at the suspen-
sion point [10, 11].
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Thus, the developed model allows evaluating the
operating modes of the SRPU with different loads and
degrees of pump jack balance, determining the energy
consumed from the grid, and the energy dissipated on
the braking resistor in the DC circuit of the VFD du-
ring the motor's generator mode, which occurs when
the rod string moves downward under its own weight.

The model is supplemented with an uninterrupti-
ble power supply (UPS) system, and there are many
implementation schemes. The simulation considers
a system that consists of a DC/DC converter connec-
ted to the DC link of the SRPU's frequency converter.
The DC/DC converter is similar to the inverter of the
frequency converter, with the difference being in the
control system and the law governing the control sig-
nals for the operation of the IGBT switches [12]. In-
ductors and battery packs (LABs) are connected to the
output of the DC/DC converter, with the quantity and
connection scheme depending on the duration of the
backup. The control system must generate the gate
drive signals for the power switches in such a way as
to maintain the required voltage level in the DC link
and regulate the charging and discharging current and
voltages of the battery packs. It consists of an internal
loop with current feedback from the DC/DC side of the
battery pack and an external loop with feedback from
the DC link voltage of the VFD during discharge and
from the battery pack voltage during charging [13].

There are several types of battery models avail-
able: those based solely on experimental data, those
relying on a mathematical description of chemical
processes, and those utilizing electrical equivalent
circuit models. For the simulation, the third type
was employed, with a model available in the stan-

50 &
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E 20
— B’ 2 I oC'
10 11 II1
o U1 v .
, ~¢ >
A 0.2 0.4 0.6 Dog 1.0
-10 .
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1 — Surface 2 — Downhole

a

b

Fig. 2. Periods of the pumping cycle: a — on surface and downhole dynamograms;
b — on the diagram of the polished rod position relative to the crankshaft angle
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dard Simulink library. The parameters required for
this model can be determined using technical spe-
cifications and discharge characteristics provided
by the manufacturer [14]. However, the most precise
calibration can be achieved by conducting real-world
tests on the specific battery in question.

In the control system, the voltage range on the
battery side is set between 310-435V, and the voltage
range on the DC link side of the VFD is set between
495-550 V. The maximum error for the LAB model in
the standard Simulink library is 5% for a charge level
range from 10% to 100%, with currents ranging from
0 to twice the battery capacity during charging, and
from O to five times the battery capacity during dis-
charging. The assumptions for the considered LAB
model are as follows:

- the internal resistance does not change with
current amplitude and remains constant throughout
the charge and discharge cycles;

- discharge and charge characteristics are iden-
tical;

— the battery capacity does not change with cur-
rent amplitude, and the Peukert effect [15] is absent;

- self-discharge of the LAB is not implemented in
this model, but it can be realized by adding a large re-
sistor in parallel with the battery terminals;

— the LAB does not have a memory effect.

The parameters for the LAB system of 32 units
are selected to maintain operation for a 30 kW load

DC link voltage, V
Power dissipated on the braking resistor, W
| |
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for 5 minutes, with each battery maintaining a volt-
age of 10.8 V. For this, it is required that during dis-
charge at constant power, each LAB in the system
must provide, W/battery:

P _ Pmain
el —

=1017.3. (3)
Noe/pcNim

Catalog data from various manufacturers indi-
cate that for the case under consideration, a system
of 32 LABs with a nominal capacity of 33 Ah each can
sustain a discharge at constant power of 1020 W /bat-
tery. The parameters set in the model are similar to
such a system of 32 LABs.

SRPU simulation results

The operation of the sucker-rod pump unit with
a period of generator mode was simulated. Fig. 3
shows the graphs for a pump jack with a significant
imbalance of approximately 50%, with the degree of
imbalance determined using the current imbalance
coefficient [16, 17]. Using the lower graph in Fig. 3, the
beginning of the generator mode can be identified at
8.2 seconds when the load torque on the crankshaft
becomes negative. On the upper graph, curve I rep-
resents the power dissipated on the braking resistor,
and curve 2 represents the DC link voltage, which is
limited to 757 V. When this value is reached, the bra-
king resistor circuit is activated, and the excess ener-
gy is dissipated.

1500 ' r
1000- -
500 —
04 J L
T T T T T T T T T
2 3 4 5 6 7 8 9 10 t(s)
1 == Power dissipated on the braking resistor, W
2 == DC link voltage, V
Torque on the crankshaft, kN - m
4 | | | | | | | | |
2- -
0- :—
-2 T T T T T T T T T
2 3 4 5 6 7 8 9 10 t(s)

Fig. 3. DC link voltage and power dissipation curves on the braking resistor (upper graph), and the torque curve
on the crankshaft considering the effect of counterweights (lower graph) at approximately 50% imbalance

296



MINING SCIENCE AND TECHNOLOGY (RUSSIA) eISSN 2500-0632
FOPHbIE HAYKU U TEXHOJIOITMA https://mst.misis.ru/

2024;9(3):292-303 Ershov M. S., Efimov E. S. Stability of a controlled sucker-rod pump unit drive...

DC link voltage, V
750 | 1
700
650 -
600 -
550 -
500

2 3 4 5 6 7 8

1==DC link voltage, Vat w = const
2 == DC link voltage, V with ARF active

10 t(s)

Nl

Motor speed, rpm
Power dissipated on the braking resistor, W
1 1 1

2500 - 2 -
2000 - -
1500 i
1000 - 1 -
500 - -

) :

2 3 4 5 6 7 8 9 10 t(s)
1 == Power dissipated on the braking resistor at w = const

2 == Power dissipated on the braking resistor with ARF active

3 == Motor speed

Fig. 4. DC link voltage curves (upper graph), speed and power dissipation curves on the braking resistor (lower graph)
with ARF disabled and active, at approximately 50% imbalance

DC link voltzlage, \Y
750 1
700%
650 -
600 -
550 -
500

2 3 4 5 6 7 8 9 10 t(s)
1 == DC link voltage, Vat w = const

2 == DC link voltage, V with ARF active

Motor speed, rpm
Power dissipated on the braking resistor, W
| | |

1 L
200 s
3 -
100 -
2
0 T T T T T T T T T
2 3 4 5 6 7 8 9 10t

1 == Power dissipated on the braking resistor at w = const
2 = Power dissipated on the braking resistor with ARF active
3 == Motor speed

Fig. 5. DC link voltage curves (upper graph), speed and power dissipation curves on the braking resistor (lower graph)
with ARF disabled and active, at approximately 5% imbalance
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For different levels of imbalance, Figs. 4 and 5
show the DC link voltage curves on the upper graphs:
curve 1 corresponds to constant speed (without
ARF), and curve 2 corresponds to active ARF. To
more clearly indicate the period of ARF activation,
the speed graphs, labeled as curve 3, are shown in
the lower part of these Figs. Additionally, curve I de-
notes the power dissipated on the braking resistor
without ARF, and curve 2 denotes the power dissi-
pated with active ARF.

Simulation results of voltage dips

and the operation of the DC / DC converter

Disturbances in the electrical network are caused
by short circuits, originating from nearby overhead
transmission lines and from distant networks of 35 kV
and above. The simulation of nearby short circuits was
carried out at the node connected to the 6 kV over-
head transmission line. It was found that during sin-

DC link voltage of the VFD during a two-phase short circuit in
1 1 1 1
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gle-phase short circuits in the 6 kV network, the drive
operation can continue. However, three-phase and
two-phase short circuits in the 6 kV network lead to
shutdowns, with the SRPU's VFD losing power. In the
case of a two-phase short circuit not being cleared,
large voltage fluctuations occur in the DC link, as
shown in Fig. 6, a, and large current fluctuations at the
VFD input, as shown in Fig. 6, b, which are highly like-
ly to cause equipment failure. It should be noted that
when the 6/0.4 kV transformer windings are connec-
tedina A/Y,-11 configuration, the average voltage in
the VFD’s DC link is higher than when the transformer
windings are connected in a Y/Y,-12 configuration.
In the event of a power supply not being disconnected
during emergency conditions, individual drive pro-
tection should be activated. It is recommended to use
both an automatic circuit breaker and a fast-acting
fuse that match the drive’s nominal parameters to en-
sure comprehensive protection.

the 6 kV network, V

600 -
500
400
300

200 -

100 -

1.28 1.30 1.32 1.34

1.36 1.38 1.40 1.42

Currents at the VFD input during a two-phase short circuit in the 6 kV network, A

200
180
160
140
120
100
80
60 -
40
20

1.28 1.30 1.32 1.34

== Phase current A

1.36 1.38 1.40 1.42

== Phase current B

== Phase current C

Puc. 6. Two-phase short circuit in the 6 kV power supply network:
a - DC link voltage of the VFD; b - input current of the VFD
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Distant short circuits manifest in 6 kV load nodes
and at the VFD inputs as voltage dips. To maintain the
operation of the VFD with centrifugal working me-
chanisms, an effective means of improving stability
is the “kinetic reserve” option [18], which essential-
ly functions as the reverse of the anti-regeneration
function mentioned earlier. The “kinetic reserve” op-
tion causes an accelerated reduction in motor speed
by lowering the set frequency at the VED output, with
the excess motor energy being used to maintain the
voltage in the DC link.

In the drive system of the SRPU, the use of the
“kinetic reserve” option would be ineffective because
the resistance torque of the mechanism does not de-
pend proportionally on the square of the speed, as it
does in centrifugal mechanisms, but follows a more
complex law dependent on the position of the suspen-

DC link voltage, V
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sion point. The implementation of this option is only
possible during a short period of the cycle. Therefore,
the possibility of connecting a UPS system based on
a DC/DC converter and LABs to the VFD’s DC link was
investigated.

Typically, the VFD has built-in protection against
voltage dips in the DC link — undervoltage protec-
tion (UVP), which is set by default within the range
of 64-76% to 85-90% of the nominal voltage value
[3]. The voltage level is determined by the permissi-
ble current value of the rectifier diodes during pow-
er restoration and the surge of the DC link capacitor
charging current, which is mitigated by connecting
the capacitor charging circuit. The voltage level is
also related to the minimum allowable voltage nec-
essary to maintain the normal operating mode of the
of the sucker-rod pump unit.
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Fig. 7. Mode characteristics: 1 — at nominal voltage and 2 — with a voltage reduction to 0.7 of the nominal value,
the following curves are presented: a — DC link voltage; b — motor speed
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The operation was simulated with a reduction
in the DC link voltage to 0.7 of the nominal value.
Fig. 7, a shows the voltages for two modes, and
Fig. 7, b shows the corresponding motor speeds.

Fig. 8 shows the results of simulating a prolonged
voltage dip in the DC (U, = 0.7U,y,,,), link with the
UPS connected to the DC link — curve number 2. The
created model with the UPS is capable of maintaining
the DC link voltage during voltage dips without caus-
ing negative oscillations in the motor shaft.

DC link voltage, V
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Fig. 9 presents the DC link voltage and the LAB
voltage for the experiment, where the following
voltage dip periods were used U, = 0.3Uy,,,: 2-3 S;
4.1-5.1s;6.8-7.1s.

Results and discussion
Based on the experiments conducted, it can be
concluded that the anti-regeneration function (ARF)
can completely eliminate the generator mode only
when it is necessary to dissipate a small amount of
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Fig. 8. DC link voltage in normal mode - curve I, and in mode with a reduction of input voltage to 0.7
of the nominal value with the UPS connected - curve 2
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Fig. 9. DC link voltage and LAB voltage during short-term dips in input voltage in all three phases down to 0.3
of the nominal value with the UPS connected
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power, as shown in Fig. 5. The acceleration settings
when using the overvoltage suppression and speed
and torque limiting functions must be conFig.d with
regard to the actual characteristics of the well and
equipment, as in some cases, an increase in speed may
lead to unacceptable mechanical stresses in SRPU
parts. The ARF reduces the duration of the pumping
cycle, which should be considered when planning the
operation mode of the unit.

The electromagnetic torque exerts a braking
effect on the rotor in generator mode, but with the
ARF active, the electromagnetic torque remains ro-
tational. When ARF is active, the electromagnetic
torque and the resistance torque, which becomes
negative during the downward movement of the rod
string, increase the motor speed, and the decele-
ration of the rod string at the end of the downward
stroke occurs more intensively and rapidly [1]. The
simulation results confirm that the longer the ge-
nerator mode lasts, the higher the instantaneous
rotor speed must be. The lack of speed limitation
with active ARF can lead to acceleration to a speed
that exceeds the nominal by 50-70%, if this is per-
missible for the motor. Increased speed dynamics
at the end of the fourth and the first period of the
pumping cycle lead to additional inertial forces in
the pump jack elements and dynamic impacts on the
pump jack structure, which increases wear and leads
to the failure of the unit. Thus, ARF without the ad-
ditional use of braking resistors can be successfully
applied if it does not lead to a critical increase in
load; that is, for SRPUs with a short generator mode
period, where significant speed increases are not re-
quired to eliminate it, or when the motor operates at
a speed significantly lower than the nominal speed
maintained by the VFD.

It should be noted that in the absence of the abi-
lity to transfer excess energy to the grid, it is recom-
mended to use a braking resistor even with an active
anti-regeneration function, if there is no complete
confidence that the operating mode will not change
over time and the generator mode period will not in-
crease. It should also be considered that an overvol-
tage in the DC link can be caused not only by transi-
tioning to generator mode, so it is recommended to
take measures to reduce the likelihood of other caus-
es, such as high output voltage, voltage spikes at the
VEFD output, incorrect grounding connection, motor
malfunction, and others.

When the voltage decreases, torque oscillations
increase, as shown in Fig. 7, b, where increased oscil-
lations and the appearance of speed dips can be ob-
served. The model under consideration did not use DC
link undervoltage protection or VFD overload protec-
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tion, which could be triggered under these conditions.
Further voltage reduction leads to an even greater
decrease in the stability of the unit and subsequent
motor shutdown. Therefore, a UPS is recommended
to maintain operation in the presence of significant
voltage dips or short-term interruptions.

The UPS simulation results presented in Fig.s 8
and 9 demonstrated its effectiveness during both
prolonged voltage dips in the power supply network
and short-term dips. The obtained results are close
to ideal, and measurements taken on a real object
or physical modeling of the UPS with such a load
will allow adjustments to be made to this model if
necessary.

It should be noted that the considered lead-ac-
id batteries (LABs) have several limitations and re-
quirements related to depth of discharge, voltage,
and charge current at different battery charge levels,
parameters for operation in buffer mode, temperature
range, and the need for temperature compensation of
the charging voltage. These requirements are speci-
fied in the LAB manual and should be considered by
the charge and discharge management system — the
DC/DC converter control system — to ensure the ma-
ximum possible service life. An alternative option is
supercapacitors, which generally have a longer ser-
vice life, can operate in a wider temperature range,
and have fewer restrictions on permissible voltage,
current, and charge levels. Detailed specifications are
usually provided in the datasheets and catalogs for
the respective equipment.

Future research directions may involve improving
the accuracy of this model and examining the possi-
bility of using a dynamic voltage distortion compen-
sator (DVD compensator) with the SRPU VFD to com-
pensate for voltage deviations and dips.

Conclusion

A model was developed to analyze the stability
of the variable frequency drive (VFD) of a sucker-rod
pump unit (SRPU), which takes into account the cycli-
cal and uneven nature of the load, the balance of the
pump jack, processes associated with the occurrence
of generator mode, and the impact of voltage dips in
the network. The method of eliminating overvoltage
in the DC link by using the overvoltage suppression
function was examined. It was determined that this
function has several limitations, primarily related to
the duration of the generator mode (degree of imbal-
ance) and the period of its occurrence in the pumping
cycle. With significant imbalance, the ARF will be less
effective, and the use of a braking resistor will be re-
quired. If the generator mode occurs at the end of the
upward or downward movement of the rod string, the
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increase in rotational speed will lead to undesirable
mechanical forces, additional wear, or even equip-
ment failure.

Another task of the study was to simulate volt-
age dips in the power supply network and examine
their impact on the stability of SRPU operation. With
minor voltage dips, the VFED is able to remain opera-
tional, and in some VFD models, special control algo-
rithms are applied to maintain operational stability. It
is known that with more significant voltage dips, the
undervoltage protection (UVP) will activate. One way
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to maintain operation even during a short-term loss
of voltage is through the use of an uninterruptible
power supply (UPS). The operation of such a system
was examined during the simulation, the results of
which demonstrated the effectiveness of this method
in improving operational stability. The model devel-
oped in this study can be used to perform a general as-
sessment of the operability of a similar designed sys-
tem and to verify the correct selection of the DC link
capacitor and inductors at the input of the DC/DC
converter.
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