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Abstract

The creation of technology for the analysis of wattmeter charts to control the main equipment of oil fields has always been of
both theoretical and great practical interest. Numerous experiments have shown that the wattmeter chart of their electric motor is a
highly noisy signal, and a significant part of the diagnostic information is contained in the estimates of the noise variance and the
cross-correlation function between the noise and the useful signal. The lack of technologies for their analysis made it difficult and still
makes it difficult to use the wattmeter chart to control the indicated equipment. The paper proposes a technology for controlling the
onset of malfunctions and early diagnostics of the technical condition of sucker rod pumping units (SRPU), electric submersible pumps
(ESPs), modular cluster pump stations (MCPS) of oil fields. It is shown that during operation, the wattmeter chart of the electric
motors of these objects reflects information about the beginning of the latent period of change in their technical condition, which can
be used as informative attributes in their diagnosis. A technology is proposed for determining the estimate of the cross-correlation
Sfunction Ry, (1) between the useful signal X(iAt) and the noise €(iAt) of the wattmeter chart and the technology for generating a set of
reference wattmeter charts, in which the obtained informative attributes coincide with the informative attributes of the wattmeter charts
of typical malfunctions. It is proposed to solve the problem of identifying faults in the equipment under consideration by the informa-
tive attributes of current and reference wattmeter charts of electric motors using correlation extremal systems. It is shown that using
the proposed technology it is also possible to control the onset of similar malfunctions of SRPU by analyzing the dynamometer chart.
The results of experiments showing the effectiveness and expediency of creating these control systems based on CES are presented.
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! MHcTuTyT Cuctem Ynpaenenna HAHA, baky, AZ 1141, AzepbaiigxaH
2 AzepbangxaHckun YHnBepcuteT Apxutektypol u CTpouTtenscTsa, baky, AsepbainigxaH

KoppensiumoHHasa akcTpemanbHasi CACTeMa KOHTPONSA Havyana
HeucnpaBHOCTEN 060pyaoBaHNA He(PTAHbIX MPOMbICIIOB NyTeM aHanu3a
X BaTTMETPOrpaMmMmbl U AMHaAMOrpaMMbl

Co3zdanue mexHos02uu aHaIu3a eammmempoecpammbl ons KOHMpOAs OCHOBHO20 050py0060Huﬂ He¢m/‘lelx npomblcaoe 6ceeda
npeacmafmﬂ/t Kak meopemu'tecxuﬁ, mak u 604bui0l npalcmuuec;cm? unmepec. Mnoeouucaennuvie IKCnepumermosl nokassleai,
umo eammmempozpamma 3ﬂe1cmp003ueameﬂﬂ npeacmasfmem co00U CUNbHO 3dulyM/l€HHblI,Z CueHan, U 3HavumenbHas 4acmo
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duaeHocmuveckoi UHGoOpMayuy cooeplcumcs 6 OUeHKax Oucnepcuu nomexu U 83aUMHO KOPPeASYUOHHOU QYHKYUUU Medlcoy
nOMeXO0U U noAe3HbIM cueHarom. Omcymemeue mexHoA02Ul UX AHAAU3A 3AMPYOHAL0 U 3aMPYOHAem UCNOAb308aHUe 8aMMmMe-
mpoepammol 041 KOHMPOASL YKAZAHHO20 000PY00GAHUS.

B cmamve npedaaeaemcs mexHoao2us KOHMPOAS HAYAAA HEUCNPAGHOCMel U PAHHel 0UA2HOCMUKY MeXHUYeCK020 CO-
CMOAHUS WMAH208bIX 2AYOUHHO-HacoCHbIX yemanoeok (IIITHY), yecmanosox saexmpoyenmpobencuuix Hacocos (YIIIH),
O6n04HbIX Kycmosvix Hacochblx cmanyui (BPKHC) negpmsanoix npomosicros. Ilokaszauno, umo 6 npouecce 3kcnayamayuu
Ha eéammmempozpamme 3ieKkmpoodguecameneti 3mux 006eKmo8 ompaxcaemcs UHGoOpmMayus o Hauaie cKpvimozo nepuo-
0a U3MeHeHUs UX MeXHUUecK020 COCMOAHUSA, KOMOPYIO MOJNCHO UCHOAb306AMb KAK UH@OPMAMUEHble NPUSHAKU NPU UX
Oduaenocmuke. Ilpedaaeaemcs mexnonoeus onpedenenusn OUEeHKU 63aAUMHO KOppeAAyuorHou gynkyuu Ry, (n) mexncdy no-
Ae3HbiM cuenarom X(iAt) u nomexoi e(iAt) gammmempoepammol U MexHoA02U HOPMUPOBAHUS MHOICECMBEA IMANOHHBLX
6AMMMempoOpamMM, y KOMOPbIX HOAYYEHHble UHGOPMAMUBHbIe NPUSHAKU COBNADAIOM C UHMOPMAMUBHBIMU NPUSHAKA-
MU eammmempopamm xXapaKmepHolx HeucnpagrHocmell. [lpedaaeaemcs no un@opmamueuviM HPUZHAKAM MEKYUWUX U
IMANOHHBIX 8AMMMEMPOPAMM dAeKMPOOsuzameneli ¢ NOMOUWBI KOPPEASUUOHHBIX IKCMPEMAAbHBIX CUCMeEM Deulumb 3a-
dauy udenmugukayuu Heucnpasnocmel paccmampueaemozo obopydosanus. Ilokazano, umo, ucnoav3ya npeodioNCeHHy 0
MEeXHOA02UK) MAKICe 803MONCHO OCYUeCMEUMb KOHMPOLb HAYAAA AHAA02UYHbLX HeucnpagHocmel HIITHY nymem anaiusa
dunamoepammol. Ilpusedensr pe3yasbmamosl IKCnePUMEHMO8, HOKA3bIBAUWUX IPDekmUBHOCMb U UeaecO000pa3sHoCmy co3-
danus smux cucmem KoHmpoas Ha ochoge KHC.

Karoueevte caoea: snekmpodsuzamens, 6aMmMmempo2pamma, OUHAMOZPAMMA, KOHMPOAb, 006eKm, UOeHMUDUKAUUS, KOp-
PeASUUOHHASA IKCMPEMAAbHAS CUCIEeMA, OYEHKA, NoMeXa, aeapus, MeXHUYecKoe CoCmosaHue, HeUCnPaeHoOCMb, UHGOPMAMUE-

Hblll NPUBHAK

Introduction

It is known that the process of extracting oil and
gas from oil fields covers four stages [1—6]. At the
first stage oil production is carried out by the free-
flow production method. Then the gas lift method
of production is used, followed by mechanized mi-
ning. Finally, the longest period of the oil production
process in the late stage of field development begins.
Naturally, over time, the late stage of operation be-
gins for all oil fields. The need for their further de-
velopment is due to the fact that, according to many
leading oil specialists, in some fields the amount
of remaining oil reserves turns out to be greater
than the oil extracted by all methods. However, over
time, ensuring the profitability of their operation
becomes more difficult and requires minimization
of all costs necessary for their operation. At the
same time, the profitability of their operation is ac-
companied by numerous problems [1—6]. Among
these problems, the most important is the need to
minimize the cost of an energy-intensive process
associated with the production of a gas-liquid mix-
ture from a well using sucker rod pumping units
(SRPU) and electric centrifugal pump units (ESP).
The next problem is also related to an energy-in-
tensive process in modular cluster pump stations
(MCPS), which, using multi-stage injection pumps,
pump water into the reservoir through injection
wells. To reduce the costs of both these processes, it
is first of all necessary to ensure the fault-free ope-
ration of these energy-intensive processes [4, 6—S8].

Problem statement

Let us consider the well-known [1-4] typical flow
chart of the oil production process in the late stage
of oil field development (Fig. 1).

The gas-liquid mixture 1 from the well 2 with
the help of production pumps 3 of sucker rod wells
(SRPU) and electric submersible pumps (ESP) rises
to the surface and is directed through flow lines 4
in a closed system under the pressure of the produc-
tion pumps into automatic pad metering station 5 to
determine the amount of yield for each well. After
the metering, the well yield is transported through
gathering mains 6 to the separator 7. Primary gas
separation 8 takes place in the separator. Partially

Fig. 1. Typical flow chart for oil production process in the late
stage of field development
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degassed fluid 9 from the separator enters the free
water knock out unit 10 for the discharge of pro-
duced water from the formation fluid.

Formation water separated in the apparatus of the
free water knock out unit FWKO 10 through water
conducts 11 through sand traps 12 and oil traps 13
enters modular cluster pump stations (MCPS) 14,
where with the help of multistage injection pumps
through injection wells 15 are injected into the for-
mation 16. Under the pressure of water in the pro-
duction horizons, the gas-liquid mixture is displaced
from the reservoir into the production well, and so
the closed cyclic process of oil production continues
in the late stage of field development by mechanized
methods. Thus, the late stage of oil field development
mainly includes two energy-intensive processes that
require large expenses for the operation of the main
equipment: these are modular cluster pump stations
(MCPS) for pumping water into the reservoir to
maintain reservoir pressure and equipment for arti-
ficial lift of oil (SRPU and ESP) from wells [1—4].

A study of the mechanism of operation of the
SRPU, ESP and MCPS shows that information
about the technical condition of these objects is re-
flected in the power consumed by the electric mo-
tor, namely, currents and voltages. For instance, a
change in the load of the SRPU pump is reflected
on the dynamometer chart, i.e., in the readings
of the load cell U,(#), and also on the wattmeter
chart of the electric motor Uy(r), with which the
SRPU operates. The same takes place in ESP and
MCPS. Therefore, it is possible to control the tech-
nical condition of SRPU, ESP and MCPS [1—7]
indirectly, since their malfunctions are reflected in
the parameters of the power consumption of electric
motors, namely, currents and voltages. The main
advantage of the wattmeter chart is that it allows
one to exclude primary converters of mechanical
quantities into electrical ones in control and diag-
nostic systems, which are unreliable elements in the
dynamometer chart-based diagnostic system. Such
an option for solving the problem under consider-
ation is important, since the technology for analyz-
ing wattmeter charts of electric motors, in addition
to the above equipment, can also be used in systems
for controlling the onset of the latent form of emer-
gencies at compressor stations, pumping stations,
drilling rigs, etc.

Therefore, in the proposed study, the objective is to
create new technologies and tools for early diagnosis
of the technical condition of this equipment by using
both dynamometer and wattmeter charts of their elec-
tric motors as diagnostic information carriers.

Analysis of the state of the art in existing systems
for controlling the technical condition
of SRPU, ESP and MCPS

Ensuring fault-free operation of energy-intensive
equipment in oil fields is an important problem. In
this regard, we will first consider the shortcomings
of the existing technologies for controlling the tech-
nical condition of this equipment.

At present, to control the technical condition of
the operation of sucker rod pumping units (SRPU),
the method of analyzing the dynamometer chart ob-
tained from the load cell is used [I—7]. One of the
main disadvantages of this method is that in this
case, to form a dynamometer chart, it is necessary to
use an expensive load cell, which often changes its
metrological characteristics in difficult climatic field
conditions. Because of this, constant control and
adjustment of the operation of the sensor by highly
qualified service personnel is required. In addition,
there is no possibility to carry out automatic identi-
fication of dynamometer charts in real time. For this
reason, in most real-life cases, the identification of
a dynamometer chart is carried out by an oil tech-
nologist interpreting it in a semi-automated mode.
In this case, the result of diagnostics depends on the
qualifications of the technologist and the diagnostic
process, i.e., identification of the technical condition
of wells takes quite a long time. At the same time,
even a highly qualified specialist sometimes finds it
difficult to accurately determine the technical condi-
tion of a submersible pump visually from dynamom-
eter charts, especially for deep wells. As a result, due
to the difficulties of control and timely elimination
of equipment malfunctions, the profitability of oil
production at SRPU decreases significantly [1—7].

The ESP parameter control system consists of a
submersible telemetry system and a ground control
and diagnostics system. Such systems are necessary
in almost all cases of ESP use. However, from the
point of view of modern diagnostics, vibration pa-
rameters are one of the main criteria for assessing
the quality and reliability of ESP. Unfortunately,
the measurement of the vibration level during the
operation of ESP is complicated by its operating
conditions, since there is no access to it [1—4].

In this regard, unfortunately, at present there is
no single concept for diagnosing ESPs, but separate
methods exist and are successfully applied. Essen-
tially, they are carried out on the basis of an analysis
of the readings of control and measuring instruments
during regular checks and on the basis of test results
during scheduled and unscheduled repairs of the ESP.

MexaTpoHnKa, aBTOMaTH3alusd, ynpasjienue, Tom 24, Ne 5, 2023

251



An analysis of reservoir pressure maintenance
technologies shows [1-4] that both single-stage and
multi-stage MCPS are most widely used as pumps
for pumping water into reservoirs. As part of these
pumping units, as a rule, a three-phase asynchro-
nous motor with a squirrel-cage rotor is used.

Taking into account the design features and the
principle of operation of these pumps, the following
diagnostic methods are used:

e vibration diagnostic methods based on the
analysis of vibration parameters of these objects;

e acoustic diagnostic methods based on the analysis
of the parameters of sound waves generated by
these objects and their components;

» clectrodiagnostic control of the pump motor.

All these diagnostic methods make it possible
to identify individual faults when they have a pro-
nounced form, which often turns out to be belated
and their repair leads to high economic costs [6—10].

Technology for measuring the wattmeter chart
of electric motors of SRPU, ESP and MCPS

In such equipment as SRPU, ESP and MCPS,
during the operation, the initiation and development
of a defect until it takes on a pronounced form have
significant distinctive features. They are related to the
specific features of the deposit, their functions and
technical conditions, modes of their operation, etc.
For these and many other reasons, in this equipment,
the process of the initiation of a defect before it takes
on a pronounced form proceeds differently. In some
objects, this occurs quickly [9, 13]. For others, this
process takes many times longer. Despite all this dif-
ference, the common thing here is that during this pe-
riod the information reflected in the wattmeter chart
from the emergence of a defect is constantly chan-
ging and the existing control devices cannot respond
to these changes. As a result, serious accidents occur
at these facilities. The conducted studies have shown
that the initial phase of the emergence of defects is
accompanied by low-power noise in the wattmeter
chart. They carry information about the initial period
of change in the state of the object, which ultimately
leads to an accident. At the same time, between the
initial period of the change and the moment of the acci-
dent, as a rule, enough time passes for taking measures
to prevent the accident. But in existing monitoring
and control systems, noise, which is the only source
of information, is lost as a result of signal filtering.
As a result, the condition of the equipment cannot be
timely and adequately identified [5—7].

Below, for a 3-wire circuit of SRPU, ESP and
MCPS, through which the electric motor is pow-
ered, a power measurement circuit is proposed
(Fig. 2), which differs by measuring the voltages
and currents of all phases relative to artificial zero.

As a result, unlike the traditional circuit in which
the parameters iy, ip, U e, Upc, Were measured, in
the proposed circuit the parameters iy, ip, ic, Uy,
Uug, uc are measured.

Experimental studies [3, 4] have shown that the
occurrence of faults in controlled equipment, i.e., in
SRPU, ESP and in MCPS it is reflected in the form
of noise &(?) both on iy, ip, icand on uy, up, uc. Con-
sequently, both of them contain an informative attri-
bute about the beginning of the onset of a malfunc-
tion. However, given the measurement and analysis of
signals in the form of voltage, it is more convenient to
further consider the option of analyzing variables in
time u (%), up(?), uc(?). To facilitate further presentation
and generalizing these quantities, we call them watt-
meters of electric motors and denote them by u(f) — in
continuous form and by u(iAf) — in discrete form.

Note that these parameters also carry additional
information for diagnosing the state of the equip-
ment. So, for instance, the difference in the sum
of the instantaneous values of the phase currents
means an insulation defect, that is, a current lea-
kage to the motor housing. Measurement according
to the proposed scheme allows one to separately de-
termine the instantaneous values of the power con-
sumption of each stator coil, determine their aver-
age values for a certain period and compare them
with each other and the corresponding previous va-
lues to draw a conclusion about changes in the coils
(turn-to-turn short circuits).
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Fig. 2. Schematic diagram of the measurement of the electric mo-
tor power consumption parameters
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As mentioned above, wattmeter charts of electric
motors are highly noisy parameters. Experimental
studies have shown that at the beginning of malfunc-
tions during the operation of SRPU, ESP and MCPS,
tangible noise ¢(iA7) occurs in the wattmeter chart of
their electric motors. Let us assume that during the oil
production of the operation of the electric motor, we
get a noisy discretized wattmeter chart g(iA?) = U(iAY),
which consists of the useful vibration signal X(iAf) and
the total vibration signal noise €(iAf), i.e.,

U(t) = g(iAt) = X (iAf) + e(iAT).

In this case, it can be assumed that low-frequen-
cy components X X(iA?) arise from the influence of
the pump operation. At the same time, from the in-
fluence of other factors related to the technical con-
dition of the object, high-frequency components are
mainly formed, i.e., the noise £(iAf). Therefore, we
can assume that in the total noisy wattmeter chart
U(¥), the useful signal consisting of low-frequency
components X(iAf), the noise &(iAf) and the coef-
ficient of the relationship between X(iA7) and (iAf)
reflect information about the technical condition of
the pump. Therefore, by analyzing the useful signal
X(iA?) and the noise e(iAf) of the wattmeter chart
and the relationship Ry, (i) between them, it is pos-
sible to control the process of oil well operation.

The analysis carried out and the results of exper-
imental studies show that the onset of faults is re-
flected in the wattmeter chart U(iAf) of electric mo-
tors driving SRPU, ESP and MCPS. They operate
in the field and from external factors (strong tem-
perature and humidity changes, winds, etc.), noise
e(?) occurs and in the process of their operation,
noise &,(f) is also generated from the occurrence of
various malfunctions, which has a correlation with
the useful signal X(7) of the dynamometer chart U(?)
[10]. Therefore, the noise ¢,(f) accompanying the
useful force signal X(¢¥) of the dynamometer chart
U(¥), is formed under the influence of two factors:

e(t) = g (f) + g5(1), (1)

where &,(#) is formed from the influence of environ-
mental changes (temperature changes, humidity, etc.);

(1) is formed during the operation of the object
from the occurrence of various defects in the me-
chanical units of the pump (wear, bending, crack,
fatigue, etc.).

The speed (sampling interval) of the analog-to-
digital conversion when measuring the wattmeter
chart must be selected so as not to lose diagnostic in-
formation about the onset of faults in the controlled
equipment [6—10].

Difficulties in the control of the onset of faults
by the estimates of the correlation characteristics
of electric motor wattmeter charts

As was indicated above, it is typical for the objects
under consideration during operation to go into a la-
tent period of the initiation of various defects [10—15].
Usually all of them are reflected in the signals, i.e., on
wattmeter charts in the form of noise, which, when a
fault occurs, correlate with useful signals X(iA?). There-
fore, the total noise is formed from the noise ¢, (iA?),
which arises from the influence of external factors and
from the noise &,(iA?), which occurs as a result of the
initiation of various faults. In this case, the variance of
the wattmeter chart has the form:

D, ~ R, (0) ~ S g2(iar) ~ - 3 X2(iar) +
£ N 5 N 5

oL %X(im)g(im) L ﬁsz(im) ~ Q)
N iS5 N o
~ Ryy(0) + 2Ry, (0) + R.;(0),

where the total noise g(iAf) has a correlation with
the useful signal X(iA7), and its variance D, is
determined from the expression:

D, =2Ry.(0)+ R..(0),

where Ry (u) is the cross-correlation function be-
tween the useful signal and the noise £(iAf).

It is also known [10—15] that the formula for
determining the estimate of R,(u) can be repre-
sented as:

Ry (W) = % %g(iAt)g((i + WAL) ~
= % %(X(iAt) +e(iAD)) (X (( + wAL) +
-1

=

+e((i + WAL) ~ %Z[X(iAt)X((i L WAL +
+ (A X (G + WAL + X(IADe((i + p)AT) +
+ e(iAt)e((i + wAL) =
~ Ryy (W) + Rox () + Ry () + R, () =

Ryy (0) + 2Ry, (0) + R, (0) when p =0
N {Rxx(u) + 2Ry, (1) when p # 0.

(©)

Experimental studies have shown [3, 4, 9] that
during the operation of the wattmeter charts of
electric motors of SRPU, ESP and MCPS, the es-
timates of Ry, (n), R, (1) are tangible values, i.e., an
inequality takes place:

R)(g (H) > 09
R, (1) >0,
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and therefore there R,,(u) is a significant error in
the estimate of R, (H)

Because of this, it becomes difficult to ensure the
adequacy of the results of controlling the operation
of equipment by wattmeter charts. This is one of the
factors hindering the use of wattmeter charts to con-
trol the indicated oilfield equipment. In this regard,
it is necessary to create effective technologies for the
analysis of wattmeter charts, allowing the extraction
of available useful information from it by reducing
errors from the influence of the noise g,(iAf), to im-
prove the adequacy of the results obtained.

From expressions (2) and (3) it is obvious that
in the presence of a correlation between the useful
signal and the noise, the estimate of the correlation
function Ryy(n) of the useful signal of the wattme-
ter X(iAf) can be determined from the expression:

Ryx (W) =
[ Rgg(0) = 2Ry, (0) - 2R, (0) when u = 0;  (4)
B {Rgg(“) - 2Ry (n) when p = 0.

In [7, 9] it was shown that the estimates of the
variance D, of the noise e(iAf)can be determined
from the expression:

D, ~ % S[g2(A1) + g(iANg((i + A1) —
i=1

~2g(iA)g((i + D)AD)].

However, it is obvious from expression (4) that with
the estimate of D, available, to calculate the estimate
Ryx(w), it is also necessary to determine the estimate
of the cross-correlation function Ry, (i) between the
useful signal and the noise of the wattmeter chart.

®)

Technology for determining the estimate of the
cross-correlation function between the useful
signal and the noise of the wattmeter chart

The conducted studies have shown [6, 9] that the
nature of the relationship between the noise and the
useful signal is clearly reflected in the estimate of the
cross-correlation function R,,(u) between the cen-
tered g(iAr) and the non- centered g'(iAf) noisy sig-
nals, which can be determined from the expression:

Reo () = Zlg(lAt)g ((G+wAn; (6)
g(iAt) = X(iAY) + e(iAY); A
g'(iAt) = X'(iAt) + €'(iAT),

where g(iAY), g'(iAf), X(iAY), X'(iAf), £(iAY), € (iAf) are
centered and non-centered samples of the noisy

signal g(iAf), the useful signal X(iAf) and the noise
e(iAY), respectively.

The analysis of equality (6), (7) showed that using
the formula for determining the estimate of the cross-
correlation function between centered and non-centered
noisy signals, it is possible to determine the estimate of
the cross-correlation function Ry, (u) between the use-
ful signal X(iA?) and the noise £(iAf). In this regard, we
will consider one of the possible options for solving the
problem of analyzing the relationship between the use-
ful signal X(iAf) and the noise ¢(iA?). To do this, let us
first show the possibility of determining the estimate
Ry.(w), which opens the possibility of determining the
estimate Ryy(u), i.e., the estimate of the correlation
function of the useful signal of the wattmeter chart. It is
known from the literature [4—9], [15, 16] that when the
conditions of stationarity, normality of the distribution
law and the absence of correlation between X(iAf) and
£(iAY) are fulfilled, the equalities take place

1y , )
v EX(IAt)s(lAt) = 0; (®)

&)

and when calculating the estimate of R,,(n) from
formula (6), the following equalities take place be-
tween the number of N*" positive products of sam-
ples, g7 (iAf), g (iAf) and the number of N "negative
products of samples g~ (iAf), g (iA?)

N++ — N7+
N*™*T+N*=N.
At the same time, at the beginning, with a time
shift u = 0Af, 1Ar, 2At, 3A¢, ... the following in-
equality takes place between the absolute values of
the readings g(iA?), g'(iAf) and between the sums of
positive and negative products

N+

@)= T8 EA0F G+ wan >

N
% SN (GANE AN =0,

(10)

—+

> T8 AN G+ AN = R ().
i=1

The computational experiments performed and the
analysis of expressions (6), (7) show that when mul-
tiplying the samples of the non-centered signal g'(iAf)
by its centered samples g(iA7), despite the fulfillment
of equality (8), (9), (10) at, the inequality takes place
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N ]

VNS
- g \g (IANg'(( +WAD)|.
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In this case, in formula (6), the difference between
the sum of positive and negative products at p = 0
turned out to be significantly greater than zero, i.e.,

N+ N
; 8" (IAng (i + A1) - Zl g (Ang'((i +wAn > 0. (11)

Which shows that the correlation between X(iAf)
and e(iA?) is clearly reflected in the estimate of

R, (0), since the following inequality always
holds for u=0:

N*

X g NG+ wan) >
l:lN7+ (12)

>3 g (ANg (U + W),
i=1

However, in most real-life cases, the value

N+

1 e
R, (0)= v El g (iAn)g'(iAr)

practically represents a rough estimate of R, (u) for
u=20,ie.,

Ry (0) ~ R . (0).

Due to this, in these cases, the estimate of the
coefficient correlations Ry, between the useful sig-
nal and the noise can be determined by the magni-
tude of the difference between Rg+g, (0) and R,,(0)
according to the formula

Ky, (0) = R, ,(0) ~ Ry, (0) =
= LN et angan - - S gangian
N o N i '
Naturally, in this case, the error in the estimate
of the cross-correlation function depends on the
difference Rg+g,(0) - Rg_g, (0). But condition (12)
is almost always satisfied, and the difference from
the obtained difference can be taken as information
about the presence of a correlation between the use-
ful signal and the noise, i.e.

Ry, (0) = R . (0)~ Ry, (0).

At the same time, taking into account expression
(11), a rough, i.e., approximate, estimate of Ry, (0)
can be determined from the formula

Ry, (0)=[R,..(0) =R, (0)]- R (0) =
1 N++ . . 1 NTr o o
=N l_glg (iAD)g (’At)_ﬁ Elg (iAD)g'(iAT) | -

1 N . . 13
—Wzlg(lAt)g(zAt). (13)

An example of the practical application
of intelligent correlation extremal systems (CES)
to control the onset of malfunctions using SRPU
dynamometer charts

An analysis of the results of the experiments per-
formed showed that in order to control the onset of
a SRPU malfunction by an informative attribute
obtained by analyzing the dynamometer chart, it is
also advisable to use the correlation extremal systems
shown in Fig. 3. It was experimentally found that
both the dynamometer chart and on the wattmeter
chart in the same degrees reflect the beginning of all
typical faults of the SRPU. Taking into account that
the technical personnel had experience with dyna-
mometer charts and had a large number of real dy-
namometer charts, the initial experiments on the use
of CES to identify a SRPU malfunction in real-life
production conditions were carried out by us based
on the use of a dynamometer chart. Consideration of
this option of the use of CES is of independent prac-
tical interest, since at present, SRPU is widely used
in oil production. Therefore, the problem of elimi-
nating the difficulty of identifying a dynamometer
chart remains valid and the practQOical application
of CES for identifying a dynamometer chart can be
considered a priority. Fig. 3 shows a block diagram
of the proposed version of the CES, which operates
with the help of six modules:

1) module for analog-to-digital conversion of dy-
namometer and wattmeter charts into digital code;

2) module storing reference dynamometer and
wattmeter charts of typical faults of SRPU;

3) module for monitoring the beginning of a
fault using the estimates of Ry (u) and D

4) module for alternately determining the corre-
lation coefficient between the current values of the
dynamometer chart g(iAf) and the reference dyna-
mometer charts g,(iA7), which are previously formed
experimentally with the corresponding typical faults
and stored in the memory of module 2;

5) module for determining the number of the
reference dynamometer chart g,(iAr) at which the

Module of control
results analysis

| . i
iu,{t) ij / i
’ E)—i—k a2 ’
i gftmc)—om_’_. |
|

Fault identification |
module |

Fig. 3. An intelligent correlation extremal system for controlling
and identifying the beginning of faults using a dynamometer chart
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estimate of the correlation coefficient r;, takes the
maximum value;

6) module for SRPU fault identification by the
number of the found reference dynamometer chart

In the process of the operation of the correlation
extremal system, the current dynamometer chart
U(r) from the load cell is received at the input of
module 1, i.e., the input of the analog-to-digital
converter, where it is converted into digital code
U(iAr), which is fed to the inputs of modules 3
and 4, using module 3, the estimates of the variance
D, of the noise and the cross-correlation function
R .(0) between the useful signal X(iA7) and the noise
e(iAf) are determined according to formulas (5),
(13). If they exceed the experimentally established
threshold value, i.e., at D, > Df, Ry (0) > R} (0),
then module 4 is triggered by a signal from mod-
ule 3. In this case, between the current and refer-
ence dynamometer charts, alternately according to
the formula

M=

1 . .
B2 g (iA1)g, (iAT)

rje

noo,
Z‘igj(zAt)
i=

z|-[L

an estimate of the correlation coefficient is deter-
mined, where j is the number of current typical
faults, e is the number of the reference of typical
faults, r;, is the estimate of the normalized cross-
correlation function between g;(iA7) and g,(iA?).

By successively comparing the obtained esti-
mates of the correlation coefficients between the
current and reference dynamometer charts in mo-
dule 5, the number of the fault is determined, at
which the obtained estimates r;, has the maximum
value. Thus, the presence of reference signals of
typical faults through the use of CES allows one
to register the technical state of the SRPU at the
current time. Due to this, during the operation of
the SRPU, the obtained results of the CES allow

Fig. 4. Force curves of reference dynamometer charts
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real-time identification of a malfunction and the
formation of information about it.

In the experiments, the force curves of the refe-
rence dynamometer charts were selected for 10 typi-
cal faults of the SRPU, which are shown in Fig. 4.
They were used to identify the technical condition
of several facilities at the oil and gas production
department of Bibi-Heybat Oil [1, 14]. The nature
of the problems being solved made it possible to
implement the proposed technology with the help
of inexpensive modern industrial controllers (in our
case, the LPC 2148 FBD64 controller was used).
In this case, first of all, based on the duration of
the swing period Tgz, the sampling interval of the
dynamometer chart was determined. For the ma-
jority of oil wells in this field, the duration of time
T'sr varies in the range of 5 to 20 seconds. It was
experimentally established that in order to obtain

the desired estimates with the required accuracy,
it is advisable to sample dynamometer charts with
frequency f = 50—100 Hz. It was also found that
during the swing period, any slight change in the
technical condition of the SRPU is reflected both
in the dynamometer chart and in the wattmeter
chart g(iAf). Thanks to this, during the operation of
the SRPU, it is easy to form and memorize the cor-
responding force curves of the reference dynamom-
eter and wattmeter charts for various typical faults.
Numerous experiments have confirmed that the use
of CES allows for reliable detection of the onset of
failures of SRPU in real time by using the estimates
of Ry, (0) and D, at which their value exceeds the
threshold values. After that, according to the sig-
nal from module 3, the identification of a SRPU
malfunction using the CES practically comes down
to determining the number of the force curve of

Table 1
Estimates of the coefficients of correlation Fieys Tiveysoooslitenns Firers Fireys+oosTinerns *+5 Fingers Tingers s Fivoern
between the curves of reference and current dynamometer charts of typical malfunctionss
1o,
1 g N\‘\/V\/- Fjie Tjie, Fjes Fjes Tjes Fjeg Tjie; Fjeg Fjey Tjiew
pot t 0,8012 0,6001 0,4101 0,3005 0,6143 0,5921 0,5162 0,5301 0,4972 0,4151
512 o4
1I’J', 2
2 :: \'\f\.\_‘\/ Tjre, e, Fres Tjre, Tjses Tjes Tjse; Tjses Tjrey Jen
pred Lt 0,6001 0,8101 0,3904 0,0321 0,1421 0,1605 0,1931 0,1622 0,0988 0,0961
512 024
u,
3 ﬁ/\\ rfsel rfzfz rjz"z rf394 r/xes rjz"s rf397 rjzex rj3e(, rjsem
:‘;—mu_! 0,1470 0,0901 0,8023 0,0499 0,0324 0,1082 0,0893 0,0668 0,0453 0,0384
52
v, 4
4 ﬁ /vv‘\'\’_ Tjse, e Tyes Tjse, Tses Tyeq Tjse ey Tjsey Tjser
:: t 0,3008 0,2915 0,0934 0,9346 0,6135 0,2106 0,5427 0,5119 0,6881 0,6499
o, s
5 i /\/\)\N Tjse, Tjse, Fjses Fjse, Tjses Fjses Tjse, Tjses Fjseq Tjsenn
300
"“; t 0,5961 0,4783 0,0783 0,5022 0,8637 0,7681 0,7811 0,4633 0,5003 0,6021
s12 1024
U, s
6 ﬁ rjbel rfeez rjse3 rjbeA rfees rjsee rjse7 rfsex Jees Jeero
mnl:i E::xm_.f 0,6339 0,2901 0,0422 0,4113 0,5114 0,8706 0,6811 0,5801 0,6113 0,6009
512 4
7R
7 - Tjre, Tjre, Fjes Tjres Tjres Tjres Tjre; Tjres Tjrey Tjren
mu t 0,6360 0,2963 0,0972 0,4662 0,5891 0,5463 0,8946 0,6561 0,6224 0,5937
fo s
8 ey || f ] Tjse, Tjse, Fjses Fjse, Fjges Fjses Fjse, Fjsey Fjsey Fjser
300
“"o — "mf 0,4113 0,2131 0,0622 0,4511 0,2314 0,4241 0,7263 0,8321 0,8011 0,5625
U, °
9 400 (W\ Fjse, Tjse, Fjyes Fise, Tjses Fjyes Fjye, Tjse Fjyey Fisery
:: At £ 0,6411 0,4033 0,0811 0,5910 0,6192 0,4902 0,4524 0,4101 0,9211 0,6012
ool e
10 P e ) Fjioer Tjiges Tjioes Fjiges Tjiges Fjioes Fjioes Tjiges Tjioes e
o N 0,6322 0,3951 0,0196 0,4771 0,5981 0,5503 0,4803 0,4162 0,5844 0,9241
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the reference dynamometer chart (wattmeter chart)
g.(iAr), at which the desired estimate of the cross-
correlation function r;, takes on the maximum value
compared to all other reference signals. Due to this,
there is no need for visual interpretation of the dy-
namometer chart to determine the current technical
condition of the SRPU. To illustrate the possibility
of the identification option under consideration in
real field practice, Fig. 4 shows curves of reference
dynamometer charts for the 10 most common typi-
cal faults. Table 1 shows a combination of the cor-
responding estimates of the normalized correlation
coefficients, r,.

Thus, it has been experimentally confirmed that
using the number of the force curve of the reference
dynamometer chart g,(iAf), at which the estimate of
the normalized cross-correlation functions with the
curve of the current dynamometer chart g;(iA7) takes
the maximum value, it is possible to unambiguously
determine the number of the typical SRPU fault. The
advantage of using CES to identify a dynamometer
chart is that it does not require the involvement of a
technologist. They are easily implemented on mod-
ern inexpensive controllers (e.g., LPC 2148 FBD64).
This makes it possible to control and diagnose SRPU
in real time. The ease of implementation of these
technologies allows one to create a simple, reliable
and inexpensive control system for SRPU. Experi-
ments on various wells of the Bibi-Heybat field in
Baku and on wells of other fields showed the feasi-
bility of the practical application of these systems.
Since, at the same time, due to early diagnostics
and control of SRPU, current malfunctions are eas-
ily eliminated in a timely manner and operation of
the well is ensured in a profitable mode, and due to
saving electric energy and shortening the overhaul
period, their profitability is significantly increased.

It should be noted that based on the experience
of operating the above systems, it was found that by
determining the combinations of the force curves
of the reference dynamometer charts with the cor-
responding characteristic faults for one well, they
can be used in SRPU control systems of other wells
of the same depths. Considering that in most cases
each old field is characterized by approximately the
same pump descent depths, it becomes obvious that
the formation of one reference dynamometer curves
for all SRPU will be sufficient. Note that at differ-
ent well depths, experimental formation of various
different reference curves corresponding to the dy-
namometer chart is required. Fig. 4 shows the force
curves of the reference dynamometer charts for ten
typical faults.

As can be seen from Table 1, the curves of the
reference dynamometer charts of all ten typical
faults were used in the experiments. First, the esti-
mate of the correlation coefficient r,e; between the
curve of the first reference dynamometer chart with
the first current curve r, is determined, then the
estimate r;, between the first reference curve and
the second current curve j = 2 is determined, then
r;e between the third and the first, and so on.
Finally, between tenth and first, r; ,. After that,
this process is repeated for the curve of the sec-
ond reference dynamometer chart. To do this, we
first determine the estimate r;, , then r;, , then
Fjseys+++sjipe,- Lhis process is repeated for all curves
of the reference dynamometer charts, and finally,
for the curve of the tenth reference dynamometer
chart, FiiersTivoers Tinges s+ ++o ngery 1€ determined.
This process is completed by analyzing the com-
parison of the results of all possible combinations
between the reference and current dynamometer
chart curves. As can be seen from the table, only
one estimate Td e, in each control cycle takes the
maximum value and by its number, i.e., according
to the number of the curve of the reference dyna-
mometer chart, at which the estimate r,, takes on
the maximum values. As can be seen from Table 1,
in each row only in one column the estimate r;,
takes the maximum value, e,g,, in the 5th row the
estimate r;,. in comparison with other estimates
of this column, has a maximum value, which cor-
responds to the 5th typical fault. The number of the

current fault is identified.

Conclusion

Noisy signal analysis technologies used in con-
trol systems do not provide fault-free operation the
main equipment of oil fields. They do not allow
using diagnostic information from wattmeter charts
of their motors. In addition, the diagnostic infor-
mation contained in the noise of noisy signals as a
result of filtering loses information about the begin-
ning of the latent period of defect initiation in the
equipment of these objects. For this reason, there
is often a delay in the time of detection of the on-
set of malfunctions, which leads to inevitable ac-
cidents with catastrophic consequences. Therefore,
to ensure fault-free operation and organization of
timely maintenance of these facilities, it is neces-
sary to create new, more efficient technologies for
analyzing noisy signals. Taking into account the ex-
treme importance of this issue, the paper proposes
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using noise as a carrier of diagnostic information by
determining the estimates of the cross-correlation
functions between the useful signal and the noise.
To analyze wattmeter charts of electric motors and
identify malfunctions of the equipment under con-
sideration, the principle of constructing intelligent
correlation extremal systems is proposed.

The above-mentioned studies have shown that
with the use of the proposed algorithms and tech-
nologies for analyzing dynamometer and wattmeter
charts, it is possible to significantly increase the ef-
ficiency and reliability of ensuring fault-free opera-
tion of similar equipment in the offshore oil and gas
complex, petrochemical complexes, energy facili-
ties, etc. Many other examples can be given where
the use of the proposed wattmeter chart analysis
technologies is also effective. For instance, using
this technology, it is possible to solve the problem
of control and diagnostics on drilling rigs, where at
the beginning of the latent period of an accident,
information about this is reflected in the wattme-
ter chart of the electric motor that rotates the drill
string. By sending an early warning to the driller,
many costly catastrophic accidents can be avoided.

Finally, in many industries, for instance, in
pumping stations, irrigation systems, in compressor
stations of main oil and gas pipelines, etc., it is also
expedient to form and use reference and current in-
formative attributes of wattmeter charts of relevant
electric motors to ensure control of the onset and
early diagnosis of malfunctions. Therefore, the al-
gorithms and technologies for analyzing wattmeter
and dynamometer charts proposed in this paper, in
combination with an intelligent correlation extre-
mal system, can be widely used in many industries.
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